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Assessing the Performance of Computational Methods for
the Prediction of the Ground State Structure of a Cyclic
Decapeptide
Manuel Doemer,[a] Matteo Guglielmi,[a] Prashanth Athri,[a] Natalia S. Nagornova,[b] Thomas R.
Rizzo,[b] Oleg V. Boyarkin,[b] Ivano Tavernelli,[a] and Ursula Rothlisberger[a]∗

We benchmark the performance of various computational
approaches, ranging from the classical nonpolarizable force fields
AMBER FF96 and FF99SB, the polarizable force fields AMBER
FF02polEP and AMOEBAbio09 to the semiempirical DFT method
SCC-DFTB. The test set consists of nine conformations of gas-
phase protonated gramicidin S, a cyclic decapeptide. We discuss
their structural features in relation to the intrinsic lowest energy
structure,which has been solved recently by a combination of cold
ion spectroscopy and high level theoretical methods (Nagornova
et al., Angew Chem Int Ed 2011, 50, 5383). As a reference, we use
the energetics at the M05-2X level of theory. The latter has been

validated as a suitable reference method in predicting the correct
ground state structure of gas-phase protonated bare and micro-
solvated tryptophan as well as gas-phase protonated gramicidin S
by comparison to experiment. We discuss the performance of the
different more approximate methods in relation to their potential
use as efficient and reliable tools to explore conformational space
for the generation of candidate structures before refinement at
the DFT level. © 2012 Wiley Periodicals, Inc.

DOI: 10.1002/qua.24085

Introduction

The structure and function of bio-molecular systems are closely
linked, and the determination of the native structure is often
the basis for an understanding of the biological function and
mechanism of action.

Various methods such as X-ray or neutron diffraction, NMR,
IR, Raman or microwave spectroscopy are available to obtain
structural information. All of these techniques have inherent
advantages and disadvantages and differ in the type of infor-
mation they provide as well as in the applied measuring
conditions, that might deviate to varying degrees from the in
vivo physiological conditions.

Except for diffraction methods, none of the aforementioned
techniques is able to measure directly the molecular structure.
Structures can only be calculated by theoretical methods, which
in turn have to be validated by comparing predicted physi-
cal properties with experiment. In the case of IR spectroscopy,
for instance, the compared quantity can be frequencies and
intensities of vibrational transitions, which are directly linked
to the molecular structure. Theoretical methods are therefore,
in conjunction with experiment, inherent parts of any pro-
cedure that targets the determination of molecular structure.
However, the small energy separations between different con-
formational states pose stringent requirements on the accuracy
of the computational method, which necessitates the use of
high-level approaches. In contrast, even comparably small-sized
systems span a relatively large conformational space for which a
comprehensive conformational search is only possible with com-
putationally more expedient methods. Density functional meth-
ods usually represent a good trade-off between computational
cost and accuracy. Especially modern exchange correlation

functionals with an improved functional form of the reduced
density gradient and with a dependence on the kinetic energy
density[1, 2] show an impressive performance for weak interac-
tions that are crucial for the structure of biomolecules in both
condensed phase and under isolated vacuum conditions.[3–6]

Even in conjunction with a well converged basis set, geometry
optimizations for systems up to few hundred atoms are feasi-
ble. Unfortunately, for such a size a thorough screening of the
complete conformational space is still not possible. More approx-
imate techniques, such as classical force fields or semi empirical
quantum mechanical (QM) methods have to be used for this
purpose. Here, we test the performance of different methods,
including classical nonpolarizable and polarizable force fields and
a semiempirical DFT method, with respect to their ability of repro-
ducing the relative energetics of a medium-sized biomolecule.
As reference data, we use the results of a hybrid-meta GGA DFT
method, which we have previously validated against experimen-
tal data[7] and has been confirmed at a similar theoretical level
by others.[8, 9]
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As a test set, we use a pool of nine gas-phase conformations of
protonated gramicidin S (GS), a cyclic decapeptide with the highly
symmetric sequence cyclo-ValOrnLeuPheProValOrnLeuPhePro,
where Orn designates ornithine and Phe is the D rather than
the L enantiomer. GS is a natural antibiotic peptide against
Gram-positive and -negative bacteria and several pathogenic
fungi.[10, 11] The proposed mechanism of action is based upon
distortions caused by its binding to the microbial cell membranes.
Unfortunately, it appears to be toxic to human blood cells. GS
has been studied extensively in the condensed phase,[12–18] but
no structure in its native membrane environment is available. A
better understanding of its structure and interactions with the
solvent and cell membranes might help in the rational design
of GS analogs with reduced hemolytic activity and preserved
antimicrobial features. In this respect, it is important to know the
intrinsic structure of gramicidin S in the absence of any solvent
and environment effects.

