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A depsipeptide is a chemical structure consisting of both ester and amide bonds. Quantum mechanics calculations
have been performed to investigate the conformational properties of a depsidipeptide in the gas and solution
phases. Similar to an alanine dipeptide, the depsidipeptide exhibits a strong preference for the polyproline II
(PPII) helical conformation. Meanwhile, due to the changes in the intramolecular interaction, the propensity for
â-sheets andR-helices diminishes while an unusual inclination for the (φ,ψ) ) (-150°,0°) conformation was
observed. A molecular mechanics model has been developed for polydepsipeptides based on the quantum
mechanical study. Both simulated annealing and replica exchange molecular dynamics simulations have been
carried out on oligodepsipeptide sequences with alternating depsi and natural residues in solution. Novel helical
structures have been indicated from the simulations. When glycine is used as the alternating natural amino acid
residue, the PPII conformation of a depsi residue stabilizes the peptide into a right-handed helical structure while
the R-helical conformation of the depsi residue favors an overall left-handed helical structure. The free energy
analysis indicates that both the left- and the right-handed helices are equally likely to exist. When charged lysine
is introduced as the alternating natural residue, however, it is found that the depsipeptide sequence prefers an
extended conformation as in PPII. Our results indicate that the depsipeptide is potentially useful in designing
protein mimetics with controllable structure, function, and chemistry.

Introduction

There has been a growing interest in engineering novel
molecules that can mimic the well-defined structures and diverse
functions of naturally occurring proteins and other biomolecules.
These mimetics present tremendous opportunities for novel
materials and therapeutics.1,2 Considerable efforts have been
made to explore novel peptide-mimetic molecules with specific
secondary structures. Examples of interesting peptidomimetics
include peptoids,3-6 â-peptides,7-12 γ-peptides,13 and azapep-
tides,14,15 which have been shown to fold into stable helices
and turns. A common approach to explore novel foldamers is
to replace the amide bonds with bioisosteric groups such as
carbamate,16 phosphonamidate,17,18and sulfonamide groups.19-24

A depsipeptide (“depsi” comes from the Greek word for ester)
is a chemical structure consisting of both ester and amide bonds
(Figure 1). Even though the structure seems to be “engineered”
from amino acids, it actually occurs naturally in certain lactic
acid bacteria. Depsipeptides, primarily in cyclic form, have been
explored as potential anticancer agents in drug discovery.25-29

Several research groups have been focusing on the synthesis of
polydepsipeptides (PDPs) or polyester amides, consisting of
alternating ester and amide functionalities.30-33 These polymers
have potential applications in drug delivery and tissue engineer-
ing as they are degradable via hydrolytic scission into biocom-
patible chemicals.34 However, no systematic study of PDP
secondary structure has been reported due in part to the difficulty
of the synthesis and subsequent characterization.

Molecular modeling is becoming a powerful tool for studying
molecular behavior at the atomic resolution. Through molecular
mechanical calculations, Cohen and co-workers reported that
peptoid oligomers containing chiral centers in their side chains
present a new structural paradigm. Specifically, it was suggested
that an octamer of the S isomer ofN-(1-phenylethyl)glycine
formed a right-handed helix with cis amide bonds.5 Van

Gunsteren and co-workers investigated the stability of helical
secondary structures ofR- andâ-polypeptides using molecular
dynamics (MD) simulations.10,35,36 Hofmann and co-workers
provided a complete overview on helix formation inR- and
â-peptoids via systematic conformation analysis using ab initio
molecular orbital theory.12 Recently, molecular-mechanics-based
simulations enjoyed great success in predicting the folding of
small proteins.37,38Those studies demonstrated that the quantum-
mechanics- and molecular-mechanics-based computational ap-
proaches are indeed useful in understanding the structure and
stability of proteins and protein mimetics and provide insights
beyond the reach of current experimental techniques.

In this paper, we report the first attempt to investigate the
conformational properties of PDPs and their ability to form
stable secondary structures using quantum mechanical calcula-
tions and molecular modeling. It is our goal to understand the
relationship between the chemistry and conformational propen-
sity of the oligodepsipeptide, which will in turn help us design
novel foldamers with various structures and functionalities.

