Molecular Dynamics Simulations of the Intrinsically Disordered Protein Amelogenin

Authors:

Alessandra Apicella,"” Matteo Marascio,""” Vincenzo Colangelo,” Monica Soncini,” Alfonso

Gautieri,” Christopher J.G. Plummer*

a. Laboratoire de Technologie des Composites et Polymeéres (LTC), Ecole Polytechnique
Fédérale de Lausanne (EPFL), Station 12, CH-1015 Lausanne, Switzerland

b. Dipartimento di Elettronica, Informazione e Bioingegneria, Politecnico di Milano, Piazza

Leonardo da Vinci 32, 20133 Milan, Italy

* These authors contributed equally to this work.
Corresponding author:

Monica Soncini

Dipartimento di Elettronica, Informazione e Bioingegneria, Politecnico di Milano, Piazza

Leonardo da Vinci 32, 20133 Milan, Italy

monica.soncini@polimi.it

The Version of Record of this manuscript has been published and is available in “Journal of
Biomolecular Structure and Dynamics” 01 July 2016
http://www.tandfonline.com/10.1080/07391102.2016.1196151

1/25



Abstract

Amelogenin refers to a class of intrinsically disordered proteins that are the major
constituents of enamel matrix derivative (EMD), an extract of porcine fetal teeth used in
regenerative periodontal therapy. Modifications in molecular conformation induced by
external stresses such as changes in temperature or pH, are known to reduce the effectiveness
of EMD. However, detailed descriptions of the conformational behavior of native amelogenin
are lacking in the open literature. In the present work, a molecular model for the secondary
and tertiary structure of the full-length major porcine amelogenin P173 was constructed from
its primary sequence by replica exchange molecular dynamics (REMD) simulations. The
REMD results for isolated amelogenin molecules at different temperatures were shown to be
consistent with the available spectroscopic data. They therefore represent an important first
step towards the simulation of the intra- and intermolecular interactions that mediate self-
organization in amelogenin and its behavior in the presence of other EMD components under

conditions representative of its therapeutic application.

Keywords: amelogenin, molecular dynamics, protein structure prediction, thermal stress.
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Introduction

The regenerative process initiated by the precipitation of enamel matrix derivative (EMD)
proteins at the site of periodontal defects has been the subject of various in vitro and in vivo
studies. However the precise role of the individual components of the EMD in its
conformational response to conditions representative of its therapeutic application remains
poorly understood (Lindskog, 1982; Slavkin et al., 1989). It is nevertheless generally
recognized that maintaining the native conformation of the EMD and its ability to self-
organize are crucial to its biological effectiveness, as well as the stability of EMD-based
products intended for dental use against premature precipitation during long-term storage.
Indeed, environmental stress associated with the manufacture, heat treatment and storage of
protein-based therapeutics is generally associated with denaturation and loss of function, so
that it is of considerable practical importance to understand the underlying mechanisms for
these processes (Kiethaber, Rudolph, Kohler, & Buchner, 1991; Lumry & Eyring, 1954;
Wiedemann-Bidlack, Beniash, Yamakoshi, Simmer, & Margolis, 2007). Amelogenin, which
accounts for about 90 % of the total mass of EMD and is also the most widely investigated
EMD protein, is known to play a key role in the formation of enamel tissue, and its

conformational behavior is assumed to dominate that of EMD.

Amelogenin is classified as an intrinsic disordered protein (IDP). Contrary to classical
proteins, IDPs or structured proteins with intrinsically disordered regions (IDRs), adopt a
spectrum of states, ranging from unstructured to partially structured conformations, that are
responsible for protein function regulation in several biological processes (Banerjee,
Chakraborty, & De, n.d.; Banerjee & De, 2015; Das & Pappu, 2013; Espinoza-Fonseca &
Kelekar, 2015; Leonova & Galzitskaya, 2015; Lindorff-Larsen, Trbovic, Maragakis, Piana, &
Shaw, 2012; Yadav, Rai, Hosur, & Varma, 2015). Although amelogenin is considered to be
an IDP, its secondary structure is locally well-defined (Delak et al., 2009), and it has been
shown that at least one variant of porcine amelogenin, consisting of 173 residues, self-
assembles to form relatively ordered structures in aqueous media as the pH is raised (Beniash,
Simmer, & Margolis, 2012). Amelogenin self-assembly is known to be sensitive to solvent
conditions, “nanospheres” of 5 to 200 nm in diameter having been detected by dynamic light
scattering depending on pH, temperature, and ionic strength (J Moradian-Oldak, Leung, &
Fincham, 1998). Moreover, large-scale aggregation is thought to originate from hydrophobic
interactions between these nanospheres subsequent to thermal stress, which are in turn
associated with specific amelogenin domains (Wen, Moradian-Oldak, Leung, Jr., & Fincham,
1999). However, while considerable insight into the conformational behavior of amelogenin

