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The presence of oligopeptides often has a drastic impact

on the nucleation and crystal growth of calcium-containing
minerals. Molecular simulation of complexes of peptides
with Ca?" ions can give mechanistic insight into how the
pre-alignment of ions from solution by additives may steer
the crystallization of calcium rich minerals into different
polymorphs. We exploit advanced molecular modeling
techniques to sample and analyze the complex multidi-
mensional configurational space of aqueous solutions of
oligo-glutamate and Ca?* ions. We find that glutamate
oligomers induce the formation of patterns in the associ-
ated Ca?" ions in solution, which can serve as templates for
the growth of different calcium oxalate pseudopolymorphs
— depending on the peptide length, in excellent agreement
with experimental observations. Glutamate decamers
prestructure the Ca’" ions in remarkable correspondence
with typical distances in calcium oxalate dihydrate. These
are distinct from those in calcium oxalate trihydrate which
typically grows in the absence of peptide or in the presence
of shorter glutamate oligomers such as pentamers.

Biomolecules can influence the formation of minerals in so-
lution in multiple ways. Besides interacting directly with exist-
ing crystal surfaces, peptides can affect crystal nucleation and
growth by binding solvated constituents of the mineral, thus af-
fecting also the early stages of nucleation. Recent studies indicate
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that in order to understand the mechanisms by which molecular
modifiers are able to confer a specific structural pattern to the
forming crystal, it is necessary to consider non-classical nucle-
ation pathways, which involve metastable pre-nucleation clusters
(PNCs) 1> or liquid aggregates of the mineral constituents form-
ing by liquid-liquid phase separation®19,
fiers have been shown to stabilise both PNCs and liquid mineral
droplets®-11-13, For example, it was observed that peptides of
glutamic acid stabilise PNCs of calcium carbonate 2. If biomolec-
ular modifiers were able to not only stabilise but also to tailor the
structure of PNCs or liquid mineral droplets, ion—peptide com-
plexes might be viewed as the starting point of a cascade of struc-
tural motif encoding.

Biomolecular modi-

(Bio)polymer-controlled mineralization of calcium carbonate
and calcium phosphate has been extensively investigated, but
much less is known about calcium oxalate (CaCyQOy4).
et al.' investigated the effect of changing the chain length of
poly-L-glutamate on the mineralization of CaC,04. They found
that homopeptidic additives may cause large variations in nu-

Fischer

cleation rates, pseudopolymorph selection and crystal morphol-
ogy. At fixed chemical and thermodynamic conditions, adding
decamers of glutamate (10Glu) resulted in up to 2 or 3 times
longer induction times in the nucleation of CaC;04 compared
to pentamers (5Glu) at the same concentration of 0.1 mmol/L.
More importantly, in the absence of additives, or in the presence
of Glu or 5Glu, calcium oxalate trihydrate (COT) was found to
be the thermodynamically stable phase. The addition of 10Glu,
however induced the crystallization of a di-hydrated pseudopoly-
morph (COD) in addition to COT. Therfore, solutions of CaC;O4
with poly-glutamate co-solvents are interesting prototypical sys-
tems to investigate the effect of polymers on the early stages of
crystallization.

In the present paper, we explore peptide-ion complexes formed
by oligo-L-glutamates and Ca* ions by means of molecular dy-
namics (MD) simulations. The complexity and the multidimen-
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sional nature of the configurational space of these systems and the
intrinsically long time scales needed for sufficient statistical sam-
pling made it necessary to exploit state-of-the-art advanced sam-
pling and data analysis techniques, namely Hamiltonian replica
exchange (H-REMD) 1° and automated projection of the configu-
rational space (sketch-map). 16 We show that 10Glu induces char-
acteristic templates of Ca2* ions that resemble structural features
found in COD crystals, thus supporting the hypothesis that a pat-
terning of ions by biopolymers at the nucleation stage affects the
phase of the growing mineral.

