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Conformational properties of the residues
connected by ester and methylated amide
bonds: theoretical and solid state
conformational studies
Dawid Siodłak∗ and Anna Janicki

Peptides produced by bacteria and fungi often contain an ester bond in the main chain. Some of them have both an ester and
methylated amide bond at the same residue. A broad spectrum of biological activities makes these depsipeptides potential
drug precursors. To investigate the conformational properties of such modified residues, a systematic theoretical analysis was
performed on N-acetyl-L-alanine N′-methylamide (Ac-Ala-NHMe) and the analogues with the ester bond on the C-terminus
(Ac-Ala-OMe), N-terminus (Ac-[psi](COO)-Ala-NHMe) as well as the analogues methylated on the N-terminus (Ac-(Me)Ala-OMe)
and C-terminus (Ac-[psi](COO)-Ala-NMe2). The φ, ψ potential energy surfaces and the conformers localised were calculated
at the B3LYP/6-311++G(d,p) level of theory both in vacuo and with inclusion of the solvent (chloroform, water) effect (SCRF
method). The solid state conformations of the studied residues drawn from The Cambridge Structural Database have been also
analysed. The residues with a C-terminal ester bond prefer the conformations β, C5, and αR, whereas those with N-terminal
ester bond prefer the conformations β, αR, and the unique conformation α′ (φ, ψ = −146◦, −12◦). The residues with N-terminal
methylated amide and a C-terminal ester bond prefer the conformations β, β2, and interestingly, the conformation αL. The
residues with a C-terminal methylated amide and an N-terminal ester bond adopt primarily the conformation β. The description
of the selective structural modifications, such as those above, is a step towards understanding the structure-activity relationship
of the depsipeptides, limited by the structural complexity of these compounds. Copyright c© 2010 European Peptide Society
and John Wiley & Sons, Ltd.
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Introduction

Depsipeptides can be defined as compounds containing amino
acid and hydroxy acid residues connected by amide and ester
bonds [1,2]. This structural modification is often found in small,
cyclic peptides produced primarily by bacteria and fungi or isolated
from marine invertebrates, such as molluscs, sponges, ascidians
and jellyfishes. Depsipeptides reveal very a broad spectrum of
biological activities: antibiotic, antifungal, anti-inflammatory, anti-
tumour, immunosuppressive and combating HIV. Thus, many of
them are perceived as potential drug precursors [3,4].

The majority of depsipeptides contain only one ester bond,
for example, FR901228 [5], azinothricins [6], taumycins [7],
myxochromide [8], zygosporamide [9] and sansalvamide [10].
However, there are compounds that contain an equal or even
greater number of ester bonds as compared to peptide bonds, like
valinomycin [11], cereulide [12] and montanastatin [13].

Apart from the ester bond in the main chain, the depsipeptides
contain many other structural modifications. Methylation of amide
is the one that occurs most commonly. The ester and methylated
amide bonds can be separated by more than one residue, as
in the case of destruxins [14], polydiscamides [15], somamides
[16], micropeptins [17], oscillapeptin [18], geodiamolides [19] and
eujavanicin A [20]. Very often, these modifications are present
at the same residue. The methylathed amide can occur at the
N-terminus of the given residue, while the ester bond is present
at the C-terminus. This is the case for theonellapeptolides [21],

callipeltins [22], stereocalpin A [23], celebesides [24], yanucamides
[25], luzopeptins [26], hantupeptin A [27] and tamandarins A and B
[28]. The reversed order of the neighbouring ester and methylated
amide bonds can be found in spongidepsin [29], petriellin A
[30], malevamides [31] and carriebowmide [32]. There are also
compounds, like enniatins [33], beauvericin, bassianolide, PF1022A
[34,35] and verticilide [36], where the residues are connected
alternately by the ester and methylathed amide, and the typical
peptide bond is not present. Finally, almost all combinations of the
ester, amide or methylated amide bonds are present in compounds
such as aureobasidins [37], dolastatin D [38], dolastatin 17 [39] and
wewakpeptins [40].

Therefore, it is worth investigating how the ester bond that joins
the residues in the main chain influences their conformational
properties. It can also be assumed that the residues connected
by both ester and methylated amide will have their own
conformational preferences, which depend on the mutual position
of these neighbouring groups.