The experimental data (frequencies, intensities of vibrational
transitions and their partial assignment), which we use as a
reference for validation of our calculations, were obtained by mea-
suring conformer-selective IR spectra of the protonated species
([GS+2H]2+) isolated in the gas phase at T ∼ 12 K. The isolation
of the target biomolecules removes their interaction with the
solvent, revealing weak intramolecular interactions that control
structure and stability, while the cryogenic cooling suppresses
different types of inhomogeneous spectral broadening and con-
denses most of the species at their vibrational ground levels.
Conformational selectivity of these measurements greatly sim-
plifies the comparison with calculated vibrational spectra, since
the latter are obtained separately for each computed molecu-
lar structure. In addition to the frequencies and intensities of
vibrational transitions, the experiment provides some structural
information, such as the relative proximity of certain chemical
groups or the relative number of hydrogen bonds. However, it is
still a very challenging task to deduce a 3D molecular structure
(Figure 1) from the vibrational spectrum (Figure 2) alone. Com-
putational techniques can be applied to determine the optimal
arrangement of the nuclei and to calculate the corresponding
vibrational spectrum. Matching the calculated with the experi-
mental IR spectrum can then be used to identify the equilibrium
geometry.

Besides its pivotal role in identifying the intrinsic structure of
biomolecules, cold ion spectroscopy, as described in more detail
in the Methodology section, also provides valuable benchmark
data for theoretical methods.[19] The gas-phase environment ren-
ders the system feasible for first principles electronic structure
methods and the highly resolved experimental IR spectra allow,
in combination with isotope substitution experiments, direct
assignments with respect to the calculated vibrational bands.
Before attempting to solve the 3D structure of cold protonated
Gramicidin S, we have performed benchmarking studies on bare
and microsolvated protonated tryptophan in which we have
assessed the performance of various popular DFT methods to
predict the lowest energy structure in comparison with high
level wave function based methods (CBS-C,[20] see Supporting
Information for a brief description) and experiments.[21] It turned
out, that in all cases CBS-C was able to predict the lowest energy

isomers that are in agreement with the experimentally observed
vibrational spectra. M062 and M05-2X1 provided energetics in
close agreement with the CBS-C results, but only M05-2X and
B3LYP[22–25] yielded highly-reliable predictions of the vibrational
spectra.

In this work we extend our benchmarking effort to a larger
size biomolecule, i.e., gas-phase [GS + 2H]2+. In particular, we
tested the performance of the classical force fields AMBER
FF96,[26] FF99SB,[27] FF02polEP[28] and AMOEBAbio09[29] as well
as the semiempirical self-consistent charge density functional
tight-binding (SCC-DFTB) method[30] in predicting the relative
energetics of a pool of nine conformers with respect to the M05-
2X/6-31G(d,p) level of theory. The latter has been confirmed as
a suitable reference method that predicts the correct ground
state structure also for [GS + 2H]2+, as verified by comparison
to experiment.[7]

Methodology

Geometry optimizations at the classical level using the FF96,
FF99SB, and FF02polEP force fields were performed via sim-
ulated annealing as implemented in the AMBER9 software.[31]

The time step was set to 1 fs, bonds involving Hydrogen atoms
were constrained using the SHAKE algorithm.[32] The tempera-
ture was controlled by a Langevin thermostat with a collision
frequency of 3.0 ps−1. Heating for 3 ns, equilibration for 5 ns
and linear cooling for 20 ns. The SCC-DFTB method was used as
implemented in DFTB+, v.1.1[33] in conjunction with the mio-0-1
parameter set.[30, 34] Improvements for the description of hydro-
gen bonding[35] and dispersion interactions[36] were considered
as well and will be denoted as SCC-DFTB(h) and SCC-DFTB(d),
respectively. Geometry optimizations were performed up to a
convergence of 10−4 a.u. of the atomic forces.

