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A mutated variant of 20 amino acid miniprotein Trp-cage (TC5b), called TC5c (Asp9 replaced by Asn9), was designed to
demonstrate the effect of a salt bridge. As a result of strong electrostatic interaction, the distance distribution between Asp9
and Argl6 exhibited a larger probability in the range of the salt bridge for TC5b compared to TC5c. The probability of
a-helix formation for residues 3-8, as well as for residues 11-14, was high for TC5b. The salt bridge formation between
Asp9 and Argl6 in TC5b was indicated by (a) a strong correlation of their distance of separation with the subtended angle
with the centre and (b) a step decrease in the distance between Gly110 and Argl6H at 12 ns. Replica exchange molecular
dynamics simulation at different temperatures in the range of 270—590 K indicated that the average distance between Asp9
and Argl6, end-to-end distance, root mean square deviation with respect to a reference NMR structure of TC5b did not
change significantly with temperature below 370 K for TC5b and increased at higher temperatures. These values were higher
for TC5c for the whole temperature range, with their rate of increase with temperature being higher below 370 K.
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Introduction

The 20 amino acid miniprotein Trp-cage TC5b
(NLYIQWLKDG GPSSGRPPPS) optimised by the
Andersen group is currently the smallest protein with a
stable compact structure in solution [1]. It contains a
short a-helix in residues 2—8, followed by a single 3,-
helix turn in residues 11-14 and a C-terminal polyproline
I helix to pack back along the helical axis to enwrap the
central tryptophan (Trp6) in the hydrophobic core. Helical
N-capping residues and a solvent-exposed salt bridge
(Asp9—Argl6) are supposed to strengthen the stability of
the Trp-cage structure and may also result in a high
cooperativity during the folding pathway [2]. Experimen-
tal techniques, such as CD, fluorescence and chemical shift
deviations, have successfully elucidated the thermal
denaturation profiles of the protein, which definitely
shows that TC5b possesses protein-like features [1-5].
This small miniprotein folds spontaneously very fast into a
Trp-cage structure in around 4 ws [6], within a time range
for a molecular dynamics (MD) simulation. Thus, all the
features that TC5b possesses, such as small size, ultrafast
folding rate and protein-like structure, make it an ideal
model system for folding simulations.

TC5b has been chosen as a candidate for simulation
by many research groups because of its good properties.
These simulation research works have obtained their
folding properties, such as equilibrium structure and

thermal stability, via different theoretical methods: all-
atom or coarse-grained; implicit solvent or explicit
solvent; different force fields (AMBER, CHARMM,
OPLS, etc.) [7—15]. In addition, some of the results are
in good agreement with the experimental findings. The
effect of the salt bridge on hydrophobic core formation in
Trp-cage was investigated [7] and shown that these
hydrophobic cores were separated by a salt bridge between
Asp9 and Argl6 in the intermediate state. In this paper, we
focus on the influence of the salt bridge (Asp9 and Argl6)
on the folding pathway of Trp-cage since it plays an
important role in this pathway. Therefore, it is of interest to
find how the modification of intrachain interactions by the
mutation of Asp9 or Argl6 (TC5c) affect the stability and
folding rate of Trp-cage. We choose Asp9 to be mutated
by Asn9 based on the following reasons: (1) Asn has less
charge, which will reduce the salt bridge interaction. (2)
The difference between these two amino acids (Asp and
Asn) is only in the replacement of the carboxylate
C(=0)O " group by the amide C(=O)NH, group (Asn),
as shown in Figure 1(a), which should have little effect on
the whole spatial arrangement of this small polypeptide,
and does not change the length of the side chain of the
ninth amino acid. In order to overcome the possibility of
Trp-cage being trapped in local minima and to increase the
sampling efficiency, replica exchange molecular dynamics
(REMD) simulation [16] was employed for both TC5b and
TC5c simulations.
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Figure 1. (a) Comparison of the initial fully extended structures
of Trp-cage between the native (TC5b) and the mutant (TC5c).
The top left shows the amplified picture of the side chain of Asp9
(TC5b) and Asn9 (TCSc), respectively. (b) The NMR folded
structure of Trp-cage (PDB code: 1L2Y, the first structure of the
total 38 NMR structures).

