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Abstract

BBA1 is a designed protein that has only 23 residues. It is the smallest protein without disulfide bridges that has a
well-defined tertiary structure in solution. We have performed unfolding molecular dynamics simulations on BBA1 and
some of its mutants at 300, 330, 360, and 400 K to study their kinetic stability as well as the unfolding mechanism of
BBA1. It was shown that the unfolding simulations can provide insights into the forces that stabilize the protein.
Packing, hydrophobic interactions, and a salt bridge between Asp12 and Lys16 were found to be important to the
protein’s stability. The unfolding of BBA1 goes through two major steps:~1! disruption of the hydrophobic core and
~2! unfolding of the helix. Theb-hairpin remains stable in the unfolding because of the high stability of the type II9 turn
connecting the twob-strands.
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Understanding protein folding and stability is a long-standing goal
of protein chemistry~Jaenicke, 1987; Dill, 1990; Fersht & Serrano,
1993; Matthews, 1993!. It is also essential in practical applications
such as protein engineering and design~Shaw & Bott, 1996!. Gen-
erally, to maintain a stable tertiary protein structure without the
aid of cross-links like disulfide bonds or metal binding inter-
actions, a natural protein or its domain should have at least 60
residues~Srere, 1984; Goodsell & Olson, 1993!. However, re-
cently, this limit has been lowered by several designed or engi-
neered proteins. The villin headpiece domain engineered by
McKnight et al. has 36 residues but maintains a tertiary structure
consisting of three helices in solution~McKnight et al., 1997!.
Two other proteins, both designed based on the structure or con-
sensus sequence of zinc fingers, namely, BBA1~Struthers et al.,
1996a! and FSD-1~Dahiyat & Mayo, 1997!, have 23 and 28
residues, respectively, and maintain a similara0b tertiary fold as
a zinc finger in solution. Because of their small size, it is of
particular interest to study the forces that stabilize these proteins
and the mechanisms by which they fold.

We have performed molecular dynamics simulations on BBA1
and several of its mutants~Struthers et al., 1996a, 1996b, 1998!.

BBA1 is interesting to study by simulations because it is the small-
est protein without disulfide bridges that has a well-defined ter-
tiary structure in solution. BBA1~Struthers et al., 1996a! was
designed based on the consensus sequence of zinc fingers~Berg,
1990! and a particular zinc finger, Zif268~Pavletich & Pabo,
1991!. The protein does not require a zinc ion to be stable in
aqueous solution. The solution structure of the protein has been
solved by NMR spectroscopy and shares a similar fold to that of a
zinc finger ~Struthers et al., 1996a!. The three-dimensional NMR
structure, amino acid sequence, and secondary structure elements
of the protein are shown in Figures 1 and 2. Similar to a zinc
finger, the tertiary structure of the protein consists of ana-helix
and ab-sheet, which arrange like an “L” with an acute angle
between them. The major differences between BBA1 and a zinc
finger are:~1! The a-helix–b-sheet interface of BBA1 has been
designed into a hydrophobic core that helps to stabilize the protein,
independent of a zinc ion, while in a zinc finger, a zinc ion is
needed at thea-helix–b-sheet interface to stabilize the zinc finger
~Frankel et al., 1987; Parraga et al., 1990!; ~2! the angle between
thea-helix and theb-sheet in BBA1 is slightly larger than that of
a zinc finger. To maintain its discrete structure, BBA1 still requires
two unnatural amino acids~Struthers et al., 1996a!: a d-Proline
residue at position 4 and a 3-~1,10-phenanthrol-2-yl!-l-alanine~Fen!
residue~Fig. 2! at position 6.d-Pro4 and Ser5 form a type II9 turn
connecting the two strands of theb-hairpin; the Fen residue is part
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of the hydrophobic core. Experimentally, it was found that the
type II9 turn is essential for the stability of theb-hairpin~Struthers
et al., 1996b!: replacing the type II9 turn with a type II turn by
switching the chirality ofd-Pro4 and Ser5 to Pro4 andd-Ser5
disrupts theb-hairpin while the helical structure is largely intact.
The Fen residue also appears to be important for maintaining the
protein’s well-defined structure in solution~Struthers et al., 1998!:
the Fen6r Tyr mutation~BBA2! increases the flexibility of the
hairpin and the Fen6r Trp mutation~BBA3! completely disrupts
the tertiary structure of the protein. These observations are inter-
esting cases for testing of our simulation methods and force field.
However, the Fen residue in BBA1 is not essential for maintaining
a well-defined structure; Struthers et al.~1998! have designed
variants of BBA1 with a Tyr at position 6 and charged residues at
positions 2 and 7, which have NMR structures as well resolved as
that of BBA1.

To study the kinetic stability of BBA1 and its mutants, we have
performed nanosecond molecular dynamics simulations at differ-
ent temperatures from 300 to 400 K with explicit representation of
solvent. The stability of BBA1 or one of its mutants was estimated
from its ability to stay folded as the temperature was raised. In
principle, a more quantitative measurement of the stability differ-
ences between BBA1 and its mutants can be estimated by calcu-
lating their folding free energy differences with the free energy
perturbation~FEP! method~Kollman, 1993!. However, due to the
considerable structural changes involved in the mutations of BBA1,
it is difficult to reliably estimate the folding free energy differences
with the FEP method, which are accurate only for small structural
changes~van Gunsteren, 1989; Kollman, 1993!. In addition, the
unfolding simulations provide us with an opportunity to charac-
terize the protein’s unfolding pathways. As an extension to such an
approach, calculations of the folding free energy landscape have
been attempted~Boczko & Brooks, 1995! using unfolding simu-
lations. Such calculations may yield valuable information but are
computationally expensive because they require extensive sam-
pling at the relevant conformations and connecting regions. For a
qualitative understanding of the kinetic stability, as we will dem-
onstrate later, much can be learned through unfolding simulations.
Hirst and Brooks~1995! applied such methods in the study of the
stabilities of fragments of apomyoglobin.

