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The ability to design properly folded -peptides with specific biological activities requires detailed
insight into the relationship between the amino acid sequence and the secondary and/or tertiary structure
of the peptide. One of the most frequently used spectroscopic techniques for resolving the structure of a
biomolecule is NMR spectroscopy. Because only signal intensities and frequencies are recorded in the
experiment, a conformational interpretation of the recorded data is not straightforward, especially for
flexible molecules. The occurrence of conformational and/or time averaging, and the limited amount and
accuracy of experimental data hamper the precise conformational determination of a biomolecule. In
addition, the relation between experimental observables with the underlying conformational ensemble is
often only approximately known, thereby aggravating the difficulty of structure determination of
biomolecules. The problematic aspects of structure refinement based on NMR nuclear Overhauser effect
(NOE) intensities and 3/-coupling data are illustrated by simulating a S-octapeptide in explicit MeOH
and H,O as solvents using three different force fields. NMR Data indicated that this peptide would fold
into a 3,,-helix in MeOH and into a hairpin in H,O. Our analysis focused on the conformational space
visited by the peptide, on structural properties of the peptide, and on agreement of the MD trajectories
with available NMR data. We conclude that /) although the 3,,-helical structure is present when the
peptide is solvated in MeOH, it is not the only relevant conformation, and that 2) the NMR data set
available for the peptide, when solvated in H,O, does not provide sufficient information to derive a single
secondary structure, but rather a multitude of folds that fulfill the NOE data set.

Introduction. — The functional properties of proteins depend on their three-
dimensional structures, which arise, because particular sequences of amino-acid
residues in linear polypeptides fold into compact tertiary domains [1]. Although
natural proteins typically require more than 50 residues to display stable three-
dimensional structures, the careful choice of a-amino acids has permitted the
construction of structured peptides with as few as 23 amino acid residues [2]. -
Peptides are nonnatural mimetics of a-peptides, they differ from a-peptides by the
insertion of an extra C-atom between the N- and C,-atoms of the peptide group. This
offers the possibility to have a side chain not only at the C, backbone atom, but
alternatively at the C; backbone atom. This additional variability renders the secondary
and even tertiary structures of 3-peptides stable even at very short chain lengths [3] [4],
and these peptides exhibit a large variety of folded structures, including several types of
helices. Interestingly, helical structures of S-peptides are typically stable in less polar
solvents such as MeOH, whereas the helices of a-peptides are stable in polar solvents
such as H,O [5]. B-Peptides [6] have attracted particular interest because of their ability
to form secondary structures similar to those of natural a-peptides and their resistance
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to proteases, due to the additional backbone C-atom. f-Peptides are promising
candidates for pharmaceutical applications; however, the ability to design well-folding
p-peptides with a specific biological activity requires detailed insight into the
relationship between the $-amino acid sequence and the three-dimensional structure
of a peptide. MeOH is, regarding computations, an efficient solvent because the big Me
group, modeled as a united atom, gives it a lower density of atomic interaction sites
than H,0O.

The two main experimental techniques, X-ray diffraction and NMR spectroscopy,
widely used for structure analysis of biomolecules present some aspects which make the
interpretation of experimental data of flexible molecules problematic: the occurrence
of conformational- and/or time-averaging, insufficient amount of experimental data
compared to molecular degrees of freedom, and insufficient accuracy of the
experimental data to restrict the conformational space accessible to the molecule
[7][8]- If experimental data such as X-ray reflection intensities [9] and intensities from
NMR spectroscopy [10] are used for structure determination, one has to convert
recorded values of such a quantity Q(r") which depends on the configuration r" of the
N atoms of the molecule, and the values of which are averages < Q >, over time and
space, into a set of configurations r¥(Q) [11]. Because the number of different
quantities that can be measured for a molecular system is generally very much smaller
than the number of degrees of freedom of the system or molecule, the problem of
determining the conformational distribution P(x") that is compatible with the set of
< Q >, values is highly underdetermined [12][13].