Despite the natural occurrence of the depsipeptides and their
usefulness as potential drugs, there is limited literature on the sys-
tematic analysis of the conformational properties of the residues
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Figure 1. General formula of the model compounds containing the residues studied in this work.

connected by the ester group [41–44]. The latest theoretical con-
formational study focuses on N-acetyl-N′-methylamide of L-lactic
acid (Ac-Lac-NHMe), with the depsidipeptide having the ester
bond at the N-terminus of the affected residue. It was found that
the most preferred conformations are the polyproline II helical
conformation (φ ∼ −70◦, ψ ∼ 150◦) and the conformation of
the torsion angles about φ ∼ −150◦, ψ =∼ 0◦ [43,44]. The ester
bonds reveal a negligible tendency to adopt the configuration
cis [44]. The residues having both ester and methylated amide
linkages were not investigated.

In order to obtain a more comprehensive view on the influence
of the ester group as well as ester, and the neighbouring methy-
lated amide on the conformational preferences of the modified
residues, two methods were used in this study: a theoretical anal-
ysis of the depsidipeptide molecules and a search of solid state
conformations of the structurally analogous residues of depsipep-
tides gathered in The Cambridge Structural Database [45].

Depsipeptides are peptide analogues, where the CONH group
that joins residues is replaced by the ester group. To study the
influence of the ester group on the conformational properties
of the given residue in the main chain, it is preferable not
to differentiate between the amino acid residues and hydroxy
acid residues, but the latter perceive as the amino acid residues
modified at the N-terminus, particularly since most of them have
a side chain of standard amino acids. They can be indicated
by placing a Greek psi, followed by the replacing ester group
in parenthesis, between the residue symbols where the change
occurs (-[psi](COO)Xaa-) [46].

Experimental Methods

Theoretical Calculation

The conformational properties of depsipeptides were studied on
the basis of the following molecules: Ac-Ala-NHMe, Ac-Ala-OMe,
Ac-[psi](COO)-Ala-NHMe, Ac-(Me)Ala-OMe and Ac-[psi](COO)-Ala-
NMe2 (Figure 1). The Gaussian 03 program was used [47].
Calculations were performed on the trans-amide and trans-ester
bonds (ω0, ω1 ∼ 180◦), except for the Ac-(Me)Ala-OMe molecules
where both configurations, trans and cis, of the methylated
N-terminal amide bond were considered. Theφ,ψ potential energy
surfaces of the studied molecules were created on the basis of
144 points calculated at the B3LYP/6-311++G∗∗ level of theory
with a 30◦ increment for the φ, ψ main-chain dihedral angles. The
energy surfaces were obtained using the Surfer 8 program with
the radial basis function as a gridding method (Golden Software,

Table 1. The standard and modified amino acids residues with ester
and methylated amide linkages drawn from The Cambridge Structural
Database

Residue L-form D-form Total

-CO-Ala-NH- 667 (85%) 122 (15%) 789

-CO-Xaa-NH- 2262 (85%) 386 (15%) 2648

-CO-Xaa-O-(C) 863 (81%) 195 (19%) 1048

-[psi](COO)Xaa-NH- 68 (50%) 69 (50%) 137

trans-CO-(Me)Xaa-O-(C) 49 (86%) 8 (14%) 57

trans-CO-(R)Xaa-O-(C) 105 (83%) 22 (17%) 127

cis-CO-(Me)Xaa-O-(C) 9 (64%) 5 (36%) 14

cis-CO-(R)Xaa-O-(C) 23 (72%) 9 (28%) 32

-[psi](COO)Xaa-NMe- 11 (18%) 49 (82%) 60

-[psi](COO)Xaa-NR- 28 (36%) 49 (64%) 77

Inc., 2002). To estimate the effects of environment on the shapes of
the energy surfaces, single-point calculations were conducted in
each grid point using a self-consistent reaction field (SCRF) model.
The polarisable continuum model (PCM) was chosen [48,49]. The
possible energy minima of every low-energy region of the potential
energy surfaces were checked by full geometry optimisation of
the selected structure at the B3LYP/6-311++G∗∗ level in vacuo as
well as in the chloroform and water mimicking environment using
the PCM. Frequency analyses were carried out to verify the nature
of the minimum state of all the stationary points obtained and
to calculate the zero-point vibrational energies (ZPVEs) and both
thermal and entropic corrections.

Crystal Structure Database

On the basis of the data gathered in The Cambridge Structural
Database (CSD) of The Cambridge Crystallographic Data Centre
[45], the conformational properties of the amino acid residues
with the C-terminal or N-terminal ester bond, and again, with
the ester bond and methylated amide bond were studied.
The following structures were analysed: -CO-Ala-NH-, -CO-Xaa-
NH-, -CO-Xaa-O-(C), -[psi](COO)-Xaa-NH-, -CO-(Me)Xaa-O-(C),
-CO-(R)Xaa-O-(C), -[psi](COO)-Xaa-NMe- and -[psi](COO)-Xaa-NR-,
where Xaa describes standard amino acid residue, except glycine
and proline (Table 1). To increase the amount of data, not only the
configuration L of the Cα carbon atom but also the configuration
D was considered. In the latter case, the signs of the φ, ψ torsion
angles were inverted.

