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ABSTRACT: The affinity and selectivity of protein-protein interactions can be fine-tuned by varying the
size, flexibility, and amino acid composition of involved surface loops. As a model for such surface
loops, we study the conformational landscape of an octapeptide, whose flexibility is chemically steered
by a covalent ring closure integrating an azobenzene dye into and by a disulfide bridge additionally
constraining the peptide backbone. Because the covalently integrated azobenzene dyes can be switched
by light between a bent cis state and an elongated trans state, six cyclic peptide models of strongly different
flexibilities are obtained. The conformational states of these peptide models are sampled by NMR and by
unconstrained molecular dynamics (MD) simulations. Prototypical conformations and the free-energy
landscapes in the high-dimensional space spanned by theφ/ψ angles at the peptide backbone are obtained
by clustering techniques from the MD trajectories. Multiple open-loop conformations are shown to be
predicted by MD particularly in the very flexible cases and are shown to comply with the NMR data
despite the fact that such open-loop conformations are missing in the refined NMR structures.

Protein-ligand as well as protein-protein interactions are
highly regulated processes. The affinity and selectivity of
these interactions are frequently fine-tuned by variations in
the size, flexibility, and amino acid composition of involved
surface loops (1-4). In such cases, the folding pattern of
the protein solely serves as a structural scaffold for the loops,
which represent the active site and mediate the function.
Therefore, the conformational properties of semiflexible or
flexible surface loops have attracted considerable attention
(5-7).

Mobile parts of proteins, such as surface loops, frequently
escape observation in X-ray crystallography or even preclude
crystallization at all. Here, NMR spectroscopy is the
experimental method of choice for structural investigations
(8). However, the averaging of loop conformations on the
NMR time scale of seconds complicates the interpretation
of the experimentally derived constraints, because the usual
NMR refinement protocols generally assume the prevalence
of a single loop conformation (9-18).

In principle, an atomistic picture of the protein confor-
mational dynamics is accessible by computer simulations,
provided that the applied theoretical model is sufficiently
accurate and the available computing power allows the
accumulation of statistically significant data. Here, despite
various well-known insufficiencies of the available molecular
mechanics (MM)1 force fields (19, 20), corresponding

molecular dynamics (MD) simulations (21-23) currently
represent the standard and MM-MD simulations are fre-
quently employed to generate equilibrium conformational
ensembles of biomolecules.

Comparisons with the nuclear Overhauser effect (NOE)
distance restraints derived from NMR experiments can be
based on such ensembles (18, 24-27). Studies of this kind
concerning peptides (18), flexible â peptides (24, 25),
proteins (26, 28, 29), and DNA (27) have shown good
agreement with the experimental data. In MD simulations
of the â-sheet peptide betanova (30), different peptide
conformations were found to satisfy different subsets of the
NOEs in a way that the total ensemble of conformations
fulfills the whole set of experimental constraints. The ability
of MD simulations to complement NMR data of small and
flexible molecules became also apparent in a study of the
RGDW peptide (31) and in the work of Lee and Kollman
(32), who pointed out that the usual approximate treatment
of the solvent during NMR structure refinements leads to
unreliable structures. Hence, it was suggested to complement
the NMR refinement procedure by MD simulations with an
explicit solvent model and an accurate treatment of the long-
range electrostatics. Further encouraging agreements between
NMR experiments and MD simulations were found for the
internal dynamics of proteins as monitored by relaxation or
order parameters (33-36).
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Because we are specifically interested in flexible peptide
loops, thermally sampling several conformational states, we
have chosen model systems that are simple enough to be
accessed by a combined NMR and MD study. We have
recently constructed peptidic systems by backbone cycliza-
tion of an octapeptide derived from the thioredoxin reductase
with (4-amino)phenylazobenzoic acid (APB) or (4-amino-
methyl)phenylazobenzoic acid (AMPB) (37) (see Figure 1).
While the active-site sequence Ala-Cys-Ala-Thr-Cys-Asp-
Gly-Phe adopts a well-defined structure in the native enzyme,
namely, the beginning of a 310 helix, in our photoresponsive
azopeptides, different conformational preferences depending
on the isomeric state of the azobenzene chromophore were
observed by NMR (38, 39). The trans isomers showed only
a limited flexibility, whereas the cis isomers were character-
ized by sizable conformational variability. Ultrafast time-
resolved spectroscopy in the UV/vis and infrared range
revealed a surprisingly complex conformational dynamics
considering the small size of the model system (38, 40-
42). MD simulations were used to characterize the light-
induced conformational relaxation dynamics of these peptides
on the subnanosecond time scale in detail (20, 40, 43). The
balance between conformational restriction and structural
variability apparently leads to a highly complex energy
landscape in resemblance to semiflexible bioactive surface
loops of proteins, and therefore, the peptides studied here
might represent valuable models for the study of conforma-
tional heterogeneity and dynamics.

In the present work, we want to show that, in a generally
applicable approach, unconstrained MD simulations of the
azopeptides in solution, which are based on an MM force
field that has not been specifically optimized toward our
specific model systems, can reproduce the experimental
NMR data. With the use of novel methods for statistical data
analysis particularly suited to deal with high-dimensional data
spaces, we obtain a detailed picture of multiple thermally
accessible conformational states, which represent local
minima of a complex free-energy landscape.

MATERIALS AND METHODS

NMR Structure Refinement.For conformational analysis,
NMR experiments were carried out at 295 K on a Bruker
DMX 750 spectrometer. Resonance assignments were per-
formed according to the method of Wu¨thrich (8). The 2D-

TOCSY spectra were recorded with spin-lock periods of 70
ms using the MLEV-17 sequence for isotropic mixing (44).
Experimental interproton distance constraints were extracted
from 2D-ROESY experiments (45) with mixing times of 200
ms. Dihedral angles constraints were extracted from 2D-
DQF-COSY (46) and simple1H-1D spectra. All molecules
were measured in deuterated dimethyl sulfoxide (DMSO).