The subsequent sections are organized as follows. In the first
part of Results, we analyze the stability of BBA1 and its mutants
by carrying out simulations at different temperatures. Particularly,
we will test our simulation methods and force field by comparing
our simulation results with the experimental observations on BBA1,
BBA2, BBA3, and the mutant with the II9 turnr II turn mutation
at positions 4–5. We also analyze the stability of several other
mutants to study the influence of packing interactions and salt
bridges, and discuss the influence of long-range interactions on the
simulation results. In the second part of Results, we analyze the
unfolding of BBA1 at 380 and 400 K. The unfolding pathway has
been characterized in terms of changes in global structure, second-
ary structure content, solvent accessible area, and native contacts.
In Discussion, we analyze the possible energetic bases of the sta-
bility differences between BBA1 and its mutants. We also discuss
the unfolding mechanism of BBA1 and comment on the limitations
of unfolding simulations. In Conclusion, we briefly summarize the
results.

Fig. 1. The structure of BBA1. Only the side chains ofd-Pro4, Ser5, Fen6, Phe8, Asp12, Leu14, Lys16, and Leu17 are displayed. Fen6,
Phe8, Leu14, and Leu17 are the major residues of the hydrophobic core.

A

B

Fig. 2. A: The sequence of BBA1 and the secondary structures. Type II9
turn, 4–5;b-hairpin, 1–8; loop, 9–12; helix, 13–20. “Z” stands for Fen
residue.B: The chemical structure of Fen residue.
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Materials and methods

Model and force field

The NMR structure of BBA1 was solved by Struthers et al.~1998!.
The structures of the mutants were generated by model building
using standard geometry based on the coordinates of BBA1. The
atomic charges of the Fen residue were calculated by fitting the
electrostatic potential around the dipeptide model, Ace-Fen-NMe,
using the RESP method~Bayly et al., 1993!. Here “Ace” and
“NMe” stand for acetyl and N-methylamide groups, respectively.
The electrostatic potential was obtained by a single point ab initio
quantum mechanical calculation using Gaussian94~Frisch et al.,
1995! with a 6-31G* basis set on the geometry generated by en-
ergy minimization of the dipeptide with the AM1 method. The
side-chain dihedral of Fen was chosen to be in an extended con-
formation, with the side-chain dihedralx ~N-Ca-Cb-Cg! > 1808.
Most of the bond, angle, and dihedral parameters of Fen were
available in the AMBER force field. The missing parameters were
assigned the values of similar types in the force field~Table 1!.

Simulation procedures

The molecular dynamics~MD! simulations and energy minimiza-
tion were performed with the SANDER module of the AMBER4.1
program~Pearlman et al., 1995! using periodic boundary condi-
tions ~Allen & Tildesley, 1989!. Two sets of force fields were
tested, parm94, reported by Cornell et al.~1995! and parm96,
reported by Kollman et al.~1997!, which differ only in thef and
c torsional potentials. Eventually, parm96 was used for most of the
simulations. BBA1 or one of its mutants was placed at the center
of a box of 453 45 3 45 Å3 filled with TIP3P water molecules
~Jorgensen et al., 1983! under standard conditions; the number of
water molecules was;2,660. One Cl2 counterion was placed
near Arg19 to maintain the neutrality of the system. The time step
of the MD simulations was 2 fs. The pressure~1 atm! and the
temperatures of the systems were controlled by Berendsen’s method
~Berendsen et al., 1984!. In all cases, an 8 Å cutoff radius was

used, either for the simulations with or without applying the Particle-
Mesh Ewald~PME! method~Darden et al., 1993! to include the
contributions of long-range interactions. For the PME calculations,
we used a 1 Ågrid size and the fourth order B-spline interpolation
to calculate the potential and forces in between grid points. To
improve simulation efficiency, only those bond lengths involving
hydrogen atoms were constrained with the SHAKE algorithm
~Ryckaert et al., 1977!. Each MD simulation was about 1 ns and
prior to each simulation, the system was energy minimized for 500
steps and equilibrated for about 5 ps. All the simulations were
performed on the CRAY T3E machine at the Pittsburgh Super-
computing Center.

Analyses of MD trajectories

For each simulation, the root-mean-square deviations~RMSDs! of
the trajectories recorded at 5 ps interval were calculated for the
backbone atoms Ca, N, C and, O with reference to the starting
structure att 5 0. Only residues 1–20 were considered in the
calculations because the C-terminal of the helix~residues 21–23!
was frayed and quite flexible in the molecular dynamics simula-
tions. The experimentally determined structure indicated that the
C-terminal was only frayed at residue 23. The RMSDs were cal-
culated after optimal superimposition of the coordinates to remove
translational and rotational motion~Kabsch, 1976!. The structure
at t 5 0 was used as the reference rather than the NMR structure
of BBA1, because the RMSDs better represented the structural
changes in the simulations. Thet 5 0 structures of the simulations,
which were generated from short equilibration, generally had very
similar folds to that of the native structure with RMSD# 2 Å.

Because the absolute values of dihedrals cannot be defined
uniquely, direct calculation of the average backbone dihedrals~^f&
and ^c&! of residues along the MD trajectories may give unrea-
sonable results. Instead, we used the vector average method from
circular statistics~Batschelet, 1981! to calculate the average di-
hedrals. Each dihedralu was expressed as a unit vectorai 5
cosu ex 1 sinu ey. The vector sum of the dihedrals,(ai , was
normalized and expressed asam 5 cosumex 1 sinumey. um was
used to represent the average dihedral and does not depend on the
definition of the sign and zero point of individualu’s. Onceam was
determined, we calculated the angles between each vectorai with
am simply from their dot products, and the fluctuation of the angles
was used as the fluctuation of the dihedrals around the mean
dihedral.

The secondary structure contents~helix, sheet, and other! were
calculated with the Kabsch–Sander algorithm~Kabsch & Sander,
1983! implemented in the MidasPlus package~Ferrin et al., 1988!.
The default hydrogen bonding energy criterion of20.5 kcal0mol
was used.

The solvent accessible areas~SAAs! of the structures were cal-
culated by the Boolean logic method~Le Grand & Merz, 1993!.
Essentially, each atom surface~with a radius of van der Waals
~VDW ! radius1 the probe radius! was represented by dots with a
given density; the area was calculated as number of dots3 dot
density. Subtracting the dots in the overlapping area between at-
oms from the total number of dots of all atoms in the system yields
the solvent accessible areas. The dot density used in our calcula-
tions was 3.00Å2. The probe radius was 1.4 Å.