J. Pept. Sci. 2010; 16: 126–135 Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc



1
2

8

SIODŁAK AND JANICKI

Figure 2. The φ, ψ potential energy surfaces of the Ac-Ala-NHMe molecule:
(a) plot calculated in vacuo, conformers calculated both in vacuo (◦) and
in a chloroform mimicking environment (�), (b) plot and conformers in
a water mimicking environment and (c) distribution of the solid state
conformations of the alanine (-CO-Ala-NH-) residue (+) and standard (-CO-
Xaa-NH-) non-Gly, non-Pro residues (+) depicted on the plot calculated in
a water mimicking environment.

Results and Discussion

Ac-Ala-NHMe

Figure 2 presents the conformational maps for the Ac-Ala-NHMe
molecule, the standard alanine model, together with its conform-
ers. For the calculation performed in vacuo six conformers can be
found in the following order of stability: C7eq, C5, β2, C7ax, αL, and
α′ (Table 2, Figure 2(a)). The number of the conformers, the values

Table 2. Conformers of the Ac-Ala-NHMe molecule

Conformer φ (◦) ψ (◦)
Energy

(Hartrees)
�E

(kcal/mol)

in vacuo

C7eq −83.5 76.0 −495.826207 0.00

C5 −155.0 159.2 −495.825134 0.68

β2 −115.1 13.6 −495.822498 2.33

C7ax 73.1 −56.1 −495.822136 2.56

αL 72.0 19.7 −495.818051 5.12

α′ −164.6 −44.7 −495.816409 6.15

Chloroform mimicking environment

C5 −125.7 135.5 −495.841311 0.00

C7eq −85.6 80.7 −495.840141 0.73

β2 −117.5 9.7 −495.837877 2.15

C7ax 73.5 −55.1 −495.836783 2.84

αL 65.1 34.4 −495.835102 3.89

αD 61.1 −137.7 −495.833473 4.92

α′ −164.7 −48.2 −495.832289 5.66

Water mimicking environment

C5 −142.1 144.5 −495.851145 0.00

β −84.6 141.3 −495.851122 0.01

αR −83.8 −25.5 −495.849838 0.82

αL 61.5 41.0 −495.847409 2.34

C7ax 73.1 −53.3 −495.844384 4.24

αD 59.3 −142.0 −495.843768 4.63

of their torsion angles φ, ψ , and their relative stabilities correspond
to those found earlier by using various computational methods [
[50] and ref. into]. When the effect of a weakly polar chloroform en-
vironment is considered, the additional conformer αD can be seen.
The relative energy order and the value of the torsion angles do not
result in considerable changes, except for the conformer C5, which
shifts deeper inside the map and becomes the conformer lowest
in energy. The calculations using a water mimicking environment
results in greater changes (Figure 2(b)). The conformers C7eq, β2
and α′ disappear. Instead, the conformer β and αR can be seen.
The six conformers are present in the following order of stability:
C5, β , αR, αL, C7ax and αD. The difference in energy between three
lowest conformers, C5, β , αR, does not exceed 1 kcal/mol.

Figure 2(c) presents distribution of the φ, ψ angles of 789
alanine residues, -CO-Ala-NH-, (marked black crosses) and 2648
remaining standard, non-Gly, non-Pro amino acids residues
(marked grey crosses), -CO-Xaa-NH-, found in The Cambridge
Structural Database. As can be seen, the distribution of the solid
state conformations fits to the calculations preformed in the water
mimicking environment. They are placed in the regions of the
calculated conformers. The largest number of solid state confor-
mations was found for the conformers of the lowest energy, C5, β
and αR. The distribution of the alanine residues fits more closely to
the position of the calculated conformers, whereas the distribution
of the remaining standard residues is broader. The overall shape
of the distribution of the solid state conformers corresponds to
the shape of the calculated map. It is also in agreement with the
distribution of 81 234 non-Gly, non-Pro and non-prePro residues
from 500 high-resolution proteins and the shape of the φ, ψ plot
created using density-dependent smoothing [51].

