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Abstract

BBAL1 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
BBAL. 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 BBAL1 goes through two major stefi$:disruption of the hydrophobic core and

(2) unfolding of the helix. The8-hairpin remains stable in the unfolding because of the high stability of the typertl
connecting the twg-strands.
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Understanding protein folding and stability is a long-standing goalBBA1 is interesting to study by simulations because it is the small-
of protein chemistryJaenicke, 1987; Dill, 1990; Fersht & Serrano, est protein without disulfide bridges that has a well-defined ter-
1993; Matthews, 1993lt is also essential in practical applications tiary structure in solution. BBA1(Struthers et al., 1996avas
such as protein engineering and degighaw & Bott, 1996. Gen-  designed based on the consensus sequence of zinc fifRgmg,
erally, to maintain a stable tertiary protein structure without the1990 and a particular zinc finger, Zif268Pavletich & Pabo,
aid of cross-links like disulfide bonds or metal binding inter- 1991). The protein does not require a zinc ion to be stable in
actions, a natural protein or its domain should have at least 6@queous solution. The solution structure of the protein has been
residues(Srere, 1984; Goodsell & Olson, 1993However, re-  solved by NMR spectroscopy and shares a similar fold to that of a
cently, this limit has been lowered by several designed or engizinc finger (Struthers et al., 1996aThe three-dimensional NMR
neered proteins. The villin headpiece domain engineered btructure, amino acid sequence, and secondary structure elements
McKnight et al. has 36 residues but maintains a tertiary structuref the protein are shown in Figures 1 and 2. Similar to a zinc
consisting of three helices in solutidMcKnight et al., 1997. finger, the tertiary structure of the protein consists ofaahelix
Two other proteins, both designed based on the structure or corand ag-sheet, which arrange like an “L” with an acute angle
sensus sequence of zinc fingers, namely, BB&fruthers et al., between them. The major differences between BBAL and a zinc
1996a and FSD-1(Dahiyat & Mayo, 1997, have 23 and 28 finger are:(1) The a-helix-8-sheet interface of BBA1 has been
residues, respectively, and maintain a simildp tertiary fold as  designed into a hydrophobic core that helps to stabilize the protein,
a zinc finger in solution. Because of their small size, it is of independent of a zinc ion, while in a zinc finger, a zinc ion is
particular interest to study the forces that stabilize these proteineeeded at the-helix-8-sheet interface to stabilize the zinc finger
and the mechanisms by which they fold. (Frankel et al., 1987; Parraga et al., 199@) the angle between
We have performed molecular dynamics simulations on BBAlthe a-helix and theB-sheet in BBA1 is slightly larger than that of
and several of its mutantStruthers et al., 1996a, 1996b, 1998 a zinc finger. To maintain its discrete structure, BBA1 still requires
two unnatural amino acidéStruthers et al., 1996aa p-Proline

Reprint requests to: Peter A. Kollman, University of California, Depart- residue at position 4 and a(3;10-phenanthrol-2-yi-alanine(Fen

ment of Pharmaceutical Chemistry, Box 0446, Room 101, 513 Parnassu&esidué(Fig. 2) at position 60-Pro4 and Ser5 form a type’ Hurn
San Francisco, California 94143-0446; e-mail: pak@cgl.ucsf.edu. connecting the two strands of tjgehairpin; the Fen residue is part
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Fig. 1. The structure of BBAL. Only the side chainsmPro4, Ser5, Fen6, Phe8, Asp12, Leul4, Lys16, and Leul? are displayed. Fen6,
Phe8, Leul4, and Leul? are the major residues of the hydrophobic core.

of the hydrophobic core. Experimentally, it was found that the To study the kinetic stability of BBA1 and its mutants, we have
type II' turn is essential for the stability of thgzhairpin(Struthers  performed nanosecond molecular dynamics simulations at differ-
et al., 1996k replacing the type Ilturn with a type Il turn by  ent temperatures from 300 to 400 K with explicit representation of
switching the chirality ofp-Pro4 and Ser5 to Pro4 amaSer5  solvent. The stability of BBA1 or one of its mutants was estimated
disrupts theB-hairpin while the helical structure is largely intact. from its ability to stay folded as the temperature was raised. In
The Fen residue also appears to be important for maintaining thprinciple, a more quantitative measurement of the stability differ-
protein’s well-defined structure in soluti@gStruthers et al., 1998  ences between BBA1 and its mutants can be estimated by calcu-
the Fen6— Tyr mutation(BBA2) increases the flexibility of the lating their folding free energy differences with the free energy
hairpin and the Fené> Trp mutation(BBA3) completely disrupts  perturbation FEP method(Kollman, 1993. However, due to the
the tertiary structure of the protein. These observations are intereonsiderable structural changes involved in the mutations of BBA1,
esting cases for testing of our simulation methods and force fieldit is difficult to reliably estimate the folding free energy differences
However, the Fen residue in BBAL is not essential for maintainingwith the FEP method, which are accurate only for small structural
a well-defined structure; Struthers et #1998 have designed changegvan Gunsteren, 1989; Kollman, 1993n addition, the
variants of BBA1 with a Tyr at position 6 and charged residues atunfolding simulations provide us with an opportunity to charac-
positions 2 and 7, which have NMR structures as well resolved agerize the protein’s unfolding pathways. As an extension to such an
that of BBAL. approach, calculations of the folding free energy landscape have
been attempte@Boczko & Brooks, 199busing unfolding simu-
lations. Such calculations may yield valuable information but are
computationally expensive because they require extensive sam-

A Type I pling at the relevant conformations and connecting regions. For a
turn qualitative understanding of the kinetic stability, as we will dem-
AcYTVoPSZTFSRSDELAKLLRLHAGNH: onstrate later, much can be learned through unfolding simulations.
Hirst and Brookg1995 applied such methods in the study of the
1 45 8 13 20 stabilities of fragments of apomyoglobin.
Loop The subsequent sections are organized as follows. In the first

o ) part of Results, we analyze the stability of BBA1 and its mutants
B~hairpin o-helix 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 BBAL,
BBA2, BBA3, and the mutant with the’lturn — Il 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.