To calculate the native contact percentage of a given structure,
first, the number of contacts in the native structureN0 was calcu-
lated. Two residues are considered to be in contact if any heavy

Table 1. The angle and improper dihedral parameters
of Fen that are not available in AMBER 4.1a

Angle or dihedral Kf n u0

CA-CA-NC 70.0 122.8
CT-CA-NC 70.0 117.2
CB-CB-CB 70.0 122.7
CA-CB-CA 70.0 125.4
HA-CA-NC 35.0 117.2
CA-CB-CB-CA 1.1 2 180.0
CB-NC-CB-CB 1.1 2 180.0
NC-CA-CA-CT 1.1 2 180.0
CA-CA-CB-CB 1.1 2 180.0
CB-CB-CB-NC 1.1 2 180.0

aCB, carbon atoms connecting two rings in Fen; CA, other carbon atoms
in the aromatic rings; HA, hydrogen atoms attached to CA. The angle
potential isEa 5 Kf~u 2 u0!

2. The improper dihedral potential isEd 5
Kf @11 cos~nu 2 u0!#. Kf is in kcal0~mol deg2! for the angles and kcal0mol
for the improper dihedrals.u0 is in degrees.
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atom~C, N, O, S! of one residue is within 4.5 Å from any heavy
atom of the other residue~Daggett & Levitt, 1993!. Contacts be-
tween neighboring residues~ i and i 1 1! were excluded. Second,
the contactsN1 were counted for the given structure, but for the
same contact pairs in the native structure. The native contact per-
centage of the given structure isN10N0 3 100%.

Results

The stability of BBA1 and its mutants

In the following, we use BBA19 to denote the BBA1 mutant that
has a type II turn at positions 4–5~d-Pro4r l-Pro & l-Ser5r
d-Ser mutations!. BBA2 and BBA3 represent the mutants of
Fen6r Tyr and Fen6r Trp, respectively. Other mutants are
represented by their residue changes. For example, Fen6r Ala is
the BBA1 mutant that has Fenr Ala mutation at position 6.

Parm94 vs. Parm96

Recently, it was shown that modification of the dihedral poten-
tials off ~C-N-Ca-C! andc ~N-Ca-C-N! of the peptide backbone
in parm94~Cornell et al., 1995!, which led to parm96~Kollman
et al., 1997!, gave a conformational energy profile of alanine tet-
rapeptide that was in better agreement with high level ab initio
calculations. The effect of the modification is that in parm96, the
relative stability ofb-sheet vs.a-helix is more favorable for the
b-sheet than in parm94~Kollman et al., 1997!. We have performed
several test simulations with both parm94 and parm96 on BBA1
and BBA2 at 300 K. The RMSDs in the time course of the simu-
lations are shown in Figure 3. Both parm94 and parm96 give low
RMSDs for BBA1, indicating that the structure is stable in the
simulations. However, for BBA2 with parm94, the RMSD in-
creases to about 6 Å at 1 ns,indicating that the structure is not
stable in the simulation. Since experimentally, it was found that
both BBA1 and BBA2 have comparable tertiary folds at 300 K
~albeit, BBA1 has better defined NMR spectra!, we used parm96
for all our simulations. By examining the structure of BBA2 att 5
1 ns with parm94, we found that theb-hairpin of the protein has
unfolded. The increased stability ofb structures in parm96, there-
fore, is important to the stability of theb-hairpin.

BBA1, BBA2, and BBA3

The RMSDs in the time course for the proteins simulated at
different temperatures are shown in Figure 4. For BBA1~Fig. 4A!,
at 300 and 360 K, the RMSDs of the trajectories remain around
2 Å ~the average is slightly less than 2 Å!, indicating that the
structure is stable at these temperatures in the simulations. At
380 K, the RMSD increases to beyond 2 Å at about 350 ps and
reaches about 5 Å at t 5 1 ns. The structure att 5 1 ns is unfolded
~Fig. 5A!. However, the secondary structures seem intact. At 400 K,
the RMSD increases to 8.5 Å att 5 450 ps, but goes down to 5 Å
at t 5 1 ns. If one prolongs the simulation, the RMSD goes up
again to 7.8 Å att 5 1.4 ns.

Similar to BBA1, BBA2 remains stable in the unfolding simu-
lations at 360 K~Fig. 4B!, and its RMSD is about 2 Å at t 5 1 ns
and the average RMSDs are around 2 Å at 300 and 360 K. At
380 K, the RMSD remains almost constant around 1.5 Å until
;700 ps and then goes up to 3 Å at t 5 1 ns. Although the RMSD
is not large, the structure has clearly unfolded~Fig. 5B!. At 400 K,
the RMSD increases after about 400 ps and reaches 7 Å att 5 1 ns.
Since the unfolding of BBA2 at 380 or 400 K is slower than that
of BBA1, it appears that BBA2 is kinetically more stable than
BBA1 in the simulations. However, it should be noted that this
kinetic stability might not necessarily reflect the thermodynamic
stability, which is determined by the free energy difference be-
tween the folded and unfolded states of a protein. This issue will
be discussed further below.

Fig. 3. The RMSDs of BBA1 and BBA2 simulated with parm94 and parm96
at 300 K using an 8 Å cutoff.

A

B

C

Fig. 4. The RMSDs of BBA1, BBA2, and BBA3 simulated at different
temperatures.A: BBA1. B: BBA2. C: BBA3.
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Compared with BBA1 and BBA2, BBA3 appears to be less
stable~Fig. 4C!. In the simulations, BBA3 is stable at 300 and
330 K, as is indicated by a low RMSD around or below 2 Å at 300
and 330 K. But, at 360 K, the RMSD quickly increases and reaches
about 8 Å at the end of the simulation. The end structure is un-
folded ~Fig. 5C!.