Computational Details

Quantum Mechanical Characterization of the Depsid-
ipeptide. Ab initio quantum mechanical calculations were
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Figure 1. Structural formula of the depsi dipeptide studied, with the
central residue referred to as a “lac” residue.
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performed on alanine dipeptide and depsidipeptide (Figure 1)
using the Gaussian 03 package.39 We refer to the central residue
of the depsipeptide in this study as “lac”, in recognition of its
conceptual lineage to lactic acid. The conformational energy
of the lac and alanine dipeptide with respect to the rotation of
theφ andψ torsion angles was evaluated. Both torsion angles
were scanned in increments of 30° from -180° to 180°, resulting
in a total of 144 conformers per molecule. Each conformer was
optimized using the Gaussian 03 program package39 with all
degrees of freedom relaxed except the torsion angles that were
constrained at fixed values. The gas-phase energy of each
conformer was then evaluated at the MP2/6-311++G(2d,2p)
level. The solvation energy in water was estimated with the
implicit polarizable continuum model.40 An OPLSAA/L-type41,42

molecular mechanics model was developed for the depsipeptide
based on the ab initio study. The partial charges for new atom
types in the lac residue were derived at the MP2/6-31G* level
to be consistent with OPLSAA parameters. The atomic partial
charges for the lac residue were derived by fitting to the
electrostatic potential (ESP).43 To obtain a set of charges
consistent with those used by OPLSAA, We have fixed the
charges of all atoms, except those of the ester oxygen, directly
bonded atoms to the carbonyl carbon and CR, at original
OPLSAA values for peptides in the ESP fit. Essentially, we
only allow the partial charges for the above three atoms to
change. The missing torsional parameters were obtained by
comparison with ab initio conformational energies. The OPL-
SAA/L partial charges and torsional parameters for lac were
summarized in Tables 1 and 2. The van der Waals parameters
(3.0000× 10-1 and 7.1128× 10-1) for ester O were transferred
from the OPLSAA ester group. For any other parameters that
are not listed, OPLSAA values have been used.

Molecular Dynamics Simulations.All of the MD simula-
tions, including simulated annealing, were performed on the 12-
residue depsipeptide sequences with alternating lac and natural
residues (Figure 2) in a box of explicit water molecules. Both
peptides were terminated with acetyl andN-methyl groups at
the N and C termini, respectively. In this study we chose glycine
or lysine as the natural residues for the contrast in size, charge,
and hydrophobicity. Molecular dynamics simulations with
explicit solvent (water) were carried out using the GROMACS
program package. We used the OPLSAA/L force field44,45 for
glycine/lysine and Cl- and the SPC model46 for water. For the
depsi residue, we derived parameters compatible with OPL-
SAA/L as described above. The depsipeptides were soaked in
a periodic cubic box of water molecules, with 30 Å on a side

for the Gly-lac and 40 Å for the Lys-lac system. Counterions
were also introduced in Lys-lac in replica exchange molecular
dynamics (REMD) as described later. The cell dimension was
selected to ensure that the separation between the peptide and
its own image would be at least 15 Å. The greater size was
needed for Lys-lac due to its bulkier side chain. All of the
bond lengths were constrained using the LINCS algorithm,47

and the default values for the LINCS parameters in GROMACS
were used. The temperature was controlled using the Nose´-
Hoover thermostat.48,49The long-range electrostatic interactions
were treated with particle-mesh Ewald summation50,51 with a
real space cutoff of 9 Å. A time step of 2 fs was used in all
MD simulations.

Simulated annealing, a global minimization algorithm, was
utilized to search for stable structures. High temperature allows
the molecule to explore conformational space much more
efficiently. Three independent simulated annealing runs were
performed for Gly-lac and Lys-lac. In each run, the system
temperature was first heated from 300 up to 1000 K in 0.5 ns,
and then it was gradually cooled down to absolute zero by the
default linear cooling schedule in 30 ns for Gly-lac and 40 ns
for Lys-lac (without counterions). The longer annealing time
was used for Lys-lac due to its greater degrees of freedom.
After annealing, two stable Gly-lac structures and one Lys-
lac structure were subject to an additional 30 ns of canonical
(NVT) MD simulations at room temperature to sample the
peptide conformational space, from which the conformational
free energy maps in the (φ,ψ) dimensions were constructed for
each type of residue.