and its biological function has been gained from spectroscopic and controlled proteolysis, for

3/25



example (J. Moradian-Oldak, Jimenez, Maltby, & Fincham, 2001; Paine & Snead, 1997), the
experimental study of individual amelogenin molecules is complicated both by their intrinsic
disorder and their tendency to aggregate (B. Aichmayer et al., 2005; Barbara Aichmayer et
al., 2010; Zhang, Ramirez, Liao, & Diekwisch, 2011).

In an effort to gain further understanding of the response of EMD to its environment, we
therefore carried out a computational study of amelogenin at pH 5 at T from 4 to 80 °C, which
is the regime of immediate practical interest. A model of the full-length native major porcine
amelogenin P173 was constructed from its primary sequence by means of replica exchange
molecular dynamics simulations (REMD), a widely used computational tool for the prediction
of protein folding (Sugita & Okamoto, 1999). Previous studies successfully performed Monte
Carlo simulations of IDPs up to 59 residues (Das, Crick, & Pappu, 2012; Das & Pappu,
2013). On the other hand, molecular dynamics (MD) simulations explored the possibility to
investigate large IDPs up to 94 (Colson, Thompson, Espinoza-Fonseca, & Thomas, 2016)
residues and for up to 200 ms (Lindorff-Larsen et al., 2012), also focusing on interesting
aspects such as different outcomes obtained using different available force fields (Zhou,
2007) and folding of protein segments (Cino, Choy, & Karttunen, 2012; Espinoza-Fonseca &
Kelekar, 2015) However, MD simulations of IDPs made of hundreds amino acids is still
computationally challenging. REMD represents then a useful tool for the assessment of the
protein folding of full size proteins, giving the possibility to explore the structure of IDPs as
large as amelogenin. An important rationale for the use of REMD simulations is that it allows
extended sampling of the free energy space beyond regimes that are directly accessible to
nuclear magnetic resonance (NMR) studies, which require dissolution of the protein
molecules (Espinoza-Fonseca, 2009). Even so, the available NMR data provide a convenient
yardstick for assessing the results of the simulations under specific conditions, as will be

discussed further in what follows.

Materials and methods

Replica Exchange Molecular Dynamics simulations

The GROMACS code (Van Der Spoel et al., 2005) and the CHARMM?22/CMAP force-field
were used for all the simulations (Mackerell, 2004). The amelogenin P173 primary sequence
was obtained from the Uniprot data bank (entry number P45561). The initial structure has
been assembled using PyMOL, creating the initial simulation structure on the basis of the
primary structure available on Uniprot (amelogenin P173, Sus Scrofa). Because REMD
simulations of the whole amelogenin protein were prohibitively expensive in terms of

computing time, its primary sequence was divided into five shorter subsystems (Fig. 1):
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Metl-Tyrl7 and Gly8-His32 (encompassing the N-terminus domain), Met29-Pro87 and
Pro84-Ser151 (encompassing the central domain), and Met149-Aspl173 (the C-terminus
domain). The total length of each subsystem was chosen (i) to avoid discontinuities within
known putative secondary structures (Zhang et al., 2011) (e.g. a-helices) and (ii) to give a
reasonable compromise between computational cost and the number of subsystems.
Overlapping sequences were included in adjacent subsystems for the purposes of the merging
procedure. In a preliminary step, each of the five subsystems was energy minimized for
50’000 steps using the conjugate gradient algorithm and equilibrated with 1 ns MD
simulations at 7= 4 °C using the NPT ensemble. Non-bonding interactions were computed
using a neighbor cut-off list at 1.35 nm, with a switching function between 1.0 and 1.2 nm.
Folding was subsequently modelled using REMD simulations. The number of replicas for the
successive subsystems was set to 13, 16, 21, 23 and 12, respectively, with 7 ranging from 4 to
273 °C. The set of temperature were obtained with the temperature generator for REMD-
simulations provided by http://folding.bmc.uu.se/remd/ and using an exchange probability of
0.3 (Patriksson & van der Spoel, 2008). Replica exchanges were attempted between
neighboring pairs every 5000 integration steps (10 ps) and the simulation time was 100 ns.
All MD simulations were carried out in a generalized Born implicit solvent with constraints
on the vibration of bonds involving hydrogen atoms, thus allowing a 2 fs time step. A