Experimentally, it was found that BBA1 has a well-defined struc-
ture in NMR, but BBA2 and BBA3 do not. Circular dichroism
experiments~B. Imperiali, unpubl. data! lead to similar curves as
a function of temperature for BBA1, BBA2, and BBA3, but they
may be dominated by the presence of thea-helix. Our simulated
unfolding kinetic stability of BBA1, BBA2, and BBA3 suggests
that BBA1 and BBA2 have comparable kinetic stability, and BBA3
has less kinetic stability. The NMR data of BBA1 were sharp and
well defined, whereas broadened signals were observed for those
residues near residue 6 for BBA2~7–10!. For BBA3, broadening
was observed at all residues and was particularly extreme for
residues 1–12~Struthers et al., 1998!. We have calculated the back-
bone dihedral fluctuations~BDFs! of BBA1, BBA2, and BBA3 at
300 and 360 K and the results are presented in Figure 6. At 300 K,
all have comparable and low BDFs, although, surprisingly, BBA3
has the lowest BDF. At 360 K, the trend is in reasonable agreement
with the experiment: BBA2 has a higher BDF than BBA1, in the
loop region and in the helix; BBA3 has the highest BDF in a broad
region from the loop to most part of the helix. The BDFs at the end
of the helix are high. This is because the end of the helix is frayed
in the simulations. For this reason, we only used residues 1–20 to
calculate the backbone RMSDs of the trajectories.

A key design strategy of BBA1 was the inclusion of a tight
type II9 turn at positions 4–5~Struthers et al., 1996b!. Because of
its intrinsic stability in solution, the turn is likely to be a structural
nucleation element of folding~Struthers et al., 1996b!. Indeed, we
found the turn to be stable in the simulations, even at the unfolding
temperatures. The average backbone dihedrals of the turn residues
of BBA1, BBA2, and BBA3 are all close to the standard dihedrals
of a type II9 turn, and the fluctuations of the dihedrals are insen-

sitive to temperature~Table 2!. The BDFs of Ser5 are larger than
those of Pro4, apparently due to the rigidity of Pro residue backbone.

BBA19

If the type II9 turn is replaced by a type II turn~BBA19! by
simply changing the chirality ofd-Pro4 andl-Ser5, at 300 K, the

D

A B

E

C

F
Fig. 5. The unfolded structures att 5 1 ns for BBA1 and its mutants.A: BBA1, 380 K.B: BBA2, 380 K.C: BBA3, 360 K.D: BBA19,
330 K. E: Fen6r Ala, 300 K. F: Asp12r Ala and Lys16r Ala, 330 K.

A

B

Fig. 6. The BDFs of BBA1, BBA2, and BBA3, simulated at~A! 300 K and
~B! 360 K.
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protein unfolds but interestingly, the helical part is largely intact
~Struthers et al., 1996b!. We have model built the structure of
BBA19 and performed MD simulations on BBA19 at 300, 330, and
360 K.

At 300 K, BBA19 is stable in the simulation with an almost
constant RMSD around 1.6 Å~Fig. 7A!. At 330 K, the RMSD
fluctuates considerably in the beginning of the simulation and
increases to 4.3 Å att 5 1 ns. Inspection of the structure att 5 1 ns
indicates that theb-hairpin has unfolded, but the helix is intact
~Fig. 5D!. This unfolded structure clearly agrees with the experi-
mental observation. At 360 K, the RMSD increases to 6 Å in
300 ps and then fluctuates and reaches 4.3 Å att 5 1 ns.

The BDFs and the average backbone dihedrals in the turn and
helix region of BBA19 at 300, 330, and 360 K are shown in Table 3
and Figure 7B. As the temperature is raised, the BDFs in the
b-hairpin and loop region increase significantly, while the fluctu-
ations in the helix region remain low. The average backbone di-
hedrals of the helix region at the three temperatures indicate that
the helix part remains helical. The BDFs at 330 K in theb-hairpin
and loop regions are larger than those at 360 K. We propose that
the hairpin unfolds quickly at 360 K, indicating a low kinetic bar-
rier, and remains in a relatively stable minimum after unfolding,
suggesting a kinetic trap in the vicinity of the~partially! unfolded
state. Similarly, the BDFs ofd-Ser5 are larger than those ofl-Pro4
becausel-Pro4 is more rigid. Interestingly, at 360 K,^c& of d-Ser5
has shifted from around zero to a quite negative value~21188!,
while the other average dihedrals of the turn stay close to the ideal
values of type II turn. This indicates that as the temperature is
raised, there is a conformational change associated with the change
in the c dihedral of d-Ser5, accompanying by theb-hairpin
unfolding.

Fen6r Ala, Phe8r Ala, and Leu17r Ala

Since Fen6, Phe8, and Leu17 are at the center of the hydropho-
bic core of BBA1, it is of interest to mutate each one of these
residues into an alanine residue and see their influences on the
protein’s stability. The results are shown in Figure 8.

Table 2. The average backbone dihedrals and their fluctuations
(in degrees) of the type II9 turn (D-Pro4, L-Ser5) of
BBA1, BBA2 and BBA3 in the simulationsa

BBA1 BBA2 BBA3

300 K 626 11 606 11 606 10
21216 16 21196 16 21216 15
287 6 27 298 6 30 285 6 23

3 6 35 136 32 46 31

360 K 626 11 616 11 606 11
21196 17 21196 16 21146 21
291 6 27 284 6 28 297 6 30
21 6 35 24 6 28 26 27

400 K 626 12 636 13
21186 19 21146 20
21026 29
21046 31

11 6 30 26 40

Standard type II9 turnb 60
2120
280

0

aFor each case, the four dihedral values and their fluctuations are those
of the f,c of d-Pro4 andf,c of l-Ser5, respectively.

bFrom Sibanda and Thornton~1985!.

A

B

Fig. 7. The ~A! RMSDs and~B! BDFs of BBA19 simulated at 300, 330,
and 360 K.

