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Abstract: a-Synuclein is an intrinsically disordered protein of 140 residues that switches to an a-
helical conformation upon binding phospholipid membranes. We characterize its residue-specific
backbone structure in free solution with a novel maximum entropy procedure that integrates an
extensive set of NMR data. These data include intraresidue and sequential HN—H* and HN—HN
NOEs, values for 3Junne 'hace Jean, and 'Je.n, as well as chemical shifts of '°N, 3C?, and '3C’
nuclei, which are sensitive to backbone torsion angles. Distributions of these torsion angles were
identified that yield best agreement to the experimental data, while using an entropy term to mini-
mize the deviation from statistical distributions seen in a large protein coil library. Results indicate
that although at the individual residue level considerable deviations from the coil library distribution
are seen, on average the fitted distributions agree fairly well with this library, yielding a moderate
population (20-30%) of the PP, region and a somewhat higher population of the potentially
aggregation-prone f region (20-40%) than seen in the database. A generally lower population of
the ag region (10-20%) is found. Analysis of '"H—'H NOE data required consideration of the consid-
erable backbone diffusion anisotropy of a disordered protein.
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Introduction

The study of the backbone conformational distribu-
tion of intrinsically disordered proteins (IDP) has
attracted considerable interest in recent years,'®
building on extensive prior work that analyzed back-
bone torsion angle propensities in synthetic pep-
tides.”'2 The realization that many of the IDPs can
form amyloids, which are closely linked to a wide
range of diseases, has added impetus to their
study.'>!* «-Synuclein (aS) is a 140-residue IDP,
with an N-terminal 100-residue region that is mostly
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positively charged, and a highly acidic 40-residue
C-terminal tail. The N-terminal region binds to neg-
atively charged lipid membranes while adopting an
a-helical conformation, whereas the C-terminus
remains dynamically highly disordered.!®!¢ In free
solution, the backbone chemical shifts of the
N-terminal region initially were interpreted as indic-
ative of a weak o-helical propensity,'® but subse-
quent analysis found this helical population to be
rather low.!” In fact, using refined random coil
chemical shift reference values,'® aS was shown to
have chemical shifts that are considerably closer to
random coil values than any other IDP studied to
date.!® This means that locally the aS backbone
closely resembles a random coil, even though glob-
ally the presence of some long-range order is evi-
denced by compaction of the protein relative to an
idealized random coil, as well as by long-range para-
magnetic relaxation effects.2®22 Presumably, this
compaction results from weak, nonspecific electro-
static interaction between the protein’s oppositely
charged N- and C-terminal regions,?>2* and is
rather different in character from the type of com-
paction observed, for example, in a destabilized tri-
ple mutant of the protein Im7, which also exhibits
close to random coil chemical shifts.2

A number of increasingly sophisticated methods
have been developed to present an ensemble descrip-
tion for this IDP.222627 Effective programs have also
been developed to predict structural propensity from
NMR chemical shifts,!”?¢28 but these programs rely
on relatively few experimental data and focus on
secondary structure, i.e., cooperative formation of
structural elements. A combination of the Flexible-
Meccano?® and ASTEROIDS?® programs can gener-
ate ensembles of random coil structures,?” and has
been applied to the study of non-native states of hen
lysozyme, using a large number of J couplings and
chemical shifts, but no NOE data.?! Alternatively,
the program Ensemble®?~2° is widely used to select
conformers from backbone models generated with
the program TraDES.?® A recently established data-
base, pE-DB, for deposition and retrieval of such
ensemble models and their underlying restraint
reflects the widespread interest in gaining structural
insights for IDPs and unfolded states of proteins in
general.®” However, although ensemble models of
IDPs can be insightful for providing a pictorial view
of the backbone conformations sampled by such a
protein, it is important to realize that the majority
of input parameters commonly used for selecting
members from TraDES or Flexible—-Meccano ensem-
bles strictly report only on local backbone propen-
sities. For example, homo- and heteronuclear J
couplings simply reflect intervening torsion angles,
and chemical shifts are dominated by the intraresi-
due backbone torsion angles, with only a minor
effect related to torsion angles in the immediately
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adjacent residues. Residual dipolar couplings
(RDCs), although commonly used as global parame-
ters in well-ordered proteins, primarily report on the
“extendedness” of the local backbone in disordered
proteins.®®**! Sources of true long range information
can include NOEs, chemical shift perturbation, and
paramagnetic relaxation enhancement (PRE). How-
ever, long-range NOEs in IDPs often are exceedingly
weak and therefore difficult to identify unambigu-
ously, and they only have been used rather infre-
quently to restrain IDP backbone ensembles.?44%43
Chemical shift perturbation (CSP), which reports on
small effects of a conservative mutation made at one
location in the sequence on chemical shifts of distant
residues, can be an exquisitely sensitive method for
identifying transient long-range contacts.** However,
it lacks a quantitative relation to link the ensemble
fraction and distance to the magnitude of the CSP,
and therefore is primarily qualitative in nature.
Similarly, PRE provides a very sensitive measure for
transient long-range contacts in a disordered pro-
tein, but analogous to the NOE effect, its quantita-
tive use is complicated by the fact that the PRE is a
function not only of distance and population but also
of the applicable spectral densities.**™° In the pres-
ent study, we therefore limit ourselves to character-
izing only the local backbone torsion angle
populations that can be derived from NMR observ-
ables, where conformations sampled by a given resi-
due can simply be described in terms of a moderate
number of voxel populations in a two-dimensional
Ramachandran map, rather than the exponentially
larger space sampled by the full protein backbone.
As experimental restraints, we use ‘H, 12C, and °N
chemical shifts, four different types of J couplings,
and short-range NOEs.

In principle, the aforementioned problem with
the unknown spectral densities in IDPs, needed for
converting NOEs into distance restraints, can be
addressed by integrating the NOE data into a molec-
ular dynamics calculation, which restrains the dis-
tances and spectral density terms in the trajectory
to be consistent with the NMR data.*>%° In practice,
however, generating trajectories of sufficient length,
while minimizing their dependence on the parame-
terization of the force field used, is not yet computa-
tionally  tractable with commonly available
resources. Therefore, we here introduce an approxi-
mate, empirical method for correlating short-range
NOE intensities to internuclear distances in IDPs.
Molecular dynamics trajectories on a 40-residue
fragment of aS quantitatively support the aniso-
tropic rotational diffusion of the protein backbone,
which underlies our empirical method for converting
'H-'H NOE intensities into internuclear distances.

