
Abstract. Annexin molecules consist of a symmetrical
arrangement of four domains of identical folds but very
di�erent sequences. Nuclear magnetic resonance (NMR)
experiments on the isolated domains of annexin I in
aqueous solution have indicated that domain 1 retains
its native structure whereas domain 2 unfolds. Therefore
these two domains constitute interesting models for
comparative simulations of structural stability using
molecular dynamics. Here we present the preliminary
results of molecular dynamics simulations of the isolated
domain 1 in explicit water at 300 K, using two di�erent
simulation protocols. For the ®rst, domain 1 was
embedded in a 46 AÊ cubic box of water. A group-based
non-bonded cut-o� of 9 AÊ with a 5±9 AÊ non-bonded
switching function was used and a 2 fs integration step.
Bonds containing hydrogens were constrained with the
SHAKE algorithm. These conditions led to unfolding of
the domain within 400 ps at 300 K. In the second
protocol, the domain was embedded in a 62 AÊ cubic box
of water. An atom-based non-bonded cut-o� of 8±12 AÊ

using a force switching function for electrostatics and a
shifting function for van der Waals interactions were
used with a 1 fs integration step. This second protocol
led to a native-like conformation of the domain in
accord with the NMR data which was stable over the
whole trajectory (~2 ns). A small, but well-de®ned
relaxation of the structure, from that observed for the
same domain in the entire protein, was observed. This
structural relaxation is described and methodological
aspects are discussed.
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1 Introduction

For a complete understanding of the relationship
between protein sequence and structure it is necessary
to understand the mechanisms by which proteins fold
and unfold. Calculations and experiments on small
proteins in vitro can provide a lot information on these
processes.

The annexins are a family of proteins which are of
particular interest in folding studies. They are found in
various insect, mammalian and plant tissues [1]. Al-
though their biological function is only poorly under-
stood, there is some evidence that they may be involved
in membrane fusion, exocytosis, in¯ammation and
blood coagulation [2]. The ®rst stage of these phenom-
ena involves membrane binding of the annexins in a
calcium-dependent manner. The crystal structures of
annexin I [3] and its domain 1 are depicted in Fig. 1.
The interest of annexins for folding studies stems from
the fact that X-ray structural analysis has revealed a
hierarchical structural organization, involving one type
of secondary structure, the alpha helix, one basic
supersecondary pattern the helix-loop-helix or helix
hair-pin, one speci®c tertiary fold, the domain : helix
A-loop-helix B-helix C -helix D-helix E, and one type of
circular association of domains into two modules,
D2-D3 and D1-D4 [4, 5]. In the modules, the domains
interact through the hydrophobic interface made by
their helices B and E. Domains 2 and 4 interact via a
hydrophilic interface.

The hierarchical simplicity of the annexin structure
renders the examination of its folding pathways of
particular interest. Therefore we have initiated a pro-
gramme of research examining the stability, structure
and dynamics of annexin fragments in vitro.

Within an annexin molecule, the domains have gen-
erally only about 30% of sequence homology but are
structurally virtually identical. It was therefore particu-
larly interesting to ®nd that the isolated domains do not
have identical folding properties [6±8]. In particular
for annexin I, whereas the isolated domain 1 remains
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structurally stable in aqueous solution the isolated
domains 2 and 3, as well as the D2-D3 module do not.
No information is presently available for domain 4
which remained inaccessible in the inclusion bodies of
the bacteria from which the domains are extracted. This
makes annexin domains interesting models for studying
protein stability and unfolding with molecular simula-
tion.

Molecular dynamics (MD) allow the intriguing pos-
sibility of being able to provide complete structural and
dynamical information at the atomic level. This is of
special interest when experimental data are missing or
cannot be available. However the con®dence that we
have in these simulations must be assessed. The present
work concentrates on this problem by investigating the
e�ect of variation of the simulation protocol on the
structural stability of domain 1. Domain 1 is a particu-
larly good system with which to investigate simulation
protocol for the following two reasons: (1) it is struc-
turally similar to the native protein as described in [8],
with a topology closely resembling that of the native
X-ray structure (Fig. 1); (2) it is of only low stability
relative to typical native protein of similar size, as
evidenced from chemical denaturation studies [8].
Consequently, the structural integrity of the domain
might be particularly sensitive to the simulation proto-
col, with small perturbations from ideal simulation

conditions leading to unfolding of protein. It is this
possibility that is tested in the present paper, by per-
forming simulations of domain 1 with two di�erent
protocols. In one set, domain 1 unfolds signi®cantly at
300 K in a few hundred picoseconds. In a second set
of conditions the domain remains stable after a short
period of reorganization that will be described.

