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Abstract

Studies of protein dynamics are key to understanding their biological function. NMR relaxation studies of proteins to date have

focused primarily on characterizing backbone dynamics. In this paper, we focus on the aliphatic side-chains (Ala, Thr, Val, Leu, and

Ile) with the goal of deriving dynamical information on the motion of terminal methyl groups. Dipole–dipole cross-correlated cross-

relaxation is analyzed in a fast rotating CH2D group, as found in partially deuteriated proteins. In comparison with previous studies

on AMX spin systems (methylene CbH2 groups), the fast rotation of the methyl group makes a number of relaxation pathways

efficient, through the coherence CþH
1
þH

2
�+CþH

1
�H

2
þ. Several pulse schemes were designed to evaluate these relaxation rates: the

measured values are small and well predicted by taking into account the complete relaxation network, but they remain strongly

influenced by 1H–1H relaxation with all protons in the neighborhood of the CH2D moiety. The prospects and limitations of this

method are discussed in comparison with 2H relaxation measurements.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Dynamic aspects of protein structures are increas-

ingly recognized as being crucial for a description of

their biological function. In this context, NMR spec-

troscopy is one of the most suited experimental methods

for obtaining information about protein dynamics over
a wide range of time scales, ranging from fast (ps–ns)

[1,2] to slow [3,4] motions. Most of the studies have

focused on 15N spin relaxation measurements; this in-

formation on a per-site basis can then be used to char-

acterize first the anisotropy of the global motion and

then the local flexibility of the protein backbone [5]. A

fair correlation between secondary structure and inter-

nal flexibility is generally found, with loops more flexible
than a-helices and b-sheets. Relative changes in flexi-
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bility between bound and free-states of the same protein

[6] are more readily interpreted than absolute values

measured on a single molecule.

As compared with backbone dynamics, the motions

of protein side-chains are more pronounced and heter-

ogeneous due to their extended degrees of freedom.

Moreover, the presence of various chemical moieties on
the side-chains offers a wide range of potential interac-

tions with partners (ionic interactions, hydrophobic

stacking, etc.). Therefore, an understanding of side-

chain motions in proteins is of potentially greater in-

terest but their study has been hampered by a number of

practical limitations. The number of well-suited two-

spin systems (analogous to the backbone 15N–1H pair)

are small and 13C auto-relaxation rates are more difficult
to exploit due to the complication introduced by C–C

interactions [7] in uniformly 13C labeled proteins and by
13C–1H dipole–dipole cross-correlation effects [8,9]. An

alternative to the complexities associated with dipolar

relaxation is deuterium relaxation, since the deuteron is

a nucleus dominated by the quadrupolar interaction.

Side-chain dynamics can be monitored by 2H relaxation
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measurements in CHD or CH2D spin systems in 13C
labeled, fractionally deuteriated molecules [10,11]. In the

case of methyl groups, the sensitivity and robustness of
2H and 13C relaxation measurements have been com-

pared in the context of deriving order parameters and

time scales of the internal motions [12].

In recent years there have been an increasing number

of measurements of various cross-correlated relaxation

rates, either between different dipolar interactions (DD)
[11,13,14] or between DD and chemical shift anisotropy

[15,16]. Cross-relaxation rates offer a number of theo-

retical and practical advantages over auto-relaxation

rates, as they arise only from specific interactions be-

tween spins and are, in certain cases, easy to ‘‘isolate’’

from other contributions during measurement. A

number of studies focusing on DD–DD cross-correla-

tion in methylene groups are available in the literature,
using either longitudinal ðCCz;CzHzHz

Þ or transverse

ðCCþ;CþHzHz
Þ rates. In well folded proteins, the two

protons of a CbH2 group are generally nondegenerate

and their relaxation can be described by a system of

three nonequivalent nuclei (AMX system) [17]. In this

paper, we direct our attention to the unexplored relax-

ation features associated with CH2D groups as found in

protein aliphatic side-chains (Ala, Leu, Val, Ile, Thr,
etc.) when observed in a partially deuteriated sample.

Our goal is to adapt the strategy proposed by Yang et al.

[11] to the specific case of fast rotating CH2D groups: we

will show in this paper that cross-correlated cross-re-

laxation rates for methyls are much smaller than for

sterically restricted CbH2 moieties. These small values

lead to a situation where other relaxation pathways

strongly interfere with the measurement of CCþ;CþHzHz
:

we here report that some pathways inside the CH2D

group but also auto-relaxation with external protons

may lead to systematic errors.
2. Methodology

Yang et al. [11] have proposed the measurement of
CH–CH dipole–dipole cross-correlated relaxation rates

ðCCþ;CþHzHz
Þ in a CbH2 group by observing the relative

intensity changes in the 13C multiplet, from a 1:2:1

pattern. The transverse cross-correlated relaxation rate

is given by [9,13]:

CCþ;CþH1
zH

2
z
¼ l0�h

4p

� �2 c2C � c2H
r6HC

Jð0Þ
�

þ 3

4
JðxCÞ

�
; ð1Þ

where JðxÞ is the spectral density function defined more

precisely later in this paper, rHC the internuclear distance

between the 1H and 13C nuclei, and cC and cH their mag-
netogyric ratio. Our aim is to adapt the experimental

scheme proposed for sterically hindered CbH2 groups to

fast rotating CH2D moieties as found in aliphatic side-

chains in a 100% 13C-, 50% 2H-labeled proteins.
2.1. Transverse relaxation in a CH2D group

The strategy proposed by Yang et al. [11] for CbH2

groups relies on the assumption that the two interacting

coherences Cþ and 4CþH
1
zH

2
z are fully isolated or at

least that the intervening cross-rates are much larger

than the contribution from other possible pathways.

A suitable basis for the description of the transverse

relaxation of a CH2D group should thus include at least
all relaxation pathways between the four following 13C

coherences:

Cþ (in-phase 13C coherence),

4CþH
1
zH

2
z (doubly anti-phase coherence),ffiffiffi

2
p

{CþH
1
þH

2
� +CþH

1
�H

2
þ} (zero-quantum coher-

ences of the 1H pair),ffiffiffi
2

p
{CþH

1
z +CþH

2
z} (anti-phase coherence)

The fourth term is added because Cþ interconverts
into 4CþH

1
zH

2
z via

ffiffiffi
2

p
{CþH

1
z +CþH

2
z} when the 1JCH-

coupling evolves.

