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Recently developed 2H spin relaxation experiments are applied to study
the dynamics of methyl-containing side-chains in the B1 domain of
protein L and in a pair of point mutants of the domain, F22L and A20V.
X-ray and NMR studies of the three variants of protein L studied here
establish that their structures are very similar, despite the fact that the
F22L mutant is 3.2 kcal/mol less stable. Measurements of methyl 2H spin
relaxation rates, which probe dynamics on a picosecond–nanosecond
time scale, and three-bond 3JCg– CO, 3JCg– N and 3JCa– Cd scalar coupling
constants, which are sensitive to motion spanning a wide range of time-
scales, reveal changes in the magnitude of side-chain dynamics in
response to mutation. Observed differences in the time-scale of motions
between the variants have been related to changes in energetic barriers.
Of interest, several of the residues with different motional properties
across the variants are far from the site of mutation, suggesting the
presence of long-range interactions within the protein that can be probed
through studies of dynamics.
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Introduction

The structural and dynamic properties of pro-
teins are determined by their primary amino
acid sequence. Elucidation of the rules that govern
this relationship is of immense practical and
intellectual importance. Numerous studies have
investigated the consequences of changes in
protein primary sequence by characterizing the
stability, structure and activity of mutant proteins.1

Far fewer have examined the changes in internal
dynamics that accompany amino acid substi-
tutions. Conformational fluctuations modulate
distant-dependent energetic interactions, contri-
bute to the entropy of functionally relevant states
and can guide enzymatic reaction pathways.2 – 4 It
is important, therefore, to develop robust methods
to study these processes and to understand the
relation between protein dynamics and primary
sequence.

NMR relaxation experiments are sensitive to
protein internal dynamics spanning a wide range
of time-scales (extending from seconds to pico-
seconds) and can pinpoint their location with
atomic resolution.5 Most studies have focused on
using 15N spin relaxation as a probe of backbone
amide motions in proteins6 but recently interest
has emerged in the study of side-chain dynamics
as well.2 Dynamic analyses of side-chains typically
focus on methyl groups, monitoring the decay of
13C or 2H magnetization.7 Deuterium longitudinal
(R1) and transverse (R1r) relaxation measurements
in fractionally deuterated protein samples have
been used to characterize determinants of ligand
binding in SH2 domains8 and RNA–protein
complexes,9 protein stability10 and hydrophobic
core formation in de novo protein design.11 Recently
we have extended the number of experimentally
accessible deuterium relaxation rates from two
(R1 and R1r) to a total of five observables.12

This enables the application of more complicated
physical models in the interpretation of the data,
allowing, for example, the detection of nanosecond
(ns) time-scale motions in side-chains.13
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We have chosen the wild-type (WT) B1 immuno-
globulin binding domain of peptostreptoccocal
protein L and two single hydrophobic core
mutants, A20V and F22L, as a model system14 to
investigate how single point mutations affect
protein internal dynamics with particular
emphasis on changes in nanosecond time-scale
motions. Examination of the five 2H relaxation
rates per methyl group reveals several changes in
nanosecond time-scale dynamics in response to
the A20V and F22L substitutions. We have per-
formed extensive simulations to better understand
the sensitivity of 2H relaxation parameters to
motions on multiple time-scales and present some
useful guidelines for establishing whether nano-
second time-scale side-chain dynamics are
present. This is important, since the present study
is among the first that compares side-chain dynamics
in a series of mutant proteins and robust protocols
for estimating the amplitudes and time-scales of
dynamics are, therefore, of particular interest. In
addition we report values of three-bond 3JCg– CO,
3JCg– N and 3JCa– Cd scalar coupling constants, which
we show can be used in conjunction with 2H
relaxation data to place bounds on the time-scale
of side-chain motions. We compare the dynamics
of A20V, F22L and the WT protein in relation to
their molecular structures and recast differences
in nanosecond time-scale motions in terms of
changes in dihedral angle potential energy
functions.

Results and Discussion

The global fold of protein L is unaffected by
the mutations A20V, F22L

Equilibrium denaturation experiments show
changes in the free energy of unfolding, DDGF;U ¼
DGM

F;U 2 DGWT
F;U; of 1.23 kcal/mol and 23.22 kcal/

mol for A20V (increased stability relative to WT)
and F22L (decreased stability), respectively, at
22 8C.15 Although differences in solvation energy
can completely account for the difference in free
energy, DDGF;U; for A20V (1.24 kcal/mol for
A !V)16 and partially for F22L (20.12 kcal/mol,
F ! L)16 it is still necessary to ascertain to what
extent the structures have been modified so that
the analysis of the dynamics parameters in what
follows (see below) can be interpreted in the
proper framework. Crystallographic data show
that the structures of A20V and the WT protein are
nearly identical (backbone rmsd ¼ 0.5 Å, total
rmsd ¼ 1.4 Å; K. Zhang, personal communication).
Since a structure of F22L is not available, we have
used NMR techniques to assess potential dif-
ferences from the WT. 15N– 1H dipolar couplings
are exquisitely sensitive to the orientations of
amide bond vectors within the molecular frame,
with alterations of the secondary or tertiary struc-
ture of the protein reported by large changes in
the couplings. Residual amide dipolar couplings
measured on all three protein samples show good

Figure 1. Comparison of 15N–1H residual dipolar couplings predicted on the basis of best-fit alignment frame para-
meters and the WT crystal structure (1HZ641) with experimental data obtained for the protein L B1 domain (A) A20V,
(B) WT and (C) F22L. Experimental uncertainties are indicated by error bars in the bottom right-hand corners of
the panels. (D) Plot of Diso versus P2(cos u) (where u is the angle between an NH bond vector and the unique axis of
the diffusion tensor, P2(x) ¼ (3x 2 2 1)/2 for WT (white), A20V (gray) and F22L (black). Extracted values for 1/(6Diso)
are consistent with the presence of purely monomeric species in solution.
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agreement with those predicted from the WT crys-
tal structure (Figure 1A–C), indicating that the
overall backbone structures in solution are essen-
tially the same as that of the WT in a crystalline
environment. In addition, the hydrodynamic
properties of the three molecules were investigated
by analysis of backbone 15N relaxation data.17 The
high degree of overlap shown in Figure 1D indi-
cates that all three molecules have very similar
diffusion tensors. In addition, methyl regions of
13C– 1H correlation maps for WT, A20V and F22L
are similar, suggesting that there are no large struc-
tural changes of the hydrophobic cores of the
proteins. This agrees with numerous studies
showing that the average conformation of a protein
is remarkably invariant to amino acid substitution,
with minimal rearrangement accompanying substi-
tutions of non-native side-chains at both surface
and core positions.18,19

