This article was downloaded by:

On: 14 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation

Publication details, including instructions for authors and subscription information:

M 0 L EC U L A R http://www.informaworld.com/smpp/title~content=t713644482
Sl M U LATI 0 N Comparison of Generalised Born/Surface Area with Periodic Boundary
Simulations to Study Protein Unfolding

.5 K. Bhae 89 W A. G. Purkiss®; J. T. Macdonald?; J. M. Goodfellow?; C. Slingsby®
* School of Crystallography, Birkbeck College, London, UK

To cite this Article Purkiss, A. G., Macdonald, J. T., Goodfellow, J. M. and Slingsby, C.(2004) 'Comparison of Generalised
Born/Surface Area with Periodic Boundary Simulations to Study Protein Unfolding', Molecular Simulation, 30: 5, 333 —
340

To link to this Article: DOI: 10.1080/08927020410001667566
URL: http://dx.doi.org/10.1080/08927020410001667566

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/08927020410001667566
http://www.informaworld.com/terms-and-conditions-of-access.pdf

18: 33 14 January 2011

Downl oaded At:

Molecular Simulation, VoL. 30 (5), 30 April 2004, pp. 333-340

Taylor & Francis
Taylor & Francis Group

Comparison of Generalised Born/Surface Area with Periodic
Boundary Simulations to Study Protein Unfolding

A.G. PURKISS*, J.T. MACDONALD, ].M. GOODFELLOW and C. SLINGSBY

School of Crystallography, Birkbeck College, Malet Street, London WCI1E 7HX, UK

(Received January 2004; In final form January 2004)

Simulations comparing the rapid unfolding behaviour
of the model protein barnase under explicit and
implicit solvent systems have been undertaken in
order to validate a faster implicit solvent method for
studying proteins which are kinetically stable in silico.
A comparison is made between all-atom explicitly
solvated simulations of barnase undertaken using
Particle Mesh Ewald electrostatic interactions with all-
atom implicit solvent simulations undertaken using the
generalised born/surface area (GBSA) method with a
long non-bonded cut-off. The two explicit solvent
unfolding trajectories appear to explore slightly different
pathways showing the importance of having statistically
valid ensembles which are not accessible from a single
trajectory. The 500 K GBSA trajectory is unsuitable for
exploring intermediate structures on the unfolding
pathway of barnase, as the protein almost immediately
jumps to a predominately random coil conformation.
However, dropping the temperature to 400 K gives rise to
trajectories where the protein is unable to climb out of
the energy well containing the first intermediate state, in
a reasonable timescale. A similar pattern to the explicit
solvent unfolding trajectories is seen in 450 K GBSA
runs, with the intermediate states differing between
trajectories. The development of computer simulation
methods suitable for application to more kinetically
stable proteins will offer insight into the atomic detail of
the conformational changes associated with protein
unfolding diseases.

Keywords: Barnase; Generalised born/surface area; Protein
molecular dynamics simulation; Protein unfolding

INTRODUCTION

Methods are required for revealing the molecular
details that underlie the protein unfolding diseases.
A reduction in stability increases the chance that a
protein will adopt a partially unfolded structure that

may lead to loss of function, aggregation and
harmful depositions [1,2]. Strategies are emerging
for preventing these diseases by considering the
energy landscape during protein unfolding and/or
aggregation [3—5]. Experimental molecular details of
the processes involved in protein unfolding are,
however, only available for a few fast folding model
systems such as chymotrypsin inhibitor 2 (CI2) [6,7].
This body of experimental data has been used to
benchmark [8] and improve [9] theoretical molecular
simulations of protein unfolding. Simulation
protocols are needed that expand the range of
target proteins to include those that are either
kinetically or thermodynamically more stable than
the model systems as well as those that are known to
play a role in disease.

The stability of a protein has two components:
thermodynamic (as measured by the free energy
change (AG) from the native folded conformation
to a denatured, random coil state) and kinetic
(as measured by k,, the rate at which the native
protein changes to the unfolded state). For a simple
two state pathway, the unfolding rate is governed by
the difference in energy between the folded state to
the transition state maximum on the free energy
landscape. Proteins having high thermodynamic, but
low kinetic stability will rapidly interconvert
between folded and unfolded forms at equilibrium,
whereas for proteins with a high kinetic stability
interconversion will be slow. Folding kinetics are
influenced by protein size and by the complexity of
the fold topology [10,11]. Proteins that are kinetically
stable are difficult to study, both in vitro and in silico,
due to the presence of kinetic traps on the unfolding
pathway or off-pathway intermediates [12].
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'Helix 1

FIGURE 1 Secondary structure of barnase from the X-ray crystal coordinates.

