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Abstract: NMR is one of the most used techniques to resolve structure of proteins and peptides in solution.
However, inconsistencies may occur due to the fact that a polypeptide may adopt more than one
conformation. Since the NOE distance bounds and 3J-values used in such structure determination represent
a nonlinear average over the total ensemble of conformers, imposition of NOE or 3J-value restraints to
obtain one unique conformation is not an appropriate procedure in such cases. Here, we show that
unrestrained MD simulation of a solute in solution using a high-quality force field yields a conformational
ensemble that is largely compatible with the experimental NMR data on the solute. Four 100 ns MD
simulations of two forms of a nine-residue â-peptide in methanol at two temperatures produced
conformational ensembles that were used to interpret the NMR data on this molecule and resolve
inconsistencies between the experimental NOEs. The protected and unprotected forms of the â-peptide
adopt predominantly a 12/10-helix in agreement with the qualitative interpretation of the NMR data. However,
a particular NOE was not compatible with this helix indicating the presence of other conformations. The
simulations showed that 314-helical structures were present in the ensemble of the unprotected form and
that their presence correlates with the fulfillment of the particular NOE. Additionally, all inter-hydrogen
distances were calculated to compare NOEs predicted by the simulations to the ones observed
experimentally. The MD conformational ensembles allowed for a detailed and consistent interpretation of
the experimental data and showed the small but specific conformational differences between the protected
and unprotected forms of the peptide.

Introduction

Nuclear Magnetic Resonance (NMR) spectroscopy has es-
tablished itself as a potent method for structure determination
of biological molecules in solution.1-3 The procedure for
structure evaluation by NMR involves a number of steps.
Different NMR experiments produce NOESY or ROESY
spectral intensities, which can be converted into a set of spatial
distance bounds for specific pairs of atoms. However, the
interatomic distances and their fluctuations are not the only
quantities which determine NMR relaxation rates and thus
NOESY or ROESY cross-peak intensities, but there is also an
additional contribution from intramolecular motions to the
observed signal by their time scales and their orientational
correlations. These contributions have been investigated earlier,4-6

and are left out of consideration in the present article, in which

neither the effect of spin diffusion is investigated. After
acquiring as many as possible of such distance bounds, model
structures are derived and should not violate those distances
bounds. This is standardly done by performing a simulated
annealing geometry optimization in the presence of the distance
restraints representing the experimental NMR Nuclear Over-
hauser Effect (NOE) distance bounds, ideal bond distances, and
angles values.7 This procedure generally works fine for proteins
and peptides that adopt a single dominant conformation, but if
this is not the case, problems may arise. First, ambiguities may
arise when different conformations reproduce the experimental
data likewise. A striking example was observed when consider-
ing the CD spectra of different conformations ofâ-peptides.8

A similar example using NMR data has also been reported.6 In
the case of NMR, there are generally not enough independent
NOE distance bounds measurable to establish a complete
structure uniquely.9,10 Often parts of the protein remain structur-
ally undetermined. These are left unspecified or determined
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using only force-field data. In the latter case, such parts of a
protein or peptide are characterized by a large structural variety
in the set or bundle of NMR model structures reported in
structure data banks. Second, different mutually excluding NOE
signals may arise from distinct structures that are comparably
relevant to the ensemble of structures in solution. These generate
inconsistencies between NOEs that cannot be resolved using a
single structure, as pointed out before in several studies.9,11-13

This problem occurs especially when dealing with small and
flexible peptides, which are characterized by a variety of internal
motions and conformations. NOE intensities can be related to
nonlinear inter-proton distance averages of the molecule during
the NMR experiment. When it happens that the ensemble of
structures in solution is dominated by more than one conforma-
tion, the commonly used assumption that all NOEs originate
exclusively from one structure is no longer valid and the
nonlinear distance averages contain contributions from different
conformers.

In this case, irrespective of whether the multiple conforma-
tions do or do not lead to structurally inconsistent NOE signals,
Molecular Dynamics (MD) simulations14 using a high-quality
force field can contribute to a correct interpretation of the
experimental data by providing an atomic resolution picture
based on a statistical-mechanically correct ensemble of structures
and may in addition yield information about the dynamic
processes involved. MD can therefore be a complementary and
reliable tool in structure refinement of bio-molecules. For
instance, it is nowadays feasible to simulate the reversible
folding of small peptides starting from an extended conformation
and to generate an accurate (un)folding equilibrium.6,8,10,11,15-26

With such information it is possible to identify the relevant
conformations and assess their weight in the ensemble of
structures in solution. In the present work we address an
improved interpretation of NMR experiments by the use of long-
time MD simulations of bio-molecules in solution based on a
high-quality force field, which enables the resolution of seeming
inconsistencies in the experimental data. We show the predictive
power of unrestrained MD simulation using a thermodynami-
cally calibrated force field to interpret NMR data and to
elucidate the relation between measured values of NMR
observables and the corresponding three-dimensional structures
for a â-nonapeptide in solution.