We have simulated systems consisting of one peptide (5Glu or
10Glu) with and without Ca?* ions (at a ratio of 10 Ca** ions
per peptide molecule, in accordance with the experimental con-
ditions 14). We used the GROMAGCS simulation package 17-18 (ver-
sion 4.6.3) and the GROMOS 54A8 FF19 with optimised short-
range interactions between Ca®* ions and the carboxylate groups
of the Glu side chains2? and the SPC/E water model2!. All sim-
ulations were conducted at 300 K, a detailed account of sys-
tem composition and of the simulation setup are given in the
SI. The strong interactions between the deprotonated Glu side
chains and the Ca®>* ions?? lead to the formation of stable salt
bridges that severely slow down conformational transitions and
hinder the exploration of the conformational space. Since the
Ca?*-carboxylate ion-pairing in water is mostly dominated by en-
tropy22
creasing the temperature. Instead, we have employed H-REMD
simulations, where the potential energy of the system is modified
to facilitate the sampling of conformational changes. Specifically,
we have applied a dihedral angle biasing-potential 1> which fol-
lows the shape of the potentials of mean force (PMF) correspond-
ing to the rotation around the ¢ and y backbone torsion angles
and effectively flattens the free energy barriers that hinder confor-
mational transitions. In H-REMD, several replicas of the system
are simulated in parallel with the possibility to exchange config-
urations among the different replicas. In each replica the biasing
potential is scaled with a different weight (1). To obtain the bias-
ing potential, the PMF of rotation around ¢ and y were computed
for the central monomer-unit of 5Glu in absence of ions via well-
tempered metadynamics23 as implemented in PLUMED22* (for
details regarding the biasing potential see the SI). The 5Glu sys-
tems were simulated with six replicas, at A =0.0, 0.2, 0.4, 0.6,
0.8, and 1.0. Eight different replicas were used in the H-REMD
simulations of the 10Glu systems , at A =0.0, 0.21, 0.40, 0.54,
0.68, 0.81, 0.92, and 1.0. Exchange attempts were made every
2 ps. Each replica was equilibrated for 20 ns (5Glu) or 40 ns
(10Glu), before 400 ns H-REMD production runs were started.
From each of the four H-REMD simulations (5Glu and 10Glu with
and without ions) 40,000 configurations were analysed.

As it is extremely difficult to identify a reduced number of
physical parameters that describe the high dimensional confor-
mational space of intrinsically disordered polypeptides in water,
we analyzed the simulations with the help of a non-linear di-
mensional reduction algorithm (sketch—map).16 Dimensionality
reduction is performed starting from a high dimensional set of
order parameters consisting of all free backbone dihedral angle
pairs (¢,y). The sketch-map algorithm projects the configura-

, the conformational sampling cannot be enhanced by in-
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tions on a two-dimensional map, optimized in such a way that
configurations with similar patterns are grouped together and be-
come easily identifiable.

In the following, we present a structural analysis of the 5Glu
and 10Glu H-REMD simulations and discuss it in the context of
the experimentally observed formation of different CaC,0,4 pseu-
dopolymorphs in the presence of these peptides. The total num-
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Fig. 1 Panel a: Histograms of the number of Ca* ions in contact with
5Glu (red) and 10Glu (blue). Panel b: Distribution of the radius of
gyration of 5Glu with (red) and without (blue) counter-ions. Panels ¢ and
d: Two-dimensional sketch-map projections (x- and y-axis correspond to
the physically not immediately interpretable order parameters in the
low-dimensional projection) of H-REMD simulation of 5Glu in absence
(c) and in presence (d) of Ca** ions. The colour scheme reflects the
absolute probability of data points per area.

ber of Ca?* ions that interact simultaneously with one oligopep-
tide molecule strongly depends on the chain length (see Figure
1a). 10Glu interacts on average with five to six Ca®>* ions, while
5Glu interacts on average with three Ca?* ions. The “sequestra-
tion" of free Ca®* ions from solution by oligoglutamates reduces
the effective concentration of Ca?* in solution, thus lowering su-
persaturation as a driving force for precipitation. The difference
in calcium uptake accounts for the experimentally observed 2-to-
3 times longer induction time of the nucleation of CaC;0y in the
presence of 10Glu compared to 5Glu. 14

