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ABSTRACT We compare the conformational
distributions of Ace-Ala-Nme and Ace-Gly-Nme
sampled in long simulations with several molecular
mechanics (MM) force fields and with a fast com-
bined quantum mechanics/molecular mechanics
(QM/MM) force field, in which the solute’s intramo-
lecular energy and forces are calculated with the
self-consistent charge density functional tight bind-
ing method (SCCDFTB), and the solvent is repre-
sented by either one of the well-known SPC and
TIP3P models. All MM force fields give two main
states for Ace-Ala-Nme, � and � separated by free
energy barriers, but the ratio in which these are
sampled varies by a factor of 30, from a high in favor
of � of 6 to a low of 1/5. The frequency of transitions
between states is particularly low with the amber
and charmm force fields, for which the distributions
are noticeably narrower, and the energy barriers
between states higher. The lower of the two barriers
lies between � and � at values of � near 0 for all MM
simulations except for charmm22. The results of the
QM/MM simulations vary less with the choice of MM
force field; the ratio �/� varies between 1.5 and 2.2,
the easy pass lies at � near 0, and transitions
between states are more frequent than for amber
and charmm, but less frequent than for cedar. For
Ace-Gly-Nme, all force fields locate a diffuse stable
region around � � � and � � �, whereas the amber
force field gives two additional densely sampled
states near � � �100° and � � 0, which are also
found with the QM/MM force field. For both solutes,
the distribution from the QM/MM simulation shows
greater similarity with the distribution in high-
resolution protein structures than is the case for
any of the MM simulations. Proteins 2003;50:451–463.
© 2003 Wiley-Liss, Inc.
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INTRODUCTION

At present, simulations with molecular mechanics (MM)
force fields, such as amber,1 charmm,2 gromos,3 and opls,4

offer a comprehensive approach to modeling biological
macromolecules in atomic detail over time spans that are
commensurate with the relaxation times of these mol-
ecules in their native state. Even then, because of limits on
available computing power, simulations cannot be per-
formed for sufficiently long times to be able to follow many
important processes, such as protein folding and conforma-
tion changes of allosteric molecules.

The energetics computed according to a molecular me-
chanics force field are meant to replace the underlying
quantum mechanical (QM) energetics; accordingly, the
design (which includes both the form and the values of the
associated parameters) of such a force field is often wholly
or partly based on a comparison with accurate quantum
mechanical calculations, which, per force, can only be
conducted for systems with relatively small numbers of
atoms.2,5,6 An alternative (and oldest) route to determine
the best values of force field parameters is to impose
agreement between measured physical properties and the
results of simulations (e.g., Refs. 7–9). In fact, the theoreti-
cal and empirical approaches to force-field development
can be effectively combined, with the former able to give
more accurate parameters for geometric deformation (bond
stretching, angle bending), atomic partial charges and
coefficients for repulsive forces due to atomic overlap, and
the latter giving the more accurate estimates of weak
long-range attractions (dispersion terms).

Force fields should be used with an understanding of
their accuracy, which can be assessed by comparison of
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simulated and experimental properties of a few well-
characterized model systems. Accuracy is then found to
vary, depending on the composition of the simulated
system as well as on the physical properties of interest.

In the present study, we set out to enquire into the
quality of commonly used force fields with respect to the
properties of unfolded polypeptide chains in solution, in
terms of preferred conformation and conformational statis-
tics. These are of particular interest in connection with the
physical properties of unfolded proteins and with the
kinetics and equilibria of protein folding. Debated ques-
tions about the “structure” remaining in denatured pro-
teins, even in the presence of strong denaturants, can
presumably be illuminated by accurate long simulations of
peptides in solution (e.g., Ref. 10), whereas a simulation of
protein folding (e.g., Ref. 11) can only be successful given
an accurate free energy balance between the ensemble of
denatured conformations and the folded state.

As a model system to investigate the performance of
molecular mechanics force fields in simulating the unstruc-
tured polypeptide chain, we have chosen the terminally
blocked amino acid, or “dipeptide” model. Advantages of
using this model include the ease with which a reasonably
precise conformational distribution (in the two backbone
dihedral angles � and �) can be obtained simply by
extended simulations, the ability to compare the resulting
distribution with the distribution of backbone conforma-
tion in proteins whose structure is accurately known, and
(not in the last place) its familiarity. A disadvantage of
using the dipeptide model as a basis is a shortage of
experimental data that can report on conformational
distributions of flexible molecules in aqueous solution.
Although there has long been experimental evidence that
the most prevalent conformation of the alanine residue in
unfolded polypeptide chains is a “polyproline II” conforma-
tion (PII), with � near �70° and � near 140°,12 this has
only recently been confirmed with different ap-
proaches.13–16 This finding agrees with results of an early
simulation study of Ace-Ala-Nme in water17 but less well
with a more recent simulation based on a different force
field.18 Disagreement between (in the first instance equiva-
lent) models tends to render these irrelevant to the experi-
mentalist.15

