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Abstract Ankyrin repeat proteins (ARPs) appear to be
abundant in organisms from all phyla, and play critical
regulatory roles, mediating specific interactions with target
biomolecules and thus ordering the sequence of events in
diverse cellular processes. ARPs possess a non-globular
scaffold consisting of repeating motifs named ankyrin
(ANK) repeats, which stack on each other. The modular
architecture of ARPs provides a new paradigm for
understanding protein stability and folding mechanisms. In
the present study, the stability of various C-terminal
fragments of the ARP p18INK4c was investigated by all-
atomic 450 ns molecular dynamics (MD) simulations in
explicit water solvent. Only motifs with at least two ANK
repeats made stable systems in the available timescale. All
smaller fragments were unstable, readily losing their native
fold and α-helical content. Since each non-terminal ANK
repeat has two hydrophobic sides, we may hypothesize that
at least one hydrophobic side must be fully covered and
shielded from the water as a necessary, but not sufficient,
condition to maintain ANK repeat stability. Consequently,
at least two ANK repeats are required to make a stable
ARP.
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Introduction

Ankyrin repeat proteins (ARPs) are non-globular bio-
molecules containing repeating units named ankyrin
(ANK) motifs arranged in linear, tandem arrays
(Fig. 1). The ANK repeat is a protein structural unit that
is ∼33 residues long and consists of two β-strands and a
pair of α-helices assembled in an antiparallel fashion and
connected by a short loop (often formed by three residues).
Two consensus sequences of the ANK repeat have been
defined: the Consensus 1 ANK repeat comprising the
β2α2 (ββαα) motif, and Consensus 2 ANK repeat
comprising the βα2β (βααβ) motif [1] (Fig. 2). Members
of the ARP family co-localize and interact with various
membrane and cytoplasmic proteins. The specificity of
ARP–protein interactions is likely to be conferred by non-
conserved residues flanking each ANK repeat, located at
the tips of exposed loops [2].

The number of ANK repeats in naturally occurring
ARPs varies from four [3, 4] to 29 [5]. Until 2000, only
ARPs containing at least four ANK motifs were considered
to be stable proteins [6]. However, a pioneering determina-
tion of a minimal stable motif of ARPs by Zhang and
coworkers [7], which was based on proteolytic experiments
and prediction algorithms, showed that two C-terminal
ANK repeats of the naturally occurring p16INK4a [3] protein
stacked on each other were stable and could fold indepen-
dently of the rest of the protein. In addition, numerous
artificial ARPs with enhanced thermostability and affinity
have been designed recently [8–18], the smallest of which
(2ANK) contained two identical ANK repeats [17].
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Furthermore, on the basis of proteolytic experiments and X-
ray crystallographic studies, it was concluded that single
ANK repeats cannot form stable native structures under
physiological conditions [7, 8], so at least two ANK repeats
appear to be required to form stable ARPs, and thus
comprise a minimal folding unit. On the other hand,
Ferreiro and coworkers [19] suggested from Gō-type
simulations that the minimal topological folding module
of ARPs may be even smaller, consisting of one fully
folded ANK repeat followed by the C-terminal helix of the
neighboring repeat.

Protein p18INK4c [20] (p18) is a member of the cyclin-
dependent kinase inhibitor (INK) tumor suppressor family
and consists of five ANK repeat modules (Fig. 1). In the
present study, the stability of various p18 C-terminal
fragments was investigated using all-atomic molecular
dynamics (MD) simulations in explicit water solvent at
the tens of nanoseconds timescale, totaling 450 ns. Our
results show that the minimal folding unit proposed by
Ferreiro and coworkers [19] is unstable, and that the
minimal stable unit of the p18 protein, at the studied
timescale, consists of two C-terminal ANK repeats.