Replica Exchange Molecular Dynamics Simulation.Due
to the large number of degrees of freedom in the 12-mer
peptides, there exists a large number of energy minima separated
by high-energy barriers (compared to thermal motion). As a
result, simulated annealing is not guaranteed to locate the global
minimum. The REMD method is particularly useful for explor-
ing the conformational space of peptides and small proteins.52-54

The REMD algorithm can be summarized as follows: (i) Several
replicas (i ) 1, 2, ...,N) are simulated at fixed temperaturesTn

(n ) 1, 2, ...,N) simultaneously and independently for a certain
number of Monte Carlo or MD steps. (ii) A pair of replicas at
neighboring temperatures is selected, and the exchange is
attempted with the acceptance ratio

where∆ ) [ân- ân+1](E(q[i]) - E(q[j])). Hereân andân+1 are
two reciprocal temperatures,q[i] is the configuration atân, q[j]

is the configuration atân+1, andE(q[i]) andE(q[j]) are potential
energies of the systems at these two configurations, respectively.

As a result, REMD allows the search for conformational space
accessible at high temperatures. In this study, two sets of REMD
simulations were performed on the Lys-lac systems with and

Table 1. OPLSAA/L Atomic Partial Charges for the Natural
Residue in Comparison with Partial Charges Derived for Lac

alanine dipeptide -C-NH-CR-
(OPLSAA/L parameters)

lac residue -C-O-CR-
(this work)

atom charge (e) atom charge (e)

N -0.50 O -0.32
H 0.30
Ccarbonyl 0.50 Ccarbonyl 0.65
CR 0.14 CR 0.11

Table 2. Parameters for Torsional Potential Terma

torsion anglec V0 γ0 V1 γ1 V2 γ2

ΨN-CR-C-O 0.890b 0.0c 2.180 180.0 -1.090 0.0
ΩCR-C-O-CR 2.200 0.0 6.330 180.0
ΦC-O-CR-C 1.852 0.0 0.719 180.0 2.286 0.0
ΨO-CR-C-N 1.469 0.0 1.853 180.0 -1.382 0.0

a The torsional potential is given by v(ω) ) ∑0
NVn/2[1 + cos(nω - γn)],

where ω is the torsion angle. b The coefficients are in kcal/mol. c The
torsion angles are in degrees.

Figure 2. Chemical formula of the polydepsipeptide studied. (a) R
stands for H and n ) 6 for 12 alternating glycine and lac residues,
which was referred to as “Gly-lac”. (b) R ) CH2CH2CH2CH2NH3

+

and n ) 6 for 12 alternating lysine and lac residues, which was
referred to as “Lys-lac”.

w(XfX′) ) w(xn
[i]|xn+1

[j] ) ) { 1,
exp(-∆),

∆ e 0
∆ > 0

(1)
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without neutralizing counterions. In the first set of REMD, the
12-residue sequence with alternating lysine and lac was placed
in a periodic cubic box containing 2340 water molecules and
no counterion, with 40 Å on each side. In the other set of
REMD, 6 Cl- counterions and 3194 water molecules were used
in a cubic box with 46 Å on each side, resulting in a total salt
concentration of 0.10 M. To ensure that the temperatures were

optimally distributed and the number of replicas was sufficient,
different temperature gaps from 2.6 to 7.6 K were used between
the neighboring replicas. These gaps were chosen to maintain
the success rates of exchange between replicas within 36-44%.
With the temperature ranging from 282.5 to 602.3 K, we
simulated a total of 73 replicas of Lys-lac in solution. To
generate a set of initial configurations that broadly covers the
conformational space of the depsipeptide, we chose 73 starting
configurations randomly from the annealing MD simulation
trajectory. Each replica was subject to 6.0 ns of MD simulation
with a time step of 2 fs, with configurations saved every 2 ps.
The exchanges were attempted every 0.4 ps, with the acceptance
ratio determined by the Metropolis criterion, which is shown
in eq 1.