Table 3. The average backbone dihedrals (in degrees)
of BBA19 in the turn (4–5) and helix regions (12–20)
at 300, 330, and 400 Ka

300 K 330 K 360 K

Turn
Pro4 246, 110 266, 140 264, 123
Ser5 84, 8 88,23 96,2118

Helix
Glu13 270, 242 269, 242 270, 241
Leu14 262, 245 262, 242 259, 245
Ala15 255, 244 260, 243 257, 242
Lys16 251, 249 252, 250 254, 249
Leu17 254, 254 254, 250 257, 250
Leu18 258, 246 258, 246 257, 243
Arg19 257, 248 259, 245 255, 247
Leu20 259, 251 257, 247 261, 249

aFor each residue, the two dihedral values are the averagef and c,
respectively.
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All the mutations result in destabilization of the protein. The
mutant Fen6r Ala is unstable at 300 K, as indicated by a slow
increase in RMSD after 400 ps and a RMSD of about 4 Å at 1 ns
~unfolded, see Fig. 5E!; at 330 K, the RMSD of the mutant in-
creases from the beginning of the simulation and reaches 6 Å att 5
1 ns. Phe8rAla and Leu17rAla are unstable at 330 K and their
RMSDs are 6.4 and 5.3 Å, respectively, att 5 1 ns. All the mutants
have large BDFs in the loop regions~Fig. 8B!, and there are large
BDFs in the helix region as well in Phe8r Ala and Leu17r Ala
mutants.

Asp12r Ala0Lys16r Ala

The salt bridge formed by Asp12 and Lys16 at the N-terminal of
the helix may provide a capping interaction that stabilizes the
helix. Although the mutation of the two charged residues into two
alanine residues does not alter the hydrophobic core, it can reduce
the stability of the N-terminal helix next to the loop region, and the
resulting increase of flexibility in the loop region may decrease
the stability of the protein. To test the hypothesis, we performed
the simulation on the mutant Asp12rAla0Lys16rAla at 330 K.

The mutant is indeed found to be unstable. The RMSD~Fig. 8A!
of the mutant increases shortly after the simulation starts and
reaches 6.1 Å att 5 1 ns ~the unfolded structure is shown in
Fig. 5F!. The BDF also indicates that there are large fluctuations
in the loop region and in most parts of the helix~Fig. 8B!.

The influence of long-range interactions

In all the above simulations, we used a cutoff radius of 8 Å, which
does not include the contributions of long-range interactions. This
should be appropriate because most of our mutations are nonpolar
in nature, for which short-range interactions dominate. We also
expect the simulation of Asp12r Ala0Lys16r Ala with 8 Å to
be a reasonable approximation because the two charged groups are
close in space and the total charge is zero. In particular, BBA1 is
stable in the simulation at 300 K with an 8 Å cutoff. This provides
the basis for comparing the stability of BBA1 and its mutants. So
far, the results of our simulations with 8 Å cutoff are in qualitative
agreement with the available experimental observations. However,
it is important to study the influence of long-range interactions on
the simulation results. We have performed the simulations with
PME ~Darden et al., 1993! for two cases, BBA1 and Fen6r Ala.

With long-range interactions included by PME, both BBA1 and
Fen6r Ala become kinetically more stable compared with the
corresponding cutoff simulations~Fig. 9!. With PME, even at 400 K,
BBA1 is still quite stable with its RMSD fluctuating around 2.5 Å,
although the RMSDs are larger than those at 300 and 360 K. This
is in contrast with the unfolding of BBA1 at 400 K in the cutoff
simulation. With PME, Fen6r Ala is stable until 360 K and
becomes unstable at 400 K, as is indicated by a large fluctuation in
RMSD. In the cutoff simulation Fen6r Ala had been unstable at
300 K and rapidly unfolded at 330 K. From the simulations with
PME, we can still see that BBA1 is more stable than Fen6r Ala,
but the difference is smaller than that in the cutoff simulations.
Therefore, with long-range interactions included, it is more diffi-
cult to differentiate the stability of BBA1 and Fen6r Ala. Pre-
sumably these owe partly to the time frame of our simulations.
One may expect that with PME unfolding would occur at extended
simulation time scale that is in contrast to the relatively short time
needed to unfold the proteins in the cutoff simulations. This is
consistent with the fact that the PME, with the inclusion of long-

A

B

Fig. 8. A: The RMSDs of Fen6r Ala, Phe8r Ala, Leu17r Ala, and
Asp12rAla and Lys16rAla. B: The BDFs of Fen6rAla, Phe8rAla,
Leu17r Ala, and Asp12r Ala and Lys16r Ala.

A

B

Fig. 9. A: The RMSDs of BBA1 simulated at 300, 360, and 380 K with
PME. B: The RMSDs of Fen6r Ala simulated at 330, 360, and 380 K
with PME.
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range electrostatic interactions, represents the interactions accu-
rately. The cutoff, on the other hand, is less accurate than PME in
the representation of the energetic surface and inevitably intro-
duces noise and effectively elevates the simulation temperature
and makes it possible to reveal the unfolding process within a
shorter simulation time scale.4

It should be noted that the use of 8 Å cutoff in the simulations
is only appropriate for comparing the stability of mutants that
differ mainly in short-ranged interactions. As a necessary condi-
tion for a proper comparison, the native structure must be stable in
the simulation with 8 Å cutoff at room temperature. This may not
work for systems with many charged groups. For example, we later
found that BBA5~Fen6r Tyr, Thr2 r Arg, and Thr7r Asp!,
which has two additional charged groups compared with BBA1
and a well-defined tertiary structure at 300 K~Struthers et al.,
1998!, was not stable in the simulation at 300 K with 8 Å cutoff
~data not shown!. Only with 10 Å cutoff does BBA5 become stable
in the simulation at 300 K. Therefore, for a proper comparison of
the stability of BBA5 and BBA1 and other mutants, it appears that
at least 10 Å cutoffs have to be used. These comparisons involve
simulations requiring significantly more computer time and were
not pursued in this study. It is noted that the two charged residues
at positions 2 and 7 in BBA5 may not be necessary for maintaining
its well-defined tertiary structure. In BBA6, Asp7 was replaced
with the polar neutral asparagine and in BBA7, Arg2 was replaced
by a serine. Both BBA6 and BBA7 have well-defined tertiary
structures in solution~Struthers et al., 1998!. The contribution of
charged or polar amino acids at positions 2 and 7 appears to be the
destabilization of undesired conformations rather than a particu-
larly stabilizing interaction across the hairpin~Struthers et al.,
1998!.

The unfolding mechanism of BBA1 at 400 K

The small size of BBA1 makes it a particularly interesting system
for studying protein folding mechanisms. For comparison, we have
examined the unfolding processes of BBA1 at 380 and 400 K.

