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Water presents extremely different properties depending not only on conditions like tempera-
ture and pressure but also on the local environment (bulk vs. interfacial water), which in turn
profoundly affects chemical reactions in solution. Here, we present the results of extensive ab
initio molecular dynamics and metadynamics simulations in which we study some properties
of nanoconfined water in mackinawite and a whole pathway for prebiotic peptide synthesis via
glycine and COS condensation. It is shown that the special chemistry observed in this system is
the result of the interplay between the steric and entropic effects intrinsic to nanoconfinement
and the different dielectric properties of nanoconfined water compared to the bulk. The results
show that prebiotic peptide bond formation is enhanced in nanoconfined water, while peptide
hydrolysis is hindered, thus making this environment highly suitable for prebiotic polypeptide
synthesis.

1 Introduction

The emergence of life is of special interest for mankind. Even though great advances in
science and technology have been achieved, the answer to this fundamental question re-
mains to be found. Various ideas have been developed and innovative experiments have
been performed to explain how organic molecules might have been synthesised in a prebi-
otic “inorganic” environment, and how they organised themselves to form biomolecules of
contemporary complexity!"2. A two—dimensional scenario like the mineral surface is now
considered to be a possible prebiotic stage where such reactions had taken place®“. One
of the most acclaimed hypotheses in this respect is that suggested by Wichtershiuser>©.
Wiichtershiuser proposes a chemo-autotrophic origin of life>®, which has been called
the “Iron—Sulfur—World” (ISW) scenario. The main assumption in the ISW scenario is that
prebiotic reactions like condensations of amino acids are catalyzed by iron—sulfur min-
erals located near deep sea hydrothermal vents”-8, i.e. in a high temperature and high
pressure environment. Several experimental studies provide support for a possible ISW
scenario’~!? as well as offer mechanistic insight into the peptide polymerisation'*. Up to
now, our computations on JUQUEEN (and previously on JUGENE and even on JUBL, be-
ing the first Blue Gene platform in Germany)'# have identified very important mechanistic
and energetic details of peptide synthesis reactions and thus the underlying “Tron—-Sulfur—
World” origin of life scenario. We have already established that extreme thermodynamic
conditions have a dramatic impact on both mechanisms and energetics for prebiotic peptide
synthesis'>~!7, due to the change of the dielectric properties of water upon rising tempera-
ture and pressure, which makes it essentially a different solvent when compared to water
at ambient conditions. Now, we determine the impact of nanoconfinement on chemical
reactions in solution, which is of utmost importance for prebiotic chemistry. It has been
found that an important iron/sulfur precipitate, namely mackinawite, can be produced at
hydrothermal vents under ISW conditions” 8. This mineral presents a layered structure,
and its loosely bonded FeS sheets can be intercalated by water thus obtaining a nanocon-
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fined water lamella between FeS plates. Taking into account that the dielectric properties of
interfacial water are remarkably different from those of bulk water!®, nanoconfined water
(being purely interfacial water) reveals itself as a new and different medium for chemical
synthesis as we will show in the following.

2 Nanoconfined Water in Mackinawite

We designed a model system consisting of two Fes2S32 mackinawite layers that are in-
tercalated by either 32 or 49 H».O molecules, being these our setups for “extreme” and
“moderately” nanoconfined water (Fig. 1), respectively.

Our ab initio simulations of nanoconfined water?® showed that, while extremely
nanoconfined water in mackinawite is “arrested water” and the diffusivity is too low to con-
sider it a suitable medium for chemical synthesis, moderately nanoconfined water presents
liquid-like properties and is thus a good medium for prebiotic peptide synthesis. Further ab
initio simulations in which we studied the excess proton in nanoconfined water®' revealed
most efficient proton transfer. As in bulk water, the excess proton can be considered as
a fluxional charge defect even at extreme confinement, being fully incorporated into the
hydrogen bond network as a topological defect. The transfer of this excess proton along
the hydrogen bond network occurs through the well-known Grotthuss mechanism (Fig. 2)
and it is an almost barrierless process, which implies most efficient proton migration even
at extreme nanoconfinement conditions.