The interaction with Ca’>* ions severely affects the conforma-
tional free energy landscape of the oligopeptides. Ca’* ions in-
duce the formation of salt-bridges between the side chains. These
may form between any pair of side chains, stabilizing both ex-
tended structures (salt-bridges between neighbouring residues),
as well as compact ones (salt-bridges between residues further
apart in the sequence). The stabilization of more compact peptide
conformations can be seen in the distribution of the radii of gyra-
tion (Figure 1b and SI). Figure 1 shows also the two-dimensional
(sketch-)maps of the different conformations of 5Glu in water in
the absence (panel ¢) and the presence (panel d) of Ca%* ions,
colored according to their probability of occurrence (for 10Glu
see SI). Since we use the same system of “sketch-map" coordi-
nates, it is possible to compare the two probability distributions
directly. Most importantly, one sees that the presence of ions sig-
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nificantly reduces the extent of the conformational space visited
by the peptides, i.e. the salt bridges severely restrict the sampling.

Fig. 2 Two-dimensional sketch-map projections of H-REMD simulations
of 5Glu (panel a) and 10Glu (panel b) with counter-ions. The colour
scheme of the data points indicates the radius of gyration (in
nanometers). Snapshots of significant clusters are shown, with the
salt-bridges indicated by grey circles.

The sketch-map analysis spans the space of structures accord-
ing to backbone conformations. One can supplement this repre-
sentation by additional physical parameters. This aids the iden-
tification of structural features of the conformational clusters. In
Figure 2 the sketch-map projection of the configurations of 5Glu
and 10Glu in the presence of Ca®T ions is colored according to
the radius of gyration; red dots denote extended configurations
while blue dots denote compact ones. For 5Glu (panel a) one can
recognize 12 major regions of the two-dimensional space (from
now on named clusters). Red and yellow regions at the center
of the map consist of elongated conformations, while the clus-
ters surrounding it mostly contain more compact conformations.
The topology of the sketch map, and the lack of direct connecting
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paths between different compact (off-center) clusters suggest that
conversions of a globular conformation into another occur mostly
through elongated structures. The configurations in the clusters
can be further characterized via the salt bridges. We have iden-
tified four types of clusters, highlighted by the colored frames
around the representative snapshots in Figure 2a. Blue frames
indicate relatively elongated structures with two salt-bridges be-
tween neighboring side chains and a radius of gyration between
0.52 to 0.57 nm. Further Ca®* ions frequently interact with either
one of the free carboxylate groups or with the deprotonated C-
terminus. Green frames group structures with 0.52 < Ry, < 0.62
nm and two salt-bridges. Globular structures are identified by or-
ange and purple frames. The latter is the most frequently sampled
structure: it features only two salt-bridges between the 2nd and
5th and between the 3rd and 4th side chains, and has Ry, ~ 0.47
nm. In the assignment of these four types of structures to the
sketch-map regions we see that they can be realized with differ-
ent peptide backbone conformations. This grouping of structures
according to salt bridges is important to understand the underly-
ing principles that govern the formation of typical distances be-
tween Ca" ions. As we will see in the following, the characteris-
tic Ca?t—-Ca?" distances found in these complexes can be related
to CaC,04 pseudopolymorphs.