Method

All the simulations were run using AMBER 10 program [17],
where the AMBER {99 force field [ 18] was employed, with
the exception of ®/¥ dihedral parameters which were
refitted [9]. The initial linear structures of TC5b
(NLYIQWLKDG GPSSGRPPPS) and TC5c
(NLYIQWLKNG GPSSGRPPPS) were built up by the
Leap module included in AMBER 10.0 package
(Figure 1(a)). Minimisation of the structure to remove bad
contact and steric hindrances was performed for 1000 steps
before starting the MD calculations. Both classical MD
simulation and REMD simulation were employed. Three
different temperatures (325, 415 and 570 K) were chosen for
the classical MD simulation. At constant temperature, the
MD simulations were fully unrestrained in a canonical
ensemble using Sander module and separated into two
stages. In the first stage, a 50 ps calculation with a 0.5 fs time
step was performed as the system was slowly heated up to a

Molecular Simulation 1087

target temperature ata 1 ps coupling constant for temperature
control [19]. Following the first heating stage, a 900 ns
simulation with a 2fs time step was run at a target
temperature with a 1 ps coupling constant [7,9,20].

The GB/SA implicit solvent model was employed to
incorporate the solvent effect [21,22]. Even though it has
been suggested that the use of the GB/SA model for an
implicit solvent could overestimate salt bridge formation
[23,24], GB/SA model predictions of the Trp-cage
structure have been found to agree well with experiments
[9]. As will be shown later, this is consistent with root
mean square deviation (RMSD) values between the MD
simulation and the NMR structure reported here. In
addition, the effect of the lowering of the dielectric constant
due to charge density in the vicinity of protein is expected to
be small since Trp-cage possesses only two charges.

The trajectories of the simulation were collected for
every 1 ps. For the REMD simulation, 16 replicas were used
with temperatures of 269.5, 285.5, 300.0, 316.5, 334.0,
351.0,371.8,391.0,413.9,435.0,460.7,485.0,512.9,535.9,
5709 and 595.2K, respectively. Neighbour lists were
utilised and updated every 2.5 fs. Also, neighbour lists were
utilised and updated every fifth integration step. Constraints
were used for bond lengths using the LINCS algorithm for
the protein [25]. All simulations and analysis were
performed using AMBER and VMD software.

To illustrate the folding pathway of Trp-cage, the
following order parameters were analysed using the
following modules in AMBER 10.0 package: potential
energy, root-mean-square deviation (RMSD), radius of
gyration (RG), end-to-end distance, content of a-helix,
fraction of native contacts and interstrand hydrogen bonds.
Most of the plots were drawn by Xmgr software except the
3D structures of TC5b, TC5c and the NMR data, which
were created by VMD software [26].

Results and discussion

Comparison of the initial extended structures of TC5b
and TC5c

Trp-cage native type (TC5b) and its mutant (TC5c) were
employed to test the effect of the electrostatic interaction on
the folding pathway of Trp-cage, in which Asp in the ninth
sequence in TC5b was replaced by Asn in the same position
of TC5c (sequences of TC5b and TC5c¢ are shown in the
Method section). The difference between them is based
only on one amino acid, which is supposed to reduce the
original electrostatic interaction between Asp9 and Argl6
after the oxygen atom in the side chain of Asp9 (TC5b) is
replaced by the nitrogen atom in the side chain of the Asn9
(TC5c¢). The replacement of Asp9 (TC5b) by Asn9 (TC5c¢)
decreased the stability of the molecular structure due to the
loss of the electrostatic interaction. In addition, it also
offsets the stability of the structure by increasing the
hydrophobicity inside its core.
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The initial fully extended structures for these two types
of Trp-cage (TC5b and TC5c) are shown in Figure 1(a). In
addition to the different types of atoms in the side chain
(Asp9 as opposed to Asn9), it was also observed from
Figure 1(a) that these atoms were located at different
positions: the angle of OD1—CG—ND2 (123°, Asn9) is
smaller than the angle of OD1—CG—OD2 (126°, Asp9)
due to less repulsion between O and N than O and O. Since
the initial structure built up by the Xleap module may
have steric clashes, a short minimisation for the starting
structure was executed to remove the bad contacts before
starting MD.