While in the present study we collected all NMR
data on full length aS, only strictly local parameters
were measured at high precision. As a consequence,
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analysis of structural preferences of the protein is
restricted to local backbone angle propensities, and
not intended to generate ensembles of realistic full
chain models. Our analysis is therefore largely anal-
ogous to prior investigations of short, disordered
peptides, which have been studied in great detail
over the past few decades, both by NMR, infrared,
and Raman spectroscopies,®!%115152 a5 well as by
SAXS.%3 Some of these prior results argue for a high
fractional population of polyproline II (PPy;) confor-
mations,>®* but other results contradict this conclu-
sion.>®® For small peptide fragments of hen
lysozyme, conformational propensity was found to
depend on peptide length, indicative of a threshold
in size needed to switch from random coil to a par-
tially ordered structure.'® By contrast, for aS we
find that chemical shifts of peptide fragments fall
very close to those of the full length protein, con-
firming the close similarity in backbone angles
sampled by the full length protein and shorter pep-
tide fragments of it. Our data therefore provide a
detailed view of the propensities of the backbone
chain in the context of a full length IDP, not
impacted by end effects. At the same time, the large
number of residues in aS for which detailed NMR
measurements were made permits an evaluation of
the statistical variation within a given residue type,
and between different residues.

With only 10 observables available to define the
ensemble of backbone torsion angles sampled by
each residue on a ~100-voxel grid, experimental
information is insufficient to uniquely define the
angular distributions. However, by using a maxi-
mum entropy computational approach, we show that
it is readily possible to define residue-specific back-
bone torsion angle distributions that deviate only
moderately from those seen in a statistical coil
library, while greatly improving the fit to experimen-
tal data over what the library populations would
predict.

Results

Most past analyses of unstructured peptides in
terms of conformational ensembles aimed at
describing the system as a sum of a very limited
number of discrete conformers, typically B, PPy,
and o, and sometimes also including o, or turn
conformations. Populations extracted, and agree-
ment with NMR data, then depend strongly on the
precise backbone torsion angle values chosen for
each of these conformers. Here, we aim to describe
the peptide as a summation of conformers that
span all of the torsion angle space seen in coil
library databases. To this extent, we have divided
the Ramachandran ¢/ map into a grid of 15° X
15° voxels or cells, and for each cell the coil
library®® segment containing the residue whose o/
angles are closest to the center of the cell is
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selected as the representative conformer. This pro-
cedure is carried out for each residue type, and
only cells populated above a threshold (>3 residues)
are retained, while the number of conformers found
for each cell in the coil library is stored separately
for each residue type. On average, about 100 cells
are populated above the threshold for each residue
type, and the NMR-related parameters (interproton
distances, rggm, J-values, and chemical shifts) for
the residue closest to the center are calculated. In
principle, the distribution sampled by any residue
in aS then can be determined by assigning weights,
wi (Zx wx=1), to the cells such that the sum over
the calculated NMR-parameters optimally matches
the experimental data. The calculated NMR
weight-averaged observable, ... (¢), for any given
residue in the sequence is then given by:

N,
Icalc(q):z:wklk(Q) (1)
k=1

where I,(q) is the value calculated for cell &, and ¢
indicates the type of observable. N, is the number of
populated cells. The normalized residual in the total
fit, averaged over all N, = 10 restraint types, for any
given residue is defined by:

1 %

2=y Feael@) Lo(@)’/*@) (@

9q=1

where o(q) is the estimated uncertainty in I..,(q) (SI
Text). In practice, minimizing 5> is an ill-determined
problem as there are N, ~ 100 weights to be defined
by 10 observations per residue. Therefore, it is desir-
able to regularize the weight calculations, and to
search for the distribution of conformers that tries
to follow the natural distribution found in the coil
library as close as possible while also satisfying the
experimental data. For this purpose we use the prin-
ciple of maximum entropy, as described below.

As experimental restraints, we use the back-
bone 2C%, 3C’, and N chemical shifts, four differ-
ent types of J couplings, and intraresidue and
sequential NOEs. Incorporation of chemical shift
terms into Eq. (2) is closely analogous to procedures
followed by others,3342657 and is briefly summar-
ized in the Materials and Methods section. Inclu-
sion of the 3JHNH0U 1JHaCou 2JCaN, and lJCaN
coupling information is also analogous to earlier
work, but with some adaptations discussed below.
Analysis of NOEs to derive local structural infor-
mation in IDPs has only been used sparingly, in
part because such NOEs tend to be relatively weak,
but also because the anisotropy of the IDP chain
motion makes it inappropriate to simply assign a
uniform, isotropic rotational correlation time to the
system. In principle, it is possible to use such

PROTEIN SCIENCE ‘ VOL 23:1275-1290 1211



a /
I
3t !
’
'
-
XZ 2 /
/"
1 ‘o,"’
— -
e
0
-0.4 0.3 02 -0.1 0.0
S
b 180 e . .
e®e v e il LA |
“ e e o ! Y
*eoe L] il
o« % e ® Y
. % R ;
. ‘:- e T
e ]
L dte
Loy
i Moy
- |
(E I“'
| ‘
" r,‘
: ¢ : :
“_\_ ‘-‘“ 4 :
RS Reg T Ty = i ¢
-180 0 180

Figure 1. Example of distribution fitting of a residue’s back-
bone angles to 10 independent experimental NMR parame-
ters, shown for V40. (a) Plot of 32 versus S, for calculations
carried out at 0 values of 0.4, 0.8, 1.6, 3, 6, and 10 (left to
right). S =0 corresponds to a ¢/ distribution that matches
that of the coil database. (b) Backbone conformational distri-
bution at 0 = 0.8. The population of each conformer is pro-
portional to the area of the corresponding red circle. Green
boxes mark secondary structure regions, f5, PP, type |
B-turn, ar, and «_. Results shown in both panels represent
averages over eight simulated annealing runs. Conformer
populations for all nonGly/Pro residues with complete sets
of 10 NMR parameters are shown in Supporting Information
Figure 2.

