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Abstract The increasing use of digital technologies such as
mobile phones has led to major health concerns about the
effects of non-ionizing pulsed radiation exposure. We
believe that the health implications of exposure to radia-
tion cannot be fully understood without establishing the
molecular mechanisms of biological effects of pulsed
microwaves. We aim to establish methods for studying the
molecular mechanisms of protein structural and energetic
changes occurring due to external stresses related to non-
ionizing radiation by using a combination of experimental
and theoretical approaches. In this paper, we present the
results from our fully atomistic simulation study of
chemical and thermal stress response of a prototype
protein, insulin. We performed a series of molecular
dynamics simulations of insulin in solution under equi-
librium conditions, under chemical stress (imitated by
reducing the disulfide bonds in the protein molecule), and
under short-lived thermal stress (imitated by increasing
simulation temperature for up to 2 ns). The resultant
protein conformational behaviour was analysed for var-
ious properties with the aim of establishing analysis rou-
tines for classification of protein unfolding pathways and
associated molecular mechanisms.
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Introduction

The function of a protein is intrinsically associated with
its three-dimensional conformation. Therefore, any
changes in the geometry of the protein, particularly in
the region of the active site, have the potential to alter its
biological function. Previous experiments have shown
that there are links between external stress, such as
electromagnetic fields, and protein structure. In several
reported cases, the presence of weak microwave fields
was enough to induce physiological changes in organ-
isms (de Pomerai et al. 2002; French et al. 2000). Al-
though the use of electromagnetic fields as a stressor has
been investigated (Bohr and Bohr 2000; de Pomerai
et al. 2002; French et al. 1997), these experimental
studies were done via directly observable tissue damage,
i.e. at long experimental timescales and relatively large
length (size) scales. Therefore, the exact cause of these
physiological changes, and the extent of the contribution
of thermal and/or chemical stress to these changes, are
not fully understood.

It is now believed that the effect of pulsed microwave
radiation may only become apparent at short timescales
(within the nanosecond region) and at the microscopic
length scale, i.e. at the molecular level (Laurence et al.
2000). Therefore, it may not be possible to apply tradi-
tional experimental measurements to identify such
short-lived microscopic effects which may cause identi-
fiable physiological changes.

Conformational changes in proteins trigger the
expression of small heat shock response proteins
(sHSPs) as part of a defence mechanism used by the cell.
The sHSPs are molecular chaperones that either assist in
the refolding of the protein or, alternatively, in the
degradation of the protein. The expression of sHSPs is
not simply a response to heat, but is a general response
to other stressors such as alcohol, heavy metals, oxida-
tion, and osmotic pressure changes. The over-expression
of sHSPs has been associated with increased oncogenesis
and metastasis, as well as increased resistance to
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anticancer drugs (French et al. 2000 and references
therein). Studies have shown an increase in expression of
sHSPs resulting from microwave irradiation, without a
measurable temperature rise (Daniells et al. 1998; de
Pomerai et al. 2002). Recent work suggests the expres-
sion of sHSPs only occurs in a limited range of power
absorbed when tissues are exposed to microwaves
(Laurence et al. 2000). At low power levels, sHSPs are
not activated, resulting in partial unfolding and disrup-
tion to protein function. At higher power levels, the
sHSPs are expressed and protect the protein from con-
formational changes that may disrupt their function. At
very high power levels, the sHSPs cannot prevent the
protein unfolding. This leads to aggregation and pre-
cipitation, and therefore cell death.

It is long believed that microwave radiation can only
cause thermal heating of the surrounding water, as there
is insufficient energy to break even the weak chemical
bonds in the proteins. In other words, electromagnetic
fields are insufficient to cause chemical stress on proteins
(Stuerga and Galliard 1996). However, recent works
show evidence of non-thermal effects on proteins (Bohr
and Bohr 2000; de Pomerai et al. 2002).