For the correct derivation of the relaxation rates be-

tween these four coherences, it is essential that the se-

lected basis spans the total spin space. The above set of

operators fulfill this requirement, for an isolated CH2

group (the possible contribution of other spins will be

treated as external). Note that the basis has been con-
veniently chosen as orthonormal, with uniform

TrfBy
j jBjg and TrfBy

j jBkg ¼ 0, for j 6¼ k.
For convenience, we will introduce the following

short hand notation for the coherences:
For sake of clarity, we will use a different notation

for a coherence itself (a) and its amplitude �aa or �aaðtÞ at

time t.
The need to include CþHþH� can be justified in the

following way: in folded proteins, the chemical shifts of

the CbH2 proR and proS protons are generally not de-

generate (AMX spin system), and thus CþHþH� does

not remain coherent with Cþ or CþHzHz long enough
for relaxation to occur efficiently (secular approxima-

tion): consequently there is not interconversion between

c and the other terms listed above. The situation is

clearly different for CH2D which is a degenerate AX2

spin system: all 3 coherences Cþ, CþHzHz, and

CþHþH� have the same frequency and the relaxation

pathways between them become efficient.

In the absence of any cross-correlated relaxation, a
13CH2 triplet should exhibit a 1:2:1 pattern. CþHþH�
corresponds to the difference between the two compo-

nents of the central line (singlet and triplet manifolds):

however, in a 13C spectrum, the amplitude of CþHþH�
cannot be directly measured as these two lines overlap.
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Werbelow and Grant [17] have introduced the notion
of observable normal modes for longitudinal magneti-

zations. In our case, what does really matter is not

whether a coherence can be directly detected, but whe-

ther it contributes to the detected signal. It will be shown

below that in our experimental scheme, CþHþH� (c)

contributes to the 1H detected signal in contrast to

CþHz (d) which does not.

The auto- and cross-relaxation rates between these
four coherences are given in Table 1. Redfield relaxa-

tion theory predicts that dipole–dipole/CSA cross-cor-

relation leads to shifts of various energy levels, a

phenomenon known as dynamic frequency shifts (DFS)

[18]. In the present case there is a small shift of the two

components of the central line one with respect to each

other. These effects have been computed for the CH2D

spin system (see Table 1) to evaluate their contribution
to the spin system dynamics. In view of the small

magnitude of the rates of interest, the contribution of

external pathways, such as DD auto-relaxation with an

external proton, may influence the spin system in an

effective way. Note that the contribution of external

protons are exclusively found on the diagonal of the

relaxation matrix. This term shares some analogy with

an auto-relaxation rate, as measured by selective in-
version. Relaxation between proximal protons is highly

efficient in slow tumbling macromolecules as a result of

the large Jð0Þ contribution. Simulations reported below

(cf. Section 3.3) will show that relaxation with the

protons surrounding the CH2D group cannot be

neglected.

The various terms reported in Table 1 deserve a few

comments. Terms associated with DD cross-correlation
link not only Cþ and CþHzHz (a $ b) but also Cþ and

CþHþH� (a $ c). It should be noted that the first rate

involves spectral density terms at low frequency (Jð0Þ
and JðxCÞ) while the second is comprised of terms at

high frequency (JðxHÞ and JðxC � xHÞ). Their relative
importance depends upon the frequency of the motions

experienced by the methyl group, that can range from

fast (3-fold rotation, ps-time scale) to slow (overall
tumbling of the protein, ns-time scale).

The chemical shift tensor for sp3 carbons in methyl

groups can be approximated as being axially symmetric

with Dr � 25 ppm [19], a small value compared to other

nuclei (peptidic 15N or aromatic 13C). The anti-phase

terms (d, i.e., CþHz) are connected with other terms only

if CSA–DD cross-correlation occurs. A term corre-

sponding to DD relaxation with an external 1H (Hx) is
present in all auto-relaxation rates (b; c; d) except in the

in-phase coherence: the occurrence of a Jð0Þ term (as in
1H–1H nOe) makes it rather efficient. Furthermore,

these 3 rates exhibit a different linear combination of

Jð0Þ, JðxHÞ, and Jð2xHÞ and are likely to interfere in a

complex manner with internal relaxation pathways to be

measured.
The coefficients given in Table 1 are derived from
product operator computations, but do not take into

account whether the coherences involved are coherent

long enough to be able to cross-relax (secular approxi-

mation). Among the many possible basis sets, two could

be considered in order to numerically evaluate the re-

laxation rates: the Cartesian product operators de-

scribed above (a; b; c; d) or a basis corresponding to the

individual lines of the 13CH2 triplet (the two outer lines
as well as the singlet and triplet components of the

central line) ðm1; m2; m3; m4Þ. This second basis can be de-

rived from the first one by the following transformation:

m1
m2
m3
m4

0
BB@

1
CCA ¼

1=2 1=2 0 �1=
ffiffiffi
2

p

1=2 �1=2 �1=
ffiffiffi
2

p
0

1=2 �1=2 1=
ffiffiffi
2

p
0

1=2 1=2 0 1=
ffiffiffi
2

p

0
BB@

1
CCA

a
b
c
d

0
BB@

1
CCA:

The relaxation matrix was previously computed in

the line basis by Kay and Bull [9] and the shared terms

are in agreement with our computation in the same basis

(data not shown).

In order to correctly enforce the secular approxima-

tion, the second basis is more practical: the relaxation

matrix as reported in Table 1 is first transformed to the

line basis ðm1; m2; m3; m4Þ and any off-diagonal element
except those connecting m2 and m3 are set to zero.

2.2. Pulse sequence

The cross-relaxation rates ðCCþ;CþHzHz
Þ have been

measured using the various pulse sequences depicted in

Fig. 1. Let us focus first on the sequence shown in

Fig. 1A. It contains three elements: a constant time-

period 2T from a to d, a multiplicity filter (from e to g)

and a 13C–1H refocused INEPT (from g to the end of

the sequence). During the period 2T , the 13C chemical

shift is monitored as function of t1 and the heteronuclear
coupling (1JCH) as function of t2. In addition, the 13C

magnetization also evolves due to the one bond 13C–13C

coupling since the protein is uniformly 13C labeled. As

this experiment is implemented for aliphatic methyl

groups (single 13C neighbor), one can choose a value of

T ¼ 1=ð2JCCÞ to eliminate the influence of the homo-

nuclear coupling assuming a uniform value of 1JCC for

all residue types. After partial processing (FT along t1
and t3), this experiment leads to a series of HSQC

spectra (F1, F3) that are amplitude modulated as func-

tion of t2.
If dipolar cross-correlation occurs during this period

2T , it will alter the intensity ratio within the 13C triplet

by converting in-phase coherence (Cþ) into doubly

anti-phase coherence (CþHzHz). Note that in contrast

to many heteronuclear correlation experiments, our
scheme starts on 13C by a simple 90� pulse: this leads to
the simple initial conditions (½�aað0Þ; �bbð0Þ� ¼ ½1; 0�). Cross-
correlated relaxation duting period 2T leads to a change