DFT calculations with the M05-2X functional were performed
using Gaussian G09,[37] using the 6-31G(d,p) basis set, tight
convergence criteria and the UltraFine integration grid option.

The experimental procedure to detect the conformer-selective
vibrational spectra involved a combination of electrospray
ionization, mass spectrometry, cryogenic cooling, and laser spec-
troscopy. The protonated peptides in the gas phase were
produced directly from an aqueous solution using a nano spray
ion source. In a quadrupole mass filter the parent ions were
pre-selected according to their mass-to-charge ratio and then
transferred to a 22-pole ion trap, where they were cooled to ∼6 K
by collision with cold helium. At this temperature, vibrational
resolution is possible even for a system as large as a decapep-
tide. Conformer-selective vibrational spectra were measured by
using IR/UV double resonance detection, where vibrational pre-
excitation of the biomolecular ions by an IR pulse alters their
subsequent UV fragmentation yield.[38–41] For more details see
the Supporting Information of Ref. [7].

Results

We have selected nine structures of [GS + 2H]2+, chosen from
simulated annealing runs at the classical level or structural modifi-
cations from these, for our benchmarking study on the energetics
of a range of methods. Table 1 labels the different conformation
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Table 1. Characteristic structural parameters for conformations R01-R09
optimized at the M05-2X/6-31G(d,p) level of theory.

Name No free backb. NHs Struc. RMSD (Å) NH3-Phe Phe–Phe

R01 0 0.00 2.95, 2.97 14.94
R02 0 0.70 2.95, 2.97 15.18
R03 0 0.74 2.96, 2.96 15.27
R04 2 2.68 8.74, 8.74 15.36
R05 4 2.07 6.52, 6.53 19.64
R06 4 2.35 6.27, 6.64 18.86
R07 3 3.16 3.19, 5.96 14.80
R08 2 1.94 5.02, 5.02 13.70
R09 6 5.53 2.96, 2.96 4.47

Hydrogen bond analysis (distance cutoff: 3.5 Å, angle cutoff: 70◦). Total
number of free backbone NHs,structural RMSD with respect to the minimum
energy conformation (R01) and shortest distances between the ammonium
and phenyl groups (Å).

according to their relative energy after geometry optimization
at the M05-2X/6-31G(d,p) level of theory. R02, R07, R08, and
R09 resulted from restrained simulated annealing runs using
experimentally derived restraints, as described in the Support-
ing Information of Ref. [7]. In R02 one Orn side chain is bent
inside with respect to the backbone ring, while the other is
bent outside (O:in,out). R03 and R01 were derived from R02 to
produce the (O:out,out) and (O:in,in) conformation, respectively
(see Fig. 3). R04 resulted from simulated annealing runs at the
classical level, using both the FF99SB and FF02 force field. R05
resulted from a geometry optimization starting with the coor-
dinates of the crystal structure reconstructed from Ref. [18]. R06
resulted from multiple simulated annealing runs at the AMOEBA
level.

Table 1 summarizes some key structural features of the selected
conformations. Due to space limitations pictures are only repro-
duced for R01-R03 (Fig. 3), R06 (Fig. 4) and R09 (Fig. 5). Since
R01-R03 differ by only slight variations in the Orn side chains
the RMSDs are naturally very small. All backbone NHs are sat-
urated with hydrogen bond interactions, the ammonia groups
are in relative close proximity of the phenyl rings and the two
phenyl rings are separated by ≈15 Å. The RMSD of R04 (2.7 Å)

is relatively large and also visual inspection (see coordinates
in Supporting Information) let us characterize this isomer as a
qualitatively different structural type, where the main difference
lies in the phenyl rings that are oriented in a parallel alignment
with the proline rings instead of forming NH+

