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ABSTRACT Protein structure and dynamics
are the keys to a wide range of problems in biology.
In principle, both can be fully understood by using
quantum mechanics as the ultimate tool to unveil
the molecular interactions involved. Indeed, quan-
tum mechanics of atoms and molecules have come to
play a central role in chemistry and physics. In
practice, however, direct application of quantum
mechanics to protein systems has been prohibited
by the large molecular size of proteins. As a conse-
quence, there is no general quantum mechanical
treatment that not only exceeds the accuracy of
state-of-the-art empirical models for proteins but
also maintains the efficiency needed for extensive
sampling in the conformational space, a require-
ment mandated by the complexity of protein sys-
tems. Here we show that, given recent developments
in methods, a general quantum mechanical-based
treatment can be constructed. We report a molecu-
lar dynamics simulation of a protein, crambin, in
solution for 350 ps in which we combine a semiem-
pirical quantum-mechanical description of the en-
tire protein with a description of the surrounding
solvent, and solvent-protein interactions based on a
molecular mechanics force field. Comparison with a
recent very high-resolution crystal structure of
crambin (Jelsch et al., Proc Natl Acad Sci USA
2000;102:2246–2251) shows that geometrical detail is
better reproduced in this simulation than when
several alternate molecular mechanics force fields
are used to describe the entire system of protein and
solvent, even though the structure is no less flexible.
Individual atomic charges deviate in both direc-
tions from “canonical” values, and some charge
transfer is found between the N and C-termini. The
capability of simulating protein dynamics on and
beyond the few hundred ps timescale with a demon-
strably accurate quantum mechanical model will
bring new opportunities to extend our understand-
ing of a range of basic processes in biology such as
molecular recognition and enzyme catalysis.
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INTRODUCTION

Computer simulation of the structure and dynamics of
proteins and other biological macromolecules based on
empirical potential energy functions [molecular mechanics
(MM)] has become a widely used tool in the last two
decades.1–3 Although such studies have been insightful,
the use of quantum mechanical (QM) models to comple-
ment MM-based studies has been pursued for a number of
reasons.

One reason to use a QM model is to achieve higher
accuracy. In general, the functional forms and parameters
in empirical MM models are optimized to reproduce a
certain set of experimental or theoretical data, the latter
from accurate quantum mechanical calculations. The accu-
racy of a MM model is thus limited not only by its empirical
functional form but also by the amount and the accuracy of
the data used in the parameterization process. The accu-
racy achieved with MM simulations varies, depending on
the type of molecular systems and on the property of
interest.

In general, QM models produce more complicated and
more realistic potential energy surfaces than MM models,
and the first-principle nature of QM models implies broader
transferability. The accuracy of many currently popular
MM models is limited by important factors, such as
absence of charge transfer interactions and environment-
dependent polarization effects, which are included in QM
models.

Probably the most important reason for using a QM
model is to simulate chemistry involving electronic struc-
ture changes that are not described by MM models. The
development of QM/MM models, which treat a small part
of a macromolecular system by QM and the rest by MM,
has brought about the capability to simulate chemical
processes in enzymatic systems.4–6 The limitation inher-
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ent in conventional QM models of being able to treat only a
small part of the system by QM sometimes results in
arbitrary partitioning of the QM and MM subsystems and
nonphysical treatment of the bonded boundary between
the subsystems. Frequently, this limitation is accompa-
nied by inconsistent treatment of interactions within
different partitions and across partitions. Linear-scaling
approaches allow for larger QM subsystems,7 and the
consequent extension of the size of the QM partition can
greatly reduce the errors resulting from the approxima-
tions in a QM/MM model.

In this work, we developed a linear-scaling semiempiri-
cal quantum mechanics-based approach aiming at long
timescale molecular dynamics simulation of proteins, and
this quantum mechanical model is applied to an entire
protein molecule. The approach we constructed has the
following key features: (a) a hybrid quantum mechanical/
molecular mechanical scheme4–6 that allows use of an
explicit solvation model without an increase of the size of
the quantum mechanical system; (b) the divide-and-
conquer approach7,8; (c) an efficient and accurate self-
consistent-charge density functional theory-based tight-
binding scheme (SCC-DFTB)9,10; and (d) the explicit
incorporation of the long-range van der Waals energy and
forces left out by the quantum mechanical model.