Free Energy Map. The free energy map was obtained by
calculating the probabilityP(x,y) from a histogram analysis of
the room-temperature MD simulation.54-56

where (x,y) is any specified set of reaction coordinates, i.e.,
(φ,ψ). P(x,y) is the frequency of the molecule appearing and
observed at (x,y) during the simulation, andZ is the configu-
rational partition function. The relative free energy difference
between two reaction coordinates can be expressed as

We first calculated and collected all the backbone (φ,ψ) torsion
angles for each type of residue from the MD trajectory. A two-
dimensional histogram of the torsional angle distribution was
constructed using 144 bins between-180° and+180° in both
φ andψ dimensions. The probability of a given (φ,ψ) was then
calculated by normalizing the population in each bin. The lowest
free energy in the map was set to be zero.

Following the work of Pappu and co-workers,57 we also
explored the free energy landscape using the asphericity (〈δ〉)
and the radius of gyration (〈Rg〉) as two reaction coordinates.
For a given peptide conformer, the instantaneous asphericity is
defined as

Figure 3. (a) Quantum mechanical conformational free energy
contour map of alanine dipeptide in solution, (b) quantum mechanical
conformational free energy map of depsi dipeptide, and (c) the
corresponding solvation energy contribution from polarizable con-
tinuum model. All of the free energies are in the units of kcal/mol.

Figure 4. Intramolecular interactions that stabilize the (-150°,0°)
conformation of the depsipeptide.

P(x,y) ) 1
Z

exp[-âW(x,y)] (2)

F(x,y) ) W(x2,y2) - W(x1,y1) ) -RT log[P(x2,y2)

P(x1,y1)] (3)

δ ) 1 - 3
l1

2l2
2 + l2

2l3
2 + l3

2l1
2

(l1
2 + l2

2 + l3
2)2

(4)
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wherel1, l2, andl3 are eigenvalues of the instantaneous gyration
tensor T.69 And the instantaneous radius of gyrationRg is
determined byRg ) xTrace(T), where Trace(T) is the trace of
the instantaneous gyration tensor. Asphericity quantifies the
shape of any arbitrary peptide; it becomes 1 for a rodlike shape
and 0 for a perfect sphere. The radius of gyration describes the
average size of a molecule.

For REMD, the weighted histogram analysis method that
combines data from all temperature replicas (T-WHAM) was
used to obtain the room-temperature potential of mean force of

the residues with respect to torsion angles.58 This method
improves the sampling in the high-energy regions at room
temperature. Data from two sets of REMD simulations, without
and with counterions, were utilized to construct the potential
of mean force of Lys and lac residues with respect toφ andψ.

In summary, ab initio quantum mechanical calculations were
first performed to obtain charges and torsional parameters and
to characterize conformational properties of the solvated dipep-
tides. All of the following simulations were carried out within
the framework of molecular mechanics and molecular dynamics.

Figure 5. Typical interactions in the Gly-lac depsipeptide for the (a and b) left- and (c and d) right-handed helix. Parts a and c illustrate the
helices looking down the long axis, and parts b and d show the side views of the two helices, respectively. The carbon atoms are shown in
green, nitrogen in blue, oxygen in red, and hydrogen in white. Note that the dotted lines indicate the “1-5 intra” interactions between the depsi
oxygen (i) and NH (i + 1) (i ) 2, 4, 6, 8, 10), and the interactions between NH (i) and CO (i + 4) (i ) 1, 3, 5, 7) were represented by the dashed
lines.
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Simulated annealing runs for Gly-lac and Lys-lac were
performed to find the most stable structures. Starting from those
structures, room-temperature MD runs were carried out to
sample the peptide conformational space, from which the free
energy surface maps in the (φ,ψ) and (Rg,δ) dimensions were
constructed. We further utilized REMD simulations for the Lys-
lac peptide to fully sample the configurational space and
investigate the effects of counterions, from which conformational
free energy maps were obtained and compared with those from
room-temperature MD runs.