Figure 1. Model system for “moderately nanoconfined” water in mackinawite. Fe atoms are show as brown
spheres, S as yellow spheres, and H2O molecules as balls-and-sticks. The edges of the simulation box are shown
in green, and the periodic images along the z axis are also displayed.
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Figure 2. Transfer of an excess proton in “extremely nanoconfined” water by the Grotthuss mechanism. The
excess proton is depicted in cyan and the oxygen atoms between which the transfer takes place are depicted in
orange.

Our findings not only suggest that, indeed, thin water films confined by such mineral
sheets are efficient nanoreactors for prebiotic reactions in Nature, but they might also lead
to the design of improved setups for fuel cell membranes.

3 Peptide Synthesis in Nanoconfined Water

In previous stages of the long-term project “In Silico Exploration of Possible Routes to
Prebiotic Peptide Synthesis by Ab Initio Metadynamics”, we simulated full peptide syn-
thesis via N-carboxyanhydride (NCA) activation at three different thermodynamic condi-
tions (see Fig. 3): ambient bulk water at 300 K and 0.1 MPa (ABW), hot—pressurised bulk
water at 500 K and 20 MPa (HPW), and water at an iron-sulfur mineral interface at 500 K
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Figure 3. The peptide synthesis route comprising activation, elongation and hydrolysis. The calculated free
energy barriers for individual steps of the mechanism are colour-coded; black: ambient bulk water, blue: hot—
pressurised bulk water, red: pyrite—water interface at extreme conditions, green: nanoconfined hot—pressurised
water in mackinawite; energies are given in kg7’ units.
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and 20 MPa. Based on free energy calculations and dissecting the detailed reaction mech-
anisms, our previous studies have concluded the importance of extreme conditions and
mineral surfaces for the primordial peptide synthesis!>~!7-22, Moreover, these calculations
have identified activation pathways of an amino acid.

The situation of a growing pyrite surface was simulated by surface defects at the inter-
face to the bulk water. Hydrothermally-formed iron sulphide chimneys that are nowadays
found at volcanic vents consist of mostly pyrite (FeSs). However, it is assumed that pyrite
is a reaction product in the sense that it precipitated as the monosulphide (FeS) mackinaw-
ite”-'%. As exposed before, being a layered structure it is conceivable that water can enter
easily at high pressure and temperature conditions thus producing water/FeS interfaces in
a local “lamella geometry” resulting into confinement. Incidentally, there are other layered
minerals capable of hosting such water lamellae in their interlayer space, some of which
like fougerite (or “green rust”) may be of paramount importance for prebiotic chemistry as
they have been proposed as part of a primordial pyro-phosphate synthetase nanoengine?3.
Taking up these thoughts, we carried out the investigation of the prebiotic peptide cycle in
nanoconfined hot—pressurised water (500 K and 20 MPa, NCW). Our simulations reveal
remarkable differences in energetics and mechanisms compared to bulk water. These can
be traced back to a unique combination of factors, namely the different dielectric prop-
erties of interfacial water w.r.t. the bulk'® as well as entropic and steric factors intrinsic
to nanoconfinement which make nanoconfined water a whole new medium for chemical
synthesis.