Methods

Studied fragments

The crystal structure of the p18 protein [20] (PBD entry
1IHB, chain B) with optimized positions of hydrogen atoms
(obtained using the Sander module of AMBER [21];
parm99 force field [22, 23]) was used as a template for
studying all of the following p18 fragments in MD
simulations (Table 1). The N-terminus of each fragment
was acetylated and the C-terminus was capped with an N-
methyl group:

& Two pairs of α-helices: α7+α8 (residues 106–112 +
116–125) and α9+α10 (residues 140–146 + 150–159)

& Two helix-turn-helix motifs: α7-turn-α8 and α9-turn-
α10 (residues 106–125 and 140–159)

& Consensus 2 ANK repeat IV (residues 102–135)
& The hypothetical minimal folding unit suggested by

Ferreiro et al. [19] (truncated form with six N-terminal
β-hairpin residues 100–105 missing) α7-turn-α8-loop-
α9 motif (residues 106–146)

& Consensus 2-based hypothetical minimal folding unit
[19]: ANK IV-loop-α9 (residues 102–146)

& Pair of helix-turn-helix motifs: α7-turn-α8+α9-turn-
α10 (residues 106–125 + 140–159)

& C-terminal fragment α7-turn-α8-loop-α9-turn-α10
(residues 106–159)

Molecular dynamics simulations

MD simulations of the p18 fragments were carried out
using the AMBER [21] suite of programs with the parm99
force field [22, 23] and the following simulation protocol
[24–26]: each system was neutralized by adding counter
ions (either Cl− or Na+ ions according to solute charge) and
immersed in a rectangular water box (TIP3P [27]) with a
minimum distance between the solute and the box wall of
10 Å. Then, each system was minimized prior to the
production phase of the MD run, as follows. The protein

Fig. 1 Structure of the p18INK4c protein (PDB entry 1IHB, chain B),
which is a member of the cyclin-dependent kinase inhibitor (INK)
tumor suppressor family with five ankyrin (ANK) repeat modules.
The figure was generated by PyMol [30], http://pymol.sourceforge.
net/

Fig. 2 Illustrations of the
ankyrin (ANK) repeat motif: left
Consensus 1, β2α2 motif (β-
hairpin perpendicular to antipar-
allel α-helices linked by a short
loop); right Consensus 2, β-
strand-helix-loop-helix-β-strand
sequence, for definitions, see [1]
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was constrained and the solvent molecules with counter
ions were allowed to move during a 1,000-step minimi-
zation followed by a 10-ps-long MD runs under [NpT]
conditions (p=1 atm, T=298.15 K). The side chains were
then relaxed by several minimizations, with decreasing
force constants applied to the backbone atoms. After the
relaxation, each system was heated to 298.15 K as
follows: from 10 K to 50 K for 20 ps, then from 50 K to
250 K for 20 ps, and finally from 250 K to 298.15 K for
30 ps. The particle-mesh Ewald (PME) method for
treating electrostatic interactions was used, and all
simulations were performed under periodic boundary
conditions in the [NpT] ensemble at 298.15 K and 1 atm
using a 2 fs integration step. The SHAKE algorithm with a
tolerance of 10−5 Å was used to fix positions of all
hydrogens, a 9.0 Å cutoff was applied to nonbonding
interactions and coordinates were stored every picosec-
ond. Totally, nine independent simulations each 50 ns long

were performed. Thus, the cumulative production time
amounted to 450 ns.

The stability and structural properties of the p18 frag-
ments were evaluated by calculating root-mean-square-
deviations (RMSDs) for backbone atoms from the initial
structure, radius of gyration (Rg), secondary structure
elements obtained from the DSSP program [28], and native
contacts obtained using the in-house program RESDIST (P.
B., unpublished software). The RESDIST program calcu-
lates a contact map (map of distances) among all residues
represented by centers of masses of side chains. Contacts
between i...i + 4 residues and higher are considered as
native (excluding contacts between i...i + 1, i...i + 2 and i...
i + 3 residues) if the distance between two residues is
smaller than or equal to 6.0 Å. The program analyzes the
number (percentage) of saved native contacts during the
MD simulation. The mean values of all structure parameters
are listed in Table 2.