NOEs to restrain a dynamics trajectory that enco-
des both interproton distances as well as the appli-
cable spectral density terms,*?°° but in practice
this proved impossible for a system as large as aS.
In this work, we introduce an alternative approach
to derive applicable spectral density terms, based
on analysis of °N relaxation rates, while using an
empirical orientational dependence of the interpro-
ton vector relative to the C*—C® chain direction to
account for diffusion anisotropy of the chain. As
discussed below, the latter is supported by unre-
strained dynamics calculations on a long fragment
of aS in a bath of explicit water.
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Ramachandran Grid Populations Using
Experimental Data and Maximum Entropy

To prevent overfitting of the experimental data
while determining the populations of Ramachandran
map voxels sampled by any given residue, we use
the maximum entropy criterion. Implementation is
in full analogy to its recent use for identifying
ensembles that best agree with SAXS data.’® The
entropy term is defined by:

N
S== wln-—% (3)
k=1 wy,

where wg)) is the reference weight for the conformer

k, derived from the population of cell £ in the coil
library. In an effective free energy function,

G=y,"-08, 4)

the parameter 0 then controls the entropy impact on
the effective energy, y2. The free energy function G
is minimized by means of a simulated annealing
algorithm.?® Use of a high 0-value (e.g., 0=50)
results in a distribution that closely follows the coil
library distribution, whereas a small value (e.g.,
0=0.1) can result in overfitting and poor conver-
gence, with sometimes high populations of cells that
fall close to the edges of the allowed region in the
Ramachandran map.

The optimal value of 0 varies somewhat from
residue to residue, and can be selected by plotting ;2
as a function of S [Fig. 1(a)l. When repeating calcu-
lations for increasing values of 0, the value that
shows a modest increase (the larger of 0.25 or 25%
of the 4? value obtained for 0=0.4) is selected to
define the ensemble that best describes the experi-
mental data [Fig. 1(b)].

J couplings for restraining ¢/ space
Structural parameters that can be measured at high
accuracy for aS include the ®Junme, Joote JoaN,
and 2Jox values. The °Junm, values in an IDP
were previously measured at very high precision
(<0.05 Hz)' and were shown to be quite insensitive
to residue type, H-bonding effects, and structural
variables other than ¢, as evidenced by an RMSD of
about 0.4 Hz between experimental values and those
predicted by a Karplus curve when using an RDC-
refined high resolution X-ray structure.?®%° 1o m.
couplings are sensitive to both ¢ and ¥, and residue-
specific random coil values were reported previ-
ously.®! YJ ¢ m. ranges from ~134 Hz in the o, region
to ~148 Hz for ag.2

Jcen and 2Jcen also have a Karplus-like
dependence on .1%¢ Although their values vary by
less than about 3 Hz across the entire range of

Backbone Angle Distributions in a-synuclein
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Figure 2. Plot of 2Jxc, values, previously reported by
Schmidt et al.®® for a set of six proteins of known structure,
supplemented by values measured by us for protein GB3
(unpublished data), against the intervening torsion angle i,
taken from the corresponding high resolution X-ray struc-
ture. Values are shown only for residues with backbone
chemical shift values that are consistent with the X-ray
structure, as judged by the program TALOS-N.®” Red sym-
bols correspond to Val, lle, Thr, and Ser residues. Blue sym-
bols are shown for all other residues. The solid line
corresponds to 2Jyca = 8.15 — 1.51 cos(y) — 0.66 cos>()) Hz,
where  is the torsion angle of the residue on which '3C®
resides.

¥ angles, they can be measured at very high preci-
sion®®%* and have proven to be useful for character-
izing structures of disordered peptides and
proteins.’®3!  For lJyc., the Karplus equation
parameterization of Wirmer and Schwalbe was
used.®3% For ZJyc,, the Karplus equation parame-
terization of Ding and Gronenborn is commonly
used.®® However, we noticed a small but systematic
residue-dependent offset between observed and best-
fitted 2Jnca data when generating ensembles of con-
formers that aimed to simultaneously fit all 10 NMR
observables (4 types of J couplings, 3 chemical
shifts, and 3 NOEs). The problem was most appa-
rent for the B-branched Val, Ile, and Thr residues,
as well as Ser. Evaluation of %Jyc. values reported
by Schmidt et al.%¢ for a set of proteins of known
structure confirms the presence of a small system-
atic difference between these four residue types ver-
sus all others (Fig. 2). We therefore used a slightly
amended %Jyc. Karplus equation:

2Jnca=—1.51cos(}))—0.66cos’(y)+CHz  (5)

where C=17.65 for Val, Ile, Thr, and Ser, and
C = 8.15 for the remaining residues.

Chemical shifts for restraining ¢/ space

Backbone 'C and !N chemical shifts depend on
both ¢ and , and here we use the empirically deter-
mined (¢,})-dependence®® of backbone '°N, 3¢/, and
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130« ghifts as additional restraints (Material and
Methods section). 'H chemical shifts, which show a
weaker (¢,1))-dependence than N and *C and can
be substantially impacted by ring current effects,
were not included in our analysis. Experimental
chemical shifts used in the present study were taken
from Maltsev et al.*®

Backbone dynamics from °N relaxation

The backbone dynamics of aS in the absence of lip-
ids has been evaluated previously,®”’® but was
repeated in our study to take advantage of gains in
NMR sensitivity and resolution made over the past
decade, and to probe the potential presence of con-
formational exchange contributions to the transverse
relaxation rates. The °N relaxation data (Support-
ing Information Table I), recorded at 500 and 900
MHz 'H frequency, permit mapping of the spectral
densities and now show a smoother profile (Fig. 3),
but the previously identified increased mobility for
the fibril-implicated NAC region® remains evident
in decreased °N-{'H} NOE and ®N R, rates (Sup-
porting Information Table II). Comparison of the °N
R, rates recorded at 11.7 and 23 Tesla shows no evi-
dence for any slow or intermediate exchange contri-
butions, confirming that the J(0) spectral densities
extracted from the relaxation rates by reduced spec-
tral density mapping’! are not contaminated by
exchange effects. Remarkably, even though the high
frequency (50 and 435 MHz) spectral densities are
quite homogeneous across the entire sequence, J(0)
values vary by more than a factor of two? The lowest
J(0) values are found in the NAC region, with high-
est values for residues in, and immediately following
the Pro''’-Val-Asp-Pro region in the acidic C-
terminal tail. Below, these J(0) values will be used
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Figure 3. Spectral densities for backbone amide '°N—"H
pairs in aS at 500 MHz, 15°C, obtained from reduced spec-
tral density mapping of the relaxation rates listed in Support-
ing Information Table Il. (a) J(0), (b) J(wn), and (c) J(0.87wy),
for oy =50.6 X 27 rad/s and wy = 499.5 X 2x rad/s. The
spectral density values are also listed in Supporting Informa-
tion Table III.
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(red). (b) Partial projection of the '>N—'SN—'H 3D NOESY spectrum’? of aS (800 MHz) on the >N—"°N (F;, F,) plane, displaying
HN—HN NOEs. The projection extends from 8.15 to 8.61 ppm in the 'H dimension.

for extracting distance information from the ‘H—'H
NOE data.