The influence of a protein’s folding and stability
upon disease causation can be due to a range of
physical effects [9]. Although it has been shown that
point mutations of peptides and proteins can alter
their conformation and/or aggregation properties
[13,14], in diseases such as age-related cataract, the
rate at which the protein unfolds will play a major
role [15]. It is possible that stabilised intermediates
on unfolding pathways can seed the formation of
insoluble, light-scattering aggregates [16], as has
been seen with other systems [17].

To circumvent the slow unfolding of kinetically
stable proteins in silico, we have undertaken some
simulations comparing the behaviour of the model
protein barnase under both implicit and explicit
solvent systems. Implicit solvation allows the use of
large non-bonded cut-offs, avoiding artefacts arising
from use of short cut-offs or of the EWALD
summation. Implicit solvent methods also allow
multiple trajectories to be generated more quickly,
allowing a greater area of phase space to be explored
and so giving better statistical wvalidity [18].
The different energy landscapes explored in folding
a small peptide have been investigated with both
implicit and explicit solvent methodologies [19].
However, in order to undertake unfolding
simulations on stable globular proteins, verification
of the use of implicit solvent conditions is required as
many of the changes in structure take place beneath
the surface, unlike in the peptide simulations.
Some work on the folding and unfolding of globular
proteins using implicit solvation has been under-
taken by, for example, Ferrara et al. [20] and Paci et al.
[21], using biasing terms to force the protein to
change structure.

Barnase is a fast (un)folding protein that has been
widely studied in the field of protein stability, both
in vitro and in silico [8,22-25]. The protein is a 110
residue ribonuclease from Bacillus amyloliquefaciens,
with a theoretical pI of 8.88, a k, of 1.2X10°s™*
(by extrapolation to zero denaturant from GdmHCI
denaturation), and a AGp_ of 8.2 kcal/mol at 33°C at
pH 6.3 [26]. Structurally, it is a single domain mixed
a/B-protein with three a-helices at the N-terminus
flanking a central B-sheet (Fig. 1). There is a large
hydrophobic core between a-helix 1 and the B-sheet,
with other smaller hydrophobic cores also present.

Barnase has been shown by NMR, stopped-flow
kinetics and ¢-value analysis [25,27-29] to have at
least one intermediate on the (un)folding pathway,
with a rate determining step between the intermedi-
ate and native states:

DS Iz = I1 s (t.S.) SN

although whether the folding process is two state or
three state is controversial [23,24]. NMR spectroscopy
of barnase unfolded using pH, high temperature and
urea [25] suggests that there is residual native structure
present in the regions of a-helix 1, a-helix 2 and
B-strands 3—-4, in agreement with high temperature
(498 K) simulations of the protein [22,30] by Li and
Daggett [22] showing the presence of a second
intermediate. A complex of barnase and barstar has
been investigated using implicit solvent methods [31],
but this study described the protein-protein inter-
actions and not unfolding.

Here we compare all-atom solvated simulations of
barnase undertaken at 500K using Particle Mesh
Ewald (PME) for long range electrostatics with
all-atom implicit solvent simulations undertaken at
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400,450 and 500 K using the generalised born/surface
area (GBSA) method. The similarities and differences
between the methods and the previously published
simulations on barnase are discussed.

METHODS

The X-ray crystal structure coordinates of barnase
(pdb-code: pdblrnb) were used in preference to the
NMR coordinates previously studied [22] using
computer simulation methods. The crystal structure
has an additional two stranded B-sheet formed from
sections of the N-terminal part of the protein, one
B-strand coming between helix 1 and helix 2
(labelled a) and the other twisted in relation to the
start of the first B-strand of the NMR structure and
labelled b (Fig. 1). Missing side chain atoms and
hydrogens were added using the TLEAP program; the
missing N-terminal alanine was not modelled. The
default protonation state for the side chains was
used. For the solvated simulations, a box of TIP31°’
waters was built with a minimum distance of 9.0 A
from protein to the box edge, two chloride ions were
added to neutralise the system.