Distance geometry (DG) and molecular dynamics-simu-
lated annealing (MD-SA) calculations were performed with
the INSIGHTII (version 98.0) software package from MSI
on Silicon Graphics O2 R5000 computers. For each of the
investigated azopeptides, 100 structures were generated from
the distance-bound matrixes. Triangle-bound smoothing was
used. The NOE intensities were converted into interproton
distance constraints using the following classification: very
strong (vs) 1.7-2.3 Å, strong (s) 2.2-2.8 Å, medium (m)
2.6-3.4 Å, weak (w) 3.0-4.0 Å, very weak (vw) 3.2-4.8
Å, and the distances of pseudoatoms were corrected as
described by Wu¨thrich (8). The3JHN-HR coupling constants
were converted into constraints for the backboneφ dihedral
angles using the Karplus relation. Multiple discrete ranges
were used for theφ torsion angle restraints when multiple
nonoverlapping solutions exist for the Karplus equation
taking into account experimental error and 10° uncertainty
from the Karplus parameters. The structures were generated
in four dimensions and then reduced to three dimensions with
the EMBED algorithm and optimized with a simulated
annealing step according to the standard protocol of the DG
II package of INSIGHT II. All 100 structures were refined
with a short MD-SA protocol. After an initial minimization,
5 ps at 300 K was simulated followed by exponential cooling
to ∼0 K during 10 ps. A time step of 1 fs was used with the
CVFF force field, while the solvent DMSO was accounted
for by assuming a dielectric constant of 46.7. The experi-
mental constraints were applied at every stage of the
calculation with 50 kcal mol-1 Å-2 for distance constraints
and 50.0 kcal mol-1 rad-2 for coupling constants. For the
10 structures of lowest energy, the violations of experimental
NOE constraints were all below 0.2 Å.

Unconstrained MD Simulations. For each of the model
peptides in its two isomeric states, the NMR structure of
lowest energy was chosen as the starting structure. The
peptides were solvated with 960 molecules of DMSO in a
rhombic dodecahedron with a radius of 2.7 nm. All solvent
molecules within 2 Å of anypeptide atom were removed.
Version 22 of the CHARMM all-atom force field (47) was
employed for the peptide moiety. The force field was
supplemented by parameters for the azobenzene dye and its
linkage into the peptide backbone, which were derived from
DFT calculations (43). A united-atom model was chosen for
the DMSO molecules (48). Periodic boundary conditions
were imposed. The long-range electrostatic interactions were
treated by a moving boundary reaction field method (49)
based on fast hierarchical multipole expansions (50). Up to
a distance of 1.3 nm, the Coulomb sum was evaluated
explicitly, while at larger distances, charge groups were
represented by their dipoles and quadrupoles. At distances
beyond 2.5 nm, a dielectric continuum with the experimental
dielectric constant of DMSO, 45.8, was assumed and its
influence was included by analytical reaction field forces
(49). The Lennard-Jones interactions were evaluated ex-
plicitly up to a distance of 13 Å, and a long-range correction

FIGURE 1: Chemical structures of the model peptides. An octapep-
tide is cyclizised with a derivative of azobenzene.
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to the Lennard-Jones energy was applied. The equations
of motion were integrated by a multiple time-step algorithm
(51) with a time step of 1 fs. The bond lengths of all
hydrogens and the geometries of the DMSO molecules were
kept constant using the MSHAKE algorithm (52). The
selected temperature and a pressure of 1 atm were maintained
by a Berendsen thermostat and barostat (53) with coupling
constants of 1 and 5 ps.

During the first 100 ps of MD simulation at 298 K, the
peptides were kept fixed so that the DMSO molecules could
adapt to the solute. This adaptation was followed by a 50 ps
simulation in which harmonic position restraints were
imposed to the CR atoms and by 100 ps of unconstrained
simulation during which the systems were heated to 500 K.
Starting from this state, trajectories of 50 ns duration each
were calculated. The elevated simulation temperature was
chosen to enable a statistically sufficient sampling of the
configuration space during the time of simulation. During
the total 300 ns of simulation time, the coordinates of the
peptides were saved every 1 ps.

Note that the density in the 500 K simulation systems was
0.919( 0.002 g/cm3, i.e., only 16.4% smaller than at 300
K. This value closely matches the 16.7% reduction expected
from the thermal expansion coefficient of 8.2× 10-4 K-1,
which has been determined for the employed DMSO model
by 300 K simulations (43). These findings indicate that the
liquid phase was maintained during our 500 K simulations.
Correspondingly, the boiling point of our DMSO/peptide
mixture is above 500 K, although the experimental boiling
point of DMSO is at 462 K.

Determination of the Conformational Ensembles.For the
analysis of the MD trajectories, the configurations of the
octapeptides were described by theφ/ψ dihedral angles of
the peptide backbone, resulting in time series of 16-
dimensional feature vectorsR ≡ (φ1, ψ1, φ2, ψ2, ...,φ8, and
ψ8). On the basis of these time series and assuming
ergodicity, we derived parametric and analytical models
F(R) for the probability densities in the form of mixtures of
100 univariate Gaussian distributions with identical statistical
weights and widths. The model parameters were optimized
using a safely converging algorithm for the maximum-
likelihood density estimation in high-dimensional data spaces
(54, 55) that was extended to circular variables, e.g., dihedral
angles (43). From the estimated densitiesF(R), the free-
energy surfaces (FESs) were derived as∆G(R) ) -kbT
ln(F(R)/Fmax), were kb denotes the Boltzmann constant,T
denotes the temperature, andFmax denotes the estimated
density maximum. The conformationsk of the model
peptides correspond to the local minima of the FES (56, 57).
To account for the hierarchy of subconformations and
conformations, we constructed a scale space of successively
smoothened FES by convolving the model density with a
Gaussian of varying widthσ. On each scaled FES, we
employed a gradient descent to detect all local minima and
hence the numberN(k;σ) and the prototypical geometries
Rk of all conformationsk ) 1, ..., N(k;σ) at the chosen
resolution. Finally, each peptide geometryR encountered in
the time series was classified by the same method as
belonging to one of the conformationsk found at a selected
resolution.