Fen (F) In Discussion, we analyze the possible energetic bases of the sta-
3-(1,10-phenanthrol-2-yl)-L-alanine bility differences between BBA1 and its mutants. We also discuss
Fig. 2. A: The sequence of BBA1 and the secondary structures. Type || the unfolgimg rnechgnlsm of BBAL apd comme_nt onthe I|m|_tat|ons
turn, 4-5; B-hairpin, 1-8; loop, 9-12; helix, 13-20. “Z" stands for Fen ©Of unfolding simulations. In Conclusion, we briefly summarize the
residue.B: The chemical structure of Fen residue. results.
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Materials and methods used, either for the simulations with or without applying the Particle-
Mesh Ewald(PME) method(Darden et al., 1993to include the
contributions of long-range interactions. For the PME calculations,
we used a 1 Ayrid size and the fourth order B-spline interpolation
The NMR structure of BBA1 was solved by Struthers e{B98.  to calculate the potential and forces in between grid points. To
The structures of the mutants were generated by model buildingmprove simulation efficiency, only those bond lengths involving
using standard geometry based on the coordinates of BBAL. Theydrogen atoms were constrained with the SHAKE algorithm
atomic charges of the Fen residue were calculated by fitting thgRyckaert et al., 1977 Each MD simulation was about 1 ns and
electrostatic potential around the dipeptide model, Ace-Fen-NMeprior to each simulation, the system was energy minimized for 500
using the RESP metho(Bayly et al., 1993 Here “Ace” and  steps and equilibrated for about 5 ps. All the simulations were

“NMe” stand for acetyl and N-methylamide groups, respectively.performed on the CRAY T3E machine at the Pittsburgh Super-
The electrostatic potential was obtained by a single point ab initiccomputing Center.

guantum mechanical calculation using Gaussiatfdsch 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 Analyses of MD trajectories

side-chain dihedral of Fen was chosen to be in an extended cofEor each simulation, the root-mean-square deviatig&MSDs of
formation, with the side-chain dihedrgl (N-C,-Cs-C,) = 180.  the trajectories recorded at 5 ps interval were calculated for the
Most of the bond, angle, and dihedral parameters of Fen wergackbone atoms G N, C and, O with reference to the starting
available in the AMBER force field. The missing parameters werestructure att = 0. Only residues 1-20 were considered in the
assigned the values of similar types in the force figleble . calculations because the C-terminal of the héfesidues 21-23
was frayed and quite flexible in the molecular dynamics simula-
tions. The experimentally determined structure indicated that the
Simulation procedures C-terminal was only frayed at residue 23. The RMSDs were cal-

The molecular dynamicéMD) simulations and energy minimiza- culated after optimal superimposition of the coordinates to remove

tion were performed with the SANDER module of the AMBER4.1 translational and rotational motidiKabsch, 19786 The structure
program(Pearlman et al., 1995using periodic boundary condi-. att = 0 was used as the reference rather than the NMR structure

tions (Allen & Tildesley, 1989. Two sets of force fields were of BBA1, because the RMSDs better represented the structural

tested, parm94, reported by Comell et @995 and parm96 changes in the simulations. The: 0 structures of the simulations,
reported by Kollman et al1997), which differ only in the and which were generated from short equilibration, generally had very

i torsional potentials. Eventually, parm96 was used for most of théImllar folds to that of the native structure with RMSD2 A.

simulations. BBA1 or one of its mutants was placed at the center Because the absolute values of dihedrals cannot be defined

of a box of 45 45 X 45 A3 filled with TIP3P water molecules uniquely, direct calculation of the average backbone dihedfé)s

(Jorgensen et al., 19B8nder standard conditions; the number of 2nd (%) of residues along the MD trajectories may give unrea-
water molecules was-2,660. One CI counterion was placed sonable results. Instead, we used the vector average method from

near Arg19 to maintain the neutrality of the system. The time Steiircular statisticsgBatschelet, 1981to calculate thg average di-
of the MD simulations was 2 fs. The pressude atm) and the edrals. Eaph d|hec:]raﬂ was expressfedh asd% Lc’jn'tl vectar =
temperatures of the systems were controlled by Berendsen’s methG@3? & + Sinfey. The vector sum of the dihedral¥a, was

(Berendsen et al., 1984In all cases, a 8 A cutoff radius was normalized and expressed ag - COSImE + SINOmeEy. Om Was
used to represent the average dihedral and does not depend on the

definition of the sign and zero point of individuék. Oncea,,, was
determined, we calculated the angles between each vaoidth
am simply from their dot products, and the fluctuation of the angles

Model and force field

Table 1. The angle and improper dihedral parameters was used as the fluctuation of the dihedrals around the mean
of Fen that are not available in AMBER 41 dihedral.
Angle or dinedral K N P The secon_dary structure conteftelix, sheet, and othgwere