The two-dimensional sketch-map projection of ion—peptide
configurations consisting of 10Glu and Ca®* ions exhibits similar
features as the one for the 5Glu—Ca system (Figure 2b). The con-
formational space of 10Glu-Ca** ion configurations is a lot more
complex than the one of the 5Glu system, with a larger num-
ber of clusters. In figure 2b representative configurations of the
most important clusters are shown. As for 5Glu, clusters featur-
ing compact conformations are arranged in the periphery of the
map: some are directly connected with one another, while oth-
ers connect to clusters featuring elongated conformations in the
center of the map. Clusters with similar features in terms of the
number of salt bridges and the radius of gyration are positioned
in different areas of the two-dimensional projection, as they dis-
play large differences in the backbone structure. With 10Glu, we
can recognize the power of the sketch-map method to project
and subsequently characterize typical structural elements in an
inherently disordered system. Due to the increased complexity
of the conformational space of 10Glu, the sampling is probably
not yet comprehensive. Most likely, we see only a subset of the
many stable structures that 10Glu forms in the presence of Ca**
ions. Nevertheless, thanks to the use of H-REMD the sampling is
sufficiently representative (see SI) so that we can draw conclu-
sions about characteristic conformations and structural elements,
in particular regarding the ions relevant for mineralization.

Polymorphism is modulated by highly dynamic nanoscale struc-
tures in solution and is likely to be affected by ion—peptide com-
plexes%12:13.25 To unravel the molecular mechanisms, by which
oligo-glutamates manipulate the nucleation process of CaC,Qy,
we examine the possibility that the peptides induce specific pat-
terning in the bound Ca®t ions. Thus, they serve as a tem-
plate for nucleation of otherwise kinetically or thermodynami-
cally unfavored crystalline polymorphs, as formerly proposed for
the crystallization of calcium carbonate in solutions containing
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Fig. 3 Pair correlation functions of Ca?* ions during the H-REMD simulations of 5Glu (a) and 10Glu (b) in comparison to those in calcium oxalate
trihydrate (a) and dihydrate (b), with exemplary snapshots from the H-REMD simulation that feature characteristic calcium distances. Vertical lines
denote significant Ca?>*-Ca>* distances in the two CaC, 0, pseudopolymorphs (blue dashed lines: COD crystal; red dotted line: COT crystal).

poly-acrylate. 22 To this end we have compared typical distances
between the peptide-bound Ca2* ions to characteristic pair-wise
distances in the two CaC,04 pseudopolymorphs COT and COD.
We have computed the pair correlation functions (PCF) between
Ca’* ions in the H-REMD simulations and compared them to the
radial distribution function of calcium in COT and COD (Figure
3). The PCFs of Ca** bound to 5Glu and 10Glu exhibit different
features, which are sharper for 10Glu, thus indicating higher or-
dering. The PCF of Cat in contact with 5Glu displays a single
main peak at about 0.9 nm that is found most often in globular
conformations, such as the one shown in the upper left snapshot
in Figure 3. Even if this feature corresponds to Ca?* distances
found both in COT and COD, we do not identify a correspondence
between the PCF of Ca?" with 5Glu and a specific crystalline ar-
rangement of CaC,04. Remarkably, in turn, the main features
of the PCF of Ca?t with 10Glu correspond to three of the four
most intense peaks of the PCF of COD at 0.63 nm, 0.9 nm, and
1.43 nm. This coincides with the experimental observation, that
COD is formed upon addition of 10Glu to the solution, suggesting
that a structural motif encoding is already introduced by 10Glu
at the earliest stages of peptide ion-interaction, ultimately affect-
ing the formation of COD instead of COT. Experimentally, it was
found that poly-glutamates also affect the shape, i.e. the growth,
of CaC,0y crystals, which indicates that they also interact differ-
ently with different mineral surfaces. This mineralization stage
will require different simulation methods and setups that will be
taken up in the future.

In summary, utilizing molecular dynamics with advanced sam-
pling methods, we have explored the conformational landscape
of deprotonated oligoglutamates consisting of 5 and 10 units in
aqueous solutions, unraveling the effects of the interaction with
Ca’" ions at the molecular scale. The larger uptake of Ca2* ions
by longer peptides accounts for the longer induction times in
the nucleation of calcium oxalate observed experimentally. More
importantly, the patterning of the Ca?t ions bound to 10Glu
shows a remarkable correspondence to that of Ca* ions in COD,
which has been found in experiments to crystallize when this
peptide is added in solution. Our results support the hypothesis
that structural motifs induced by the interaction with polymers
can affect polymorphism in calcium rich minerals already at very
early stages prior to nucleation.
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