Use of accurate quantum-mechanical energies to obtain
MM force-field parameters that adequately describe the
polypeptide backbone is complicated by the problem that
these calculations can be performed only for a limited
number of configurations of systems consisting of small
numbers of atoms. This would suggest as the model system
a molecule such as Ace-Ala-Nme in vacuo. However, as
was shown some time ago, the free energy surface of this
molecule in vacuo is very different from that in aqueous
solution.19 This finding suggests why it is difficult to
design an MM energy function that fits the QM energy
surface of Ace-Ala-Nme in vacuo and that is at the same
time accurate in the highly polar environment of an
aqueous solution or a folded protein,1,2,5,6 and especially so
when the atomic charges in this MM force field are held
fixed.

It appears much preferable to use as a QM model system
one in which the highly polar solvent also is represented.
Obstacles to working with such a model system are (i) the
much larger number of atoms in the model, (ii) the fact
that for a given conformation of the solute, an ensemble of
conformations of the solvent must be considered, and (iii)
the need to obtain adequate statistics to assess the relative
importance of different conformation states separated by
free energy barriers. For the alanine model, Ace-Ala-Nme,
this requires of the order of 6 ns of simulation with
molecular dynamics, which perhaps can be reduced to 1 ns
with optimal use of computation of potentials of mean force
along paths connecting free energy minima. Because this
appears not feasible with current QM methods, we have
resorted to simulation of two of these systems (Ace-Ala-
Nme and Ace-Gly-Nme, both in water) with a QM/MM
method, in which the solute is treated with quantum
mechanics, but the solvent and the solute-solvent interac-
tions are treated with molecular mechanics. For the sol-
vent, we have chosen the (very similar) SPC and TIP3P
models,20,21 which are known to adequately represent
many properties of liquid water and which, in conjunction
with molecular mechanical descriptions of small mol-
ecules, have proven able to represent the solvation of
these.

The solute is represented with the self-consistent tight
binding (SCCDFTB) method, a fast approximate quantum-
mechanical method.22,23 This method was recently used
with good result in a 300-ps simulation of crambin in
solution, in which the crambin molecule was treated with
the SCCDFTB method, the solute-solvent interactions
with the amber force field, and the solvent with the TIP3P
water model.24 Another recent study has used the same
approach, except that the solute-solvent interactions were
computed with the charmm22 force field.25 That article
includes simulations of peptide helices in solution that
show a realistic tendency of formation of �-, rather than
310 helical structure as the molecules become longer.

To better evaluate the contents of this article, it is useful
to briefly review different methods of calculating the
energy of macromolecular systems. MM methods use an
artificial decomposition of the energy into local terms (e.g.,
energy terms for bond stretching and bond angle bending,
local torsional energy terms, and Lennard–Jones and
Coulomb pair energies). Use of a QM representation for
the solute unifies the energy expression in a single Hamil-
tonian, requires no a priori information about molecular
geometry, and inherently represents complex effects, such
as nonadditivity of terms, changes of polarization coupled
to changes of geometry and polarization caused by the
local electrostatic field due to intra- and intermolecular
interactions. The design and development of a fast approxi-
mate QM method, based on judicious approximations that
retain these advantages as well as high accuracy is
complex. Approximations introduced in SCCDFTB include
explicit treatment of only the valence electrons and use of
a minimal basis set of pseudoatomic orbitals. Use of
precomputed Hamiltonian matrix elements for pairs of
atom types leads to a significant speedup. The charge
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density is written as a sum of the charge density of neutral
atoms (the number of valence electrons) and atomic charge
fluctuations (atomic polarization). The Hamiltonian con-
tains a sum of pairwise terms representing the interaction
between charge fluctuations, according to an expression
that produces the Coulomb energy at large interatomic
distance but takes account of exchange-correlation contri-
butions at shorter separation. A double sum of pairwise
atom–atom potentials is included in the Hamiltonian, fit to
represent the difference between the energy from a high-
level DFT calculation and the SCCDFTB electronic en-
ergy. The two cited application articles contain more
detailed summaries of the method followed in the SCCD-
FTB calculation.24,25 For a detailed description of the
SCCDFTB methodology, see Refs 22 and 23.