To address these problems, one may employ unbiased computer simulation that
does not use restraints derived from experimental data. If the results of unbiased
molecular simulation agree with experimentally measured primary, ie., directly
measured, not derived data, for example, nuclear Overhauser effect (NOE) intensities
or 3J couplings in the case of NMR experiments, the interpretation problem is basically
solved. If simulated and primary experimental data do not agree, however, further
investigation of the reasons for such discrepancy is required. A detailed comparison of
the simulated conformational distribution with measured average values of observables
that depend on this distribution showed that differences between simulation and
experiment can be due to experimental inaccuracies or to deficiencies in the simulation
model [12-14]. Indeed, the quality of the simulation results depends on the quality of
the force field used, which describes the interactions between particles in the system.
Over the years, successive GROMOS force-field parameter sets for biomolecular
simulation have been introduced. The most widely used versions of this force field are
the 43A1 force field [15][16] of 1996, the 45A3 force field [17] of 2001, the 53A6 force
field [18] of 2004, and the 54A7 force field of 2011 [19]. Even using a nearly perfect
force field, the ensemble averages of an MD trajectory may be incorrect due to
insufficient sampling of particular, important parts of conformational space, which may
be due to high energy barriers on the energy hypersurface of the system.

For a particular S-octapeptide [20] (Fig. 1), two different folds in two different
solvents were proposed on the basis of data obtained in NMR experiments, i.e., upper
distance bounds derived from NOEs and dihedral-angle values derived from 3/-
coupling constants. This peptide was determined to adopt a 3,-helical fold when
solvated in MeOH and a hairpin fold when solvated in H,O. In the present study, we
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Fig. 1. Structure of the (-octapeptide (°(S)hHis-3*(S)hAla-f(R)hVal-f*(S )hVal-* (S )hLys-°(S)h Leu-
B(R)hSer-F(R)hCys. R=MeS in MeOH, R=H in H,O.

conformationally interpret the primary experimental NOE data on the peptide using
unrestrained MD simulations in explicit solvent, H,O or MeOH, using the GRO-
MOSO05 biomolecular simulation software [21], with three thermodynamically cali-
brated GROMOS force-field parameter sets, 45A3 [17], S3A6 [18], and 54A7 [19].
Thus, for each solvent we compare the ensembles of structures from three MD
simulations with the sets of 15 and 10 NMR model structures in MeOH and H,O,
before and after energy minimization, in terms of conformational space sampled by the
peptide, structural properties such as H-bonding, and in terms of the level of agreement
with the available experimental NMR data, i.e., NOEs and 3/-coupling constants.

Results. — We simulated a -octapeptide (Fig. 1) in H,O and MeOH as solvents with
three GROMOS force fields, 45A3, 53A6, and 54A7 (Table 1).

Table 1. Overview of the MD Simulations

Simulation name Peptide starting Substituent R at Force Solvent Box Number of
configuration  the 8th residue field volume [nm?] solvent molecules
MeOH45A3 Helix MeS 45A3 MeOH 42.7 451
MeOHS53A6 Helix MeS 53A6 MeOH 42.7 586
MeOHS54A7 Helix MeS 54A7 MeOH 42.7 613
H,045A3 Hairpin H 45A3 H,O 61.6 1787
H,053A6 Hairpin H 53A6 H,O 61.6 1938
H,054A7 Hairpin H 54A7 H,O 61.6 1952

The atom-positional root-mean-square deviations (RMSDs) of the peptide back-
bone atoms from the initial helical or hairpin structures are shown in Fig. 2 as a function
of simulation time for the six MD simulations. For the MeOH simulations, where the
helical NMR structure was used as starting structure, the RMSD is always below
0.4 nm, shifting back and forth between longer periods at 0.1 and 0.3 nm, indicating a
partial folded-unfolded conformational change. The helical fold in MeOH is
reproduced by all three force fields. For the H,O simulations, where the hairpin
NMR structure was used as starting structure, the RMSDs are up to 0.5 nm for the
45A3 and 54A7 force fields, and up to 0.4 nm for the 53A6 force field. The three force
fields seem to have more difficulty to reproduce the hairpin fold in H,O that was
suggested based on the NMR data. To verify this, we next compare the simulated
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Fig. 2. Time evolution of atom-positional RMSD with respect to the energy-minimized NMR-model

starting structure of the backbone atoms (Ny, Co, C,, Cy) for the six MD simulations. Left: for the MeOH

simulations with the RMSD calculated to the energy-minimized helical NMR structure. Right: for the

H,0 simulations with RMSD calculated with respect to the hairpin energy-minimized NMR-model
starting structure. From top to bottom: 45A3, 53A6, and 54A7 force fields.

averages for measured quantities or quantities more directly related to recorded data,
NOE atom—atom distances, and *J(HN,H;) couplings.