The backbone 15N relaxation data were used to
extract order parameters, reflecting the amplitudes
of NH bond vector motions, with a value of 1 (0)
corresponding to complete (no) ordering. Order
parameter values do not show substantial dif-
ferences when data for the three molecules are
compared (see below), with a large change for
only a single residue, L22 (0.87 in WT, 0.75 in
F22L). This result is consistent with previous
dynamic studies where few significant deviations
in the 15N-derived backbone order parameters
were found in proteins with altered stability.20,21

Side-chain 2H NMR relaxation experiments are
sensitive to nanosecond motions

Methyl 2H relaxation experiments were per-
formed on fractionally deuterated, uniformly 13C,
15N labeled protein samples. For spin I ¼ 1 nuclei

such as deuterium, five independent relaxation
rates for three coherences and two populations
can be measured by recording a series of 13C– 1H
correlation experiments.12 We have measured
these five rates for methyl deuterons in each of the
three forms of protein L studied (WT, A20V, F22L)
at a single field, 500 MHz (1H frequency).

Deuterium relaxation is dominated by the
quadrupolar mechanism where only three frequen-
cies (0, vD and 2vD, with vD the deuterium reso-
nance frequency) determine the rates of decay of
each 2H nucleus. A measure of the “amount” of
motion occurring at each frequency, v, is given by
the spectral density function, J(v), that corresponds
to the cosine Fourier transform of the autocorrela-
tion function describing the time dependence of
the orientation of the C–D bond. Since the five
relaxation rates depend upon the spectral density
function evaluated at frequencies of 0, vD and 2vD,
J(0), J(vD) and J(2vD) can be calculated without the
assumption of any motional model.13 It is often
instructive, however, to recast the J(v) values in
terms of site-specific dynamics parameters that
reflect the amplitude, S 2, of the motion of the
methyl 3-fold axis by fitting the relaxation rates to
a model (referred to in what follows as LS-2) of
the form:22,23

JðvÞ ¼
1

9
S2 tR

1 þ v2t2
R

þ 1 2
1

9
S2

� �
t

1 þ v2t2

t21 ¼ t21
e þ t21

R

ð1Þ

where tR is the overall tumbling time of the protein
determined from 15N relaxation data and te is the
effective correlation time for rotations about and
motions of the Cmethyl –C bond.

Figure 2 shows the experimental values of J(v)

Figure 2. Comparison of spectral density values for T5g2 (A) and I6d1 (B), obtained from five deuterium relaxation
rates by singular value decomposition13 (blue circles) with theoretical curves generated assuming a global overall
correlation time (black, LS-2 model) and a local correlation time (red, LS-3 model) for the methyl groups in each of
the three proteins.
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(blue circles) at frequencies (Hz) of 0, vD/2p
and 2vD/2p superimposed on the best-fit spectral
density curves (black lines) predicted by the LS-2
model for a pair of methyl groups, T5g2 and I6d1,
from A20V, WT and F22L protein L B1 domains.
In the case of T5g2 (Figure 2A) the LS-2 model is
able to reproduce the experimental data for all
forms of the protein. The dynamics of this methyl
group can be adequately described, therefore, in
terms of a model in which there is rapid pico-
second time-scale rotation about the Cb–Cg2 bond,
which in turn undergoes rapid librations. In con-
trast, the LS-2 model cannot reproduce the spectral
densities for I6d1 (Figure 2(B)). A slightly more
complex model (LS-3), in which tR is replaced
with an effective correlation time tR,eff, as an
additional fitting parameter in equation (1), repro-
duces the data in this case (red curves) and in all
cases for which LS-2 fails. Failure of the LS-2
model can result, in part, from anisotropic overall
tumbling. In the present case, however, the range
of calculated tR values for the methyl groups
based on diffusion parameters obtained from 15N
relaxation data and the X-ray structure of protein
L is small (3.8–4.3 ns; for 23 methyl groups the
range is 3.9–4.1 ns)13 and cannot account for the
differences in observed and calculated J(v) values.
These differences reflect the presence of slower
nanosecond time-scale processes (which are not
accounted for by the LS-2 model), likely arising
from rotameric side-chain jumps around x1 and/or
x2 dihedral angles13 in addition to the picosecond
time-scale dynamics described above. In the LS-3
model, slow motions are incorporated into the effec-
tive local correlation time tR,eff (if their time-scales
are greater than approximately 2 ns) with S2 and te

reflecting motions on the picosecond time-scale.13,24

In principle, more complicated models can be
used which explicitly take into account the effects of
motions on different time-scales. The extended
model-free approach (model LS-4) has been used
extensively with 15N relaxation data to yield an
order parameter ðS2

sÞ and correlation time (ts) per
residue describing nanosecond internal motions, in
addition to the fast time-scale parameters (S2

f and
tf).

25 In this case the spectral density function is
given by:

JðvÞ ¼
1
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; 1=t0 ¼ 1=tR

1=t1 ¼ ð1=tRÞ þ ð1=tsÞ;

1=t2 ¼ ð1=tRÞ þ ð1=tfÞ;

1=t3 ¼ ð1=tRÞ þ ð1=tsÞ þ ð1=tfÞ

ð2Þ

In a recent study of side-chain dynamics in WT
protein L we found that fits using the LS-4 model
of a comprehensive relaxation data set comprised
of rates recorded at spectrometer frequencies of
400, 500, 600 and 800 MHz were often unstable in
the sense that large errors in the fitting parameters
were extracted from the analysis.13 Subsequent
extensive simulations in our laboratory have con-
firmed that fits of either 2H or 13C-labeled methyl
side-chain relaxation parameters using the LS-4
model are not nearly as stable as corresponding ana-
lyses of 15N relaxation data, even if extensive data
sets (measured at the four spectrometer fields
shown above) with small errors (3%) are used as
input. The difference in the robustness of backbone
and side-chain data analyses arises from the
additional factor of 1/9 (which is absent for 15N
relaxation data), which significantly decreases the
sensitivity of the relaxation data to the dynamics
parameters S2

s ; S2
f and ts.