It is not easy to predict the effect of such approxima-
tions, and there are few examples of simulations of pep-
tides or proteins in water with QM/MM methods. There-
fore, the SCCDFTB method has been tested for various
biological model systems, including H-bonded complexes,
peptides and DNA bases.23 Special emphasis was put on
the investigation of structures and relative energies of
peptides with up to eight amino acid residues in the gas
phase. A comparison with results from DFT and MP2
calculations has shown that the SCCDFTB method can
reproduce structures and energetics of polypeptides reli-
ably, with an accuracy comparable to that of the higher-
level methods.26,27

In addition, vibrational frequencies of Ace-Ala-Nme
have been investigated for SCCDFTB in comparison with
DFT and MP2, and only slightly larger deviations of 6.7%
from experimental values have been reported than for
DFT (4.4%) and MP2 (3.0%).28 These studies indicate that
the SCCDFTB method describes the potential energy
surface around the local minima in the gas phase with
good accuracy. However, one lacks the insight and experi-
ence needed to know whether system properties are well
represented far from the local minima or in solution,
especially when the solvent is represented by the SPC or
TIP3P models with their well-known shortcomings. There-
fore, the present study is in the nature of an exploration, in
which we ask how this particular QM/MM method de-
scribes the system, and then compare the results with ones
of MM simulations and with available experimental data.

In what follows, we present and compare the distribu-
tions for alanine and glycine models obtained with simula-
tions with the SCCDFTB/MM method and with simula-
tions with several MM force fields. Because direct
experimental information on the conformation of these
molecules in solution is so sparse, we compare the results
of the simulations also with distributions of conformations
of alanine and glycine residues in the database of high-
resolution protein structures of known structure as a
second, if less direct source of experimental information.

MATERIALS AND METHODS
Dynamics Simulations

With the exceptions noted below, molecular dynamics
simulations were performed with the Sigma program.29

One molecule of Ace-Ala-Nme or Ace-Gly-Nme and 362
water molecules were simulated in a cubic periodic box
(with edge slightly �22 Å). Simulations were performed
with a multiple timestep scheme,30 with a basic timestep
of 2 fs, doubled to 4 fs for nonbonded interactions at
separation between 6 and 11 Å, and again doubled to 8 fs
for long-range electrostatic forces calculated via particle-
mesh Ewald summation.31,32 No significant difference was
noticed when the Ewald summation was omitted, and thus
Ewald summation was not used in all calculations. In
addition, no significant difference was noted when the
number of water molecules was increased. The nonbonded
pairlist was updated every 32 fs. Pressure was maintained
at 1 bar and temperature at 300 K with Berendsen
manostat and thermostat (with separate thermostats for
solute and solvent) using relaxation times of 0.1 ps.33 Bond
lengths were held fixed with the Shake algorithm.34 The
dihedral angles � and � were monitored at regular inter-
vals. In each simulation, the choice of water model (TIP3P
or SPC) is dictated by the choice of force field.

Simulations were started from extensively equilibrated
coordinate sets.

Force Fields
Amber

Simulations with the parm98 amber force field1 were
performed starting with amber topology files prepared for
us by Drs. Yong Duan (Ace-Ala-Nme) and Lee Bartolotti
(Ace-Gly-Nme). The 1–4 interactions were scaled by divi-
sion by factors of 2.0 (Lennard–Jones energy) and 1.2
(Coulomb energy). The water model was TIP3P.21 The
accuracy of Sigma’s implementation of the amber force
field was checked by us by comparison with results of a
simulation of Ace-Ala-Nme done with the amber pro-
gram.35

Charmm22

Simulations with the charmm22 force field2 were per-
formed with use of a protein structure file prepared with
the X-plor program36 using the charmm22 protein dictio-
nary and the charmm22 all-atom parameter files distrib-
uted with that program. The water model was TIP3P. The
distribution obtained for Ace-Ala-Nme with the Sigma
program agrees with that obtained by Smith.18

Cedar

Simulations with the cedar all-atom force field37,38 were
performed by using a protein structure file prepared with
the X-plor program and the cedar all-atom topology and
parameter files. The water model was SPC.20

Gromos

Simulations with the gromos96 force field were per-
formed with the gromos96 program.3 In this one case, the
CH and CH3 groups of the solute were represented as
single centers for nonbonded force calculations. The simu-
lations with the gromos force field were performed also in a
cubic periodic system but with 2795 (Ace-Ala-Nme) or
1497 water molecules (Ace-Gly-Nme). The water model
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was SPC. (Larger numbers of water molecules were used
in the simulations with gromos and with QM/MM as a
result of inadequate communication between the authors.)

OPLS

A simulation of Ace-Ala-Nme with the all-atom opls-aa
force field4,6 was performed by starting with a topology file
in amber format prepared for us by Dr. Julian Tirado-
Rives. The 1–4 interactions were scaled by division by
factors of 2.0 (Lennard–Jones energy) and 1.2 (Coulomb
energy). The water model was TIP3P.