Table 2 Summary of trajectories’ characteristics

Fragment t (ns)a Rg (MD)b RMSD (Å)c Native contacts (%)d α-helicity (%)e

α7+α8 50 10.1±3.4 6.1±2.7 5.0±6.7 14.0
α9+α10 50 8.5±2.6 5.6±1.9 0.7±2.6 5.8
α7-turn-α8 50 7.7±0.5 3.7±0.3 22.3±6.3 19.7
α9-turn-α10 50 9.0±0.4 5.2±0.6 12.6±5.9 33.6
ANK repeat IV 50 8.3±0.1 2.8±0.1 24.3±3.0 39.4
α7-turn-α8-loop-α9 50 11.9±0.5 10.0±0.7 10.7±3.1 34.6
ANK IV-loop-α9 50 9.1±0.1 3.2±0.2 31.6±3.4 54.0
α7-turn-α8+α9-turn-α10 50 8.5±0.1 1.2±0.3 75.3±6.2 89.1
α7-turn-α8-loop-α9-turn-α10 50 9.4±0.1 1.7±0.3 53.5±5.3 83.7

a The time evolution of presented structure characteristics are shown in the Supplementary material
bMean radius of gyration ± SD of main chain atoms calculated from the last 5 ns of each simulation
c Root-mean-square-deviation of helices main chain atoms compared with the initial structure calculated as the mean ± SD from the last 5 ns of
each MD simulation
dMean number of native contacts ± SD calculated from the last 5 ns of each MD simulation
eMean native α-helical content averaged along the MD simulation. The native α-helical contents are normalized to the initial structure, for which
the α-helical content equals 100%

Table 1 Basic features of studied fragments

Fragment Charge (e)a Number
of residues

Number of
heavy atoms

% of hydrophobic
residues

Periodic box
dimensions (Å)b

α7+α8 2 17 139 64.7 40.0×48.9×34.6
α9+α10 −1 17 126 58.8 41.2×44.6×37.4
α7-turn-α8 1 20 162 55.0 42.3×48.1×37.1
α9-turn-α10 0 20 153 50.0 42.4×46.4×38.2
ANK repeat IV 1 34 267 41.2 45.4×51.2×39.4
α7-turn-α8-loop-α9 2 41 317 43.9 45.1×54.3×43.6
ANK IV-loop-α9 1 45 346 42.2 45.7×54.6×45.1
α7-turn-α8+α9-turn-α10 1 40 315 52.5 44.2×49.7×44.6
α7-turn-α8-loop-α9-turn-α10 2 54 419 42.6 49.7×54.6×46.3

a The solute’s total charge under physiological conditions
bMean periodic box dimensions calculated from the last 5 ns of each molecular dynamic (MD) simulation

J Mol Model (2008) 14:747–759 749



Results

Helix pair α7+α8

Several hydrophobic contacts form between residues in the
α7+α8 pair of α-helices (Leu122 with Pro106 and Leu107;
Leu107 with Val123; and Ala110 with Val118 and Val119,
see Fig. 3a), but this fragment is highly unstable and both
helices rapidly lose their initial α-helical structures. The
unfolding of the α7 helix began from the N-terminus at
∼200 ps. Shortly thereafter (∼300 ps) unfolding of α8
started, again from the N-terminus. Then, at ∼600 ps, the
middle turn of α8 was reestablished and remained stable
until Ala110 lost its contact with Val119 (∼800 ps), which
also initiated separation of the α7 C-terminus from the α8
N-terminus, accompanied by a significant lowering of the
number of native contacts and α-helical content (cf. Fig. 4).
The helices were then held together via hydrophobic
contacts of Leu107 with Val119 and the hydrophobic
portion of Glu120, and via an H-bond that formed between
the Glu120 carboxyl oxygen and the His108 side chain

(Fig. 3b). Those interactions were sufficiently strong to
prevent dissociation of the two helices. Even at 1.5 ns, α-
helices were still oriented in the antiparallel arrangement
due to hydrophobic interaction among Leu107, Leu122 and
Val119 (Fig. 3b). From this time until ∼9.5 ns, the α7 helix
refolded repeatedly, whereas the α8 secondary structure
remained in the non-helical conformation. Thereafter,
refolding of the α8 was initiated from the C-terminus and
assisted by the formation of a hydrophobic cluster consist-
ing of Leu107, Val118, Val119, Leu122 and Val123
(Fig. 3b). The reestablished α-helical structure of α8 was
maintained for ∼3 ns. Subsequently (at ∼12.5 ns), both α-
helices lost their α-helical content (cf. Fig. 4). The
dissociation of both α-helices appeared at ∼32 ns and no
other refolding event was observed during the rest of the
simulation.