The comparison between the distribution of the conformations
found in the solid state and the results of the theoretical

www.interscience.com/journal/psc Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2010; 16: 126–135
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Figure 3. The φ, ψ potential energy surfaces of the Ac-Ala-OMe molecule:
(a) plot calculated in vacuo, conformers calculated in vacuo (◦) and in
a chloroform mimicking environment (�), (b) plot and conformers in
a water mimicking environment and (c) distribution of the solid state
conformation of the -CO-Xaa-O-(C) residue (non-Gly, non-Pro) presented
on the plot calculated in a water mimicking environment.

calculations enable the assumption that the theoretical method
applied should correctly predict the conformational preferences
of the depsiptide models, for which a much smaller amount of
conformational data is accessible.

Ac-Ala-OMe

Figure 3 presents the conformational maps for Ac-Ala-OMe,
the model amino acid residue with a C-terminal ester bond.
The calculation performed in vacuo shows four conformers:

Table 3. Conformers of the Ac-Ala-OMe molecule

Conformer φ (◦) ψ (◦)
Energy

(Hartrees)
�E

(kcal/mol)

in vacuo

C5 −155.8 169.3 −515.704382 0.00

α′ −151.0 −18.4 −515.701179 2.01

αL 54.1 36.0 −515.697860 4.09

αD 58.4 −151.4 −515.697354 4.41

Chloroform mimicking environment

C5 −138.5 165.9 −515.715469 0.00

αR −89.5 −11.8 −515.713878 1.00

αL 54.1 40.4 −515.712044 2.15

αD 58.9 −149.1 −515.711258 2.65

Water mimicking environment

β −77.7 158.3 −515.722774 0.00

C5 −138.5 165.4 −515.722226 0.34

αR −87.7 −18.4 −515.721514 0.79

αL 52.9 43.25 −515.720456 1.45

αD 59.2 −150.4 −515.719429 2.10

C5, α′, αL and αD, with the most stable conformer being C5
(Table 3, Figure 3(a)). In the chloroform mimicking environment,
the conformer α′ shifts into the region of the conformer αR,
which becomes second in the energy order. The gap in energy
between the conformer lowest in energy, C5, and the conformerαR,
does not exceed 1 kcal/mol. In the water mimicking environment
(Figure 3(b)) the conformer β appears and becomes the most
stable conformer. The order of the remaining conformers, C5,αR,
αL and αD, does not change. It should be noted that there are
three low-energy conformers, β , C5 and αR, and the difference in
energy between them is below 1 kcal/mol.

The distribution of the 1048 solid state conformations, -CO-Xaa-
O-, fits the shape of the map calculated in the water mimicking
environment (Figure 3(c)). It also corresponds both to the position
and stability of the calculated conformers. The most occupied
areas are those around the lowest conformers β , C5 and αR. The
conformers αL and αD have higher energy and only a few solid
state conformations correspond to them.

Comparison of the conformational properties of the Ac-Ala-
OMe molecule to the standard alanine model indicates that
introduction of the ester bond instead of the C-terminal amide
bond results primarily in the absence of the conformers C7ax and
C7eq. For Ac-Ala-NHMe, they were stabilised by the internal, seven-
membered N–H· · ·O hydrogen bond, where the C-terminal N–H
group was donor. For the Ac-Ala-OMe molecule, this stabilising
force is not present. The calculation performed in vacuo and in the
chloroform mimicking environment also revealed the absence
of the conformer β2. Nevertheless, in the water mimicking
environment the conformers of the Ac-Ala-OMe molecule are
similar to those of the standard alanine model, except for the lack
of the conformer C7ax. As in the case of Ac-Ala-NHMe, the areas
most occupied by the solid state conformations are those of the
lowest conformers β , C5 and αR. Similarly, the conformers highest
in energy are αL and αD. In the results, the shape of the maps of
both the Ac-Ala-NHMe and Ac-Ala-OMe molecules do not differ
much, apart from the conformer C7ax. The distribution of the solid
state conformation of the -CO-Xaa-NH- and -CO-Xaa-O- residues is
also similar. Thus, it can be concluded that the introduction of the

J. Pept. Sci. 2010; 16: 126–135 Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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Figure 4. The φ, ψ potential energy surfaces of the Ac-[psi](COO)Ala-
NHMe molecule: (a) plot calculated in vacuo, conformers calculated in
vacuo (◦) and in a chloroform mimicking environment (�), (b) plot and
conformers in a water mimicking environment and (c) distribution of the
solid state conformation of the -[psi](COO)Xaa-NH- residue (non-Gly, non-
Pro) presented on the plot calculated in a water mimicking environment.

ester bond at the C-terminus of the affected residues should not
have a considerable influence on its conformational properties.