Characterization of Conformations by Character Strings.
Each conformational ensemblek is described by a string of

sevenR’s andâ’s, derived from a classification of each of
the seven non-Gly amino acid residues as being of either
predominantlyR-helical orâ-strand geometry. A residue is
classified asR helical, if theψ dihedral angle at its CR atom
is in the range between-130° and 25°, and classified asâ
strand otherwise. A bold letter denotes a secondary structure
motif that is conserved in more than 95% of all structuresR
associated to a given conformationk, whereas a gray letter
indicates a local geometry that is found only in the simple
majority of the associated structures. The residue Gly has
been omitted from this classification because of the high
flexibility of the peptide backbone at the corresponding CR

atom.
Principal Component Analysis (PCA) of Peptide Geom-

etries in Angular Space.To identify those directions in the
16-dimensional angular configuration space, along which the
cis and trans geometries of a given peptide may be discern-
ible at best, we applied a PCA to data sets of peptide
geometriesR, which were obtained by combining the cis
and trans trajectories. The well-known PCA method identifies
those directions in high-dimensional data spaces, which are
connected with the largest variances of the data. To formulate
a PCA for circular variablesR, we used

as one of the possible definitions (43, 58) for the covariance
matrix C. Here,〈...〉 stands for the average over the dataset,
whereasRj i denotes theith component of the circular average
(58) of the feature vectorr. The principal components
represent the desired directions and result from a diagonal-
ization of C as the eigenvectors to the largest eigenvalues.

ObserVables for Comparison of MD Trajectories with
NMR Raw Data.For comparison with NMR distance
restraints derived from observed NOEs, we have calculated
global and conformation-specific proton-proton interaction
distancesdij from the MD trajectories as follows. After
assigning each structure sampled by MD to one of the
prototypical conformationsk extracted from the trajectories,
we have calculated the conformation-specific interproton
distance distributionspk(rij) as histograms and the statistical
weightsPk of the conformations by simple counting. The total
distance distributionp(rij) is then obtained as a suitably
weighted sum overpk(rij). Because the NOE is a dipole-
dipole interaction, we have calculated interaction distances
dij from these distributions by the prescription

where the brackets〈...〉 denote either conformation-specific
or global expectation values referring topk(rij) or p(rij),
respectively (see refs25 and59 for an explanation of this
prescription).

RESULTS AND DISCUSSION

MD Time Series Indicate a Conformational Dynamics.As
an example for the raw data that were collected during the
MD simulations, Figure 2 shows the time series (gray) of
two dihedral angles in the backbone of the model peptide
cis-cAPB (see Figure 1). Parts of the time series are color-
coded pointing to the three backbone conformations of lowest
free energy, which were determined by gradient descent on

Ci,j ) 〈sin(Ri - Rj i)sin(Rj - Rj j)〉

dij ) 〈r-6
ij〉

-1/6
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the scaled maximum likelihood estimate∆G(R) of the FES
using the method introduced above and are depicted in Figure
7. In accordance with Figure 2, frequent jump-like transitions
on the subnanosecond time scale take place at the angleψ
of residue Cys 2, whereas the corresponding angle of residue
Thr 4 exhibits longer periods of relative stability. Concerning
the three color-coded conformations of low free energy,
according to Figure 2A, the angleψ at Cys 2 does not
contribute to their distinction. In contrast, Figure 2B shows
that the angleψ at Thr 4 separates the green conformation
from the blue and red conformations. Altogether, Figure 2
demonstrates that the MD simulations sample a variety of
meta-stable conformations of the model peptides.

Ramachandran Projections of the FES.A first insight into
the structural ensembles of the three model peptides is given
by Figure 3, which presents the free-energy landscapes
(FESs) computed from the 500 K equilibrium MD trajec-
tories. To enable two-dimensional representations of the 16-
dimensional FES, Ramachandran plots, i.e., projections onto
the eight pairs of backbone dihedral angles, are used. In each
subfigure, the FES of the cis (red) and trans isomers (blue)
are superimposed to enable a direct comparison and an
assessment of the effect that the isomerization of the
azobenzene dye has on the peptide backbone. Within the
FES ofcis-cAPB (Figure 3A, red), two energy minima exist
for all residues except for the highly flexible Gly 7. In
accordance with the classification scheme of conformations
by seven-character strings introduced in the Materials and
Methods, we denote an energy minimum withψ in the range
of approximately-130 to 25° as beingR-helical and a
minimum with values ofψ in the vicinity of 170° as of
extended orâ-strand geometry. Obviously, from the FES of
cis-cAPB neither pureR-helical nor pureâ-strand secondary-
structure motifs can be deduced for the peptide backbone.
In particular, conclusions on the structures of the underlying
meta-stable conformations cannot be obtained, because the
projected FES shown here lack all information concerning
the correlation between the coordinates of different residues.
Yet Figure 3 allows a first comparison between the energy

landscapes of the isomeric states of cAPB. Here, for the trans
isomer (Figure 3A, blue), a structural variability is observed
only at the residues Cys 2, Asp 6 and Phe 8, whereas the
residues 3-5 are locked in an extendedâ-strand configu-
ration. Thus, Figure 3A demonstrates that in the model
peptide cAPB a switching of the azobenzene dye strongly
changes the free-energy landscape of the peptide backbone.