QM/MM

The QM/MM simulations were performed with the SC-
CDFTB method,23 with code and data files incorporated
into the Sigma program. As was done in an earlier study of
crambin from this laboratory,24 the intramolecular forces
of the solute were computed with the SCCDFTB method,
the solvent-solvent interactions were calculated as appro-
priate for the (SPC or TIP3P) water model, electrostatic
interactions between solvent and solute were evaluated as
part of the SCCDFTB calculation, and Lennard–Jones
interactions between solvent and solute were computed
with molecular mechanics by using nonbonded parame-
ters for water-solute interactions from one of these molecu-
lar mechanics force fields: charmm22, amber or cedar,
with the water model (SPC or TIP3P) belonging to that
force field. The QM/MM simulations were performed in a
cubic periodic system, with 2795 (Ace-Ala-Nme) or 1497
water molecules (Ace-Gly-Nme). The near and far cutoffs
were 8 and 12 Å, with timesteps of 1 and 3 fs. For technical
reasons, no Ewald summation was applied, and the simu-
lations were run at constant volume of 85,184 Å3 (Ace-Ala-
Nme) or 46,656 Å3 (Ace-Gly-Nme), rather than at constant
pressure.

The study of crambin showed that the application of
explicit dispersion forces (1/r6 energy terms) within the
crambin molecule (which was in its entirety represented
with the QM force field) was necessary to retain a native-
like crambin structure during the simulation.24 In that
study, the dispersion terms were damped at short distance
with a switching function.39 Results of simulations of
Ace-Ala-Nme in which such damped dispersion terms were
applied by using the attractive Lennard–Jones parame-
ters of the same force field that was used for the water-
solute interactions (data not shown) depended much more
strongly on the choice of MM force field than was the case
when these terms were omitted. (We believe that this is
due to the use of a switching function, and this is some-
thing we are investigating.) Because we find that in the
MM simulations the mean dispersion energy of Ace-Ala-
Nme is not significantly different for conformations with
� � 0 and for conformations with � � 0, we report here
only the results of simulations in which intramolecular
dispersion forces have not been applied.

Obtaining Adequate Sampling
Ace-Ala-Nme

With several of the force fields the simulations explore
conformation space (as represented by the dihedral angles

� and �) in a simulation time of 6 ns. With all force fields,
the exploration of conformations with �� � � � 0 is
effective; in that region, the distribution consists of two
main clusters, one having �� � � � 0, and the other
having 0 � � � �, and the extent to which the two regions
are fairly represented in the sample depends on how many
transitions occur between these two regions of conforma-
tion space. The frequency of such transitions was analyzed
for each of the simulations.

With the charmm22 and amber force fields, no sampling
occurred in the region of positive � (not counting sampling
at values of � close to �, that are part of the two main
clusters). Separate simulations were run with these force
fields, with the value of � restrained to lie between 0 and �,
and this served to locate a third cluster for both. The
relative importance of this cluster was in both cases
determined by a potential of mean force calculation in
which the value of � was forced to change by 2�.17

Ace-Gly-Nme

Because this solute is achiral, the probability density is
the same for a given (�, �) as it is for the inverted
geometry, that is, (��, ��). The results have been re-
ported without consideration of the symmetry of the
distribution, and the symmetry of the figures thus gives a
qualitative sense of the extent of convergence of the
distribution or lack thereof. As indicated by the approxi-
mate symmetry of the sample distribution, all simulations
of Ace-Gly-Nme achieved reasonable sampling of the acces-
sible conformation space.

Reproducibility

At the suggestion of a reviewer, we make available the
bonded and nonbonded parameters as supplementary
material. All elements needed to compute energy and
forces, with exception of atomic coordinates, for the simula-
tions of Ace-Ala-Nme and Ace-Gly-Nme with the amber,
cedar, charmm, and opls force fields have been collected in
the identical, self-documenting format, preceded by an
annotated example and have in this form been made
available as part of the supplementary material of this
article. (These data can be used as input for the Sigma
program.) For the gromos force field we have deposited the
gromos topology file for Ace-Ala-Nme, plus a list of differ-
ences between the gromos topology file for Ace-Gly-Nme
and the former file, with which the latter file can be
regenerated, and refer the reader to the extensive documen-
tation of the gromos force field.3

The SCCDFTB tables occupy �2 megabytes of storage
on a unix system and contain no indications as to the
meaning of the contents. The SCCDFTB code and the
integral and spline tables for O, N, C, and H are available
on request to the second author, Marcus Elstner (E-mail:
m.elstner@dkfz-heidelberg.de). The tables used in this
study are identified as “integral tables for O N C H, version
1, created 5/1999.” The Sigma code with built-in SCCD-
FTB code but without these tables is available from either
one of the other two authors or via the web site //femto.
med.unc.edu/SIGMA.
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RESULTS
Ace-Ala-Nme