Measurement of "H—'H NOE data

Even though J(0) values in IDPs are small relative
to those of a globular protein the same size, an
extensive set of intraresidue and sequential NOEs is
readily observed for aS (Fig. 4). The intraresidue
HY—H* distance solely depends on the backbone
angle ¢ and varies little (2.9 = 0.15 A) in the most-
populated, negative ¢ region of the Ramachandran
map. 'H—'H NOE cross relaxation rates are propor-
tional to the {J(0) — 6J(2wp)} spectral density differ-
ence.”® Consequently, the corresponding NOEs are
found to correlate closely with this term, which was
derived independently from °N NMR relaxation
(Fig. 5). H"—H® crossrelaxation rates measured at
600 and 900 MHz are very similar to one another,
indicating that the impact of the J(2wy) term is neg-
ligible for the sequential H*—HY NOE [Fig. 6(b)].
However, the intraresidue HY—H® NOE is about
10% weaker at 600 MHz as compared to 900 MHz
[Fig. 6(a)], pointing to a small contribution of the
6J(2wyy) spectral density term. However, even at 500
MHz 'H frequency, the term J(0.87wy) is already
more than ~15-fold smaller than J(0) (Fig. 3), and
J(0.87wy) rapidly decreases with increasing mag-
netic field strength. Therefore, at 900 MHz, the
6J(2w1) term becomes much smaller than J(0) and
may be safely ignored. However, as discussed below,
anisotropy of the overall chain dynamics and its
internal motion potentially complicate the NOE
analysis. In particular, the so-called ~y-motions,”™
which correspond to peptide plane oscillations
around the C; —C{' chain direction, are expected to
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dominate the internal dynamics. Motions that corre-
spond to sampling of backbone torsion angles in the
B and PPII regions of Ramachandran space lack dis-
tinct energy barriers and are expected to be
diffusion-limited in their rates, and to be of compa-
rable amplitudes along the chain. Indeed, as can be
seen from Figure 3(c), and also from inspection of
J(0.87wy) at 900 MHz 'H frequency (Supporting
Information Table III), these high frequency spectral
density terms show remarkably little residue-by-
residue variation along the protein chain, pointing
to quite homogeneous amplitudes and time scales of
these y-motions.

In contrast to the intraresidue HY—H® NOEs,
sequential H*—HY NOEs show a considerable range
of variation superimposed on the correlation with
J(0) — 6J(2wy) [Fig. 5(c)]. In folded proteins, the
sequential H*—HY distances exhibit a much larger
spread than the intraresidue HY—H® pairs. The
large variation in sequential H*—HY NOEs observed
for residues of any given J(0) — 6J(2wyy) value there-
fore indicates that they are significantly impacted
by residue-by-residue variations in applicable dis-
tance  distributions, i.e., by conformational
propensities.

If motions of dipeptide units in an IDP were iso-
tropic, it would be straightforward to extract the
<rum %> term applicable for the sequential H*—HY
NOE from the ratio of the sequential and intraresi-
due HN—H® NOE, using the approximately invari-
ant intraresidue HN—H® distance as an internal
reference. Indeed, in folded proteins the ratio of the
sequential and intraresidue H*—HY NOE inten-
sities, dn( — 1,0)/d.~(i,0), is a sensitive measure for
the y angle of residue i—1."> However, such an

Backbone Angle Distributions in a-synuclein
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Figure 5. Variation in backbone dynamics of aS, reflected in
substantial variations in (a) °N transverse relaxation rates, R»
(open symbols), and "°N—{'H} NOE values (both at 500
MHz), and in the wide range of (b) intraresidue HN—H® cross
relaxation rates, opyn—no (@t 900 MHz), which closely correlate
with the spectral densities derived from "°N-relaxation and (c)
sequential H*—HN cross relaxation rates, which also scale
with "®N-relaxation derived spectral densities. Considerable
scatter in (c) is indicative of residue-by-residue variation in
the interproton distance distribution. Sample conditions:

0.2 mM "®N-enriched aS; pH 6, 20 mM sodium phosphate,
288 K.

analysis assumes the same spectral densities to be
applicable for the intraresidue and sequential
H*—HY interaction, an assumption that is not com-
patible with the very high values of the d (i — 1, i)/
d.~(i,0) ratios, in the 3-6 range, typically observed
in IDPs.

The J(0) term, which dominates the 'H—'H
NOE, is expected to depend strongly on the orienta-
tion of the '"H—'H vector relative to the chain direc-
tion. This anisotropy is impacted both by the shape
of an extended chain, which even for short peptides
results in distinct rotational diffusion anisotropy,’®
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as well as by the differential sensitivity to internal
motions, in particular the above noted y-motions. In
the absence of a detailed motional model of the poly-
peptide chain of an IDP, we here introduce an ad hoc
functional form for the angular dependence of the
J(0) term applicable for the sequential 'H{ 'HY
NOE:

—120

J(O):J(O)exp{1+1.5e7[ £ ]2+1.5e7[wﬁw}2} (6)

where J(0)cx, corresponds to the J(0) spectral den-
sity derived from '°N relaxation, and y is the back-
bone torsion angle of residue i. Equation (6)
corresponds to an about 2.5-fold anisotropy, with the
highest J(0) value for extended conformers () =~
120°) and near J(0)ex, values for yy ~ —60°. Spectral
densities for the intraresidue "H} —'H? and sequen-
tial THY | —'HY vectors, which are at relatively large
angles from the C; ,—C; vector, are approximated
by J(0)exp, the experimental J(0) spectral density

derived for 'N,—'H; pairs that to a first
a
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Figure 6. Correlation plot for the (a) intraresidue H,N—H,?‘ and
(b) sequential H* ,—HN crossrelaxation rates measured at
600 and 900 MHz 'H frequency. For (b), which involves short
interproton distances when the vector is approximately paral-
lel to the C;2,—C;" vector, the slope equals 0.99, indicating
that the impact of the 6J(2wy) term is negligible, considering
that J(2wy) is estimated to be about two-fold smaller at 900
MHz compared to 600 MHz 'H frequency. For the intraresi-
due HN—H?® interaction, which makes a large angle with the
Gy — G} vector, the slope is ~0.9, indicating that the
6J(2wy) term is small (~10% of J(0)).
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Figure 7. Scatter plot of the MD-derived total spectral den-
sity J(0) (v-axis) and of the spectral density J,(0) for angular
motion alone (x-axis) for sequential H*—HN couplings. The
symbols show results for the individual residues at each of
the three simulation temperatures (blue squares: 300 K;
green circles: 310 K; red triangles: 320 K). The lines show
least-squares straight-line fits of the form J(0) = cJ,4(0) for
each of the temperatures. The average slope of

¢ =0.96 = 0.01 (with the error determined by the bootstrap
method) indicates that rotational dynamics dominates the
relaxation.

approximation are orthogonal to C;' ;—C%. Below, we
demonstrate by evaluation of extended molecular
dynamics trajectories of a polypeptide fragment of
aS, that Eq. (1) provides a reasonable first order
approximation for the impact of J(0) anisotropy on
the 'H—'H NOE buildup rates.