Simulations of crambin in water solution with periodic
boundary conditions were conducted on the above poten-
tial energy surface [denoted as QMV(P)/MM(S), 350 ps]
and also on two other types of potential energy surface:
hybrid quantum mechanics/molecular mechanics without
explicit van der Waals forces between protein atoms
[QM(P)/MM(S), 60 ps] and pure molecular mechanics
(MM, 350 ps each), in the form of three popular MM force
fields for proteins, amber,11 cedar,12,13 and charmm.14 The
accuracy of the results is assessed by comparison with a
recent very high resolution structure of crambin.15

MATERIALS AND METHODS
Implementation of QM-MM

For the protein/water interactions, we follow the QM/MM
model first proposed by Warshel and Levitt.4 The total
Hamiltonian of the system is given by

Htotal 5 HQM 1 HMM 1 HQM/MM (1)

where HQM is the Hamiltonian of protein, HMM is the
Hamiltonian of solvent (water), and HQM/MM describes
protein/solvent interactions. For protein we used the SCC-
DFTB model,9,10 whereas for solvent we used the TIP3P
empirical molecular mechanics model.16 HQM/MM consists
of electrostatic interactions modeled by including the point
charges in the TIP3P water model in the QM calculations
of the protein and van der Waals interactions modeled by
the sum of atomic Lennard-Jones interactions between
protein and water.

The SCC-DFTB Method

The SCC-DFTB scheme can be derived by a second-order
expansion of the density functional theory (DFT) total
energy functional with respect to the charge density

fluctuations Dr around a given reference density r0.9,10

This fluctuation is approximated as a difference between
atom-centered point charges, Dqa 5 qa 2 qa

0, where qa
0 is

the reference charge of atom a, and qa is the charge
estimated from a Mulliken charge analysis on the basis of
the electron density. In a linear combination of atomic
orbital (LCAO) representation, the approximate total en-
ergy functional is given by

Etot 5 O
i

occ O
mv

cm
i cv

i Hmv@r0# 1 Erep@r0# 1
1
2 O

ab

DqaDqbgab. (2)

Application of the variational principle to this total energy
expression results in a Kohn-Sham equation that needs to
be solved self-consistently for the charge fluctuations.

In the SCC-DFTB scheme, r0 is taken as the superposi-
tion of pseudoatomic densities from atomic DFT calcula-
tions. The values of Hmv[r0] for pairs of atomic elements as
functions of interatomic distances are precalculated by
using first-principle DFT theory with generalized gradient
approximation (GGA)17 in a two-center approximation
using a minimal basis of atomic-like wave functions {fm}.

At long distances between atoms a and b, the third term
in the total energy expression represents the Coulomb
interactions between the charge fluctuations on them. At
shorter distances the exchange-correlation contributions
come in, and a rigorous treatment is not possible. An
approximation to the on-site term gaa is made on the basis
of the derivative of the energy of the highest occupied
atomic orbital with respect to its occupation number. An
analytical approach is then used to derive an expression
for gab. As has been pointed out in the original SCC-DFTB
paper, there is no adjustable or empirical parameter in the
determination of Hmv[r0] or gab.

The second term in Eq. 2 represents the repulsive
potential. In the SCC-DFTB model, this is represented by
a sum of short-range, pairwise interaction energies that
depend only on the interatomic distances and that are
determined by systematically changing the structure of
suitable, small reference molecules and comparing the
DFT-GGA energies with the SCC-DFTB electronic ener-
gies of these structures. The derivation of this pair-
interaction energy for hydrocarbons has been described by
Porezag et al.,18 and recently, the procedure has been
described for interactions of sulfur, with as references the
molecules S2H2, S2O, SO2, S(CH3)2, S2C, SH2, and SN2

computed at the B3LYP/6-31G* level.19

Protein System

The starting structure is the 0.83 Å crystal structure of
crambin20 (PDB identification 1ab1). To remove internal
stress this structure was energy-minimized to root-mean-
square gradient below 1.0 kcal/(mol Å) with the SCC-
DFTB model before solvation. Before starting each of the
protein simulations, the water molecules were equili-
brated on the corresponding potential energy surface by 50
ps simulations.
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Computational Details

The divide-and-conquer approach7,8 has been used to
solve the QM problem in the QM(P)/MM(S) and QMV(P)/
MM(S) calculations. In the divide-and-conquer calcula-
tions, the buffer sizes used for the second row and for the
third row elements are 4 Å and 5.5 Å, respectively (the fact
that the SCC-DFTB model uses compacted atomic orbital
basis functions allows for smaller buffer sizes than previ-
ous divide-and-conquer calculations based on the MNDO
type model). The buffer regions were updated every 5 MD
steps. In the SCC-DFTB calculations, the SCF conver-
gence criteria are that energy converges to ,1026 atomic
units and that at least four SCF iterations must be
performed per step. The SCF calculation was performed at
every MD step. After the starting step, the number of SCF
iterations at each step rarely exceeded four to satisfy the
energy criterion.