While it may not be possible to utilize traditional
experimental measurements to probe the non-thermal as
well as short-lived thermal effects, it is possible to em-
ploy computer modelling techniques to study protein
behaviour at the atomistic level within the nanosecond
timeframe under a variety of simulated stress regimes.
The relatively long timescale (in simulation terms) of
protein unfolding events (microseconds) means that
significant progress in the simulation of protein
unfolding has only been made within the last few years
(Kazmirski and Daggett 1998; Kazmirski et al. 1999; Li
and Daggett 1996, 1998; Mayor et al. 2000; Pande and
Rohksar 1999; Pastrana-Rios 2001; Snow et al. 2002).

The purpose of our work is to establish computer
simulation methods to study protein behaviour in solu-
tion under external stresses, such as thermal spikes,
chemical changes, and electric field. We also aim at
developing analysis routines which will allow us to
classify major stages of the protein unfolding pathways,
their stability and reversibility as a function of the
external conditions. Having access to atomic level
information on the protein structure produced by
molecular simulation, we will be able to analyse the in-
ter-atomic interactions that are responsible for the ob-
served conformational changes and, hence, establish the
molecular mechanisms of protein unfolding under the
stress conditions.

Prototype protein: insulin

For this preliminary study we have selected insulin (PDB
code 1ZNI) (Bentley et al. 1976) as a prototype for
establishing our simulation and analysis procedures.
Because of its importance in the treatment of diabetes,
the insulin molecule has been the subject of intense study

with respect to the characterization of not only its bio-
chemical properties but also its various structural forms.
The physiologically active form of the hormone is a
monomer; however, the molecule has the ability to
combine into associated states, such as dimers, tetra-
mers, and hexamers. Monomeric insulin is a relatively
small protein (51 residues) consisting of two chains, A
and B, linked by two disulfide bonds (Fig. 1). Chain A is
composed of 21 residues with two helices, one at the
N-terminus and another at the C-terminus. A single
disulfide bond is present, linking residues 6 and 11. The
30-residue chain B contains an N-terminal helix.

Changes are observed in the side-chain and main-
chain conformations associated with the oligomerization
of insulin, and the conformation is seen to vary between
different crystallographic forms (Chothia et al. 1983).
Much of the conformational variation is centred within
chain B. The secondary structural characteristics of
chain B include the N-terminus (Bl to BS), a central
a-helix (B9 to B19), a characteristic chain B fold (f-turn
from B20 to B23), and the C-terminus (B24 to B28).
X-ray crystallographic studies of hexameric and dimeric
insulin have shown several conformational states for the
N-terminus of chain B (Badger et al. 1991; Bentley et al.
1976; Ciszak et al. 1995; Derewenda et al. 1989; Yao
et al. 1999). Motion is also observed in the C-terminus of
chain B. Studies of the physiologically active monomeric
forms of insulin observed fluctuations in the N-terminus
(Hua and Weiss 1991; Olsen et al. 1996; Pittman and
Tager 1995) and regions of disorder in the C-terminus
(Hua et al. 1991; Ludvigsen et al. 1998; Zhang et al.
2002). Conformational variations were also reported in
previous molecular dynamics studies of the monomer
and dimer forms of insulin (Falconi et al. 2001; Kruger
et al. 1987; Mark et al. 1991). Because of the significant
differences in terms of structural resolution, it has been
generally postulated that the native insulin monomer is
intrinsically flexible, and that this property is integral to
the interaction of insulin and its receptor (Hua et al.
1991, 1993a).