Helix pair α9+α10

The hydrophobic face of the α9 helix consists of Cys141
and Ala144, while the hydrophobic face of α10 consists of

Fig. 3 a The α7 (red) and α8 (blue) helix pair in its native conformation. b Snapshots from the α7+α8 fragment molecular dynamics (MD)
simulation taken at various times
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Val152, Val153 and Met156 (Fig. 5a). As in the previous
case, this structural motif is highly unstable when taken out
of its native context, readily losing its initial α-helical
structure. Firstly, the α9 unfolded simultaneously (from
both termini) at ∼200 ps (Fig. 5b). This process was
accompanied by a ∼20% reduction in native contacts. Then,
at ∼350 ps, α10 unfolded from the C-terminus and an
additional ∼20% decrease in native contacts was observed
(Fig. 5b). The α9+α10 pair dissociated at ∼6 ns (Fig. 5b)
and, simultaneously, the α-helical content significantly
decreased (cf. Fig. 4). Notably, except for a reformation
of the N-terminal turn of the α10 helix, which appeared at
∼40 ns, no other refolding events were observed.

α7-turn-α8 motif

Three residues (Glu113, Gly114 and His115) with side
chains exposed to water make the turn connecting α7 with
α8. The α7-turn-α8 fragment proved to be less dynamic
than the unconnected variant (i.e., the pair of helices); the
presence of the turn significantly restricts the conforma-
tional space of the fragment, thereby slowing kinetic
processes such as unfolding and structural rearrangements.

At ∼2.2 ns, α7 unfolded from the C-terminus, an event
initiated by loss of the H-bond between the backbone amide
hydrogen of His108 and the backbone carbonyl group of
Lys112. By ∼2.5 ns, all native α-helical H-bonds were
broken and the entire α7 helix was fully unfolded. After
that, the main chain axis of the unfolded α7 flipped out of
the helix-turn-helix plane by ∼90° (Fig. 6). The α8 helix
then unfolded from the C-terminus at ∼3.2 ns. Simulta-
neously, the distance between the N-terminus of α7 and C-
terminus of α8 increased while the number of native
contacts decreased (Fig. 6). Loss of the H-bond between the
carbonyl group of Leu116 and the amide hydrogen of
Glu120 probably initiated α8 melting. The middle turn of
α8 adopted a 310-helix conformation, which was well
maintained during the following simulation run. At ∼3.5 ns,
the N-terminal helix turn again reformed, and was main-
tained for ∼1 ns, then, at 5.2 ns, a second refolding of the
α7 helix occurred, which was propagated from the C-
terminus and maintained for ∼4 ns. Reestablishment of the
α7 helical structure was initiated by the formation of
hydrophobic contacts among the side chain of Leu109, the
hydrophobic moiety of Lys112 and the hydrophobic moiety
of Glu113 (Fig. 6). At ∼6 ns, both helices again rearranged
into the antiparallel conformation and the number of native

�Fig. 4 Plot of the secondary structure elements calculated by DSSP
software as a function of time for all simulated p18 fragments. Blue
bars residues with α-helical conformation, gray bars residues with
310-helical conformation. For the sake of simplicity, other secondary
structure elements are not depicted
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contacts increased. At ∼11.5 ns, the last refolding event of
α7 occurred, beginning from the N-terminus, and the
helical structure was maintained until ∼19.5 ns. Then, the
C-terminal turn of α8 refolded twice (at ∼20 ns and
∼23.5 ns), for ∼2 ns on each occasion. No other refolding

events were observed during the rest of the simulation.
Finally, at ∼46 ns, the opposite termini of individual helices
moved away (Fig. 6). This extended structure of the α7-
turn-α8 fragment was retained until the end of the
simulation.

Fig. 6 Snapshots taken from
the α7-turn-α8 fragment MD
simulation at various times; red
α7, gray turn, blue α8

Fig. 5 a The α9 (green) and
α10 (yellow) helix pair in its
native conformation. b Snap-
shots from the α9+α10 frag-
ment MD simulation taken at
various times
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α9-turn-α10 motif

The turn here consists of Tyr147, Gly148 and Arg149
residues, all of which have water-exposed side chains. The
mean α-helical content of the α9-turn-α10 fragment is
almost six times higher than that of the α9+α10 pair (cf.
Table 2), i.e., the two helices without the covalent linker. In
the case of both α7+α8 vs α7-turn-α8 and α9+α10 vs α9-
turn-α10, the turns restrict the conformational space and
significantly enhance the α-helical propensity of the
respective fragments.

