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Biomolecular Self-Assembly Under Extreme Martian Mimetic

Conditions

The recent discovery of subsurface water on Mars has challenged our
understanding of the natural limits of life. The presence of magnesium
perchlorate (Mg(ClO4)>) on the Martian surface raises the possibility that it may
also be present in this subsurface lake. Given that the subsurface lakes on Earth,
such as Lake Vostok and Lake Whillans, are capable of harbouring surprising
amounts of life, these new findings raise interesting possibilities for how
biomolecules might self-assemble in this environment on Mars. Here we
investigate the self-association and hydration of the amino acid glycine in
aqueous Mg(ClOy), at 25°C and -20°C using neutron diffraction with hydrogen
isotope substitution and subsequent analysis with empirical potential structure
refinement to yield a simulated box of atoms consistent with the scattering data.
We find that although the highly chaotropic properties of Mg(ClOs), disrupt the
hydration and hydrogen bonding ability of the amino acid, as well as the bulk
water structure, glycine molecules are nonetheless still able to self-associate.
This occurs more readily at lower temperature, where clusters of up to three
molecules are observed, allowing us to speculate that the formation of biological

molecules is possible in the Martian environment.

Keywords: neutron diffraction; empirical potential structure refinement; amino

acid; water; clustering

Introduction

As our understanding of biological life on Earth has grown, we have also developed a
deep interest in the solvent environment which defines biomolecules: water. Far from
our initial view of water as a passive diffusive matrix for much more exciting
biomolecules and biochemistry, we now know that it is an active contributor to life on
every length scale [1]. Its loosely packed, hydrogen bonded, tetrahedral network of
polar molecules yield a host of fascinating, and in many cases unexplained phenomena

[2-4], such as its unusual density variation as a function of temperature, and its ability to



spontaneously drive unfolded proteins into functional conformations and make them the
workhorses of biology [5]. Itis in fact so fundamental to life, that speculations of life
elsewhere in the universe are fuelled by the discovery of extra-terrestrial liquid water
[6].

Over the past decade there has been growing evidence of periods of flowing
surface water on Mars [7-14], and it is now known that there exists subsurface water in
the form of a lake located 1.5 km below the surface near the south pole [15]. This
environment may be comparable with subsurface lakes found on Earth, such as Lake
Vostok and Lake Whillans, which are capable of harbouring surprising amounts of life
[16-18]. The “active” Lake Whillans, underneath 800 m of ice, showed a metabolically
active and diverse microbial ecosystem with 130,000 cells per millilitre of extracted
lake water [17], whereas the “inactive” Lake Vostok, underneath 3800 m of ice,
revealed two confirmed bacterial phylotypes, one of which was a hitherto-unknown
type of bacterium referred to as W123-10.

When we start to consider the hostile environment of the subsurface Martian
water, we must speculate on its likely contents. It is known that Martian soil contains
magnesium perchlorate (Mg(ClOs)2) [7,10,13,14], hence it is reasonable to assume that
this is also present in the subsurface water. However there exists no direct evidence of
what its concentration may be. While it is shown that Mg(ClO4)2 can become highly
bactericidal when irradiated by UV flux levels consistent with what would be expected at
the Martian surface [19], or when desiccated [20], this subsurface briny water would offer
an environment where these bactericidal effects would be significantly diminished. It has
been shown that several organisms, such as the microorganism Halorubrum
lacusprofundi isolated from Deep Lake in Antarctica, are capable of anaerobic growth in

0.04 M Mg(ClO4)2 [21,22], hence the presence of this salt alone does not eliminate the



possibility for life. Both ionic species in this compound are highly chaotropic and
therefore act as powerful protein denaturants due to their strong interaction with the
surfaces of biological molecules [23-25].

These ions also act to perturb water structure [26-29] and therefore are likely to
perturb hydrogen bonding. Mg(ClO4)2 does this particularly effectively and is capable
of compressing water structure in a manner similar to the formation of ice VII at room
temperature, corresponding to an external pressure of approximately 3 GPa [30,31].
This phenomenon leads us to ask the question: how does the presence of Mg(ClO4)2
affect the hydration and association of biological molecules in water? This is
investigated at a near eutectic [7] magnesium perchlorate concentration and using
glycine as a model amino acid due to its molecular simplicity, high solubility [32], and
previously recorded presence in astronomical environments [33-35]. Data was collected
using neutron scattering with isotopic substitution at 25°C and -20°C and analysed using
empirical potential structure refinement (EPSR) [36-38] to yield a simulated box of
atoms consistent with the scattering data. These two temperatures were chosen as they
are between the freezing temperature of eutectic NaCl solution and the bubble
temperature of eutectic NH3 solution, as these will be the subject of future
investigations. It is found that while magnesium perchlorate disrupts the hydrogen
bonding ability of the amino acids, they are still able to cluster, and that this clustering
is temperature dependent.