N Terminus
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Fig. 1 Schematic representation of insulin. Chain A is coloured
light grey and chain B is coloured dark grey. The disulfide bonds
are shown as black straight lines



The inherent mobility of chain B of insulin indicates a
central role in the activity of the hormone, although the
extent of the chain’s flexibility is still being determined.
Circular dichroism studies of the oxidized chain B report
considerable structural disorder in aqueous solution (Du
et al. 1982; Wu and Yang 1981). The individual chain B
is thought to have the capacity to fold principally
without chain A and the associated intrachain disulfide
bonds (Hawkins et al. 1995; Qiao et al. 2003). It has also
been suggested that chain B acts as a template for the
folding of chain A (Hua et al. 2001, 2002; Qiao et al.
2003). Further evidence of the ability of chain B to act
independently of chain A has been shown in the deter-
mination of the NMR structure of an oxidized chain B
(Hawkins et al. 1995). In comparison with the crystal
structure, the major structural aspects of the chain were
maintained. The central helix was relatively well con-
served and so was the f-turn, although slightly shifted in
position (B17 to B21). The N- and C-termini were de-
fined as extended pf-strands; however, a wide range of
conformations for these regions occurred, with the
C-terminus region being significantly disordered.

The interaction between the insulin molecule and its
receptor is not a well-understood mechanism. There is
some evidence to suggest that the observed conforma-
tion of native insulin is an artefact of the crystallo-
graphic process, where crystal contacts within the
packing of the molecules modify the active form of the
structure (Dong et al. 2003). Rearrangement of native
insulin on binding to its receptor was implied from the
observation that the conformation of insulin in the
crystal structure is analogous to an inactive form of the
molecule (Derewenda et al. 1991). Studies of fully active
mutants have revealed perturbation of the C-terminus of
chain B (Hua et al. 1993a; Ludvigsen et al. 1998; Mir-
mira et al. 1991). This raises the issue of the significance
of this region’s inherent flexibility and its role in the
interaction of the insulin molecule with its receptor, and
reinforces the need for further investigation of the con-
formational dynamics of chain B.

In order to establish our analysis routines of protein
unfolding, we will focus on the behaviour of chain B of
the insulin molecule, exploiting the known flexibility and
the structural characteristics of the chain, using MD
simulations of the whole molecule in equilibrium and of
the isolated chain under chemical and temperature
stresses.

Methods

This work has utilized classical molecular dynamics (MD) tech-
niques (Allen and Tildesley 1989; Leach 2001) to explore the
mechanism of protein unfolding under various stresses with full
atomistic details. The types of stresses have been chosen to repre-
sent the previously suggested effects of electromagnetic radiation.
In particular, the short-lived temperature stress is modelled because
there is evidence that the microwave radiation causes localized,
very fast heating within the nanosecond timescale undetectable by
traditional thermometry (Laurence et al. 2000). Pulsed temperature
rises have also been recently observed in direct microwave exposure
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experiments on proteins (Berry et al., in preparation). Chemical
stress has been modelled here to simulate the suggested athermal
effect of radiation (Bohr and Bohr 2000; Laurence et al. 2000).

The chemical stress was imitated by the reduction of all three
disulfide bonds in the molecule, effectively isolating the chains from
each other. Thermal stress was modelled by the temperature in-
crease to 400 K during the simulation. The thermal stress has been
applied to both intact and chemically reduced molecules. The iso-
lated chain B has also been simulated in order to develop analysis
procedures for comparison of its unfolding behaviour within dif-
ferent environments. In addition, a reference simulation of the in-
tact insulin at room temperature has been performed to validate the
simulations and for comparison with the stressed behaviour. In
summary, the following systems have been studied:

. Complete insulin with all disulfides at 300 K.
. Complete insulin with all disulfides at 400 K.
. Complete insulin with no disulfide at 300 K.
. Complete insulin with no disulfide at 400 K.
. Isolated chain B at 300 K.

. Isolated chain B at 400 K.

AN AW

The NAMD molecular dynamics code was used in this work
(Kalé et al. 1999), with well-validated empirical potentials imple-
mented in the CHARMM?27 forcefield (MacKerell et al. 1998).
CHARMM27 is an all-atom forcefield, which means all atoms in
the system are treated explicitly and their interaction potential
depends on the individual local atomic environment. We have
applied periodic boundary conditions (PBC) to each simulated
system using water as solvent with a density of 1.0 g/cm>. The size
of the periodic box was chosen such that the soaked protein had at
least a 15 A thick water layer around it. Since the simulation box
was repeated periodically in three dimensions during the simula-
tion, the bulk protein solution is effectively simulated (Allen and
Tildesley 1989). An interatomic interaction cut-off distance of 15 A
was chosen to ensure that the protein would not experience self-
interaction, which would otherwise complicate, and possibly
invalidate, the results. Classical MD simulations were then per-
formed at 300 K and 400 K in the NVT (constant number of
particles, constant volume, and constant temperature) ensemble.
The length of the simulations for this study was 2 ns using a time
step of 1 fs to simulate the proposed short-lived temperature stress.
The system details and the simulation parameters are summarized
in Table 1.