Dynamic corrections to "TH—'H NOEs in a
random coil
Long (ca. 1 ps) molecular dynamics trajectories were
generated in explicit water for a peptide fragment
comprising the 40 N-terminal residues of aS, at
three temperatures. Spectral densities were derived
from these trajectories as detailed in the Material
and Methods section. In Figure 7, we first compare
the full spectral density (0) of sequential H*—HY
dipole-dipole couplings, including both distance and
angular fluctuations, to the spectral density J,(0)
arising from angular relaxation alone. We find that
the dynamic contribution to the full spectral density
J(0) is determined almost entirely by the rotational
motion, J(0) ~ J,(0), at all temperatures. The reason
is that the distance relaxations C.(¢) of sequential
H*—HY vectors are dominated by motions that are
at least an order of magnitude slower than the
angular motions in the MD simulations.

For computational purposes, we define the
dynamic correction to the ratio of spectral densities
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of sequential and intraresidue H*—HY NOESs, nor-
malized by the respective static <r %> averages, as:

[Jseq(o)/ < r_6>seq]/ [Jintra(o)/ < r_6>intra7] (7

Figure 8 shows a scatter plot of this ratio, calcu-
lated for sequential (H*—H),) and intraresidue
interactions (H®,,—HY,,) of each residue i for three
temperatures, as a function of the weighted popula-
tion w; in the extended state evaluated along the
simulation trajectory of duration T+

wi(T)=<e(Wi45120)2+e(%)2> (8)
T

This is the same weight function used to correct
the experimental J(0) [Eq. (6)]. With the two nono-
verlapping exponentials accounting for periodicity,
w; is effectively bounded between 0 and 1. As can be
seen from Figure 8, the correction increases approxi-
mately linearly with the weight w; at all three tem-
peratures. The ratio of the corrections extrapolated
to w; =1 and w; = 0 equals about 2.5, fully consistent
with the correction used for the experimental J(0)
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Figure 8. Dynamic correction [Eq. (7)] to J(0) for sequential
H*—HN couplings as a function of the weighted population
[Eq. (8)] in the extended configuration. Results are shown for
each residue at three temperatures (blue squares: 300 K;
green circles: 310 K; red triangles: 320 K). The lines show
least-squares straight-line fits for each of the temperatures.
The ratio of the factors extrapolated to weights of 1 and 0
are 2.45, 2.80, and 2.28 at T =300, 310, and 320 K, respec-
tively. A global fit of all data gives a ratio of 2.51 = 0.20, with
the error determined by the bootstrap method. The simulation
estimates for the correction are therefore fully consistent with
the functional form of Eq. (6) and the maximum magnitude of
2.5 for the correction factor used in the analysis of the exper-
imental NOE data.
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Figure 9. ;2 as a function of residue number, obtained when
using the coil database populations of conformers to predict
the experimentally observed parameters (black symbols) and
when using the optimized populations of Supporting Informa-
tion Figure 2 (red).

values [cf Eq. (6)]. The reason why this correction
can be extracted directly from the simulation trajec-
tories is that the conformational dynamics associ-
ated with radial motions is slow as compared to
angular motions, as discussed above. As a result of
this time-scale separation, the correlation functions
C(t) (Material and Methods section) and thus, by
definition, J(0) are well approximated by weighted
population averages.

Evaluation of residue-specific ¢/ distributions

For aS, complete sets of all 10 aforementioned
parameters Cdunte catier Joan and ZJcen, 015N,
513(}0“ 513(}‘3, daN (l, I+ 1), daN(i,i), and dNN(i,I+ 1))
were obtained for 52 residues, not including 18 Gly
and 5 Pro residues. Using Egs. (2) and (4), and the
o-values defined in the Experimental Section, these
values were used to derive lowest free energy ¢/y
distributions by means of a simulated annealing pro-
tocol, while weakly restraining these distributions to
not deviate radically from those seen in the coil
database. The weight, 0, used to conform with the
statistical database, and implemented through the
principle of maximum entropy [cf. Eq. (4)], was var-
ied by approximately doubling 0 in successive simu-
lated annealing runs. The distribution that shows a
modest increase in total 32> when doubling 0 (the
larger of 0.25 or 25% of the 32 value obtained for
0=0.4) is selected as representative of the ensemble
that best describes the experimental data. For most
residues, 0 =0.4 or 0.8 yielded optimal results, and
fits to the experimental data that for many residues
were one to two orders of magnitude better than
obtained for coil populations of Ramachandran space
(Fig. 9). On the other hand, coil database ¢/ distri-
butions were approximately compatible with experi-
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mental data for several residues too, incl. A19, K21,
and T92. Distributions of ¢/ for all 52 residues,
analogous to those shown in Figure 1(b), are
included in the Supporting Information.

Discussion

To compare our results with prior studies of pep-
tides, we group our cells into five regions, f3, ag,
PPy, type I f-turn, and o, [Fig. 1(b)]. For nearly all
residues, the PPy population falls in the 20-30%
range, closely following the statistical coil popula-
tions (white bars in Fig. 10), but the B-region is
more highly populated in our aS results than in the
database for Ala, Asp, Asn, Gln, Glu, Lys, and Thr
residues. The small standard deviations seen in Fig-
ure 10 indicate that residues of a given type tend to
yield similar results (Supporting Information Fig. 3),
while in a number of cases deviating significantly
from the populations seen in the statistical coil
library. Population of the ap region, on average, is
lower than seen in the coil library, in agreement
with what was found in many of the peptide stud-
ies.”™ Our results indicate that the type I B-turn
region is somewhat less populated than seen in the
coil library, but its 10-20% population is neverthe-
less significant. Neither chemical shifts nor  cou-
plings yield a unique signature for this region, but
the short distances between sequential HY atoms
(2.1-2.4 A) give rise to substantial amide—amide
NOEs, permitting unambiguous identification of
their presence. The only other region with short
HN—HY distances is ag (~2.8 A), and a very high
population would be required to satisfy the experi-
mentally observed NOE intensity, incompatible with
the other observed NMR parameters. In contrast to
the type 1 B-turns reported recently in Tau pro-
tein,”” another IDP, in aS the propensity for this
turn type is relatively flat across the protein

| PPII

Population
SoO00S 0000 000D 0000 DOoOS
OFENWE HNWE HENWE HNWE PFNWS

I §$ Q K T A M D E L V N Y

Figure 10. Average populations of the five regions marked in
Figure 3(b): B, PPy, type | B-turn, agr, and «, by residue type
as observed in aS (gray bars), with the corresponding popu-
lation in the coil library of Fitzkee et al.%® shown in white.
Residue-specific values are presented in Supporting Informa-
tion Fig. S3.
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sequence. Analogous to the coil library, our data
show no evidence for significant population of the oy,
region, which carries as its most distinct NMR fea-
tures a very small Jy,c. and a strong intraresidue
HY—H® NOE. Even Asn residues, which show an
elevated oy, presence in the coil library (~15%),
exhibit low op, occupancy (5%) in aS. The latter
observation also highlights that our results are not
unduly biased by the entropy term, which skews our
populations towards those of the coil library.