Figure 1(b) shows the NMR structure of TC5b (PDB
code: 1L2Y), which possesses typical features of a stable
globular structure of a protein. This NMR structure is also

TC5b: simulation
TC5b: NMR

(c)

(b) o

chosen as a reference structure to be compared with the
lowest energy structure of TC5b and TC5c obtained by the
simulation.

Pair comparison among the 3D structures of TC5b and
TC5c at the lowest free energy from the simulation and
the NMR structure of TC5b

The averages of 1000 structures around the lowest energy
structure over 1ns were defined as the equilibrium
structure. The comparison shown in Figure 2 was based on
the RMSD calculation of heavy atoms in the whole
backbone (excluding the terminal amino acids since these
two amino acids have a poor definition in the NMR
structure), as shown in Figure 2(a)—(c). Although the

N\
/- l“ ‘<
.48

,L. TC5c: simulation
N\ TC5b: NMR
)=
>
% o
RMSD: 2.11 A

TC5c¢: simulation
+ TC5b: simulation

RMSD: 1.09 A

Figure 2. Comparison of the lowest energy structures obtained by simulation with the NMR structure: (a) RMSD comparison of the
simulated TC5b structure and NMR TC5b structure along the whole backbone (except two terminal amino acids); (b) RMSD comparison
of the simulated TCS5c structure and NMR TC5b structure along the whole backbone (except two terminal amino acids) and (c) RMSD
comparison of the simulated TC5b structure and simulated TC5c structure along the whole backbone (except two terminal amino acids).
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NMR structure of TC5c (the difference between TC5b and
TC5c is in the atoms that are located at the end of the side
chains) is not available, making a RMSD comparison
between TCS5c and the NMR structure of TCS5b will
provide an insight into how the point mutation in the side
chains would affect the overall conformational change.

Figure 2(a) shows the comparison of the equilibrium
structure of TC5b with the NMR structure by overlapping
the two centres of the whole backbone (excluding the two
terminal amino acids). The RMSD value for the whole
backbone (excluding the two terminal amino acids) between
the MD structure and the NMR structure is only 1.59 A
indicating similarity to the NMR structure. Both structures
share the following features of a typical globular structure:
the secondary structure contains an a-helix (residues 2—8),
followed by a single turn of 3y-helix present from residues
11 to 14 and a polyproline II helix formed in the C-terminal
(residues 17-19); the compact hydrophobic core consists of
the indole ring of Trp6 in the centre, flanked by the side
chains of Tyr3, Leu7 and three proline residues (Prol2,
Pro18 and Pro19); a salt bridge between Asp9 and Argl6
formed near the single turn of 3;(-helix is believed to help
stabilise the compact structure. To investigate which region
of these two types of structure is different, a subdivided
RMSD comparison along the backbones was carried out, in
which the backbones were separated by three different
regions: residues 2—8 (a-helix region) residues 11-14 (3,¢-
helix region), and residues 15-19 (polyproline II helix
region). The RMSD comparison of the MD and NMR
structures based on the backbone extending from residues 2
to 8 shows a small value of 0.43 10%, which indicated that the
a-helix structure of these seven residues obtained by MD
simulation was very close to that of the NMR structure
(shown in Figure 1A of the Supplementary Material,
available online). The structural comparison based on the
RMSD calculation of the other two regions (not shown here)
gave values of 0.44 and 0.32 Afora comparison on the 3¢~
helix region (residues 11-14) and polyproline II helix
region (residues 15—18), respectively. Thus, the RMSD/re-
sidue values for these three secondary structure domains
are:0.11 A (310-helix) >0.08 A (polyproline II helix region)
>0.061 A (a-helix). The 3;y-helix region for the MD
structure is not as closely packed to the central hydrophobic
core (a slight shift out of the core) as that for the native
NMR structure (see Figure 2(a)).