All simulations were undertaken using the AMBER
7 [32,33] version of SANDER. The simulations were
run on a Beowulf cluster using either 4 or 8 Athlon
processors running at 1.3GHz in dual-processor
nodes. For the GBSA simulations [34,35], energy
minimization of the protonated structure was
undertaken in two stages: the positions of the
hydrogens were first minimised to an rmsd of
0.01 A, then all atoms were minimized for 5000 steps.
The ‘standard” AMBER 7 version of the GBSA
methodology was used, with the following para-
meters for both energy minimization and molecular
dynamics: an 18 A non-bonded cut-off (short test
trajectories showing this to be the best compromise
between the computational time taken and the
accuracy of the electrostatic energy calculated), an
internal dielectric of 1.0 and an external dielectric of
78.5. After minimization, the protein was gradually
warmed from 50K (velocities assigned from a
Maxwellian distribution) to 300K over 20ps,
with a 1fs time step. The 300K control trajectory
continued from this warmed structure. Random
structures during the 300K trajectory were warmed
to 400 or 450K over 50 ps and used to study the
unfolding pathway of the protein over a time scale of
10ns. A trajectory at 500 K was also undertaken.

For the explicit solvent simulations, the energy
minimization was undertaken as for the GBSA runs.
To allow the water molecules to adjust to the protein,
a four-stage start up protocol was undertaken, first
warming the solvent molecules (with the protein
coordinates fixed) from 50 to 300 K over 5 ps and then
keeping the solvent at 300K for 5ps. The whole

system was then returned to 50K, new velocities
assigned and warmed to 300K over 10 ps, followed
by 20 ps at 300K at the start of the control trajectory.
The explicitly solvated simulations used a cut-off of
8A with PME used for modelling long-range
electrostatics. The warming stages were undertaken
under constant volume conditions, switching to
constant pressure (of 1atm) when the temperature
was no longer being raised. Structures at random
points during the 300K-control trajectory were
warmed to 500K over 25ps, to generate the
unfolding trajectories.

Analysis of the resultant coordinates was under-
taken using cluster analysis [36]. Four types of data
were derived from structures taken at 10 ps intervals:
the radius of gyration (from the AMBER 7 program
CARNAL [33]); the percentage of residues with
defined secondary structure (a-helix, 3/10-helix,
B-strand or B-bridge) calculated with STRIDE [37]; the
total solvent accessible surface area (from NACCESS
[38]); the number of retained native contacts
(calculated with the program CONTAX [39], a native
contact being defined as a C, to C, distance <8. 0A
between residues not adjacent in sequence). These
data were clustered using Mahalanobis distances
and hierarchical group averaging. Graphs were
produced using XMGRACE, molecular pictures were
produced using MOLMOL [40] and rendered using
POVRAY version 3.5.

RESULTS

Explicit Solvent Simulations

For the explicit solvent system, two 500 K trajectories of
over 5ns were generated, taking about 5.3 days per ns
on 8 processors. At the start of the trajectory, the first
500 K dataset shows a rapid increase in backbone root
mean square deviation (rmsd) before settling down to
avalue of about5 A for 2ns; this is followed by another
jump to about 7 A which is maintained for another
nanosecond before a final increase to over 10 A where
the simulation stays until the end of the trajectory
(Fig. 2a, blue datasets). The structures at 5 and 7 A
rmsd appear to be the first and second intermediates
on the unfolding pathway, seen previously [22], with
the structures at 10 A rmsd being representative of the
final unfolded random coil ensemble. (The term
random coil is used here to describe a fluctuating
collection of unfolded molecules, with little residual
secondary structure and where all residues are
exposed to solvent at some point). The second 500K
trajectory shows a slower increase to around 5 A
followed by a more gradual increase to around 7A
before the sudden jump at the end of the dataset.
Both simulations provide good evidence for the first
intermediate with an rmsd of 5 A, while the second
intermediate is less well defined.
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FIGURE 2 The four different assessments of structural change that were used to analyse the unfolding and control trajectories from data
taken at 10 ps intervals are indicated in (a)—(d).
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Analysis of the native contact data for these 500 K
explicit solvent trajectories shows that the first
intermediate structure has lost approximately 20%
of contacts seen in the crystal structure and that
another 20% are lost during the transition to the final
random coil ensemble. Of those contacts remaining
at the end of each trajectory, most are “local” contacts
within helical conformations. In contrast, the explicit
solvent control simulation at 300K shows little
change in native contacts, as would be expected.