However, our analysis also shows that, on a
courser scale, the distribution of backbone torsion
angles in aS does not differ drastically from that
seen in the statistical coil library obtained from
X-ray structures. For nearly one-third of the resi-
dues, a reasonable fit (;2<3) to the experimental
data (Fig. 9) is obtained when using the ¢/y distri-
bution seen in the coil library. The absence of a dom-
inant PPy population is clearly evidenced by our
results, even for Alal7, Alal9, and Ala91, which are
part of stretches of three consecutive Ala residues
with complete NMR data. On the other hand, our
results also indicate that some deviations from coil
library populations are present in aS (Fig. 10, Sup-
porting Information Fig. 3) with, on average, the
B-region being populated somewhat higher than in
the coil library, an effect most pronounced for resi-
dues in the fibril-implicated NAC region (residues
61-95). The variation in backbone dynamics along
the sequence is quite pronounced, and considerably
larger than seen, for example, in fully denatured
ubiquitin.”® In particular, the low JJ(0) spectral den-
sity observed for the NAC region shows it to be con-
siderably more flexible than the remainder of aS
(Fig. 3A).

Material and Methods

NMR experiments

3D 'H—'®N—'H NOESY-HSQC and *N—'*N—'H
HSQC-NOESY-HSQC spectra were recorded with a
mixing time of 100 ms at 15°C on a Bruker AV-III
900 MHz spectrometer equipped with a single axis
gradient TCI cryogenic probe. The sample contained
0.35 mM '®*N-enriched aS and 20 mM sodium phos-
phate at pH 6. The two spectra consisted of 1024*
(F3, 'H, 94.7 ms) X 120* (Fy, '°N, 62.2 ms) X 230%
(Fy, 'H, 52.7 ms) and 1024* (F3, 'H, 94.7 ms) X 126*
(Fy, 1N, 64.5 ms) X 126* (F;, °N, 64.5 ms) complex
data points, respectively. After the NOE mixing
period, a sensitivity-enhanced, gradient-selected
HSQC was employed.” To maximize digital resolu-
tion, a small spectral width of 4.84 ppm in F; was
used in the 'H—*N—'H NOESY-HSQC experiment
(resulting in aliasing and opposite phases of the
amide resonances) and both spectra were recorded
using two scans per FID and a two-step phase
cycling scheme. In the 'H—'*N—'H experiment, the
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'H 90° pulses before and after #; evolution were
phase cycled to yield States-TPPI quadrature detec-
tion, and a two-step phase cycling was applied to the
15N 90° pulse prior to ¢y, in addition to quadrature
detection by gradient-enhanced coherence selec-
tion,” thereby better canceling the residual solvent
signal. The absence of a phase cycle for axial peak
suppression in the F; dimension resulted in a strong
peak at the edge of the indirect 'H dimension (F;).
However, the narrow spectral width was chosen
such that the axial artifact, largely removed during
the data processing, did not interfere with the cross
peaks or folded amide diagonal. Similarly, the first
15N 90° pulse in the first HSQC segment of the
N—!*N—H HSQC-NOESY-HSQC experiments,
was alternated in successive scans, to also yield a
two-step phase cycle. 3D NOESY spectra with simi-
lar digital resolution and acquisition parameters
were also recorded on Bruker AV-II 600 MHz and
AV-III 800 MHz spectrometers, both equipped with a
cryogenic probe. The NOESY data collected at multi-
ple magnetic fields allowed us to estimate the rela-
tive contribution to the NOE intensities of the field-
dependent J(2wyp) term relative to J(0), but only the
better resolved and most accurate 900 MHz data
were used as input restraints for conformer selection
by the simulated annealing protocol.

Longitudinal !N R; relaxation rates and
steady-state heteronuclear ’N—(*H} NOE at 15°C
were measured at 900 MHz, using methods
described by Lakomek et al.° The sample contained
0.15 mM perdeuterated ®N-enriched aS and 20 mM
sodium phosphate at pH 6. For the R; and *N—{*H]}
NOE measurements at 900 MHz, the TROSY read-
out was used.®® Six 2D experiments were inter-
leaved, with variable T'; delays of 0, 200, 400, 600,
800, and 1000 ms, each consisting of 2048* (Fy, 'H,
206.5 ms) X 256% (Fy, °N, 116.7 ms) complex data
points. Using an interscan delay of 1.5 s and 8 scans
per FID, the total data recording time was 13 h. For
the NOE measurement, two experiments with and
without the proton saturation pulse train were inter-
leaved, each consisting of 2048* (Fy, 'H, 206.5 ms) X
310* (Fy, 15N, 141.4 ms) complex data points. In the
NOE experiment, after the initial °N 90° pulse for
removing the so-called BEST TROSY effect,?! the
water was first presaturated using an RF field
strength of 89 Hz for 1 s, followed by a train of non-
selective 180° 'H pulses centered on the amide pro-
ton resonances for 7 s, while a total delay of 8 s was
used in the reference experiment. The total data col-
lection time was 34 h using 12 scans per FID.

R, and ®N—{'H} NOE were also measured on a
Bruker AV-III 500 MHz spectrometer with a cryo-
probe using the same sample, methods, and compa-
rable acquisition parameters as described above. In
addition, transverse °N R, relaxation times were
determined at 500 MHz 'H frequency using a R4,
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experiment® with a spin lock RF power of 1.4 kHz.
Six interleaved 2D spectra with spin lock durations
of 10, 20, 80, 160, 270, and 380 ms were recorded,
each consisting of 1536% (Fy, 'H, 219.6 ms) X 220%
(F;, ®N, 180.4 ms) complex data points. A long
interscan delay of 5 s was used to reduce the ampli-
fier duty cycle and RF heating effects. With 8 scans
per FID, the total data recording time was 35 h. The
15N carrier was positioned at 118 ppm, and the Ry
rates were corrected for the off-resonance tilted field,
using the relation R, =Rlp/sin20 — Ry/tan?0 with
tan 0 = w1/Q, where R, is the directly measured decay
rate of the R;, experiment, v, is the spin-lock RF field
strength and Q the offset from the °N carrier.