Description of the unfolding process

From the trajectories, we found that the unfolding of BBA1 at
380 and 400 K both consist of the following two basic steps
~Fig. 10!. First, the hydrophobic core was dissolved as the helix
and theb-hairpin gradually separated from each other. Second, the
hydrophobic core further opened up and structure became ex-
tended. Before the hydrophobic core fell apart, the Fen residue first
protruded into the hydrophobic core between Phe8 and Leu17,
which might have helped to pry open the hydrophobic core. The
protrusion of the Fen residue into the hydrophobic core happened
early, att 5 40 ps andt 5 45 ps, respectively, in the 380 and 400 K
simulations. The opening of the hydrophobic core occurred att 5
590 ps at 380 K and at an earlier time oft 5 95 ps at 400 K. There
were still some tertiary contacts in the loop region after the hy-
drophobic core had opened up. These tertiary contacts were dis-
rupted att 5 940 ps at 380 K and att 5 330 ps at 400 K. At 400 K,
the helix then remained stable untilt 5 1,230 ps when it further
unfolded. Theb-hairpin was stable in the unfolding processes both
at 380 K and at 400 K.

Native contacts

The native contact percentages in the unfolding processes are
shown in Figure 11A. The unfolding at 380 K does not have a
significant change in native contact percentage. But it is clear that
at t ' 500 ps there is decrease in native contact percentage, cor-
responding to opening of the hydrophobic core and att ' 950 ps,
there is a further decrease in native contact percentage, correspond-
ing to disruption of the tertiary contacts in the loop region. The
change of native contact percentage in the unfolding at 400 K
is more dramatic. The decrease of native contact percentage at

4The noise due to truncation to the electrostatic interactions can be
viewed as additional energy to the system and the temperature coupling
may remove part of such effect. The truncation may also reduce the energy
barriers hence reduce the time needed to cross the barriers.

D E

CBA

Fig. 10. A: The structure of BBA1 att 5 0, 40, 540, and 940 ps in the unfolding simulation at 380 K.B: The structure of BBA1 at
t 5 0, 45, 95, 330, and 1,210 ps in the unfolding simulation at 400 K. Only the side chains of Fen6, Phe8, and Leu17 are shown.
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t ' 100 ps signals the opening of the hydrophobic core. The drop
in native contact percentage att ' 300 ps represents the unfolding
of the contacts in the loop region, which lead to the unfolding of
the N-terminus of the helix. Att ' 1,200 ps, the native contact
percentage further decreases and corresponds to the further un-
folding of the helix. The contact maps of the structures att 5 0, 95,
330, and 1,210 ps in the 400 K simulation~Fig. 12! convey the
same messages as the native contact percentage but with more
detailed structural information. Att 5 0, the contacts in the upper
right and lower left represent the helix and theb-hairpin, respec-
tively. The contacts in the middle represent the loop and the hy-
drophobic core. Att 5 95 ps, clearly, some contacts in the loop and
the b-hairpin are disrupted, corresponding to the opening of the
hydrophobic core. Att 5 330 ps, more contacts in the loop have
disappeared and concurrently, the contacts in the helix region de-
crease, corresponding to unfolding of the N-terminal region, while
the contacts in theb-hairpin remain roughly unchanged. Att 5
1,210 ps, there is further decrease of contacts in the helix, corre-
sponding to further unfolding.

Secondary structure contents

The helix contents in the simulations are shown in Figure 11B.
Although there are considerable fluctuations, the trends are clear.
At 380 K, the overall helix contents remain high, in agreement

with the results from inspection of the trajectories. At 400 K, there
is a two-stage change in the process. The first dramatic decrease in
the number of helical residues occurred att ' 300 ps, correspond-
ing to the unfolding of helix in the N-terminal region. The second
dramatic decrease in the number of helical residues happened at
t ' 1,200 ps, corresponding to the further unfolding of the helix.
It is noted that the fluctuations in the calculated number of helical
residues are due to the Kabsch and Sander algorithm~Kabsch &
Sander, 1983! that is based on the hydrogen-bonding criteria. This
algorithm should be more precise for determining helix contents
than those methods based on the dihedral criteria, but is more
sensitive to structural fluctuations. For the 380 and 400 K simula-
tions, the number of sheet residues were found to be always around
6, which is the maximum number of sheet residues in theb-hairpin,
excluding the two turn residues. This indicates that theb-hairpin is
stable during the unfolding simulations.

Solvent accessible area

As expected, the solvent accessible area~SAA! of BBA1 increased
during the unfolding simulations. We have found that for the 380 K
simulation, SAAstarted at 2,400 Å2, increased to 2,800 Å2, and then
did not change much until the end of the simulation. For the 400 K
simulation, SAAstarted similarly at 2,400 Å2, increased slowly only
after 500 ps, and reached 2,800 Å2 at the end of the simulation. The
SAAs of those residues in the hydrophobic core should increase as
the protein is unfolded, and they are exposed to solvent. As an ex-
ample, the SAAs of Fen6, Phe8, and Leu17 in the 400 K simulation
are shown in Figure 11C. Indeed, their SAAs all increased during
the unfolding process. Interestingly, the SAAof Fen6 decreases con-
siderably in the initial unfolding process and then increases. The de-
crease in SAA should correspond to the intrusion of Fen6 into the
hydrophobic core between Phe8 and Leu17.

Discussion

Why are the stabilities of BBA1, BBA2, and BBA3 different?

The simulations suggest that BBA3 is less stable than BBA1 and
BBA2, and that BBA2 appears to be slightly more stable than

A

B

C

Fig. 11. The changes of native contact percentage, number of helical res-
idues and solvent accessible area~in Å2! in the unfolding simulations of
BBA1. A: The native contact percentages.B: The number of helical res-
idues.C: The solvent accessible areas of Fen6, Phe8, and Leu17 in the
400 K simulation.

