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Peptide Folding: When Simulation Meets
Experiment
Xavier Daura, Karl Gademann, Bernhard Jaun, Dieter
Seebach, Wilfred F. van Gunsteren,* and Alan E. Mark

The last two decades have seen the horizons of science and
engineering being expanded greatly by the use of computer
simulation techniques. In particular, computer simulation is
the method of choice to study processes that are dangerous,
costly, or even impossible to carry out experimentally, or that
are of microscopic nature and thereby partially inaccessible to
detailed observation. Molecular dynamics (MD) simulations,
in which Newton�s equations of motion are integrated to
reproduce the time evolution (trajectory) of the atoms in a
system, are widely used to study dynamic processes in
biomolecular systems at atomic resolution.[1]

The ultimate goal of any simulation is to characterize and
predict the behavior of real systems. Whether this goal is
achieved depends on the quality of the model used and the
computational power available. No model is an exact
representation of the real system. All models must be verified,
normally by comparison to experimental data. In the case of
simulations aimed at understanding the mechanism of peptide
or protein folding, verification represents a significant chal-
lenge. First, the dynamics of individual atoms during the
process of folding cannot yet be directly observed exper-
imentally. Experimental data at atomic resolution is only
available for equilibrium distributions of conformations under

generation of heat and no formation of a complex, consistent
with the observations noted above. Upon addition of
AgO3SCF3 to solutions of 3, heat was evolved (ca.
16 kcal molÿ1) until two equivalents of metal were added.
This is consistent with the formation of complex [3 ´ Ag2]2�.
The addition of AgO3SCF3 to dodecamer 4 also resulted in the
generation of heat, but no defined end point was reached due
to the lower association constant. These results indicate that
the addition of phenylacetylene segments that cannot bind
metals to 2 allows for metal ± ligand coordination to occur and
shows that solvophobic interactions play a role in the metal-
induced formation of the helical structure.

In conclusion, our results demonstrate that the oligomer
sequence 1 can be modified to tightly and selectively bind
metal ions in the internal cavity of a helical structure. The
strength of metal ion binding appears to be derived from a
combination of solvophobic interactions that favor the helical
structure along with the more usual metal ± ligand interac-
tions.
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specific conditions. Second, the time scale on which the
relevant biomolecular systems can be simulated in atomic
detail is currently on the order of picoseconds to nanoseconds,
while the lower limit for proteins as well as most peptides to
fold is believed to be microseconds. Third, the process of
peptide folding involves many (peptide and solvent) degrees
of freedom and is governed by small (free) energy differences,
on the order of a few multiples of kBT (kB�Boltzmann�s
constant), which puts very high demands on the accuracy of
the atomic interaction function and model that is used.

Here we show that reversible folding of peptides in solution
in atomic detail has come within the reach of computer
simulation. This is especially useful since peptides are highly
flexible molecules for which little structural information can
be obtained by experiment. Yet, their structures are highly
relevant to their interactions in living organisms.

We present MD simulation studies on the folding of two b-
peptides. b-Peptides are nonnatural peptides composed of b-
amino acids (R4-NH-CbHR3-CaHR2-CO-R1).[2] They have
recently attracted much attention due to their potential use
as peptide mimetics which are stable to peptidases and whose
conformation can be tuned by altering the position of the side
chain.[2±6] The b-peptides studied were the b-heptapeptide 1
and the b-hexapeptide 2.

H-b3-HVal-b3-HAla-b3-HLeu-(S,S)-b3-HAla(aMe)-
b3-HVal-b3-HAla-b3-HLeu-OH 1

H-b2-HVal-b3-HAla-b2-HLeu-b3-HVal-b2-HAla-b3-HLeu-OH 2

In 1 all side chains are in position R3 (except for residue
number four, which is methylated at both R3 and R2

positions), while in 2 the side chains alternate between
positions R2 and R3. In methanol and pyridine, 1 adopts a left-
handed helix (hydrogen bonds between residues i and i� 2)
consisting of three residues per turn (31-helix), in which the
amide C�O bonds point in the direction of the N terminus
(Figure 1 a).[3] In the same solvents, 2 predominantly forms a
right-handed helix (hydrogen bonds between residues i and
i� 1, and between i and iÿ 3) in which the amide C�O bonds
point alternately up and down the helix axis (Figure 1 b, c).[4, 5]