Berendsen thermostat was used to maintain each system at the reference 7.

Clustering

A clustering technique based on a root mean square deviation (RMSD) cut-off was applied to
frames of the last 50 ns of REMD simulations using the Clustering plug-in available in the
Visual Molecular Dynamics (VMD) package (Mackerell, 2004). Briefly, the clusters are
defined by an arbitrary RMSD cut-off of the structures at the same temperature, which was
chosen according to the structure distribution and varied from 0.3 to 0.4 nm. We then
determined the representative structures for the most populated clusters based on the average
RMSD within the cluster. In particular, the center of the cluster was determined as the
average of all the structures belonging to the given cluster. Among these structures, the
structure closer to the center of the cluster was then chosen to be the most representative of
that given cluster. These representative structures define the putative conformation of each
amelogenin subsystem at a specific value of temperature. The resulting conformations were
displayed using VMD and secondary structures analyzed with the Sequence Viewer extension

of VMD (based on the STRIDE algorithm) (Frishman & Argos, 1995).

Full-length P173 amelogenin models
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The full-length amelogenin structure was built (using HyperChem Pro 6.0) based on the
assembly of the most populated clusters of the five amelogenin subsystems obtained at the
end of the REMD simulations. Structural alignment of the overlapping sequences of the
subsystems was performed. This procedure led to two different initial models of amelogenin
(P173a, P173b). Moreover, because the histidine-rich domain (Leu46-Pro87) showed two
equiprobable structural clusters (see the results section), a third initial model was generated
using in the structure of model P173a the structure associated with the secondary cluster
(P173c). The three initial models were minimized and equilibrated for 100 ns using a classical
MD simulation in explicit water (SPC water model). The RMSD of the structure was
monitored to guarantee its stability. Finally, the full-length amelogenin structures were
analyzed with the STRIDE algorithm in order to verify the stability of the secondary
structures predicted by the REMD simulations.

Radius of gyration and solvent accessible surface area from the full-length amelogenin

structural model

The radius of gyration was calculated from the MD simulation trajectories by means of rgyr
GROMACS algorithm, which calculates the RMSD values between the amelogenin center of
gravity and the amelogenin residues. The Solvent Accessible Surface Area (SASA)
algorithm, also available in GROMACS, was used to assess the solvent accessible surface

(SAS) for each amino acid residue.
H-bonds and salt bridges

The presence of H-bonds (defined by donor-acceptor distance of 3A, and an angle < 20°) was
investigated at the beginning (first frame) and at the end (last 50 ns) of the MD simulation in
order to compare the possible effects induced by the use of implicit and explicit water models
used for the REMD and MD simulations, respectively. This analysis provides information
about possible changes occurred in the protein structure due to the use of different mediums
around the protein; indeed, the presence of implicit or explicit water may affect the H-bonds
formation among residues of the protein and thus the overall structure. We finally identified
and compared the most stable H-bonds (occupancy > 50% during the last 50 ns of MD
simulation) among the different full-length models (P173a, P173b, P173c) in order to
highlight the protein domains mainly involved in intra-molecular contacts. We also analyzed
and compared all the salt bridges formed in the different full-length models by using a VMD
algorithm (with a 3.2 A cut-off) in order to assess possible differences in the folding of the

three putative structures.
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Results

Simulated secondary structures of amelogenin P173

An overview of the amelogenin secondary structures obtained from the REMD simulations at
4, 25 and 80 °C is given in Fig. 2, which shows the dominant primary clusters (i.e. the most
likely configurations). Clusters with a similar structure were obtained by grouping the frames
generated by the REMD simulations. A relatively highly-populated cluster therefore
corresponded to a relatively stable structure (one that is close to the global energy minimum).
Certain subsystems showed two or three nearly equivalent clusters, indicating loose folding.
The secondary clusters and tertiary clusters, where present, are shown in the Supplementary

Information (Fig. S1).