24 Moreover, simulations
have established that the x2 values obtained by
fitting the five relaxation rates to an LS-4 spectral
density model (four parameters) do not follow the
distribution expected for one degree of freedom.
Note that the five rates are not independent, since
they depend on only three spectral density values
(J(0), J(vD), J(2vD)) and it is therefore not possible to
extract four parameters from data obtained at a
single spectrometer field. In contrast, fits using LS-2
(two parameters) or LS-3 (three parameters) spectral
density models follow the x2 distributions expected
for three and two degrees of freedom, respectively.
Thus, quite independent of the (lack of) robustness
of the LS-4 model for fitting methyl dynamics data,
it is not valid for use in the present analysis in any
event. In what follows, therefore, we will use the
LS-3 model in cases where analyses using an LS-2
form of the spectral density function fail.

The “relative goodness of fits” of the five
measured relaxation rates/residue using LS-2 and
LS-3 models have been analyzed with F-test
statistics.26 Simulations of the five 2H relaxation
rates that have been measured here (spectrometer
field of 500 MHz) using the LS-2 model to generate
data free from nanosecond motions have shown,
not surprisingly, that when a 95% confidence limit
is used to distinguish between LS-2 and LS-3
models, false positives (i.e. selection of the LS-3
model) are obtained in approximately 5% of the
cases (data not shown). A related question of
interest concerns the efficacy of the F-test approach
for identifying nanosecond dynamics in cases
where such motions exist. To investigate this we
turn to simulations again and generate 2H spin
relaxation data sets (all five rates at a single spec-
trometer field, 500 MHz) using the LS-4 model
with dynamics parameters in the following ranges,
0.2 , Sf

2 , 1.0, 0 , Ss
2 , 0.5, 0 , tf , 100 ps,

1 , ts , 10 ns, 3.8 , tR , 4.6 ns (i.e. all rates
derived from a model that includes nanosecond
motions). A distribution of overall correlation
times, 3.8 , tR , 4.6 ns, was used in the simu-
lations to reflect the range of tR values found in
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protein L resulting from diffusion anisotropy,
Dk/D’ ¼ 1.38 (see Materials and Methods).
Gaussian noise was subsequently added to the
rates (ranging from 0.01% to 10%) and they were
then fit to LS-2 and LS-3 models. Figure 3A shows
the fraction of data sets that were better fit with
the LS-3 spectral density function (95% confidence
limit) versus the error in the fitted relaxation rates.
For very low errors the majority of residues are
correctly identified as having nanosecond motions.
As the error increases, however, it becomes
increasingly difficult to select the more complex
model (LS-3) over LS-2 and many of the residues
are undetected (note that all residues should be
detected as they all have nanosecond motions in
the simulation). Ultimately as the errors increase
we expect that the acceptance level will drop to
5% (broken line in the Figure), reflecting simply
the 95% cutoff criteria that we use in the F-test.

Table 1 lists the methyl groups whose relaxation
data could be fit using the simple LS-2 model
(95% confidence limit), indicating that the methyl
dynamics are well described assuming only picose-
cond time-scale motions, along with their
dynamics parameters. Notably, this Table com-
prises the majority of methyl-containing residues
in each of the three variants of protein L (97% for
A20V, 94% for WT and 83% for F22L). Similar
levels of nanosecond dynamics have also been
observed in 2H relaxation studies of the N-terminal
SH3 domain from drk and the fyn SH3 domain
where 7% and 21% of the methyl-containing resi-
dues, respectively, were better fit using the LS-3
model. Of note, the values of S 2 and te obtained
from the fits are very well conserved across the
different variants of the protein, with one excep-
tion, L40d2, where different S 2 and te values are
obtained for the A20V mutant. This gives us a

Figure 3. Plot of the fraction of
synthetic data sets derived using
the LS-4 spectral density model
with large amplitude nanosecond
dynamics (Ss

2 , 0.5) that are better
fit with the LS-3 spectral density
than the LS-2 (95% confidence
limit) versus the error in the fitted
relaxation rates (see the text for
details) (A). Histogram of tR,eff

values generated from fits using
the LS-3 form of J(v) to data
sets generated with the LS-2
model and the parameters
0.2 , S 2 , 1.0, 0 , te , 100 ps and
3.8 , tR , 4.6 ns. Values of tR,eff for
those residues in protein L that are
better fit with the LS-3 model than
the LS-2 are indicated (B). Histo-
gram of Ss

2 (C) and ts (D) values
which give tR,eff ,3 ns and p values
, 0.05 in a comparison of LS-2
and LS-3 models when data is gen-
erated according to equation (2)
with 0.2 , Sf

2 , 1.0, 0 , Ss
2 , 1.0,

0 , tf , 100 ps and 1 , ts ,20 ns
and fit using LS-2 and LS-3 models.
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Table 1. Side-chain parameters and scalar couplings

(A) Side-chain dynamical parameters and measured 3J side-chain scalar couplings for residues whose 2H relaxation rates are best fit using the LS-2 form of J(v) (i.e. no nanosecond dynamics)
S2(LS-2)a te(LS-2) (ps)a 3JCa– Cd /(Hz)a 3JCg– N (Hz)a 3JCg–CO (Hz)a

Methyl group A20V WT F22L A20V WT F22L Rotamer
(deg.)b

A20V WT F22L A20V WT F22L A20V WT F22L

T5g2 0.88(0.03) 0.89(0.04) 0.83(0.05) 32(3) 37(3) 45(5) 260 – – – c c c c c c

I6g2 0.83(0.07) 0.84(0.03) 0.84(0.06) 29(3) 28(5) 27(7) 260 – – – 1.7(0.1) 1.8(0.1) 1.8(0.1) 1.0(0.1) 1.1(0.1) 1.1(0.1)
I11g2 0.73(0.04) 0.77(0.04) 0.74(0.02) 34(6) 29(5) 30(3) 260 – – – 1.8(0.1) 1.9(0.1) 1.7(0.1) 0.5(0.1) 0.5(0.1) 0.6(0.1)
I11d1 0.42(0.02) 0.40(0.02) 0.40(0.02) 23(3) 22(3) 24(3) 180 3.0(0.1) 3.0(0.1) 3.2(0.2) – – – – – –
A13 0.90(0.02) 0.83(0.03) 0.84(0.07) 33(2) 37(4) 49(5) – – – – – – – – – –
T17g2 c 0.57(0.06) c c 68(5) c þ60 – – – c c c c c c