Results and Discussion

Ab Initio Characterization of Conformational Properties
of the Depsipeptide. We have investigated conformational
energy of both depsi (Figure 1) and alanine dipeptides. The only
difference between the two chemical structures is that the amide
NH group in alanine is replaced by oxygen in the depsidipeptide.
As shown in Table 1, changing from the alanine to depsi
dipeptide, the atomic charges were redistributed around the depsi
group as the oxygen atom is slightly more electronegative than
the NH.

Following the classic approach to the Ramachandran plot,59

we calculated the relative free energies with respect to the
backbone conformation for both the depsi and the alanine
dipeptide in solution (Figures 3a and 3b) based on quantum
mechanical calculations. The solvation energy contribution for
lac computed from the polarizable continuum model was also
illustrated in Figure 3c. We have further compared our results
on alanine dipeptide with a previous study where the whole
system (alanine and solvent) is treated with quantum mechan-
ics.60 In agreement with our results, the polyproline II (PPII)
conformation was identified as the global minimum on the
potential energy surface. Similar to an alanine dipeptide, the
“lac” residue exhibits a strong preference for the PPII helical
conformation as well. In addition, an unusual inclination for
the (-150°,0°) conformation was observed. While the substitu-
tion of the oxygen atoms eliminates the ability to form hydrogen
bonds between peptide bonds, the “1-5” intraresidue interaction
shown in Figure 4 seems to have stabilized this conformation.
Also note that this interaction would lock theψ angle near 0°
but has little influence on the rotation of theφ angle.

Global Search for the Stable Structures.To examine the
effect of the side chain chemistry on the depsipeptide conforma-
tion, two depsipeptide sequences with alternating lac and natural
residues, either glycine or lysine, were investigated (Figure 2).
While glycine is nonpolar and has no side chain, lysine is a
charged, hydrophilic residue with a bulky side chain. Glycine
occurs frequently in the turn regions of proteins where other
residues would be sterically hindered. Three independent
simulated annealing runs were applied to search for stable
structures for Gly-lac and Lys-lac (without counterions).

For the Gly-lac alternating sequence, two simulated anneal-
ing runs showed that the depsipeptide folded into well-defined,
noncanonical helical secondary structures at 298 K, one left-
handed and the other right-handed (Figure 5). During the third
annealing run, the peptide switched back and forth between the
two and displayed a mixed structure at the end of annealing.

In the Lys-lac case, a PPII-like extended left-handed helical
structure was obtained from all three runs as the minimum-
energy conformation. An example structure is illustrated in
Figure 6.

MD/REMD Simulation and Free Energy Landscape.
Three NVT molecular dynamics simulations starting from the

above stable conformers, left- and right-handed Gly-lac helices
and extended Lys-lac (without counterions), were performed
at 298 K, from which the conformational free energy maps were
calculated for each type of residue.

The left- and right-handed helices of Gly-lac were well-
maintained during the room-temperature MD simulation, with
the structure partially unfolded to PPII-like structure or irregular
turns only occasionally. No significant difference in the con-
formational population was observed between the left-handed
and the right-handed helix simulation trajectories for both the
glycine and the lac residues. The results of the two were thus
combined, and the corresponding free energy contour maps are
shown in Figure 8. The glycine residue undertakesφ and ψ
angles in all four quadrants of the map as expected due to the
lack of chirality. In comparison to the glycine Ramachandran
plot analyzed from the Protein Data Bank,61 the population in
the helical region predicted by OPLSAA/L is relatively low in
Figure 8; for the lac residue, the local and global minima reside
inside (-90° to -60°, -30°) and (-90° to -60°, +150°), which
approximately corresponds to right-handedR- and PPII-helical
conformations.

However, the lac residue in the Lys-lac room-temperature
MD simulation showed little sampling at the (-150°,0°)
conformation (Figure 9b). Although there is still a slight
possibility to adopt theR-helical structure, the minimum-energy
conformation is predominantly PPII-like, corresponding to the
(-90°,150°) region. For the lysine residue, the preferred
conformation is limited to a similar range of dihedral angles

Figure 6. Typical PPII-like structure of the Lys-lac depsipeptide.
This structure was obtained from simulated annealing without coun-
terions. The carbon atoms are shown in green, nitrogen in blue,
oxygen in red, and hydrogen in white.
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(-90° to -60°, 150°). As a result, the Lys-lac peptide exists
mostly in the PPII-like extended conformation.