3 − π interactions.
In this way, one of the hydrogens on each NH+

3 group is not
involved in any intramolecular interaction, while the other two
are engaged in hydrogen bonds to the backbone. Judging from
RMSD, number of free backbone NHs and distances between the
NH+

3 and Phe groups, structures R05 and R06 are very similar,
but differ significantly from R01-R03. Structures R07-R09 feature
RMSDs with respect to R01 � 2 Å and from 2 to 6 free backbone
NHs. Also, the NH3-Phe distances are higher in these structures
then in R01-R03, except in R09. The latter features the highest
number of free backbone NHs and RMSD value with respect to
R01. The packing between the π systems of the two Phe side
chains is optimized by placing them in a parallel arrangement
above the ring of the backbone (see Fig. 5). Thereby the Phe–Phe

distance is reduced to only 4.5 Å. The NH+
3 groups are oriented

to form one hydrogen bond to the backbone (opposed to two
in R01) and a NH+

3 − π interaction, whereas the third hydrogen
atom is not involved in any intramolecular interaction.

Figure 1 shows the lowest energy conformation R01 color
coded according to the RMSD with respect to the crystal structure
derived from X-ray diffraction on the crystallized, hydrated species
(Also see Figs. 3 and 4 for comparison).[18] The highly symmetric
structure of R01 is slightly more compact with an RMSD of
the backbone atoms of ≈ 1 Å. Atoms with an RMSD of 2 Å or
more are colored in dark red. The highest RMSDs (3–7.5 Å) are
observed for the phenyl rings, which are oriented in a parallel
way in order to optimize the NH+

3 − π interactions, in contrast
to the crystal structure, where the NH+

3 groups are partially
solvated by crystal water. The RMSDs of the Orn side chain
atoms are increasing for atoms closer to the ammonium groups
(from ≈ 0.5 to 2 Å), reflecting the effect of the hydrogen bonds
of the ammonium group to the backbone carbonyls, which are
missing in the crystal structure. The highest RMSDs are found
for the Leu side chains, as expected from these relatively flexible
regions, (2–3 Å) and in the Pro side chains (≈ 2 Å), which seems
to be due to a more compact folding of the backbone and the
additional NH+

3 − π interactions in R01. This analysis illustrates
the differences between the “intrinsic” lowest energy structure
and the crystal structure, where packing effects and interaction
with crystal water can cause significant deviations.

All geometries were optimized at the M05-2X/6-31G(d,p) level
of theory and the first row in Table 2 gives the relative energet-
ics for the pool of structures R01-R09. As expected from their
structural similarity, R01-R03 are relatively close in energy, where
each Orn bent outwards instead of inwards with respect to the
backbone accounts for a destabilization of ∼3.3 kcal/mol at the
DFT level. Interestingly, the relative energy of R04 is of the same
order as the one of R03, despite the differences in the structural
features, as discussed above. Conformations R05 and R06 are
relatively similar and their relative energy is almost the same.
Conformations R07-R09 are energetically well separated from
the others, with R09 being 43 kcal/mol higher in energy then

Figure 1. Conformation R01 optimized at the M05-2X/6-31G(d,p) level of the-
ory. Color coding according to the RMSD with respect to the crystal structure
reconstructed from Ref. [18]. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 2. Calculated vibrational spectrum of R01 at the M05-2X/6-31G(d,p) level of theory (scaled by a constant factor of 0.932), compared to the experimental
spectrum of the major isomer. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. R01 top and side view. Arrows indicate structural changes that lead
to conformations R02(Orn:in,out) and R03(Orn:out,out). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. R06 top and side view. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

R01. The nine best structures of the pool thus span an approx-
imate energy range from 4 kcal/mol to higher energy isomers
at ∼40 kcal/mol.

Experimentally gas-phase [GS + 2H]2+ at ∼10 K is present in
three different conformations, one of which is significantly more
abundant than the other two.[7, 19] For the major isomer three
characteristic features can be deduced from experimental data:
(1) it is highly symmetric, (C2); (2) the observed frequencies of the
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Table 2. Relative energetics of nine [GS + 2H]2+ conformations in kcal/mol with respect to the lowest energy structure at the M05-2X/6-31G(d,p) level.