Figures 1–5 show the distributions from simulations of
Ace-Ala-Nme in water with five different MM force fields,
each for periods exceeding 6 ns. As can be seen, in all cases,
conformation states with � � 0 predominate (we include
the “overflow” at values slightly below � in these states),
and within this category two states (one with � � 0 and the
other with � � 0) are clearly separated. The simulations
with the amber and charmm22 force fields did not at any
time sample states with � � 0; these states occur sparsely
in the samples obtained with the other three force fields:
cedar, gromos, and opls. Additional simulations with the

amber and charmm22 force fields, in which the conforma-
tion was prevented from assuming either of the two
dominant states, showed a third locally stable conforma-
tion state for both amber and charmm22 (indicated with
triangles in Figs. 1 and 3). The relative importance of this
state was assessed by potential of mean force calculations
in which the value of � was forced through a range of 2�.
These indicated that this state is at least 3 kcal/mol higher
in free energy and that a barrier of at least 6 kcal/mol must
be overcome in a transition from states centered at � � 0.
For the other force fields, states centered at � � 0 also have
higher free energy (by �1.5 kcal/mol), but passage to these
states from conformation states centered at � � 0 is easier.
The distribution obtained with the charmm22 force field is
particularly tight and also is distinct from the others in

Fig. 1. Sampled conformational distribution of Ace-Ala-Nme with the
amber force field. The circles and triangles represent results from two
independent simulations that have been scaled together with a third
simulation in which a potential of mean force was calculated.

Fig. 2. Sampled conformational distribution of Ace-Ala-Nme with the
cedar force field.

Fig. 3. Sampled conformational distribution of Ace-Ala-Nme with the
charmm22 force field. See legend for Figure 1 for explanation of symbols.

Fig. 4. Sampled conformational distribution of Ace-Ala-Nme with the
gromos force field.
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having the highest population density between the two
principal states at values of � near �150°, whereas this
“easy pass” lies near �30° for the other four force fields.
Finally, one notices that with the amber force field, the
global maximum of the distribution occurs at � � 0,
whereas this lies at a value of � � 0 for all others. The
backbone conformation found in �-helices is close to the
location of this maximum, and this leads one to suspect
that simulation of oligopeptides with this force field may
produce an exaggerated predominance of the �-helix con-
formation, something that has indeed been shown recently
in a number of instances.40 Table I shows the relative
sampling of the conformation states separated by the lines
drawn (somewhat subjectively) in each of the figures.

The QM/MM simulations were performed with each of
three force fields determining the interaction of the MM
water model with the solute. Results of these simulations
are very similar; a single distribution is shown in Figure 6.
With one exception, these samplings represent four differ-
ent conformation states, with relatively easy passage
between states. Table II shows the relative sampling of
conformation states in these simulations; as indicated by
the lines drawn in Figure 6, we have defined a fifth state,
labeled “pass,” close to the internally hydrogen-bonded
C7eq conformation (the global minimum in vacuo). The
distributions found with the QM/MM simulations more

strongly resemble those obtained with the cedar, gromos,
and opls force fields. For these and for the QM/MM
simulations, the most stable state is centered at � � 0 and
� � 0, in distinction to what is obtained with the amber
force field, and the easy pass lies at positive �, in distinc-
tion to what is obtained with the charmm22 force field.

More than any of the MM distributions, the QM/MM
distribution resembles that of alanine residues in a data-
base of well-ordered residues in high-resolution X-ray
structures, as updated in the accompanying paper by
Lovell et al.41 Contours enclosing successively more “fa-

Fig. 12. Sampled conformational distribution of Ace-Gly-Nme with
QM/MM (SCCDFTB/cedar; 7-ns simulation.) Successive contours en-
close 99.8% (purple), 99.5%, 98%, 95%, and 90% (pink) of the data points
for glycine residues in the new data base.41

Fig. 5. Sampled conformational distribution of Ace-Ala-Nme with the
opls-aa force field.

TABLE I. Sampling of Different Conformation States
(Local Minima) of Ace-Ala-Nme in Simulations

With MM Force Fields

Force
field Amber Charmm22 Cedar Gromos Opls

beta 0.16 0.50 0.71 0.82 0.86
alpha R 0.84 0.50 0.22 0.13 0.135
alpha L — — 0.05 0.04 .004
state 4 — — 0.02 0.0005 .0006

Fig. 6. Sampled conformational distribution of Ace-Ala-Nme with
QM/MM (SCCDFTB/amber.) Successive contours enclose 99.8% (purple),
99.5%, 98%, 95%, and 90% (pink) of the data points for alanine residues
in the new data base.41
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vored” regions, encompassing, respectively, 99.8%, 99.5%,
98%, 95%, and 90% of the data points for alanine residues
in the data base are included in Figure 6. (Alanine
residues in repetitive secondary structure and preproline
alanines had been excluded from the contoured data set.
These contours were computed as described by Lovell et
al.41) One notes in particular, that the distributions near
(� 	 �60, � 	 0) and (� 	 60, � 	 0) scatter around axes
that make angles of about 45° with the coordinate axes, as
is the case for the distribution in the database, but not for
any of the MM simulations.