Table 1

Transverse relaxation in a non-isolated AX2 spin systema

Coherences Mechanismsb Relaxationc Dynamic frequency shift

Jð0Þ JðxCÞ JðxH � xCÞ JðxHÞ JðxH þ xCÞ Jð2xHÞ QðxCÞ QðxH � xCÞ QðxHÞ QðxH þ xCÞ Qð2xHÞ

a $ a CSA(C) CSA(C) 16 12 12

CH CH 8 6 2 12 12 6 2 12

a $ b CH H1H2 12

CH1 CH2 8 6 6

a $ c CH H1H2 �6
ffiffiffi
2

p

CH1 CH2
ffiffiffi
2

p
6
ffiffiffi
2

p
6
ffiffiffi
2

p ffiffiffi
2

p
6
ffiffiffi
2

p

a $ d CSA(C) CH 16
ffiffiffi
2

p
12

ffiffiffi
2

p
12

ffiffiffi
2

p

b $ b HHX HHX 4 12 24

CSA(C) CSA(C) 16 12 12

H1H2 H1H2 12

CH CH 8 6 2 12 6 2 12

b $ c H1HX H2HX �2
ffiffiffi
2

p
�6

ffiffiffi
2

p
�12

ffiffiffi
2

p

H1H2 H1H2 �6
ffiffiffi
2

p

CH H1H2 6
ffiffiffi
2

p

CH1 CH2 �
ffiffiffi
2

p
�6

ffiffiffi
2

p
�

ffiffiffi
2

p
�6

ffiffiffi
2

p

b $ d CSA(C) CH 16
ffiffiffi
2

p
12

ffiffiffi
2

p

c $ c HHX HHX 10 18 12

H1HX H2HX )8 )12
CSA(C) CSA(C) 16 12 12

H1H2 H1H2 6

CH H1H2 )12
CH CH 6 2 6 12 6 2 12

CH1 CH2 )6 )6
c $ d
d $ d HHX HHX 2 6 12

CSA(C) CSA(C) 16 12 12

H1H2 H1H2 6 24

CH H1H2 12

CH CH 8 6 2 6 12 6 2 12

CH1 CH2 8 6 6

aThe rates and shifts are computed in the following orthonormal basis: a¼Cþ, b¼ 4CþH
1
zH

2
z , c ¼

ffiffiffi
2

p
{CþH

1
þH

2
� + CþH

1
�H

2
þ}, d ¼

ffiffiffi
2

p
{CþH

1
z + CþH

2
z}.

b CH1, CH2, and H1H2 correspond to the dipolar interactions inside the CH2D group. HX is a fictious external proton, that accounts for all protons in the surrounding of the CH2D group. CH

indicate the sum of the CH1 and CH2 interactions, when both acts in a similar manner. Contributions due to the deuterium are not included (see text).
c The relaxation rates can be expressed as: C ¼ ð1=8Þna � nb

P
xðkx � JðxÞÞ and kx is given in the table. The dipolar interaction constant is given by ndd ¼ ðl0�h=4pÞðci � cj=r3ijÞ and the CSA constant

by ncsa ¼ ðxi � Dri=3Þ. The dynamic frequency is given by DFS ¼ ð1=8Þna � nb
P

xðkx � QðxÞÞ, where the summation is performed over nonzero frequencies. The real part of the spectral density

function for a freely rotating CH3 groups has been expressed by Daragan and Mayo [24] as:

JðxÞ ¼ ðP2ðcos habÞ � aab0 � S2
CCÞ

2

5

se
1þ ðx � seÞ2

þ ðaab0 � S2
CCÞ

2

5

sc
1þ ðx � scÞ2

:

The imaginary part (Q(x)) can be derived by replacing the term sc and se in the numerators of JðxÞ by x� ðs2cÞ and x� ðs2eÞ, respectively. The values of P2ðcos hab) and a0ab have been reported for the

various interaction (see Table 1 of [25]). For auto-correlated CH interaction P2ðcos habÞ ¼ 1 and a0ab ¼ 1=9 and for cross-correlated CH–CH interaction, P2ðcos habÞ ¼ �1=3 and a0ab ¼ 1=9. For the

DD interaction with an external proton, the two parameters cannot be defined in a general way, as they depend on the molecular geometry. The values P2ðcos habÞ ¼ 1 and a0ab ¼ 1 were arbitrarily

chosen for the simulations shown in Fig. 3. Other terms are found in [25].
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Fig. 1. Pulse sequences for the measurement of dipole–dipole (CH–CH) cross-correlated relaxation rates. Data have been recorded on a Varian

INOVA spectrometer (1H¼ 600MHz) equipped with a triple resonance probe (1H–13C–15N) using the standard lock channel for 2H decoupling. The

carrier frequencies are centered at 19.4 ppm (13C) and 4.7 ppm (1H). All radio-frequency (RF) pulses are applied along the x axis unless indicated.

Ninety degree and 180� RF pulses are represented by filled and open symbols, respectively. All pulses (identified as rectangle) are nonselective pulses

(90� (1H)¼ 7 ls, 90� (13C)¼ 13 ls), with the exception of the REBURP pulse (pulse width¼ 360ls shifted to 41.1 ppm by phase modulation) on 13C

(between point a and d) and the gaussian water-selective pulse on 1H (pulse width¼ 1.2ms) (after point h). The pulse field gradients are applied along

the z-axis with a gradient strength of �20G/cm and length ranging from 100 to 2000ls. WALTZ 2H decoupling (cB2 � 1 kHz) is performed as long

as the coherence stays on 13C (from a to h). Both sequences lead to 1H–13C HSQC type spectra where the peak intensity is modulated as function of a
1JCH evolution (sequence A) or the width (h�) of the gray shaded pulse (sequence B). The 13C chemical shift evolution is monitored along t1 in a

constant time manner during the period 2T (between point a and d) where T is set to a multiple value of 1=2JCC (JCC ¼ 35Hz) to refocus this

homonuclear-coupling. The 1H chemical shift is directly detected at the end of the sequence after a reverse INEPT (starting at point g) optimized for

