Free-energy landscape of a chameleon sequence in
explicit water and its inherent o/3 bifacial property
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Abstract

A sequence in yeast MATa2/MCM1/DNA complex that folds into a-helix or B-hairpin depending on the
surroundings has been known as “chameleon” sequence. We obtained the free-energy landscape of this
sequence by using a generalized-ensemble method, multicanonical molecular dynamics simulation, to
sample the conformational space. The system was expressed with an all-atom model in explicit water, and
the initial conformation for the simulation was a random one. The free-energy landscape demonstrated that
this sequence inherently has an ability to form either o or B structure: The conformational distribution in
the landscape consisted of two a-helical clusters with different packing patterns of hydrophobic residues,
and four B-hairpin clusters with different strand—strand interaction patterns. Narrow pathways connecting
the clusters were found, and analysis on the pathways showed that a compact structure formed at the
N-terminal root of the chameleon sequence controls the cluster-cluster transitions. The free-energy land-
scape indicates that a small conditional change induces a-[3 transitions. Additional unfolding simulations
done with replacing amino acids showed that the chameleon sequence has an advantage to form an a-helix.
Current study may be useful to understand the mechanism of diseases resulting from abnormal chain folding,
such as amyloid disease.
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The structure and folding pathway of a protein are deter-
mined as one by its primary structure (i.e., amino acid se-
quence). Resent studies, however, have shown that a unique
sequence can take different secondary structures depending
on its context, such as chameleon sequence (Abel et al.
1996; Minor Jr. and Kim 1996; Tan and Richmond 1998;
Yang et al. 1998; Smith et al. 2000; Whisstock et al. 2000).
This property may provide a key to understanding the pro-
tein local folding or the cause of amyloid diseases.

Mezei (1998) searched amino acid sequences that took
different secondary structures in Protein Data Bank (PDB)
and reported that the maximum sequence length was seven,
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although no clear sequence pattern was found in the se-
quences. Mutation, Pro26Ala, of Fis induced a 3-to-a con-
formational change of a segment, where the mutation site
located at the hinge of the segment (Yang et al. 1998). A
designed 11-residue sequence was introduced at different
positions of the IgG-binding domain of protein G and
showed different secondary structures, without changing the
native structure of the protein (Minor Jr. and Kim 1996).

An X-ray crystallography provided two copies for the
complex MATa2/MCMI1/DNA. The chameleon sequence,
located at the linker part between MATa2 and MCM 1, took
a-helix in a copy and B-strand in the other copy (Tan and
Richmond 1998). The chameleon sequence is unstructured
in the free protein (Sauer et al. 1988). The conformational
change at the linker part in the complex is thought to be
important to regulate DNA-binding when binding to DNA
(Vershon and Johnson 1993).
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Energy landscape of a peptide in explicit water

Molecular dynamics (MD) simulation is a useful tool to
study protein folding. Folding pathways of villin headpiece
in explicit water were traced in a 1-pwsec MD simulation
(Duan and Kollman 1998). Folding processes of a mini-
protein BBAS (a 23-residue -hairpin/turn/a-helix motif in-
spired by the zinc finger fold) in implicit water were picked
up out of a large number of independent MD runs (Snow et
al. 2002). MD runs, each of which covered different areas of
the conformational space, were integrated to generate a free-
energy landscape of proteins in explicit water (Boczko and
Brooks IIT 1995; Shea et al. 2002).

The free-energy landscape is essentially important to un-
derstand the protein folding. However, a large number of
energy barriers in the conformational space make the
sampled area small, resulting in the energy trapping. Thus,
it is still difficult to obtain a statistically reliable landscape
for a large system from a simulation of an all-atom protein
model in explicit water; however, it has become possible for
peptides ~10 residues long by using generalized-ensemble
methods (Garcia and Sanbonmatsu 2001; Higo et al.
2001a,b; Kamiya et al. 2002). A multicanonical algorithm,
used in the current study, was originally introduced to en-
hance the sampling of a spin system (Berg and Neuhaus
1992) and applied to biological systems (Hansmann and
Okamoto 1993; Kidera 1995). Recent development in the
generalized-ensemble methods was summarized well in a
review (Mitsutake et al. 2001).