To assess the extent of convergence of these distribu-
tions, cumulative averages were calculated of the fraction
of (recorded) instances in which the conformation fell
within the limits of the various conformations designated
as “beta,” “alpha-R,” and so forth. Results for the SCCD-
FTB simulation of Figure 6 have been plotted in Figure 7.
For each conformation, periods of increasing and decreas-
ing fraction alternate. The number of transitions to confor-
mations with positive values of � (0 � � � 130°) is only 7,
and the estimated prevalence of 8% for this set of conforma-
tions (Table II) obviously has a large relative uncertainty.

For the MM force fields, the number of transitions
between beta and alpha R regions was established in a
similar manner. This number was lowest for the simula-
tion with the amber force field (seven transitions); it was
twice as large for charmm22 and higher still for the other
three force fields. A second, 40-ns-long simulation with the
amber force field showed close to 50 transitions, and the
fraction of times at which the alpha-R conformation was
sampled was 0.87, versus 0.84 in the first simulation (cf.
Table II). In conclusion, the precision of the distributions
achieved in these simulations appears adequate for pur-
poses of comparison of the kind made in this article.

Ace-Gly-Nme

Figures 8–11 show the distributions from simulations of
Ace-Gly-Nme in water with four different MM force fields,
each for a period exceeding 1 ns. As can be seen, all
simulations produce a broadly distributed set of conforma-
tions having both � and � near �. In addition, the
simulation with the amber force field produces two addi-
tional states, with � near 0.

The QM/MM sample distribution is given in Figure 12,
which also includes contours of the database distribution
of Lovell et al.41 for glycine residues, as described above for
alanine residues. Although the QM/MM force field and the
MM force fields all sample a state centered at � 	 � 	 �,

the QM distribution also samples a second and third state
centered at � 	 
120° and � near 0°, including conforma-
tions that are only sparsely sampled in simulations with
all MM force fields except amber. This is a qualitative
difference; remarkably, the distribution of glycine residues
in the database of well-ordered residues in high-resolution
globular proteins41 shows dense sampling in all three
areas. The correspondence between database and simula-
tion results is less marked than for alanine.

DISCUSSION
A Failure of MM Force Fields

The results presented here show that molecular mechan-
ics force fields represent the conformation of unfolded
polypeptide chains in aqueous solution with insufficient
accuracy. This conclusion follows from the wide spread of
results with different force fields, rather than from a direct
comparison with experimental data. In fact, for several of
the force fields, the most common conformation of the
alanine residue in solution is a more or less spread-out
region with a relatively high density near the PII conforma-
tion (� near �70° and � near 140°), the conformation
detected with experimental studies,12–16 but for one force
field (amber parm98) the �R conformation, with � near
�60° and � near �50°, dominates, and for another
(charmm22) the �R state is equally populated. In this
context, it is useful to mention that the single-residue
model, Ace-Ala-Nme, in first approximation provides an
adequate representation of the backbone of an Ala residue
in a modeled unfolded chain composed of several alanine
residues; this can be seen by comparing the results of
simulations with the same force field (gromos96) for
Ace-Ala-Nme (Fig. 4 of this article), for Ala3 (Fig. 2 of Ref.
42), and for Ala8 (Fig. 1 of Ref. 10). Although that may
progressively become less true of longer chains and for
residues other than alanine, it seems safe to assume that,
quite generally, an unfolded polypeptide cannot be mod-
eled correctly with an MM force field that fails the simplest
members of the family.

The MM force fields used in this article have been
developed by following very similar principles, as de-
scribed in Introduction; consequently, unless all agree, all
fail to provide guidance in interpretation of experimental
studies.15 Of course, the models have been found inad-
equate only under one specific set of physical conditions
(the unfolded backbone in solution), under which the
properties obviously are sensitive to small changes in the
energy function, and we do not for a moment suggest that
the entire body of extant simulations of biological macro-
molecules with MM force fields has somehow become
invalidated. A recent study indicates that different MM
force fields behave comparably in tests with a different set
of systems.43 Nevertheless, the use of many different force
fields having basically the same form, but with different
parameters, each by a different set of laboratories, should
be considered an embarrassment.

Origin of the Discrepancies

On the energy surface of Ace-Ala-Nme in vacuo, the two
conformations of lowest energy are those for which the two

TABLE II. Sampling of Different Regions in Conformation
Space of Ace-Ala-Nme in QM/MM Simulations

Force field
SCCDFTB

cedar
SCCDFTB

amber
SCCDFTB
charmm22

beta 0.61 0.48 0.48
pass 0.12 0.16 0.14
alpha R 0.27 0.27 0.33
alpha L — 0.07 0.03
state 4 — 0.01 0.01
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highly polar peptide groups form close contacts, with
formation of a (distorted) intramolecular hydrogen bond,
namely, the C7eq and C7ax conformations, with (�,�),
respectively, near (�80,80) and (80,�50) (e.g., Ref. 6);

these are reasonably well reproduced by a MM model in
vacuo.19 These conformations are unstable relative to
other conformations when these are stabilized by hydro-
gen bonds, either with other polar groups of the polypep-

Fig. 7. Cumulative average of the fraction of time each of four conformations occurs in the simulation of
Ace-Ala-Nme with QM/MM of Figure 6.