Results and discussion

The simulated MD trajectories have been analysed for
the following properties as a function of the imposed
stress conditions: conformational behaviour of the pro-
tein, focusing on particular elements of the secondary
structure; classification of states in the unfolding path-
way; degree of unfolding and structural difference with
the native structure; solvent accessible surface area

Table 1 Summary of the systems simulated, and their simulation
parameters

System Number of Temperature Simulation details

number water (K)
molecules
1 6879 300 Velocity Verlet jntegration; |
2 400 PBC box (60 Ax60 Ax60 A);
3 300 NVT ensemble; potential
4 400 switching at 12 A; potential
5 7002 300 cut-off at 15 A
6 400
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changes; hydrogen bond structure; and water mobility.
The analyses have been carried out using routines
implemented in the VMD (Humphrey et al. 1996), In-
sightIl (InsightIl User Guide 1996), X-PLOR (Briinger
1992), and PEPCAT (O’Donohue et al. 2000) software
packages. Application and details of the analyses are
illustrated below using the insulin chain B trajectories
from the systems simulated.

Conformational analysis using PEPCAT

The computer program PEPCAT was used to analyse
the effects of chemical and thermal variations on the
conformational properties of insulin. PEPCAT is par-
ticularly useful in monitoring changes in the specific
elements of the secondary structure of proteins
(O’Donohue et al. 1995). The conformations from the
MD trajectory are processed according to a set of
specified geometric descriptors (e.g. atom—atom dis-
tances, ¢ and Y dihedral angles), and subsequently
classified into a set of conformational states, based on
similarity in the descriptors. The conformational chan-
ges that occur during the MD simulation are reflected in
the classified states, and can be visualized in conforma-
tion transition maps. This enables the unfolding path-
ways of the protein under different conditions to be
characterized and compared.

In this study a particular structural feature of the
protein chosen for analysis was the «-helix present in
chain B of insulin, whose extent of disordering when
placed under stress was determined with PEPCAT. The
geometric descriptors used to classify the conformations
were five atom—atom (C,—C,) distances between the
helix residues, detailed in Table 2. The states were
identified by a set of all five descriptors’ values, where
each descriptor can adopt a value of 0, 1, or 2,
depending on the imposed distance criteria, specified in
Table 2. For example, a descriptor set (0, 0, 0, 0, 0)
identifies the native state.

The conformations contained in the trajectory from
the 2 ns MD simulations of the systems 5 and 6 were
classified according to the geometric descriptors. Both
systems are under chemical stress induced by the re-
moval of the interchain disulfide bond and the sub-
sequent isolation of chain B, while system 6 is also
subjected to the additional thermal stress at 400 K. It

Table 2 Details of PEPCAT descriptors used in this work

Descriptor Descriptor Descriptor values and
number definition residues distance range criteria (A)
0 1 2

1 Gln4-Gly8 <7 7-9 >9
2 Gly8-Leull <6 6-8 >8
3 Leull-Leul5 <7 7-9 >9
4 Leul5-Cysl9 <7 7-9 >9
5 GIn4—Cys19 <19 19-22 >22

should be emphasized that these systems and conditions
were chosen for the purpose of establishing the simula-
tion and analysis routines and should not be considered
as representing a realistic insulin environment and
behaviour.