A20 – 0.82(0.05) c c 58(5) c – – – – – – – – – –
V20g1 0.61(0.03) – – 35(3) – – 180 – – – 0.9(0.1) – – 2.3(0.1) – –
V20g2 0.29(0.02) – – 50(3) – – 180 – – – 1.1(0.1) – – 1.9(0.1) – –
T25g2 0.87(0.02) 0.84(0.06) 0.83(0.03) 39(2) 40(7) 43(3) þ60 – – – 0.8(0.1) 0.6(0.1) 0.7(0.1) 3.2(0.1) 3.4(0.2) 3.4(0.2)
A29 0.88(0.02) 0.89(0.04) 0.76(0.11) 75(2) 82(5) 79(13) – – – – – – – – – –
T30g2 0.99(0.08) 0.91(0.07) 0.86(0.12) 31(7) 44(9) 41(9) 260 – – – 1.9(0.1) 1.9(0.1) 1.8(0.1) 0.3(0.2) 0.4(0.2) 0.6(0.2)
A33 0.82(0.02) 0.84(0.02) 0.86(0.09) 81(4) 75(4) 53(5) – – – – – – – – – –
A35 0.86(0.03) 0.84(0.02) 0.86(0.07) 62(3) 50(5) 49(4) – – – – – – – – – –
A37 0.86(0.04) 0.90(0.10) 0.90(0.11) 126(5) 125(12) 121(10) – – – – – – – – – –
L40d1 0.53(0.14) 0.56(0.17) 0.54(0.16) 30(12) 36(12) 29(5) 180 3.2(0.1) 3.0(0.2) 3.0(0.2) – – – – – –
L40d2 0.25(0.01) 0.47(0.03) 0.54(0.03) 79(1) 41(2) 35(3) 180 0.9(0.1) 0.9(0.1) 0.8(0.1) – – – – – –
V49g1 0.67(0.04) 0.62(0.03) 0.60(0.05) 51(2) 54(3) 53(4) þ60 – – – 0.4(0.1) 0.3(0.1) 0.3(0.2) 0.9(0.1) 1.0(0.1) 0.9(0.2)
V49g2 0.76(0.03) 0.69(0.06) 0.62(0.07) 77(5) 80(4) 84(5) þ60 – – – 1.5(0.1) 1.6(0.2) 1.7(0.2) 0.5(0.2) 0.8(0.1) 0.6(0.1)
V51g1 0.73(0.05) 0.68(0.03) 0.72(0.04) 31(3) 35(4) 35(4) 180 – – – 1.8(0.1) 1.8(0.1) 1.8(0.1) 0.9(0.1) 0.5(0.1) 0.6(0.1)
V51g2 0.65(0.03) 0.64(0.03) 0.62(0.04) 37(2) 37(2) 37(3) 180 – – – 0.4(0.1) ,0.2 0.4(0.2) 3.3(0.2) 3.2(0.1) 3.2(0.2)
A52 0.83(0.03) 0.84(0.03) 0.85(0.03) 24(2) 24(4) 24(3) – – – – – – – – – –
T57g2 0.97(0.02) 0.97(0.05) c 50(3) 56(8) c 260 – – – c c c c c c

L58d1 0.59(0.12) 0.65(0.11) 0.65(0.09) 58(7) 67(5) 52(9) 180 3.9(0.2) 3.9(0.2) 3.8(0.2) – – – – – –
L58d2 0.61(0.02) 0.62(0.04) 0.65(0.03) 39(2) 38(3) 43(4) 180 ,0.2 ,0.2 ,0.2 – – – – – –
I60g2 0.86(0.05) 0.83(0.04) 0.75(0.06) 23(6) 26(5) 28(2) 260 – – – 1.8(0.1) 1.9(0.1) 1.8(0.1) 0.9(0.1) 1.0(0.1) 1.0(0.1)
I60d1 0.57(0.01) 0.61(0.02) 0.57(0.02) 18(2) 14(3) 19(3) 180 3.6(0.1) 3.7(0.1) 3.6(0.1) – – – – – –

(B) Predicted values for the different types of long range 3J scalar couplings as a function of the dihedral angle
Scalar coupling (Hz) Scalar coupling (Hz) Scalar coupling (Hz)

Type of scalar
coupling

Methyl
type xþ608 x1808 x2608

Type of scalar
coupling

Methyl
type xþ608 x1808 x2608

Type of scalar
coupling

Methyl
type xþ608 x1808 x2608

3JCg– N
d Valg1/

Valg2

0.4/2.1 2.1/0.4 0.4/
0.4

3JCg– CO
d Valg1/

Valg2

0.6/0.6 0.6/3.6 3.6/0.6 3JCa– Cd
e Leud1 #1.2 .3 #1.2

Thrg2 0.2 0.2 1.9 Thrg2 3.4 0.4 0.4 Leud2 .3 #1.2 #1.2
Ileg2 0.4 0.4 2.1 Ileg2 3.6 0.6 0.6 Iled1 #1.2 .3 #1.2

a Errors in experimental data in parentheses.
b Rotamers obtained from the crystal structures: 1HZ5 and 1HZ6.41

c Data not available due to signal overlap.
d Predicted scalar couplings according to a Karplus parametrization with coefficients obtained from Perez et al.30

e Large values for 3JCa– Cd correspond to trans conformations, whereas small values of the scalar coupling correspond to gauche conformations.29



high degree of confidence in our data and suggests
strongly that when differences do arise in relax-
ation parameters they are very likely real. In
addition to the 2H spin relaxation data reported
here, we also show the three-bond scalar
couplings27,28 3JCa– Cd,

3JCg– N and 3JCg– CO that have
been measured for methyl-containing residues
and used as a probe of x1/x2 dynamics to comp-
lement the relaxation measurements (see below).