CH2D groups (sCH followed by 2sCH with sCH ¼ 1:9ms� 1=4JCH). The signal arising from the CH2D isotopomers is filtered by means of 2 � sCH (�1/

2JCH) delay followed by a composite pulse 90�(x)90�(y)90�(/1)90�(/2). As a result of the phase cycling (/1 ¼ y;�y, /2 ¼ x;�x) this composite pulse

amounts to a flip angle either 0� or 180� and the resulting signal is coadded. This filter is included with the 2T relaxation period in experiment B

(between a and c) and after it in experiment A (between e and g). 13C quadrature detection is achieved in a hypercomplex manner by cycling w1

(¼ x; y) and an additional filter (see text) is included at point e (w2 ¼ x;�x with wrec ¼ x;�x). Water suppression (in case of experiment recorded in

H2O) can be improved by adding a selective 1H pulse followed by a PFG at the beginning of the pulse sequence (not shown). The two pulse sequences

can be modified to alter the initial conditions by adding block (C) in front of the sequence. This refocused INEPT has been optimized for CH2D

groups (i.e., delay 2sCH on 1H followed by a delay sCH on 13C). The resulting coherences at point a of both sequences A and B depend on the flip

angle g of the last 1H (shown in gray): if g ¼ 0�, one obtains a linear combination of Cþ and CþH
1
zH

2
z and if g ¼ 90� a combination of Cþ and

{CþH
1
þH

2
� +CþH

1
�H

2
þ} (see text for details).
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of the intensity of the two coherences �aa and �bb to [�aað2T Þ,
�bbð2T Þ].

The t2 modulation period—inserted inside the delay

2T—aims at discriminating the central line of the 13C

multiplet from the outter line on the basis of the J -
coupling evolution. During t2, the central line (ampli-

tude 1/2 (�aa (2T )–�bb (2T ))) does not evolve whereas the

outer lines are modulated (amplitude 1/2 (�aa (2T ) + �bb
(2T ))). The resulting signal is thus:

1=2ð�aað2T Þ � �bbð2T ÞÞ þ 1=2ð�aað2T Þ þ �bbð2T ÞÞ
� cosð2pJCHt2Þ: ð2Þ
Note that CþHþH� remains outside of this mutual

exchange due to the J-coupling and thus does not inter-

fere directly with this modulation. However, this does
not preclude cross-relaxation with CþHþH� from

modifying the intensity of other terms.

The two parameters extracted from experimental

data by nonlinear fits (Eq. (2)) (�aað2T Þ–�bbð2T Þ) and

(�aað2T Þ+ �bbð2T Þ) are, respectively, proportional to the
amplitude of the central line and of the outer lines of the
13C multiplet. The actual fitting procedure includes a

possible contribution of long-range nJCH-coupling (see

Section 2.6): the possible line-shift between the two

contributions (m2; m3) of the central line is likely to be

veiled by the fitting of the nJCH contribution.

Note furthermore that only relative information is

obtained, i.e., the amplitude of the modulated term
versus that of the constant one. Thus the cross-corre-

lated rate CCþ;CþHzHz
could be derived from the ratio of
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these two terms as described by Yang et al. [11]
according to:

CCþ;CþHzHz
¼ � 1

4T
� ln �aað2T Þ þ �bbð2T Þ

�aað2T Þ � �bbð2T Þ

 !
: ð3Þ

The method proposed for CbH2 relies on the as-

sumption that the detected signal contains only contri-

butions from Cþ (a) and CþHzHz (b), a very reasonable

assumption for methylenes. This issue will now be dis-

cussed in the context of the relaxation of a CH2D group,

where other coherences interfere (see Table 1).

Deuterium decoupling is applied throughout the de-

lay 2T to prevent creation of C2
þHz (or CþDz) anti-

phase magnetization and thus contribution of deuterium

quadrupolar relaxation. Simulations have shown that

the 13C–2H DD interaction can be neglected as a result

of low magnetogyric ratio of the 2H nucleus.

2.3. Transfer function

Let us start with the magnetization flow from the end
of the 2T period (point d) up to detection: this interval

can be decomposed into three interleaved elements, two

projection pulses (between d and e), a multiplicity filter

(between e and g) and a reversed refocused INEPT

(between g and acquisition).

The sample is fractionally deuteriated and thus con-

tains 4 isotopomers for the methyl groups: CH3, CH2D,

CHD2, and CD3. The last species is invisible in a 1H
detected scheme, and the other ones can be separated on

the basis of whether they are comprised of an even or

odd number of protons. During a 1/2JCH delay, the

in-phase coherence Cþ evolves, respectively, into

CþHzHzHz, CþHzHz, and CþHz for the protonated

isotopomers. Applying a 180� 1H pulse at the end of this

delay inverts the signal only for an odd number of

protons, leaving the CH2D isotopomer unmodified. In
the sequences depicted in Fig. 1, this selection is per-

formed by the group of hatched pulses (between f and g

in A) which resulting flip angle is either 0� or 180� de-

pending of the phase /1 and /2.

Let us turn now to the reversed focused INEPT block

(between g and acquisition). Straightforward computa-

tion show that the 1H signal detected at the end of the

sequence is proportional to �aað2T Þ þ ð�ccð2T Þ=
ffiffiffi
2

p
Þ but not

only to �aað2T Þ The
ffiffiffi
2

p
factor is the mere consequence of

the normalization of CþHþH� required for computing

relaxation rates.

Yang et al. [11] have emphasized the importance of

the 1H 90� pulse at the end of the relaxation period in

their pulse sequence; along the same lines, the presence

of c in our case is related to the 1H 90� pulse at point d.
On this basis, the experimental information obtained

from the pulse sequence in Fig. 1A is the following. We

have shown that during 2T , the 1JCH-coupling inter-

converts Cþ and CþHzHz leading to a t2-cosine
modulated signal, which modulation amplitude is
1/2ð�aað2T Þ þ �bbð2T ÞÞ. One should remember that this

amplitude is evaluated with respect to that of the non-

modulated component, i.e. the amplitude for t2 ¼ 0.

Because the 1H signal detected at the very end of the

pulse sequence is proportional to �aað2T Þ þ ð�ccð2T Þ=
ffiffiffi
2

p
Þ,

experiment 1A leads to the following experimental ratio:

Rð2T Þ ¼ 1

2

�aað2T Þ þ �bbð2T Þ
�aað2T Þ þ ð�ccð2T Þ=

ffiffiffi
2

p
Þ
: ð4Þ

This equation shows that an extra term c interferes

with the measurement of the CCþ;CþHzHz
rate. Even if

CþHþH� is not generated at the beginning of 2T
ð�ccð0Þ ¼ 0Þ, cross-relaxation may induce it during this

delay, in view of the relaxation rates reported in Table 1.