To check the level of agreement between the experimental and simulated results,
the average effective, i.e., r%-averaged, distances were compared to the proton—proton
upper-bound distances and the averaged *J(HN,H;)-coupling constants were calcu-
lated, for the simulation ensembles as well as for the sets of NMR model structures
before and after energy-minimization (Figs. 3—5, and for structure 1 from the set of
NMR structures in Tables SI-S4')). The upper-bound nature of NOE-derived
distances implies that only violations with positive values are true violations. For the
three MeOH MD simulations (Fig. 3), six NOE distance bounds are violated by more
than 0.1 nm (up to 0.4 nm). Those six violated distances (3ux—5wg, 2, —Sups 4us—7wp
Stp—2wa> 61p—3n4> Sup—m.) are indicated in black in the NMR 3;,-helical structure
(upper left of Fig. 7; see below). Interestingly, the same distance bounds are as well
strongly violated in the sets of NMR structures energy-minimized in vacuo (see Fig. 4).
These violations are induced by the energy minimization in vacuo of the NMR model
structures using GROMOS force fields. Apparently, the simple X-PLOR-like force
field used in the single-structure refinement allows structures that are of high energy in
the GROMOS force fields. Those six NOE distance-bound violations are all
consequences of a too short distance between the backbone atoms of residues 4 and
5, as can be seen in Fig. 7 (see below). Upon energy minimization, residue 4 moves
away from residue 5, and sizable changes in the backbone dihedral angles of residue 5
are observed. The ¢, 0, and v torsional angles of residue 5 change from — 148°,91°, and
68°, respectively, in the NMR starting structure to —59°, 71°, and — 55° in the energy-
minimized NMR starting structure. The three H,O MD simulations show no violation
greater than 0.05 nm, except for the last four long-range NOE distance bounds
(Ban—"Twp> 2en—8mp> 2an—8my» 1,—8ns), which are violated by more than 0.1 nm (up to

1) Supplementary Material may be obtained upon request from the authors.
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Fig. 3. Averaged NOE upper distance-bound violations based on <r=°>~!" gverages for the bounds

derived from NMR experiments for the six M D simulations. Left: for the MeOH simulations and right: for

the H,O simulations. From top to bottom: 45A3, 53A6, and 54A7 force fields. The NOEs can be
identified in Tables SI and S2').
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Fig. 4. Averaged NOE upper distance-bound violations based on <17%> =% for the bounds derived from

NMR experiments for the sets of NMR structures before (upper panel) and after energy minimization

(lower panel) with force field 54A7. Left: for the sets of 15 helical NMR structures. Right: for the sets of
10 hairpin NMR structures. The NOEs can be identified in Tables SI and S2').

0.6 nm) in the H,054A7 simulation. Simulations H,045A3 and H,O53 A6 violate three
of these distance bounds. These NOE distance bounds are not violated by more than
0.2 nm in the sets of NMR (hairpin) structures after energy minimization (see Fig. 4).
These violations are probably due to an opening of the hairpin end, where the Zn*" ion
is assumed to reside, during the course of the MD simulations in H,O. The location of
the Zn?** ion is experimentally unknown, and sampling of the spatial distribution of ions
in the H,O surrounding a solute is beyond our computational means. Moreover, force-
field parameters for doubly charged ions are rather unreliable. Generally, such ions are
strongly solvated by H,O, staying away from the solute. Therefore, we did not include a
Zn”* ion in the MD simulations in H,O. This made these simulation in addition more
readily comparable to the ones in MeOH, which did not contain a Zn?"* ion in the
experiments [20].
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Fig. 5. Average SJ(HN,H}) coupling constants as obtained from the six simulations and as calculated from

the two sets of NM R model structures. Top: for the peptide in MeOH. Bottom: for the peptide in H,O. The

values obtained from MD simulations using the 45A3 (black star), 53A6 (red circle), and 54A7 (green

square) force fields, and from the NMR model structures before (blue diamond) and after energy

minimization with force field 54A7 in vacuo (pink triangle) are shown. The */(HN,H,) couplings can be
identified in Tables S3 and S4').