Notably, several methyl groups (six in F22L, two
in WT and one in A20V) in protein L show strong
evidence of nanosecond time-scale dynamics from
2H spin relaxation measurements. For these resi-
dues the LS-2 model is unable to reproduce the
experimental spectral density values to within
error and all residues show a statistically signifi-
cant reduction in residual x2 from fits using the
LS-3 model relative to LS-2 according to F-statistics
(95% confidence limit). Table 2 lists the dynamics
parameters, S 2 and tR,eff, that are extracted from
fits (LS-3) of the residues that show nanosecond
motions in at least one of the three forms of protein
L that are studied here (highlighted in bold). In
addition, the three-bond scalar couplings 3JCa– Cd,
3JCg– N and 3JCg– CO are also listed. Of interest, the
results in Figure 3A suggest that with the level of
errors in our experimental data sets (ranging from
approximately 2% for A20V and WT to 4–7% for
F22L) it is unlikely that all residues with nano-
second time-scale dynamics will be identified,
with less than 50% in the case of F22L. In cases
where nanosecond motions are detected, however,

the simulations described below suggest that they
likely arise from large amplitude dynamics ðS2

s ,
0:6Þ:

It can be shown that tR,eff values obtained from
fitting the data to the LS-3 model are quite sensi-
tive to the presence of nanosecond motions,13 pro-
vided that the magnitude of fast internal motions
does not overwhelm the effect of overall tumbling.
Figure 3B shows the distribution of tR,eff values
obtained from LS-3 fits of synthetic data generated
using the LS-2 form of J(v) (no nanosecond time-
scale dynamics) with 0.2 , S 2 , 1.0,
0 , te , 100 ps and 3.8 , tR , 4.6 ns, along with
the tR,eff values obtained for those residues in pro-
tein L identified as dynamic on the nanosecond
time-scale by F-tests. The distribution is centered
about tR,eff , 4 ns, since tR,iso ¼ 4.05 ns and 97% of
the values lie to the right of 3 ns. Note that the
width of the distribution is larger than the range
of tR values used in the simulation, since experi-
mental errors are also included (see Materials and
Methods). For residues with nanosecond dynamics
it is quite clear that lower tR,eff values than would
be expected (less than 3 ns for protein L) in the
absence of nanosecond dynamics are obtained.
Low values of tR,eff are very informative in terms
of providing insight into the underlying dynamics.
By way of example, we have simulated 2H relax-
ation data using the LS-4 spectral density model
(i.e. with nanosecond time-scale dynamics) with
0.2 , Sf

2 , 1.0, 0 , Ss
2 , 1.0, 0 , tf , 100 ps,

1 , ts , 20 ns and 3.8 , tR , 4.6 ns and fit the

Table 2. Side-chain dynamical parameters and measured 3J side-chain scalar couplings for residues whose 2H relaxa-
tion are best fit using the LS-3 form of J(v) in at least one variant of protein L (i.e. nanosecond dynamics)

Methyl group S 2(LS-3)a tR,eff (ns)
a Rotamer (deg.)b 3JCa–Cd (Hz)a 3JCg– N (Hz)a 3JCg– CO (Hz)a

A20V
I6d1c 0.49(0.04) 2.95(0.16) 260 1.9(0.1) – –
L10d1 0.24(0.03) 3.25(0.15) 180 2.4(0.1) – –
L10d2 0.26(0.06) 3.12(0.14) 180 2.0(0.1) – –
T19g2 0.52(0.08) 3.76(0.05) þ60 – 0.8(0.1) 2.1(0.2)
T39g2 0.86(0.05) 4.01(0.12) þ60 – 0.8(0.1) 2.2(0.1)
T48g2 0.75(0.03) 3.76(0.17) þ60 – d d

WT
I6d1c 0.49(0.03) 2.76(0.10) 260 2.1(0.2) – –
L10d1 0.21(0.04) 3.38(0.20) 180 2.3(0.1) – –
L10d2 0.26(0.02) 2.83(0.22) 180 1.8(0.1) – –
T19g2c 0.82(0.04) 2.71(0.18) 160 – 0.9(0.1) 2.0(0.2)
T39g2 0.87(0.03) 3.56(0.12) þ60 – 0.8(0.1) 2.2(0.2)
T48g2 0.75(0.03) 3.73(0.15) þ60 – 1.1(0.1) 3.1(0.2)

F22L
I6d1c 0.47(0.07) 2.47(0.17) 260 1.9(0.2) – –
L10d1c 0.17(0.03) 2.45(0.13) 180 1.7(0.1) – –
L10d2c 0.29(0.04) 2.88(0.09) 180 2.0(0.1) – –
T19g2 0.57(0.03) 3.22(0.07) þ60 – 0.7(0.1) 2.2(0.1)
L22d1c 0.50(0.06) 2.91(0.18) – 2.2(0.2) – –
L22d2 0.69(0.07) 2.17(0.12) – 2.0(0.1) – –
T39g2c 0.95(0.08) 2.79(0.10) 160 – 1.1(0.1) 2.1(0.1)
T48g2c 0.72(0.03) 2.76(0.14) 160 – 0.9(0.1) 1.9(0.1)

a Errors in experimental data in parentheses.
b Rotamers obtained from the crystal structures: 1HZ5 and 1HZ6.41

c Residues identified as dynamic using F-test statistics (see the text).
d Data not available due to signal overlap.
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rates to both LS-2 and LS-3 spectral density
models. The input values of S2

s and ts for those
cases where the LS-3 model is preferred (F-test,
95% confidence) and where tR,eff , 3 ns are plotted
in Figure 3C and D, respectively. For tR,eff , 3 ns
the distribution of ts lies predominantly in the
range of 1–10 ns (75%). Moreover, the values of
S2

s are clustered from 0 to 0.6 (92%) and show no
correlation with the input values of ts. Note that
the definition of “low values of tR,eff” (in what
follows we use less than 3 ns for protein L) will
vary depending on the protein, but can be easily
calculated on a case-by-case basis using simu-
lations of the type described here.

The methyl-containing residues identified as
dynamic on a nanosecond time-scale in Table 2 are
superimposed on the structure of protein L in
Figure 4. In addition, the amplitudes of backbone
motions, established from 15N spin relaxation
measurements, are color coded on the ribbon dia-
grams of each structure. It is clear that there are
essentially no differences in backbone order. In
contrast, however, differences in the numbers of
residues showing side-chain nanosecond dynamics
are observed. Of note, the I6d1 methyl is the only
one that displays nanosecond motions in all three
forms of the protein. L10d1,d2 are selected as
dynamic on a nanosecond time-scale in the case of
F22L but not WT or A20V (see Table 2). In the case
of L10d1 the probability of a chance improvement
in fit using the LS-3 versus LS-2 form of J(v) is 83%
( p ¼ 0.83) for WT and 90% ( p ¼ 0.90) for A20V

and the separation between “nanosecond
dynamics” and “no nanosecond dynamics” is rela-
tively clear. Such a separation is much less clear
for L10d2, where p values of 0.17 and 0.25 are
obtained for WT and A20V, respectively. Values of
p from fits of T19, T39 and T48 for (F22L, WT,
A20V) are (0.69,0.02,0.75), (0.03,0.87,0.90) and
(0.04,0.75,0.85) respectively, and we can be reason-
ably confident here that residues not selected by
the LS-3 model are unlikely to be dynamic on a
nanosecond time-scale. It is important to empha-
size the distinction on the one hand between
establishing the presence of nanosecond motions
(for example, using the F-test criterion described
above) and establishing the absence of nanosecond
dynamics for those residues that do not pass the
F-test criterion.