Although the NMR structure of TC5b may be different
from the NMR structure of the mutant (D9N) (it is not
available now), it is currently the most stable structure for
this protein family, and thus the NMR structure of TC5b is
ideal to be chosen as the reference structure of the
experimental model to be compared with TCS5c. The
overlap of the MD structure of TC5c and the NMR structure
of TC5b (Figure 2(b)) shows that the backbone heavy-atom
RMSD between these two species is around 2.11 A.
Although this value was higher than that between the MD
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structure of TC5b and the NMR structure (Figure 2(a)), it
was much less than the generally defined RMSD value of
3.0A, above which an unfolded state is indicated. For
TCS5c, residues 2—8 form a short a-helix, followed by
a single turn along residues 11-14, and the rest of the
residues wraps back along the a-helix axis towards the N-
terminus (Figure 3). This suggested that the mutant species
formed a certain folded structure, which shared certain
structural characteristics with the NMR structures. On the
other hand, the mutant (TC5c) had a different structure
compared to the NMR structure of TCS5b, with the major
deviation being around residues 11—14. It is apparent that
residues 11—14 of TC5c did not form a 3(-helix during the
simulation, which was replaced by a big flat turn. The
mutation of Asp9 by Asn9 (the carboxylate C(=0)O
group is replaced by the amide C(=O)NH, group at the
end of the side chain) has a big effect on the interaction
between neighbouring residues. For example, although the
side chain of Trp6 in TC5c also formed the centre of the
hydrophobic core, the ring of the side chain was a little
closer to the side chain of Asn9 compared to Asp9 in TC5b
because of higher non-polar interaction between the indole
ring (Trp6) and NH, (Asn9) in TC5c. The movement of
Glyl1 in TC5D is restrained by the formation of the salt
bridge (shown in Figure 4(a)), resulting in the formation of
310-helix. However, no 3¢p-helix was observed in TC5c
because Gly11 is more flexible due to the weak interaction
between Asn9 and Argl6. The mutation in residue 9 also
had a certain effect on the a-helix conformation from
residues 2 to 8 (see Figure 1B of the Supplementary
Material, available online), where the RMSD comparison
of the MD structure of TC5c¢ with the NMR structure is
0.70 A almost two times as that for the comparison of MD
and NMR structures of TC5b (Figure 2(b)). The absence of
the salt bridge between residues 9 and 16 in TC5c did not
have any effect on the polyproline II helix formation
(residues 15—19). A comparison of RMSD values for three
different regions (residues 2—8, 11-14 and 15-19,
respectively) between MD and NMR structures of TC5c
revealed that the major deviation was in the 3;p-helix
region (residues 11—14) and a-helix region (residues 2—8),
as indicated by the RMSD/residue values of 0.15 A
(residues 11—14) and 0.10 A (residues 2-8), respectively.