10 12

The average *J(HN,H;)-coupling constants (Fig. 5) agree just as well (or as bad)
with the experimentally measured values for the simulations as for the sets of NMR
structures after energy minimization, except for one value in the MeOH NMR
structure set (*(HN,Hy) coupling for residue 4) which is significantly different in the
set of NMR model structures from all other structures or averages of them. These
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disagreements may also be due to the inaccuracy of the Karplus relation and its various
parametrizations that relate a 3/ coupling to a corresponding torsional angle [22].

The secondary structures of S-peptides can be characterized in terms of back-
bone—backbone H-bond patterns. Such H-bond populations with more than 5%
occurrence in at least one of the simulations are compiled in 7able 2. In the MeOH
simulations, the observed intramolecular H-bonds are almost all of a type i to i + 2,
characteristic for a 3,,-helix. For the MeOH45A3 simulation, all six H-bonds expected
in a 3;4-helix (N(1)H-O(3), N(2)H-O(4), N(3)H-O(5), N(4)H-O(6), N(5)H-O(7),
and N(6)H-O(8)) are formed. In the two other MeOH simulations, one or both
terminal H-bonds are lost. The only H-bond present in simulations MeOHS53A6 and
MeOHS54A7, that does not belong to a 3,-helix but to a hairpin, is the one between the
amino H-atom of residue 4 and the O-atom of residue 5. Four H-bonds (N(1)H—O(8),
N(2)H-O(7), N(3)H-0O(6), and N(4)H—O(5)) are expected to be present when an
ideal hairpin is formed by the S-octapeptide. Only one of these H-bonds is formed
during the course of the H,O simulations. In the simulation of the -peptide in H,O
with the force field 54A7, one observes a H-bond pattern characteristic for a 3,-helix
(three out of six H-bonds during more than 27% of the simulation time) and for an a-
helix (three out of four H-bonds present during more than 6% of the simulation time).
Still other H-bonds are also found in the H,O simulations.

Table 2. Occurrence, in Percentage of Simulation Time, of Backbone—Backbone H-Bonds for the Six

Simulations. Only H-bonds with a population larger than 5% are reported. H-Bonds are divided into four

categories depending on whether one expects those type of H-bonds in a 3,,-helix, a hairpin, an a-helix,
or in other types of conformations. The residue sequence number is given between parentheses.

Expected in Donor Acceptor MeOH45A3 MeOHS3A6 MeOH54A7 H,045A3 H,053A6 H,054A7

3,-Helix  N(1) O(3) 6 - -
N(2) O(4) 56 37 55 - - -
N(3) 0(5) 67 73 71 - - 30
N(4) 0O(6) 69 63 81 - - 27
N(5) O(7) 83 92 96 - - 32
N(6) O(8) 12 14 - - - -

Hairpin N(1) O(8) - - - 7 31 -
N(2) O(7) - - - - - -
N(3) O(6) - - - - - -
N(4) O(5) - 8 6 - - 7

a-Helix N(1) O(5) - - - - - -
N(2) O(6) - - - - - 6

N(@3) O(7) - - - - - 19

N(4) O(8) - - - - - 13

Other N(2) O(8) - - - 12 41 -
N(3) O(1) - - - - - 7

N(5) O(2) - - - 25 - -

7

N(5) O(6) - - - - -
N(6) 0O(2) - - - - 14
N(6) O(3) - - - - 2 -
N(7) O(5) - - - 5 - -
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Conformational clustering analysis on the trajectories was used to characterize the
conformational ensembles generated during the MD simulations [23]. A conforma-
tional cluster was defined as a set of solute structures present in the trajectory that
deviate by less than 0.12 nm backbone atom-positional RMSD from each other. Fig. 6
shows the distribution of the largest conformational clusters in the six simulations. For
the MeOH simulations, the largest cluster dominates with a population ranging
between 40 and 60% for the three force fields. As can be seen from the bottom part of
Fig. 7, the conformation of the central member of the main cluster is a 3,4-helix in all
three force fields. For the H,O simulations, the largest cluster dominates with a
population ranging between 22 and 38% for the three force fields. As can be seen from
the middle part of Fig. 7, the conformation of the central member of the main cluster
has a residual hairpin shape when simulated with force fields 45A3 and 53A6, and a
helical structure when simulated with force field 54A7.
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Fig. 6. Conformational clustering analysis of the 10-ns trajectories using an RMSD cutoff of 0.12 nm for

the backbone atoms. The population in percentage per cluster is shown in decreasing order. Clusters

populated by less than 5% of the trajectory are not shown. Left: for the MeOH simulations. Right: for the
H,O simulations. From top to bottom: 45A3, 53A6, and 54A7 force fields.