While a relaxation rate can be directly derived with

Eq. (3), the experimental observable Rð2T Þ (cf. Eq. (4))
cannot be converted analytically into simple relaxation

rates. In contrast, from the relaxation (cross-) rates re-

ported in Table 1, the amplitude of �aað2T Þ; �bbð2T Þ, and
�ccð2T Þ can be evaluated and thus Rð2T Þ. In this ‘‘inverse
problem,’’ Rð2T Þ plays a pivotal role and will thus used

to compare experimental and simulated data.

2.4. Changing initial conditions

The problem of measuring cross-relaxation during 2T
falls into two parts: evaluating the transfer function

(from d to the detection) and knowing the initial
conditions (at point a). Note that in contrast to most

relaxation measurements ðT1; T2; . . .Þ, there is no way to

experimentally determine the initial conditions ½�aað0Þ;
�bbð0Þ;�ccð0Þ, �ddð0Þ� by setting 2T to 0 because the relaxation

period is also used to label 13C chemical shift and to

refocus 1JCC.

In the pulse sequence shown in Fig. 1A, the spin sys-

tem is initially excited by a 90� 13C pulse and assuming
that thermal equilibrium has been previously reached,

the initial conditions are ½�aað0Þ; �bbð0Þ;�ccð0Þ; �ddð0Þ� ¼
½1:0; 0; 0; 0�. The pulse sequence in Fig. 1A can be

modified so that different initial values are obtained. A

building block based on a refocused INEPT sequence

(described in Fig. 1C) can be added in front of sequence

1A. Alternatively the flip angle ðgÞ of the 1H pulse at the

end of 1C can be modified to produce two different initial
conditions at point a:

½�aað0Þ;�bbð0Þ;�ccð0Þ;�ddð0Þ� � ½1:0;0:0;0:5p2;0:0� ðif g¼ 90�Þ;

½�aað0Þ; �bbð0Þ;�ccð0Þ; �ddð0Þ� � ½1:0; 1:0; 0:0; 0:0� ðif g ¼ 0�Þ:

The value of 0.5
p
2 obtained in the first case results

from the elimination of half of the signal by the pulse

field gradient shown before point a (cf. Fig. 1A) (taking

into account the norm of c).

Inclusion of an INEPT building block offers advan-

tages and drawbacks: enhanced sensitivity is obtained
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due to the 1H–13C polarization transfer, but the unequal
relaxation of all coherences during the INEPT element

may lead to slight deviation with respect to the expected

amplitudes listed above.

Alternatively, signal enhancement could be obtained

by exploiting the heteronuclear nOe through 1H-satu-

ration. However, this method is not compatible with our

experiment: Werbelow and Grant [17] have shown that

the multiplet intensity in a AX2 spin system is modified
by 1H irradiation when cross-correlated relaxation

occurs.

2.5. Alternate pulse sequence

In order to ascertain that the sequence shown in

Fig. 1A does not lead to systematic errors, we have

designed another pulse sequence to derive the same in-
formation in a different way. This sequence shown in

Fig. 1B can also be combined with the INEPT building

block (Fig. 1C) in an analogous manner to sequence 1A.

Sequence B contains the same three elements found in

sequence A, but in a different order: a constant period

2T from a to d, a multiplicity filter (from a to c) and a
13C–1H refocused INEPT (from g to the end of the

sequence).
During the period 2T , the 13C chemical shift is

monitored as function of t1 but—in contrast to sequence

A—both hetero- (1JCH) and homonuclear (1JCC) cou-

plings are refocused. This permits the inclusion of a

multiplicity filter into the 2T period itself. The relaxation

information is not obtained by the 1JCH modulation as

in sequence A but from the variation of the flip angle h
at point d: the 1H signal detected is proportional to:

ð�aað2T Þ þ �bbð2T ÞÞ þ ð�ccð2T Þ=p2� �bbð2T ÞÞ sin2 h: ð5Þ

By recording to data sets with (h¼ 0� and h¼ 90�) or
monitoring the continuous variation of h ½0�6 h6 180��,
the following ratio can be derived for each HSQC peak

after partial processing (FT along t1 and t2):

R0ð2T Þ ¼ �aað2T Þ þ �bbð2T Þ
�aað2T Þ þ ð�ccð2T Þ=

ffiffiffi
2

p
Þ
: ð6Þ

Although the two experiments are based on a differ-

ent type of modulation (J-coupling, flip angle), theory

predicts that they should basically yield the same in-

formation (cf. Eqs. (4) and (6)).

2.6. Processing and sample

The data were acquired on a Varian INOVA

spectrometer and processed using nmrPipe [20] and

associated software. The 3D data sets were Fourier-

transformed only along 2 of the 3 dimensions (sequence

A: ðt1; t2; t3Þ ! ðF1; t2; F3Þ, sequence B: ðt1; h; t2Þ !
ðF1; h; F2Þ [0�6 h6 180�]). Peak intensities in these
1H–13C HSQC spectra were extracted using the non-
linear spectral lineshape modeling program nLinLS [20].

These intensities were then fitted using ModelXY using

appropriate mathematical models: for sequence A, a

possible contribution to the J-modulation due to long-

range nJCH-couplings was included and for sequence B

Eq. (5) was used.

A 13C–15N–{50%}2H labeled sample of the 63-residue

B1 immunoglobulin domain of peptostreptoccocal pro-
tein L [21] was used in this study. The sample was

comprised of 1.6mM protein, 50mM sodium phos-

phate, 0.05% NaN3, and 10% 2H2O, pH 6.0. Measure-

ments were carried out at 25 �C, where the overall

correlation time (sc) of protein L is 4.06 ns. Experiments

were carried out with 2T ¼ 28 and 56ms, but only data

for the latter value are shown, which correspond to the

best compromise in terms of cross-relaxation and signal-
to-noise ratio.
3. Results and discussion

The results of the experiments carried out on protein

L for 2T ¼ 56ms are reported in Fig. 2. The results will

be first by analyzed in an analogous fashion to a CbH2

group, by assuming that CCþ;CþHzHz
is larger than any

other contribution. This model will be referred to as the

‘‘two coherence model,’’ as it involves only Cþ and

CþHzHz.

3.1. The two coherence model

Data in inset 2A and 2B are first considered, derived
from an experiment starting directly on 13C (Fig. 1A).

