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Abstract

Multiple molecular dynamics simulations totaling more than 100 ns were performed on chain B of insulin in explicit solvent at 300 K and
400 K. Despite some individual variations, a comparison of the protein dynamics of each simulation showed similar trends and most
structures were consistent with NMR experimental values, even at the elevated temperature. The importance of packing interactions in
determining the conformational transitions of the protein was observed, sometimes resulting in conformations induced by localized
hydrophobic interactions. The high temperature simulation generated a more diverse range of structures with similar elements of secondary
structure and populated conformations to the simulations at room temperature. A broad sampling of the conformational space of insulin chain
B illustrated a wide range of conformational states with many transitions at room temperature in addition to the conformational states
observed experimentally. The T-state conformation associated with insulin activity was consistently present and a possible mechanism of

behavior was suggested.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Theoretical modelling is a useful complement to exper-
imental studies in providing insights into protein folding [1].
The advent of faster computers allows an opportunity to
broaden the scope of molecular dynamics (MD) simulations
and apply more sophisticated analysis of the ensemble of
conformations sampled. However, it is still unclear how to
apply the increase in computing power most effectively.
Even with improved resources, it is still only possible to
simulate on a relatively short biological timescale, often
falling short of timescales of relevant occurrences, thus
limiting the effectiveness of simulations. MD simulations
commonly examine the conformational changes of one
molecule over time, whereas, in real life many molecules are
undergoing conformational changes cooperatively. This is
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reflected in studies that have shown the existence of
different pathways with similar free-energy barriers in the
unfolding of a protein [2,3]. For these reasons, the use of
multiple simulations with different initial conditions may
provide more reliable and statistically relevant information
about protein dynamics. Multiple MD simulations have
been used previously in a number of studies to investigate
protein dynamics [4—8]. These studies have produced useful
information relating to the diversity of pathways a protein
undergoes in the process of denaturation and to the
principles of protein folding. Depending on the number of
simulations and their time length, the total simulation time
can vary in length from nanoseconds to several micro-
seconds. Probably the largest of these studies are those
carried out using the global distributed computing network
(Stanford Folding@Home group) [8]. In the present paper
we use the results of four MD simulations to study the
conformational behaviour of the prototype protein insulin
which has been intensively studied previously, both
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computationally and experimentally [9—12], thus sufficient
data are available for comparison. The use of multiple long-
term simulations can help sample conformational phase
space more effectively and efficiently by minimizing the
impact of entrapment in local minima. Each of the
simulations is of 20 ns duration, which has been shown to
be of sufficient time-scale to sample biologically relevant
conformational changes in insulin [13].

Insulin is of high physiological importance. A diverse
range of conformations has been observed in dimeric and
hexameric crystal forms [14—18]. In solution insulin exists
as a monomer [19,20], with hexameric insulin stored in the
pancreas for future use. The active form of insulin is the
monomeric state [21], however, because of a tendency for
self-association, a crystal structure of the monomer has yet
to be determined. Strategies employed to avoid dimerisa-
tion, such as, low pH conditions and chemical modifica-
tions, suggest a significant degree of molecular flexibility
[22-25].