The second aspect of the present work involves the
examination of structural rearrangement accompanying
interface removal. Applying MD simulation techniques
to isolated annexin domains may also be useful for un-
derstanding structural and energetic aspects of domain-
domain interactions in protein stability. Creation of a
hydrophobic interface by dimerization is a known
mechanism by which proteins increase their stability [9].
Because of the structural identity between annexin do-
mains, formation of interdomain modules is somewhat
analogous to dimerization: a hydrophobic interface is
made by the two symmetrical pairs of B- and E-helices
between domains 1 and 4 forming the D1-D4 module
(Fig. 1). In this respect D1 is all the more interesting in
that D1-D4 is a non-covalent module. With the aim of
obtaining further insight into the domain interactions,
we use the MD to examine possible structural relaxation
of the domain accompanying excision from the entire
protein.

2 Methods

2.1 Starting structure

The heavy atom coordinates of the starting structures were ob-
tained by X-ray crystallography [3] (Kim, personal communica-
tion). Domain 1 was considered to consist of residues Thr 41 to Lys
113 (residues 14 to 86 in the annexin V numbering). The N-terminal
segment of the protein (residues 1±42) was not included because it is
topologically unrelated to domain 1 and, in addition, does not
contribute to the domain stability (unpublished data). All protein
atoms were explicitly included in the simulations. The hydrogen
atoms were added using the HBUILD routine of CHARMM [10].
The C-ter and N-ter residues were not capped and remained
charged as in the experimentally examined domain. The resulting
protein was thus neutral. Both MD simulations were performed in
the microcanonical ensemble with explicit solvent and periodic
boundary conditions.

2.2 Simulation Method 1

A ®rst MD simulation of the domain 1 was performed for 1100 ps
using the CHARMM program version 23 with an all-atom force
®eld (parm22). Domain 1 was embedded in a 46 AÊ cubic box of
TIP3P water. Water molecules overlapping the protein were re-
moved. The resulting domain 1 system contained 10 061 atoms:
1162 protein atoms, 2966 water molecules and one chloride
counterion. Bonds containing hydrogens were constrained with the
SHAKE algorithm [11]. The non-bonded interactions were calcu-
lated using a group-based cuto� and were smoothly brought to
zero by multiplying by a cubic switching function between 5 and
9 AÊ . The relative dielectric constant e was 1 and the integration
time step was 2 fs. The simulation was carried out with the fol-
lowing protocol. The protein domains were ®xed and the water
molecules subjected to 1000 steps of steepest descent energy mini-
mization and 1000 steps of adopted basis Newton-Raphson mini-
mization. The water was then heated and equilibrated for 10 ps.

Fig. 1. a X-ray crystal structure of annexin I showing hierarchical
structural organization of annexin domains and b structure of the
domain 1; the names of the ®ve helices are indicated. The B- and
E-helices, which form the hydrophobic interdomain interface, are
indicated in red and green respectively
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Subsequently, three further minimizations were carried out: ®rst on
the solvent molecules with the protein ®xed, then on the protein
with the solvent ®xed, then on the whole system. The energy-min-
imized system was heated and equilibrated. Mass-weighted har-
monic positional constraints were applied to the protein atoms
during minimization, heating and equilibration. Heating to 300 K
was over 30 ps. The force constants were 5.0 kcal/mol/AÊ 2 during
the minimization, heating and the ®rst 10 ps of equilibration.
During the subsequent 45 ps of equilibration the force constants
were gradually reduced to zero. At the end of the equilibration the
Root Mean Square (RMS) deviation of the backbone heavy atoms
from the crystal structure was 1.56 AÊ . The subsequent production
phase was performed in the microcanonical ensemble without
constraints for 1100 ps. Coordinates and velocities were saved from
each simulation every 0.2 ps. The temperature was 300 K�10 K.
Total computer (CPU) time for the simulation was about 1 month
on an IBM 39H workstation.

2.3 Simulation Method 2

Two simulations were made with this method: the ®rst starting
from the X-ray structure involving a production of 1.2 ns and the
second, starting from the minimized structure obtained from the
1.2 ns point of the ®rst simulation, followed by further involving
production of 500 ps. Both simulations using method 2 were at-
om-based with a non-bonded cuto� of 8±12 AÊ using a force
switching function for electrostatics and a potential shifting
function for van der Waals interactions, a cuto� for the non-
bonded list of 14 AÊ and e� 1 for electrostatics [12]. The inte-
gration time step was 1 fs without using the SHAKE algorithm.
The CHARMM program, version 25b1, with the all-atom force
®eld parameter set parm22, was run on a Cray T3E parallel
computer. CPU time for the 1600 ps simulation was about 14
days with 64 processors.