We also compared the MD structures of TC5b and
TC5c as shown in Figure 2(c). The RMSD value for the
whole backbone between these two species was only
1.09 A, consistent with our previous observation that these
two MD structures exhibited comparable ‘folded’
structures. The RMSD/residue for the «-helix region
(residues 2—8) was quite small (0.061/0%), whereas the
value for the 3p-helix region (residues 11—14) was around
0.11A (see Figure 1C of the Supplementary Material,
available online), consistent with our previous finding that
the major difference between the two lies in the formation
of the 3,(-helix region.
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Figure 3. Comparison of the parameters for the salt bridge of TC5b and TCS5c. (a) Distribution of the distance between Asp9 and Argl6
(salt bridge) during the simulation at different temperatures for TC5b. The inset gives the same plot on an expanded scale for different
temperatures around the distance of 2.8 A. (b) Distribution of the distance between Asn9 and Argl6 during the simulation at different
temperatures for TC5c. (c) Distance of Asp9—Argl6 vs. the angle of Asp9—centre—Argl6 for TC5b. Higher point density represents
higher frequency. (d) (Upper) distance of Asp9—centre of the molecular structure for TC5b vs. the angle of Asp9—centre—Argl6; (lower)
distance of Argl6—centre of the molecular structure for TC5b vs. the angle of Asp9—centre—Argl6. (e) Distance of Asn9—Argl6 vs. the
angle of Asn9—centre—Argl6 for TC5c. Higher point density represents higher frequency. (f) (Upper) distance of Asn9—centre of the
molecular structure for TCSc vs. the angle of Asn9—centre—Argl16; (lower) distance of Argl6—centre of the molecular structure for TC5c
vs. the angle of Asn9—centre—Argl6.
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Figure 4. Comparison of the distance of the hydrogen bond near
the 3j¢-helix region as a function of time for TCS5b and
TC5c: (a) distance of Gly11-oxygen (O) and Ser14-hydrogen (H)
(black line), distance of Glyl10 and Serl4H (red line), and
distance of Gly110 and Argl6H as a function of time for TC5b
and; (b) distance of Gly110 and Ser14H (black line), distance of
Glyl110 and Serl14H (red line), and distance of Glyl1O and
Argl6H as a function of time for TC5c (colour online).

Comparison of the salt bridge change by the mutation in
atomic details

The distribution of the distance between Asp9 and Argl6
(salt bridge) for all the structures during the simulation at
different temperatures is shown for TC5b and TC5c in
Figure 3(a) and (b), respectively. As can be seen from
Flgure 3(a), the distribution exhibits a large peak at around
2.8A and a much smaller peak at 5A at lower
temperatures. As temperature increases, however, these
peaks become less pronounced and the area under the
distribution for larger distances increases. This suggests
more unfolding of the molecule at higher temperatures.
For TC5c, the distribution exhibits a much smaller peak at
the same distance of 2.8 A compared to that for TC5b.
However, unlike TC5b, the second peak is not observed
at the same distance. In addition, the area under the
distribution at larger distances of separation is found to be
much larger than that for TC5b. At higher temperatures,
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the distance becomes more random for TCS5c. These
results suggest that the salt bridge in TC5c is less stable
than that in TC5b. To further explain the relationship
between the interaction of the salt bridge and its position,
we made the plots of distance of the salt bridge, distance of
Asp90 (or Asn90) to the centre, and the distance of
Argl6N to the centre as a function of the angle of Asp9O
(or Asn90)—centre—Argl6N. Figure 3(c) shows that the
distance of the salt bridge of TC5b has a strong linear
correlation with the angle of Asp9—centre—Argl6 (the
band width is around 41&), indicating that most of the
change in the distance of the salt bridge is caused by
the movement of Asp90 or Argl6N around the centre and
not by the movement in and out of the centre. Furthermore,
it was clearly shown in Figure 3(c) that a high density
appeared in the region of a strong salt bridge formation
with a small angle, suggesting that the salt bridge prefers
to be stacked at a certain position after its formation. And
this position is located near the surface of the molecular
structure. This was also confirmed by Figure 3(d), which
shows that the distance of Asp90 (Argl6N) to the centre
was mostly packed in the range of around 7.5A with a
small Asp9-centre—Argl6 angle (which are consistent
with the RG value of around 7 A). For comparison, similar
plots are made for TC5c to explain how the movement of
Asn9 and Argl6 changed if the electrostatic interaction
between them was removed during the simulation. Figure
3(e) shows that the distance between Asn9 and Argl6 of
TC5c has a weak linear correlation with the angle of
Asn9-centre—Argl6 (the band width is around 10 10\),
indicating that the change in the distance is mostly caused
by the random movement of Asn90 or Argl6N from the
centre. Another observation from Figure 3(e) is that the
density of the distance between Asn9 and Argl6 has a
much wider distribution (distance: 3—12 IDX; angle: 0—
120°) than that of TC5b (distance: 3—6 A; angle: 0-50°),
which confirmed that the movement of Asn90 or Argl6N
was more random and not limited by the interaction
between Asn9 and Argl6. Figure 3(f) clearly shows that
the distance of Asn9 (or Argl6) to the centre is almost
independent of the angle between them and the high
density of the distance is almost uniformly distributed in
the angle range of 20—160°, indicating that the movement
of these two amino acids is less constrained by the
interaction between them.