â-Peptides belong to a class of compounds sometimes alluded
to as foldamers,27,28 because of their ability to form stable
secondary structure elements even with as few as only four
â-amino acids.29 This exceptional characteristic makes them
very convenient for folding studies.23,26,30-32 They differ from
a naturalR-amino acid by an extra carbon atom in the backbone.
This opens up the possibility to study folding as a function of
the type of side chain, the stereochemistry and the position of
the side chain at the backbone (R or â). The molecules chosen
for this study were protected and unprotected forms of the
â-nonapeptide shown in Figure 1.32 The â-peptide chain is
comprised of nine residues of alternatingâ3/â2 substituted amino
acids and consists of three sequences of three amino acids,
namely valine, alanine and leucine. The protected form bears
the Boc group at the N-terminus and the Bn group at the
C-terminus. The unprotected form has both termini protonated,
the most probable charge state in methanol. It was concluded
based on NMR and CD experiments that this peptide most likely
adopts a12/10-helical conformation independent of its protection
state.32 The protecting groups seemed only to make the12/10-
helix more stable. It was suggested that this is due to the Boc
ester carbonyl oxygen participating in an additional12-
membered hydrogen bonded ring.32 However, three NOEs of
the unprotected form were mentioned to be incompatible with
a 12/10-helix and were not considered in the structure deter-
mination.32 This indicates that the molecule may also adopt other
relevant conformations than this helix. To investigate the
conformational ensembles of both forms of theâ-peptide
nonamer in methanol, simulations at 298 and 340 K without
any conformational NOE or3J-value restraints were carried out
(for further details see the methods section). The ensembles of
structures from the simulation trajectories were analyzed in terms
of conformational space sampled, structural properties such as
hydrogen bonding and in terms of the level of agreement with
the available NMR data (NOE intensities and3J-coupling
constants). The inconsistencies mentioned above were consid-
ered and further investigated by analyzing inter-proton distances
after performing a conformational cluster analysis. In addition,
all possible inter-proton distances on the peptide were calculated
to verify whether the structures obtained would predict NOEs
not observed experimentally. The uniqueness of the NMR data
for each form of the peptide was examined by cross comparisons
of the experimental and simulated data for both forms (the
experimental data of the protected form of the peptide was
compared with the simulated data of the unprotected form and
vice versa). This analysis would indicate if the data available
would be able to distinguish between the protected and
unprotected forms.

Methods

All MD trajectories were generated using the GROMOS96 software
package.33,34 The force field parameters for the protected and unpro-
tectedâ-peptides were taken from the 45A3 GROMOS united atom
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force field.33,35,36 The nonstandard building blocks for the protecting
groups Boc and Bn were constructed based on the same set of
parameters. The starting structure for theâ-peptide was a fully
extended conformation (in which all backbone dihedral angles are set
to 180°) placed in the center of a truncated octahedron box (minimum
solute to (square) wall distance of 1.4 nm and periodic boundary
conditions) filled with 3319 (protected form) or 2797 (unprotected form)
methanol molecules (standard GROMOS96 methanol solvent model).33,37

The MD simulation parameter settings were similar to those of other
â-peptide simulations done previously in our group.6,8,11,15,22Preceded
by 1 ns of equilibration, two 100 ns long simulations at constant
temperature (298 and 340 K) and pressure (1 atm), held constant using
the weak coupling technique38 with relaxation times of 0.1 and 0.5 ps
respectively, were performed for each of the two forms of theâ-peptide.
The experimental data had been obtained at room temperature and the
other higher temperature (340 K) was chosen to improve conformational
sampling. All bonds were kept rigid using the SHAKE39 method with
a relative geometric tolerance of 10-4 and the MD equations of motion
were integrated using 2 fs time steps. Long-range interactions were
treated using a triple-range scheme with cutoff radii of 0.8 nm (where
the interactions were updated every time step) and 1.4 nm (for which
interactions were updated every fifth time step) and a reaction-field
permittivity of 32 for methanol. Configurations were saved at every 2
ps for analysis. Atom-positional root-mean-square difference (RMSD)
between pairs of structures were calculated after superposition of the
backbone atoms of residues 2 to 8. The structures used as helical
references were built based on ideal values for the backbone dihedral