The real space Ewald summation is truncated at 13 Å,
the reciprocal space summation truncated when uku . 8,
and the convergence parameter k is 0.25. The total poten-
tial energies calculated by using these parameters deviate
,0.5 kcal/mol from the converged results, or 0.00006
kcal/mol per atom. The van der Waals interactions are
calculated by using a twin range cutoff method with a
short-range cutoff of 13 Å and a long-range cutoff of 14 Å.
To avoid considering every pair of atoms at each step, a
group-based pair list at a cutoff of 14 Å updated every 10
steps has been used to calculate the real space Ewald
summation and the short-range van der Waals interac-
tions. The MD time step was 1 fs, and all bonds involving
hydrogen atoms were constrained by using the shake
algorithm.21

The temperature of the system was coupled to external
baths at 300 K by the weak coupling method,22 solute and
solvent coupled separately. The above protocol led to
stable molecular dynamics simulation: a coupling time of 1
ps is sufficient to maintain the correct temperature, and
the root-mean-square differences of total, potential, and
kinetic energies between successive MD steps are 0.16,
9.4, and 9.4 kcal/mol, respectively.

In one of the two QM-MM simulations [denoted QMV(P)/
MM(S)], long-range van der Waals interactions, of the
form 2C6 /rij

6, where rij is the interatomic distance and C6

a coefficient that depends on the atom types, have been
explicitly included, with C6 coefficients taken from the
amber force field. To capture only the long-range 1/r6

behavior of the van der Waals interactions and to switch
off the unwanted 1/r6 behavior at shorter distances, where
the quantum mechanical model becomes appropriate, a
damping function is applied, of the form23

fd~rij! 5 $1 2 exp@c~rij 2 rv!
m#%n (3)

where the van der Waals radius rv from the amber force
field is used. The values used for the parameters in the
empirical damping function are c 5 20.9891, m 5 4, and
n 5 3. For a pair of sp3 carbon atoms at a 5.5 Å distance,
the undamped 2C6 /r6 term gives 20.0223 kcal/mol, the
full Lennard-Jones term, C12 /r12–C6 /r6 gives 20.0211

kcal/mol, whereas the damped 2C6 /r6 term gives 20.0214
kcal/mol.

Three separate MM simulations of crambin have been
performed by using the same setup as in the QM simula-
tion. The simulation with the amber force field11 has been
performed by using the TINKER program package with a
self-implemented Ewald-summation routine. The simula-
tion with the cedar12,13 and charmm14 force fields have
been performed by using the Sigma program package,
which incorporates Darden’s particle/mesh Ewald summa-
tion code.24

RESULTS AND ANALYSIS
Crambin

We find the QMV(P)/MM(S) simulation to accurately
maintain the overall experimental structure of crambin,15

as is also true of the simulations with MM force fields. The
instantaneous root-mean-square deviation (RMSD) from
the crystal structure fluctuates between 1.0 and 1.5 Å after
an initial growth period of '20 ps. The averaged RMSDs of
the QMV(P)/MM(S) and the three MM simulations are
compared in Table I.

Although the QMV(P)/MM(S) simulation is accurate and
stable over 350 ps, the 60-ps QM(P)/MM(S) simulation is
not, the RMSD from the crystal structure reaching 2.5 Å
and continuing to increase. A major defect after the
QM(P)/MM(S) simulation is that the two originally a-heli-
cal regions of crambin have partially transformed into
3–10 helices.