Unfolding of the α10 helix started from the N-terminus
at ∼0.7 ns and was initiated by formation of an H-bond
between the backbone carbonyl group of Asn150 and the
side chain hydroxyl of Ser154, thereby disrupting the H-
bond between the backbone carbonyl of Asn150 and the
amide hydrogen of Ser154. This was followed by loss of
the H-bond between the backbone carbonyl moiety of
Leu155 and backbone amide hydrogen of Asn159, and
consequent unfolding of the C-terminal and middle turn of
α10. After that, formation of an H-bond between the
carbonyl group of Val153 and side chain of Gln157
mediated disruption of the H-bond between the carbonyl

group of Val153 and backbone amide hydrogen of Gln157
(Fig. 7). At ∼6.2 ns, the α9 helix flipped out of the helix-
turn-helix plane by almost ∼90° (T-shape arrangement, see
Fig. 7). Then, at ∼15 ns, the most significant refolding of
the α10 middle turn appeared, assisted by formation of an
H-bond between the carbonyl group of Val153 and the side
chain of Gln157. The reformed middle turn of the α10
helix was stable for ∼2 ns. Then, at ∼17 ns, the hydroxyl
group of Tyr147 (turn residue) formed an H-bond with the
backbone carbonyl oxygen of Asn159 (Fig. 7). Simulta-
neously, the middle turn of the α10 again refolded due to
formation of an H-bond between the backbone carbonyl of
Ser154 and side chain of Gln157. After that (at ∼20 ns), the
distance between the two helices increased (the opposite
helical termini moved away), accompanied by a reduction
in native contacts. Simultaneously, α9 unfolded from its N-
terminus. It is likely that the loss of hydrophobic contacts
among Leu143, Ala145 and Val153 initiated α9 unfolding.
At ∼22.5 ns, the α9 helix briefly (for ∼1 ns) refolded,
mediated by reformation of the hydrophobic cluster con-
sisting of Leu143, Ala145 and Val153. Between ∼24.3 and
∼24.8 ns, the fragment adopted a parallel arrangement
(Fig. 7). After that, the T-shape arrangement of the

Fig. 7 Snapshots taken from
the α9-turn-α10 fragment simu-
lation at various times; green
α9, gray turn, yellow α10
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fragment again appeared. At ∼31.1 ns, the last refolding of
α9 was observed, and the helical structure was maintained
for ∼0.9 ns. From this point onwards, no other refolding of
the α9 helical structure was observed, although α10
refolded several times in the remaining simulation time.
At ∼31.3 ns, the antiparallel arrangement of both helices
was reestablished and maintained until ∼38.5 ns. Thereaf-
ter, the T-shape conformation again appeared. Finally, at
∼42 ns, opposite termini of the two helices moved away
and the fragment adopted an extended structure, which was
maintained until the end of the simulation.

ANK repeat IV

The four C-terminal residues of α8 quickly (at ∼0.4 ns)
adopted a flexible loop conformation. Then, at ∼3.4 ns, all
H-bonds between the N-terminal loop (residues 102–105)
and the C-terminal loop (residues 126–135) disrupted, and
the flexibility of the C-terminal loop then rapidly increased
(Fig. 8). After that, at ∼6.5 ns, losses of H-bonds between
the carbonyl group of Ala110 and the backbone amide
hydrogen of His115, and between the carbonyl moiety of
Ala111 and backbone amide hydrogen of Gly114 initiated
unfolding of α7 from the C-terminus (Fig. 8). The α8 helix