angles for the12/10- and 314-helices.40 A conformational cluster
analysis, as described in earlier studies,18 was performed on the separate
and combined trajectories of the protected and unprotectedâ-peptides
using structures at 20 ps intervals and a RMSD similarity criterion of
0.12 nm. The criterion for defining a hydrogen bond was the standard
one used with GROMOS, where the maximum hydrogen-acceptor atom
distance is 0.25 nm and the minimum donor atom-hydrogen-acceptor
atom angle is 135°. NOE distance bound violations were obtained by
comparing the nonlinear averaged proton-proton distances (directr-6

averaging, which is appropriate for small molecules)12,41 from the
simulation with the upper bound distances derived from the experi-
mental NOE intensities32 (strong intensity 0.30 nm, medium intensity
0.35 nm, weak intensity 0.45 nm). Pseudo-atom corrections (0.09 nm
for CH2, 0.10 nm for CH3, 0.22 nm for (CH3)2 and (CH3)3) were applied
to the experimental upper bounds and the virtual atom creation
technique33,34was used for the hydrogen atoms attached to carbon atoms,
because a united-atom force-field was used.3J-coupling constants were
calculated from the simulations via the Karplus relation42

wherea, b, andc are equal to 6.4,-1.4, and 1.9 Hz,43 respectively.
We note that these values for the parameters have been calibrated to
data forR-peptides and notâ-peptides.

Results and Discussion

Figure 2 shows the atom-positional RMSD for the backbone
atoms with respect to12/10- (black lines) and314-(red lines)
helical model structures. Indeed, eventually all the simulations
sample predominantly the12/10-helix. Nonetheless, the mode
and frequency in which this happens are distinct. At 298 K, the
protected form (upper left) samples the314-helix for ap-
proximately 40 ns before adopting the12/10-helix. At 340 K
(bottom left), the protected molecule reaches the dominant native
12/10-helical structure 10 times faster. The314-helix is not
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Figure 1. Molecular formula of theâ-nonapeptide studied. The terminal groups are omitted and denoted byR and R′. In the protected caseR ) Boc
((CH3)-O-(CdO)-) andR′ ) Bn (-CH2-C6H6) and in the unprotected caseR) H2 andR′ ) H. The arrows indicate the hydrogen bond pattern characteristic
of the 12/10- and 314-helices. The12/10-helix (upper part) is characterized by10 (solid line) and12 (dashed line) membered hydrogen-bonded rings,
whereas the314-helix (lower part) would show14 membered hydrogen bonded rings (dotted line).

3J(HN,Hâ) ) acos2θ + bcosθ + c
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sampled. When comparing the simulations at different temper-
atures after the point (60 ns) at which at 298 K the molecule
folds into a12/10-helical conformation, it can be seen that at
high temperature the (un)folding equilibrium with respect to
the12/10-helix is shifted to the unfolded state and the folding/
unfolding process is occurring more frequently as one would
have anticipated. The same is observed for the unprotected
molecule which folds almost directly into a12/10-helix at low
(upper right) and high (bottom right) temperatures. The314-
helix is not seen at all in the 298 K simulation and is sampled
twice at 340 K. Sampling more diverse conformations at a higher
temperature is expected because the molecule has more energy
to explore other conformations. The12/10-helical conformation
seems to be slightly more stable for the protected molecule than
for the unprotected one (after it is formed for the first time),
which might be due to the formation of an additional hydrogen
bond to the carbonyl oxygen of the Boc group mentioned before.
The occurrence of hydrogen bonds with a population of at least
5% is given in Table 1. The first column identifies the residues
and respective hydrogen bond donor and acceptor atoms
involved, the subsequent columns show the hydrogen bond
populations for the two simulations at both temperatures and
for the NMR derived model structures of both forms at room
temperature. The conclusions drawn from the RMSD analysis
are consistent with the hydrogen bond analysis. The314-helix
is only well formed in the protected case at low temperature
while at high temperature there is just one hydrogen bond at
low population. Formation of14-membered hydrogen bonded
rings is also observed in the unprotected 340 K simulation at
the N-terminal half of the molecule.12- and 10-membered
hydrogen bonded rings are dominant in all cases, confirming
once more that the peptide prefers a12/10-helix. The hydrogen
bonds sampled are in agreement with the expected hydrogen
bond pattern32 shown in Figure 1 (upper panel). A direct
comparison of the hydrogen bonds and the12/10-helix formed

in the simulations of the protected molecule with those of the
unprotected one is not possible at 298 K, because at this
temperature the simulations do not sample the ensembles
sufficiently well to detect differences. However, at 340 K such
a comparison between the two forms of the molecule seems
warranted. The12/10-helix appears slightly more stable for the
protected peptide and the corresponding hydrogen bonds are
on average more populated. The hydrogen bonds present in the
NMR derived model structures indicate the same.