Method R01 R02 R03 R04 R05 R06 R07 R08 R09 RMSD MAX

M05-2X 0.00 3.64 6.57 6.77 [∼ 8.69] 8.70 16.42 22.19 43.33 – –
DFTB 0.00 2.95 4.08 1.95 4.31 5.48 6.36 5.48 31.15 8.09 16.72
DFTB(h) 0.00 3.17 6.07 4.60 9.39 8.97 10.03 8.40 16.09 10.43 27.24
DFTB(d) 0.00 3.09 6.56 4.79 0.74 −0.30 2.77 11.27 28.43 8.67 14.90
DFTB(h,d) 0.00 2.90 6.29 5.41 4.63 1.05 3.03 12.05 30.44 7.64 13.39
AMOEBA 0.00 4.75 8.57 14.09 6.71 −3.72 17.30 32.25 43.16 5.95 12.42
FF02 0.00 −0.41 13.06 −18.35 12.24 −0.69 −8.72 0.32 9.69 18.36 33.64
FF99SB 0.00 1.87 2.13 −6.88 −2.20 −3.25 −1.83 10.26 22.63 12.36 20.70
FF96 0.00 1.50 1.33 4.30 −5.32 −6.17 3.12 19.68 29.49 9.60 14.87

The lowest energy structure for each respective method is highlighted in bold.The energy of R05 at the M05-2X level has to be considered as approximate only.
Due to the intrinsic difficulties of the structure, convergence could only be reached up to within 0.01 kcal/mol.

Figure 5. R09 top and side view. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Val and Leu NH stretch vibrations can only originate from struc-
tures in which the backbone NH of these residues are hydrogen
bonded; and (3) the ammonium groups of the Orn residues are
in close proximity to the aromatic rings of the phenylalanines.
All of these features are reproduced by the lowest energy con-
formation at the M05-2X level (R01) as discussed above and in
Table 1. A stringent test for the identification of the lowest energy
structure was the comparison of the calculated and experimental

vibrational spectrum, as reproduced in Figure 2. The theoretical
predictions are in very good agreement with the experimen-
tal signals, in particular all experimentally assigned bands are
correctly reproduced (see Ref. [7] for a detailed discussion).

The variety in the structural features among the pool of
conformations R01-R09 render it an ideal selection for the bench-
marking of different methods. The challenge is to reproduce the
small energy separations between very similar structures, such
as R01-R03 or R05-R06, and at the same time to account for
structures that differ by up to 43 kcal/mol in energy. Table 2 com-
pares the performance of various more approximate methods
in reproducing the energetics at the M05-2X/6-31G(d,p) level of
theory. Standard SCC-DFTB is able to predict the correct lowest
energy conformer with respect to M05-2X. The largest errors
occur in the high-energy conformations R07-R09, with a maxi-
mum error of 16.72 kcal/mol and an RMSD of the energies of
all conformers of 8.1 kcal/mol. The hydrogen bonding corrected
version DFTB(h) improves the energetics, but not enough for
the high energy conformations, resulting in a maximum devia-
tion of 27.2 kcal/mol for R09 and an RMSD of 10.4 kcal/mol. The
dispersion corrected DFTB is the only variant, that is not able to
identify the correct lowest energy conformation, but the three
conformations R01, R05, and R06 appear as almost energetically
degenerate. The best variant, in terms of RMSD (7.6 kcal/mol) and
maximum deviation (13.4 kcal/mol) appears to be the combina-
tion DFTB(h,d). Note however, that the standard parameter set
(mio-0-1) for the N–H interactions produces rather large errors in
the proton affinities on sp3 hybridized nitrogen species.[42] This
resulted in chemically unrealistic protonation states in molecu-
lar dynamics simulation of [GS + 2H]2+ at finite temperature. It
was therefore not possible to use the SCC-DFTB method for an
extended sampling of the conformational space of [GS + 2H]2+