The domains was embedded in a 62 AÊ cubic box of water.
Water molecules with oxygen atoms within 2.8 AÊ of any non-
hydrogen atoms of the protein were removed. The resulting
system contained 23 831 atoms: 1166 protein atoms and 7555
water molecules. The following minimization procedure was used:
(1) the protein was ®xed while the solvent was minimized with
8000 steps of steepest descent, then the solvent was heated to 50 K
(5000 steps), thermalized by 5 ´ 1000 steps of dynamics at 50 K,
cooled to 20 K and ®nally minimized with 4000 steps of steepest
descent; (2) the solvent was ®xed, the constraints on the protein
were removed and the protein was subjected to 2000 steps of
steepest descent minimization; (3) all constraints were removed
and the full system was minimized by 4000 steps of steepest
descent.

2.3.1 First simulation

Heating to 300 K was performed at a rate of 10 K/ps. Equilibra-
tion was performed in two stages: in the ®rst stage of 50 ps ve-
locities were assigned using a Gaussian distribution and in the
second stage the velocities were scaled every 50 steps to keep the
temperature at 300 K�10 K. At the end of the equilibration the
RMS deviation of the backbone heavy atoms from the crystal
structure was 0.35 AÊ . During the 1600 ps production the temper-
ature was 300 K�3 K and the total energy remained constant to
within �0.05% ¯uctuation.

2.3.2 Second simulation

The system after the 1.2 ns of the previous 300 K simulation was
annealed and minimized. This minimized structure was then used as
a new starting structure and heated to 300 K and equilibrated as
described above. At the end of the equilibration, the RMS devia-
tion of the Ca atoms from the new starting structure was only
0.1 AÊ . During the subsequent 500 ps production the temperature
was 300 K�3 K and total energy remained constant to within
�0.05% ¯uctuation.

3 Results and discussion

3.1 Simulation with method 1: partial unfolding
of the domain

The domain remained compact during this simulation,
the radius of gyration increasing slightly from 11.5 AÊ to
about 13 AÊ . The native overall chain topology, i.e. the
relative positions in space of the chain segments that
form helices in the native state, remained intact during
the simulation. Nevertheless the domain substantially
unfolded, losing a major part of its secondary structure
after 1 ns of simulation.

In Fig. 2, curve (a) presents the Ca RMS deviation of
domain 1 from the starting structure as a function
of time. After the equilibration stage, the RMS deviation
of domain 1 is already 1.6 AÊ , and exhibits a rapid linear
increase up to ~4.5 during the ®rst 400 ps followed by a
more gradual increase to 5.5 AÊ at 1100 ps. The structure
of the domain at 400 ps and 1000 ps is shown in Fig. 3.
In the 400 ps structure a rather dense hydrophobic core,
including the residues of the original core, remains in
place. However, little of the original secondary structure
remains consisting of a few clearly identi®able helix
turns. In the 1000 ps structure the hydrophobic core is
reduced in size and the secondary structure has almost
completely disappeared.

The unfolding of the domain at 300 K, and in par-
ticularly the loss of the secondary structure is likely to be
an artefact for several reasons: (1) as already mentioned,
experimentally the isolated domain remains folded at
300 K and (2) NMR analysis of domain 1 fragments
demonstrates that most of sequences encompassing the
helix segments have a relatively high helix propensity
(unpublished data). Protein fragments, devoid of the
long-range interactions present in the native structure,
are good reporters of the intrinsic structural propensities
of sequences. The strong helix unfolding during the
simulation is therefore likely to be erroneous.

3.2 Simulations with method 2: relaxation
of the structure into a stable folded state

The second simulation protocol, described in Sect. 2, was
that determined by comparing several simulations on a
shorter peptide, the A-helix of domain 2 (Huynh et al.,
work in progress), with a large quantity of structural
information from NMR [13]. This helix has a particular
structural feature which was found to be very sensitive to
the simulation protocol and especially to the way in
which electrostatic interactions are treated. Among the
methods tried, including Ewald summation, only the
method described here (and used in Ref. [10]) was able to
reproduce the experimental data. Full details of these
methodological tests will be given in a later publication.

3.2.1 First simulation

The Ca RMS deviation of domain 1 from the starting
structure as a function of time is presented in Fig. 2,
curve (b). After the equilibration stage, the RMS
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deviation of domain 1 remains small at 0.35 AÊ . During
the ®rst 400 ps of production, the RMS deviation
increases up to a maximum of about 2 AÊ after ~250 ps
then decreases and stabilizes to a constant value of about
1.8 AÊ , a value in the range commonly seen for simula-
tion of native proteins at 300 K. The 2 AÊ maximum,
which also corresponds to a point of maximum solvent
accessibility, accompanies a structural relaxation of the
domain after excision from the entire protein. This
relaxation will be described later on.