A B

C D

Fig. 12. The contact map of BBA1 att 5 0, 95, 330, and 1,210 ps in the
unfolding simulation at 400 K.
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BBA1 in the unfolding simulations. Such a specific ordering of the
stability lacks correlation with the number of aromatic rings pre-
sented in the residue that is somewhat counterintuitive because
Fen, Tyr, and Trp are all aromatic residues and BBA1, BBA2, and
BBA3 have three, one, and two aromatic ring~s!, respectively. For
a qualitative analysis, we have calculated the interaction energies
of the Fen6, Trp6, or Tyr6 residue with the rest of the protein and
solvent, using the corresponding energy minimized structures
~Table 4!. In agreement with the stability trend observed in the
unfolding simulations, Tyr6 has the lowest interaction energy, Fen6
has the second lowest interaction energy, and Trp6 has the highest
interaction energy, which is higher than those of Tyr6 and Fen6 by
12.4 and 9.5 kcal0mol, respectively. Such an ordering of the in-
teraction energies~Trp6. Fen6. Tyr6! is not correlated with the
sizes of the side chains~Fen6. Trp6. Tyr6! notwithstanding the
fact that the interaction energy is an inherent extensive quantity.
Thus, the stability differences are most likely due to the packing
interaction differences in the structures. The packing of Fen6, Tyr6,
and Trp6 are shown in Figure 13. One sees that the packing of
Fen6 and Tyr6 are compact, while the packing of Trp6 is not. The
reason may be that Trp6 has a five-membered ring that has to be
placed perpendicular to the ring of Phe8 for optimal packing. The
same problem does not occur for Fen6 and Tyr6, which have
six-membered rings, which can pack parallel to the ring of Phe8.
This 5-member ring vs. 6-member ring difference may be the

primary packing difference between Fen6 or Tyr6 and Trp6. The
packing difference between Fen6 and Tyr6 is likely more subtle.

Why is the II9 turn more stable than the II turn?

The simulations have demonstrated that a type II turn at posi-
tion 4–5 leads to an unstableb-hairpin while a type II9 turn at the
same position leads to a stableb-hairpin. It is of particular interest
to analyze the energetic basis of this stability difference. Statistical
analyses on protein structures have found that among tight turns,
there are more type II9 turns than type II turns~Sibanda & Thorn-
ton, 1985!. Modeling building based on rigid standard geometry
suggests that a type II9 turn will result in a convergentb-hairpin,
while a type II turn will result in a divergentb-hairpin~Sibanda &
Thornton, 1985!. The energetic basis of this difference is not clear.
The stability difference between the two turns should be deter-
mined by their interaction energies with the rest of the system
~protein and water! and their intra-turn energies. For the simula-
tions of BBA1 and BBA19 at 300 K, we found that the average
total energies of the two terms are2485.36 8.7 and2485.06
11.5 kcal0mol, respectively, which cannot rationalize the stability
difference. Instead, we propose the following mechanism. Shown
in Figure 14 are the structures of BBA1~type II9 turn! and BBA19
~type II turn! around the turn region. For both turns, H6 and O3

form a hydrogen bond that holds the turn structure in place. For
BBA19, O4 is above the plane of the turn and H5 is below the plane.
The H6-O4 and H6-H5 interactions together will tend to open up
the turn because the H6-O4 distance will decrease while the H6-H5

distance will increase to lower the interaction energy. Because the
b-hairpin is right-handed twisted, as is common in protein struc-
tures~Chothia, 1973; Richardson, 1981! and can be rationalized on
energetic terms~Chou et al., 1983; Wang et al., 1996!, the tendency
of opening the turn up will be enhanced due to the twist because
their movements are in the same direction. The result will be a
flipping around the dihedral of N5-Ca5-C5-N6. That is exactly what
was observed in the simulations of BBA19, in which thec ~N5-
Ca5-C5-N6! of Ser5 has shifted from around zero to a negative
value during the unfolding of theb-hairpin. On the other hand, for
BBA1 ~type II9 turn!, O4 is below the plane of the turn and H5 is
above the plane. Similarly, the H6-O4 and H6-H5 interactions will
tend to open up the turn, but it is easy to see that this tendency will
be opposed by the right-handed twist of theb-hairpin. For these
reasons, a type II9 turn at position 4–5 may be more stable than a
type II turn.

It should be noted that the discussion presented above is based
on the observations of unfolding simulations in which the turns are
part of protein structures. Further studies may be needed to address
the issue quantitatively using free energy calculations~Anderson
& Hermans, 1988; Tobias & Brooks, 1991! such as WHAM~Ku-
mar et al., 1992! and FEP~Kollman, 1993! that is beyond the scope
of present study.

The role of hydrophobic interactions and
salt bridges in the protein’s stability

The mutations of Fen6r Ala, Phe8r Ala, and Leu17r Ala
all lead to instability of the protein in the simulations. Because the
hydrophobicities of Phe, Leu, and very likely, Fen, are higher than
Ala ~Nozaki & Tanford, 1971!, these results demonstrate that hy-
drophobic interactions are important to the stability of the protein.
The instability of the mutants is closely related to the high flexi-
bility in the hydrophobic core. This high flexibility is obviously a

Table 4. The interaction energies (kcal0mol) of residue 6
with the rest of system in BBA1, BBA2, and BBA3a

Protein Residue Interaction energy

BBA1 Fen6 2156.1
BBA2 Tyr6 2159.0
BBA3 Trp6 2146.6

aThe interaction energies were calculated on the energy minimized struc-
tures of BBA1, BBA2, and BBA3. The cutoff radius is 8 Å.

Fig. 13. The packing interactions of Fen6, Tyr6, and Trp6 in BBA1, BBA2,
and BBA3.
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result of shortening of the side chain of Fen6, Phe8, or Leu17,
which may weaken the packing interactions in the hydrophobic
core. Thus, in addition to the reductions in hydrophobic inter-
actions, weakening of packing interactions may also contribute to
the instabilities of the mutants. The mutation of the salt bridge,
Asp12 r Ala and Lys16r Ala, does not directly reduce the
interactions in the hydrophobic core because the salt bridge is on
the surface of the protein. Rather, it decreases the stability of the
N-terminus of the helix near the hydrophobic core.