The structure of the amelogenin N-terminus (Metl-Trp45) may be deduced from the REMD
results for the first three subsystems. At 4 °C the N-terminus showed strong folding, as
reflected by the presence of a single highly-populated cluster (75 %), although the sequences
linking it to the central domain showed two equally probable conformations, implying a more
loosely folded region. Secondary structure analysis indicated the presence of a disordered B-
turn sequence (Metl-His9) followed by distinct a-helices. A first helix (Pro10-Tyrl7) was
observed at the end of the first subsystem and at the beginning of the second subsystem,
where it was split into two sequences (Prol0-Aspl4, Ser16-Vall9). An additional a-helix
(Pro22-11e30) was also present in the second subsystem, while region Met29-Trp45 showed
two putative conformations: a single a-helix (Pro33-Tyr37, primary cluster, Fig. 2) and two
a3.10 helices (Tyr34-Ser36 and Met42-Gly44, secondary cluster, Fig. S1). At 25 °C, two a-
helices (Pro10-Vall9 and Pro22-1le30) were followed by three putative conformations:
unstructured coil/B-turn (principal cluster, Fig. 2), a-helix (Pro33-Tyr37, secondary cluster,
Fig. S1), and a-helix/a;.j helix (Tyr34-Tyr37 and Met42-Gly44, tertiary cluster, Fig. S1). At
80 °C, the secondary structure was similar to that at 25 °C, with the exception of the a-helix

Pro41-11e50 in the secondary cluster (Fig. S1).

The central domains (Leu46-Prol57) were covered by the third and the fourth amelogenin
subsystems. At 4 °C, the simulations did not indicate well-defined folding, but a number of
structural clusters with limited populations (= 20% to 40%) were present. The first part of the
central domain (Leu46-Met86), covered by the third subsystem, showed two principal
clusters with almost identical probabilities (= 44 and = 40 %), implying it to be weakly
structured. The first of these clusters (chosen as the principal cluster, Fig. 2) showed a B-turn
structure, while the second showed a heterogeneous series of mixed helices (secondary
cluster, Fig. S1), i.e. three short a-helices (Leu46-1le50, Pro52-GIn56, His 68-Met72) and a

limited o310 helix (Ser61-Ala63). At 25 °C, three clusters were observed, with populations of
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17.5%, 16.5% and 16%, indicating further loosening of the folding with increasing 7. The
first cluster was mainly unstructured showing only the a;_j9 helix (Ser61-Ala63, Fig. 2). The
second was completely unstructured (cf. the first cluster obtained at 4 °C), but the third
showed two a-helices (Leu46-1le50 and His 68-Met72) and a as.q9 helix (Ser61-Ala63),
although it lacked the a-helix seen at 4 °C for Pro52-GIn56 (Fig. S1). At 80 °C, the first part
of the domain was essentially unstructured, the simulations resulting in two clusters with

population densities of only 15% and 13%.

The second part of the central domain (Pro87-Prol157), covered by the fourth amelogenin
subsystem, was again found to be loosely folded, producing three sparsely populated clusters
(= 26%, 24% and 23%) at 4 °C. All of these clusters were characterized by a single a-helix
(Pro145-GIn150), while Pro87-Pro144 segment was mostly unstructured, with the exception
of a short a-helix (Pro96-His99) in the second cluster and a a0 helix (Thr97-His99) in the
third cluster (Fig. S1). At 25 °C there was no dominant structure, but the a-helix (Prol45-
GIn150) seen at 4 °C was present in most of the sparsely populated clusters. The second part
of the central domain was again unstructured at 80 °C, showing four clusters with similar

populations, in which B-turns and B-bridges dominated the secondary structure.

The C-terminus (Leul58-Aspl173) covered by the fifth amelogenin subsystem showed the
largest principal cluster population of 87% at 4 °C (Fig. 2). Secondary structure analysis
indicated it to be characterized by a single a.1ohelix (Leul58-Alal60), followed by a longer
a-helix (Prol162-Lys168). Similar structures were observed at 25 °C, but at 80 °C the C-

terminus was fully unstructured.