Hydrogen bonds change by the mutation in atomic
details

Two regions were selected for the target of the secondary
structure analysis based on their distance to the mutated
position and their own properties of the secondary
structure: residues 2-9 (near the «-helix region) and
residues 11—16 (near the 3,p-helix region). In our analysis,
only the distance between the hydrogen atom and the
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oxygen atom in the backbone in these two regions was
calculated since the secondary structure that is formed is
related mostly to the arrangement of the backbone, and the
hydrogen bonds from the backbone are the most important
for this arrangement.

The comparison of structures for TC5b and TCS5c in
the region of residues 2-9 (see Figure 1C of the
Supplementary Material, available online) indicates that
the difference is not significant. Figure 4(a) shows the
distance of Glyl10-Argl6H, Glyl10-Glyl5H and

Gly110-Serl4H for TC5b as a function of time. It can
be seen from the plot of the distance of Glyl10—-Argl6H
vs. time that the distance experienced two step decreases
at around 12 and 48ns. The first transition at 12ns is
consistent with the time of formation of the salt bridge. It is
interesting to note that the time of the second transition
(48 ns) coincides with the end time of large fluctuations for
other parameters such as RMSD, RG and end-to-end
distance (not shown here). The large fluctuation before the
second transition coincides with a similar behaviour for
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Figure 5. Effect of the temperature on the stability of TC5b and TC5c. (a) Comparison of the distance of residues 9 and 16 for the lowest
energy structures of TC5b and TC5c as a function of temperature. (b) The lowest energy MD structures of TC5b at selected temperatures
(316, 391, 460 and 570 K). The distance between Asp9 and Argl6 is indicated for each structure. (c) The lowest energy MD structures of
TC5c at selected temperatures (316, 391, 460 and 570 K). The distance between Asn9 and Argl6 is indicated for each structure. (d)
Comparison of the RMSD of the lowest energy MD structure of TC5b and TC5c with respect to the NMR structure of TC5b (reference) as
a function of temperature. (¢) Comparison of the end-to-end distance of the lowest energy states for TC5b and TCS5c as a function of
temperature. Here, the lowest energy state is defined as the average based on the 1000 lowest potential energy MD structure for every

temperature during the simulation.
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RMSD, RG and end-to-end distance (see Figure 2 of the of Gly11 since the position of Argl6 was fixed due to the