Discussion. — The f-peptide simulated in MeOH as a solvent with the three
GROMOS force-field parameter sets 45A3, 53A6, and 54A7 starting from the 34-
helical structure derived from NMR data shows a helical conformational ensemble, yet,
NOE distance bounds derived from NMR experiments are in part violated by these
ensembles generated from MD simulations and by the sets of energy-minimized helical
NMR model structures. The information provided by experimental NOE data does not
allow us to draw precise conclusions on the structure and stability of the peptide, but
only on specific properties of the ensemble. When converting the recorded values of a
set of quantities < Q >.,, to a set of molecular configurations r"(Q), one should be
aware of the scope of the information contained in the quantity Q(r"). Different
structural ensembles may lead to identical values for the set of quantities < Q> .y,.
Although a single structure must lead to unique NMR spectra, the inverse is not true
[7]. This is because the number of experimental observables is generally too small to
determine the underlying set of conformations uniquely. In view of such considerations,
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Fig. 7. NMR-Model starting structures and most dominant conformational folds as obtained from the
cluster analysis for the six MD simulations. Upper left: helical NMR model structure 1 before (black) and
after energy minimization using the 45A3 force field in vacuo (color). The black lines represent the NOE
upper distance bounds violated after the energy minimization and in the course of three MeOH
simulations. Atoms involved in those distances are labeled. Upper right: hairpin NMR model structure 1.
Middle, from left to right: central member structure of the most populated cluster for simulations
MeOH45A3, MeOH53A6, and MeOHS54A7. Bottom, from left to right: central member structure of the
most populated cluster for simulations H,045A3, H,053A6, and H,054A7.
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the simulations of the S-octapeptide in MeOH suggest the presence of a mixed 3;,-
helical/non-helical conformational ensemble, under the given experimental conditions.

The S-peptide simulated in H,O as a solvent with the three GROMOS force-field
parameter sets 45A3, 53A6, and 54A7 starting from the hairpin structure derived from
NMR data shows a helical-conformational ensemble when simulated with force field
54A7, and a partial hairpin conformational ensemble when simulated with force fields
45A3 and 53A6. This observation reflects the modification of the force-field
parameters going from 45A3 and 53A6 to the more recent 54A7 set which was meant
to increase a-helix stability in a-peptides. The RMSDs from the NMR-derived hairpin
structure are large in the three simulations, yet the NOE distance bounds derived from
the NMR experiments are not or only slightly violated by these ensembles generated in
MD simulations and by the energy-minimized NMR hairpin structures. A hairpin, a-
helical, 3,,-helical, or partly random coil structure of the simulated S-peptide satisfies
the NMR-derived NOE distance bounds in H,O equally well. The hairpin structure is,
therefore, underdetermined, as the NOE data set does not provide a sufficient criterion
for distinguishing between these different conformations.

This study demonstrates that unbiased MD simulation using a thermodynamically
calibrated force field reproduces experimental NMR data such as NOE upper-bound
distances and 3/-coupling constants just as well as a set of energy-minimized NMR
model structures derived from such data, which makes MD simulation a useful tool for
the structure refinement of biomolecules and for a conformational interpretation of
recorded data. The available experimental data, NOE proton—proton distance bounds
and *J(HN,Hy) couplings, were similarly well-satisfied in the simulations using the three
different force fields. So they do not provide sufficient information to distinguish
between the three force fields used.

Methods. — Force-Field Parameter Sets. The GROMOS force field 45A3 contains 45 individual atom
types [16][17] to describe Van der Waals interactions. The force field 53A6 reparameterized a set of polar
groups against thermodynamic data, including several solvents and added eight new Van der Waals atom
types [18]. The recently developed force field S4A7 [19] is a modification of the 53A6 force field, in
which the torsional-angle energy term for the polypeptide ¢ and v dihedral angles was modified, the
repulsive Van der Waals C!*(I,I) parameter for the O-N pair was decreased, a new Van der Waals
nonbonded atom type for a charged Me group was introduced, and the Van der Waals nonbonded
interaction parameters for the Na* and Cl™ ions were changed.