The initial value of R is thus Rð0Þ ¼ 0:5. Two opposite

trends are observed: for most methyl groups belonging

to long side-chains (Ile and Leu) the measured ratio

Rð2T Þ is larger than the starting value. At the opposite

side (Rð2T Þ < 0:5) are found short side-chains such as

Ala and Thr. Val exhibit intermediate values between

0.48 and 0.50. A qualitative correlation emerges from
these data between the measured R ratio and the length

of the side-chain: this tendency is expected if the length

of the side-chain is prevalent in the mobility of the ter-

minal methyl group.

Let us compare our results with the relaxation rates

CCþ;CþHzHz
reported in the literature for sidechain

methylene groups (CbH2) [11,22]. The values were ob-

tained from the multiplet intensity using Eq. (3), where c
does not enter. For sterically restricted methylene

groups, negative CCþ;CþHzHz
value have been reported,

which correspond to R > 0:5 (the outer lines are larger

than in the absence of cross-correlation).

In the case of a sterically hindered CbH2, the Lipari–

Szabo model-free formalism [23] was used leading to the

following expression of the spectral density function:



Fig. 2. Experimental data obtained for the CH2D groups of aliphatics side-chains of protein L at 25 �C. The experimental ratio

Rð2T Þ ¼ 1

2

�aað2T Þ þ �bbð2T Þ
�aað2T Þ þ ð�ccð2T Þ=

ffiffiffi
2

p
Þ

for a mixing time 2T ¼ 56ms is shown for various experimental schemes. In each inset, the value of R obtained for the J-modulation scheme

(sequence A) is compared with that derived from the variable-flip angle method. Inset (A) is an expansion of inset (B) for Rð2T Þ values smaller than

0.5. The data shown in the various insets correspond to different initial conditions: a simple 90� pulse is applied to the 13C for the data in insets (A and

B) [�aað0Þ; �bbð0Þ; �ccð0Þ� ¼ ½1:0; 0:0; 0:0�. In the case of insets (C and D), a refocused INEPT is applied before the 13C pulse (see caption to Fig. 1): a pair of

90� pulses on 1H and 13C is applied at the end of the refocused INEPT for inset (C) ½�aað0Þ; �bbð0Þ; �ccð0Þ� ¼ ½1:0; 0:0; 0:5p2� while only the 13C 90� remains

for inset (D) ½�aað0Þ; �bbð0Þ; �ccð0Þ� ¼ ½1:0; 1:0; 0:0�. The theoretical initial value of R ðRð0ÞÞ can be computed from these coefficients and is identified by a

dotted line in the plots (Rð0Þ ¼ 0:5 in insets (A and B), Rð0Þ ¼ 0:333 in (C) and Rð0Þ ¼ 1:0 in (D)). Note that in inset (B), Rð2T Þ values larger than 0.5

correspond exclusively to CH2D groups in long side-chains (Ile and Leu).
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JðxÞ ¼ P2 cos hCH1; CH2

� �h
� S2

ab

i 2
5

se
1þ x2s2e

þ S2
ab

2

5

sc
1þ x2s2c

; ð7Þ

where s�1
e ¼ s�1

i þ s�1
c , sc and si are the correlation times

of the (assumed) isotropic overall tumbling and internal
motion, respectively. S2

ab is the order parameter as de-

fined in the Lipari–Szabo formalism [23] extended to the

case of cross-correlation between two different mecha-

nisms (a¼CH1 and b¼CH2). In this case, S2
ab varies

from )1/3 for a rigid moities to 1/9 for a unrestricted

internal motion. P2ðcos h) is the second-order Legendre

polynomial associated with hCH1; CH2 (the angle between

the two CH vectors). P2ðcos hÞ ¼ �1=3. For all CbH2,
negative CCþ ;CþHzHz

values are found which means that

the first term is never large and positive enough to

compensate the second negative one. Finally, one should
note that the large relaxation rates measured for meth-

ylene groups can be explained very successfully with the

two coherence model, as other potential terms can be

safely neglected.
The model-free formalism has been extended [24,25]

to the case of freely rotating CH3 (or CH2D) groups: 3

motions are taken into account, the 3-fold rotation of

the methyl group around the C–C axis, the wobbling of

this axis and the protein overall tumbling. The key as-

sumption for the Lipari–Szabo approach is the lack of

correlation between motions: the validity of such an

assumption may be problematic for the the 3-fold ro-
tation and the axis wobbling and it has been shown by
2H relaxation that separating these two processes is

experimentally difficult [27]. We have thus decided to use

a simplier model by merging the two motions and as-

signing them the same correlation time si. Using Dara-

gan and Mayo notation, Eq. (7) can then be rewritten by
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replacing S2ab by a0ab � S2CC. For CH–CH cross-correla-
tion, a0ab ¼ 1=9 (see [25] for definitions and Table 1).

Assuming an overall correlation time of 4.05 ns (at

25 �C), the following values of Rð2T Þ and CCþ;CþHzHz
are

obtained:
S2
CC Rð2T Þ 2T ¼ 56ms CCþ ;CþHzHz

(s�1)

0.0 0.498 0.04

1.0 0.404 3.46

S2
CC Rð2T Þ 2T ¼ 56ms Capp (s�1)a

0.0 0.504 )0.13
1.0 0.465 1.24

a The notation Capp (instead of C) is used to indicate

that the rate is derived using equation (3) assuming that

c ¼ 0.
In the two coherence model, the calculated CCþ;CþHzHz

are negative for hindered CbH2 and positive for rotating

CH2D. The reversal in sign is due to the replacement of

S2
ab by 1/9�S2

CC: while S2
ab is generally negative,

1/9�S2
CC is positive. The relative contribution of the

two terms in Eq. (7) is modified in favor of the second

positive one. Inspection of experimental data in Fig. 2

shows that the two coherence model fails to account
correctly for the relaxation in CH2D groups: the devi-

ation from the initial value Rð0Þ ¼ 0:5 is experimentally

much smaller than computed.

An internal correlation time (si) for both the 3-fold

rotation and the C–C wobbling of 50 ps has been used: a

slight increase of the computed Rð2T Þ value can be no-

ticed if the correlation time for both motions is increased

substantially (>500 ps), but such a large value is not
realistic for the 3-fold rotation. 13C T1 measurement of

Ala methyl groups (data not shown) leads to typical

values between 1.5 and 2 s, which are incompatible with

3-fold rotations slower than 100 ps. Correlation times

for 3-fold rotation of a CH3 group have been evaluated

from molecular dynanics simulation [26] using the

AMBER force field: values ranging from 25 to 250 ps

were reported but may depend on the force field used
and the presence of explicit water molecules.