A comparison of parts A and B of Figure 3 allows an
assessment of the effect of the inclusion of the methylene
spacer into the cyclic peptides (see Figure 1). The FES of
cis-cAMPB closely resembles that ofcis-cAPB. On the other
hand, the spacer loosens the restrictions imposed on the
peptide moiety by the trans chromophore, as can be seen by
the appearance ofR-helical geometries at the residues 3-5
of trans-cAMPB (Figure 3B, blue).

Next, Figure 3C suggests that the closure of the disulfide
bridge in bcAMPB (see Figure 1) leads in both isomers to a
pronounced stiffening of the peptide backbone at the residues
2-4, whose geometry exhibits no variation at all except for
thermal fluctuations. Therefore, in the case of bcAMPB, the

FIGURE 2: Time series (gray) for two backbone dihedral angles of
cis-cAPB obtained by the MD simulation. Colors classify those
parts of the MD trajectory, which belong to the three conformations
of lowest free energy shown in Figure 7.

FIGURE 3: Ramachandran plots of the energy landscapes derived
by maximum likelihood density estimatesF(R) from the MD
simulations. For all three model peptides and both for the cis (red)
and trans (blue) isomers, the free energy is shown as a function of
the backbone dihedral anglesφ andψ. Contours represent 1 kcal/
mol.

4832 Biochemistry, Vol. 44, No. 12, 2005 Carstens et al.



ability of the chromophore to influence the conformational
space of the backbone moiety is quite limited.

In summary, Figure 3 demonstrates that the method
employed for a statistical data analysis of MD trajectories
is capable of generating a smooth, analytical, and generalized
representation of the FES. Furthermore, first insights into
conformational properties of the different model peptides
could be deduced from the two-dimensional Ramachandran
projections of the FES.

But, as pointed out above, the projections of the FES used
in Figure 3 neglect all correlations between the dihedral
angles of different residues. A method to identify such
correlations is the PCA. The PCA has frequently been
employed before to analyze MD trajectories (60-64).
However, to our knowledge, an application of the PCA to
circular data spaces spanned by angular variables has not
yet been presented before. In the Materials and Methods,
the PCA is formulated for this case. When applied to each
of the model peptides, a PCA of the dataset{R}, which
combines the cis and trans trajectories, should detect those
directions in the 16-dimensional space of dihedral angles,
which best separate the conformational spaces of the two
isomers.

Principal Component Projections of the FES.Figure 4
shows the projections of the estimated FES (cis in red and
trans in blue) on the first two principal components for each
member of the family of model peptides. Both contour plots
(left) and pseudo-3D surfaces (right) are presented. Further-
more, the locations of the conformations, which were
identified by gradient descent as described further below and
are numbered according to increasing free energy, are
indicated by filled circles.

In Figure 4A an extended energy landscape is observed
for cis-cAPB, in which the local minimum corresponding
to the conformation of lowest free energyG is separated by
a barrier of approximately 1 kcal/mol from a broad basin
comprising the other conformations. In contrast, the projected
FES of trans-cAPB is more compact and contains only a
single global minimum corresponding to only one conforma-
tion. Together with the observation that the centers of the
two FES or, equivalently, probability distributions are
actually separated by the collective coordinates given by the
first two principal components, Figure 4A again shows that
the isomeric state of the chromophore shapes the conforma-
tional landscape of the model peptide cAPB.

On the basis of this result, Figure 4B confirms the earlier
observation that the inclusion of the methylene spacer into
the peptide cAMPB leads to a relaxation of the restrictions
imposed on the trans isomer by the chromophore; the
principal component projection of the corresponding FES
(blue) is more extended than in the case oftrans-cAPB, and
a second local minimum indicating an alternative conforma-
tion appears. Moreover, a stronger overlap between the cis
and trans FES is observed for cAMPB than for cAPB.

As is apparent also in the principal component projection,
the closing of the disulfide bridge in bcAMPB (Figure 4C)
has the strongest impact on the FES of the peptide, which
becomes highly rugged for both isomers exhibiting high
barriers between the different conformations. Because the
two projected cis and trans FES fully overlap and are equally
extended, one can conclude that for bcAMPB the cis-trans

isomerization of the chromophore can only marginally alter
the FES of the peptide backbone.

Identification of Conformations by Hierarchical Cluster
Analysis.Even though the two-dimensional projections of
the FES shown in Figures 3 and 4 give some insights into
the range and topology of the conformational landscapes of
the various peptides, a thorough exploration of the FES and
hierarchy of conformations cannot be derived from these low-
dimensional projections. Therefore, Figure 5 presents, as a
function of a spatial scaleσ, the respective number of
conformations that were detected in the correspondingly
smoothened 16-dimensional FES by the gradient descent
approach introduced in the Materials and Methods.

At large values of the smoothening scaleσ, each of the
FES exhibits only a single minimum, which marks the
average backbone structure. Therefore, all curves in Figure
5, when followed from right (strong smoothening and low
resolution) to left (diminished smoothening and high resolu-
tion of the FES), start at the value one. Correspondingly,
the decrease of the scaleσ and the correspondingly better
resolved representations of the FES lead to the identification
of successively more local minima, i.e., conformations. Here,

FIGURE 4: Projection of the high-dimensional energy landscapes
onto their first two principal components. Both contours, represent-
ing 0.5 kcal/mol each, and pseudo-3D plots are shown for the cis
(red) and trans (blue) isomers. Filled circles with numbers indicate
the geometries of the conformations presented in Figure 6.
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broadσ intervals, in which a constant number of conforma-
tions is detected, indicate well-defined and stable sets of
conformational substates. In Figure 5A, examples are the
partitioning of the FES ofcis-cAPB (s) into two or eight
conformations and the prevalence of a single conformation
for trans-cAPB over a wide range of the scaleσ (- - -).
Furthermore, the relative shapes and positions of the two
curves enable another estimate for the influence of the
chromophore isomerization on the conformational landscape
of the peptides: while in the case of cAPB, the splits of the
cis and trans isomers into many separate conformations take
place at strongly different values of the scaleσ, the cis and
trans curves for cAMPB (Figure 5B) are less differentiated.
Additionally, the shift of the conformational splitting to
smaller values ofσ observed in Figure 5C indicates once
again the compactness of the FES of the two isomers of
bcAMPB.