unfolded at ∼8.5 ns from its N-terminus. During the
following simulation run, the N-terminal turn of α7 and
the middle turn of α8 refolded several times. At ∼9 ns, the
N-terminus of α7 was reestablished and remained stable
until ∼13.5 ns. Between ∼11 ns and 14.5 ns, the middle turn
of α8 reformed, and this process was followed by
propagation of the helical structure to the N-terminus. The
two helices moved away at ∼17.4 ns and the helix-turn-
helix motif adopted a “semicircular” arrangement (Fig. 8).
At ∼18.8 ns, an H-bond between the His108 side chain and
Asn129 carbonyl group initiated attachment of the C-
terminal loop to the helix-turn-helix motif. At 27.5 ns, the
ANK repeat IV adopted a globular arrangement, which
remained stable until the end of the simulation. In this
arrangement, the α7 was kinked and connected via an H-
bond between the Ala111 amide hydrogen and the Val130
carbonyl group (Fig. 8) to the C-terminal loop. The core of
this globular fold consisted of a hydrophobic cluster of
residues Ala111, Val119, Val123 and Val130.

α7-turn-α8-loop-α9 motif

This fragment corresponds to the hypothetical folding unit
suggested by Ferreiro et al. [19], the hydrophobic core of

Fig. 8 Snapshots taken from
the ANK repeat IV fragment
simulation at various times; red
α7, gray turn and loop, blue α8
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which consists of the following residues: Leu107, Ala110,
and Ala111 in α7; Val118, Val119, Leu122, and Val123 in
α8; and Ala140, and Ala144 in α9. There is a salt bridge
between the side chains of Lys112 and Glu113, which
presumably stabilizes the C-terminal turn of α7, and a salt
bridge between Glu120 and Lys124 that stabilizes the
helical structure of α8 in the native conformation. The
unstructured loop (residues 126–139) involves two H-
bonds: one formed between the carbonyl oxygen of
Asn129 and amide hydrogen of His132, and another
between the amide hydrogen of Asn134 and carbonyl
oxygen of Asp138 (Fig. 9a). The entire system is positively
charged (+2e), since it includes three Lys, three Arg, two
Asp and two Glu residues.

Apart from the increased flexibility of the α8 and α9 C-
terminal turns, no other structural changes were observed in
the first ∼6.5 ns, during which the α7-turn-α8-loop-α9
fragment fold remained stable. Then, formation of a salt
bridge among Arg145, Asp142 and Asp138 caused α9
to adopt a 310-helix conformation (Fig. 9b). After a
further 1 ns (at ∼7.5 ns), α9 shifted towards the solvent-
exposed side of α7. This motion was presumably directed
by the formation of a salt bridge between Lys112 and
Asp142 and a hydrophobic contact between Leu143 and
the nonpolar moiety of Lys112 (Fig. 9b). After several
nanoseconds (at ∼11 ns), α8 unfolded from the C-terminus
and it is assumed that the bifurcated H-bond between the
backbone carbonyl oxygen of His115 and the amide
hydrogens of Val118 and Val119 initiated the unfolding
process. The assembly of α7, α8 and α9 formed at ∼7.5 ns
was broken at ∼12 ns because the interaction between
Lys112 and Asp142 vanished, due to the formation of a
new salt bridge between Lys112 and Glu113 (Fig. 9b).
After that (∼13 ns), α9 moved away from α7 and α8, and
losses of native hydrophobic contacts between α7 and α9
as well as between α8 and α9 were observed. Conse-
quently, α7 unfolded from the C-terminus. The three-
dimensional structure of this fragment was then extended
and its core residues were significantly exposed to the
water solvent. At ∼24.5 ns, the antiparallel arrangement of
the α7-turn-α8 motif was broken. Some hydrophobic
residues became exposed to the solvent and the others
formed non-native contacts that were not observed in the
native fold (Fig. 9b), some of which assisted reformation
of non-native α-helices spanning residues 113–117 and
139–143 (cf. Fig. 4).

ANK IV-loop-α9 motif

The Consensus 2 hypothetical minimal folding unit of the
p18 protein consists of one ANK repeat motif (Consensus
2) followed by a C-terminal α-helix (Fig. 10a). The
residues forming the hydrophobic core of the α7-turn-α8-

loop-α9 fragment are listed above, and the H-bond network
is similar to that described for the α7-turn-α8-loop-α9
fragment, except that additional H-bonds are formed
between the backbone carbonyl oxygen and amide hydro-
gen of Glu102 and His135, and between the Asn104 side
chain carbonyl oxygen and side chain amide hydrogen of
Asn134 (Fig. 10a). The formal charge of the respective
fragment is +1e. Three Lys, three Arg, three Glu and two
Asp are involved in the fragment structure.