Correlation with scalar coupling data

In addition to measuring deuterium spin relaxa-
tion parameters, three-bond 13Ca–13Cd, 13Cg–13CO
and 13Cg– 15N scalar coupling constants27,28 were
obtained for all three variants of protein L and are
reported in Tables 1 and 2. These values depend
directly on the dihedral angles x2 (3JCa– Cd) and x1

(3JCg– CO, 3JCg– N) and can be used to detect rotameric
averaging on time-scales ranging from a few
hundredths of a second to picoseconds.29 Also
included in Table 1 are the expected scalar coupl-
ings for dihedral angles of ^60 and 1808.30 With
the exception of V20, the measured scalar coupling

Figure 4. Structure of the B1 domain of protein L (PDB accession code 1HZ641) with the locations of methyl groups
undergoing nanosecond motions indicated by gray beads. The backbone ribbon is colored according to 15N order
parameter where yellow and red correspond to regions of higher and lower flexibility, respectively. Black arrows
indicate the sites of mutation.
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values reported in Table 1 are consistent with a
single predominant x1/x2 rotamer in all three
variants of protein L examined. For these residues
the 2H relaxation data are well fit using the LS-2
spectral density model (i.e. absence of nanosecond
time-scale dynamics) and the x1/x2 angles obtained
on the basis of the scalar coupling data are in
agreement with those from the X-ray structures of
the protein. For V20 the 3JCg– CO couplings, in par-
ticular, indicate averaging. Of interest, the order
parameters for the g1 and g2 positions are very
different; since motions that involve only rotations
about x1 would lead to equal order parameters,
the dynamics are more complex at this site.

All residues with detected nanosecond motions
(highlighted in red in Table 2) give values of scalar
couplings that are consistent with either extensive
averaging about the relevant dihedral angles (x1

or x2) or, much less likely, non-staggered dihedral
angle values. The complementarity between scalar
coupling and deuterium relaxation measurements
is well illustrated by the data for T48 (see Table 2).
In the WT protein, 3JCg– CO and 3JCg– N coupling con-
stants are equal to 3.1 Hz and 1.1 Hz, respectively,
corresponding to the þ60 rotamer. A previous
analysis of dipolar couplings showed a small
degree of x1 averaging for this residue with the
260 rotamer populated to approximately 15%.31

The experimental 3JCg– N coupling constant in the
WT protein is consistent with some exchange
between the þ60 and 260 rotamers, however, in
F22L, values of 1.9 Hz and 0.9 Hz for 3JCg– CO and
3JCg– N, respectively, are diagnostic of more exten-
sive dynamics. Moreover, the 2H data strongly
support the fact that only in the case of F22L are
large amplitude nanosecond time-scale dynamics
present for this residue. The source of these
dynamics is almost certainly rotation about x1 and
it seems likely, therefore, that the motion that con-
tributes to the additional averaging of the scalar
couplings in T48,F22L is in the nanosecond regime.

Many of the residues for which averaged scalar
coupling values are measured also display nano-
second time-scale dynamics from analysis of 2H
spin relaxation rates. Conspicuous exceptions
from Table 2 include T39 in A20V,WT and T19 in
A20V,F22L. In the case of T39, scalar coupling
values indicate significant averaging in all forms
of the protein. However, only in the case of the
F22L variant does the LS-2 model fail in the
analysis of the relaxation data for this residue.
Similarly for T19 only the WT protein shows nano-
second dynamics using the criteria outlined above,
yet the values of the scalar couplings indicate aver-
aging in all variants. It is important to note, how-
ever, that there need not be a correlation between
the presence of nanosecond time-scale dynamics
(as monitored by spin relaxation measurements)
and averaging as reported by scalar couplings. For
example, the simulations described above show
that the “window” in which 2H relaxation experi-
ments can detect slow motions according to F-test
statistics and tR,eff values below 3 ns is quite sensi-

tive to the motional time-scale. In the present case,
values of tR,eff below 3 ns, extracted for all of the
residues selected as dynamic on the nanosecond
time-scale (Table 2), indicate that the underlying
dynamics likely involve large amplitudes and
time-scales between approximately 1 ns and 10 ns
(see Figure 3C and D). In contrast, averaged scalar
couplings can reflect motions over a much wider
time-scale. In this way torsion angle dynamics
with time constants that lie outside the 1–10 ns
window (Figure 3D) would escape detection by
2H spin relaxation (sensitive only to picosecond to
nanosecond motions) and yet would efficiently
average scalar coupling constants.

Thus, the presence of dynamics that average
scalar couplings but not relaxation parameters can
be used to set boundaries regarding the time-
scale of averaging. In the case of T39 the extensive
averaging detected by scalar couplings in A20V
and WT likely is the result of motions on time-
scales greater than 10 ns so that the dynamics are
invisible to 2H spin relaxation, yet they must be
fast enough to avoid spectral broadening (milli-
second time-scale). The nanosecond motions
reported for T39 by the 2H data in the case of F22L
but not for A20V or WT may reflect additional
intra-rotameric dynamics superimposed on the
slower torsion angle jumps that the averaged scalar
coupling data report. Alternatively, the effect of the
F22L mutation may be to increase the rate of the
rotameric jumps in the first place so that they are
shifted into the nanosecond regime. Since the
evidence from NMR experiments and molecular
dynamics simulations is that librations within a
rotameric well occur on the picosecond time-
scale32 we tend to favor the second scenario listed
above. Of note, values of S 2 are similar for all
three variants, suggesting that the amplitudes of
fast (ps) dynamics are similar in the three cases.