3.2. Contribution of pathways via CþHþH�

We have shown above that additional relaxation

pathways involving CþHþH� are required in a complete

description of the relaxation in a fast rotating CH2D

group. Before analyzing numerical simulations on the
complete system, we will first discuss a simplified ana-

lytical derivation. The purpose of this step is to evaluate

the bias due to the additional relaxation pathways. The

evolution of the spin system can approximately be

described by:

d

dt

�aa
�bb
�cc

0
@

1
A ¼

R2 C Ca

C R2 �Ca

Ca �Ca R2

0
@

1
A �

�aa
�bb
�cc

0
@

1
A: ð8Þ

For simplicity, we assume that the transverse relax-
ation rate of the 3 coherences are the same and that

Cða $ cÞ � �Cðb $ cÞ ¼ Ca:
(see Table 1 for justification). If Ca is small compared to
(C ¼ CCþ ;CþHzHz

), the eigenvalues (K1;K2;K3) of the re-

laxation matrix are:

K1 � R2 � C� 2ðCaÞ2

C
; K2 ¼ R2 þ C;

K3 � R2 þ
2ðCaÞ2

C
:

If one computes the ratio proposed by Yang et al. [11]

(cf. Eq. (3)), one obtains:

�aaþ �bb

�aa� �bb
� �aað0Þ þ �bbð0Þ

�aað0Þ � �bbð0Þ
� exp

(
� 4T � C � 1

 
þ Ca

C

� �2
!)

:

ð9Þ
Eq. (9) shows that the absolute value of apparent rate

is always larger than the actual value CCþ;CþHzHz
when

the pathways through CþHþH� become effective.

3.3. Complete numerical simulation of all pathways

The relaxation of a CH2D group can be simulated

more rigorously by including all relaxation rates be-
tween the 4 coherences (a, b, c, d), the J-coupling evo-

lution and the presence of an external proton located at

a distance rHX. We have pointed out previously that the

evaluation of the relaxation rates is performed more

conveniently in the basis associated with the individual

lines (m1, m2, m3, and m4) in order to include the secular

approximation: in this basis, all off-diagonal elements

(except between m2 and m3) are eliminated. These simu-
lations will serve to discuss the additional pathways in-

side the CH2D group and the influence of external

protons. Fig. 3A shows the 3D representation of R as

function of the S2
CC order parameter and of the inter-

nuclear distance rHX.

Let us discuss first the case where no external protons

contribute (rHX > 4�AA): the values obtained by including

all coherences clearly differ from that obtained
previously.
Thus, the smaller range of cross-rates measured in the

case of CH2D originates from the additional relaxation

pathways through CþHþH�. The numerical simulations

are in agreement with the trend found earlier by the

analytical computation.

It is of interest to note that the JðxÞ terms present

in the various rates are different: whereas the slow



Fig. 3. Theoretical simulation of the experimental ratio

Rð2T Þ ¼ 1

2

�aað2T Þ þ �bbð2T Þ
2�aað2T Þ þ ð�ccð2T Þ=

ffiffiffi
2

p
Þ
:

The computation were carried out using GNU Octave 2.1.40 running on Mac OS 10.2 and the plots made using GnuPlot. The relaxation rates were

computed using the analytical expressions reported in Table 1, assuming a 1H Larmor frequency of 600MHz and using the geometrical coefficients

defined by Daragan and Mayo [25]. Starting from the initial conditions defined in the text, the spin system evolves under the influence of the 1JCH
(¼ 125Hz) and of relaxation ðsc ¼ 4:05 ns, internal correlation time 50 ps, Dr ¼ 25 ppm for CSA). The 2T period is divided into three components

(delay 2T � t2, 180� pulse on 1H and delay t2) and the time evolution is obtained by diagonalizing the complete evolution matrix (relaxation and J-

coupling). In close analogy with the experimental pulse sequence (see Fig. 1A), the intensity at the end of the 2T period has been evaluated for several

t2 values (J -evolution) and the ratio R is derived from the intensities at t2 ¼ 0 and t2 ¼ 1=4JCH. The secular approximation is enforced in the basis of

the single lines (see text) by setting to zero all relaxation elements between lines at different frequencies. The imaginary components of the relaxation

matrix were included in the computation, but the contribution of DFS on the final intensities turns out to be marginal. The DD interaction between

the CH2D group and an external proton X was evaluated assuming a mean distance rHX and neglecting its modulation by the fast rotation of the

methyl group. The simulation in inset (A) corresponds to an experiment beginning with a 90� pulse on 13C ½�aað0Þ; �bbð0Þ; �ccð0Þ� ¼ ½1:0; 0:0; 0:0�, in inset

(B) and (C) with a refocused INEPT ½�aað0Þ; �bbð0Þ; �ccð0Þ� ¼ ½1:0; 0:0; 0:5p2� and ½�aað0Þ; �bbð0Þ; �ccð0Þ� ¼ ½1:0; 1:0; 0:0�, respectively.

rHX Rð2T Þ 2T ¼ 56ms Capp (s�1)

4 �AA 0.465 1.24

2�AA 0.549 )1.76
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tumbling of the protein increases Jð0Þ and JðxCÞ (in

CCþ;CþHzHz
Þ, the fast rotation of the methyl group

enhances the higher frequency terms JðxHÞ and

JðxH � xC) (i.e., the other pathways CCþ;CþHþH� , etc.)

In summary, the estimation of the magnitude of

the various relaxation rates assuming that Jð0Þ domi-

nates, turns out to be incorrect for fast rotating methyl

groups.
The presence of an external proton in the vicinity of

the methyl group has a more critical outcome: the

following values are obtained for rigid side-chain

(S2
CC�1):
In order to statically evaluate the proximity of CH3

protons to external protons, we have used the crystal

structure of protein L (PDB Accession Code 1HZ6)

where protons have been added using standard soft-
ware: more than 250 protons were found at less than 3�AA
of one of the proton of the 34 methyl groups in a frozen

view of the molecule (i.e., without internal motion). The
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influence of external protons was thus simulated for rHX

ranging from 2 to 5�AA (cf. Fig. 3).

The covalent geometry of 3 amino-acids raises a

specific problem due to two methyls: Leu, Val, and Ile.