Insulin is a small globular protein composed of two
chains, A and B, containing 21 and 30 amino acids,
respectively, and linked together by disulfide bonds. Chain
B of insulin is believed to retain much of its structure
independently of chain A [10,26,27]. The significance of
observed flexibility of chain B in terms of insulin’s activity
is not well understood. There are many structures currently
available of insulin, although only the general binding mode
of the insulin-receptor complex is known [28]. Structure—
activity studies of insulin indicate the C-terminus of chain B
as integral to receptor interaction [29—-32], and also suggest
that the conformation of the C-terminus is influenced by the
structure of the N-terminus [33-35]. Various studies of
insulin [9,36], including a preliminary crystallographic
structure of the native insulin monomer at a low pH [25]
and also solution structures of isolated chain B determined
by NMR spectroscopy [10,27], confirm the termini region’s
mobility. The secondary structure characteristics of chain B
of insulin are generally defined as the N-terminal residues (1
to 8), a central a-helix (9 to 19), a characteristic chain B fold
(B-turn from 20 to 23) and the extended C-terminus (24 to
30). There are several known conformational states for the
N-terminus of chain B [17,33,34,37,38]. The principal
conformations have been designated as the R-state and T-
state [39], although additional conformations have also been
identified [18]. The T-state is associated with activity as it is
believed to be the monomeric solution state [19]. In the T-
state, chain B consists of the a-helix (9 to 19) and two
extended N- and C-termini chain regions [40,41]. In the R-
state, the N-terminal residues (1 to 8) form a helix, joining
with the central helix [15,42]. Another variation is the
“frayed” or R-state, where the a-helix is only present for
part of the N-terminal residues (4 to 8) in addition to the
central helix.

While both X-ray and NMR techniques have produced
useful information on the protein’s structure, each method
has its limitations. For example, NMR spectroscopy is

useful because the structures are obtained in solution
without crystal packing constraints, but because insulin
has a tendency towards aggregation, either low concen-
trations or specific pH conditions must be used. This is of
some concern, as changes in pH can also affect the
structure. Alternatively, X-ray structures are static glimpses
of structures often restrained by crystallographic environ-
ment. Therefore, it is not surprising that the structures of
insulin produced by these two methods show notable
variation, particularly in the flexible N-terminus of chain B.
Molecular dynamics is therefore a useful complementary
technique to experimental methods, in that it enables a
broad sampling of the conformational states of a protein
under controlled conditions and therefore delivers addi-
tional understanding of the protein’s dynamics [43].
Previous molecular dynamics studies of insulin show the
conformational flexibility of insulin chain B, reporting a
high degree of movement in aqueous solution of both the
monomer and dimer [44—46]. The most recent of these
studies, simulations of 5-10 ns length of monomeric
insulin in the T-state conformation, describes the flexibility
of the N- and C-termini regions of the chain B [12]. This
inherent flexibility was also observed in a simulation of
insulin chain B in solution in our study of possible thermal
and chemical effects on protein dynamics [11].

It is always difficult to assess the statistical weight that
should be applied to MD results. With only a small number
of trajectories, which dynamic features are relevant to
explain the macroscopic behaviour? There are approaches
that may be used to evaluate the results. The frequency of
occurrence of a particular event in the conformational
dynamics may represent stable states. Furthermore, the
results can be statistically verified by comparison with
experimental results. In this paper we report multiple
simulations of insulin chain B with the view of gaining
statistically relevant insights into protein dynamics. Chain B
was selected as it is believed to fold independently of chain
A [26]. This stability has also been observed in NMR
structures of the isolated chain in solution [10,27]. Apart
from its biological relevance, we have chosen this protein as
a model system to investigate because the availability of
extensive experimental and theoretical results enables
comparison with our simulations.

In this work, we analysed the conformations sampled and
the conformational transitions occurring in a series of 20 ns
simulations. We also performed a simulation at 400 K to
investigate the usefulness of high temperature as a means of
“speeding up” the conformational sampling. We compared
our results with the NMR data on isolated chain B in a low
pH solution.

2. Methods

The molecular dynamics simulations were performed
using the program NAMD [47] in combination with the
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CHARMM27 force field [48]. The starting structure was
the RP conformational state obtained from the crystal
structure of porcine insulin (PDB code 1ZNI [15]). The
His residues were protonated, and both termini regions
and titratable sidechains were charged, resulting in a
neutral to acidic pH environment. This allowed for a more
direct comparison with the NMR structure solved in a low
pH environment [10], which is used for validation of our
MD structures (discussed in the Results section).