Because a discussion of all molecular structures associated
with all conformations detected at all spatial scales is not
feasible, we have chosen a single scale for each of the three
peptide species for further discussion. This somewhat
arbitrary choice is indicated in Figure 5 and was guided by
the aim to select similar scales, stable sets of conformations,
and a low total number of molecular structures.

Comparison of MD Conformations and NMR Structures.
Figure 6 presents these prototypical MD conformations and
enables a comparison with the NMR structures. The NMR

structures of cAPB and cAMPB shown here have been
reported before (38, 39), while the refined structures for
bcAMPB represent a new result derived from the NMR
measurements described above. In fact, an initial disagree-
ment between our MD results and published NMR structures
inspired us to a refinement using NMR data recorded at
higher magnetic field strength. The thus obtained NMR data
of higher quality agree much better with the MD ensembles.

In Figure 6A, the MD conformations are drawn using a
tube representation for the peptide backbone and the azoben-
zene dye. The employed gray scale is given in the lower
left corner of the figure and indicates the relative free
energies of the conformations as calculated from their relative
populations within the MD trajectories. To align the molec-
ular structures, a root-mean-square deviation fit on the
average structure was performed.

Starting with the model peptidetrans-cAPB, Figure 6
reveals a certain agreement between the MD and NMR
structures. In accordance with both results, the azobenzene
dye enforces an elongated geometry of the peptide backbone
that has no conformational freedom left. Only for the
orientation of the phenyl rings of the chromophore is a
striking difference between the experimental and simulated
structures quite obvious. However, experimental NMR data
contain no information on the orientation of the phenyl rings
of the azobenzene moiety. On the NMR time scale (slower
than milliseconds), the rings may rotate so that protons from
opposite sides are magnetically equivalent. In the NMR
structure calculations, they are represented by pseudoatoms,
which are located on the rotation axis of the rings such that
the corresponding constraints do not directly influence the
final ring orientation. Because the force field and the
molecular model employed in these NMR structure calcula-
tions are much less sophisticated than those of the uncon-
strained MD simulations, different orientations are not
surprising. For instance, the MD simulations include a
microscopic model for the solvent, whereas the NMR
refinement force field applies a continuum description.

For the cis isomer of cAPB, the MD simulations predict
a helical conformation (black) as the state of lowest free
energy, which also appears in the NMR structures. The other
seven MD conformations identified by gradient descent on
the 16-dimensional FES display varying geometries, which
include looplike backbone arrangements in various parts of
the peptide. This high variability ofcis-cAPB is not evident
in the NMR structures, whose ensemble appears to be more
compact.

As discussed before, the inclusion of the methylene spacer
into cAMPB loosens the restrictions on the peptide backbone
exerted by the trans chromophore. In accordance with the
NMR structures (Figure 6B,trans-cAMPB), this loosening
leads to a helical arrangement of the peptide and a bent
geometry of the azobenzene dye. In contrast, the correspond-
ing MD results still predict an extendedâ strand for the
peptide in the main conformation (black). Here, in compari-
son totrans-cAPB, the appearance of a second conformation,
in which the peptide backbone exhibits an additional turn,
points toward the increased flexibility. In accordance with
the MD results and in contrast to the NMR structures, the
trans chromophore is planar in both conformations.

The NMR structures ofcis-cAMPB are mostly helical and
again very compact, whereas MD predicts conformations of

FIGURE 5: Numbers of conformations identified by gradient descent
on the smoothened 16-dimensional FES as a function of the spatial
scaleσ used for smoothening. The vertical line indicates for each
member of the family of model peptides the scale that was chosen
for the detailed analysis of the conformational ensemble. The
numbers of conformations identified at this selected scale are given
in the insets.
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a very large variability, which is even larger than incis-
cAPB. Thus, for both isomers of the very flexible cAMPB
peptide, notable differences exist between the freely simu-
lated and experimentally derived structures. For this peptide,
the NMR analysis was hampered by the existence of multiple
minor conformations overlapping with the dominant major
conformation. While the NMR NOE data of cAMPB still
agree with the MD ensembles (see below), it appears that
for this peptide conventional NMR structure calculations do
not lead to realistic conformational ensembles in both
isomeric forms.

For the bcAMPB peptide, however, whose conformational
space is strongly restricted by the disulfide bridge, the MD
conformations and the newly presented NMR structures agree
quite well. Both methods give similar molecular geometries
and predict conformational ensembles, in which the cis
isomer exhibits a flexibility that is only marginally larger
than that for the trans isomer.

Summarizing the comparisons depicted in Figure 6, we
may state that the differences between the simulated and
experimentally derived structures of the peptide backbone
increase with increasing flexibility of the peptide. They are
quite small for the bcAMPB peptide, which is strongly
restrained by the disulfide bridge in both isomeric states,
and for the trans-APB peptide, in which the elongated
chromophore and its stiff linkage to the peptide enforces an
extendedâ-strand conformation. They become larger for
trans-cAMPB because of its flexible methylene spacer
between the chromophore and the peptide and become
notably large forcis-cAPB andcis-cAMPB, in which the

cyclization with the bent cis chromophore poses hardly any
constraints to the peptide conformations. Here, in particular,
the backbone structures predicted by NMR refinement are
much more compact than the conformations sampled by MD.
Furthermore, the geometry and orientation of the chro-
mophore is described differently by the two approaches,
particularly in the case of thetrans-cAPB andtrans-cAMPB
peptides.