The effects of thermal and chemical stress on the
conformation of the insulin chain B are illustrated in
conformational transition maps presented in Figs. 2 and
3. The circles represent the conformational state, and its
area is directly proportional to the population, i.e. the
number of simulation frames belonging to that state.
The arrows represent the transitions that occur between
states, and the width of the arrows is directly propor-
tional to the frequency of transitions to that state.

Figure 2 is a conformational transition map showing
the set of conformations (17 states) produced from the
simulation of chain B at 300 K. The major conforma-
tional state is classified as state 3, and the most frequent
transition between conformations occurs between states
3 and 4. The starting structure (state 0) for the simula-
tion is shown in Fig. 4, and can be compared to repre-
sentative structures from the identified conformational
states presented in Fig. 5. The conformations exchang-
ing with state 3 appear to represent equilibrium geom-
etries of the molecule, with numerous transitions to and
from the most frequent state 3 conformations. For
example, conformational states 2, 4, 7, and 13 all have
frequent transitions to state 3. Although the helical
structures of states 3 and 4 are predominantly well or-
dered, the N-terminus region is showing evidence of
disruption, which can be seen from the difference in the
first geometric descriptor between these states and the
starting structure.

When the temperature is elevated to 400 K, an in-
creased number of conformations of chain B is observed
(28 states). Figure 3 illustrates the transition map of the
classified conformations. The preferred conformation is

Fig. 2 Conformation transition map for system 5. See accompa-
nying text for further information
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Fig. 3 Conformation transition map for system 6. The emergence
of a more distinct transition pathway from the native to a largely
disordered state is observed with the increase in temperature of the
simulation. See accompanying text for further information

(

State 0
(0,0,0,0,0)

Fig. 4 Conformation state 0. This is the energy minimized
structure obtained from the PDB, which is used as the starting
geometry for the dynamics simulations

state 32, with frequent fluctuation occurring between
states 32 and 34. The transition map at the increased
temperature shows possible transition pathways of the
denaturation of the protein. A transition pathway is
observed between the starting native structure (state 0)
and the largely unfolded conformation (state 34),
through a highly populated transition state conforma-
tion (state 32). The structures of states 32 and 34 are
shown in Fig. 5. The structure of state 32 is disordered
at the C-terminus region of the helix. In state 34, this
disruption is accompanied by loosely structured regions
at the N-terminus of the helix. This pattern is reflected in
the values of the geometric descriptors used to classify
the conformations.

The results suggest that such a classification of the
conformational behaviour of proteins under stress is
capable of characterizing unfolding pathways under
different stress conditions. For example, it can be sug-
gested from the preliminary analysis performed here that
chemical stress alone results in smaller conformational
changes, with the conformations predominantly centred
around one state (state 3), which exhibits only partial
unfolding. More dynamic behaviour is observed when
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thermal stress is added to the system. At 400 K a more
significant denaturation of the protein occurs via the
classified sequence of transition states.

Root mean square displacement analysis

The purpose of the RMSD analysis was to assess the
extent of deviation of the protein structure from the
native structure during the MD simulations. RMSD
values were calculated for each system by comparing the
conformations of the backbone atoms with the experi-
mental structure of 4-zinc insulin (PDB code 1ZNI),
aligned on all of the backbone atoms, and discarding the
inherently flexible first and last residues to minimize
error. The RMSDs presented in Table 3 were averaged
over the last 0.5 ns of the simulations. _

The RMSD value of around 3.5 A for the intact
insulin molecule at room temperature (system 1) is rel-
atively high (Table 3). This can be further illustrated by
a more detailed analysis of the regions of variability of
the molecule. In particular, chain B of insulin shows
characteristic patterns of deviation from the crystal
structure. This can clearly be seen from the overlay and
RMSD plot (Fig. 6), which shows the stable «-helix and
p-turn, and the change in conformation of the N- and
C-termini during the last half nanosecond of the simu-
lation (1.5-2.0 ns). The structures sampled during the
MD were aligned along the backbone atoms of the
conserved o-helical region (residues 7 to 19). Figure 6
also shows that both termini are quite mobile, especially
the C-terminus. These results are in agreement with the
experimentally observed conformational changes of the
N- and C-termini of the insulin chain B, indicating that
the equilibrium simulation (system 1), used to validate
the simulation parameters, has reproduced the known
flexibility of the protein (Dodson et al. 1983; Hua et al.
1993b; Zhang et al. 2002).