3.2.2 Second simulation

The structure after 1.2 ns was annealed and minimized
(see methods) in order to create a new starting structure,

i.e. that of the isolated domain, to be compared to the
®rst starting structure, i.e. the crystallographic structure
of the domain in the entire protein. The RMS deviation
of the Ca atoms from the ®rst starting structure is
~2.3 AÊ . The new starting structure was also heated to
300 K and equilibriated. At the end of the equilibriation
stage, the RMS deviation of the Ca atoms from the new
starting structure was only 0.1 AÊ , and rapidly reached a
rather small plateau value of about 0.9 AÊ as shown in
Fig. 2, curve (c). The relative structural stability ob-
served during this second simulation suggests that this
structure represents an equilibrium conformation of the
isolated domain 1 in aqueous solution.

3.3 Description of the structural relaxation

The structural relaxation may be essentially visualized as
a rigid-body movement of helix E and, to a lesser extent
of helix D, with respect to the A-, B- and C-helices. This
is illustrated in Fig. 4. Helix E ®rst moves, upwards in
the ®gure, during the ®rst 300 ps allowing the sliding of
its hydrophobic residues on the remaining part of the
hydrophobic core. The helix then moves laterally to
adapt the contact with the hydrophobic core and ®nally
moves slightly downwards. The result is a shift of about
3 AÊ in the staggered arrangement of the hydrophobic
side chains of helix E against the rest of the hydrophobic
core. Helix D also moves aside by approximately 1.5 AÊ .
The native hydrophobic interface with domain 4 con-
tains residues Ile26 and Thr30 of helix B and Leu64,
Val67 and Leu71 of helix E. The net e�ect of the
structural relaxation on these residues is that their
solvent accessibility is reduced from ~175 AÊ 2 to ~125 AÊ 2

for helix B and from ~160 AÊ 2 to ~125 AÊ 2 for helix E.
The change in solvent accessibility is clearly depicted in
Fig. 5, which shows the e�ective displacement of the
hydrophobic residues of the helix E and their partial

Fig. 2a±c. Time-dependence of
the RMS deviation from the
starting structure of the Ca
atoms of domain 1: a simula-
tion with method 1; b ®rst
simulation with method 2; c
second simulation with method
2. The arrow indicates the point
of maximum displacement of
helix E and of maximum total
solvent accessibility. Starting of
equilibration and production
are indicated with e and p,
respectively

Fig. 3a, b. Ribbon representation of domain 1 after 400 ps of the
simulation performed using method 1: b. The starting structure a
for this simulation was the crystallographic structure of the domain
in the entire protein
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burial. The ®gure also shows the new arrangement of
helix E, more parallel to helix B.

4 Conclusion

The work presented here demonstrates the structural
sensitivity of the annexin I domain 1 to the MD
simulation conditions. The simulations were performed
on the 10±10±10±9 s time scale in explicit water. As such

these calculations are computationally expensive. It is
therefore not practical to painstakingly systematically
vary elements of the simulation methodology one by one
so as to identify which are responsible for any given
e�ect. Consequently there are several di�erences between
method 1 and method 2. These include the method of
smoothing the long-range electrostatic interactions, the
simulation-box size and the integration time step. What is
clear however is that the two methods have produced
markedly di�erent results on the structural stability of the
isolated annexin domain. This was not entirely expected
as simulation method 1, which led to an experimentally
unobserved rapid unfolding of the domain, has previ-
ously been used with success in the simulation of protein
structure and dynamics. One reason for the present
unfolding may well be the stability of the folded isolated
domain, which experimentally is low compared to many
small native proteins. This may render the protein
structure particularly sensitive to errors.

Method 2 clearly produces a protein structure stable
over the nanosecond time scale that is close to the ex-
perimentally determined structure. Consequently, the
chance is increased that the structural change observed
may be real. Of particular interest in the present work is
the structural rearrangement at the domain interface
seen on excision of the domain. This involves shifting of
helices and associated burial of hydrophobic groups.
Con®rmation of this structural change awaits further
high-resolution NMR work.
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Fig. 4. Structural relaxation of domain 1 after excision from the
native protein, observed using method 2: starting structure (green);
snapshot after ~250 ps of production (arrow in Fig. 2), the point of
maximum displacement of the helix E (red); minimized ®nal
structure of the isolated domain (purple)

Fig. 5. Close up view of helices B and E of the domain in the
crystallographic starting structure (green), and in the ®nal structure
of the isolated domain obtained with method 2 (purple). Helix B in
the two structures is superposed. The black residues are three core
residues, stable in space, in the two structures and the red arrows
indicate displacements of residues L64, V67 and L71
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