In the present work, we obtained the free-energy land-
scape of a 16-residue peptide taken from MATa2 by using
the multicanonical MD simulation, for which the sequence

e 4HBa e ClstC
o 3HBa e ClstD
02HBa e ClstE
o 1HBa o ClstF
eNon-2nd e Niv

O Crysta, B

is 'Ace-?Val-’Phe-*Asn-"Val-°Val-"Thr-*Gln-? Asp-'°Met-
"Me-"2Asn-"’Lys-'*Ser-'"Thr-'°Nme, where Ace and Nme
are, respectively, N-terminal acetyl and C-terminal
N-methyl groups introduced to block the peptide termini.
The region [*GIn—'"Thr] is the chameleon sequence, and the
region [*Val-"Thr] is hydrogen-bonding to the chameleon
sequence in the B-strand form. We restrained [*Val-"Thr]
around the crystal structure in the complex, because the
conformation of this region does not change in either o or 3
conformation of the chameleon sequence in the crystal
structure (Tan and Richmond 1998). We report that this
peptide inherently folds into either « or 3 structure, and we
discuss the mechanism of this local folding.

Results and Discussion

Conformational clusters in free-energy landscape

The free-energy landscape was obtained from the multica-
nonical MD simulation of the 16-residue peptide taken from
MATa2. Here, we briefly describe the computational
method (for details, see Materials and Methods). The cha-
meleon sequence (i.e., [*GIn—'"Thr] denoted by S,,) is
flexible in the simulation. The N-terminal half [*Val-"Thr]
was denoted by Sy_m and restrained around the crystal
structure, as described above. The peptide was surrounded
by explicit water.

Figure 1A is the conformational distribution of the pep-
tide at 300 K in the three-dimensional principal component

B
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Figure 1. Free-energy landscape at 300 K. (A) Conformational distribution of Q(300 K) in three-dimensional PCA space by v, v,,
and v;. Axis numbers 1, 2, and 3 represent eigen-value numbers. nHBa represents conformation with n HBo; ClstX, cluster X (X = A
to F). Circles roughly cover the cluster location. Crys#3 and Crysta are, respectively, crystallographic 8 and a conformations. Ntv is
B-hairpin with the same strand—strand H-bond pattern as that in Crystf3. Non-2nd is assigned to conformations of nonsecondary
structures. (B) Iso-density map from the same orientation as Figure 1A, expressed in terms of PMF.
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analysis (PCA) space constructed by v, v,, and v; (for
details of PCA, see Materials and Methods). Low free en-
ergy is assigned to high-density regions with crowded
points in the figure. Thus, this distribution is regarded as a
free-energy landscape. The contribution of the conforma-
tional distribution along each PCA axis to the whole distri-
bution is assessed by a value \;/ 2, \;, where the summa-
tion was taken over all eigen-values: The value was 55%
(fori = 1), 20% (for i = 2), 17% (for i = 3), and 2% (for
i = 4). Therefore, the first three PCA axes determined the
distribution by 92%. This means that the three-dimensional
PCA space is a good approximation to express the free-
energy landscape. Figure 1B is an iso-density map ex-
pressed in terms of potential of mean force (PMF):
PMF = —RT In p(r), where R is the gas constant, T = 300
K, and p(r) is the density at position r in the PCA space.
The a-helical conformations were assigned to clusters A
and B. Cluster A was the longest helix, involving four intra
main-chain hydrogen bonds (H-bonds): ’O-'""HN (desig-
nated as HBa1), 30-'>HN (HBa2), °O-"HN (HBa3), and
19%0-“HN (HBa4). The H-bond 'O-'>HN (HBa5) was not
always formed in clusters A and B. Cluster B was a shorter
helix, the majority of which involved three H-bonds, HBa:2,
HBa3, and HBa4. A hydrophobic core, formed by the side
chains of ®Val and ''Ile and the hydrophobic part of '°Met,
was found only in cluster A. Because both the hydrophobic
core and HBal were located at the root of S,,,,,,, this com-
pact structure was called S_,,,-root structure. The majority
of helices with two HBa were scattered in cluster B (Fig.
1A).