The unfolding mechanism of BBA1

The unfolding simulations of BBA1 at 380 and 400 K indicate that
the unfolding process consists of two major steps:~1! disruption of
the hydrophobic core and~2! further unfolding of the structure. For
the 380 K simulation, the second step did not involve further dis-
ruption of the secondary structure, while for the 400 K simulation,
step~2! involved further unfolding of the helix. Similar processes
have been found in previous molecular dynamics unfolding sim-
ulations of other proteins~Daggett & Levitt, 1993; Tirado-Rives &
Jorgensen, 1993; Li & Daggett, 1996!, although those proteins are
much larger in size than BBA1. However, there are several special
features in the unfolding of BBA1. In the unfolding at 380 K, the
helix did not unfold even after the hydrophobic core was dissolved.
In the unfolding at 400 K, the helix unfolded, not immediately after
the opening of the hydrophobic core, but after the native contacts
in the loop region next to the N-terminal region of the helix were
disrupted. This suggests that native contacts in the loop region
stabilize the helix. These contacts may well provide some favor-
able capping interactions~Presta & Rose, 1988! to the helix be-
cause Asp12 and Ser11 are both good capping residues in the
N-terminus of a helix~Richardson & Richardson, 1988!. The com-

plete unfolding of the helix took a long time~from t 5 330 to
1,210 ps!, indicating the high stability of the helix. Indeed, it has
been found experimentally that the helix is stable at room temper-
ature~Struthers et al., 1996b!. The b-hairpin appears to be even
more stable because during the unfolding simulations at 380 and
400 K, theb-hairpin actually does not unfold. This should be at-
tributed to the intrinsic high stability of the type II9 turn at residues
4–5. Given the stability of both the helix and theb-hairpin, we
speculate that the folding of BBA1 at room temperature would start
from the formation of the helix and theb-hairpin~Kim & Baldwin,
1982! followed by the formation of the tertiary structure.

Limitations of unfolding simulations

In this study, unfolding simulations were performed to study the
relative kinetic stabilities of BBA1 and its mutants as well as the
unfolding mechanism of BBA1. The simulations were not able to
rationalize why BBA2 had a broader and less well-determined
NMR spectra than BBA1 although the lower kinetic stability cal-
culated for BBA3 compared with BBA1 or BBA2 is consistent
with its significantly broader NMR spectra. However, there is not
necessarily a one to one correspondence between the sharpness of
NMR spectra and the relative kinetic or thermodynamic stability.
Nonetheless, we generally found a fairly good correlation between
the relative kinetic stabilities in the 1 ns simulations at various
temperatures of different mutants and the experimentally observed
rigidity or amount of order of the protein structures. For this rea-
son, our unfolding simulations seem useful for analyzing relative
protein stabilities and unfolding pathways. In our simulations, a
cutoff of 8 Å was used. This did not work for BBA5, which has
more charged residues than other mutants. For BBA5, a cutoff of
10 Å had to be used to maintain a stable tertiary structure at 300 K.

A

B

Fig. 14. The twisting interactions in the type II9 turn of BBA1 and in the type II turn of BBA19. Only the side chains of residues 4
and 5 are shown.
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The inclusion of more accurate long-range interactions through
PME increases the kinetic stability presumably by reducing the
electrostatic “noise” in the atomic forces. Thus, with limited com-
puter power, if the goal is to study and understand protein unfold-
ing, the less accurate cutoff model may be appropriate provided
that one can show that it leads to stable structure in control sim-
ulations~e.g., BBA1 at 300 K!. We have presented data to suggest
that our unfolding simulations have value as an empirical method
which may provide useful insights, as can be seen also from pre-
vious unfolding simulations~Daggett & Levitt, 1993; Tirado-Rives
& Jorgensen, 1993; Caflisch & Karplus, 1994!. For characterizing
the unfolding pathway, unfolding simulation with one or a few
starting coordinates at least can be used to capture the major fea-
tures of the real unfolding process, because it has been shown that
unfolding simulations with different starting coordinates may share
some common features~Lazaridis & Karplus, 1997!. This is pos-
sible because although protein dynamics are inherently chaotic
~Zhou & Wang, 1996; Braxenthaler et al., 1997!, which makes
individual unfolding trajectories unpredictable in a time course, the
unfolding of a protein may still be within a patch of well-defined
phase space~Zhou & Wang, 1996; Braxenthaler et al., 1997!. In
principle, an unfolding process cannot be used to represent a fold-
ing process unless the folding and unfolding are reversible. There-
fore, to best understand the folding mechanism from an unfolding
simulation, the unfolding conditions should be as mild as possible.
Because of the small size of BBA1 and its mutants, we were able
to gradually increase the simulation temperatures and unfold the
proteins at very low temperatures~380 and 400 K!. From this point
of view, our unfolding simulations have an advantage in realism
over previous unfolding simulations that used much higher unfold-
ing temperatures~Daggett & Levitt, 1993; Tirado-Rives & Jor-
gensen, 1993; Caflisch & Karplus, 1994!.

A referee has suggested that multiple simulations at a given
temperature are required to establish that our results are not anec-
dotal; we disagree. The simulations reported in this study were
conducted at various temperatures for each structure, including
room temperature, below, around, and above unfolding tempera-
tures. The change of simulation temperature in our simulations
ensures that the simulations are independent and provides an im-
portant test on the consistency of the results. Furthermore, the fact
that these independent simulations~Figs. 3, 4A–C, 7A, 8A, 9A,
9B! give sensible and clear trends supports their internal consistency.

Conclusion

We have studied BBA1 and its mutants by molecular dynamics
simulations at various temperatures. Using the force field parm96
~Kollman et al., 1997!, the simulations were able to qualitatively
rank most of the relative stabilities of the mutants studied. The
simulations also provided insights into the forces that stabilize the
protein. Hydrophobic and packing interactions and a salt bridge
between Asp12 and Lys16 were found to be important to the
protein’s stability. In agreement with experiment, the stability of a
type II9 turn and the instability of a type II turn at position 5–6
were observed in the simulations. A mechanism for the stability
and instability of the two types of turns were proposed, in which
the stability difference was attributed to the different electrostatic
interactions in the two types of turns. The analyses of the unfolding
process of BBA1 at 380 and 400 K indicate that the unfolding
processes consist of two major steps:~1! disruption of the hydro-
phobic core and~2! further unfolding of the structure. Because the

helix and theb-hairpin have considerable stability during the un-
folding simulations, we speculate that the folding of BBA1 at room
temperature would proceed by the formation of the secondary
structures and followed by the tertiary structure formation~Kim &
Baldwin, 1982!.
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