2.1. Computational details

The molecule was immersed in solvent using the
InsightIl program (Accelrys, San Diego, CA, U.S.A.),
with a total of 7002 water molecules of density of 1 g/
cm’. The solvated protein was placed in a cubic box with
periodic boundary conditions and the system’s energy was
minimized to remove steric clashes. The NVT (constant
number of particles, constant volume, and constant
temperature) thermodynamic ensemble, followed by NPT
(constant pressure) ensemble, was simulated during the
equilibration of the system. The data collection stage was
then performed in an NPT ensemble with a constant
pressure of 1 bar for 20 ns with piston decay time of 40
ps. Bonds containing hydrogen atoms were constrained
using the SHAKE algorithm to their energy minimized
values, thus allowing a numerical integration time step of
2 fs to be used in MD simulation. Four simulations were
performed at room temperature (300 K) changing the
initial conditions by assigning random velocities accord-
ing to Maxwell distribution to explore wider conforma-
tional space. An additional simulation was performed at
an elevated temperature (400 K) to test the temperature
effects on protein dynamics and accelerate conformational
sampling. At equilibrium, the temperature of the system
was maintained by coupling to an external bath [49]. The
Particle Mesh Ewald (PME) summation [50] was applied
to treat long range electrostatic interactions. Atom-based
cutoff of 12 A with switching at 10 A was used for non-
bonded van der Waals interactions. The trajectory data
were saved for analysis every 2500 steps (corresponding
to 5 ps) generating 3840 structures over approximately
20 ns.

2.2. Structural characterization

Visualization and manipulation of the conformations
were performed using the program VMD [51]. The
trajectories were analysed and classified using the PEPCAT
program [52], a computational tool that enables not only the
classification of conformational states and the relative
population of each state, but also the transitions between
each state to be identified and quantified. PEPCAT is
particularly useful in monitoring changes in the specific
elements of the secondary structure of proteins. The
conformations from the MD trajectory are processed

according to a set of specified geometric descriptors (e.g.
atom—atom distances, ¢ and  dihedral angles), and are
classified based on similarity in the descriptors. The
conformational changes that occur during the MD simu-
lation are reflected in the classified states, and can be
visualised in conformation transition maps. This enables the
dynamic pathways of the protein to be characterised and
compared.

3. Results and discussion

The protein stability during the MD simulations was
assessed by calculating the root mean square deviation
(RMSD) between the structures generated from the simu-
lations and the starting structure. As a means of validation, a
comparison was then made with the NMR experimental
data. The conformational dynamics were analysed by
examining the secondary structure, conformational cluster-
ing, and monitoring the distance between residues over the
simulation time course. Below we provide a detailed
analysis of each insulin simulation at 300 and 400 K,
labelled systems 300[1—4] and system 400, respectively.

3.1. Stability and validation

3.1.1. RMSD

The central helix residues (Ser 9 to Cys 19) in each
simulation were aligned and compared to the minimized
structure. The RMSD of the backbone of the central helix
for the five systems is shown in Fig. 1. The plot shows a
moving average of 250 ps to enable effective comparison of
the overall trends between the systems. The RMSD was
generally stable, even at the elevated temperature, however
some interesting variations occurred. In the first 300 K
simulation (system 300[1]), the system showed overall
stability, although several sharp increases in RMSD reflect
distinct conformational transitions (at approximately 3.0 ns
the RMSD increases to 2.50 A and at 11.5 ns to 3.25 A). As
expected, the RMSD at 400 K shows persistent variation,
although within the upper and lower limits observed in the
300 K systems.

3.1.2. Comparison with NMR experimental results

The data derived from the NMR structure of bovine
insulin chain B in solution [10] provide a useful benchmark
for evaluating the conformations observed during the MD
calculation. Hawkins et al. [10] derived nuclear Overhauser
effect (NOE) constraints from a 250 ms NOESY spectrum
of the oxidized chain B at 500 MHz, 300 K and pH of 2.2 to
2.5. As coordinates for the structure were not available,
NOE distance restraints were used for comparison. Using
the program XPLOR [53,54], the interproton distance
restraints were used to calculate energy values for the MD
conformations from the five trajectories. To evaluate our
results, we compared these values with the NOE energy
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Fig. 1. RMSD of backbone atoms of residues 9 to 19 compared to the
starting structure as a function of time for all systems. The plot shows a
moving in average of 250 ps.