Concerning the structure of the peptide backbone, an even
more detailed insight into the differences between the MD
and NMR results can be obtained, if one analyzes the various
MD conformations individually one by one. For this purpose,
we concentrate on the example of the quite flexiblecis-cAPB,
in which these differences were seen to be particularly
pronounced.

MD Conformations of c-APB. Figure 7 provides an
overview over the individual conformations of cAPB, which
have been extracted as prototypical structures from the MD
trajectory. Also shown are sets of structural snapshots
randomly selected from the MD trajectory, which belong to
the respective conformations. The sizes of these snapshot
sets are chosen according to the statistical weights of the
conformations in the ensemble and are kept low enough as
to enable a visual distinction. In addition, each conformation
is characterized by a seven-character string coding the local
geometry of the peptide at the CR atoms of the non-Gly
residues, whereR stands for a localR helical andâ stands
for a local â-strand-type geometry (see the Materials and
Methods for details particularly concerning the meaning of
bold characters).

FIGURE 6: (A) Peptide conformations derived from the MD simulations. The peptide backbone is represented by a tube connecting the CR
atoms, while the gray level indicates the relative free energy of the respective conformation (see the scale in the lower left corner). The
plots were generated using VMD (66). (B) Structures from the NMR refinement as published before for cAPB (38) and cAMPB (39). The
structures for bcAMPB are new results presented here.
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The first conformation (blue) ofcis-cAPB is essentially
helical, as can be seen by inspecting Figure 7 and is
confirmed by the characterizing stringRRRRRRâ. Thus, the
nativeR-helical structure of the octapeptide within the protein
thioredoxin reductase is essentially preserved within the
cyclic APB peptide as long as the azobenzene chromophore
is in its bent cis-isomeric state. A close inspection of the
various molecular snapshots (gray) associated with confor-
mation 1 reveals two subconformations that differ in the
vicinity of the residues 5-8. At a finer scale of our
conformational analysis, the blue conformation will thus split
into these two subconformations.

Considering the prototypical structures of the next and
slightly less populated conformations 2 and 3 identified in
the MD trajectory ofcis-cAPB, which in Figure 7 are marked
by green and red colors, respectively, we immediately see
that they are more extended than conformation 1. Conforma-
tion 2 is characterized by the stringRâââRRâ and exhibits
a turn-like geometry at the residues 5 and 6, directed into
the direction of the observer. A similar feature can be
observed in conformation 3, whose characterizing string
RââRRâR assigns the turn to the residues 4 and 5 and thus
locates that turn at a larger distance from the azobenzene
moiety. The remaining MD conformations 4-8 are less and
less populated and have varying looplike structures. For
instance, the characteristic stringRââRRââ of conformation
4 shows that this conformation differs from the red confor-
mation 3 essentially by aR f â transition at Phe-8.

A comparison of the cAPB conformations predicted by
MD and depicted in Figure 7 with the corresponding NMR
structures shown in Figure 6 now reveals that solely the
compact MD conformations, i.e., the blue conformation 1
of cis-cAPB and the single conformation oftrans-cAPB,
resemble the corresponding NMR structures. In contrast, the
remaining extended looplike MD conformations ofcis-cAPB
find no correspondence among the NMR structures. This
conformation-local statement on the similarity between
compact MD conformations and NMR structures sharpens
our previous observation stated in connection with Figure
6, where we had seen that the mechanically constrained and
correspondingly compact MD conformations of the bicyclic
peptide bcAMPB agree quite well with the associated NMR
structures.

Reasons for Structural Differences. Now the question on
the causes of the thus characterized structural differences
must be addressed. Here, one could first speculate that the
occurrence of extended looplike structures in MD and their
absence in NMR is due to the different thermodynamic
conditions at which the respective ensembles have been
obtained. The MD conformations were sampled at a tem-
perature of 500 K, whereas the NMR data were obtained at
295 K and at a 17% larger density (see the Materials and
Methods), suggesting that in MD the folding of the peptide
into compact conformations may be prevented by the high
temperature. Admittedly, the elevated temperature and
reduced density applied in our MD simulation to achieve a
more rapid sampling of the conformational space will
contribute to the stated structural differences. However, these
altered thermodynamic conditions cannot explain the struc-
tural differences completely or to the largest part. For an
explanation consider, e.g., the free energies of the extended
and looplike conformations 2 and 3 ofcis-cAPB, which are
less thankbT (1 kcal/mol) larger than that of the energetically
most favorable andR-helical conformation 1 (cf. also Figure
6). If these free-energy differences were exclusively due to
different entropies of the conformations, then a temperature
reduction from 500 to 300 K would leave their relative
populations invariant. This scenario is plausible, because the
characterizing strings of the three conformations displayed
in Figure 7 suggest that conformations 2 and 3 are more
rigid than conformation 1, because they have one thermally
flexible ψ angle (normal face symbol) less. On the other
hand, if the free-energy differences were due to different
enthalpies of the conformations, then the 17% density
increase upon temperature reduction would lead to corre-
sponding enthalpy increases, because the contributing binding
interactions are distance- and, therefore, density-dependent.
Correspondingly, one can expect the free-energy differences
to increase by about the same percentage. However, because
according to MD the free-energy differences are smaller than
1 kcal/mol at 500 K, the conformations 2 and 3 will be
populated also at 295 K.

Next, one might suspect that errors in the peptide force
field, in the solvent model, or in the treatment of the
electrostatics used in the MD simulation favor unphysical
conformations, here. To answer this question, one should

FIGURE 7: Three main conformations of cAPB (thick tubes) and associated structures from the MD simulations (thin tubes). As explained
in the Materials and Methods, each conformation is described by a string ofR’s andâ’s, derived from a classification of each of the seven
amino acid residues (excluding the Gly) as being either ofR-helical orâ-strand geometry.
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check whether the calculatedensembleof MD conformations
is compatible with theraw NMR data (e.g., the interproton
distance restraints derived from the observed NOE intensi-
ties), from which the NMR structures were calculated by
simulated annealing.