Ac-[psi](COO)-Ala-NHMe

Figure 4 presents the conformational maps for Ac-[psi](COO)-Ala-
NHMe, the model of the amino acid residue with an N-terminal
ester bond. The calculation performed in vacuo shows five
conformers: α′, C7eq, C7ax, αL and αD (Table 4, Figure 4(a)).
The conformer α′ is the lowest in energy. The second in the

Table 4. Conformers of the Ac-[psi](COO)-Ala-NHMe molecule

Conformer φ (◦) ψ (◦)
Energy

(Hartrees)
�E

(kcal/mol)

in vacuo

α′ −147.9 0.3 −515.706915 0.00

C7eq −88.3 78.1 −515.706053 0.54

C7ax 76.2 −52.9 −515.701117 3.64

αL 67.9 28.6 −515.700095 4.28

αD 57.0 −141.0 −515.698254 5.44

Chloroform mimicking environment

α′ −146.7 −4.4 −515.717948 0.00

β −71.6 143.7 −515.717809 0.09

αR −97.7 −18.3 −515.717303 0.40

αL 63.7 38.0 −515.712508 3.41

C7ax 77.3 −53.7 −515.710546 4.64

αD 58.8 −145.5 −515.710148 4.89

Water mimicking environment

β −70.8 148.9 −515.726078 0.00

αR −80.2 −28.6 −515.725101 0.61

α′ −145.7 −11.6 −515.724882 0.75

αL 62.7 39.3 −515.720722 3.36

αD 60.5 −152.0 −515.717751 5.22

C7ax 78.201 −58.8 −515.715006 6.94

energy order is the conformer C7eq. It disappears, however, in
the chloroform mimicking environment. Instead, the calculations
reveal the conformers β and αR. The conformer α′ is still the
most stable, but the gap in energy between the conformers α′, β
and αR is very small and does not exceed 0.4 kcal/mol. The water
environment does not change the number and the position of
the conformers (Figure 4(b)). It changes the energy order, which
is as follows: β , αR, α′, αL, αD and C7ax. The difference in energy
between the three lowest energy conformers, β , αR and α′, does
not exceed 0.8 kcal/mol. The conformers αL, αD and C7ax are much
higher in energy, regardless of the environment.

The search of the CSD database results in 137 solid state
conformers of the -[psi](COO)-Xaa-NH- residues (Figure 4(c)). It is a
much smaller number than in the case of the standard amino acid
residues as well as the residues having C-terminal ester bonds.
Nevertheless, their distributions correspond to the positions of
the three lowest conformers calculated for the polar environment.
They occupy the area of the conformers β , αR and α′. There is no
solid state conformation that corresponds to the higher energy
conformers αL, αD and C7ax.

The absence of the conformer C5, and simultaneously, the ap-
pearance of the conformer α′ of an unusual stability should be
noticed. The conformer α′ can be detected for the standard alanine
model using calculations performed in vacuo and a weakly polar
environment. However, for the Ac-Ala-NHMe molecule, it is the
conformer of the highest energy. The absence of the conformer C5
results from the lack of the N-terminal N–H group, which was the
donor of the five-membered N–H· · ·O hydrogen bond. In contrast,
similar five-membered N–H· · ·O interaction between the oxygen
atom of the N-terminal ester bond and the N–H group of the
C-terminal amide, explains the low energy of the conformer α′,
which was described earlier (Zhang, Kang). It should be added that
such five-membered N–H· · ·O interaction also stabilises the con-
former αR. The change of the torsion angle φ, when going from the

www.interscience.com/journal/psc Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2010; 16: 126–135
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Figure 5. The φ, ψ potential energy surfaces of the trans-Ac-(Me)Ala-
OMe molecule: (a) plot calculated in vacuo, conformers calculated in
vacuo (◦) and in a chloroform mimicking environment (�), (b) plot and
conformers in a water mimicking environment and (c) distribution of
the solid state conformation of the trans-CO-(R)Xaa-O-(C) residue (non-
Gly, non-Pro) presented on the plot calculated in a water mimicking
environment.

conformer α′ towards the conformer αR does not influence the pa-
rameter of these stabilising forces. Thus, the flat region enveloped
by these two conformers can be seen on the potential surface map.

