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Abstract: - The availability of a large amount of experimental data makes the Pin1
WW domain an ideal benchmark to test computational methods. The purpose of the
present work is to identify the kinetic bottlenecks of the folding/unfolding pathway
through Molecular Dynamics simulations. In this paper, the first of the series, we
use the Sorenson/Head-Gordon model, based on the hydrophobicity properties of the
chain residues. The unfolding simulation shows a highly cooperative mechanism that
correctly identifies the contacts of loop I as the kinetic bottlenecks, in agreement with
the Φ-value analysis performed by Gruebele et al.. The folding simulation, on the other
hand, proves to be able to capture the essential topological features of the native fold
even if the Kabsch distance from the PDB structure is still rather high. In the second
paper of the series we report on simulations within the frame of the Go model, and the
performances of the two models are compared and discussed.
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1 Introduction
The WW domains are a family of fast-folding, com-
pact, modular domains featuring a triple-stranded,
antiparallel beta-sheet. In particular, the human Pin1
protein WW domain, due to the availability of a large
amount of structural [1, 2], thermodynamical and ki-
netic [3] experimental data, represents an excellent
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benchmark to test computational methods.

The structure of this domain was resolved both
through NMR [2] and X-ray diffraction [1] tech-
niques. The protein is characterized by two hy-
drophobic clusters providing the largest contribution
to the thermodynamic stability of the molecule [3]:
cluster 1 (CL1) involves residues Leu7, Trp11, Tyr24
and Pro37; cluster two (CL2) comprizes Tyr23,
Phe25 and Arg14. The stability of the molecule also
derives from a network of hydrogen-bonds whose
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central element is the highly conserved Asn26 lo-
cated on strand β2 and acting both as donor and ac-
ceptor in bonds with Pro9, Trp11, Ile28 and Thr29,
thus linking strands β1 and β3. Another important
feature of the domain, is the presence of two loops.
Loop I (L1) plays a key role in substrate recog-
nition [1] as it binds to the phosphate of the pS-
P motif of the Proline-rich ligands. Moreover, the
Φ-value analysis performed by Gruebele et al. [3]
showed that the mutations of Ser16, Ser18 and Ser19
in loop I maximally destabilize the transition state,
so that the formation of L1 appears to be the rate-
limiting step in the folding/unfolding process. Loop
II (L2), on the other hand, gives an important con-
tribution to thermal stability, but it is involved in the
formation of the transition state only at high tem-
peratures [3]. Due to the ability of inducing con-
formational changes in Proline-rich, phosphorilated
substrates, Pin1 is a potential regulator of the cell-
cycle, and maybe involved in pathologies like Lid-
dle’s syndrome, muscular distrophy and Alzheimer’s
disease [4, 5]

The purpose of the present work is to identify the
bottlenecks [6] in the folding process of WW do-
mains through Molecular Dynamics simulations of
thermal denaturation, using simplified protein mod-
els. The kinetic bottlenecks are related to the es-
tablishment of those specific interactions requiring
the overcoming of large free-energy barriers. The
formation of such interactions acts as a nucleus for
the establishment of further contacts and accelerates
the searching of the native state. The reliability of
this method for identifying the critical amino-acids
will be tested through a systematic comparison with
the results collected by Gruebele et al. [3]. Two off-
lattice, simplified models were used, namely the Go
model [7] and the Sorenson/Head-Gordon (SHG) [8]
model. Recent papers [9, 10] provide growing evi-
dence that the Go model represents a useful tool for
the characterization of the transition states. On the
other hand, in this model the folding is driven by the
native-state topology, so that the chemical properties
of amino-acid residues are ignored and there is no
a priori guarantee that the natural folding pathway
will be followed. This motivates a detailed com-
parison of the performances of the Go and SHG
models. The latter, in fact, being based on the hy-

drophobicity of amino-acid residues and on the sec-
ondary structural propensities of the dihedral angles,
is more likely to reconstruct the natural sequence of
events in the folding/unfolding pathways. Our sim-
ulations showed that the unfolding mechanisms re-
constructed by the two models are consistent with
each other and with the experimental data, even if the
SHG model appears to be more reliable in the iden-
tification of kinetic bottlenecks. The SHG model,
conversely, is less accurate in the prediction of the
native structure. Yet it captured essential features
of the native fold such as the overall topology, the
hydrophobic clusters and more than 50 % of the na-
tive contacts. In the present paper we report on our
unfolding simulations using the SHG model. In the
second paper of the series [11], an account is given
of the unfolding simulations using the Go model, and
the performances of the two models are compared
and discussed.