0 calculated with the Kabsch—Sander algoritfidabsch & Sander,
CA-CA-NC 70.0 1228 1983 implemented in the MidasPlus packadeerrin et al., 1988
CT-CA-NC 70.0 117.2  The default hydrogen bonding energy criterion-e®.5 kca)/mol
CB-CB-CB 70.0 122.7 Wwas used.
CA-CB-CA 70.0 125.4 The solvent accessible are@AAs) of the structures were cal-
HA-CA-NC 35.0 117.2  culated by the Boolean logic meth¢de Grand & Merz, 1998
CA-CB-CB-CA 11 2 180.0  Essentially, each atom surfacwith a radius of van der Waals
CB-NC-CB-CB 11 2 180.0  (vDW) radius+ the probe radiuswas represented by dots with a
,c\l;,i-(c::-(czg-cc;g 11 g 128'8 given density; the area was calculated as number of dotot
CB-CB-CB-NC 11 5 180.0 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-
4CB, carbon atoms connecting two rings in Fen; CA, other carbon atomgjons was 3.0A2. The probe radius was 1.4 A

in the aromatic rings; HA, hydrogen atoms attached to CA. The angle . .

potential iSE, = Ki(6 — 65)2. The improper dihedral potential By — _ To calculate the native con_tact percgntage of a given structure,

Ki[1 + cos(nd — 6o)]. Ky is in kcal/(mol ded) for the angles and kcanol first, the number of contacts in the native structbkewas calcu-

for the improper dihedralg), is in degrees. lated. Two residues are considered to be in contact if any heavy
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atom(C, N, O, 9 of one residue is within 4.5 A from any heavy
atom of the other residu@daggett & Levitt, 1993 Contacts be-
tween neighboring residués andi + 1) were excluded. Second,
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BBA1, BBA2, and BBA3

The RMSDs in the time course for the proteins simulated at
different temperatures are shown in Figure 4. For BEED. 4A),

the contactsN; were counted for the given structure, but for the at 300 and 360 K, the RMSDs of the trajectories remain around
same contact pairs in the native structure. The native contact pep A (the average is slightly less than 2),Aindicating that the

centage of the given structure i /Ny X 100%.

Results

The stability of BBA1 and its mutants

In the following, we use BBA1to denote the BBA1 mutant that
has a type Il turn at positions 4«b-Pro4 — r-Pro & L-Ser5—
p-Ser mutations BBA2 and BBA3 represent the mutants of
Fen6 — Tyr and Fen6— Trp, respectively. Other mutants are
represented by their residue changes. For example, FeAB is
the BBA1 mutant that has Fem Ala mutation at position 6.

Parm94 vs. Parm96

structure is stable at these temperatures in the simulations. At
380K, the RMSD increases to beyb2 A at about 350 ps and
reaches abdis A att = 1 ns. The structure at= 1 ns is unfolded
(Fig. 5A). However, the secondary structures seem intact. At 400 K,
the RMSD increases to 8.5 A ai= 450 ps, but goes down to 5 A
att = 1 ns. If one prolongs the simulation, the RMSD goes up
againto 7.8 Aat = 1.4 ns.

Similar to BBA1, BBA2 remains stable in the unfolding simu-
lations at 360 K(Fig. 4B), and its RMSD is abdw2 A att = 1 ns
and the average RMSDs are around 2 A at 300 and 360 K. At
380K, the RMSD remains almost constant around 1.5 A until
~700 ps and then goes up 8 A att = 1 ns. Although the RMSD
is not large, the structure has clearly unfold&tg. 5B). At 400 K,
the RMSD increases after about 400 ps and reaghkatt = 1 ns.
Since the unfolding of BBA2 at 380 or 400K is slower than that

Recently, it was shown that modification of the dihedral poten-Of BBAL, it appears that BBAZ is kinetically more stable than

tials of ¢ (C-N-Ca-C) andys (N-Ca-C-N) of the peptide backbone
in parm94(Cornell et al., 1995 which led to parm98Koliman

BBAL1 in the simulations. However, it should be noted that this
kinetic stability might not necessarily reflect the thermodynamic

et al., 1997, gave a conformational energy profile of alanine tet- Stability, which is determined by the free energy difference be-
rapeptide that was in better agreement with high level ab initiotween the folded and unfolded states of a protein. This issue will

calculations. The effect of the modification is that in parm96, thePe discussed further below.

relative stability ofB-sheet vsa-helix is more favorable for the
B-sheet than in parm9&ollman 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 BBAL, indicating that the structure is stable in the

simulations. However, for BBA2 with parm94, the RMSD in-
creases to abows A 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, BBAL has better defined NMR spegtrave used parm96
for all our simulations. By examining the structure of BBAZ at

1 ns with parm94, we found that thghairpin of the protein has
unfolded. The increased stability gfstructures in parm96, there-
fore, is important to the stability of the-hairpin.
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Fig. 3. The RMSDs of BBA1 and BBA2 simulated with parm94 and parm96 Fig. 4. The RMSDs of BBA1, BBA2, and BBA3 simulated at different

at 300K using a 8 A cutoff.

temperaturesA: BBAL. B: BBA2. C: BBA3.
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SR

Fig. 5. The unfolded structures &t= 1 ns for BBA1 and its mutant#\: BBA1, 380 K.B: BBA2, 380 K.C: BBA3, 360 K.D: BBAY/,
330K. E: Fen6— Ala, 300 K. F: Asp1l2— Ala and Lys16— Ala, 330K.

Compared with BBA1 and BBA2, BBA3 appears to be less sitive to temperaturé€Table 2. The BDFs of Ser5 are larger than
stable(Fig. 40). In the simulations, BBA3 is stable at 300 and those of Pro4, apparently due to the rigidity of Pro residue backbone.