Trans-Ac-(Me)Ala-OMe

Figure 5 presents the conformational maps for the trans-
Ac-(Me)Ala-OMe molecule, the model of the residue with a
C-terminal ester bond, and simultaneously, methylated on the

Table 5. Conformers of the trans Ac-(Me)Ala-OMe molecule

Conformer φ (◦) ψ (◦)
Energy

(Hartrees)
�E

(kcal/mol)

in vacuo

β −111.7 174.8 −554.983505 0.00

β2 −116.5 34.8 −554.983152 0.22

C7eq −124.6 86.2 −554.982029 0.92

αL 52.9 37.5 −554.981702 1.13

αD 57.5 −148.2 −554.981271 1.40

Chloroform mimicking environment

β −109.4 178.3 −554.993694 0.00

β2 −117.4 34.4 −554.993579 0.08

αL 52.6 40.1 −554.992225 0.93

C7eq −123.5 83.3 −554.992158 0.97

αD 56.9 −148.7 −554.991282 1.52

Water mimicking environment

β −109.0 −174.8 −554.998930 0.00

β2 −117.7 30.9 −554.998918 0.01

αL 51.7 42.4 −554.998147 0.49

αD 56.0 −148.2 −554.997157 1.11

N-terminal amide bond having the configuration trans. The cal-
culations in vacuo and in a chloroform mimicking environment
reveal the presence of the five conformers: β , β2, C7eq, αL and αD

(Table 5, Figure 5(a) and 5(b)). The conformer C7eq disappears in
the water mimicking environment (Figure 5(c)), but the remaining
conformers β , β2, αL and αD are constantly present. The envi-
ronment seems to not influence the order of their stability, and
insignificantly, the value of their torsion angles. The gap in energy
between the conformers does not exceed 1.5 kcal/mol. The low
energy of the conformer αL should be noted. In the water mim-
icking environment, the gap in energy between the most stable
conformer β and the conformer αL does not exceed 0.5 kcal/mol.
The conformations found in the solid state correspond to all the
conformers calculated. The majority of them are placed in a flat
valley created by the connected areas of the conformers β and β2.
Again, the conformer αL should be noted, because 46 of 127 solid
state conformations are placed in its region.

In comparison to Ac-Ala-OMe and Ac-Ala-NHMe, the trans-
Ac-(Me)Ala-OMe molecule reveals the absence of the conformer
αR, one of the most important and lowest in energy conformers.
Furthermore, the conformer C5 is also absent and its region as well
as the region of the conformer β are considerably diminished. The
conformer β (φ, ψ ∼ −110◦, 176◦) is present but the values of its
torsion angles are deviated from those adopted by the analogous
conformers of Ac-Ala-OMe and Ac-Ala-NHMe. The second in the
energy order is the conformer β2 (φ, ψ ∼ −117◦, 33◦), which
is present for the standard alanine residue only in vacuo or in
the chloroform mimicking environment. This conformer, with its
geometry almost unchanged regardless of environment, seems
to be an important feature of the residue with a C-terminal ester
bond and methylated on the trans N-terminal amide. Another
distinguishing feature is the conformer αL. Its position does not
change much in comparison to those for Ac-Ala-OMe and Ac-Ala-
NHMe. However, its relative energy is much smaller, and thus, as
can be seen by the distribution of the solid state conformation, it
becomes one of the most adopted.

J. Pept. Sci. 2010; 16: 126–135 Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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Figure 6. The φ, ψ potential energy surfaces of the cis-Ac-(Me)Ala-OMe
molecule: (a) plot calculated in vacuo, conformers calculated in vacuo (◦)
and in a chloroform mimicking environment (�), (b) plot and conformers
in a water mimicking environment and (c) distribution of the solid
state conformation of the cis-CO-(R)Xaa-O-(C) residue (non-Gly, non-Pro)
presented on the plot calculated in a water mimicking environment.

The presence of the C-terminal ester and methylated trans
N-terminal amide results in the absence of the N–H· · ·O
hydrogen bonds, which stabilises the conformer C5 as well as C7.
Furthermore, the bulky N-methyl group imposes steric hindrance
at the higher values of the torsion angle φ, which disfavours the
extended conformer C5. Similarly, because of the steric hindrance
between the bulky N-methyl group and the side chain of amino
acid residue, it is difficult to adopt the torsion angle φ close to
the value −80◦. As a consequence, the conformer αR is absent

Table 6. Conformers of the cis Ac-(Me)Ala-OMe molecule

Conformer φ (◦) ψ (◦)
Energy

(Hartrees)
�E

(kcal/mol)

in vacuo

C7eq −111.9 84.4 −554.981238 0.00 (1.42)

β −97.4 173.4 −554.980747 0.31 (1.73)

αL 59.5 35.6 −554.977754 2.19 (3.61)

αD 69.1 175.6 −554.976388 3.04 (4.46)

Chloroform mimicking environment

β −95.8 177.2 −554.991072 0.00 (1.65)

C7eq −111.7 83.3 −554.990929 0.09 (1.74)

αL 60.0 32.8 −554.988224 1.79 (3.44)

αD 69.4 176.6 −554.986972 2.57 (4.22)

Water mimicking environment

β −95.4 179.8 −554.996983 0.00 (1.22)