So far, the results from the RMSD and hydrogen bond
analyses appear to indicate that the preferred conformation of
the peptide in methanol is a12/10-helix as was proposed based

Figure 2. Time series of the backbone atom (N, Câ, CR, C)-positional root-mean-square distance (RMSD) with respect to ideal12/10-(black) and314-(red)
helices. Only residues 2-8 are included in the RMSD calculation. The results of the protectedâ-peptide stand on the left side and those of the unprotected
on the right. The top panels refer to the 298 K simulations, the bottom panels refer to the 340 K ones.

Table 1. Occurrence (in %) of Backbone Hydrogen Bondsa

protected molecule unprotected molecule

MD NMR (8) MD NMR (13)

H−bond
298 K
(%)

340 K
(%)

298 K
(%)

298 K
(%)

340 K
(%)

298 K
(%)

type of
H-bond ring

2NH - 3O 32 30 100 43 25 8 10
4NH - 5O 39 69 63 83 54 23 10
6NH - 7O 43 62 88 75 55 69 10
8NH - 9O 23 22 25 53 43 10
3NH - BocO 13 12
5NH - 2O 25 48 13 62 38 46 12
7NH - 4O 43 69 25 85 48 54 12
9NH - 6O 36 46 38 53 41 39 12
1NH - 3O 19 7 5 8 14
2NH - 4O 19 5 14
3NH - 5O 27 8 14
4NH - 6O 33 5 14
5NH - 7O 35 14
6NH - 8O 25 14
7NH - 9O 22 14

a The first column identifies the hydrogen bond and the subsequent
columns show the populations larger than 5%. The values are grouped
according to the size and type of the resulting hydrogen-bonded ring (last
column). The averages over the experimentally derived NMR model
structures32 are also calculated, the number of model structures being shown
within parentheses.
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on the experimental NMR data. However, it was seen in the
simulations that other conformations are populated too, which
may contribute to the NMR signals. Moreover, the experimental
structure refinement of the unprotected molecule did not make
use of all available NOEs, because three of them were mentioned
to be inconsistent with the12/10-helix indicated by the majority
of the NOEs. These three NOEs connect atoms that are rather
far apart in the residue sequence: residuesi andi + j with j )
3. Experimentally, those were the only three observed NOEs
for which j ) 3 (there were none withj > 3). So all longest
range NOEs were omitted in the NMR structure refinement of
the unprotected molecule.32 Therefore, a reinterpretation of the
NMR data seems warranted. Are the simulations consistent with
the NOEs, the primary experimental data? If yes, can they be
used to interpret the experimental data and to determine relevant
conformations? To address the first question the NOE distances
and3J-coupling constants were calculated from the trajectories
and from the set of 8 (protected) and 13 (unprotected) NMR
model structures32 (see Figures 3 and 4). A test of the uniqueness
of the NMR data for each molecule was also performed by a
cross comparison of the NOE distance bounds and3J-coupling
constants for one molecule with these quantities calculated from
the trajectory or NMR model structures for the other molecule
and vice-versa, see Figures 3 and 4. In both Figures, black color
refers to structures of the protected molecule and red to
structures of the unprotected one. A complete list of the NOEs,
and NOE bound violations can be found in the Supporting
Information. In Figure 3, where the experimental data comes
from the protected molecule, the3J-coupling constants for the
protected molecule (black symbols) compare well with experi-
ment. 3J-coupling constants for the unprotected peptide (red

symbols), do not differ much from those calculated for the
protected form of the molecule. In Figure 4, where the
experimental data originates from the unprotected molecule, the
calculated3J-values do agree better with experiment than in
the previous case. Surprisingly, considering both the protected
and unprotected forms of the molecules with the corresponding
experimental3J-values, both MD simulations agree better with
experiment than the set of NMR model structures derived from
the data.

The panels on the left of Figures 3 and 4 show the NOE
distance bound violations. The MD trajectory of the protected
molecule at 298 K satisfies most of the 74 NOE distance bounds
measured for this molecule (Figure 3, black bars in the upper
panel). Only four violations longer than 0.1 nm of NOE bounds
are present: 1Hâ-3HR Re (NOE number 5), 2HN-3Hδ (NOE
number 54) and 3HN-1Hâ (NOE number 57) and 5HN-2HâRe

(NOE number 63), where the residue sequence number is given
in front of the atom name. At 340 K only the first three
violations are still larger than 0.1 nm. The set of NMR model
structures shows two violations larger than 0.1 nm, the second
and forth ones mentioned above. The patterns of NOE distances
as observed for the two MD trajectories and the set of NMR
model structures are rather similar. Comparing these patterns
for the unprotected (red bars) and the protected (black bars)
trajectory structures, the same observation holds. The data for
the protected molecule cannot really distinguish between the
MD or NMR structures of the protected molecule on one hand
and of the unprotected molecule on the other. When considering
the NOE data for the unprotected molecule (Figure 4), the same
conclusion cannot be drawn. Most of the 65 NOE distance
bounds are satisfied by the MD trajectories and NMR model