2 Methods
The SHG model is an off-lattice, minimal model
describing the protein as a chain of beads of three
flavours: hydrophobic (B), hydrophylic (L) and neu-
tral (N) (see table in Ref [12]). The driving force
responsible for the collapse onto a compact structure
is the attraction between B-beads, whereas the repul-
sion between L and N beads determines the rearrang-
ments of the compact structure into the native topol-
ogy. The long-range interactions between residues
which may be far apart in sequence space is mod-
eled through the potential:

VLR =
∑

i,j≥i+3

εhS1

[(
σ

rij

)12

− 2S2

(
σ

rij

)6
]

(1)

where εh = 2.1Kcalmol−1 sets the energy scale and
σ = 4.0 Å. The attractive interaction between hy-
drophobic residues is assured by setting S1 = S2 =
1 for BB pairs. A long-range repulsive potential de-
scribing the interaction between LL and LB pairs is
obtained by setting S1 = 1/3 and S2 = −1. The in-
teractions involving neutral residues are also repul-
sive and they are modeled as an excluded volume
potential by setting S1 = 1 and S2 = 0.

The dihedral potential plays a key role in deter-
mining the secondary structure. Its analytical ex-
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pression is as follows:

Vdih =
∑N−3

i=1 [Ai(1 + cosφi) +Bi(1− cosφ) +

Ci(1 + cos 3φi) +Di(1 + cos(φi + π/4))]

where the coefficients Ai, Bi, Ci, Di are chosen ac-
cording to appropriate secondary structural propen-
sities. Indeed, each dihedral, in the chain, is de-
fined to be either helical (H: Ai = 0, Bi = Ci =
Di = 1.2εh), extended (E: Ai = 0.9εh, Ci =
1.2εh, Bi = Di = 0), or turn (T: Ai = Bi =
Di = 0, Ci = 0.2εh). Based on the informa-
tion stored in the PDB file 1NMV.pdb we chose the
sequence: TTTTT-EEEEE-TTTTT-TEEEE-TTTTT-
EETTT-EET. The SHG force-field is completed by
two harmonic potentials with stiff constants that
keep bond lenghts and bond angles approximately
fixed to their equilibrium values. Being a minimal
model, the SHG approach neglects important deter-
minants of protein structure such as side-chain pack-
ing and hydrogen bonding. This leads to the oppor-
tunity of a sequence optimization procedure based
on energy gap maximization [12, 13] to compensate
the model limitations. Here, we used the sequence
proposed in Ref. [12] LBBNN-BLBLB-NLNNN-
LBBBB-LLNNL-BNBBL-LBNNL. We performed
constant temperature MD simulations within the
isokinetic scheme using reduced units. The temper-
ature was measured in units of εh/R = 1070.96K,
time in units of τ = (M/εh)

1/2σ = 4.44 ps, (σ =
4.0 Å is the equilibrium length of Lennard-Jones in-
teractions M = 110 Da), energy in units εh, specific
heat in units R = 1.9872 × 10−3 Kcalmol−1 K−1

and the radius of gyration in units σ. The value of
the energy scale εh was set to 2.13Kcalmol−1 in or-
der to reach a denaturation temperature compatible
with experimental data T = 332K [3]. The unfold-
ing simulations started from a reference conforma-
tion (low temperature, T = 0.01) and we gradually
heated the system to the value T = 1 in 50 tempera-
ture jumps. For each temperature we equilibrated the
system over 6× 106 time steps. Sampling of observ-
ables was performed for further 6×106 time steps of
the dynamics. We monitored the departure from the
reference state through the overlap Q, representing
the fraction of native contacts still present. We also
measured the parameters signalling the formation of
the two hydrophobic clusters CL1 and CL2 typical

of the WW domain

QCLk =

∑
ij∈CLk Rij∑
ij∈CLk rij

, k = 1, 2

whereRij and rij are the native and current distances
respectively, between residues i and j belonging to
the same cluster. Small values of QCLk indicate that
the cluster is ill-formed, because its residues are far
apart. As a further reaction coordinate of the folding
process, we also monitored the gyration radius and
the rmsd between the native and the reference con-
formations after the optimal superposition according
to Kabsch’s algorithm.