β2 −118.4 38.1 −554.996738 0.15 (1.37)

αL 59.4 30.8 −554.993719 2.05 (3.27)

αD 64.6 −170.4 −554.993530 2.17 (3.39)

and the conformers β and C7eq are deviated. Table 4 shows that
the values of the torsion angle φ are considerably limited. Only
values of about −116◦ or 55◦ are adopted, which correspond to
the conformers β , β2 and αL, αD, respectively. The introduction
of the bulky methyl group at the N-terminal amide results in the
absence of the low energy conformers C5 and αR. It also changes
the geometry of the conformers β and C7eq, and as a result
their stabilisation decreases. However, it does not change the
conformers αL and αD much. Thus, the gap in energy between
the conformers diminishes and the conformer αL, as well as, to a
smaller extent, the conformer αD become accessible.

The theoretical calculations supported by the small number
of experimental data reveal that the amino acid residues with a
C-terminal ester bond and methylated on the N-terminal amide
will have a considerable tendency to adopt the conformers β , β2
and αL.

Cis-Ac-(Me)Ala-OMe

It is known that methylation of the amide bond increases its
tendency to adopt the configuration cis. The results of the database
search indicate that ∼20% of the methylated amide bonds
preceding the ester bond in the main chain adopt the configuration
cis (Table 1). Therefore, the conformational properties of cis-
Ac-(Me)Ala-OMe were also analysed (Figure 6). Four conformers
were found (Table 6). In vacuo and in the chloroform mimicking
environment these are: C7eq, β , αL and αD (Figure 6(a)). In the
water mimicking environment, the conformer C7eq changes into
the conformer β2 (Figure 6(b)). The environment seems not to
influence the remaining conformers β , αL and αD much and the
changes in their torsion angles are small. In the polar environment
the conformer β becomes the lowest in energy and the order of
stability is as follows: β , β2/C7eq, αL and αD. The number of solid
state conformations is very small (32), however the majority of
them are placed in the region of the lowest energy conformer
β .

Comparisons of Figures 5 and 6 as well as Tables 5 and 6 show
that the changes of the configuration trans/cis of the N-terminal
amide of the Ac-(Me)Ala-OMe molecule do not considerably
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Figure 7. The φ, ψ potential energy surfaces of the Ac-[psi](COO)Ala-
NMe2 molecule: (a) plot calculated in vacuo, conformers calculated in
vacuo (◦) and in a chloroform mimicking environment (�), (b) plot and
conformers in a water mimicking environment and (c) distribution of the
solid state conformation of the -[psi](COO)Xaa-NR- residue (non-Gly, non-
Pro) presented on the plot calculated in a water mimicking environment.

change the shape of the potential energy surfaces and the number
of conformers. Particularly, this can be seen in the water mimicking
environment. The most occupied areas are the regions of the
lowest energy conformers β and β2. The tendency to adopt
the conformer αL should be much smaller as the gap in energy
between the conformers β , β2 and αL, αD is greater than in the
case when the configuration trans of the N-terminal amide is
adopted.

Comparison of the stabilities of the conformers trans and cis
of the Ac-(Me)Ala-OMe molecule (Table 6, value in parenthesis)
shows that the conformer trans always has lower energy than

Table 7. Conformers of the CH3-[psi](COO)Ala-NMe2 molecule

Conformer φ (◦) ψ (◦)
Energy

(Hartrees)
�E

(kcal/mol)

in vacuo

β −68.5 149.4 −554.986787 0.00

β2 −143.7 69.3 −554.986686 0.06

α′ −145.9 −44.4 −554.984323 1.54

αR −80.4 −33.5 −554.983830 1.85

αL 56.9 47.8 −554.981473 3.33

αD 72.6 163.5 −554.977986 5.52

αD 58.8 −131.4 −554.974339 7.81

Chloroform mimicking environment

β −70.2 152.7 −554.996766 0.00

β2 −147.3 68.3 −554.995601 0.73

αR −77.0 −37.2 −554.994234 1.59

α′ −144.0 −44.4 −554.993992 1.74

αL 56.9 49.5 −554.991334 3.41

αD 73.9 163.7 −554.988822 4.98

αD 60.0 −131.5 −554.983627 8.24

Water mimicking environment

β −71.6 156.8 −555.002617 0.00

β2 −148.5 68.6 −555.001114 0.94

αR −76.8 −38.3 −555.000686 1.21

α′ −143.4 −44.2 −554.999666 1.85

αL 56.5 50.3 −554.997926 2.94

αD 74.7 164.3 −554.994877 4.85

αD 60.2 −132.0 −554.989486 8.24

the analogous conformer cis. Furthermore, the highest energy
conformer, trans, is still more favored than the lowest conformer
cis. Therefore, the presence of the C-terminal ester should not
increase the tendency of the N-terminal methylated amide bond
to adopt the configuration cis.