The folds of the b-hepta- and b-hexapeptides were modeled
based on NMR data.[3±5] Slightly different structures for 2 in
methanol (Figure 1 b) and in pyridine (Figure 1 c) were
inferred. The NMR data obtained in pyridine could be fitted
by a model in which the b-hexapeptide forms a regular helix
with hydrogen bonds NH(3)ÿO(4), NH(4)ÿO(1), and
NH(6)ÿO(3). A hydrogen bond is here considered to exist if
the proton ± acceptor distance is less than 0.25 nm and
the donor-proton-acceptor angle is greater than 1358. To
simultaneously satisfy all the distance constraints derived
from the 34 NOEs detected in methanol, the b-hexapeptide
is forced to adopt a distorted helix containing just one
hydrogen bond, NH(4)ÿO(1) (Figure 1 b). Three of the
34 NOEs are responsible for this distortion. The root mean
square difference (RMSD) in atom position between the two
model structures (Figures 1 b, c) is 0.07 nm (backbone, resi-
dues 2 ± 5).

For several reasons, these systems are well suited for the
study of peptide folding by MD simulation. First, although the
time scale on which they fold in methanol is not known
experimentally, in simulations these peptides fold on a time
scale of nanoseconds. This is fast when compared with small
helix-forming a-peptides in aqueous solution.[7] Second,
methanol has a lower density than water, making it a

computationally less expensive solvent (by
a factor of about three) in which to simulate
folding. Third, b-peptides can adopt a range
of secondary-structure elements depending
on the side-chain composition and position.
The small differences in the sequences of the
two peptides lead to two profoundly different
folds (Figure 1), although Seebach and co-
workers[4] had designed the b-hexapeptide to
form the left-handed helix of the b-hepta-
peptide. Because the conformation is sensi-
tive to the precise nature of the atomic
interactions, the system is a very sensitive test
case for the force field used in the simula-
tions. It should be noted that the
GROMOS96 force field[8] used in this work
has not been developed for b-amino acids or
b-peptides. Therefore, there can be no suspi-
cion that the force field has been artificially

adjusted to favor the experimentally observed folds. Finally,
there is no fundamental difference between the study by MD
simulation of the folding of these two b-peptides in methanol
and the folding of a peptide composed of a-amino acids in
water, other than the time scale on which folding occurs and
the time scale that can be simulated.

Figure 2 shows, as a function of time, the RMSD between
the structures given in Figure 1, which represent the predom-
inant conformation in solution at 298 K modeled based on
experimental NMR data, and conformations sampled during
the simulations at 340 K. For the b-heptapeptide 1 a particular
conformation was considered to be folded if the RMSD was
0.1 nm or less (backbone, residues 2 ± 6).[9] For the b-hexapep-
tide 2 a lower boundary of 0.08 nm (backbone, residues 2 ± 5)
was used in proportion with the number of residues in the two
peptides. As can be seen from Figure 2, both 1 and 2 fold and
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Figure 1. a) Molecular model for the b-heptapeptide 1 derived from NMR
data obtained in methanol at 298 K.[3] b) Molecular model for the b-
hexapeptide 2 derived from NMR data obtained in methanol at 298 K.[5]

c) Molecular model for the b-hexapeptide 2 derived from NMR data
obtained in pyridine at 298 K.[4] Hydrogen bonds (with a maximum
proton ± acceptor distance of 0.25 nm and a minimum donor-proton-
acceptor angle of 1358) are shown with red dashed lines.