In the first two cases, the distance between the two

methyl carbons (Cd–Cd and Cc–Cc) is, respectively,

equal to 2.5�AA and, for Ile, can vary from 2.7 to 3.9�AA for

the Cd–Cc. In these residues as well in other (Ala and

Thr), a few protons (Ha, HN) can come close to the
CH2D group in a way that is highly dependent upon the

local conformation and dynamics. The larger Rð2T Þ
value observed for long side-chains (Rð2T Þ > 0:5 see

Fig. 2B) can thus be ascribed not only to higher flexi-

bility, but also the second CH3 group within the same

residue contribute in the same direction. It does not

seems realistic to evaluate this contribution in a 1H–1H

NOESY experiment, as the peaks will be close to the
diagonal. It should be finally noticed that the presence

of 1H at short distance always leads to an overestima-

tion of the internal flexibility.

These two types of bias clearly have very different

physical origins and their experimental separation might

be feasible. A potential approach might be to change the

initial conditions. In Figs. 2C and D are shown the ex-

perimental R ratios obtained by adding an INEPT-type
Fig. 4. Comparison of the experimental ratio R obtained for Protein L (25 �C)
of 2H relaxation experiments. A reasonable correlation is obtained between th

to extrenal protons has not been eliminated. Most of the short side-chains (su

in the lower right-hand corner of the large inset (S2CC > 0:7 and Rð2T Þ < 0:48)

larger Rð2T Þ value, or in other words an overestimation of the internal flexib

the 1H–13C HSQC spectrum.
transfer (cf. Fig. 1C) in front of the pulse sequences (see
methodology for the coefficients). The flip angle (g) ac-
tually changes the initial value from 0.33 (in Fig. 1C) to

1.00 (in Fig. 1D).

Let us first focus on Fig. 2D, where the data points

clearly cluster. The corresponding simulation (Fig. 3C)

shows that, in this case, Rð2T Þ is almost independent of

the S2
CC and weakly affected by the presence of an ex-

ternal proton. This behavior is easily explained by the
mutual cancellation of the cross-relaxation [a ! b] and
[b ! a] when �aað0Þ � �bbð0Þ. The larger Rð2T Þ dispersion

for Fig. 2C has been predicted (cf. Fig. 3B). In order to

check whether the DD–DD cross-correlation and ex-

ternal 1H–1H DD relaxation could be separated effec-

tively, we have searched for a linear combination of the

two measurements that would be insensitive to the latter

effect. As one curve can be nearly generated by ho-
mothety from the other, the combination that leads to a

surface with a very small gradient along the rHX axis

exhibits almost no variation as function of S2
CC. This

unfortunately suggests that the complete separation of

DD–DD cross-correlation and external 1H–1H relaxa-

tion is hardly feasible in view of the experimental S/N

ratio of our data. This conclusion should however not

be misinterpreted, as our study only shows that this
with the S2
CC order parameters measured by Millet et al. [27] using a set

e two parameters, although the contribution of the nOe-like effect due

ch as Ala) which exhibit the same flexibility as the backbone, are found

. As discussed in the text, the effect of a close external proton leads to a

ility. The labels A11/33 and A33/11 refer to overlapping cross-peaks in
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separation cannot be performed with our schemes, but
does not provide in any case a definite proof that this is

principally impossible.

3.4. Comparison with 2H relaxation

We have compared the experimental data obtained

from DD cross-correlated relaxation on protein L with

the order parameters extracted from the 2H relaxation
measurements [27,28]. 2H dynamics data for 31 out of

35 methyl groups of this proteins were well-fitted using

a two-parameter Lipari–Szabo model [23], i.e., an or-

der parameter S2
CC and a ps-time scale internal corre-

lation time si. The 4 remaining methyl groups (T17,

I4d, and both d-methyl groups of L8) are affected by ns

time scale motion, that require a more complex fitting

model [28]. Note that the 2H measurement leads to a si
mean value of 48 ps (with a standard-deviation of

22 ps), while the simulations shown in Fig. 3 have used

si ¼ 50 ps. The R ratio obtained from DD cross-

correlated relaxation (experiment starting from 13C

using sequence 1A) are plotted in Fig. 4 against the

S2
CC derived from 2H data [27]. The two types of in-

formation correlate reasonably well: the less flexible

residues (Ala and Thr) show high S2 values associated
with low R, while most Leu and Ile cluster in the op-

posite corner of the plot. In the analysis of these data

points it is worth pointing out that the DD cross-

correlated relaxation has not been corrected from the

contribution of external protons. The scattering of the

data points in Fig. 4 seems to be maximal for long

side-chains containing two methyls, i.e., a number of

proximal 1H. The behavior of T17 (high S2
CC and

Rð2T Þ value) might be due to the occurrence of ns-time

scale motion (mentionned in [28]), that is likely to af-

fect both relaxation probes differently. Inspection of

the crystal structure of protein L (PDB 1HZ6) does not

provide any apparent explanation for this restricted

mobility, such as side-chain H-bond.
4. Conclusion

A new set of experiments has been proposed to utilize

DD–DD cross-correlated cross-relaxation as a measure

of internal mobility in aliphatic terminal CH2D groups.

The cross-correlation between two CH vectors has been

successfully used in the past for sterically hindered CbH2

groups [11]. Despite the close analogy between the two
systems, major theoretical and experimental differences

emerge: as a result of the fast rotation of the methyl, the

apparent experimental rates for CCþ;CþHzHz
are much

smaller in magnitude. A detailed analysis shows that this

measurement is biased by two different effects: the cross-

relaxation with CþHþH� and 1H–1H auto-relaxation

with all spatially close protons.
In the context of side-chain dynamics, the impact of
these two problems is clearly very different: a model

including all pathways inside the CH2D group remains

tractable. In contrast, cross-relaxation with external

protons would require the knowledge of the complete
1H relaxation network as well as its dynamics. This

latter point shares some analogy with spin-diffusion in
1H–1H nOe measurements, where the isolated spin pair

approximation fails. If used in a qualitative manner, our
experimental schemes provide however an estimate of

the flexibility of the chain, though with a much smaller

accuracy than previously proposed 2H experiments.

The complete relaxation matrix for a degenerate spin

system (AX2) has been derived, showing a number of

key differences with a simple AMX spin system. In

contrast to the real terms (line-width) that contain nu-

merous contributions from external protons, it is note-
worthy that the imaginary terms (line-shift) do not suffer

from any of these external interferences. Because fre-

quencies can be generally measured with higher accu-

racy than exponential decays, it might be worth

exploring the potentialities of dynamic frequency shifts

for backbone and side-chain dynamics, if this lack of

coupling with the external ‘‘world’’ turns out to be a

general feature.
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