Comparison of MD Trajectory with NMR Data.To carry
out such a check, we have evaluated the interproton distances
rij for each structure sampled by the MD trajectories, assigned
each of these structures to one of the prototypical conforma-
tions k extracted from the trajectories, and calculated the
conformation-specific distance distributionspk(rij) as well as
the total distance distributionsp(rij) from these data. Using
these distributions, we have finally calculated effective
proton-proton interactions distancesdij ) 〈r-6

ij〉-1/6 as
described in the Materials and Methods. The Supporting
Information compares for each isomeric state of the three
model peptides the NMR restraints with the conformation-
specific and total MD interaction distances.

As an example, Figure 8 shows forcis-cAPB the time
series of five selected interproton distances and the distribu-
tionspk(rij) of these distances for the three conformationsk

highlighted by color coding as in Figure 7. For comparison,
the corresponding upper distance limitsdij ,max derived from
the NOE intensity (- - -) and the MD interaction distances
dij obtained from the total distance distributionp(rij) (s) are
shown in each graph. Although in principle the absence of
an NMR NOE signal could also contain useful information,
it has turned out from many structural NMR studies that
lower bounds are very difficult to establish with accuracy.
For purely technical reasons related to the acquisition of the
NMR spectra as well as because of intrinsic properties of
the given peptide (local dynamics and conformational
fluctuations), NOE signals can be considerably attenuated
or even completely absent despite spatial closeness of
hydrogen nuclei. Therefore, lower bounds were not consid-
ered in our case.

A first glance at the locations of the horizontal lines in
the graphs at the left of Figure 8 (and at the vertical lines at
the right) immediately reveals that in all cases the MD
interaction distancesdij are smaller than the corresponding
upper NMR distance limitsdij ,max. Therefore, the total MD
ensemble is very well compatible with the raw NMR data
in all shown cases despite the fact that the refined NMR
structures ofcis-cAPB are much more compact than the
conformations and peptide structures sampled by MD (cf.
Figures 6 and 7).

This remarkable result raises the questions of how such
an excellent agreement can arise and what it tells us about
the occurrence or nonoccurrence of the open-loop structures
predicted by MD and apparently suppressed by the simulated
annealing technique applied in NMR refinement. These
questions find different answers for each of the five observ-
ables depicted in Figure 8, which makes a detailed discussion
necessary.

Consider first the topmost graphs referring to the NOE
distance restraint number 2, which measures the distance
between one of two equivalent protons (H1/H5) at one of
the phenyl rings in the azobenzene dye (cf. Figure 1) and
the amide proton HN of the attached alanine residue. Because
the covalent linkage between Ala-1 and the APB chro-
mophore involves only one torsional degree of freedom, this
distance is fixed by the covalent structure and the distance
restraint must be trivially fulfilled for all conformations and
any reasonable MM force field. Correspondingly, the three
conformation-specific distance distributionspk(rij) closely
overlap, and the matching of the NMR distance restraint
solely confirms that the MM modeling of the covalent
linkage is reasonable. No additional structural information
is gained in this case.

Consider next the distance distributionspk(rij) associated
with NOEs number 8 and 10. In both cases, the total
distribution p(rij) is bimodal exhibiting one peak at small
distances, which is associated with two of the three low-
energy conformations and one at large distances, which
belongs to the remaining conformation. Both NOEs refer to
neighboring residues, and the corresponding interproton
distance strongly depends on the local geometry of the first
of the two consecutive residues.

NOE 8 pertains to the residue pair Ala-3-Thr-4 and is of
type dRN. Here,dRN < 3 Å indicates an extended geometry
and larger values for a helical geometry at Ala-3 (8). In
accordance with the classifying strings displayed in Figure
7, the green and red conformations are extended, whereas

FIGURE 8: Five atom distancesrij, as observed in the unconstrained
MD simulation of cis-cAPB, are compared to the corresponding
NMR-derived interproton distance restraints (38) (NOEs character-
ized by “NOE number residue 1:proton-residue 2:proton”; for
the numbering of the APB protons, see Figure 1). Time series of
the distancesrij (left) and plots of the conformation-specific distance
distributions pk(rij) (right) are shown. Colors code the three
conformationsk highlighted in Figure 7. (- - -) NMR upper limits
dij ,max. (s) Trajectory averagesdij ) 〈r-6

ij〉-1/6.

MD Simulations of Multiple Loop Conformations Biochemistry, Vol. 44, No. 12, 20054837



the blue conformation isR helical at Ala-3. Correspondingly,
the closely overlapping green and red distance distributions
peak near 2.4 Å, and the dominant blue distributionp1(rij)
is centered at about 3.6 Å. Nevertheless, the distance restraint
d < dmax ≈ 2.81 Å is fulfilled by the ensemble, because the
strong short-distance bias of the NOE interaction distance
averaging (d ) 〈r-6

ij〉-1/6) implies that a sizable admixture
of conformations with aâ-strand geometry at Ala-3 suffices
for this purpose. In the NMR refinement, however, the
inclusion of this distance restraint into the NMR refinement
will exclusively and, therefore, erroneously enforce aâ-strand
geometry at Ala-3.

The NOE 20 refers to the residue pair Thr-4-Cys-5 and is
of type dNN, which has simply the reverse distance depen-
dence; i.e., valuesdNN < 3 Å indicate anR-helical geometry
(like in the blue and red conformations) and larger values
of an extended geometry (like in the green conformation) at
Thr-4. Interestingly, also a quite strong NOE of typedRN is
observed for this residue pair (NOE 14, see the Supporting
Information), which (i) means that in this case the NMR
refinement is fed with conflicting structural information and
(ii) confirms the conformational variability described by MD.