An accurate estimate of the density of states
Ω(E,Q) was obtained through the weighted his-
togram method. The density of states were then used
to compute energy and specific heat at each temper-
ature. The knowledge of Ω(E,Q) can also be used
to compute the probability PT (E,Q) that, at temper-
atute T , the protein is characterized by energy E and
overlap Q. The sum of PT (E,Q) over all possible
energies, yields the probability PT (Q) for the sys-
tem to have a structural overlap Q at temperature T ,
which in turn, by reversing the Boltzmann’s weight
gives the potential of mean force along the reaction
coordinate Q: WT (Q) = −RT ln[PT (Q)].

A detailed characterization of the fold-
ing/unfolding process was obtained by measuring
the probability Pij(T ) of native contact formation
as a function of the temperature. The Pij(T ) plots
are typically characterized by a sigmoidal shape,
keeping values close to 1 at low temperatures and
decreasing to zero at high temperatures. The kinetic
bottlenecks are those contacts whose Pij(T ) plots
exhibit an abrupt change in correspondence of the
peaks and shoulders of the specific heat profile [6].

3 Results
The reference conformation denatured in the unfold-
ing simulations was produced in a previous slow-
cooling run, starting from a random coil structure
of fragment 6-40 (chosen for the sake of consistency
with the preliminary study reported in Ref [12]). The
temperature was gradually reduced from T = 1 to
T = 10−2 in 50 steps each involving a thermaliza-
tion stage of 6×106 time steps followed by a produc-
tion stage of the same lenght, where the quantities of
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interest were sampled. After a final steepest-descent
run we obtained a structure with a 4.74 Å rmsd from
the PDB conformation (Figures 1 and 2). The folded
structure correctly displays the topology of a triple-
stranded, antiparallel β-sheet, that however lacks the
typical twist that in the PDB structure makes loop
L2 almost perpendicular to loop L1. As a result, the
folded structure is much more compact than the PDB
conformation and shows a much larger number of
native contacts (72 versus 41). The fact that 22 out
of the 41 PDB contacts are also present in the folded
structure is a clear indication of the good structural
performance of the SHG simulation. The analysis of
the contact pattern shows the importance of a stretch
of four consecutive hydrophobic residues (Val22,
Tyr23, Tyr24, Phe25) located on strand β2 and thus
lending themselves to the creation of a bridge be-
tween strands β1 and β3. It can be noticed that two of
the mutations introduced in the sequence optimiza-
tion procedure Lys13: L→ B and Gln33: L→ B are
necessary for the formation of a network of β1-β2-β3

hydrophobic contacts, representing the most impor-
tant interactions stabilizing the structure produced
by the folding algorithm. In the SHG model, thus,
residues Tyr23, Tyr24, and Phe25 play the same role
of the conserved Asn26 in the real protein, which
lies at the center of a network of hydrogen bonds
with Thr29, Ile28, Pro9 and Trp11. This observa-
tion sheds ligh t on the chemical foundations of the
sequence optimization method, whose power basi-
cally relies on the possibility of replacing hydrogen
bonds and salt bridges with effective hydrophobic
interactions. A final criterion to assess the perfor-
mance of the SHG protein model is to analyze its
reliability to generate the two hydrophobic clusters
CL1 and CL2 typical of the Pin1 WW domain. The
values of the order parameters of the two clusters are
QCL1 = 1.025 and QCL2 = 1.046: the values very
close to 1 clearly show that the SHG simulation cor-
rectly forms both clusters. The PDB structure and
the folded reference conformation are shown in Fig-
ures 1 and 2.

We now report on the analysis of thermodynamic
and structural properties monitored during the un-
folding simulations using the SHG model (see Fig-
ure 3 for the plots of energy and specific heat). All
distances are measured with respect to the folded ref-

Figure 1: PDB structure of WW domain of Pin1
protein extracted from 1NMV.pdb file. The α-carbon
trace and the side-chains of residues involved in the hy-
drophobic clusters are shown using the following color-
code: β-strand residues, blue, loop residues, yellow,
non-sheet residues not involved in hydrophobic clus-
ters, white. Side-chains of residues participating in CL1
(Leu7, Trp11, Tyr24, Pro37) are shown in green with a
stick representation, whereas those participating in CL2
(Arg14, Tyr23, Phe25) are represented through magenta
sticks. The figure was drawn with the RASMOL program.