Ac-[psi](COO)-Ala-Me2

Figure 7 and Table 7 present the conformational preferences of
the Ac-[psi](COO)-Ala-Me2 molecule, the model of the residue
having an N-terminal ester bond, and simultaneously, having
the C-terminal amide methylated. The calculations reveal seven
conformers: β , β2, α′, αR, αL and two conformers αD. The
environment seems not to influence the number of conformers
or their geometry. Generally, the energy order is maintained. The
most stable are the conformers β and β2. The gap in energy
between these conformers increases with the increase in the
polarity of the environment, and in water the difference in energy
reaches the value of about 0.9 kcal/mol. The conformers α′ and
αR are in the middle in the energy order. The gap in energy
between the lowest conformer β and the conformer α′ increases
with the increase in the polarity of the environment, whereas the
opposite tendency can be observed in the case of the conformer
αR. Thus, in the solvent environment, the conformer αR is lower in
energy than the conformer α′. The remaining conformers αL and
αD are considerable higher in energy, regardless of the simulated
environment.

The number of solid state conformations found in the CSD base
is limited. Nevertheless, it confirms the results of the calculations.
The majority of the -[psi](COO)-Ala-NMe- residues adopt the
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conformation placed in the region of the lowest conformer β

(48 of 78 residues found). The conformations which correspond to
the conformers β2, α′, αR are also present.

Comparison of conformational properties show that
the Ac-[psi](COO)-Ala-NMe2 and the Ac-[psi](COO)-Ala-NHMe
molecules reveal some similarities in the pattern of the conformers
(Figures 4 and 7, Tables 4 and 7). However, for the Ac-[psi](COO)-
Ala-NMe2 molecule the conformer β is the lowest in energy,
regardless of the environment. The conformers α′ and αR have a
higher energy than those of the Ac-[psi](COO)-Ala-NHMe molecule.
It is also shown by the distribution of the solid state conformations
(Figures 4(c) and 7(c)). Within the -[psi](COO)-Ala-NMe- residue
any internal N–H· · ·O bond/interaction can be created. As a
consequence, the conformers α′ and αR cannot stabilised by five-
membered N–H· · ·O interaction, as in the case of the conformers
of the analogous -[psi](COO)-Ala-NH- residue.

Conclusion

The introduction of the ester bond in the peptide main chain has a
different influence on the residues following and preceding in the
sequence. The residues with the C-terminal ester bond prefer the
conformations β , (φ, ψ = −78◦, 158◦), C5 (φ, ψ = −138◦, 165◦),
and αR (φ, ψ = −88◦, −18◦). Thus, they have properties similar
to the standard, non-modified, non-Gly, non-Pro, amino acid
residues. The residues with the N-terminal ester bond also display a
tendency to adopt the conformationsβ (φ,ψ = −71◦, 149◦) andαR

(φ, ψ = −80◦, −29◦). However, they prefer the unique conformer
α′ (φ, ψ = −146◦, −12◦) instead of the conformation C5.

Methylation of the neighbouring amide significantly changes
the conformational properties of the affected residue. The
residues with N-terminal methylated amide and C-terminal ester
linkage prefer the conformations β (φ, ψ = −109◦, 175◦), β2
(φ, ψ = −118◦, 31◦), and interestingly, the conformation αL

(φ, ψ = 52◦, 42◦), which is much more easily accessible than
the analogous conformation of the standard amino acids. When
the methylated amide adopts the configuration cis, only the
conformations β (φ, ψ = −95◦, 180◦) and β2 (φ, ψ = −118◦, 38◦)
are preferred. However, it should be noted that the neighbouring
ester linkage does not increase the tendency towards the
configuration cis. The residues with C-terminal methylated amide
and N-terminal ester linkage prefer primarily the conformation β

(φ, ψ = −72◦, 157◦).
Naturally occurring depsipeptides reveal a broad spectrum of

biological activity. The structural complexity of these compounds,
containing many modifications, makes investigations into their
structure–activity relationship (SAR) difficult. Description of the
selective structural modifications can be helpful in understanding
their biological functions. It is suggested that the residues which
have an ester bond as well as both ester and methylated amide
bonds have different conformational properties. The location of
these modifications (N-terminus or C-terminus) is also important
for the conformational properties of the affected residue. This
work is a contribution to the knowledge around the structural
varieties of natural products, which can be further applied in the
design of new bioactive peptides.
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