The systems at 400 K (2, 4, 6) changed more signifi-
cantly than the respective systems at 300 K (1, 3, 5), as
expected with an increase in temperature. Not surpris-
ingly, systems 1 and 2, representing the complete insulin
molecule with all disulfide bonds intact, are more stable
compared to their respective systems without disulfide
bonds (systems 3 and 4). System 3 behaves in a similar
manner to system 1, where the only difference is the
absence of a disulfide bond between chains. This is
consistent with the experimental finding that insulin
chain B folds without interchain disulfide bonds (Haw-
kins et al. 1995; Hua et al. 2001). This also indicates that
chemical stress alone does not cause very significant
changes within the studied timeframe, again consistent
with the experimental evidence of the independence of
chain B (Hawkins et al. 1995). In contrast, when thermal
stress is added to a chemically reduced molecule, as in
systems 4 and 6, deviation from the native form occurs.
Interestingly, system 6 was particularly unstable,
undergoing major conformational changes, which can
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Fig. 5 Representatives of the y
major conformation states as State 3

|
identified by PEPCAT. The (2,0,0,0,0) \

RMSDs (A) of the backbone
atoms between the minimized
native structure and the
representative PEPCAT
identified conformations of
insulin chain B are shown. Each
conformational state is
identified by a distinct set of
geometric descriptor values

State 32

(0,0,0,2,1) f'\ .

N\

be attributed to the simultaneous chemical (isolation
from chain A) and thermal stresses imposed.

Water mobility

Diffusion constants were calculated from mean square
displacements of water molecules during the MD simu-
lations using the Einstein relation (Allen and Tildesley
1989; Leach 2001). Water diffusion constants were ob-
tained for different systems to investigate the mobility of
water around the protein in the presence of thermal and/
or chemical stresses, as shown in Table 3. We have
compared the diffusion constants in the protein systems
to the diffusion constants from the bulk water simula-
tions at 300 K and 400 K.

It can be seen that there is almost no difference in the
water diffusion rate in systems 1, 3, and 5 as well as in
systems 2, 4, and 6. These two groupings are determined
by the simulation temperatures of 300 K and 400 K,
respectively. Therefore, the diffusion rate increase is due
to the thermal motion. This increase has a significant
effect on the protein dynamics, which is reflected in the

Table 3 Dynamical properties of the systems following 2 ns of MD
simulations, averaged over 1.5-2.0 ns. All of the backbone atoms
are used for alignment

System number RMSD (A) Diffusion constant (107 cm?/s)
1 3.59+£0.25  3.318+0.001
2 5.0£0.5 9.106 £0.002
3 3.27+£0.15  3.319+0.001
4 6.08+£0.55  9.261+0.003
5 3.8+£0.2 3.425+0.001
6 11+2 9.315+0.002
Water (at 300 K) 2.336+0.002
Water (at 400 K) 6.961+0.008

State 4 e
(1,0,0,0,0) 3
> &
RMSD 2.0 A / / RMSD 1.9 A
State 34
e {0 1,0,2,1)

RMSD 3.8 A

RMSD 4.8 A

RMSD differences that can be similarly grouped (Ta-
ble 3). A pure water system was simulated to check the
forcefield potentials for water, and an excellent agree-
ment with the experimental water diffusion constant
(Hertz 1973) was achieved. Compared to the bulk water
systems, the diffusion constants of the protein—water
systems are higher by 40% and 30% at 300 K and
400 K, respectively. This increased mobility of water in
the presence of the protein can be attributed to the
disruption of some hydrogen bonds present in bulk
water, causing the water molecules to move more freely.