Figure 2: Reference Structure of the WW domain of Pin1
protein generated in the folding simulation using the SHG
model. The α-carbon trace is shown using the following
color-code: β-strand residues, blue, loop residues, yellow,
non-sheet residues not involved in hydrophobic clusters,
white. The residues involved in CL1 are shown in green,
whereas those participating in CL2 are appear as magenta
interruptions of the blue β-strand regions. The figure was
drawn using the RASMOL program.
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Figure 3: Specific heat as a function of temperature in
the SHG unfolding. Inset: plot of energy versus tempera-
ture, both plots are obtained using the weighted histogram
method (see Methods).

erence conformation. The specific heat plot (Fig 3)
shows a sharp peak at T = 0.31 and a shoulder
at T = 0.37. The existence of a sharp peak is a
first indication of the cooperativity of the unfolding
mechanism, where most contacts break down almost
simultaneously in a narrow temperature range. As
expected, the pattern of specific heat is consistent
with that of the structural parameters, whose val-
ues change abruptly in the temperature range corre-
sponding to the peak of the specific heat.

The sequence of breakdown events can be de-
duced by ranking the contacts according to temper-
ature where the derivative of the sigmoidal Pij(T )
plot is maximal. The unfolding pathway can be sum-
marized as follows. At very low temperatures, be-
fore the peak of the specific heat, there occurs the
disruption of contacts of cluster CL1. The next stage,
corresponding to the increasing part of the specific
heat peak, is characterized by the breakdown of β2-
β3 contacts. There is also breakage of β1-β2 contacts
in the regions of the strands most distant from loop
L1. The peak of the specific heat plot, where the next
step of the pathway takes place, is characterized by
the contact disruption in the region of L1. This find-
ing is important, because it is consistent with the ex-
perimental results of the Φ-value analysis by Grue-
bele et al. [3], which shows that the formation of
L1 is the rate limiting step at physiological tempera-
tures. The last stage of the unfolding process corre-
sponds to the shoulder of the specific heat profile and
involves the breakdown of β1−β2 contacts in the in-
termediate portion of the strands and head-β2 as well
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Figure 4: Color-coded contact map of the SHG model
reference structure. The black squares represent those
contacts broken at low temperature, before the peak of
specific heat: these contacts connect β1 to β3 and β2 to
the Tail. The red squares indicate the contacts break-
ing down in correspondence of the increasing branch of
the specific heat peak: the largest group of red squares
refers to β2 − β3 contacts, while the smallest group refer
to β1 − β2 contacts in the region of the strands most dis-
tant from loop L1. The green squares represent contacts
disrupted at the top of the specific heat peak: the largest
cluster of green squares represents the contacts of L1; fi-
nally, the blue squares represent the contacts broken at the
shoulder of specific heat: the cluster on the left relates to
head−β2 contacts, while the cluster on the right relates to
β1−β2 contacts in the intermediate portion of the strands.

(we define head the N-terminal region Lys6-Gly10
and tail the C-terminal portion Asn36-Asn40). The
unfolding pathway can be easily visualized by means
of contact maps, where a color-code shows the con-
tacts breaking down at different temperatures (Fig-
ure 4). The study of the SHG unfolding was com-
pleted by the analysis of the potential of mean force
that represents an estimate of free energy. Around
the unfolding temperature, the free energy profile
shows a typical double well, whose most pronounced
minima correspond to partially folded and unfolded
structures. The double-well shape is the signature of
an abrupt transition characterized by a massive rear-
rangement of the molecular structure.

4 Conclusions
We performed thermal unfolding simulations of the
Pin1 protein WW domain with the purpose of identi-
fying the kinetic bottlenecks in the folding/unfolding
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pathway. In this first paper of the series we report on
the simulations using the simplified SHG model [8],
where the folding is driven by the attractive inter-
actions between hydrophobic residues and the sec-
ondary structures are formed by imposing an appro-
priate bias on the dihedral angles. The limitations of
the model (for instance the lack of hydrogen-bonds)
are compensated by a sequence optimization tech-
nique, based on energy gap maximization [12, 13].

The kinetic bottlenecks identified through the
SHG unfolding simulation are located on loop L1.
This finding is consistent with the Φ-value analy-
sis performed by Gruebele [3]. The final structure
produced by the simulation exhibits a rather high
rmsd from the PDB conformation, but it is charac-
terized by the correct topology of a triple-stranded
antiparallel β-sheet. Moreover, the folded conforma-
tion shares 22 of the 41 native contacts of the PDB
structure, and it features well-formed hydrophobic
clusters. Our work thus shows that simplified mod-
els, based on the physico-chemical properties of pro-
tein chains, are effective in reconstructing the fold-
ing/unfolding pathway and, in particular, in the iden-
tification of the kinetic bottlenecks, while still being
able to capture the essential structural features of the
native fold. In the second paper of this series the re-
sults of the SHG simulations will be compared with
those of the Go model.
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