Simulated tertiary structure of full-length P173 amelogenin

Full-length P173 amelogenin models were assembled from the structures of the five
subsystems obtained with the REMD simulations at 4 °C in order to identify its tertiary
structure. The overall stability of the secondary structure was also assessed from classical MD
simulations using the full-length models: P173a, P173b and P173c. In each case, the
secondary structure tended to be conserved in the N- and C-termini during the MD
simulations, while the central domains remained relatively unstructured and did not converge
to a unique conformation. Fig. 3 shows a snapshot of model P173a after 100 ns of MD
simulation. RMSD calculation from the trajectory of the three simulations was extracted to
investigate models stability after switching from implicit solvent (used in REMD simulations)
to explicit solvent of MD long-lasting simulations (Fig.4). All the three models showed to
reach a stable conformation after 50 ns of MD simulation. In addition, it is seen from the
timeline of the secondary structures (Fig. 5) that the second part of the central domain

retained its initially unstructured configuration, while the first part of the central domain

8/25



showed dynamic formation of helices, suggesting an oscillation between unstructured and
structured conformations. Such behavior was not observed for model P173¢c, where helices
were initially present in the central domains and persisted over the entire simulation. We
conclude that the overall secondary structure is kept similar in the three models, without any
significant effect introduced by the construction of the P173 model from the REMD clusters

obtained in implicit solvent.

All three full-length amelogenin models showed similar radii of gyration in the range 2.04 to
2.45 nm. The radii of gyration showed a stable trend around its average values (Fig. 6) in the
three different amelogenin models. Models P173a and P173c showed very similar and stable
radius of gyration values during time (P173a=1.94+0.03 and P173¢c=1.93+0.02, mean+SD of
the last 10 ns of MD simulation). The P173b model, due to a transitory instability (as seen
also in the RMSD, Fig. 4), showed the radius decreasing from 2.45+£0.11 nm (first 10 ns of
the MD simulation) to a stable value of 2.15+0.12 nm, (last 10 ns of the MD simulation) thus
falling in the observed experimental range. Comparable values (2.2 nm) have been obtained
by dynamic light scattering, and they are also consistent with observations by transmission
and scanning electron microscopy, and atomic force microscopy (Humphrey, Dalke, &
Schulten, 1996). The solvent accessible surface (SAS) was in each case 126 + 2 nm®’.
Moreover, the SAS computed for each domain (normalized with respect to the number of
residues), indicated the N- and C-termini to be more exposed to the solvent than the central
domains (Table 1). This is attributed to stronger hydrophobic interactions in these latter, as
suggested in previous work, the central domains containing a significantly higher proportion
of hydrophobic residues than the termini (Du, Falini, & Fermani, 2005). We note that
although the used force field is better suited for globular proteins (with limited validation for

IDPs), it showed to well represent P173 behavior observed experimentally in literature.

In our work the use of implicit solvent REMD simulation was mandatory for treating a
protein of 173 aminoacids due computational costs. Hence, Our full-length models were
extensively simulated in explicit solvent (100 ns) to overcome possible limitations due to
implicit solvent approximation. The effect of switching from implicit to explicit solvent can
be monitored comparing the number of H-bonds at the beginning of the MD simulation (i.e.,
the structure coming from implicit solvent REMD simulations) and during the last 50 ns of
explicit solvent MD. We observe a limited variation in the number of H-bonds (initial P173a:
18, final P173a 16£5; initial P173b: 16, final P173b 18+5; initial P173c: 10, final P173c¢
16+5) showing that the use of explicit solvent induces some rearrangement of H-bonds,
although limited. This outcome further confirms the necessity of our long-lasting explicit
solvent MD simulations to draw robust conclusions on large IDPs such as amelogenin