unfold several times during the 50 ns of simulation. In
Figure 3 examples of folded and unfolded conformations
from the simulations are shown. Although the simulation of 1
was initiated from the 31-helical model structure, this peptide
readily folds from a totally extended structure at 340 K.[9] The
right-handed helical b-hexapeptide is clearly less stable than
the left-handed helical b-heptapeptide at 340 K. The max-
imum lifetime observed for the left-handed helical b-hepta-
peptide conformation was on the order of 10 ns, while for the
right-handed helical b-hexapeptide conformation it was on
the order of 3 ns. Cluster analysis (see the Experimental
Section) was performed using 5000 structures extracted from
the trajectories at time intervals of 0.01 ns. For 1 the con-
former represented by Figure 1 a was the predominant con-
former in the simulation, being populated approximately
50 % of the time. In the case of 2 a single conformation did not
so clearly dominate. Three clusters, including the most
populated one, which together cover approximately 30 % of
the total ensemble would incorporate the conformation
represented by Figure 1 c. Interestingly, the left-handed 31-
helix was (approximately 1.3 % of the time) among the

Figure 2. Backbone root-mean-square deviation (RMSD) of atom posi-
tions of the simulated structures from the model structures as a function of
time at 340 K: a) RMSD from the model structure in Figure 1 a for
residues 2 ± 6 of the b-heptapeptide 1. b) RMSD from the model structure
in Figure 1b for residues 2 ± 5 of the b-hexapeptide 2 (0.33 nm for the initial
(extended) structure). c) RMSD from the model structure in Figure 1 c for
residues 2 ± 5 of the b-hexapeptide 2 (0.36 nm for the initial (extended)
structure). Structures with an RMSD below the dashed lines have
unequivocally the same fold as the model structures to which they are
compared.

alternate conformations sampled by the b-hexapeptide during
the simulation. By classification of all conformations with a
backbone RMSD from the respective model structures of
0.10 nm (residues 2 ± 6, 1, Figure 2 a) or 0.08 nm (residues
2 ± 5, 2, Figure 2 c) as being folded and all conformations with
an RMSD greater than 0.15 nm (1) or 0.12 nm (2) as being
unfolded, the free energy of folding DGfolding was estimated to
be 0 and 4 kJ molÿ1 at 340 K for 1 and 2, respectively.

The question of whether Figure 1 b is an appropriate model
for the most populated conformation of the b-hexapeptide 2
in methanol at room temperature can now be addressed. The
simulation (Figure 2 b, c) clearly suggests that Figure 1 c
represents a better model structure for 2 in methanol than
Figure 1 b. The conformation in Figure 1 b is, in fact, high in
energy in the force field due to both unfavorable bonded
(bond angles, torsional angles) and nonbonded interactions,
suggesting that such a conformation, even if it fulfils all the
NOEs obtained in methanol, is improbable. More likely, the
observed NOEs result from a mixture of two or more
conformations in rapid equilibrium at 298 K. The three NOEs
that are violated by the molecular model in Figure 1 c are
characteristic of a left-handed 31-helix, and were not observed
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in pyridine. The right-handed helical con-
formation of the b-hexapeptide was the
predominant conformation in the simula-
tion at 340 K. Nevertheless, several alter-
nate conformations were also populated
significantly, including a left-handed 31-
helix (1.3 %). When averaged over the
ensemble of conformations generated at
340 K using NOE/h1/r6iÿ1/6, only one
NOE observed in methanol is violated
by more than 0.1 nm. Despite the fact that
the results at 340 K cannot be directly
related to the experimental results ob-
tained at room temperature, it is clear that
the right-handed helical conformation of
the b-hexapeptide 2 is not as stable in
methanol at 298 K as the left-handed
helical conformation of the b-heptapep-
tide 1, and alternate conformations, in-
cluding perhaps the 31-helix, account for
some of the observed NOEs.

With this work we believe we have
clearly demonstrated the ability to simu-
late in atomic detail the reversible folding
of peptides in solution, albeit of non-
natural b-peptides. Despite the small dif-
ferences in sequence between the two
peptides studied, the simulations correctly
predict a left-handed 31-helical fold for the
b-heptapeptide and a right-handed helical
fold for the b-hexapeptide. These results
open a wide range of possibilities for the
use of MD simulations in understanding
the process of peptide folding and pre-
dicting possible folds of peptides in solu-
tion.