The conformations in clusters C, D, E, and F were various
B-hairpins with different strand—strand ladder patterns of
H-bonds. Cluster D included three or more of five H-bonds:
"HN-'°0, °0-""HN, *HN-'"°0, *0O-'*HN, and *HN-'"*O.
Cluster E, which involved type I B-turn (¢, = =52 de-
grees, ¢;, = —113, and °C, - '>C, = 5.4 A), had two or
more of four H-bonds: "HN-"°0, “O-'*HN, °O~'"HN, and
SHN-'°0. Most of cluster-F conformations included four
H-bonds: "HN-''0, °O-""HN, °HN-'°0, and “O-'°HN.
Cluster C included an H-bond, *O-""HN. A small number
of conformations (Ntv in Fig. 1A) with the same H-bond
pattern as that in Cryst3 were found.

Crysto was located in cluster A (Fig. 1A). Comparison of
a cluster-A conformation with Crysta is shown in Figure 2A
(best main-chain root mean square deviation [RMSD] =
0.4 A). CrystB, which has type 1 B-turn, is characterized by
the five H-bonds: >*0-""HN, >HN-"°0, *0-""HN, "HN-'°0,
and "O-'HN. A conformation (Crmsd in Fig. 2B) in Ntv
gave the best main-chain RMSD (1.4 A) to CrystB, although
the Ntv conformations did not form a B-turn. Figure 2B also
displays a cluster-D conformation with a well-ordered
strand—strand H-bonds.

The separation of conformations into clusters, as shown
in Figure 1, indicates the free-energy barriers among the
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Figure 2. Comparison of simulation conformations with Crysto or Cryst{.
(A) Ribbon representation of a cluster-A conformation (green) and Crysta
(magenta). Side chain of the cluster-A conformation is shown. Water mol-
ecules in simulation are also displayed to show how peptide is surrounded
by water. (B) Main-chain conformations of Crystf3, Crmsd (the closest
conformation to Crystf3 in Ntv), and of cluster D. Broken lines indicate
intra main-chain H-bonds involved in Cryst3 (magenta) and in cluster-D
conformation (blue).

clusters. The probabilities of existence assigned to helices,
hairpins, and nonsecondary structures were listed in Table
1: In total, 52.6% was assigned to a-helices; 31.5%, to
B-hairpins. The conformations with only one HBa were not
counted as helix in Table 1. The probability for the remain-
ing (i.e., nonsecondary structures) was 11.5%. Thus, S

cham

Table 1. Probabilities of existence for each conformation

Probability of

Conformation existence (%)
4HBa 29.78
3HB« 17.45
2HBa 5.30
1HBa 4.49
ClstC 0.61
ClstD 17.29
ClstE 2.82
ClstF 10.62
Ntv 0.15
non-2nd 11.50

See text for definition of nHB« and caption of Fig. 1 for definition of other
conformations.



Energy landscape of a peptide in explicit water

inherently exhibited the bifacial feature of the chameleon
sequence in solution with the restraint on S, _,,,,,. The larg-
est probability was assigned to the helices, which means that
S.nam has a strong propensity to form helix in water. Our
result agrees with the result that S_,,,,,, is helix when exposed

to solvent in crystal structure (Tan and Richmond 1998).

Pathways among clusters

Figure 3 focuses on the intermediate regions between clus-
ters A and B. This figure illustrates two narrow pathways
connecting the clusters. The difference between the path-
ways was found in the conformation of the C-terminal of
S.nam (see ribbon representations in Fig. 3). The S,,,,,-root
structure was broken on both pathways and in cluster B.
This break provides flexibility to S,,,,- In contrast, Clus-
ter-A conformations maintained the backbone structure by
the presence of the S,,,,,-root structure, even when HBal
was broken.