As opposed to the NMR data discussed so far, the NOEs
12 and 16 (cf. the lower part of Figure 5) report on true
through-space distances between peptide residues and equiva-
lent phenyl protons at the APB chromophore and, thus, carry
information about the compactness ofcis-cAPB. Here, the
MD simulations predict very broad distance distributionspk-
(rij), and nevertheless, the distance restraints are fulfilled by
the ensemble. Only the helical conformation 1 has a short-
distance peak for NOE 12. For both NOEs, the rare
occurrence of short distances during the dynamics suffices
for generating an NMR signal, because of the short-range
bias of the NMR distance sampling. If the corresponding
distance restraints are fed into the refinement, it will
preferentially (and erroneously) generate compact structures.
Furthermore, it will always try to impose all restraints to
each individual structure and will neglect the fact that solely
the whole conformational ensemble has to fulfill all restraints.

As documented in the Supporting Information, the MD
ensemble ofcis-cAPB fulfills 39 of the 41 observed NOE
distance restraints. The two violated restraints belong to the
proton pairs Thr-4:Hγ1-Asp-6:Hâ1/2 and involve the only
exchangeable OH proton Hγ1 at Thr-4, which is found in
the peptide. Because of small concentrations of water
remaining in our DMSO solutions, proton exchange from
the Thr-4-OH group to a nearby water molecule solvating
Asp-6 cannot be excluded, which would lead to artificially
enhanced intensities of the corresponding NOEs. Thus, the
MD ensemble ofcis-cAPB conformations is very well
compatible with the NMR data despite the different tem-
peratures used in the respective samplings. Please note that
many more proton pairs than 41 give rise to NOE signals in
the NMR spectra but only for 41 of those does the NOE
signal not overlap with any other resonance of the spectrum,
allowing for proper conversion into a spatial distance.

As a result of this quite detailed analysis, we are now able
to answer the questions voiced above as follows: If a mixture
of compact and open-loop structures, as predicted by MD
for flexible peptides, is present in an NMR sample, the open
structures become invisible because of the short-distance bias
of the NOE. Thus, the main reason for the significant

differences between the MD conformations and the NMR
structures apparent in Figure 6 is the silent and, in the case
of flexible peptide loops, erroneous assumption underlying
the common NMR refinement procedures that the investi-
gated peptide has only a single conformation (9-18). As
soon as this assumption is violated, NMR will predict
artificially compact and partially unphysical structures (31,
32).

We would like to add that a similarly detailed analysis
(43) of all of the MD and NMR data presented in the
Supporting Information confirms this conclusion while giving
additional insights into the effects of the temperature
difference as well as into defects of the force fields employed
in NMR refinement and MD sampling, respectively. How-
ever, these issues are well beyond the scope of this paper.

CONCLUSION

We have shown that small cyclic and bicyclic peptides
can exhibit highly complex conformational dynamics, if the
mechanical constraints imposed by the ring closures are not
too severe. Then, they can serve as valuable models for
biologically active surface loops where variable degrees of
flexibility seem to serve for fine tuning and adjusting affinity
and selectivity toward the ligand or receptor.

For a set of mechanically less constrained peptides,
comprising mainly the cases ofcis-cAPB andcis-cAMP, we
have demonstrated that unconstrained MD simulations can
not only reproduce the raw NMR data but also can yield a
more detailed and more accurate insight into the conforma-
tional preferences than conventional NMR structure calcula-
tions, which cannot reproduce multiple open-loop structures
occurring together with compactly folded structures.

A sophisticated cluster analysis proved essential for the
mapping of the conformational free-energy landscape. While
still being limited to small systems of a few amino acids
and requiring special measures for a statistically significant
sampling of the conformational space, unconstrained MD
simulations can give for the experimentally difficult but
biologically relevant cases of flexible peptide loops better
and more realistic views of the structural properties than the
usual NMR-based structure calculations.

Clearly, our brute force approach of using a strongly
elevated temperature to enforce a statistically meaningful
sampling of the conformational space is suboptimal and
should be replaced by physically more appropriate sampling
methods such as replica exchange (e.g., see ref65).
Nevertheless, despite the corresponding temperature mis-
match, the conformational ensemble sampled by MD turned
out to be compatible with the NMR data. Experimental data
are still required to check and improve theoretical descrip-
tions. They allow the monitoring of slow processes that occur
on time scales, which currently are beyond the reach of
simulations because of computational limitations.

SUPPORTING INFORMATION AVAILABLE

Six tables listing NOE distance restraints measured for
cis/trans-cAPB, -cAMPB, and -bcAPMB and global as well
as conformation-specific interaction distances derived by
MD. This material is available free of charge via the Internet
at http://pubs.acs.org.
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Kühn, K., Eds.) pp 101-113, Springer-Verlag, Heidelberg,
Germany.

3. Yu, H., Rosen, M. K., Shin, T. B., Seidel-Dugan, C., Brugge, J.
S., and Schreiber, S. L. (1992) Solution structure of the SH3
domain of Src and identification of its ligand binding site,Science
258, 1665-1668.

4. Tang, K. E. S., and Dill, K. A. (1999) How experiments see
fluctuations of native proteins: Perspective from an exact model,
Int. J. Quantum Chem. 75, 147-164.

5. Feher, V. A., and Cavanagh, J. (1999) Millisecond-time-scale
motions contribute to the function of the bacterial response
regulator protein Spo0F,Nature 400, 289-293.

6. Colson, A. O., Perlman, J. H., Smolyar, A., Gershengorn, M. C.,
and Osman, R. (1998) Static and dynamic roles of extracellular
loops in G-protein-coupled receptors: A mechanism for sequential
binding of thyrotropin-releasing hormone to its receptor,Biophys.
J. 74, 1087-1100.

7. Hynes, R. O. (2002) Integrins: Bidirectional, allosteric signaling
machines,Cell 110, 673-687.
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