Molecular Model. Six molecular dynamics simulations of a S-octapeptide (Fig. 1) in MeOH and in
H,O based on the 45A3 [17], 53A6 [18], and 54A7 [19] parameter sets (see Table I) were performed
using the GROMOSO0S software package [21]. The backbone amino terminus and the Lys side chain were
protonated in the H,O and MeOH simulations, additionally the carboxy terminus was protonated in the
MeOH simulations. The 8th residue Cys is slightly different in the MeOH (R =Me) and H,O (R=H)
simulations (see Fig. 1) to match experimental conditions [20]. No counter ions were used, in contrast to
the experiment in H,O, no Zn?** ion was present in the simulation. The MeOH model included in the
45A3 force field is slightly different from the one used in the 53A6 and 54A7 force fields [18][24].

Simulation Setup. The coordinates of the first NMR structure from the set of 15 NMR model
structures for MeOH and 10 NMR model structures for H,O derived from NMR spectroscopic data [20]
were taken as starting structures. The peptide had been determined to adopt a 3;,-helical conformation
when solvated in MeOH and a hairpin conformation in H,O. The peptide was solvated in a periodic,
rectangular box with MeOH or H,O as solvent.

All simulations were carried out for 10 ns at a constant temp. of 298 K and a constant pressure of 1
atm using the weak coupling algorithm [25]. Solute and solvent were separately coupled to the heat bath.
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The temp. coupling time was set to 0.1 ps and the pressure coupling time to 0.5 ps. An isothermal
compressibility of 4.575 x 10~* (kJ mol~' nm~3)~! was used [16].

All peptide bond lengths were kept rigid at ideal bond lengths using the SHAKE algorithm [26], as
was the H --- CH; distance in MeOH and the H--- H distance in H,O, allowing a time step of 2 fs in the
leap-frog algorithm to integrate the equations of motion. Nonbonded interactions were calculated using a
triple-range cutoff scheme with cutoff radii of 0.8/1.4 nm. Interactions within 0.8 nm were evaluated
every time step. The intermediate range interactions were updated every fifth time step, and the long-
range electrostatic interactions beyond 1.4 nm were approximated by a reaction field force [27]
representing a dielectric continuum with a dielectric permittivity of 61 for the H,O model [28] and either
17.7 for the MeOH model of the 45A3 force field, or 19.8 for that of the 53A6 and 54A7 force fields [24].

Analysis. Trajectory coordinates and energies stored at 0.5-ps intervals were used for analysis.
Backbone atom-positional root-mean-square deviations (RMSDs) were calculated after translational
superposition of the solute centers of mass and least-squares rotational fitting of atomic positions, using
all backbone atoms (Ny, Cg, C,, and Cy).

Conformational clustering was performed using the approach of Daura et al. [23] on the set of
peptide structures taken at 10-ps intervals from the complete 10-ns trajectories of the simulations. Only
the clusters that make up 95% of a trajectory were selected and counted as a function of time.

The H-Bonds were defined by a maximum H-acceptor distance of 0.25nm and a minimum
donor—H—acceptor angle of 135°. Only H-bonds with a population larger than 5% were reported.

The H--- H distance bounds derived from the NOESY cross-peak intensities were compared to the
corresponding averaged distances in the sets of NMR model structures before and after energy
minimization, and to the average effective H--- H distances in the simulations, calculated as < r=¢> =1,
The H---H distances involving aliphatic H-atoms were calculated by defining virtual (CH,), prochiral
(stereospecific CH,), and pseudo (CH; and non-stereospecific CH,) atomic positions, and the distance
bounds for the latter were modified to include pseudo-atom distance-bound corrections, i.e., 0.10 nm for
non-stereospecific CH,, 0.15nm for CHj;, and 0.29 nm for non-stereospecific rotating Me groups
[16][29].

3J-Coupling constants were obtained by averaging over the simulation trajectories and the sets of
NMR model structures before and after energy minimization using the Karplus relation [30] given in
Eqgn. 1,in which @ is the dihedral angle between the planes defined by the atoms (H, N, Cy) and the atoms
(Ns Cﬁ’ Hﬁ)s

*J(HN,Hy) =a cos> ©@+b cos O +c. (1)

The parameters a, b, and ¢ were chosen to be 6.4, 1.4, and 1.9 Hz, resp. [31].

The coordinates of the NMR model structures were converted into GROMOS format in the
following way: the coordinates for H-atoms not present were generated by geometric means according to
the topological requirements [16]. The configurations were relaxed by energy minimization in vacuo
before being used for analysis.
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