330K, as is indicated by a low RMSD around or held A at 300
and 330 K. But, at 360 K, the RMSD quickly increases and reaches BBAT

about 8 A at the end of the simulation. The end structure is un- If the type I turn is replaced by a type Il turtBBAL') by

folded (Fig. 50). simply changing the chirality ob-Pro4 and.-Ser5, at 300 K, the

Experimentally, it was found that BBA1 has a well-defined struc-
ture in NMR, but BBA2 and BBA3 do not. Circular dichroism
experimentgB. Imperiali, unpubl. datalead to similar curves as
a function of temperature for BBA1, BBA2, and BBA3, but they

may be dominated by the presence of thielix. Our simulated 100 A ' ' ' BE:A1 '300}'(
unfolding kinetic stability of BBA1, BBA2, and BBA3 suggests BB ’ K
that BBA1 and BBA2 have comparable kinetic stability, and BBA3 80 o BBQ? gggK

has less kinetic stability. The NMR data of BBA1 were sharp and

well defined, whereas broadened signals were observed for those ~ 60
residues near residue 6 for BBAZ-10. For BBA3, broadening 3

was observed at all residues and was particularly extreme for 40 |
residues 1-12Struthers et al., 1998We have calculated the back-

bone dihedral fluctuationédBDFs) of BBA1, BBA2, and BBA3 at 20
300 and 360 K and the results are presented in Figure 6. At 300 K,

all have comparable and low BDFs, although, surprisingly, BBA3 100 . . R )

has the lowest BDF. At 360 K, the trend is in reasonable agreement B —— BBAT1, 360K
with the experiment: BBA2 has a higher BDF than BBAL, in the -0 3 — BBA2, 360K
loop region and in the helix; BBA3 has the highest BDF in a broad [ ——— BBAS3, 360K /
region from the loop to most part of the helix. The BDFs at the end 60 r X //\\//\w\ /

of the helix are high. This is because the end of the helix is frayed 4,
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 II" turn at positions 4—Struthers et al., 1996bBecause of 20 ]
its intrinsic stability in solution, the turn is likely to be a structural
nucleation element of foldin¢Struthers et al., 1996bindeed, we 0 b - é . é . 1'3 —- 1'7 - 2'1

found the turn to be stable in the simulations, even at the unfolding

temperatures. The average backbone dihedrals of the turn residues residue number

of BBAL, BBA2, and BBA3 are all close to the standard dihedralsrig. 6. The BDFs of BBAL, BBA2, and BBA3, simulated &&) 300 K and

of a type II' turn, and the fluctuations of the dihedrals are insen-(B) 360 K.
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Table 2. The average backbone dihedrals and their fluctuations 14 T — T T
(in degrees) of the type’lturn (po-Pro4, .-Serb) of 12 | A ]
BBA1, BBA2 and BBA3 in the simulatichs — 300K
10 t‘ ............ 330K -
BBA1l BBA2 BBA3 < ——— 360K 1
~ 8 } n
300K 62+ 11 60+ 11 60+10 9 . \
-121+16  -119+16  -121+15 = I W e AU |
8727  -98:30  -85x23 = , | M AWt -~ A e
+ + + . 7 NS adaa
33 13= 32 43l o | .,.-M"'-A‘/C!,i‘w‘if"""‘u "\M\,x ..,.,.».,.,w-“" ]
360K 62+ 11 61+ 11 60+ 11
—-119+ 17 —119+ 16 —114+ 21 0 1 " 1 1 . L s
—91+ 27 —84 + 28 —97+ 30 0 200 400 600 800 1000
-1+ 35 —4 + 28 2+ 27 time (ps)
400K 62+ 12 63+ 13 100
-118+19  —114+20 ' T ' '
—102 + 29
—104+ 31
11+ 30 2+ 40
Standard type Ilturn® 60 o
—120 <
-80
0
aFor each case, the four dihedral values and their fluctuations are those
of the ¢,y of p-Pro4 ande,y of L-Ser5, respectively. 0 1 ) 1 2 L
bFrom Sibanda and Thornta1985. 1 5 9 13 17 21

residue number

Fig. 7. The (A) RMSDs and(B) BDFs of BBA1' simulated at 300, 330,
and 360 K.

protein unfolds but interestingly, the helical part is largely intact
(Struthers et al., 1996bWe have model built the structure of
BBAL1’ and performed MD simulations on BBA&t 300, 330, and
360 K. Fen6— Ala, Phe8— Ala, and Leul7— Ala
At 300K, BBAY' is stable in the simulation with an almost  Since Fen6, Phe8, and Leul? are at the center of the hydropho-
constant RMSD around 1.6 ,{iFig. 7A). At 330K, the RMSD  bic core of BBA1, it is of interest to mutate each one of these
fluctuates considerably in the beginning of the simulation andresidues into an alanine residue and see their influences on the
increases to 4.3 A at= 1 ns. Inspection of the structuretat 1 ns  protein’s stability. The results are shown in Figure 8.
indicates that thg-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 increasesét A in
300 ps and then fluctuates and reaches 4.3 A=atl ns. Table 3. The average backbone dihedrals (in degrees)
The BDFs and the average backbone dihedrals in the turn andf BBAZL in the turn (4-5) and helix regions (12—-20)
helix region of BBAI at 300, 330, and 360 K are shown in Table 3 at 300, 330, and 400 K
and Figure 7B. As the temperature is raised, the BDFs in the

B-hairpin and loop region increase significantly, while the fluctu- 300K 330K 360K
ations in the helix region remain low. The average backbone di-
hedrals of the helix region at the three temperatures indicate thaTturn

edrals < reglor peratu — Pro4 —46, 110 ~66, 140 —64, 123
the helix part remains helical. The BDFs at 330 K in gybairpin Sers 84,8 88-3 96,118
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- Helix