Supplementary Material, available online), suggesting that salt bridge as early as at 12ns (see Figure 3 of the
these fluctuations are predominantly due to the movement Supplementary Material, available online). The effect of
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Figure 6. Effect of the temperature on the secondary and tertiary structures of TC5b and TC5c. (a) Comparison of the percentage of a-
helix for TC5b and TC5c as a function of temperature. (b) The probability of a-helix formation for every residue for TC5b at different
temperatures. (c) Comparison of the lowest energy compactness of TC5b and TC5c as a function of temperature. Here, the lowest energy
state is defined as the average based on the 1000 lowest potential energy MD structure for every temperature during the simulation.
(d) Potential energy vs. distance between residues 9 and 16 for TC5b and TC5c. (e) Compactness vs. distance between residues 9 and 16
for TC5b and TC5c. ‘TC5c on the front” in (d) and (e) means that for the overlap region (left rectangle), an additional plot (right rectangle)
is given, where the plot for TC5c is shown in the front of TCSb.
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the relocation of Glyll was also supported by the plot
of the distance of Glyl10-Glyl5H, and the distance of
Gly110-Ser14H (lower panel of Figure 4(a)): both the
distances have an apparent transition to a lower level
at around 48ns with a smaller fluctuation before the
transition time. This also suggested that 3;4-helix (residues
11-14) may begin to be formed at this time. Figure 4(b)
gives similar plots for TC5c as a comparison. TC5c did not
exhibit transitions, indicating thereby that the movement
of Glyl1 is much more flexible and its movement is not
limited as a result of the weak interaction between Asn9
and Argl6. Also, residues 11—14 are not in a stable 3;¢-
helix state, although the distance of Glyl10-Ser14H
becomes sufficiently small at times, which may enable the
formation of the hydrogen bond.

Thermal stability of TC5b and TC5c¢

Figure 5(a) gives the variation of average distance between
Asp9 and Argl6 with temperature for TC5b and TCS5c.
Consistent with the earlier observation of the distribution
of distance, the average distance increases with tempera-
ture. Also, the average distance is higher for TC5c, thus
indicating that its salt bridge is less stable. The RMSD of
the lowest energy MD (average of 1000 structures around
the lowest energy state) structure of TCS5b and TC5c
compared to the NMR structure of TC5b (reference) are
shown in Figure 5(d). Up to 320K, the RMSD value for
TC5b is around 1.5A and does not change with
temperature. At higher temperatures, however, the
RMSD value increases with temperature for both TC5b
and TC5c. The RMSD values for TCS5c were always found
to be higher than that for TC5b. This difference is about
0.75A at lower temperatures (lower than 450K) and
decreases to about 0.25 A at higher temperatures. Such a
behaviour may be because the thermal energy is able to
overcome the electrostatic interactions of the salt bridge
for TC5b at higher temperatures. A similar behaviour is
observed for the end-to-end distance (see Figure 5(c)). The
percentage of a-helix is found to decrease with
temperature for TC5b and TC5c, as shown in Figure
6(a), with the value for the former being higher; this
difference in percentage of a-helix between TCS5b and
TC5c is higher at lower temperatures (below 350K).
Figure 6(b) shows the probability of a-helix formation for
every residue for TCS5b at different temperatures. The
probability is high for residues 3—8 and 11— 14, consistent
with the NMR structure. The probability of «-helix
formation decreases at higher temperatures. The variation
of compactness (compared with the NMR structure of
TC5b as explained in the Method section) with
temperature is shown in Figure 6(c). The value for TC5b
is higher than that for TC5c. Also, the compactness value
decreases with temperature possibly due to unfolding of
the molecule. These results indicate a strong correlation

between the compactness and the salt bridge distance, as
well as the potential energy.

Conclusions

TC5Db is more stable than TC5c as shown by the analysis of
the RMSD with respect to the NMR structure, compact-
ness and the formation of the a-helix structure at different
temperatures. Salt bridge is believed to be an important
factor for the stabilisation of the structure of Trp-cage in
that it strengthens the hydrophobic core by the strong
electrostatic interaction on the surface. Also, salt bridge
has an influence on the folding kinetics of Trp-cage by
limiting the positions of Asp9 and Argl6, which affect
other structural adjustment, such as formation of a-helix.
The simulation results indicate the high likelihood of o-
helix formation for residues 3—8 and 11— 14 for both TC5b
and TC5c, with this probability being higher for the
former.
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