Cluster analysis was undertaken using the four
types of data described in the methodology section,
with a distance cut-off of 225. The clusters
representative of the early and middle part of the
unfolding pathways have structures present from
both trajectories, but the clusters representative of
the later parts of the unfolding pathway (i.e. the part
of the ensemble in random coil conformations) only
contain structures from a single trajectory. These
clusters highlight the differences between the two
trajectories showing substantial changes early in the
course of the unfolding. The second trajectory
structures are closest to the average structures
shown in Fig. 3a, with the first trajectory providing
the most distant data points.

The near native structures at the start of both
trajectories are similar (Fig. 3a, cluster 2). However,
the first intermediate structures have subtle differ-
ences, with trajectory 1 showing the N-terminal
a-helices 2 and 3 opening out from the surface of the
B-sheet (seen in Fig. 3a) with the two short B-strands,
a and b, being lost. Trajectory 2 shows a smaller
movement of the helices and retention of the short
B-strands for longer. These structural differences are
visible in the radius of gyration data (Fig. 2b), with
the first trajectory continuing to expand after the
first intermediate is reached, whilst in the case of
the second trajectory, the radius stabilises after the
first intermediate is reached. In both trajectories, the
changes in the helical sub-domain of the protein
are followed in time by gradual loss of the B-sheet
(seen in Fig. 3a), before the protein reaches a
disordered state. This final change from residual
B-strand structure to random coil is not well defined
by cluster analysis, as the trajectories have started to
diverge. In summary, there appear to be subtle
differences in the “first intermediate” structures
(assigned by comparison to the intermediate seen by
Li and Daggett [22]) between the two trajectories and
the second intermediates are not well defined.

Generalised Born Simulations

For the 400K GBSA simulations, the four different
trajectories all show an immediate jump in rmsd to
around 3A followed by a gradual increase over
about 5ns to an rmsd of 5-8A (Fig. 2a, green
datasets). At this point, the rmsd of the trajectories

reaches a plateau, with a variation in amplitude of up
to 4A. The four different 450K GBSA trajectories
show a rapid jump in rmsd to 5-7 A at the start of
the simulation. This value is maintained for 1-3ns
before gradually rising again to over 10A (Fig. 2a,
red datasets); one trajectory can be seen to rise to
13 A. The timing and magnitude of this final change
is different between the trajectories.

The structures of the snapshots in the plateau
regions (rmsd of about 6 A) of both 400 and 450K
GBSA simulations (Fig. 3b,c) are similar to those
seen in the first intermediate structure from the
explicit solvent unfolding trajectories, but with
greater loss of B-strand structure.

The single 500K GBSA trajectory shows an
extremely rapid rise in rmsd to about 15A after
1ns (Fig. 2a, yellow dataset) with the protein rapidly
reaching a random coil structure with few retained
native contacts (Fig. 2c) and only a fleeting sign of an
intermediate structure with a small plateau in rmsd
(at about 7 A) after approximately 0.3 ns.

The 300 K GBSA control trajectory shows an rmsd
of approximately 2. 54, greater than the explicit
solvent control trajectory, but stable throughout the
trajectory (Fig. 2a). The native contact data from the
300 K GBSA control trajectory show the loss of about
5% of native contacts when compared to the 300K
explicit solvent trajectory (Fig. 2c). These differences
do not appear to affect the secondary and tertiary
structure of the protein, the losses being contacts on
the surface of the protein.

The four 400 K GBSA trajectories show a gradual
loss of native contacts with the final number being
similar to the first intermediate structure seen in the
500K explicit solvent simulations (Fig. 2c). The four
450K GBSA trajectories follow slightly different
routes, one trajectory following the pattern of the
500K explicit solvent datasets, whilst the other
trajectories show a much greater initial change, with
differing losses of native contacts in the early parts of
the different trajectories (Fig. 2c). Examination of the
structures from the different trajectories shows this is
due to loss of the two-stranded B-sheet in the
N-terminal end of the protein early in the most
rapidly changing trajectory. The 500 K GBSA run has
evidence of a short lived intermediate state, with the
loss of 20% of native contacts, which rapidly loses
another 40% of the native interactions and stays in
this state until the end point of the run (Fig. 2c).