The conformation of the C-terminus of the α9 changed
to a turn, stabilized by H-bonds formed among the main
chain carbonyls of Asp142 or Leu143 and backbone amide
hydrogens of Arg145, Leu146 and N-methyl. At ∼2.5 ns,
the C-terminus of α8 lost its helical conformation and also
adopted a turn conformation. Loss of the α8 C-terminal
helical turn then presumably initiated a shift (lasting ∼5 ns)
of α8 towards α9, to the position where α10 (which is
missing in this fragment) occurs in the p18 structure
(Fig. 10b). The C-terminal turn of α8 adopted a 310-helix
conformation at ∼13 ns. Then, the α7 unfolded from both
termini at the same time, at ∼17.3 ns, and the C-terminus of
the α7 changed to a turn conformation, which was
stabilized mainly by the formation of a bifurcated H-bond
between the backbone carbonyl of Ala110 and both the
amide hydrogen of Glu113 and His115 (Fig. 10b). At
∼35 ns, α8 completely unfolded, while α9 unfolded from
the C-terminus (Fig. 10b). From this time onward, all of the
helices were able to refold to α-helical conformations, but
these secondary structure elements were short-lived,
appearing for periods ranging from approximately 1 to
8 ns. The major refolding events appeared in the α8 and α9
helices. The α8 helix reestablished its middle turn at ∼37 ns
and maintained it until ∼45 ns. After that, the C-terminal
turn of the α8 was quickly reformed and remained stable
during the next simulation run. At ∼48 ns, the helical
structure of α9 fully reformed, and was maintained until the
end of the simulation. It is likely that the hydrophobic
contacts among Val119, Leu122, Val123, together with the
hydrophobic moiety of Arg133, Cys141 and Ala144
stabilized the C-terminus of α8 as well as the helical
structure of the α9 helix (Fig. 10b).

Four-helical bundles

Four-helical bundles (i.e., α7-turn-α8+α9-turn-α10 and
α7-turn-α8-loop-α9-turn-α10 fragments) were significant-
ly more stable than the smaller fragments, and their α-
helical contents were well maintained in the simulation
timescale (cf. Fig. 4). The α7 and α9 helices were generally
more rigid than the α8 and α10 helices (Fig. 11), and the
average α-helical contents of the α7-turn-α8+α9-turn-α10
and α7-turn-α8-loop-α9-turn-α10 fragment were 89% and
84%, respectively. Thus, the four-helical bundles are
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slightly less stable when the loop connecting the two
helix-turn-helix motifs is present than when it is absent
(i.e., in the α7-turn-α8+α9-turn-α10 fragment, see
Fig. 11). This is because of the greater flexibility of the

α8–α9 loop (the loop connecting α8 with α9 in the α7-
turn-α8-loop-α9-turn-α10 fragment), which readily makes
contacts with the helices. It has substantially higher
flexibility in simulations of these bundles, since it lacks

Fig. 9 a Native structure of the
α7-turn-α8-loop-α9 fragment
(red α7, gray turn and loop,
blue α8, green α9). b Snapshots
from the α7-turn-α8-loop-α9
fragment MD simulation taken
at various times
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inter-strand hydrogen bonds to the N-terminal hairpin of
ANK IV, than in MD simulations of the ANK IV-loop-α9
fragment, where it does make these inter-strand hydrogen
bonds.

Discussion

Here, we present all-atomic MD simulations, 450 ns long in
total, in explicit solvent of various different C-terminal

Fig. 10 a Native structure of
the ANK IV-loop-α9 fragment
(red α7, gray turn and loop,
blue α8, green α9). b Snapshots
from the ANK IV-loop-α9 frag-
ment MD simulation taken at
various times
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fragments of the p18 protein (Table 1). The main aim of
this study was to test the hypothesis of Ferreiro et al. [19],
who proposed from Gō type simulations that the hypothet-
ical minimal folding module of ARP consists of one
complete ANK repeat motif and the first helix of the
following ANK repeat. According to this hypothesis, the
minimal folding module of ARP contains three helices
connected by a turn and loop. We selected nine C-terminal
fragments of p18 to test this hypothesis. The smallest
studied systems consisted of pairs of helices (two) while the
largest contained two ANK repeats, coinciding with the
minimal folding unit of ARP suggested by Zhang and Peng
based on results obtained from proteolytic analyses and
prediction algorithm [7].