models. The analysis of the most stable H-bonds (occurring for at least 50% of the time
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during the last 50 ns) showed that there are some very stable H-bonds occurring mainly
within the central domain of the protein (residues from 45 to 158) that are common to all
models (in particular ALA108-ASN103 and SER129-GLN123) (Table 2). Similarly, salt
bridges were analyzed during the last 50ns of the MD simulation, comparing the amino acids
involved in bridge formation among the different models P173a, P173b, P173c (Table 3). The
calculated salt bridges are mainly located in the C- and N-terminals of the protein. Salt
bridges ASP165-LYS166 and GLU170-LYS166 are common to all the three models. Salt
bridges involving residues from 165 to 171 are involved in maintaining the secondary
structure of the C-term. ARG22 of the N-term forms salt bridges with residues ASP 165,
GLU159, GLU170 and GLU171 of the C-term contributing in maintaining the folding of the
protein. The same trend is observed for ASP26, which interact with LYS166 and LYS168 of
the N-term. Based on these observations we can conclude that the intramolecular interactions
involved in the amelogenin folding are characterized by the presence of some H-bonds in the
central region and by ionic interactions occurring between charged residues mainly located in

the protein terminal domains.

Discussion

Comparison with previous results from the literature

Zhang et al. (Zhang et al., 2011) have proposed a putative secondary structure for the full-
length murine amelogenin M180 at 25 °C and pH 5.5 based on NMR spectroscopy. While
this is a different type of amelogenin, the high inter-species similarity (about 87 %) justifies
comparison with the results of the present REMD simulations (Fig. S2). According to Zhang
et al. (Zhang et al., 2011), two a-helices (Ser9-Vall9, Lys24-11e30) are present in the N-
terminal region of M180, separated by a disordered pair of amino acids. This secondary
structure shows high similarity (about 81 %) with that predicted here for P173. However,
modifications to the primary structure may result in significant changes in the energy
landscape and hence in the local conformations. It follows that differences in secondary
structure were observed where a basic polar amino acid was substituted by a polar amino acid
in the primary structure (Ser9/M180 to His9/P173 and GIn46/M 180 to His32/P173) or where
steric hindrance due to an aromatic ring (Leul5/M180 to Phel5/P173) resulted in the
disruption of the helical structure (Petukhov, Uegaki, Yumoto, & Serrano, 2002). The present
model predicted two separate helices to be present in the region Prol10-Vall9 (Prol0-Aspl4,
Ser16-Vall9), possibly owing to Ser9-to-His9 and Leul5-to-Phel5 substitutions with respect
to M180. A further helix was also predicted for P173 (Pro22-Ile30), followed by a single
helix (Pro33-Tyr37, principal cluster) or two ;.19 helices (Tyr34-Ser36 and Met42-Gly44,
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secondary cluster). Pro35-to-Thr35 substitution may stabilize the a-helix in the region Pro33-
Tyr37, given that tryptophan is more favorable to a-helix formation than proline (Frishman &

Argos, 1995).

According to the NMR results, the central domain of M180 (Leu46-Alal60) is dominated by
a coiled region interrupted by short a-helices (Val53-GIn56 a-helix and Pro74-GIn76 ;.10
helix and Ser107-GIn109 a5 helix), with polyproline type II (PPII) helical structure in the
second part of the central domain. However, although the methods used in the present work
were not suited to the identification of PPII structure, the REMD simulations indicated
sparsely-populated clusters containing short helices and unstructured regions to be present in
the corresponding domains in P173, and the MD simulations based on the full-length P173
amelogenin models were characterized by transient helix formation. The apparent flexibility
and lack of stability in the central domains (i.e. the implied co-existence of unstable
conformations, oscillating between flexible B-turn structures and as.j helices), as compared
with the N- and C-termini, reflect their intrinsic disorder, a characteristic that is argued to be
essential for the proper self-assembly of amelogenin (B. Aichmayer et al., 2005; Margolis,
Beniash, & Fowler, 2006). The presence of unstable secondary structures has been also
confirmed by previous observations based on Fourier transform infrared spectroscopy (FTIR),
circular dichroism and NMR (Goto, Kogure, Takagi, Aimoto, & Aoba, 1993; Matsushima,
Izumi, & Aoba, 1998; Noguchi, Hayakawa, & Ebata, 1957; Renugopalakrishnan, 2002).