Figure 4, A and B, focus on the intermediate regions for
the a-B transition pathways and conformational changes
along the pathways. We found two pathways: Py, connect-
ing clusters B and F; Py, clusters B and D. The S,,,,,-Toot
structure, which was found in cluster A, did not exist on the

cham

Figure 3. Pathways between a-helical clusters expressed by iso-density
map. Density levels are the same as those of Figure 1B. Ribbon represen-
tations are conformations (colored spheres) picked from the map. Coloring
of ribbons and of spheres in the map is the same as that in Figure 1A. Three
side chains—°Val, '°Met, and ''Ile, constructing a hydrophobic core—are
displayed in CPK model with the ribbon model. Three water molecules
(blue) in the vicinity of the hydrophobic core are displayed.

pathways. However, along pathway Ppgp, other compact
structures (Fig. 4B, circles) were formed around the root of
S.name although atoms participating to the compactness
changed. The B-turn appeared only in cluster E. On the
other hand, a significant feature of pathway Py, was strand—
strand H-bond rearrangements without forming the compact
structure, except for I'; conformation. Crystp-like confor-
mations (Ntv) existed on Pgp,. Pgp is a lower free-energy
pathway than is Pg;,. The formation of the compact struc-
ture may reduce the free-energy barrier along the pathway.

The multicanonical MD simulation is an enhanced sam-
pling method, in which the conformation can overcome
high-energy regions. Thus, the obtained trajectory should
not be regarded as one at a constant temperature but be done
as a conformational ensemble to obtain the free-energy
landscape. The cluster A-B pathways (Fig. 3) and pathway
Py (Fig. 4A) were well characterized by contour lines. This
means that the transitions among the clusters can happen
along the pathways at room temperature. On the other hand,
pathway P, was not clearly characterized by contour lines.
This means that the transition along P/, is considerably rare
at the room temperature. Ono et al. (1999) showed that the
sampling of high-energy regions is sparse, even with the
multicanonical method. Thus, to more clearly evaluate path-
way Pgp, sampling should be done with focusing on the
high-energy regions.

No substantial cluster was found around Cryst3. This is
probably because the studied sequence was treated as iso-
lated in solution: In the crystal structure of the complex, the
C-terminal of S, was connected to MAT«2, and ®Gln
was hydrogen bonding to Ser 51 of MCM1. We presume
that the lack of the conformational restriction allowed the
peptide the variety of B-hairpins with different H-bond pat-
terns.

In addition, this artificial treatment of the system affected
the conformational fluctuations of S,,,,,: The conforma-
tional fluctuation in the helical form was relatively large in
our computation (data not shown), although it was reported
that the fluctuation in the helical form was small in the
crystal structure (Tan and Richmond 1998). This is because
the C-terminal of S, was free in our simulation, although
the terminal was restrained in the crystal structure. The
current study, however, showed that the sequence could
inherently reproduce the bifacial property of S, The sur-
roundings of the sequence may determine which conforma-
tion, o or B3, is selected to regulate the protein—-DNA bind-
ing, and slight changes in the surroundings may cause the
conformational change of S

cham-*

Determinant factors for the bifacial property

The restraint applied on S,_,,,,, is essentially important for
the B form of S,,,,,,,,- We have reported the free-energy land-
scape of three peptides (Higo et al. 2001a,b; Kamiya et al.

www.proteinscience.org 2545
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Figure 4. Pathways between a-helix and (-hairpin conformations. (A) Iso-density map around clusters B, C, D, E, and F. Pathways
Pgrand Py, are shown by solid lines with arrows. Coloring of spheres is the same as that of Figure 1B. (B) Tube representations of
conformations picked from the map. I}, I,, and I" are conformations from intermediate regions. Circles of broken lines are mentioned
in the text. Thick black line in conformation E represents a 3-turn H-bond; red broken lines, a-helical H-bonds formed in Crysto. Other
intra main-chain H-bonds are shown by thin solid lines. Coloring of the tubes is the same as that of Figure 1A.