value of the minimized structure. The NOE energy plot of
the structures generated from the five simulations is shown
in Fig. 2. We found that the majority of the modelled
structures satisfied the distance restraints with lower energy
values compared to that of the minimized crystal structure.
It is interesting to note the correlation at 11.5 ns between the
decrease in NOE energy and the previously observed sharp
increase in RMSD in system 300[1]. This indicates the
changes in conformation which occurred at this time point
had fewer NOE violations, i.e., the structures were in closer
agreement with the experimental data. The exception to the
generally low energy values occurred in one of the 300 K
simulations (system 300[4]). In this simulation there was a
noticeable increase in energy at about 8 ns indicating
changes in conformation, which in this case, showed less
agreement with experimental data. This observation stimu-
lated further interest in the forces driving this divergence in
structure, which will be discussed in later sections.

3.2. Structural analysis

3.2.1. Secondary structure

The secondary structure dynamics reveal details of
conformational changes over the simulation time course.
The secondary structure content as a function of time for the
300 (systems 1—4) and 400 K simulations is displayed in
Fig. 3. The secondary structure was classified by VMD
using the algorithm STRIDE which utilizes hydrogen bond
energy and mainchain dihedral angles in addition to
hydrogen bond distances [55].

The content of the secondary structure plot of each
system shows variation, while they all share some common
elements of secondary structure. All of the simulations
showed an initial change in Cys 19 from the starting
structure, most noticeable in systems 300[1] (Fig. 3(A)) and
300[3] (Fig. 3(C)). This can be expected because of the loss
of the disulfide bonds with chain A. The helical content was
maintained in each secondary structure plot although with

some variation. The changes observed were most distinctive
in the N-terminus of the central helix (residues 4 to 9). The
secondary structure assignments for the first of the 300 K
simulations system (Fig. 3(A)) showed a loosening of
atom—atom contacts by 3 ns, resulting in the «-helix
structure developing into w-helix structure and finally losing
the hydrogen bonds of the helix altogether. Transitions
between a-helix structure and w-helix have been previously
reported in MD simulations. They are believed to be
genuine physical transitions and an important stage in
helix-to-coil transitions [56]. Conversely, a recent study has
indicated that the occurrence of w-helix structure in MD
may be an artefact of specific force fields [57]. However,
this investigation of CHARMM, and other force fields, was
performed using implicit solvent, which cannot necessarily
be compared to simulations in explicit solvent, such as ours.
The w-helix conformation is difficult to measure quantita-
tively by experiment. The conformation is rarely identified
in crystal structures, although this could be attributed to the
definition algorithm of helical structure. Modified w-helix
definitions have shown that the w-helix is >10 times more
prevalent than previously believed [58]. Despite the
suggestion that the existence of w-helix is an artefact of
the force field, there is sufficient evidence to suggest that the
w-helix does occur in the protein’s dynamic behaviour and
plays an important role in the function of a protein [56,58].

Also of interest, was the change in structure at 8 ns,
where the a-helix region between residues 4 and 7 reformed
while accompanied by a change in structure of Gly 8. These
results are consistent with experimental studies showing that
Gly residues are often associated with perturbations in
structure and are known as “helix-breakers” [59]. In
addition, evidence of helical content in residues 4 to 7
was observed previously in the NMR solution structure of
an insulin chain B mutant [27]. In our simulation, this trend
was not observed in the 300[3] system where the helical
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Fig. 2. The NOE energy derived from the distance restraints of the starting
structure compared to all systems. The shaded region represents the MD
structures with NOE energy less than the starting structure. The plot shows
a moving average of 250 ps.
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Fig. 3. Secondary structure as a function of time for all systems. (A) 300[1], (B) 300[2], (C) 300[3], (D) 300[4], (E) 400.