. o . L . Glul3 —70,—-42 —69, —42 —70,-41
rier, and remains in a relatively stable minimum after unfolding, Leuld 62 —45 62 —42 59 —45
suggest_lng a kinetic trap in the vicinity of tlipartially) unfolded Alals 55 —44 ~60 —43 _57 —42
state. Slmllarly,.the BDF§ pf-SerS are larger than thoseiePro4 Lys16 _51,-49 _52, 50 _54, 49
because-Pro4 is more rigid. Interestingly, at 360 Kj) of p-Ser5 Leul? ~54, 54 ~54, 50 57, -50
has shifted from around zero to a quite negative valugl8), Leul8 —58, —46 —58, —46 —57, 43
while the other average dihedrals of the turn stay close to the ideal Arg19 —57,-48 —59, —45 —55, —47
values of type Il turn. This indicates that as the temperature is Leu20 —59, -51 —57,-47 —61, —49
raised, there is a conformational change associated with the change
in the ¢ dihedral of p-Ser5, accompanying by thg-hairpin 3For each residue, the two dihedral values are the avefagad i,

unfolding. respectively.
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20 — T T T
—— Fen6->Ala, 300K A
16 F Fen6->Ala, 330K ]
—— Phe8->Ala, 330K
—_ ——- Leu17->Ala, 330K
L 12 | - Aspi2->Ala & Lysi6->Ala, 330K .
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Fig. 8. A: The RMSDs of Fen6- Ala, Phe8— Ala, Leul7— Ala, and
Aspl2— Ala and Lys16— Ala. B: The BDFs of Fen6- Ala, Phe8— Ala,
Leul7— Ala, and Asp12— Ala and Lys16— Ala.

All the mutations result in destabilization of the protein. The

mutant Fen6— Ala is unstable at 300 K, as indicated by a slow
increase in RMSD after 400 ps and a RMSD of abbd at 1 ns
(unfolded, see Fig. 5E at 330K, the RMSD of the mutant in-
creases from the beginning of the simulation and reméhk att =

1 ns. Phe8 Ala and Leul7— Ala are unstable at 330 K and their
RMSDs are 6.4 and 5.3 A, respectivelyt at 1 ns. All the mutants
have large BDFs in the loop regiofBig. 8B), and there are large
BDFs in the helix region as well in Phe8 Ala and Leul7— Ala
mutants.

Aspl2— Ala/Lys16— Ala
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Fig. 9. A: The RMSDs of BBA1 simulated at 300, 360, and 380 K with
PME. B: The RMSDs of Fen6- Ala simulated at 330, 360, and 380 K
with PME.

The influence of long-range interactions

In all the above simulations, we used a cutoff radius of 8 A, 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 Asp12 Ala/Lys16 — Ala with 8 A to
be a reasonable approximation because the two charged groups are
close in space and the total charge is zero. In particular, BBAl is
stable in the simulation at 300 K witta8 A cutoff. This provides
the basis for comparing the stability of BBA1 and its mutants. So
far, the results of our simulations Wi8 A 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., 199%or two cases, BBA1 and Fen& Ala.

With long-range interactions included by PME, both BBA1 and
Fen6 — Ala become kinetically more stable compared with the
corresponding cutoff simulatiori&ig. 9. With PME, even at 400 K,
BBA1 is still quite stable with its RMSD fluctuating around 2.5 A,
although the RMSDs are larger than those at 300 and 360 K. This
is in contrast with the unfolding of BBA1 at 400K in the cutoff

The salt bridge formed by Asp12 and Lys16 at the N-terminal ofsimulation. With PME, Fen6— Ala is stable until 360 K and
the helix may provide a capping interaction that stabilizes thebecomes unstable at 400 K, as is indicated by a large fluctuation in
helix. Although the mutation of the two charged residues into twoRMSD. In the cutoff simulation Fené> Ala had been unstable at
alanine residues does not alter the hydrophobic core, it can redu@90 K and rapidly unfolded at 330 K. From the simulations with
the stability of the N-terminal helix next to the loop region, and the PME, we can still see that BBAL is more stable than FenBla,
resulting increase of flexibility in the loop region may decreasebut the difference is smaller than that in the cutoff simulations.
the stability of the protein. To test the hypothesis, we performedTherefore, with long-range interactions included, it is more diffi-

the simulation on the mutant Asp12 Ala/Lys16— Ala at 330 K.
The mutant is indeed found to be unstable. The RMBIQ. 8A)

cult to differentiate the stability of BBA1 and Fené Ala. Pre-
sumably these owe partly to the time frame of our simulations.

of the mutant increases shortly after the simulation starts an@®ne may expect that with PME unfolding would occur at extended

reaches 6.1 A at = 1 ns (the unfolded structure is shown in

simulation time scale that is in contrast to the relatively short time

Fig. 5F). The BDF also indicates that there are large fluctuationsneeded to unfold the proteins in the cutoff simulations. This is

in the loop region and in most parts of the helkig. 8B).

consistent with the fact that the PME, with the inclusion of long-
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Fig. 10. A: The structure of BBAL at = 0, 40, 540, and 940 ps in the unfolding simulation at 38BKThe structure of BBAL at
t =0, 45, 95, 330, and 1,210 ps in the unfolding simulation at 400 K. Only the side chains of Fen6, Phe8, and Leul7 are shown.