Cluster analysis of the four 400K trajectories
(Fig. 3b) gave seven major clusters (containing at
least 1% of the data, using a distance cut-off of 250).
The first cluster at 0.3 ns (3.5% of the data) has a near
native secondary structure; the cluster at 0.8ns
(9.8%) shows disruption of the N-terminal
helical sub-domain, with alterations in the B-sheet
interaction between the sub-domains. The cluster at
3.4ns (52.5%) has the majority of the data and shows
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further changes in the helical sub-domain. The
cluster at 4.4ns (12.8%) shows further changes in
the helical sub-domain and the first disruption of the
B-sheet sub-domain. The last three clusters,
between 6.0 and 10.1ns (19.1% in total), all show
the helical sub-domain fluctuating in structure with
the B-sheet sub-domain remaining more stable.
Nearly all the structural changes are concentrated
on the N-terminal helical section of the protein
(Fig. 3b), with the B-sheet part remaining more
native-like.

Clustering of the four 450K GBSA trajectories
gives seven major clusters (containing at least 1% of
the data, using a distance cut-off of 250). The first two
average structures (at 0.8 and 1.3 ns, containing 3.6
and 9.9% of data) along the trajectories show big
changes in the helical sub-domain with some
changes seen in the B-sheet part of the protein
(Fig. 3c). These are followed by a structure where
there is loss of most of the B-sheet (2.0ns, 3.3%). The
majority of the data is in the four clusters after 3.3 ns,
which show fluctuating random coil conformations
with no B-strand and only transient helical second-
ary structure.

Cluster analysis of the single 500 K GBSA (Fig. 3d)
run shows three average conformations containing
some native secondary structure: the near native
structure (0.0ns, 2.4% of data); a structure with a
perturbed N-terminal (0.3ns, 11.4%) similar to the
intermediate seen in the 400K simulations and a
structure with a residual section of B-sheet (0.5ns,
5.2%). The rest of the trajectory consists of a random
coil ensemble which moves away from a globular
structure as the trajectory continues.

Solvation Effects

Comparison of the radius of gyration from the
explicit and implicit (Fig. 2b) unfolding simulations
shows the multiple 400 and 450 K GBSA trajectories
have little change in radius, presumably because
there are no water molecules to push side chains out
from the surface of the protein or to push the helical
sub-domain away from the B-sheet. The 500 K GBSA
trajectory shows extremely large spikes in the radius
of gyration as the protein moves rapidly to a random
coil ensemble, but still finishes with a small overall
change. The two 500K explicit solvent trajectories
show similar patterns of change in the radius of
gyration as have been seen before [22].

The different behaviour between explicit
solvent and GBSA radius of gyration datasets is
mirrored in the total solvent accessible surface area
during the two kinds of simulations (Fig. 2d).
The explicitly solvated 500K simulations both
show similar changes to Li and Daggett [22], with
the 300K control trajectory showing normal varia-
tion. The GBSA simulation at 300K shows a small

decrease in radius of gyration compared to the
crystal structure. The 400 K GBSA trajectories show
similar fluctuations to the 300K explicit solvent
control trajectory with no progressive change over
time, the 450 K GBSA trajectories show about a ten
percent increase during the simulation and the 500 K
GBSA trajectory has extremely large spikes.

DISCUSSION

Comparison of the GBSA simulation data with the
more established explicit solvent data shows that for
barnase, using GBSA methods at 400K, information
can be gained concerning the first intermediate state,
whilst with GBSA methods at 450 K, the change from
an intermediate state to the final random coil
ensemble can be explored.

The two separate explicit solvent trajectories at
500K can be seen to be exploring subtly different
unfolding pathways. The 400K GBSA trajectories
follow similar, but notidentical, pathways to get to an
intermediate state and these pathways are similar to
the early part of the 500 K explicit solvent simulations.
Of the 450 K GBSA trajectories, one follows a similar
pathway to the first 500 K explicit solvent run, whilst
the others have greater changes visible in the
intermediate state than either of the 500K explicit
solvent trajectories. The 500K GBSA trajectory
unfolds too rapidly to allow characterisation of
intermediate structures along its pathway.