The measurement of the 3Jynp. couplings at
900 MHz and 15°C has been described previously.'®
The %Jo.n couplings were determined from a 2D
high resolution TROSY spectrum without the 3C*
decoupling pulse but with a selective 3C’ and an
IBURP 13CP decoupling pulse (covering a bandwidth
from 35 to 15 ppm), applied in the indirect °N
dimension. The spectrum was recorded on a Bruker
AV IIT 800 MHz spectrometer at 15°C using a sam-
ple of 0.34 mM perdeuterated and **C/*®N-enriched
aS, with acquisition times of 213 (*H, ¢,) and 1064
(**N, ¢;) ms (2048% x 2048* data matrix). Using an
interscan delay of 1.2 s and 16 scans per FID, the
measurement time was 36.5 h. At this digital resolu-
tion, the couplings of °N to both the intraresidue
and preceding '3C, were well resolved for nearly all
cross peaks, resulting in a doublet of doublet split-
ting pattern from which two measurements of 2Jc.n
and 'Jc.n were made for each amide, and the aver-
aged value is used and reported in this study.

The 'Joume couplings were measured from the
doublet splitting in the 3C dimension of a 3D TROSY-
HN(CO)CA spectrum, recorded without application of
the 'H* decoupling pulse during the 28 ms constant-
time '3C evolution period, which effectively eliminates
the lJcacB splitting for improved spectral resolution.
The 3D data matrix consisted of 700* X 30* X 86%*
complex points for acquisition times of 97.1, 195, and
28 ms in the 'H, !N, and '3C dimensions, respec-
tively. Note that the '°N dimension was recorded
using 30 complex data points only, but with a narrow
spectral window of 2.53 ppm to achieve high digital
resolution. The N acquisition time of 195 ms, much
longer than the YJyco refocusing delay of ~25 ms,
was realized by using the mixed-time (MT) evolution
approach.®? The total data recording time was 35 h,
using a 1 s interscan delay and 8 scans per FID.

All the NMR data were processed using the
NMRPipe software®® and analyzed in NMRDraw
and Sparky.5*

Selection of conformers from the coil library

The coil library used in our study was originally
compiled by Fitzkee et al.?® and represents a data-
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base of fragments of protein X-ray structures that
do not adopt regular a-helical or B-strand secondary
structure. From this full coil library, available on-
line, we selected fragments using the following
criteria:

e sequence identity between fragments <20%,
e resolution of the X-ray structure is 1.6 A or better,
e refinement factor, R, of the X-ray structure <0.25.

Fragments were selected from 2093 different
protein chains. Selected fragments have been addi-
tionally filtered: Only fragments with a length of the
coiled region of three or more amino acids were
retained. To exclude any influence of adjacent frag-
ments with secondary structure on the distribution,
we further excluded the most N- and C-terminal res-
idue for each selected coiled fragment. The number
of residues for each type remaining after these pro-
cedures were applied is listed in Supporting Infor-
mation Table IV.

The populations of each of the Ramachandran
map voxels that optimally fit the experimental data
while minimizing the effective free energy function of
Eq. (4) were determined by using a simulated anneal-
ing protocol.?® For each value of 0, and for each resi-
due, the procedure was repeated 5 times, using
different random seeds. Calculations were performed
on a workstation with two 6-core Intel 2.67 GHz
Xeon X5650 processors, using 12 MB of Cache mem-
ory per processor, 12 GB of DDR3-1333 ECC-
registered memory, and using Hyper-threading. On
average, 10,000 steps of simulated annealing minimi-
zation took 63 min per residue using one thread.

The minimum size of the voxels used, 15° X
15° was determined by two factors: First, the statis-
tical coil library approach used in our study
requires significant population of each voxel in
order to remove the impact of statistical fluctua-
tions of the database voxel population, when using
the entropy factor to deviate minimally from the
database distribution. Second, convergence of the
simulated annealing protocol rapidly decreases
when using voxel sizes significantly smaller than
15° X 15°.

Calculation of synthetic NMR parameters for
the database structures

Calculation of the J-coupling constants was carried
out using Karplus-type equations, using the torsion
angles taken from the database. 'Jgqp, values were
calculated using the parameterization of Vuister
et al.%! with residue-type specific random coil values.
The random coil value of Ala was decreased by 1.7
to 142 Hz, as both DFT calculations and our experi-
mental results were not compatible with this value
being much higher than that of other residues. For
3Junn. the Karplus parameterization of Vogeli et al.
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was used using the ‘rigid model’ parameterization.
For the small protein GB3, these parameters yielded
an RMSD of 0.42 Hz between observed and calcu-
lated 2Junm. values.’® Following subsequent RDC
refinement of the HY positions,®® this RMSD
decreased to 0.34 Hz. Considering that this RMSD
includes the effect of residual uncertainty in ¢, mea-
surement error in Jynm., and potential impact of
H-bonding, residue type, and conformational effects
other than the ¢ torsion angle, the impact of these
last three factors must be considerably less than
0.34 Hz. For 'Jyc., the Karplus equation parameter-
ization of Wirmer and Schwalbe was used.®®>% For
2Jnce, the Karplus equation parameterization of
Ding and Gronenborn was used,®® but the value of
the constant factor (7.85 Hz) was increased by 0.3 to
8.15 Hz for all residues except Ser and the j-
branched Val, Ile, and Thr residues, for which the
value was decreased to 7.65 Hz. Without this adjust-
ment, small systematic discrepancies between our
experimental values and those resulting from the
simulated annealing search remain. Evaluation of
2Jnce values reported by Schmidt ez al.%6 for a set of
proteins of known structure confirmed the presence
of this small systematic difference between these
two pools of residues.

Prediction of the chemical shifts was carried out
using random coil chemical shifts and neighboring
residue corrections taken from the program
SPARTA.%® Residue-specific ¢/y-dependence of the
secondary chemical shift was extracted from the
SPARTA+ database,®® and the predicted chemical
shift was calculated as the sum of the random coil
chemical shift, the secondary chemical shift, and the
correction for neighboring residues.