range electrostatic interactions, represents the interactions acclihe unfolding mechanism of BBA1 at 400 K

rately. The Cutoff, on the other han_d, Is less accure_lte than PME Iq’he small size of BBA1 makes it a particularly interesting system
the representation of the energetic surface and inevitably |ntrof-Or studying protein folding mechanisms. For comparison, we have
duces noise and effectively elevates the simulation temperaturgxamined the unfolding processes of B.BAl at 380 and ’400 K
and makes it possible to reveal the unfolding process within a gp '
Shlct)r;flgzllr;LE)I:t:Z)r’:etgrlﬁaictif:.usé&A cutoff in the simulations Description of the unfolding process

is only appropriate for comparing the stability of mutants that From the trajectories, we found that the unfolding of BBA1 at

differ mainly in short-ranged interactions. As a necessary condiS80 and 400K both consist of the following two basic steps

tion for a proper comparison, the native structure must be stable ihFi9- 10 First, the hydrophobic core was dissolved as the helix
the simulation wib 8 A cutoff at room temperature. This may not and theB-hairpin gradually separated from each other. Second, the

work for systems with many charged groups. For example, we lateflydrophobic core further opened up and structure became ex-

found that BBA5(Fen6—s Tyr, Thr2 — Arg, and Thr7— Asp), tended. Before the hydrophobl_c core fell apart, the Fen residue first

which has two additional charged groups compared with BBA1Protruded into the hydrophobic core between Phe8 and Leul7,

and a well-defined tertiary structure at 300(8truthers et al., Which might have helped to pry open the hydrophobic core. The

1998, was not stable in the simulation at 300 K i A cutoff protrusion of the Fen residue into the .hydro.phoblc core happened

(data not shown Only with 10 A cutoff does BBAS become stable €a1Y: att =40 ps and = 45 ps, respectively, in the 380 and 400 K

in the simulation at 300 K. Therefore, for a proper comparison ofSimulations. The opening of the hydrophobic core occurred-at

the stability of BBAS and BBAL and other mutants, it appears that>20 PS at 380 K.and at an earlier timetof 95 ps at 400 K. There

at least 10 A cutoffs have to be used. These comparisons involVWere still some tertiary contacts in the loop region after the hy-

simulations requiring significantly more computer time and weredrophobic core had opened up. These tertiary contacts were dis-

not pursued in this study. It is noted that the two charged residue@/Pted at =940 ps at 380 K and at= 330 ps at 400 K. At 400K,

at positions 2 and 7 in BBA5 may not be necessary for maintaining€ Nelix then remained stable urtii= 1,230 ps when it further

its well-defined tertiary structure. In BBA6, Asp7 was replaced unfolded. The3-hairpin was stable in the unfolding processes both

with the polar neutral asparagine and in BBA7, Arg2 was replacedt 380 K and at 400K.

by a serine. Both BBA6 and BBA7 have well-defined tertiary )

structures in solutioriStruthers et al., 1998The contribution of Native contacts

charged or polar amino acids at positions 2 and 7 appears to be the The native contact percentages in the unfolding processes are

destabilization of undesired conformations rather than a particushown in Figure 11A. The unfolding at 380K does not have a

larly stabilizing interaction across the hairpiStruthers et al., significant change in native contact percentage. But it is clear that

1998. att =~ 500 ps there is decrease in native contact percentage, cor-
responding to opening of the hydrophobic core ant~at950 ps,

4 . ) . i there is a further decrease in native contact percentage, correspond-
The noise due to truncation to the electrostatic interactions can ber

viewed as additional energy to the system and the temperature couplin&'g to dlsrupthn of the tertiary contact§ in the loop _reglon. The
may remove part of such effect. The truncation may also reduce the enerdgnange of native contact percentage in the unfolding at 400 K
barriers hence reduce the time needed to cross the barriers. is more dramatic. The decrease of native contact percentage at
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(]
2 s00 | ——= Leul7
3 ] with the results from inspection of the trajectories. At 400 K, there
§ 200 N ] is a two-stage change in the process. The first dramatic decrease in
= A \,“ A i n I”Q\ I w,k the number of helical residues occurred &t 300 ps, correspond-
= T ST WO L TR Ll PR IR i : : o ) >
®© 100 l\?{jtrf,‘\ 4,?“1‘1{* %ﬁWNW‘MWW‘ ’M' %ifrﬁ . ing to the unfolding of helix in the N-terminal region. The second
§ i dramatic decrease in the number of helical residues happened at
0 1

. : . y y t ~ 1,200 ps, corresponding to the further unfolding of the helix.
0 200 400 600 800 1000 1200 1400 It is noted that the fluctuations in the calculated number of helical
residues are due to the Kabsch and Sander algorifeiysch &
Fig. 11. The changes of native contact percentage, number of helical resSander, 198Bthat is based on the hydrogen-bonding criteria. This
idues and solvent accessible at@aA?) in the unfolding simulations of  algorithm should be more precise for determining helix contents
BBAL. A: The native contact percentags. The number of helical res-  than those methods based on the dihedral criteria, but is more
idues. C: The solvent accessible areas of Fen6, Phe8, and Leul? in thgg ngitive to structural fluctuations. For the 380 and 400 K simula-
400 K simulation. . .
tions, the number of sheet residues were found to be always around
6, which is the maximum number of sheet residues irBtairpin,
excluding the two turn residues. This indicates that@Heirpin is
t =~ 100 ps signals the opening of the hydrophobic core. The drogtable during the unfolding simulations.
in native contact percentagetat 300 ps represents the unfolding
of the contacts in the loop region, which lead to the unfolding of ~Solvent accessible area
the N-terminus of the helix. At = 1,200 ps, the native contact As expected, the solvent accessible #8%A) of BBA1 increased
percentage further decreases and corresponds to the further uedring the unfolding simulations. We have found that for the 380 K
folding of the helix. The contact maps of the structures=a0, 95, simulation, SAA started at 2,40*fincreased to 2,800%and then
330, and 1,210 ps in the 400K simulati¢Rig. 12 convey the  did not change much until the end of the simulation. For the 400 K
same messages as the native contact percentage but with maienulation, SAA started similarly at 2,40 fincreased slowly only
detailed structural information. At= 0, the contacts in the upper after 500 ps, and reached 2,8004k the end of the simulation. The
right and lower left represent the helix and {Béairpin, respec- SAAs of those residues in the hydrophobic core should increase as
tively. The contacts in the middle represent the loop and the hythe protein is unfolded, and they are exposed to solvent. As an ex-
drophobic core. At = 95 ps, clearly, some contacts in the loop and ample, the SAAs of Fen6, Phe8, and Leul7 in the 400 K simulation
the B-hairpin are disrupted, corresponding to the opening of theare shown in Figure 11C. Indeed, their SAAs all increased during
hydrophobic core. At = 330 ps, more contacts in the loop have the unfolding process. Interestingly, the SAA of Fen6 decreases con-
disappeared and concurrently, the contacts in the helix region desiderably in the initial unfolding process and then increases. The de-
crease, corresponding to unfolding of the N-terminal region, whilecrease in SAA should correspond to the intrusion of Fen6 into the
the contacts in thgg-hairpin remain roughly unchanged. At= hydrophobic core between Phe8 and Leul?.
1,210 ps, there is further decrease of contacts in the helix, corre-
sponding to further unfolding.