2002; Ikeda et al. 2003), in which no restraint was applied
on the peptides. There, the random state was the most stable
at 300 K, and the secondary structures were semi-stable on
the free-energy landscape. These results imply that if there
is no restraint, the probability that both Sy, and S_,...
take extended conformations is considerably small. Con-
trary, in the current work, the 3 structure had a large prob-
ability. The strand shape of Sy, provides a suitable
framework to fold S, into the 3 conformation.

On the other hand, the a-helix does not require the strong
interaction between S, and Sy.,.,.,- To understand the
structural determinant for the a-helix, we did unfolding MD
simulations of a different amino acid sequence with apply-
ing the same restraint on S,.,,,,, as follows. First, we ran-
domly picked up a conformation from cluster A and did an
unfolding MD simulation for 3 nsec at 500 K starting from
the picked conformation. Next, we replaced two amino ac-
ids '°Met and ''Tle by '°Ser and !'Ser, respectively, on the
picked conformation. Remember that '°Met and ''Tle con-
tributed to the S,,,,,,-root structure in cluster A. The Ser has
a small hydrophilic side chain. The amino acid replacement
did not introduce atomic overlapping. Then, we did an un-
folding simulation of this mutated system for 3 nsec at 500
K with the same restraint on Sy_,,,,,. Finally, we repeated
this procedure 12 times with randomly picking up confor-
mations from cluster A (i.e., number of runs is 12 for both
the original and mutated sequences). Figure 5 demonstrates
that the number of H-bonds in the mutated sequence de-
creases more quickly than the original one. The unfolding
MD simulations showed that the original sequence has an
advantage to from o-helix.

2546 Protein Science, vol. 12

Recently, computer power and simulation techniques for
protein-folding study have remarkably developed. For ex-
ample, Snow et al. (2002) have succeeded in comparing
simulated and experimental folding-dynamics within bio-
logically appropriate time scales by using a distributed-
computing method. One of the goals in the simulations is to
elucidate the mechanism by which protein misfold causes
serious disease, such as Alzheimer’s or bovine spongiform
encephalopathy (BSE). To investigate the complicated fold-
ing mechanism, however, more precise and realistic sam-
pling method is demanded. The precise sampling method is
also useful to assess the accuracy of the forcefield. Recent
multicanonical study has shown that AMBER Parm 96 pro-

number of H-bonds

0
0.0 1.0 2.0 3.0

time, ns

Figure 5. Process of H-bond breaking at 500 K. Numbers of H-bonds is
the average over 12 unfolding runs, for which the initial conformations
were randomly picked up from cluster A. Possible maximum number of
H-bonds is five: HBal through HBaS. Solid line is from the original
chameleon sequence; broken line, mutated sequence (see text).
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vides results that are more statistically reliable than Parm 94
(Ono et al. 2000; Higo et al. 2001b). Current work may
provide a clue to understand the abnormal chain folding. We
observed the a-f3 structure transition in detail by analyzing
the energy landscape obtained from the multicanonical sam-
pling using the all-atom model in the explicit water. When
a peptide has the inherent property to fold into either the «
or 3 conformation, conditional change may induce different
folding, and the differently folded conformation may en-
hance the protein aggregation or fibrillation (Sticht et al.
1995; Zhang et al. 2000). The current study showed that the
balance of probability for the o or B clusters is subtle, and
slight conditional changes induce the transition.