The way in which extreme conditions influences the reactions comprising the peptide
cycle had been successfully studied by us in previous periods of this project'>~!7. It is
well established that the dielectric constant of water is remarkably reduced®* when raising
temperature and pressure from ambient to extreme conditions. This reduction is by more
than a factor of two in our previously studied cases (from € ~ 80 at AMB to ¢ ~ 32
in HPW)?>*25 thus essentially making HPW another solvent than at ambient conditions.
In consequence, charged species are much favoured in ambient conditions, while extreme
conditions discourage the formation of these and stabilise the neutral form of reactants and
intermediates. In stark contrast to what is observed in the limit of bulk solvation, our recent
results show that charged species are again stabilised in NCW. This can be explained with
an increase in the dielectric constant of water in nanoconfinement w.r.t. the bulk. It has
been shown that the parallel component of the dielectric tensor in interfacial water is higher
in the interfacial region than in the bulk-like region.?%!°. This higher dielectric constant
of interfacial compared to bulk water is responsible for the lower relative free energy of
charged species and transition states in NCW compared to HPW. This is clearly realised
in the zwitterionic equilibrium of glycine (reaction A in Fig. 3): while the neutral form
was stabilised in HPW compared to AMB conditions, in NCW the equilibrium is again
displaced towards the zwitterionic form (Fig. 4). In some other reactions of the peptide
cycle, this stabilisation of charged species results in changes of the reaction mechanism:
from concerted in HPW to stepwise in NCW. Such is the case in reaction steps C’ (Fig. 5) or
D (Fig. 6), which in NCW proceed via the charged intermediates 3.2 and 4.1, respectively,
while these intermediates are only transition states in HPW.

In addition to this change in the dielectric properties of water, other factors determine
the chemistry observed in the nanoconfined water lamella. These are mainly steric and
entropic in nature: while addition (like B or E) or cyclisation reactions (like C’ or D) are
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Figure 4. Snapshots for the reaction step A (protonation equilibrium of glycine). In nanoconfined hot—pressurised
water, the neutral form of glycine (left) is much less stable than the zwitterionic form (right), just like in bulk,
ambient water; while in bulk hot—pressurised water the neutral form is stabilised compared to those two condi-
tions.

Figure 5. Snapshots for the reaction step C. From left to right: Carbamate 3, charged intermediate 3.2 and SH™
+ isocyanate 4.

quite facilitated compared to HPW, elimination reactions are not quite affected. For ad-
dition reactions, the reduction in accessible space intrinsic to nanoconfinement limits the
diffusive modes, forcing the reactants to have more reactive encounters; while for cyclisa-
tions it discourages stretched conformations and favours compact foldings which results in
intramolecular bond formation. On the contrary, elimination reactions do not benefit from
this reduced size of the reaction chamber, thus being less affected by nanoconfinement.

In the special case of the peptide hydrolysis reaction, the peptide bond is protected
against water attack thanks to the sterical hindrance provided by the confining mackinawite
sheets and the side chains of the dipeptide. This renders peptide hydrolysis unfavoured
in NCW when compared to AMB or HPW conditions, while peptide elongation is not
penalised as it involves the reaction of the terminal amino group of the dipeptide with a
compact NCA molecule, which should not suffer as much steric hindrance as the water
attack on the less accessible peptide bond. Because of this, polypeptide formation should
be facilitated in nanoconfinement in comparison with bulk water. The implications of this
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Figure 6. Snapshots for the reaction step D. From left to right: Isocyanate 4, charged intermediate 4.1 and N-
carboxyanhydride 5.

result can be quite deep as it supports some hypotheses: it has been proposed that layered
minerals like mackinawite could have acted as inorganic templates for the formation of
peptide a-sheets or amyloids, which after incorporating metal atoms or inorganic clusters

could have become protoenzymes>*.

4 Outlook

As we have exposed, the subtle interplay between the peculiar properties of nanoconfined
water and the steric and entropic factors intrinsic to nanoconfinement determines the very
special chemistry observed in such systems. From this starting point, new paths are now
open for future lines of research: first, the nature of the reactants may have a great influence
on the reactions, since for instance the hydrophobic/hydrophilic character of the aminoacid
residues will impose different arrangements of the solvating waters, which is very likely
to have a deep impact on both mechanisms and energetics. Second, these findings can
be generalised to other systems capable of hosting such nanoconfined water lamellae like
green rusts?®, and it would be of great interest to observe how the specific confining sur-
face affects the reactions taking place therein. Finally, nanoconfined water is ubiquitous
in biological systems, as it can be found in the crowded regions inside cells or in water
pockets and tunnels in biological macromolecules®’. Hence, we expect that the study of
the distinct properties of nanoconfined water will result not only in unravelling several yet
poorly understood phenomena, but also in new and exciting applications for chemistry,
biology and materials science.
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