content was mostly maintained with a small amount of
fraying at the N-terminus (Fig. 3(C)). The trend did occur,
although to a lesser degree, in systems 300[2] and 300[4]
(Fig. 3(B) and (D), respectively). The 300[4] system,
however, showed variation where the simulation followed
the same trend initially and then showed some distinctive
differences. Between 5 and 8 ns, the secondary structure
content showed strong similarities to the 300[1] system with
a change in geometry of Gly 8 and the appearance of helical
content in residues 4 to 7. However, at about 8 ns there was
a noticeable loss of helical content in residues 8 to 12. It was
at this time period in the simulation when a significant
increase in the NOE energy was previously noted for this
system (Fig. 2) suggesting the simulation may have become
trapped in conformations corresponding to energetically
higher local minima.

Another interesting secondary structure feature was the
movement of the PB-turn, again, most pronounced in the

300[1] system (Fig. 3(A)). During the simulation at about
11.5 ns, the turn moved from its initial position localized in
residues 20 to 23 in the starting (crystal) structure to
residues 17 to 20. This was in agreement with the turn-like
structure defined in the oxidized NMR structure of chain B
for residues 17 to 21 [10]. This movement was previously
observed as an increase in RMSD (Fig. 1) accompanied by a
sharp decrease in NOE energy (Fig. 2) confirming close
agreement with experimental data.

In the 400 K simulation more secondary structure
fluctuation was observed, however, the central helix was
in general maintained (Fig. 3(E)). The helical content was
reduced to residues 10 to 15, although there was a brief
return to helical structure in the C-terminal end of the central
helix. Notably, more movement was observed in the B-turn
in the 400 K simulation, shifting in position between
residues 16 to 27, thus reinforcing the view that the position
of the turn is flexible.



ES. Legge et al. / Biophysical Chemistry 119 (2006) 146—157 151

3.2.2. Conformational transitions

The conformations sampled during the MD of each
system were classified according to the structure of the N-
terminus and central helix regions to identify stable states
and transitions between them. The conformational states
were defined by 17 geometric descriptors comprising the
dihedral angles of residues 3 to 19. These residues are
located in the central helix and the N-terminus (the first two
residues were not included as their high flexibility would
further complicate the analysis). The systems are classified
sequentially according to the same set of descriptors
resulting in the same rules defining the equivalent cluster
in each system. The PEPCAT [52] conformational transition
maps displaying the relative population of each conforma-
tion (states) and the transitions between the states for each
system are shown in Fig. 4. The analysis of the first
simulation (system 300[1]) in Fig. 4(A) revealed only a
relatively small number of conformational states [10], where
State 0 represents the initial R conformation. The most
populated states are also shown. The sizeable number of
transitions, which occurred between State 0 and State 7 at
5.5 to 8 ns, was the result of the change in conformation of
Gly 8 noted previously in the secondary structure analysis.
The conformations of typical structures representing States
0 and 7 shown in Fig. 5(A), illustrate the transition between
the two states. It can be seen that this transition involved a

change from the Rfstate (State 0) to a conformation that
was very similar to the T-state conformation (State 7), which
is believed to be the monomeric solution structure important
for the hormone’s activity. The State 7 structure, stabilized
by a hydrogen bond between residues 5 and 13, will be
discussed in more detail later.

The conformational analysis of the second 300 K
simulation (system 300[2]) revealed an increased number
of structures compared to that of the previous simulation
(86). For clarity, only the major conformations are displayed
in the transition map in Fig. 4(B) representing nearly 71% of
the sampled structures. Conformational State 7 was only
visited briefly and new pathways are followed through
States 15, 32 and 48. The additional conformational states
are largely structures with variations centred on Gly 8. Fig.
5(B) shows typical structures of States 15, 32 and 48. After
a transition through State 15, States 32 and 48 are generally
similar to the T-state conformations and are stabilized by
hydrophobic interactions between the N-terminus and the
central helix.