In the case of the C-terminus, the well-defined secondary structure (ot;.;0 helix Leul58-
Alal60 and a-helix Prol162-Lys168) implied by the REMD model for P173 was apparently
inconsistent with the NMR results for M180, which suggest this domain to be relatively
unstructured (Zhang et al., 2011)(Fig. S2). As indicated by both the present SAS analysis and
literature data (Renugopalakrishnan, 2002) the C-terminus is the domain most exposed to the
solvent, reflecting its relatively high degree of hydrophilicity (Table 1). Under these
conditions the formation of a-helices is expected to be favored over other types of secondary
structure. The inconsistencies between the NMR and FT-IR results may therefore be due to
the difficulties inherent in the use of such techniques to characterize the structure of floating

domains, such as the termini.

A further study of recombinant P172 by Beniash et al. (Beniash et al., 2012) has also
combined NMR and CD with numerical methods. In this work the authors considered
conditions under which pure amelogenin is not expected to show self-assembly (10 °C, pH 4),
and provided less information on the secondary structure than Zhang ef al. (Zhang et al.,
2011),s0 that there was insufficient data for detailed comparison with the results of the

present model. They associated PPII-type conformations with the Ile70-Pro89 and Prol02-
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Prol45 regions, i.e. 22 % and 37 % of the total secondary structure respectively. Comparison
with the REMD simulations showed correspondence to be limited to the presence of a single

a-helix (Vall19-Pro33 in rP172 and Pro22-11e30 in P173 at 4, 25 and 80 °C).

The effect of thermal stress

The results of the simulations described in the previous sections may be summarized as
follows. The hydrophilic terminal regions (Table 1) showed a globular conformation (Fig. 3)
and were most exposed to the solvent. Analysis of the secondary structure confirmed the
presence of hydrophilic alpha helices (Pro10-Asnl4, Ser16-Vall9, Pro22-11e30, Pro33-Tyr37,
Pro162-Lys168) and a weaker a3.19 helix (Leul58-Alal60) at 4 °C. The inner domains, which
were least exposed to the solvent, did not show well-defined secondary structure, only a
single helix being generated close to the C terminus (Met146-Ginl150). Thermal stress,
induced by increasing the temperature from 4 to 25 and 80 °C led to a progressive loss of
secondary structure in the C-terminus, which became fully disordered at 80 °C, and an
increase in globularity of the N-terminus. At the same time, [-bridges increased in
prominence at 25 °C and 80 °C, especially in the central domains, where they induced a
putative fold, exposing an as.19 helix to the solvent at 25 °C to 80 °C, and a long helix at 80
°C (Trp45-GIn57) that was not present at 4 °C.

It has been shown experimentally that the C-terminus is often associated with self-assembly
in amelogenin (for example, the formation of nanospheres) (Janet Moradian-Oldak,
Bouropoulos, Wang, & Gharakhanian, 2002), and its interactions with calcium and phosphate
ions (Khan, Li, & Habelitz, 2012). Similarly, p-bridges are typically associated with
interactions between proteins. The solvent accessible surface analysis (Table 1) confirmed
both the N- and C-termini to be substantially exposed to the solvent. The presence of a
thermally labile secondary structure in the C-terminus and the increased solvent exposure of
B-bridges in the central domains with increasing temperature, therefore supports the
hypothesis that thermal stress may provide a trigger for changes in conformation that lead to
significant modifications in how amelogenin molecules interact with each other, and with

their environment.

Conclusions

To our knowledge, this is the first time that the conformational behavior of full-length native
porcine amelogenin P173 has been predicted from its primary sequence. The initial
simulation results for the secondary and tertiary structures at pH 5 and 4 °C were in good
agreement with literature data for native murine amelogenin obtained under similar

conditions (Zhang et al., 2011) and the full-length model was shown to be suitable for the
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investigation of conformational changes induced by thermal stress. In future work, it is
intended to use the present techniques to simulate systems comprising two or more
amelogenin proteins and/or other molecules present in the EMD pool, with the aim of
modeling amelogenin self-assembly mechanisms, identifying specific protein domains
associated with the aggregation process, and investigating the influence of environmental

conditions.
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SAS/residue Total

Hydrophobic Hydrophylic

Domain

[nmz] residues residues residues
N-terminus 0.89 45 20 (45%) 25 (55%)
Histidine rich 0.64 42 23 (55%) 19 (45%)
Polyproline repeat 0.65 63 36 (58%) 27 (42%)
C-terminus 1.05 25 11 (48%) 13 (52%)

Table 1: Predicted solvent accessible surface for the different P173 amelogenin domains,

number of total residues, and the number of hydrophobic and hydrophilic residues (and their

percentage with respect to the total number).