The effect of counterions on the charged peptide conformation
was also considered. In a previous study of the effect of ionic
strength on free energy calculations, Donnini et al. concluded
that it is best to include no ions or a high concentration of
counterions due to sampling issues.62 As suggested, two sets of

the REMD simulations were performed, where one has six
neutralizing Cl- ions and the other has no counterions. We have
further calculated the conformational free energy of Lys-lac
from the REMD simulation using T-WHAM. The resulting free
energy maps are compared in Figure 10. Overall the free energy
maps obtained from the room-temperature MD (Figure 9) and
REMD are in very good agreement for Lys-lac without
counterions. Both methods have identified that the global energy
minima of the lysine and lac residues reside in the same PPII
regions. However, the room-temperature MD clearly has much
less population in the high-energy region as expected. In
contrast, REMD samples a much broader configurational space.
We further examined the convergence to ensure sufficient
sampling of the ions for the simulations with counterions. The
radial distribution function (RDF) with respect to Cl- ions and
terminal N atoms in lysine residues is plotted in Figure 7. The
sharp peak atd ) 0.31 nm in the RDF plot reveals the strong
interaction between terminal N atoms and counterions.

REMD data from the simulation without (Figures 10a and
10b) and with 6 counterions (Figures 10c and 10d) were also
compared. Given there are 6 ions and 6 charged N-termini, the
RDF that we obtained, and the help of high-temperature
sampling provided by REMD, we believe that the sampling is
converged. However, the results, with or without counterions,
are very similar, within the statistical uncertainties of our
simulation.

Figure 7. Radial distribution function with respect to Cl- ions and
terminal N atoms in lysine residues. The distance is given in
nanometers.

Figure 8. Conformational free energy contour maps for (a) the glycine
and (b) lac residues in Gly-lac. Maps are plotted based on the data
from room-temperature MD runs.

Figure 9. Conformational free energy contour maps for (a) the lysine
and (b) lac residues in Lys-lac. Maps are plotted based on the data
from room-temperature MD runs.
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The free energy landscape characterized by the asphericity
(δ) and the radius of gyration (Rg) were also constructed for
the Gly-lac and Lys-lac peptides in Figures 11a and 11b,
respectively. As the radius of gyration (Rg) is an indicator of
the overall size and asphericity (δ) quantifies the shape of the
peptide, we can roughly distinguish between the left- and the
right-handed helical structures using these two degrees of
freedom. For the Gly-lac sequence, the right-handed helical
structure typically resides in the (Rg ) 0.55 nm, δ ) 0.35-
0.55) area while the left-handed helical structure is roughly near
(Rg ) 0.5-0.55 nm, δ ) 0.1-0.2). For the Lys-lac sequence,
however, the asphericity value is almost 1, consistent with the
observation of a more extended structure.

Structure Characterization. Table 3 lists the typical torsion
angles found in the left- and right-handed helices of Gly-lac
(corresponding to Figure 5). It is noted that glycine can adopt
a conformation in any of the quadrants in the free energy map.
However, when the glycine undertakes a conformation in the
bottom-left quadrant (-120°,-160°), theR-helical conformation
of lac facilitates the adoption of the left-handed helix structure
by the 12-mer. Meanwhile, the combination of glycine in the
bottom-right quadrant and lac in the PPII-helical conformation
favors the right-handed helical structure sterically.

In the left-handed helix, the helical turns are characterized
by the “1-5 intra” interaction between the lac oxygen (i) and
Gly NH (i + 1) (i ) 2, 4, 6, 8, 10) discussed above. The adjacent
turns are stabilized by the interaction between at NH (i) and

CO (i + 4) (i ) 1, 3, 5, 7). This kind of left-handed helix is
found to possess 6 residues per turn and gives an average rise
per residue of about 8 Å. In the right-handed helical structure,
however, there seems to be no well-defined hydrogen-bonding
pattern or interaction. The right-handed helix holds approxi-
mately 6 residues per turn and an average rise per residue of
about 9 Å.