The stability observed in the secondary structure in the
third 300 K simulation (system 300[3]) was reflected in the
small number of conformational states [8] sampled. The
transition map in Fig. 4(C) illustrates how the conforma-
tional changes did not progress much beyond State 0 (R™
state). State 7, a key conformation observed in previous 300

Fig. 4. Conformational transition map for all systems. (A) 300[1], (B) 300[2], (C) 300[3], (D) 300[4], (E) 400 K. The circles, labelled with the state
identification number, represent conformational states visited during the simulation, and the size of the circle is proportional to the frequency. The lines between
the circles indicate the conformational transitions and the width is proportional to the frequency. For classification of the states please refer to the text in the

Results and discussion section.
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State 0
(Rf-state)

State 7
(T-state)

State 95

State 12

State 15

Major states

Fig. 5. Typical structures from the major conformational states for selected systems. (A) 300[1], (B) 300[2], (C) 300[4], (D) 400 K. The structures show the

variation in the N-terminal region.

K simulations, was only briefly visited. The conformations
generated from this simulation are low NOE energy
structures (Fig. 2) and only represent a small subset of the
already observed structures.

The conformational analysis in the fourth 300 K simu-
lation (system 300[4]) revealed a moderately large number of
structures classified [42]. The major conformational states
representing 84% of the sampled structures are shown in the
conformational transition map in Fig. 4(D). As indicated
previously, there was evidence of an alternative conforma-
tional transition. Initially States 0 and 1 were well populated,
however the conformations moved quickly along a pathway,
only briefly visiting State 7, to a geometry which was largely
centred on State 95. Fig. 5(C) shows typical structures of
States 12 and 95, the most frequented conformations. It is
worth noting the close proximity between the N- and C-
termini in both States 12 and 95, indicating these structures
are stabilized by hydrophobic interactions.

At 400 K there was a significant increase in the number
of conformational states observed (310), as expected. The
most populated states are shown in Fig. 4(E) representing
61% of the sampled structures. The purpose of increased
temperature was to explore a broader region of conforma-
tional space in order to identify additional new states.
Altogether, 46% of the states observed in the 300 K
simulations were observed in the 400 K system (accounting
for 34.5% of the total number of structures). The remaining
states were classified as new. The conformations included
many of the most populated ones previously observed at
300 K, for example, States 0, 7, 15 and 32. Many additional
conformations were observed through the transition States 8

and 32, and the conformations were again, largely differ-
entiated around the pivotal turning point of Gly 8 with
increased mobility of the extended region of the N-terminus.
The variations in the conformations of the major states are
displayed in Fig. 5(D).

Even though our structural analysis showed a diverse
range of conformations in all systems at 300 and 400 K,
overall 86% of structures satisfied the experimental NMR
distance restraints. A comparison of the structures and
transitions shows similarities in the conformations generated
in the time course of the simulations. Many of the
experimentally known structural properties were reproduced
in the simulations. The central a-helix (residues 9 to 19) was
largely conserved in all the simulations apart from some
fraying occurring at the ends. This would suggest that the
central helix is the most stable region and possibly the
folding nucleus of the molecule. Evidence of helical
structure was also observed in residues 4 to 7 although this
was far more transient in frequency. We observed the
appearance of stabilizing interactions, such as between the
residues 4 to 7 and the central helix. However, one
simulation at 300 K showed some distinct differences where
the conformational dynamics leads to structures with lower
NOE energy. A comparison of the 300[1] and 300[4]
systems revealed more detail of this divergence and is
schematically illustrated in Fig. 6. In both simulations there
was a change in geometry of Gly 8 between 5 and 6 ns. In
the 300[1] system, the change in Gly 8 conformation leads
to a change in the central helix characterized by a movement
of the B-turn. This leads to a downward swing of the N-
terminus with a corresponding outward movement of the C-
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Fig. 6. Conformational changes of insulin chain B at 300 K. The initial change in structure of Gly 8 leads to two distinct conformations: Pathway A leads to T-
state like conformation with low NOE energy in the 300 K[1] system; Pathway B leads to conformations trapped in local energy minima with high NOE energy
in the 300 K[4] system. Both structures are stabilized by localized hydrophobic interactions.