Helical Oligopeptides In Vacuo

The energy of N-acetyl-(Ala)n-N9-methylamide mol-
ecules of different length, n 5 2, 3, 5, and 8, constrained in
either the right-handed a-helical conformation (f 5 257°,
c 5 247°) or the 3–10 helical conformation (f 5 260°, c 5
230°) was evaluated with a variety of quantum mechanics
methods. The geometries were optimized with the B3LYP/
6-31G* model, and single-point energy calculations at both
the Hartree-Fock (HF) and MP2 level with the same basis
set were performed with these geometries to compare the
energy gaps between the two conformations. SCC-DFTB
calculations with and without the damped van der Waals
term were also conducted on these geometries (Table II).
The results obtained with the highly accurate MP2 method

TABLE I. Root-Mean Square Deviations (RMSD) From the
Starting Crystal Structure in the QMV(P)/MM(S) and MM

Simulations (in Å)

Force field
Instantaneous

deviationa All atomsb Backbonec

QMV(P)/MM(S) 1.21 0.86 0.61
Amber 0.99 0.71 0.48
Cedar 1.05 0.82 0.74
Charmm 1.19 0.95 0.80
aTime average of the instantaneous RMSD.
bRMSD of the time-averaged structure for all non-hydrogen atoms.
cRMSD of the time-averaged structure for backbone atoms (N, Ca, C,
and O).
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Fig. 1. a: Root-mean-square fluctuations of positions of backbone atoms (N, Ca, C, and O) observed within
the last 300 ps of the QMV(P)/MM(S) and MM simulations (the latter with, respectively, the amber, cedar and
charmm force fields) and derived from the crystallographic temperature factors. b: Backbone bond angles from
the 0.54 Å resolution crystal structure15 and from the simulations. a1, a2, and a3 correspond to the Ni-Ci

a-Ci,
Ca-Ci-Ni11 and Ci-N

i11-Ci11
a angles, respectively, where i is residue index. c: Two dihedral angles related to the

planar geometry of peptide units, from the crystal structure and from the simulations (top: Ci
a-Ci-Ni11-Ci11

a or v,
bottom: Ci

a-Ci-Ni11-Oi). The same color scheme is used throughout.

Fig. 2. a: Atomic charges on polar backbone atoms (C, O, N, and H) averaged over the 50–200 ps (red)
and 200–350 ps (blue) periods of the QMV(P)/MM(S) simulation. The error bars indicate the root-mean-square
fluctuations observed during the first 150 ps period. b: Averaged net charges on individual amino acid residues
with fluctuations. c: Cumulative charge along the peptide chain, starting from the N-terminal; the points
represent the accumulated value up to each of the three main-chain atoms (N, Ca, and C).



can be understood by considering that the 3–10 helical
conformation is favored by an additional hydrogen bond,
whereas long-range interactions favor the more compact
a-helix and progressively stabilize the a-helix as the
number of alanine residues increases beyond a few. The
trend observed with MP2 is captured qualitatively by the
SCC-DFTB method when explicit long-range attractive
van der Waals forces are included. These results confirm
the need to include the long-range attraction explicitly
when representing biological macromolecules with all but
the highest levels of quantum-mechanics.

Analysis of Geometric Detail

Two observations result from comparison of the
QMV(P)/MM with the MM simulations. The first is that
the differences between the resulting dynamics are subtle
but significant, as indicated by the backbone atom root-
mean-square fluctuations [Fig. 1(a)], which show only
qualitative agreement among the solution simulations.

The second observation is that the QMV(P)/MM simula-
tion leads to better agreement with the crystal structure of
crambin at 0.54 Å resolution for several key peptide
backbone geometric parameters, as shown by Figures 1(b)
and 1(c). Specifically, the MM simulations are found to
produce systematic deviations for the main-chain bond
angles. Averages both over time and along the chain, are
/ NiCi

aCi 5 a1 5 111.2°, / CaCiNi11 5 a2 5 116.9° and
/ CiNi11Ci11

a 5 a3 5 120.9° for the crystal structure,
whereas the simulations give the following results: 110.1°,
116.9°, 120.0° (QMV(P)/MM(S)); 113.0°, 118.4°, 124.5°
(MM, amber); 112.4°, 118.4°, 124.0° (MM, cedar); 112.5°,
116.4°, 123.7° (MM, charmm). The same simulation also
results in moderate or high correlation with the crystal
structure for the variations of these parameters along the
peptide chain. The correlation is highest for bond angle a1,
where the correlation coefficient is 0.85. The two dihedral
angles shown in Figure 1(c) represent deviations from
planarity of the peptide units, and for these the correlation
coefficients are 0.58 and 0.55, respectively. One can see
that the MM simulations falsely predict these peptide
bond dihedral angles to be secondary structure dependent,
i.e., slightly but systematically away from 180° in the two
a-helix regions, which are from residue Ile7 to Leu18 and
from Glu23 to Thr30.