Fig. 8. Sampled conformational distribution of Ace-Gly-Nme with the amber force field (3.1-ns simula-
tion).
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tide (often, other peptide groups), or with water, and they
are uncommon in folded proteins. Conversely, conforma-
tions that are common in proteins have considerably
higher energies in the in vacuo model. The most stable

conformations of dipeptides in aqueous solution found by
simulation with an MM energy function obtained as a fit to
a QM energy surface of Ace-Ala-Nme in vacuo, correspond
to high-energy conformations of the isolated molecule. It is

Fig. 9. Sampled conformational distribution of Ace-Gly-Nme with the cedar force field (1.2-ns simula-
tion).

Fig. 10. Sampled conformational distribution of Ace-Gly-Nme with the charmm22 force field (1.1-ns
simulation).
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obviously difficult to design an MM energy function, based
on a fit to the QM energy surface of Ace-Ala-Nme in vacuo,
that is accurately transferable to the highly polar environ-
ment of an aqueous solution or a folded protein. Although a
model that is accurate under a wide variety of conditions
would appear advantageous, a greater advantage is
achieved in practice by having a model that is highly
accurate under the conditions of interest.

Importance of Explicit Torsional Energy Terms

The five MM energy functions have the same form but
different parameters. Differences that may be at the root
of the observed differences between the free energy sur-
faces in water are: atomic partial charges of the peptide
group, repulsive parameters of the Lennard–Jones poten-
tial, and torsion parameters. Equilibrium values and force
constants of bond lengths and bond angles and attractive
parameters of the Lennard–Jones potential do not differ
greatly between force fields, and, also, the two water
models (SPC and TIP3P) are very similar. With one
exception, we have not attempted to correlate the differ-
ences in conformational distributions with differences in
parameters. The MM force fields include energy terms, U�

that depend explicitly on the value of the dihedral angle, �
(� or �) in the form of one or several Fourier terms,

U� � �
i

U�,i

2 �1 � cos
ni�� � �0,i��� (1)

and the force fields disagree on the details of these terms.
Thus, for �, cedar has a single threefold term (ni 	 3) with
a small barrier (U�,i 	 0.2 kcal/mol), whereas opls has a set
of three terms with ni 	 1, 2, and 3, and amber a set of
three terms with ni 	 1, 2, and 4. The torsional potential
for amber favors values of � near �60° over values near
180° by several kcal/mol and appears responsible for the
high probability of conformations with � near �60° for
both Ace-Ala-Nme and Ace-Gly-Nme (Figs. 1 and 8. It
would be easy to adjust the constants in U� for amber and

thereby achieve a different balance between population of
conformations. Backbone torsional parameters in am-
ber9444 and amber9945 are different from those in am-
ber98.) The gromos potential contains a sixfold energy
term for �, with U�,i 	 0.48 kcal/mol, the effect of which is
discernable in the distribution for Ace-Gly-Nme (Fig. 11).

Quality of the QM/MM Method

The choice of a QM/MM method is a compromise be-
tween accuracy and speed. The SCCDFTB method is
among the fastest approximate QM methods; neverthe-
less, SCCDFTB closely reproduces minimum-energy mo-
lecular geometries found with high-level methods. The
energies of several conformations of Ace-Ala-Nme in vacuo
have been found to be properly ranked, which is not the
case for several other fast QM methods.23 We have found
the energy surface to be qualitatively very similar to that
reported for a high-level QM method, LMP26; the largest
deviation is found for the C7ax conformation; the energy of
the C7ax conformation lies above that of the C7eq conforma-
tion by 1.1 kcal/mol, compared with 2.71 kcal/mol for
LMP2. Application of SCCDFTB to helices of short alanine
oligomers in vacuum, to crambin and to alanine oligomers
in aqueous solution has amply confirmed these find-
ings.24,25 On the negative side, we mention that SCCDFTB
provides a poor representation of liquid water in a dynam-
ics simulation of several hundred water molecules with
periodic boundary conditions (results not shown). Further-
more, the conformational distribution of Ace-Ala-Nme
obtained here with this QM/MM force field does not show
the preference for the PII conformation that has been
indicated by experimental studies.12–16 A previous study
investigating structures and relative energies of solvated
Ace-Ala-Nme finds that the PII conformation is the global
minimum on the potential energy surface when the whole
system (solute and solvent) is treated with QM, whereas in
a QM/MM description, with solute treated with QM and
solvent with MM, the �R conformation is favored over the
PII conformation.46