terminus breaking the hydrophobic interactions with the
central helix (illustrated in Figs. 5(A) and 6). This resulted
in a T-state conformation. Conversely, in the 300[4] system
(Fig. 5(C)) the hydrophobic interaction between the N- and
C-termini resulted in the second helix (residues 4 to 7) being
pulled up towards the C-terminus instead of down as in
300[1]. Both sets of conformations were effectively trapped
in local energy minima and stabilized by hydrophobic
interactions.

The correlation between the NOE energy structures and
the distance between the N- and C-termini for the two
systems is shown in Fig. 7. In the 300[1] system there was a
marked drop in NOE energy associated with an increase in
the distance between the two termini regions and the more
T-state like conformation. In the 300[4] system there was a
marked increase in NOE energy associated with a decrease
in distance between the two regions. This reinforces the
importance of the T-state conformation.

The T-state like conformation observed in our simu-
lations is characterised by interactions between the N-
terminal region and the central helix. This association is
illustrated by the time history plot of the distance between
residues 5 and 13 shown in Fig. 8. These two residues were
important in the stabilization of the conformations in the
300[1] system by a hydrogen bond. The plot shows the
strong interaction between these regions occurring in the
300[1] system. This was not evident in the 300[4] system
where the plot showed the distance between these two
residues markedly increased, a divergence occurring at
approximately the same time in the simulation. This is a
reflection of the different conformational pathways
observed in these systems. Fig. 8 also shows the distance
over time in the structures from the high temperature

simulation (system 400). Although the distance between the
residues was not as close as that observed in the 300[1]
system, the high temperature system does appear to avoid
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Fig. 7. Comparison of NOE energy and distance (Ca atoms) between N-
and C-termini in selected systems (residues 6 to 26). (A) 300[1]. (B) 300[4].
The plot shows a moving average of 250 ps.
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Fig. 8. Time dependence plot of the distance between residues 5 and 13 (Ca
atoms) for 300[1], 300[4] and 400 systems. The plot shows a moving
average of 250 ps.

the structural entrapment which occurred in the 300[4]
system.

Whilst there are differences in the order and population
of the conformational states observed in the 400 K system,
the structures generally satisfied the NOE experimental
constraints, and there was a significant amount of residual
helical structure maintained. These reasons suggest high
temperature simulations are a valid means of avoiding
entrapment by local minima on the potential energy surface.
High temperature exploration of a wider conformational
space results in the production of viable conformations, and
possibly an intimation of unfolding.

3.3. Biological implications

Our results show a high degree of flexibility in both
termini regions of insulin chain B with many transitions
between the R- and T-states. We have observed the
consistent presence of a “T-state” type structure in our
analysis, which can indicate the relevance of the T-state
conformation to the biological function. Some of the trends
observed in our simulations, including distinct conforma-
tional changes, may provide explanation for the protein’s
behaviour.

A B
25
24_\..-:‘
5
13

The central helix region has considerable impact on the
dynamics of the protein and also plays a key role in the
protein’s activity. Most of this region has retained its integrity
throughout the simulation, even at 400 K. Gly 8 is highly
conserved in all species of insulin, with experimental studies
showing a loss of activity if Gly 8 is replaced by other
residues [60—62]. Gly is able to accommodate a range of
dihedrals in the Ramachandran plot. Our results indicate that
because of its unique geometric properties, Gly 8 acts as a
pivotal point between the conformations necessary for
activity. Examination of our simulated structures revealed
evidence of a hydrogen bond commonly occurring between
the sidechains of His 5 and Glu 13 thus having the effect of
stabilizing the central helix. Fig. 9(A) shows the starting
structure, and Fig. 9(B) shows the interaction between His 5
and Glu 13 in a low NOE energy structure from the 300[1]
system. It must be noted that experimental results show that
Glu 13 mutants result in decreased binding affinity [62],
therefore confirming our findings of the important role of this
residue in stabilizing the protein’s structure.