P173a P173b P173c

H-bond Residues occupancy  H-bond Residues occupancy  H-bond Residues occupancy

ARG22-ASP26 58.20%

GLN83-ILES0 50.60%

ASN103-THR97  53.64%

ALA108-ASN103 59.00% ALAI108-ASN103  55.60% ALAI108-ASN103 54.97%
GLN115-GLN49 57.60%
SER129-GLN123 68.40% SER129-GLN123 64.40% SER129-GLN123  50.33%
SER151-PRO&9 51.60%

LEU137-PRO130  50.99%

Table 2: H-bonds formed between two amelogenin residues in the three models (P173a, b, c)

as calculated in the last 50 ns of each MD simulation. H-bonds occurring for more than 50%

of the simulated time are reported. H-bonds common to all the amelogenin models are

highlighted in green, while H-bonds occurring only in one model are in red. Four H-bonds

occurred for in all the models. H-bonds between ALA108-ASN103 and SER129-GLN123 are

common to all the three models. The majority of the H-bonds occur within the central domain

of the protein (residues from 45 to 158).
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P173a P173b P173¢

ASP165-LYS166 ASP165-LYS166 ASP165-LYS166

GLU170-LYS166 GLU170-LYS166 GLU170-LYS166

.1

Table 3: Salt bridges formed between two amelogenin residues in the three models (P173a, b,
¢) occurring during the entire trajectory of each MD simulation. Salt bridges common to all
the three amelogenin models are highlighted in green, salt bridges found in two models are
highlighted in blue, while salt bridges occurring only in one model are in red. 11 salt bridges

are found for model P173a, 10 for P173b and 8 for P173c.
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N-term Central domain C-term
| | 1 | |

| | L] 1
Met1 Trp45 Leu158 Asp173
Metl Tyrl?7

u

Gly8 His 32

g
Met2l9 Pr08.7
Pro84 Ser151
L 1

Met 149 Asp 173
| I |

FIGURE 1: Schematic representation of the Amelogenin P173 N-terminus (Metl-Trp45),
central domain (Leu46-Prol157) and C-terminus (Leul58-Asp173), along with the sequences
of the five subsystems used in the REMD simulations: Met1-Tyr17 and Gly8-His32 (mainly
encompassing the N-terminus), Met29-Pro87 and Pro84-Ser151 (mainly encompassing the

central domain), Met149-Asp173 (encompassing the C-terminus).
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Secondary structures of amelogenin at 4°C
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FIGURE 2: Amelogenin P173 secondary structures predicted by replica exchange MD
simulations at 4, 25 and 80 °C. The structures shown correspond to the most populated
clusters at each 7' (B-turns in green, a-helices in magenta, as.o helices in blue, B-bridges in
yellow, and coils in white). Secondary structures from the secondary and tertiary clusters of

the REMD simulations are given in the Supplementary Material.
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FIGURE 3: Full-length model of Amelogenin P173 at 4 °C after 100 ns of MD simulation.
The full-length model was obtained by merging the secondary structures predicted from the
primary REMD clusters. The protein domains are highlighted as follows: N-terminus in blue,

central domain in dark grey, and C-terminus in red.
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FIGURE 4: Root Mean Square Deviation evolution during the MD simulation in explicit
solvent of the model P173a (blue) P173b (red) and P173c (green). The three model achive a
stable RMSD value after about 50 ns. Model P173b shows some oscillations around a stable

value models (P173a, b, c).
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FIGURE 5: Timeline of the secondary structures in the full-length amelogenin models
obtained from the trajectories of the 100 ns MD simulations: P173a, reference model
constructed from the secondary structures predicted from the primary clusters; P173b
constructed using a different assembly procedure to that used for the reference model; P173c
constructed using the secondary REMD cluster for the first part of the central domain (B-turns

in green, a-helices in magenta, as.19 helices in blue, B-bridges in yellow, and coils in white).
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FIGURE 6: Radius of gyration calculated during the MD simulation for the three putative
models P173a (blue), P173b (red) and P173c (green). Models P173a and P173c show very
similar values, while model P173b shows a trajectory with higher values and some fluctuation

until 70 ns.
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