Separations of the helices, and resulting elongation of
the structures, were observed after ∼3.2 ns and ∼20 ns in
simulations of the helix-turn-helix motifs of the α7-turn-α8
and α9-turn-α10 fragments, respectively. Both of these
fragments were unstable, with mean α-helical contents
equal to 19.7% and 33.6%, respectively, and the contacts
among hydrophobic residues in them were insufficiently
strong to maintain their native folds. These observations are
in agreement with findings of Du and Gai [29], who
concluded that stability of the helix-turn-helix (α-hairpin)
motif is enhanced by strong inter-strand hydrophobic
clusters. The two helix pairs (α7+α8 and α9+α10) were
the most unstable systems of all studied fragments, and
both displayed similar behavior. Their native α-helical
content quickly decreased due to unfolding of individual

helices, accompanied by the loss of many native contacts,
then several refolding events were observed until the
individual helices dissociated, after which no further
refolding of the α-helices was observed.

The C-terminal ANK repeat IV did not maintain its
native fold and, after several nanoseconds, collapsed to a
globular structure (cf. Fig. 8), which was likely stabilized
by hydrophobic contacts and H-bonds between α-helical
residues and residues located in the C-terminal loop. The
mean α-helical content of the ANK repeat IV amounted to
39% and the mean percentage of preserved native contacts
of the final structures was ∼24%.

The three helical bundles occurring in the ANK IV-loop-
α9 and α7-turn-α8-loop-α9 fragments were not stable
during the observed timescale. The mean α-helical content
of the ANK IV-loop-α9 motif was 54%, and the content of
the α7-turn-α8-loop-α9 motif was just 35%. The C-
terminal region of the α7-turn-α8-loop-α9 fragment was
more flexible than the ANK IV-loop-α9 system. Lack of
the four N-terminal β-hairpin residues in the α7-turn-α8-
loop-α9 fragment prevents H-bonding of this moiety with
the loop connecting α8 with α9. Therefore, the C-terminal
region of the α7-turn-α8-loop-α9 fragment gained higher
flexibility and, early in the simulation (at 24.5 ns), the
fragment adopted an extended structure.

The largest fragments, containing two pairs of helix-
turn-helix motifs (i.e., four helical bundles), were the most
stable systems among those simulated (Fig. 11), as
indicated by their high mean α-helical contents of 89%

Fig. 11 a Initial and last struc-
tures from the MD simulation of
α7-turn-α8+α9-turn-α10 frag-
ment (red α7, gray turns, blue
α8, green α9, yellow α10). b
Initial and last structures from
the simulation of α7-turn-α8-
loop-α9-turn-α10 fragment (red
α7, gray turns and loop, blue
α8, green α9, yellow α10)
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(α7-turn-α8+α9-turn-α10) and 84% (α7-turn-α8-loop-α9-
turn-α10). These values, together with the relatively low
associated and convergent RMSDs and Rgs values, and
high percentage of preserved native contacts (see Table 2),
indicate that these fragments are stable in the 50 ns long
simulation timescale applied here.

Conclusions

The all-atomic MD simulations in explicit solvents pre-
sented here show that the hypothetical minimal folding
module of ARP p18 comprising one ANK repeat and the
first helix of the following ANK repeat (containing three
connected helices) proposed by Ferreiro et al. [19], is not
stable at a 50 ns timescale and should not be regarded as the
minimal folding unit of p18. On the other hand, the
minimal stable unit of ARP, consisting of two ANK repeats
stacked with each other (containing four connected helices),
as suggested by Zhang and Peng [7], was considerably
more stable at the same timescale. The lower stability of the
hypothetical folding module is attributable to the larger
exposure of the hydrophobic core residues to water. Since
each non-terminal ANK repeat has two hydrophobic sides,
we may further hypothesize that at least one hydrophobic
side must be fully covered, shielded from water, to maintain
ANK repeat stability. Thus, at least two ANK repeats are
required to make a stable ARP.
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