Figure 3. NOE distance bound violations (left-hand panels) and3J-coupling constants (right-hand panels). The experimental NMR data (74 NOE bounds
and 43J-coupling constants) comes from theprotected molecule.32 The topmost panels refer to the 298 K simulation, the intermediate panels to the 340 K
simulation and the bottom panels to the set of model structures derived by structure refinement based on the NMR data.32 The black color represents
structures the protected molecule while red stands for structures of the unprotected form. In the NOE distance violation panels the dashed line divides the
graphs such that the NOEs to the left were measured for both the protected and the unprotected molecules (44 NOEs) and those to the right were only
observed for the protected peptide. NOEs 45-51 involve the HN of residue 1 and were not calculated for the unprotected form. In the3J-coupling constant
panels the dashed line represents perfect correlation between measured and calculated values. The circles are3J-values that were measured for both peptides
whereas the squares were measured only for theprotected form. The3J-value for the first valine residue was only calculated for the protected form.
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structures of both protected and unprotected molecules, five
NOEs show violations larger than 0.1 nm: 1Hâ-3HRRe (NOE
number 5), 2HN-5Hâ (NOE number 48), 4HN-5HRSi (NOE
number 51), 6HN-3Hâ (NOE number 54) and 7HN-4HâRe

(NOE number 56). Of these, a single long-range NOE (number
48), 2HN-5Hâ , stands out. At 298 K, it is violated by the
MD trajectory of the unprotected molecule; at 340 K, it is
violated by the MD trajectory of the protected molecule, and it
is violated by the NMR model structures of both molecules.
Interestingly, this is one of the three weak NOE signals
measured only for the unprotected molecule that were omitted
in the NMR structure refinement (NOEs 48, 54, 56) because of
their incompatibility with the12/10-helix.32 The violation of
this NOE bound is correlated with the absence of314-helical
structures or hydrogen bonds in the MD trajectories (Figure 2
and Table 1). The rank order of the 4 MD trajectories with
respect to the absence of314-helical content is (i) unprotected
at 298 K, (ii) protected at 340 K, (iii) unprotected at 340 K,
and (iv) protected at 298 K. The same rank order is observed
with respect to the size of the violation of NOE bound number
48 in Figure 4: (i) unprotected at 298 K shows the largest
violation (red bar in the upper panel), (ii) protected at 340 K
shows the second largest violation (black bar in the middle
panel), (iii) unprotected at 340 K shows a minor violation, and
(iv) protected at 298 K show no violation. The violations of
NOEs 54 and 56 are small and not correlated with the absence
of 314-helical structures.

To check the relation between NOE 48 and a314-helical
conformation further, a conformational cluster analysis was
performed and the distance 2HN-5Hâ determining this NOE
was calculated for each cluster. This kind of conformational
analysis has been described elsewhere.18 The 2HN-5Hâ distance

distribution for all the trajectory structures was computed and
the results for the four most populated conformational clusters
(numbered from 1 to 4) are depicted in Figure 5. The vertical
lines represent the experimental NOE distance bound (dotted
line) and the corresponding〈r-6〉-1/6 distances for the 298 K
(solid lines) and 340 K (dashed lines) simulations. The black
color stands for the protected peptide and the red for the
unprotected one. Most of the clusters shown represent a
complete or partial12/10-helix, where partial means that some
hydrogen bonds that determine the full helix (see Figure 1, upper
panel) are missing. In all those cases, the 2HN-5Hâ r-6

averaged distance lies beyond the NOE distance so the NOE is
violated. The only two cases in which the cluster is either a
full or partial 314-helix are cluster 2 of the protected molecule
at 298 K (solid black line) and cluster 4 of the unprotected
molecule at 340 K (dashed red line) which fulfill the NOE
bound. When adding up all the contributions for all clusters
(bottom panel), we see that the bumps around 0.35 nm due to
the 314-helical structures make the totalr-6 averaged distance
(nearly) satisfy the NOE for those two simulations. In all other
cases where the314-helix is not or barely sampled and so does
not bring enough weight to the total average, the NOE is
violated. These results are a striking example of how the
presence of pertinent different conformations may complicate
the interpretation of NMR data and may invalidate standard
single-structure refinement. Not only could the unrestrained MD
simulations largely reproduce the experimental data, but they
also provided conformational insights and explained seeming
inconsistencies between different NOEs.