The solvent accessible surface area shows the
greatest difference between the GBSA and explicit
solvent simulations. This is mainly due to side chains
not being able to relax into solution in the GBSA
simulations and later on in the higher temperature
runs the lack of penetration of solvent into the
hydrophobic cores between the helical and B-strand
parts of the protein. The radius of gyration also
shows little change in the 400 and 450K GBSA
simulations, compared to the increase in the explicit
solvent trajectories, due to the same solvation effects.
However, the 500K GBSA simulation shows the
protein exploding in a very short timescale and
although there is evidence in the native contact and
rmsd data of an intermediate similar to the
other simulations, this structure has a short
lifespan. Both of the 500K explicit solvent simula-
tions show similarities to the trajectory reported
by Li and Daggett [22], but the two runs differ
in their fine detail and appear to be following
subtly different pathways between states.
There are even larger differences between the 450K
GBSA trajectories, with the stable intermediate
having markedly different properties in the four
runs. This demonstrates an advantage of the more
rapid GBSA method in providing statistically valid
ensembles during the unfolding process.
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The 400K GBSA simulations appear to be
following a pathway similar to the first 500 K explicit
run, but with the only structural changes being loss
of the B-strands a, b and 1 with changes in a-helices 2
and 3. The simulation appears to have only reached
the first intermediate stage and the protein is much
more compact that in the explicit solvent simula-
tions. The 450 K GBSA simulations also follow the
same pattern of rapid relaxation to a group of
stable intermediate structures before the final push
to the random coil ensemb]e.

The different behaviour of the protein at 500K
under both explicit solvent and GBSA simulations
shows the importance of the solvent molecules in
providing a restraining force on the protein.
The 500K GBSA simulation is no good for
exploring intermediate structures as the protein
almost immediately jumps to a random coil
ensemble—however, dropping the temperature to
400K gives rise to trajectories where the protein is
trapped in the first intermediate state over the time
scale of the simulation. For barnase, a temperature of
450K appears to provide a suitable balance between
the kinetic energy needed to unfold the protein and
that which jumps the protein over any intermediate
structure too quickly. Overall, the GBSA simulations
appear to show that the transition from the native
structure to the first intermediate is easier than
the jump from that intermediate to any second
intermediate.

CONCLUSIONS

Not only is the GBSA methodology about two and a
half times faster than the explicit solvent simulations
but the GBSA simulations change more rapidly
than those using explicit solvation. The final random
coil ensemble is reached in 4ns at 450K and in
under 1ns at 500K with GBSA, compared to over
5ns with 500K explicit conditions. Thus there is a
significant time advantage to using the GBSA
methodology.

The different behaviour of the GBSA and the
explicit solvent simulations appears to be confined
mainly to the lack of water molecules penetrating
into the protein with the GBSA methodology.
There is a fine balance between the protein reaching
a stable intermediate structure and the protein
jumping immediately to a random coil ensemble.
The temperatures used with barnase may not be
applicable to the study of other proteins, such as
the more stable y-crystallin lens proteins, which with
500K explicit solvent simulation show little change
[41]. However, once conditions have been tuned
for different systems, the method will allow
the acquisition of molecular coordinates that capture
features of early unfolding intermediates.
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APPENDIX A: SIMULATION PARAMETERS

Both the explicit solvent and GBSA simulations were
undertaken with the AMBER 7 [32,33] version of
SANDER. The following parameters were used:

Parameter

Value
during GBSA
trajectories

Value during
explicit solvent
trajectories

Force evaluation
(NTF)

Periodic boundary
(NTB)

Nonbonded
cut-off (CUT)

Nonbonded pairlist
update (NSNB)

Timestep (DT)

Temperature
scaling (NTT)

Heat bath coupling
constant (TAUTP)

Pressure scaling
flag (NTP)

SHAKE constraints
(NTC)

Internal dielectric
(INTDIEL)

External dielectric
(EXTDIEL)

1 (Complete)

0 (None)

18A

10

0.001ps

1 (Constant
temperature,
weak coupling)

1.0ps

0 (none)

1 (Not performed)

1

78.5

1 (Complete)

2 (Constant
pressure)

8A

10

0.001ps

1 (Constant
temperature,
weak coupling)

1.0ps

2 (anisotropic)

1 (Not performed)

N/A

N/A

Each trajectory was undertaken in 100 ps blocks,

with velocities retained between blocks (IREST = 1).
The GBSA trajectories were undertaken using the
“standard” pairwise Born model [34] using
the parameter IGB = 1. The explicit solvent trajecto-
ries used PME (USE_PME = 1) with the following
parameters: ORDER = 4, NFFT1 = 64, NFFT2 = 48,
NFFT3 = 60. All other parameters used default
SANDER values.
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