It is in general difficult for short peptides to sustain stable
secondary structures without the assistance of other factors such
as tertiary contact. In reality, they likely exist in an ensemble
of stable structures and interconvert between them over time.
With detailed MD simulation, we have the opportunity to
address questions such as what fraction of the Gly-lac
depsipeptide exists in a folded conformation and how often it
forms the left-handed versus the right-handed helical structure.
To address the first question, we can assess the population of
well-defined structures directly from the free energy map that
we have obtained. On the basis of Figure 11a, the right-handed
helical structure typically resides in the (Rg ) 0.55 nm,δ )
0.35-0.55) area while the left-handed helical structure is near
(Rg ) 0.50-0.55 nm,δ ) 0.10-0.20). Even though it is difficult
to draw conclusions on the relative stability of left-handed versus
right-handed helices, the two areas combined account for over
60% of total population. The remaining shallow area represents
random structures, which may consist of both left- and right-
handed helical motifs in one structure. We have further traced
both of the left- and right-handed helical conformers in theφ-ψ

Figure 10. Conformational free energy maps of the Lys and lac residues. The free energies were calculated from 73 REMD simulations using
T-WHAM: (a) Lys without counterions; (b) lac without counterions; (c) Lys with counterions; (d) lac with counterions.
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energy map of the lac residue (Figure 8b) as the two dominant
minima of lac, PPII andR-helix, are responsible for right- and
left-handed helices, respectively. Although the PPII region is
the global minimum area, the population is only slightly higher
than that of theR helix region. Thus, given the statistical
uncertainty in our sampling and accuracy in the force field
potential, we conclude that there is roughly an equal probability

for the Gly-lac sequence to adopt either the left- or the right-
handed helical conformation.

The Lys-lac peptide exists mostly as an extended left-handed
helix, as shown in Figure 6. PPII lacks intramolecular hydrogen
bonds but is more exposed to solvent. It has been suggested
that the main chain tends to have a regular pattern of hydrogen
bonds with water and the main chain-water hydrogen bonding
is the major stabilizing factor.63 For Lys-lac, the intramolecular
interaction is rather different from that in the natural peptides
due to the replacement of the NH group by an oxygen atom;
thus the ability of forming canonicalâ-sheets orR-helices
diminishes. In addition, it is reported that charged lysine residues
favor PPII structure because of the electrostatic repulsion
between the side chains and better solvation when extended.64-68

It is known that solution conditions such as salt concentration
have a strong influence on peptide structures. Our REMD study
however indicates that Lys-lac prefers the extended PPII-like
conformation with or without neutralizing counterions. Further
study considering salt effects, ionic strength, pH value, and
temperature is necessary to fully understand the conformational
properties of peptides containing charged lysine.

Conclusion

Quantum-mechanics- and molecular-mechanics-based calcu-
lations and simulations have been performed to investigate the
conformational properties of oligodepsipeptides. Quantum me-
chanics calculations on the lac dipeptide reveal an unusual
conformational minimum due to 1-5 intramolecular interactions
between the depsi oxygen and the amide hydrogen. The global
minimum-energy conformation of depsipetide is, however, PPII-
like, similar to that of the alanine dipeptide.

A molecular mechanics model has been subsequently estab-
lished and utilized in the simulated annealing and MD simula-
tions of oligodepsipeptides in solution. The MD simulation
results indicate that oligodepsipeptides are capable of forming
stable, novel secondary structures that are associated with
atypical intramolecular interaction. A 12-residue depsipeptide
of alternating lac and glycine may adopt either a left- or a right-
handed structure with roughly equal opportunities. It is deter-
mined that the PPII-helical conformation of lac stabilizes the
12-mer peptide into a right-handed helix while theR-helical
conformation of lac plays a key role in the left-handed helical
structure. When the charged lysine is used as the alternating
residue, the depsipeptide displays a strong preference for
extended left-handed helical polyproline II structure. Our results
demonstrate that there is a great potential to achieve novel
secondary structures with a depsipeptide of controlled chemistry
and sequences.
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