So far, we have looked whether the available structures fulfill
the experimentally observed NOEs. This test is normally the
only one used to assess how good structures are. However, an

Figure 4. NOE distance bound violations (left-hand panels) and3J-coupling constants (right-hand panels). The experimental NMR data (65 NOE bounds
and 43J-coupling constants) comes from theunprotected molecule.32 The topmost panels refer to the 298 K simulation, the intermediate panels to the 340
K simulation and the bottom panels to the set of model structures derived by structure refinement based on NMR data.32 The black color represents structures
of the protected molecule while red stands for structures of the unprotected form. In the NOE distance violation panels the dashed line divides the graphs
such that the NOEs to the left were measured for both the protected and the unprotected molecules (44 NOEs) and those to the right were only observed for
the unprotected peptide. In the3J-coupling constant panels the dashed line represents perfect correlation between measured and calculated values. The circles
are 3J-values that were measured for both peptides whereas the squares were measured only for theunprotected form. See also the caption of Figure 3.

Interpreting NMR Data for â-Peptides A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 127, NO. 41, 2005 14325



additional check would be to measure all possible hydrogen-
hydrogenr-6 averaged distances and check whether we are or
are not predicting NOEs that are not seen experimentally. In

other words, if two hydrogen atoms among the structures show
an r-6 averaged distance closer than, let us say 0.3 nm, a
corresponding NOE signal should appear, if not obscured by
phenomena such as peak overlap, spin diffusion or extinction
due to rotational tumbling. Typically one-fifth of the NOE cross-
peaks cannot be unambiguously interpreted because of overlap
between different peaks or because of signal contamination by
TOCSY transfers or chemical exchange contributions. Therefore,
the absence of predicted NOEs from the list of observed NOEs
is not always significant. This means that the following analysis
should be read with these caveats in mind. Table 2 labels all
hydrogen atoms in theâ-peptide. A r-6 averaged distance
calculation has been done for all possible pairs of hydrogen
atoms except hydrogen 1 (NH). In Figures 6 and 7 the results
are shown depending on the value obtained: red if the distance
was smaller than 0.3 nm, green if it is between 0.3 and 0.35
nm, and blue if it is between 0.35 and 0.45 nm. These figures
allow one to distinguish the short range contacts (close to the
main diagonal) and long range ones, which characterize the
secondary structure. Figure 6 shows that for both molecules the
MD simulations and the NMR model structures predict many
more NOEs peaks than are actually observed. As mentioned,
this may be due to a variety of causes, which will not be
discussed here. The two upper panels show the maps for
structures taken from clusters 1 and 2 for the MD simulation at
298 K that represent12/10-and314-helices, respectively. Only
8 structures from each cluster were considered because this is
the number of NMR model structures available for the protected
molecule. The close contacts look very similar, as expected. In
cluster 2 the long-range ones lie further away from the main
diagonal, because in the314-helix the rings in the structure are
wider and thus bring hydrogen atoms farther along the chain
closer to each other than in the12/10-helix. We also notice that
NOE 48 (2HN-5Hâ, pair 8-30) appears only in the314-helix
being a weak intensity contact. The distance maps for the NMR
derived model structures are presented in the middle panels.
Both maps show the pattern of a12/10-helix with great

Figure 5. Distance distributions for the proton pair 2HN-5Hâ (NOE
number 48 measured only for the unprotected form) calculated from four
100 ns MD trajectories: black color refers to the protected molecule and
red to the unprotected form. Solid lines are designated to 298 K simulations
and dashed lines to 340 K. The red dotted vertical line represents the
experimentally determined NOE bound. The other vertical lines represent
the 〈r-6〉-1/6 averages of the respective distributions. Bottom panel: total
distribution based on all trajectory structures. Other panels: distributions
for the four most populated conformational clusters. The percentage
populations are indicated.

Table 2. All Hydrogen Atoms of the â-Peptides, Identified by Residue Number, Hydrogen Name and Hydrogen Sequence Number as Used
in Figures 6 and 7a

residue
no.

hydrogen
name

hydrogen
sequence

no.r
residue

no.
hydrogen

name

hydrogen
sequence

no.
residue

no.
hydrogen

name

hydrogen
sequence

no.