as in a simulated annealing protocol, for example. The polarizable
force field AMOEBA performs best, among the methods tested
here, in terms of RMSD (6.0 kcal/mol) and maximum deviation
(12.4 kcal/mol), but it predicts R01, the lowest energy structure at
the DFT level, at 3.7 kcal/mol higher then R06. When compared
to the other tested methods the overall energetic ordering is
reproduced best, although not in all cases and for some the
energy differences are overestimated. Both Amber force fields
FF02polEP and FF99SB predict R04 as the lowest energy con-
formation, where the average error is very large (12 kcal/mol for
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both methods), compared to the overall energy range tested.
FF99SB performs slightly better in terms of RMSD and maximum
deviation (12.4 and 20.7 kcal/mol) then FF02polEP, which shows
the largest errors in both RMSD (18.4 kcal/mol) and maximum
deviation (33.6 kcal/mol) among the selected methods. FF96 per-
forms best among the Amber force fields tested here, with an
RMSD and maximum deviation (9.60 kcal/mol and 14.87 kcal/mol)
in the range of the DFTB variants. In contrast, FF96 predicts, like
AMOEBA and DFTB(d), R06 as the lowest energy conformation
(6.2 kcal/mol below R01).

Discussion and Conclusions

We have presented a pool of conformations for gas-phase pro-
tonated gramicidin S that covers a wide range of structural
features and energy separations. This poses stringent constraints
on the accuracy of the used computational methods. The low-
est energy conformation at the M05-2X level of theory has
been validated with experimental data, measured by cold ion
spectroscopy. This experimental technique can produce highly
resolved experimental benchmark data on biologically and bio-
chemically relevant systems to test the performance of state of
the art computational methods. From the work presented here
and other benchmarking efforts on protonated tryptophan,[21]

we propose the family of Minnesota functionals as reliable ref-
erence methods for the energetics and especially M05-2X for
the calculation of vibrational frequencies.

We have tested several more approximate methods includ-
ing SCC-DFTB and its variants, as well as AMOEBA and AMBER
FF02polEP, FF99SB, and FF96 for their performance in reproduc-
ing the energetics at the M05-2X level of theory of our pool of
conformations. SCC-DFTB is the only method among the ones
tested in this work, that predicts the correct lowest energy struc-
ture. Unfortunately, at the current state of the standard parameter
set suggested for bio-molecular systems, the N–H interactions
are not represented in a balanced manner, biasing sampling of
unphysical protonation states. Without further methodological
improvements on this side, it is therefore to be excluded as an
initial sampling tool. AMOEBA, in contrast, shows slightly better
energetic ordering, better RMSD values and maximum deviations,
in particular for the high energy structures.

Unrestrained simulated annealing runs at the classical level
did not lead to structures in agreement with the experimen-
tal observations (1)–(3). The two AMBER force fields, FF99SB
and FF02polEP, and AMOEBA suggest conformations that are
between 7 and 9 kcal/mol higher in energy then the minimum
at the M05-2X level and show significantly different structural
features. Surprisingly, simulated annealing using the FF02polEP
force field results in the same conformation as FF99SB. Although
both force fields were tailored to condensed phase properties
of biological molecules the polarization could be expected to
help transferability to the gas-phase environment. Even more
surprising is, that the energetic ranking on the selected confor-
mations is worse with the FF02polEP then with the FF99SB and
FF96 force fields. The latter is the best Amber force field tested in
this work, but nevertheless it favors conformations with signifi-
cantly higher relative energies at the M05-2X level. We therefore

conclude that all three force fields can not be used reliably for
the energetic prescreening of candidate structures and sample
mostly unrealistic regions of the potential energy surface.

Among the protocols tested in this work, only the incorporation
of structural restraints derived from experimental information in
the conformational search at the FF99SB level lead to candidate
structures with the desired structural features for the experimen-
tally observed major conformation. The approximate methods
tested here, seem not to be suitable for a reliable unbiased
prescreening of candidate structures in the absence of experi-
mental structural informations. Although AMOEBA and SCC-DFTB
perform significantly better then the AMBER force fields, their
RMSD and maximum deviations are still high compared to the
overall energy differences between the individual conformations
calculated at the M05-2X level.
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