Materials and methods

Materials

The peptide sequence studied was given in the last paragraph of
the introduction. This sequence was taken from MATa2 (115th to
128th residues in the original PDB file of MATa2/MCM1/DNA
complex; PDB entry is IMNM; Tan and Richmond 1998): The
sequence [*Val-"Thr], designated as S, _,,,,,, is the N-terminal of
MATa2, and the sequence [*GIn—'Thr], designated as S, is
the chameleon sequence. The S,,,,, forms a B-strand with hy-
drogen bonding to a (3-sheet in MCM1 in the complex (Tan and
Richmond 1998). The crystal structure tells us that S.,,,,, folds into
a (B-hairpin when it interacts with Sy ,,,.» and takes an a-helix
when exposed to solvent. The B-strand conformation of S,_,.,,, 1S
well maintained in both the a-helix and B-hairpin conformations
of S, (main-chain RMSD for Sy.,,,.,, = 0.39 A). Thus, we re-
strained the main-chain atoms of [*Val-"Thr] in S,,,,,, around the
crystal structure with applying a harmonic potential on S,
during the simulation.

term

System of the simulation

The peptide was put in a sphere of 42 A diameter, setting the
geometrical center of S, _,.,,, on the sphere center. The remaining
volume in the sphere was filled with water molecules with 1 g/cm?
density. A harmonic potential was applied to a water molecule
only when the molecule flew outside the sphere, to confine the
molecule in the sphere. Similarly, atoms in S,,,,, were also con-
fined in a 36 A-diameter sphere, for which the center was put on
that of the 42 A sphere. Thus, the flexible parts were .., the side
chains of Sy,.,..,» and water molecules. The initial conformation of
S ham for simulation was a random one. The system consisted of
234 peptide atoms and 1193 water molecules.

Multicanonical MD

We used a generalized-ensemble method, multicanonical MD
simulation (Nakajima et al. 1997), for the conformational sam-
pling. The conformation can overcome energy barriers during the
simulation by the introduction of an additional force term, in which
the density of state of the system is effectively included. A ca-
nonical ensemble, Q(7), at an arbitrary temperature, 7, is derived
from the sampled conformations. Iteration of multicanonical runs
is required to accurately obtain the density of state in a wide

energy range, and the last run is used as the sampling run to
generate Q(7). The initial MD conformation of S, for the first
run was a random conformation, in which no intrapeptide hydro-
gen bonds were formed. The initial conformation for the ith run
was the last conformation of the (i — 1) th run. The runs were
repeated 24 times, and the sampling run of 162 x 10° MD steps
produced a flat energy distribution (data not shown) in a tempera-
ture range of 290 to 650 K.

We used the computer program PRESTO (Morikami et al. 1992)
modified for multicanonical MD. A cell-multipole expansion
(Ding et al. 1992) was used for the electrostatic computation,
SHAKE algorithm (Ryckaert et al. 1977), to constrain covalent
bonds between hydrogen and heavy atoms. The MD time step was
1 fsec, and temperature was controlled by the constant-tempera-
ture method (Evans and Morriss 1983). The forcefield used was
AMBER parm 96 (Kollman et al. 1997) for peptide and the flex-
ible TIP3P potential (Jorgensen et al. 1987) for water.

Principal component analysis

The Q(T) was analyzed with a PCA (Kamiya et al. 2002). A
peptide conformation was denoted as ¢ = [ry, Iy, ¥,,] = [¢1,92>
s {3,], where the ith atomic position r; = [x;, ¥;, 2] = [¢3;_»»
qs; — 1> 93:1, and n is the number of peptide atoms. If Q(7) consists
of N conformations, a variant—covariant matrix is defined as
C; = {4, 95 — {a} g, where C;; is the (i,j)th matrix element, and
{..; is the ensemble average over the N conformations. Placing the
matrix on a diagonal, eigen-vectors {v,, V,, .., Vsy}, Where
v, xv; = §;, and eigen-values {\,, N, .., N3} are obtained. The
eigen-vectors construct a multidimensional conformational space,
in which the N conformations are distributed. The A, represents the
standard deviation of the distribution along v;. We arranged the
eigen-values in the descending order. In the conformational space,
q is expressed by [c,, ¢y, .., c3n], where ¢, = g X v;. The distri-
bution in the conformational space gives the free-energy landscape
(Nakajima et al 2000; Ono et al. 2000; Higo et al. 2001a,b; Kamiya
et al. 2002).
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