time (ps)

Discussion

Secondary structure contents Why are the stabilities of BBA1, BBA2, and BBA3 different?
The helix contents in the simulations are shown in Figure 11B. y are the stabiiities o ' »an erent:

Although there are considerable fluctuations, the trends are cleafhe simulations suggest that BBA3 is less stable than BBA1 and
At 380K, the overall helix contents remain high, in agreementBBA2, and that BBA2 appears to be slightly more stable than
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Table 4. The interaction energies (kcahol) of residue 6
with the rest of system in BBA1, BBA2, and BBA3

1301

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

Protein Residue Interaction energy ]

Why is the Il turn more stable than the Il turn?
BBA1 Fen6 —156.1 . . .
BBA2 T;TS 1590 The simulations have demonstrated that a type Il turn at posi-
BBA3 Trp6 _146:6 tion 4-5 leads to an unstahBehairpin while a type 1 turn at the

same position leads to a stalgléhairpin. It is of particular interest
aThe interaction energies were calculated on the energy minimized struct—0 analyze the ene.rgetic basis of this stability difference. $tatistica|
tures of BBAL, BBA2, and BBA3. The cutoff radius is 8 A. analyses on protein structures have found th_at among tight turns,
there are more type'lturns than type Il turngSibanda & Thorn-
ton, 1985. Modeling building based on rigid standard geometry
suggests that a type’lturn will result in a convergenB-hairpin,
while a type Il turn will result in a diverger-hairpin (Sibanda &
BBAL in the unfolding simulations. Such a specific ordering of the Thornton, 1985 The energetic basis of this difference is not clear.
stability lacks correlation with the number of aromatic rings pre-The stability difference between the two turns should be deter-
sented in the residue that is somewhat counterintuitive becausgined by their interaction energies with the rest of the system
Fen, Tyr, and Trp are all aromatic residues and BBA1, BBA2, and(protein and wat@rand their intra-turn energies. For the simula-
BBA3 have three, one, and two aromatic risig respectively. For  tions of BBA1 and BBAL at 300 K, we found that the average
a qualitative analysis, we have calculated the interaction energiggtg| energies of the two terms are485.3+ 8.7 and—485.0+
of the Fen6, Trp6, or Tyr6 residue with the rest of the protein and1 1.5 kcaymol, respectively, which cannot rationalize the stability
solvent, using the corresponding energy minimized structuregjifference. Instead, we propose the following mechanism. Shown
(Table 4. In agreement with the stability trend observed in the Figure 14 are the structures of BBAtype II' turn) and BBAY
unfolding simulations, Tyr6 has the lowest interaction energy, FenGtype 11 turn) around the turn region. For both turnsg End O
has the second lowest interaction energy, and Trp6 has the highegrm a hydrogen bond that holds the turn structure in place. For
interaction energy, which is higher than those of Tyr6 and Fen6 b)BBAl’, 0, is above the plane of the turn and 4 below the plane.
12.4 and 9.5 deh]Ol, respectively. Such an Ordering of the in- The |—%_O4 and I—h_Hs interactions together will tend to open up
teraction energie€Trp6 > Fen6> Tyr6) is not correlated with the  the turn because thegHD, distance will decrease while thesHis
sizes of the side chairi§en6> Trp6 > Tyr6) notwithstanding the  djstance will increase to lower the interaction energy. Because the
fact that the interaction energy is an inherent extensive quantityﬁ_hairpin is right-handed twisted, as is common in protein struc-
Thus, the stability differences are most likely due to the packingyres(Chothia, 1973; Richardson, 1984nd can be rationalized on
interaction differences in the structures. The packing of Fen6, Tyfﬁenergetic terméChou et al., 1983; Wang et al., 199he tendency
and Trp6 are shown in Figure 13. One sees that the packing qif opening the turn up will be enhanced due to the twist because
Fen6 and Tyr6 are compact, while the packing of Trp6 is not. Theheir movements are in the same direction. The result will be a
reason may be that Trp6 has a five-membered ring that has to Qﬁpping around the dihedral of NC,s-Cs-Ng. That is exactly what
placed perpendicular to the ring of Phe8 for optimal packing. Theyas observed in the simulations of BBAin which they (Ns-
same problem does not occur for Fen6 and Tyr6, which haves .C.-Ng) of Ser5 has shifted from around zero to a negative
six-membered rings, which can pack parallel to the ring of Phe8yajue during the unfolding of the-hairpin. On the other hand, for
This 5-member ring vs. 6-member ring difference may be thegpaz1 (type II' turn), O, is below the plane of the turn andsls
above the plane. Similarly, thegHD, and Hs-Hs 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 {Bdairpin. For these
reasons, a type'lturn at position 4—5 may be more stable than a
type Il 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 calculatiohisderson
& Hermans, 1988; Tobias & Brooks, 1994uch as WHAM(Ku-
mar et al., 199Pand FERKollman, 1993 that is beyond the scope
of present study.