The movement or flexibility of the p-turn from residues
20-23 (X-ray structure) to residues 17—20 resulted in the C-
terminus moving away from the central helix thus exposing
hydrophobic residues important for activity. The importance
of the destabilization of the P-turn and C-terminus with
respect to the receptor binding has been suggested in
experimental studies [32]. Furthermore, this may also partly
explain why alanine scanning mutagenesis experiments show
enhanced binding affinity for Gly 20 mutants [62]. Flexibility
in the position of the B-turn implies that Gly 20, unlike Gly 8,
is not relied on for its unique geometric properties.

Phe 24 in chain B is of particular interest because this
residue has been shown to play an integral role in hormone—
receptor binding [29,36,63]. In the theory discussed by Weiss
etal. [64], the receptor-binding surface of insulin is defined in
terms of open and closed conformations. This theory suggests
the role of Phe 24 in chain B. In the closed conformation Phe
24 anchors the conformation via hydrophobic interactions
with residues 14 to 20. In the open conformation, Phe 24
moves away from the helix region, thus exposing hydro-
phobic residues in the central helix. The transition between

C

25

ol

24

13

Fig. 9. Illustration of the role of individuals residues. (A) Starting structure. (B and C) Low NOE energy structure (300[1] system). A comparison between
structures (A) and (B) shows the stabilization of the T-state conformation by a hydrogen bond interaction between the sidechains of His 5 and Glu 13; and the
movement of the sidechains of Phe 24 and Phe 25 between the closed (A) and open (B) conformation. Structure (C) shows the two distinct binding sites of

insulin to its receptor exposed with movement of the C-terminus.
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the two conformations was observed during the simulations
and is illustrated in Fig. 9. The starting structure in Fig. 9(A)
represents the closed conformation and the simulated
structure in Fig. 9(B) shows the position of sidechains of
Phe 24 and Phe 25 in the open conformation.

Since insulin is cross-linked to the receptor dimer, it has
been suggested that there are two distinct binding sites of
insulin to its receptor [65]. Residues from both chain A and
chain B are thought to be involved in the binding site
[37,66]. The residues identified in chain B include residues
12, 15, 16 located in the central helix, and residues 23 to 25
in the C-terminus. The simulated movement of the C-
terminus exposing the two distinct binding sites is displayed
in Fig. 9(C).

4. Conclusion

Variation observed in the experimental structures of
insulin raises the question of the biological implications of
the inherent flexibility of insulin, including the conforma-
tion dependency of receptor binding. Our results have
yielded information clarifying uncertainties about the
structure and dynamics of insulin with respect to its
behaviour. We carried out multiple simulations on insulin
chain B and compared the conformational behaviour in each
trajectory. Even though our sampling was limited, similar
overall structural trends were observed. Gly 8, a residue
known to commonly act as a helix-breaker, plays a key role
in the structural changes over the simulation time course.
Our calculations highlight the importance of packing
interactions in determining the conformational behaviour
of chain B of insulin, producing conformations stipulated by
localized hydrophobic interactions. We were able to predict
features observed in the NMR structure, including generally
satisfying NMR experimental NOE distant restraints rather
than the crystal structure. The high temperature simulations
were found to be suitable for clarifying the details of protein
dynamics at a smaller computational expense. This illus-
trates the potential of MD to represent the protein in
solution, providing an important complement to fixed
structure studies, such as crystal structures, that produce
limited information about the dynamics of the molecule.
MD can therefore be a viable tool to complement existing
experimental methods in the investigation of protein
flexibility in areas such as protein misfolding diseases. For
example, the tendency of some proteins (including insulin)
to misfold and form amyloid fibrils, a poorly understood
mechanism forming the basis of many degenerative
diseases.
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