1 HN 1 4 HN 22 7 HN 43
1 HB 2 4 HB1 23 7 HB 44
1 HA1 3 4 HB2 24 7 HA1 45
1 HA2 4 4 HA 25 7 HA2 46
1 HG 5 4 HG 26 7 HG 47
1 HD1* 6 4 HD1* 27 7 HD1* 48
1 HD2* 7 4 HD2* 28 7 HD2* 49
2 HN 8 5 HN 29 8 HN 50
2 HB1 9 5 HB 30 8 HB1 51
2 HB2 10 5 HA1 31 8 HB2 52
2 HA 11 5 HA2 32 8 HA 53
2 HG* 12 5 HG* 33 8 HG* 54
3 HN 13 6 HN 34 9 HN 55
3 HB 14 6 HB1 35 9 HB 56
3 HA1 15 6 HB2 36 9 HA1 57
3 HA2 16 6 HA 37 9 HA2 58
3 HG1 17 6 HG1 38 9 HG1 59
3 HG2 18 6 HG2 39 9 HG2 60
3 HD 19 6 HD 40 9 HD 61
3 HE1* 20 6 HE1* 41 9 HE1* 62
3 HE2* 21 6 HE2* 42 9 HE2* 63

a Methyl hydrogen atoms that are treated as one pseudo atom are indicated by an asterisk.
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similarity to the equivalent one discussed before. The two lower
panels display the NOE distance bounds for the protected and
unprotected molecules. Comparing in detail all panels to one
another, the discrepancies between predictions of NOEs can be
found. Here we analyze only the protected molecule and short
contacts (strong NOEs, red dots), while excluding intraresidue
hydrogen atom pairs. The12/10-helix from the MD simulation
(upper left panel) predicts no strong NOE that is not seen at all
experimentally or is not arising from hydrogen atoms of
neighboring residues on the backbone. The three red dots seen
in the long range portion of the graph, for instance, are seen
experimentally as medium intensity NOEs. The NMR model
structures (middle left panel), predict a few more strong NOEs,
e.g., two that involve hydrogen atoms in residues three and five.
These contacts are also present in the map of the12/10-helix
(cluster 1) taken from the simulation, but not as strong ones. In
the case of the unprotected molecule, the result is similar. While
13 structures taken from the first cluster of the simulation at
298 K only predict a few strong long-range NOEs, the NMR
derived model structures predict a strong NOE between residues
one and three. Figure 7 shows the distance maps calculated over

the whole trajectories for all the simulations. All of them exhibit
the 12/10-helix pattern described before except the simulation
of the protected molecule at 298 K, which rather shows a
mixture of12/10-and14-helix patterns, as could be expected.
The predicted strong contacts of the NMR model mentioned
above are present in all panels with different averaged distances.

The conformational clustering analysis in combination with
a NOE distance calculation for each cluster provides indications
of which conformations of the ensemble are relevant to the
reproduction of the experimental data. To know whether the
many different structures sampled during the simulations are
common to both forms of the molecule, a combined clustering
analysis (over the combined trajectories) was done. Such an
analysis indicates how much of the conformational spaces
sampled by each of the simulations for the protected and
unprotected form overlap. For each conformational cluster
found, its type of helix was determined according to the
appearance (>5%) of a particular type of hydrogen bond, see
Figure 8. The first (most populated) cluster is a pure12/10-
helix which is adopted by both molecules. In addition,10-
membered and to a lesser extend12-membered hydrogen-
bonded rings appear in most of the other clusters. Few clusters
of both molecules with a relative low population contain14-
membered hydrogen-bonded rings. The pure314-helix is found
as cluster 2 in the protected form and as cluster 6 in the
unprotected molecule. As expected, the overlap in the configu-
rational space between the two molecules is bigger for the higher
temperatures.

Conclusion

Molecular Dynamics simulations of the (un)folding equilib-
rium of the protected and unprotected forms of theâ-nonapep-
tide shown in Figure 1 were presented with the aim of assessing
how much such MD simulations can contribute to a realistic
interpretation of experimental NMR data. For each form of the

Figure 6. Inter-hydrogenr-6 averaged distance maps for all hydrogen atoms
(excluding terminal groups) in theâ-peptides. The upper panels show the
results for (eight)12/10-and (eight)14-helical structures taken from cluster
1 and from cluster 2, respectively, of the MD simulation at 298 K of the
protected molecule. The middle panels show the results for NMR model
structures for the protected and unprotected molecules (8 and 13 structures
respectively). The bottom panels show the experimentally derived distance
bounds of the NMR experiment. The hydrogen sequence numbers on the
axes are defined in Table 2. The color code used is the following: red if
the distance is below 0.3 nm (corresponds to a strong NOE), green if it is
between 0.3 and 0.35 nm (medium) or blue if it lies between 0.35 and 0.45
nm (weak). The black squares are placed along the diagonal.

Figure 7. Inter-hydrogenr-6 averaged distance maps for all hydrogen atoms
(excluding terminal groups) in theâ-peptides as obtained from the 100 ns
MD simulations. The upper panels show the results for the protect and
unprotected forms of the peptide at 298 K while the bottom panels show
the corresponding results at 340. See also caption of Figure 6.