We have seen here that the results obtained with
QM/MM are sensitive to the choice of MM parameters,
mainly the repulsive Lennard–Jones parameters, the wa-
ter models, and the attractive Lennard–Jones parameters
being similar. It will be appropriate to optimize a set of
Lennard–Jones parameters specifically for describing in-
teractions between the SPC or TIP3P water model and
solutes represented with SCCDFTB. (These may then be
used in combination with a recently developed set of
intramolecular long-range potentials.47) Development of
such an intermolecular parameter set on the basis of free
energies of transfer of selected solutes is in progress.
Preliminary results indicate that the properties of a single
QM H2O molecule represented with SCCDFTB are very
sensitive to the strength of the Lennard–Jones repulsive
interaction between it and surrounding SPC water mol-
ecules. This finding suggests that optimization of these
parameters should be a first step, only after which one may
want to consider use of more sophisticated MM water

Fig. 11. Sampled conformational distribution of Ace-Gly-Nme with the
gromos force field (7-ns simulation).
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models, such as models with additional charge centers and
polarizable models.

Relevance of Database Statistics

We have used the extent of agreement between distribu-
tions of backbone conformations from simulations of Ace-
Ala-Nme and Ace-Gly-Nme in water and these same
distributions of alanine and glycine residues in proteins as
evidence indicating the accuracy of the QM/MM model
with SCCDFTB. A direct relation between the two had
been proposed by two groups, who suggested also that
these distributions (corrected for the prevalence of regular
secondary structures) could be used in a statistical descrip-
tion of the conformation of unfolded peptides in solu-
tion.48,49 Later, discrepancies between the database distri-
butions and distributions from simulations with a MM
force field, in particular for the glycine residue, were
adduced as an argument that the different nature of the
two environments (aqueous solution and folded protein)
would tend to limit the proposed agreement.50 The present
good agreement suggests that because virtually all polar
groups participate in hydrogen bonds in the protein inte-
rior, this may be considered a polar environment not very
dissimilar to water for polar groups, while at the same
time presumably providing a much less polar environment
for apolar groups. Although it is not surprising that
conformations with high energy due to atomic overlap are
absent in folded proteins as well as in the simulated
sample, it remains debatable if, and if so, why, the
statistics of, for example, the alanine backbone conforma-
tion in proteins follow the equilibrium distribution of the
alanine residue of peptides such as Ace-Ala-Nme in wa-
ter.51,52 Ultimately, the accuracy of simulated distribu-
tions of backbone geometry of unfolded peptides in water
will presumably be superior to that provided by the
database, but at present such is not the case.

Protein Stability

An accurate representation of the unfolded state is
required for simulations of conformation change from the
unfolded to an ordered folded state, such as helix forma-
tion of polypeptides and folding of globular proteins.
Accurate free energy differences between folded and un-
folded states are known from experiment for many such
systems, and it is important to establish the accuracy with
which these are reproduced in the simulated system. A
problem is that, given the actual rates, transitions from
unfolded to folded states are unlikely within the times over
which such systems can be simulated in practice. Forma-
tion of helices by �-peptides (chains formed by �-amino
acids linked by amide bonds) in aqueous solution is
exceptionally fast, and this is one system for which simula-
tions (with the gromos force field) have proven to repro-
duce the observed equilibria quite well.53–55

Formation of �-helices by polypeptides is slower because
of the cooperative nature of the helix initiation step,
although the accretion or loss of helical structure at the
ends of �-helical regions occurs on a timescale where the
process can presumably be studied with free simulations.

Whether the force field accurately represents the equilib-
rium, depends, in the first instance, on the free energy
difference between the unfolded and folded states. Special
simulation techniques exist, which allow one to calculate
free energy differences; in one example, the free energy of
formation of �-helix by short alanine oligomers in solution
has been computed for the cedar force field and shown to be
in reasonable agreement with experiment.56 Other simula-
tions directed at assessing stability of elements of second-
ary structure of proteins include studies of reverse turns,
�-sheet and �-helix57–60 and of designed �-sheet pro-
teins.61–63 These simulations have been able to describe
believable free-energy landscapes for the folding of these
molecules, including the marginal stability of the folded
state. It has been theorized64,65 that marginal stability is
required for rapid folding of proteins, in which case MM
force fields used in simulation of the folding process would
of necessity have to represent only marginal stability.
Inaccuracies in the force field could then easily render the
folded conformation unstable relative to the ensemble of
all other solution conformations. In this light, the expecta-
tion of successful, accurate protein folding in long simula-
tions of an unfolded protein molecule11 appears naive
unless it can first be established that the used MM force
field produces a relatively small balance of the free energy
in favor of the folded state.
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