BBA1 BBA2

The role of hydrophobic interactions and

salt bridges in the protein’s stability

The mutations of Fené» Ala, Phe8— Ala, and Leul7— 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, 197}, 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

BBA3

Fig. 13. The packing interactions of Fen6, Tyr6, and Trp6 in BBAL, BBA2,
and BBA3.
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Fig. 14. The twisting interactions in the type’lturn of BBAL and in the type Il turn of BBA1 Only the side chains of residues 4
and 5 are shown.

result of shortening of the side chain of Fen6, Phe8, or Leul7plete unfolding of the helix took a long timgrom t = 330 to
which may weaken the packing interactions in the hydrophobicl,210 p$, indicating the high stability of the helix. Indeed, it has
core. Thus, in addition to the reductions in hydrophobic inter-been found experimentally that the helix is stable at room temper-
actions, weakening of packing interactions may also contribute t@ture (Struthers et al., 1996bThe B-hairpin appears to be even
the instabilities of the mutants. The mutation of the salt bridge,more stable because during the unfolding simulations at 380 and
Aspl2 — Ala and Lys16— Ala, does not directly reduce the 400 K, theB-hairpin actually does not unfold. This should be at-
interactions in the hydrophobic core because the salt bridge is otributed to the intrinsic high stability of the typ€ tiurn at residues
the surface of the protein. Rather, it decreases the stability of thd—-5. Given the stability of both the helix and tjgehairpin, we
N-terminus of the helix near the hydrophobic core. speculate that the folding of BBA1 at room temperature would start
from the formation of the helix and thghairpin(Kim & Baldwin,

) . 1982 followed by the formation of the tertiary structure.
The unfolding mechanism of BBA1
The unfolding simulations of BBA1 at 380 and 400 K indicate that
the unfolding process consists of two major stéfsdisruption of
the hydrophobic core an@) further unfolding of the structure. For In this study, unfolding simulations were performed to study the
the 380 K simulation, the second step did not involve further dis-relative kinetic stabilities of BBA1 and its mutants as well as the
ruption of the secondary structure, while for the 400 K simulation,unfolding mechanism of BBAL. The simulations were not able to
step(2) involved further unfolding of the helix. Similar processes rationalize why BBA2 had a broader and less well-determined
have been found in previous molecular dynamics unfolding simNMR spectra than BBAL although the lower kinetic stability cal-
ulations of other proteindaggett & Levitt, 1993; Tirado-Rives & culated for BBA3 compared with BBA1 or BBA2 is consistent
Jorgensen, 1993; Li & Daggett, 199@lthough those proteins are with its significantly broader NMR spectra. However, there is not
much larger in size than BBA1. However, there are several specialecessarily a one to one correspondence between the sharpness of
features in the unfolding of BBAL. In the unfolding at 380 K, the NMR spectra and the relative kinetic or thermodynamic stability.
helix did not unfold even after the hydrophobic core was dissolvedNonetheless, we generally found a fairly good correlation between
In the unfolding at 400 K, the helix unfolded, notimmediately after the relative kinetic stabilities in the 1 ns simulations at various
the opening of the hydrophobic core, but after the native contactteemperatures of different mutants and the experimentally observed
in the loop region next to the N-terminal region of the helix were rigidity or amount of order of the protein structures. For this rea-
disrupted. This suggests that native contacts in the loop regioson, our unfolding simulations seem useful for analyzing relative
stabilize the helix. These contacts may well provide some favorprotein stabilities and unfolding pathways. In our simulations, a
able capping interactiondresta & Rose, 19880 the helix be-  cutoff of 8 A was used. This did not work for BBA5, which has
cause Aspl2 and Serll are both good capping residues in theore charged residues than other mutants. For BBA5, a cutoff of
N-terminus of a helix Richardson & Richardson, 1988’he com- 10 A had to be used to maintain a stable tertiary structure at 300 K.

Limitations of unfolding simulations
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The inclusion of more accurate long-range interactions througthelix and theg-hairpin have considerable stability during the un-
PME increases the kinetic stability presumably by reducing the€folding simulations, we speculate that the folding of BBA1 at room
electrostatic “noise” in the atomic forces. Thus, with limited com- temperature would proceed by the formation of the secondary
puter power, if the goal is to study and understand protein unfoldstructures and followed by the tertiary structure formatikim &
ing, the less accurate cutoff model may be appropriate provide®aldwin, 1982.
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 prefhis work has been supported by N{Brant GM-29072and a University
vious unfolding simulationéDaggett & Levitt, 1993; Tirado-Rives of California Biotechnology Star grant from AMGENo P.A.K). Super-
& Jorgensen, 1993; Caflisch & Karplus, 199&or characterizing ~computing time was provided by Pittsburgh Supercomputer C€R&O.
the unfolding pathway, unfolding simulation with one or a few The facilities of the UCSF computer graphics laboratory, supported by NIH

; . . P41-RR01081, T. Ferrin, principal investigator, are gratefully acknowl-
starting coordinates at least can be used to capture the major fegqged. R.S. acknowledges the support of a Department of Defense ONR pre-
tures of the real unfolding process, because it has been shown thédctoral fellowship.
unfolding simulations with different starting coordinates may share
some common featurdsazaridis & Karplus, 199¥ This is pos-
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