Interpreting NMR Data for â-Peptides A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 127, NO. 41, 2005 14327



molecule two 100 ns long simulations at 298 and 340 K were
performed and the structures sampled were compared to primary
experimental data such as proton-proton NOE intensities and
3J-coupling constants and to the NMR model structures (sec-
ondary data) that had been obtained by standard single-structure
NMR refinement. The primary experimental NMR data, NOE
distance bounds and3J-values were well reproduced by the
unrestrained MD simulations, equally well as these primary data
were reproduced by the sets of NMR model structures.
Moreover, the MD trajectories seem to predict fewer strong
long-range NOEs than the NMR model structures. The molec-
ular structures were analyzed in terms of hydrogen bonds and
particular helical conformations. The peptide had been expected
to adopt a12/10-helix according to the NMR data and model
structures, which was indeed observed in the simulations.
However, the MD trajectories showed that other conformations
were important as well. A314-helix was sampled by both, the
protected and unprotected, peptides indicating that this confor-
mation must have some weight when evaluating trajectory or
ensemble averages of observables such as NOE intensities and
3J-coupling constants. The possibility of other than12/10-helical
conformations had been deliberately excluded in the NMR
single-structure refinement leading to the model structures,
because a single dominant conformation had been assumed and
so three NOEs for the unprotected molecule mentioned to be
inconsistent with the12/10-helix were not included in the
original structure determination based on simulated annealing.
The unrestrained MD simulations, however, could resolve the
seeming inconsistencies between the NOE intensities. It ap-
peared that a small admixture of314-helical conformation to

the predominant12/10-helical conformation in the ensemble
would reproduce the NMR data.

The dominant12/10-helical conformation seems to be slightly
more stable for the protected molecule than for the unprotected
one, in agreement with earlier analysis32 of the relative NOE
intensities for the various proton pairs. However, such an
analysis could not provide information about alternative con-
formations being present in the structural ensembles for the
molecules, because only (nonlinear) averages of observables
over the ensemble of solution structures can be measured and
a variety of different conformational distributions may lead to
the same average. MD simulations provide not only averages,
but also conformational distributions, which can be analyzed
to obtain the weight of particular, e.g.,12/10- or 314-helical
conformations. Moreover, the necessarily different sensitivities
of measured, nonlinearly averaged, observables to different
conformations in the ensemble can be straightforwardly deter-
mined. For theâ-nonapeptide, we showed that the intensity of
one particular long-range NOE, the proton pair 2HN-5Hâ, is
highly correlated with the admixture of314-helical conformation
in the ensemble of solution structures. This leads to the
conclusion that although both forms of the peptide adopt
predominantly a12/10-helical conformation in solution, the
unprotected one also adopts a314-helical conformation to a small
extent.

The presented MD simulations of theâ-peptide illustrate the
increasing usefulness of MD simulation of bio-molecules from
a practical point of view.

1. Unrestrained MD simulation of bio-molecules in explicit
solvent using a thermodynamically calibrated force field in
which solute and solvent are consistent with each other, can
reproduce experimental data, such as NOE intensities and3J-
values rather well;

2. The nonlinear ensemble averages over the unrestrained MD
trajectories that correspond to the mentioned observables may
agree equally well with the experimental data averages over
model structures obtained from standard single-structure refine-
ment that uses the experimental data as structural restraints;

3. When the conformational ensemble of a molecule in
solution is dominated by more than one conformation, standard
single-structure refinement against experimental data that reflect
multiple conformations will lead to inconsistent or unlikely
structures, whereas unrestrained MD simulation will generate
the proper ensemble provided the use of a high-quality force
field, explicit treatment of solvent degrees of freedom, and
sufficient sampling;

4. Analysis of the sensitivity of nonlinear averages corre-
sponding to measurable observables to the underlying confor-
mational (Boltzmann) distribution as generated by MD simu-
lation may lead to identification of those observables that are
most sensitive to particular conformations. The small confor-
mational differences between the protected and unprotected
forms of the â-nonapeptide could be identified by such an
analysis.

In summary, unrestrained MD simulation using a consistent,
high-quality force field for both solute and solvent, and including
explicitly solvent degrees of freedom can contribute significantly
to a correct interpretation of experimental data in terms of
conformational distributions.

Figure 8. Relative populations of the 7 most populated conformational
clusters from the combined 100 ns MD trajectories of the protected (black)
and unprotected (white) molecules at 298 K (upper panel) and at 340 K
(lower panel). On the right axis the type of helix is indicated: the number
is the type of hydrogen-bonded rings (with a population larger than 5%
present),m stands for “mixed” andp for “partial”.
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