Solvent accessible surface area

Analysis of the solvent accessible surface area (SASA)
(Leach 2001) was performed to see if the conformational
changes of the protein would affect the protein accessi-
bility to solvent and potentially to ligands. In this work
the approximate probe radius of water molecule, 1.4 A,
was used to calculate the total SASA of the major states
identified using PEPCAT for systems 5 and 6, as pre-
sented in Table 4.

Table 4 shows that SASA for all major states is stable
within the error bars, with a slight decrease compared to
the native state. This suggests that chain B became less
accessible to water during the simulations under stress,
with the unfolding states being slightly more compact
than the starting structure. This finding is consistent
with the hydrophobic nature of chain B, which would
cause it to avoid contacts with water.

Hydrogen bond analysis

For each of the states identified by PEPCAT, we cal-
culated the number of hydrogen bonds that occur within



Fig. 6 A Snapshot of the A
backbone of insulin chain B,
taken from the last half
nanosecond (1.5-2.0 ns) of the
MD simulation of the complete
insulin molecule with all
disulfide bonds intact at 300 K
(system 1). The backbone atoms
of residues 7 to 19 were aligned
for this particular analysis. The
thick line represents the
backbone of the refined crystal
structure, and thin lines
represent the MD trajectory
frames. B RMSD per residue of
chain B in system 1
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the protein, and between the protein and water. We have
used the hydrogen bond criteria described elsewhere
(Schultz and Schirmer 1979), as implemented in the In-
sightII software.

Table 4 shows the percentage of hydrogen bonds
within the protein and between the protein and water,

Table 4 Properties of the major conformation states identified
using PEPCAT for systems 5 and 6

State number  SASA (AZ) Percentage of hydrogen bonds
relative to the native state
Protein—protein ~ Protein—water

0 3160 +80 100.0% 100.0%

3 3000+ 80 68.4% 119.9%

4 3050+100 73.7% 131.4 %

32 3080+ 120 47.4% 153.2%

34 307090 57.9% 86.5%

Residue number of chain B

compared to the native state 0. This property was cal-
culated for one representative structure from each of the
major conformational states identified using PEPCAT.
In general, as a protein unfolds, it presents more
hydrophilic contacts to water, as reflected by the in-
creased protein—water hydrogen bonding seen from the
table. The number of internal hydrogen bonds that
stabilize the secondary structure of the protein decreases
with unfolding. It should be noted that state 34 shows
about 15% decrease in the number of protein—water
hydrogen bonds compared to the starting structure. This
could be explained by the temperature effect, where the
thermal motion makes the hydrogen bonds unstable.

It is interesting to note the observed increase of wa-
ter—protein hydrogen bonds simultaneously with the
decrease of the SASA compared to the native state
(Table 4). We attribute the decrease to the hydrophobic
residues’ coagulation, while the hydrophilic residues
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become more exposed during the unfolding and thus
increase the number of hydrogen bonds with water.

Conclusions

We have performed theoretical simulations and com-
bined a number of analysis routines to investigate the
conformational changes that occur in proteins as a result
of thermal and chemical stresses. Using a prototype
protein, insulin, we have demonstrated that such anal-
ysis can reveal important information about the protein
unfolding pathways, as well as about molecular inter-
actions that are responsible for the changes.

The simulations reproduced the equilibrium behav-
iour of insulin and indicated that different stress re-
sponses can be distinguished by the analysis techniques
applied. In particular, it was found that the combination
of thermal and chemical stresses yielded the greatest
conformational response in the prototype protein.

Future work will include additional analysis methods,
such as: hydrophobicity profiling of the protein, while
monitoring conformational changes in order to provide
additional information on the molecular mechanisms of
the unfolding; simultaneous monitoring of the hydrogen
bonds within the protein and between protein and water;
and calculating the radius of gyration of a protein in
order to monitor changes in the tertiary structure. We
will apply these methods to other proteins and investi-
gate other types of stresses. The results obtained for
other proteins will be compared to experimental data for
exposed proteins obtained by NMR.
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