The cross relaxation rates for the aS ensemble
were calculated from the weighted average of the
rates calculated for the corresponding grid points.
For each grid point, the H-'H cross relaxation rate
at 900 MHz was calculated using the equation:

OHH =D2J(0)I‘HH_6 (9)

where riy is the interproton distance, J/(0) the spec-
tral density at zero frequency, D = hpgyy?/(167%) with
lo being the permeability of vacuum, yg the proton
gyromagnetic ratio and 4 being Planck’s constant. We
neglected the impact of the 6J(2wy) term because
this term is very small compared to J(0) (Supporting
Information Table SIII). The term J(2wg) at 600
MHz 'H frequency is estimated by propagation from
the J(0.87¥900¥10%%27) value determined from
reduced spectral density mapping.”*

Weighting of constraints
For calculating the y* value [Eq. (2) main text] the
following error values a(q) were used:
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Chemical shifts [ppm]: ®N 1.28; 3¢’ 0.4; 3C«
0.4.

J couplings [Hz]: Jeure 0.35; 2Jcen 0.2; *Joan
0.2; *Jenme 0.15.

"H—'H cross relaxation rate g [%]: 15.

The J(0) spectral density function for vectors
parallel to the long axis, as applies for the sequen-
tial H*—HY , vector when |y =120°, i.e., when the
internuclear distance is shortest, is given by
J(0) =25 t,, whereas for vectors orthogonal to the
chain direction one has J(0)=2/5[1/4u+3/4r//].
Here, 7, =(6D,) ! and 1,=@D, +4D,)"!, and D,
and D, are the rotational diffusion coefficients
orthogonal and parallel to the long axis, respectively.
When diffusion anisotropy is large, J(0) is domi-
nated by D, both for vectors parallel and orthogo-
nal to the long axis. Therefore, the large degree of
scatter observed for the plot of sequential H*—HY
cross relaxation rate versus J(0) cannot be domi-
nated by variations in D, and instead must be
attributed to residue-specific differences in the
<FHN-He °> distance distribution function.

As can be seen in Figure 3, the residue-by-
residue variation in J(0) for the N—H vector, orthog-
onal to the chain direction, is very small for adjacent
residues, indicating that D, does not vary rapidly as
a function of residue number. While the correlation
between oy ™™ and J(0) is tight [Fig. 5(b)], the
large degree of scatter seen when plotting opi°?
versus J(0) — 6J(2wy) [Fig. 5(c)] strongly indicates
that the variation in opp°°? is dominated by differ-
ences in H—H distance, not by differences in the
effective correlation time. We also note that a high
degree of diffusion anisotropy necessarily involves a
significant number of adjacent residues, and there-
fore cannot vary rapidly from one residue to the
next. The observation that sequential H*—HY,; cross
relaxation rates show sharp differences between
adjacent residues therefore confirms that these var-
iations are dominated by differences in the applica-
ble <rpn-n. > distance distribution.

For the intraresidue HN—H® interaction the
NOE buildup rate quantitatively agrees with the
J(0) spectral density derived from °N relaxation,
assuming an <r ®> distance distribution that fol-
lows that of the statistical coil library (variations in
<r %>716 caused by our derived changes in Rama-
chandran map population relative to this library are
minor for intraresidue HYN—H® interactions), con-
firming that the rigid limit applies for the intraresi-
due H—N—C*—H" unit.

We note, however, that the precise functional
form of the applicable spectral densities for a ran-
dom coil is difficult to establish because the coupling
between internal motions (rotations about ¢ and )
cannot be separated from the overall rotational dif-
fusion. Although in principle it may be possible to
carry out molecular dynamics simulations on short
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peptides, where the force field is iteratively adjusted
to reach agreement with the 'H—'H cross-relaxation
rates and '°N relaxation rates observed experimen-
tally, such an analysis goes well beyond the scope of
our current study. However, modern force fields,
such as AMBER 99SB*, have been calibrated to
yield ¢/ populations that reflect those seen in
experiment.?” Ratios of the applicable spectral den-
sities for sequential and intraresidue H*—HY inter-
actions then may be derived from a molecular
dynamics simulation carried out in a large box of
explicit water, as described below.

Molecular dynamics simulations

To evaluate the impact of anisotropic diffusion on
sequential and intraresidue H*—HY NOEs, we car-
ried out molecular dynamics (MD) simulations of 40-
amino-acid N-terminal aS fragment in water, using
all-atom explicit-solvent. The peptide was solvated
in a box of 17,223 TIP3P water molecules,®® 9 chlo-
ride ions, and 7 sodium ions, resulting in a simula-
tion system of 52,284 atoms. The simulations were
performed using GROMACS 4.5.5%° with the
AMBER99SB*-ILDN force field®"°°°2 that incorpo-
rates corrections for the secondary-structure prefer-
ence®” and for side-chain dihedrals.”? In three
independent runs, constant temperatures of 300,
310, and 320 K were maintained by means of a Lan-
gevin thermostat using a time step of 0.002 ps and a
1/ps friction coefficient. The pressure was held con-
stant at 1 bar using the Parrinello-Rahman baro-
stat®® with a 1 ps time constant, acting isotropically
in the rhombic dodecahedron simulation cell. Long-
range electrostatics interactions were treated with
particle-mesh Ewald summation,” using a cubic-
spline interpolation, a ~1.2 A mesh width, and a 10
A cutoff for real-space nonbonded interactions. Bond
lengths were constrained. Each of the three runs
comprised an initial equilibration period of at least
0.19 ps, followed by production runs of 0.82, 0.9, and
0.92 ps at 300, 310, and 320 K.

Calculation of spectral densities
To determine the spectral densities,?® we calculated
the following correlation function:

C(t)=(P2(cos (Ot t+-) /33 (t+7)) /(7 8) (10)

where r(¢) is a proton—proton distance vector
depending on time ¢, r(¢) = Ir(¢)| is the correspond-
ing distance, and

cos(Oggic)=r(t) - r(t+1)/r(t)r(t+1). (11)

is the cosine of the angle between the corresponding
unit vectors at times ¢ and ¢ + 7. C(r) was then fitted
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to a sum of two exponentials over the range of 1 to
1000 ps,

C(r)=aje ¥+ age /12, (12)

Fits to three exponentials were also performed,
with the results being essentially unchanged. From
the exponential fits, we obtained the spectral
density

J(w):2{a1t1 /[1+ (wtl)ﬂ +a2t2/[1+ (wtz)ﬂ } /5.
(13)

We thus have J(0) = 2(a¢; + aste)/5. To separate
the contributions to the spectral density arising
from radial and angular motions, the following cor-
relation functions were also calculated:

Cr(1) =@ 3(t)r 3(t+1)) (14)

and

Ca(1) =(Pa(cos(Oyt++))- (15)

For C,(t), exponential fits were again used to
extract the corresponding spectral density J,(®).
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