The measured scalar couplings for T19, like for
T39, are consistent with extensive x1 averaging. In
this case, however, the relaxation data are only
conclusive about nanosecond dynamics at this pos-
ition in the WT protein (see Table 2). Notably, the
S 2 value (reporting on picosecond dynamics) is
high for the WT (0.82) and significantly lower for
both mutants (0.52 and 0.57 for A20V and F22L),
possibly resulting from a shift in averaging for
T19 from the nanosecond regime for WT to the
picosecond time frame for the mutants.

Comparison with molecular structures

Analysis of the X-ray structures of A20V and WT
establishes that the residues that show differential
picosecond and nanosecond time-scale motions in
the three proteins (L10, T19, T39, L40, T48) do not
make direct contacts with the mutated residues. It
is therefore of interest to try to understand the
structural features that might be responsible for
the changes in dynamics associated with amino
acid substitutions. For example, T39 is far from
the site of mutation in F22L (.10 Å) and yet
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substantial changes in nanosecond motions are
observed for this residue in F22L relative to the
other forms of the protein. In both WT and A20V
rotameric averaging of T39 occurs on a relatively
slow time-scale, greater than approximately 10 ns.
Of interest, in both WT and A20V X-ray structures
(an X-ray structure of the F22L mutant is not avail-
able) the hydroxyl group T39 proton is favorably
located to form a hydrogen bond with the back-
bone carbonyl oxygen atom of Y36 (Hg1–O
distance <1.7 Å, Og1–Hg1 –O angle of 68). The
increase in the rate of T39 rotameric averaging in
F22L may therefore be due to slight changes
in tertiary structure relative to A20V and WT that
disrupt this interaction, by increasing either the
Hg1–O separation or the Og1–Hg1 –O angle.

In the cases of T19 and T48, no partners for side-
chain hydrogen bonding are apparent from the WT
and A20V X-ray structures. It has been shown,
however, that the rotamer populations of a mobile
surface residue depend to a large extent upon its
intra-residue backbone conformation33 and it may
be that the energetic barriers separating rotameric
states are also sensitive to backbone geometry. The
A20V and WT X-ray structures establish that there
is a greater than 308 difference in the c dihedral
angle of T19 in the two forms of the protein,
which may well affect the x1 dynamics of this
residue. T19 is not the only residue to show signifi-
cant changes in local backbone conformation. Six
w and c angles differ by more than 308 between
A20V and WT, and the overall w/c dihedral angle
pairwise rmsd is of the order of 158. It is likely,
therefore, that the increase in T48 side-chain
dynamics observed for F22L is related to a similar
local backbone conformational readjustment.

The order parameter, S 2, reflecting picosecond
time-scale motions of L40d2 in A20V, is significantly
reduced compared to its corresponding values in
F22L and WT. The order parameter of L40d1, how-
ever, is the same in all three proteins, suggesting
that the additional dynamics detected by L40d2 are
highly anisotropic, occurring mainly about an axis
of rotation parallel with the Cg–Cd1 bond vector.
The side-chain of L40 is packed against the hydro-
phobic core of the protein, at a distance of almost
10 Å from A20 in the WT structure. A comparison
of A20V and WT X-ray structures shows small dis-
placements (#1 Å) in side-chains contacting L40,
in particular those of L10, I60 and Y36. Although
these conformational changes are quite minor,
the structural determinants of fast time-scale side-
chain motions are not well understood,34 and local
structural rearrangement likely mediates the effect
of the A20V mutation on L40 dynamics. Similarly
small structural perturbations may be responsible
for the nanosecond time-scale motions detected
for L10 only in F22L and not in A20V or WT.

Analysis in terms of energetic barriers

Changes in local energetics associated with shifts
in the time-scales of rotameric jumps can be

estimated using the phenomenological Arrhenius
equation:

kij ¼ A exp{ 2 DGt=RT} ð3Þ

where kij is the first-order rate constant describing
transitions from rotamer i to rotamer j, DGt is the
difference in free energy between the transition
state and rotamer i, R is the universal gas constant,
T is the temperature in Kelvin and the value of A is
system-dependent. An exact knowledge of A is not
required to assess the kinetic effects of changes in
barrier height that result from a point mutation,
for example, so long as it does not change between
the variants, since:

DDGt ¼ RT ln{kA=kB} ð4Þ

where kA and kB are the rates for the same rota-
meric transition in proteins A and B and DDGt ¼
DGt

B 2 DGt
A. As described above, in the case of

protein L simulations have established that the
2H spin relaxation data are sensitive to slow time-
scale dynamics extending from approximately
1–10 ns so long as tR,eff , 3 ns. Thus, for T39
where nanosecond dynamics are observed only in
F22L and where averaging about x1 does take
place in all three variants (established by the scalar
couplings), the motional time-scale must change by
at least an order of magnitude between F22L and
the other two forms of the protein. This corre-
sponds to a change in barrier height of at least
1.3 kcal/mol between A20V/WT and F22L for this
residue.

The value of the prefactor, A, must be known
to calculate the absolute heights of the energetic
barriers between conformational states. According
to Eyring theory, A ¼ kT/h, where k and h are
Boltzmann’s and Planck’s constants, respectively.
Rate constants obtained for serine and threonine
residues in a 50 ns molecular dynamics
simulation of the N-terminal SH3 domain from
drk are in good agreement with equation (3),
using barrier heights from the trajectory and with
A set to the Eyring prefactor. Accordingly, a value
of DGt ¼ 5.6 kcal/mol gives a first order rate con-
stant of 5 £ 108 s21 (2 ns time constant) at 298 K,
providing a rough estimate of the free energy
barriers that could produce the nanosecond time-
scale motions detected here.

Conclusions

Here, we have used newly developed 2H spin
relaxation measures in concert with three-bond
scalar coupling data to investigate how the
dynamics of side-chain methyl groups change in
response to mutation. The increase in stability of
the A20V mutant may be completely rationalized
in terms of the hydrophobicity difference between
alanine and valine residues, and its structure is
essentially identical with that of the WT protein. It
is not surprising, therefore, that the dynamic
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properties are rather conserved, although T19 does
show large changes in order parameters between
A20V/F22L and WT, and L40d2 displays larger
amplitude dynamics in A20V than in the other
two variants. In contrast, the destabilization of
F22L is significantly greater than what would be
predicted from the modest difference in hydro-
phobicity between phenylalanine and leucine
residues. Here too, however, dipolar couplings
establish that at least globally the structure does
not change. Since there is a greater potential for
disruption of specific favorable interactions in the
folded state relative to its unfolded counterpart, it
is probable that the loss of stability derives largely
from an increase in the free energy of the folded
state. Combined thermal and guanidine denatura-
tion analyses show that this destabilization is
primarily enthalpic (not shown). Nonetheless, as
described above, there are some quite significant
changes in side-chain dynamics between WT and
F22L. Notably, many of the residues affected are
quite distant (.10 Å for T48 and T39, for example)
from the site of mutation, indicating the presence
of long-range conformational coupling to F22.
This is perhaps not surprising given the highly
cooperative nature of protein folding. This study
establishes the utility of 2H spin relaxation experi-
ments to detect and characterize motions on the
nanosecond and picosecond time-scales. The
methodology is particularly useful in concert with
other measures that are sensitive to dynamics,
such as scalar couplings, and together these two
approaches can be used to obtain insight into how
mutations affect the magnitudes and time scales of
internal motions in proteins.