Experimental Section

Two 50-ns MD simulations at 340 K and 1 atm were
performed for 1 and 2. Periodic boundary con-
ditions were applied. The initial structures were 31-
helical for 1 (Figure 1a) and extended (all back-
bone dihedral angles set to 1808) for 2. The b-
heptapeptide 1 was solvated with 962 methanol
molecules in a rectangular box, and the b-hexapep-
tide 2 was solvated with 1435 methanol molecules
in a truncated octahedron. In both cases the initial
minimum distance betweem peptide and wall was
chosen equal to the cut-off for the nonbonded
interactions (1.4 nm). The temperature used for the
simulations corresponds to the melting temper-
ature of 1 in the force field, as estimated previous-
ly.[9] No restraints were applied. Parameter settings
not commented here were as in reference [9]. The
GROMOS96 package of programs and force field
were used.[8]

To find clusters of structures in a trajectory the
RMSD of atom positions between all pairs of
structures was determined. For each structure the
number of other structures for which the RMSD
was 0.1 nm or less (backbone, residues 2 ± 6) for 1
or 0.08 nm or less (backbone, residues 2 ± 5) for 2

Figure 3. Selected conformations from the simulations: a) Superposition of the model structure in
Figure 1a and the conformation of the b-heptapeptide 1 at time point 18 ns in the simulation
[backbone RMSD of 0.03 nm (residues 2 ± 6)]. b) Conformation of the b-heptapeptide 1 at time
point 24 ns in the simulation [backbone RMSD of 0.25 nm (residues 2 ± 6)]. c) Superposition of the
model structure in Figure 1 b and the conformation of the b-hexapeptide 2 at time point 5 ns in the
simulation [backbone RMSD of 0.07 nm (residues 2 ± 5)]. d) Superposition of the model structure in
Figure 1c and the conformation of the b-hexapeptide 2 at time point 5 ns in the simulation [backbone
RMSD of 0.02 nm (residues 2 ± 5)]. e) Conformation of the b-hexapeptide 2 at time point 26 ns in the
simulation [backbone RMSD from the model structures in Figure 1 b, c of 0.21 nm (residues 2 ± 5)].
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Total Synthesis of Vancomycin**
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Within the class of the glycopeptide antibiotics[1] vancomy-
cin (1)[2] occupies a commanding position as a highly effective
and widely used clinical agent for combating severe bacterial
infections caused by drug resistant pathogens.[1±3] This novel
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antibiotic, isolated from actinomycetes Streptomyces orienta-
lis (later renamed Nocardia orientalis and finally reclassified
as Amycolatopsis orientalis[2c]), has recently[3] moved to center
stage by virture of its increasing importance in chemistry,
biology, and medicine. The total synthesis of this antibiotic has
long been considered as a formidable challenge to synthetic
organic chemistry.[4] Intense research efforts in recent times
have culminated in the total synthesis of the vancomycin
aglycon 2 (see Scheme 1), recently accomplished by the
research group of Evans[5] and our own.[6] Herein we wish to
report the total synthesis of vancomycin (1) itself. This
synthesis involves sequential glycosidations of a suitably
protected derivative of the previously synthesized vancomy-
cin aglycon 2[6] and delivers the target molecule in a highly
efficient and stereoselective manner.

(neighbor conformations) was calculated. The structure with the highest
number of neighbors was taken as the center of a cluster, and formed
together with all its neighbors a (first) cluster. The structures of this cluster
were thereafter eliminated from the pool of structures. The process was
repeated until the pool of structures was empty. In this way, a series of
nonoverlapping clusters of structures was obtained.

Free energies of folding were calculated as DGfolding�ÿkBT ln(pfolded/
punfolded), where kB is the Boltzmann constant, T is the temperature, and
pfolded and punfolded are the relative probabilities of the folded and unfolded
conformations; pfolded and punfolded are approximated by the number of
folded and unfolded conformations sampled in the simulations.
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