The closer agreement between the QMV(P)/MM(S) simula-
tion and the 0.54 Å crystal structure is not a result of
different peptide flexibility produced by the QM and MM
models. The SCC-DFTB model in general produces higher

flexibility than the MM models. This is shown by the largest
average instantaneous RMS deviation produced by the QM-
V(P)MM(S) simulation (Table I). Other indicators such as
RMS fluctuations of atomic positions in the simulations give
the same result. Thus, the closer correlation cannot be
explained by assuming that the QMV(P)/MM(S) simulation
underestimates the flexibility of the protein.

DISCUSSION

Quantum mechanical calculations on crambin have been
reported by Van Alsenoy et al.25 Starting from a crystal
structure, in vacuum geometry optimizations were per-
formed for some steps, and the resulting structure were
compared with the starting structure. The ab initio model
used by these authors disallows for more extensive sam-
pling in the conformational space. Solvent effects have also
not been included in this study. Our current study goes
beyond the static structure of crambin and focuses on
dynamic aspects.

Comparisons between the QMV(P)/MM(S) and the QM(P)/
MM(S) simulations reveal the critical role of the van der
Waals interactions in stabilizing the native structure. This
dynamic instability would not have been observed with
energy minimization or very short (,10 ps) molecular dynam-
ics simulations, where only local conformations very close to
the starting structure can be explored.

The quantum mechanical simulation provides an oppor-
tunity to reevaluate some of the basic assumptions embed-
ded in popular MM models of biopolymers. These include
the assumptions of fixed atomic charge and of zero or unit
charge per monomer in nonpolarizable models, and of
limited, local redistribution of charge in polarizable dipole
models. Indeed, the QMV(P)/MM(S) simulation produces
significant instantaneous fluctuations, '10% of atomic
charges, as shown for the backbone atoms in Figure 2(a).
The same figure also shows that despite these large
instantaneous fluctuations, the time-averaged atomic
charges and their variations along the peptide chain are
highly reproducible. Current fixed atomic charge models
omit both the instantaneous charge fluctuations and the
charge variations with protein environment. The simula-
tion also shows that the neutral or unit-charge monomer
assumption holds for most of the residues [see Fig. 2(b)].
However, notable exceptions are the C-terminal Asn46
with an averaged total charge of 20.75 e, and the N-
terminal Thr1 with an averaged total charge of 10.83 e.
The charge deficit at Cys4 of 20.13 e approximately
accounts for the resulting residual part. These deviations

TABLE II. Energy Differences (in kcal/mol) Between a and 3–10 Helical Conformations
of N-Acetyl-(L-Alanyl)n-N*-Methylamide Molecules

No. of
alanine
residues MP2 HF B3LYP SCC-DFTB

SCC-DFTB with
explicit van der
Waals energy

2 3.5 3.3 3.6 2.9 2.9
3 4.8 5.4 4.9 3.8 3.3
5 5.1 7.6 6.3 5.2 3.3
8 2.6 8.9 6.1 5.9 1.4
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of monomer charges, as shown in Figure 2(c), cannot be
captured by a fixed charge model and also not by a
polarizable model with fluctuating dipoles.

Recently, Nadig and coworkers26 reported divide-and-
conquer semiempirical molecular orbital theory calcula-
tions on protein/water systems, in which they found signifi-
cant charge-transfer interactions across the protein/water
surface. It will be worth investigating if these occur also
when the SCC-DFTB method is applied to both crambin
molecule and solvent.

The nonlocal charge redistribution observed in our
calculation may play a role in stabilizing the native
three-dimensional fold of crambin. It seems to be associ-
ated with a group of residues (the N and C terminals, Thr2,
Cys4, Arg10, and Phe13) that interact closely in space in
the native fold and are conserved or only replaced by
residues with the same functional groups in both sequence
and fold of two proteins homologous to crambin, viscotoxin
a3, and b-purothionin.27

In summary, we have constructed a general quantum
mechanical-based approach with demonstrated accuracy to-
ward long-time molecular dynamics simulation of proteins.

Our results highlight the importance of long-range van
der Waals forces in quantum mechanical description of
proteins. All current quantum mechanical methods poten-
tially applicable to molecular dynamics simulation of large
biological systems neglect the long-range van der Waals
energy. Our results show that in quantum mechanical
molecular dynamics simulation of biological systems, the
weak van der Waals interactions must be included, either
empirically, as in this work, or through more accurate
quantum mechanical methods, which remains a challenge.

Our simulations of crambin show significant differences
between the quantum mechanical and molecular mechani-
cal descriptions of proteins. This development opens a
wide range of possibilities for the investigation of chemical
processes in biological systems.
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