Materials and Methods

Sample preparation and NMR spectroscopy

DNA sequences encoding the three variants of the B1
domain of peptostreptoccocal protein L (all with the
Y45W substitution) were sub-cloned into pET11d vectors
(Novagen) as described elsewhere.31 Freshly transformed
Escherichia coli BL21 DE3 cells were used to obtain
protein samples. Protein expression was induced in iso-
topically enriched media containing 50% 2H2O, with
15NH4Cl and [13C]glucose as the sole sources of nitrogen
and carbon. Partial alignment of samples was achieved
through the addition of 10 mg/ml Pf1 bacteriophage35

and dipolar couplings were recorded using HSQC-IPAP
spectra.36,37 Methyl spectra were assigned using standard
multidimensional multinuclear NMR experiments.38

Stereospecific assignments of the methyl groups of valine
and leucine were obtained using the method of Neri
et al.39 All relaxation data were recorded on samples
comprising ,1 mM protein (pH 6.0), 50 mM Na3PO4,
25 8C on a Varian Inova spectrometer (500 MHz 1H
frequency).

Data analysis and model selection

Parameters for each molecule describing the magni-
tude (Aa), anisotropy (Ar) and orientation (a,b,g) of

molecular alignment40 were fit to 15N–1H dipolar coup-
lings collected for A20V, F22L, and WT samples using
the WT (1HZ641) X-ray structure and in-house software.
Dipolar couplings were predicted based on the best-fit
alignment parameters and the orientations of NH bond
vectors in the 1HZ6 structure. Local diffusion constants
were calculated from 15N R1 and R1r relaxation rates and
fit to an axially symmetric global diffusion tensor using
the program quadric.17 Other models of molecular
tumbling were not justified on the basis of F-test statis-
tics. The relaxation rates obtained from the five 2H
relaxation experiments were shown to be self-consistent
using methods described previously.12 The isotropic
correlation time (tR ¼ 1/(6Diso)) extracted from the 15N
relaxation analysis was used to fit the five deuterium
relaxation rates from each methyl group employing a
standard model-free approach23,22 (LS-2) yielding
residual x2

LS2 values, x2
LS2 ¼

P
ðR

expt
i 2 Rcalc

i Þ2=s2
i ; for each

methyl group with Rcalc
i given by equation (1) of Millet

et al. 12 It is noteworthy that only very small changes are
obtained in extracted dynamics parameters when tR

values calculated for each methyl based on the orien-
tation of the Cmethyl –C axis with respect to the diffusion
frame are used instead of 1/(6Diso)

13 (for the extreme
case of Ala61, S 2 changes from 0.60 to 0.65). The LS-2
spectral density functions (shown in black in Figure 2)
are obtained by inserting the fitted dynamics parameters
into equation (1). Deuterium relaxation data were
additionally fit using the same equations with the corre-
lation time optimized on a per methyl group basis
(LS-3) yielding residual x2

LS3 values (resultant spectral
density functions shown in red). An F-test was used to
determine the statistical significance of the additional
local parameter for each methyl group according to F ¼
ðx2

LS2 2 x2
LS3Þ=ðx

2
LS3=2Þ; noting that the LS-2 and LS-3

models have three and two degrees of freedom, respec-
tively. The five 2H relaxation rates were also used to
calculate unique sets of three spectral density function
values (J(0), J(vD), J(2vD)) using singular value decompo-
sition, with error bars for the spectral density values
determined from jacknife simulations where a single relax-
ation rate was excluded from each iteration, as described
previously.13 Values of J(0), J(vD) and J(2vD) obtained in
this manner are shown for T5g2 and I6d1 in Figure 2.

Simulations

All calculations were performed using MATLAB soft-
ware (The MathWorks, Inc., Natick, MA, USA). To obtain
ranges of tR,eff values consistent with the absence of
nanosecond motions (Figure 3(B)), the five 2H relaxation
rates were generated according to equation (1) (LS-2
model, 500 MHz spectrometer field) with random values
of S 2 and te varying uniformly from 0.2 to 1 and 0 to
100 ps, respectively. The value of tR used in each simu-
lation was calculated from the relation tR ¼ 1/{6Diso 2 (3
cos2u 2 1)(Dk 2 D’)} with (Diso, Dk, D’) ¼ (4.1, 5.0,
3.7) £ 107 s21 and with the value of cos u varied uni-
formly between 0 and 1. Random noise with a Gaussian
profile was added to the simulated data using standard
deviations corresponding to the mean errors in the
experimental measurements for F22L (1.01, 1.80, 1.34,
3.08, 1.15) s21 for decay of the (Dz, Dþ, (3Dz

2 2 2), (DþDz þ
DþDz þ DþDz), Dþ

2 ) operators (errors of 3.6, 2.9, 5.6, 6.8,
6.3%, respectively). The resulting rates were subse-
quently fit with tR,eff included as an adjustable parameter
replacing tR (i.e. LS-3 model). The process was repeated
100,000 times to generate the distribution shown in
Figure 3B. In order to investigate what values of S2

s and
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ts are likely to be associated with nanosecond dynamics
detected from fits of data involving the LS-3 model
additional data sets were simulated using the LS-4
spectral density (equation (2)), with 0.2 , Sf

2 , 1.0,
0.0 , Ss

2 , 1.0, 0 , tf , 100 ps, 1 , ts , 20 ns. The data
sets were fit to both LS-2 and LS-3 models, with the
input values of Ss

2 and ts illustrated for those cases
where p values ,0.05 and tR,eff values ,3.0 ns are
obtained (Figure 3C and D): 100,000 simulations were
performed, as above.
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