Materials and Methods

Neutron Diffraction
Measurements were taken using the Near to InterMediate Range Order Diffractometer
[39] (NIMROD) at the ISIS neutron facility. This covers a wide @ range of 0.1-300 nm"

!, where Q is the difference in momentum between the incident and scattered neutrons,



corresponding to interatomic separations of 0.1-30 nm. The obtained data can then be
used to yield the total interference differential scattering cross section, F (@), which can
then be broken down into its constituent partial structure factors S(Q) [30,36]. The
relative contribution of each partial structure factor to the total structure factor is
dependent on the particular atomic species’ concentration ¢, and their nuclear scattering

length b, such that:

F(Q) = Zaﬁ’ Cacﬁbabﬁ(saﬁ(Q) - 1) (1)

The Fourier transform of the partial structure factor then gives the corresponding
RDF, the integral of which then yields the corresponding coordination numbers. Data
were corrected for multiple scattering, attenuation, and inelastic scattering using Gudrun
software.
Sample Densities
Densities of final samples were measured by weighing 1 mL of sample. The results
were then verified by using a densitometer. It was also assumed that the densities of the
samples containing both Mg(ClO4)2 and glycine changed negligibly at lower
temperatures. The densities were then calculated in terms of atoms/A3, and the final
values of 0.0975 and 0.1030 atoms/A3 for the samples with and without Mg(C104)2
respectively were applied to the EPSR simulations.
EPSR Simulations
In order to perform EPSR analysis, a cubic simulation box was built such that the
experimental concentrations, temperatures, and densities were matched (Supplementary
Table 1). The EPSR simulations of the pure water and glycine samples contained 172
glycine molecules and 5160 water molecules in a cubic box of dimension 55.0677 A at

25°C, yielding an atomic number density of 0.1030 atoms/A3. The simulations of the



samples containing Mg(ClO4)> contained 172 glycine molecules, 5418 water molecules,
325 Mg?* ions and 650 C1Oy4" ions in a cubic box of dimension 60.4608 A at 25°C and -

20°C, yielding an atomic number density of 0.0975 atoms/A3. Glycine was modelled in
its zwitterionic form which occurs in solution at neutral pH [40]. The Mg(ClO4)
concentration used here corresponds to 39.6 wt%, which is near the eutectic
concentration of 44 wt% [7]. The experiment was originally designed such that a
eutectic concentration of Mg(ClO4)> would be used, however due to the highly
hydroscopic properties of Mg(ClOs)a, it is likely that H>O was absorbed into the
chemical from the atmosphere before the final samples were made. Therefore the final
concentration of Mg(ClO4)2 was determined from the predicted differential scattering
cross section of the neutron scattering data. This can be considered a reliable way of
verifying the concentration as the predicted differential scattering cross section is
extremely sensitive to hydrogen isotope substitution due to their large differences in
scattering lengths. All bond lengths, angles, Lennard Jones and Coulomb parameters of
all components were set to match values found in literature [30,41-48] (Supplementary
Table 2). As no previous neutron diffraction and EPSR analysis based literature exists
documenting the Lennard Jones or Coulomb parameters of glycine this was estimated
from neutron diffraction experiments of other amino acids and short peptides. Freindorf
et al. [49] used a combined DFT quantum mechanical and AMBER molecular
mechanical potential approach to determine the Lennard Jones parameters for the
atomic species present in several amino acids and compared these to the results found
using other potentials. The results are in good agreement with the o values, however the
€ are much lower than those used in this research. There is also a large contrast with the
values determined for hydrogen, as it is typically modelled in EPSR such that it only

interacts via a Coulomb force. All final parameters can be found in the supplementary



information, as well as the final fits for F(Q) from the EPSR simulations
(Supplementary figures 10-12). It is important to note that the resultant EPSR
simulations do not guarantee unique molecular positions and orientations that perfectly
match the samples, but merely solutions that are consistent with the scattering data and
are based on sensible interaction parameters. The divergence of the EPSR simulated
fits to the data at low Q values are a result of insufficient correction of the data to
account for inelasticity effects, which becomes increasingly difficult at low Q values
and with samples containing large quantities of light atoms, such as hydrogen. It is
highly unlikely however to impact the overall structure observed from the resulting
EPSR [50].

Results

Local Water Structure

The EPSR analysis yields the partial structure factors, and hence radial distribution
functions (RDFs), for all interatomic correlations. Perturbation to water structure can be
discussed in terms of the water oxygen — water oxygen (OwOw) and the water oxygen —
water hydrogen (OwHw) RDFs as shown in Supplementary Figures 1 and 2, their
coordination numbers, and visualised using spatial density functions (SDFs). Distances
used to calculate the coordination numbers can be found in Supplementary Tables 3a-c.
Upon the addition of glycine, the water structure undergoes a slight perturbation as the
first peak in the OwOw RDF shifts slightly inwards from 2.82 A in the case of ambient
water [2] to 2.79 A. The OwHy peaks still occur either side of the OwOy peak at 1.86
and 3.35 A respectively. The second hydration shell is drawn inwards from ~4.5 A in the

case of ambient water [2,51,52] to 4.42 A in glycine solution. This slight compression
is also reflected by an increase of the height of the first peak in the OwOw RDF from

2.49 in the case of ambient water [2] to 2.98 while decreasing the OwOw average



coordination number found in ambient water of ~4.7 to 4.167+0.005, where the quoted
uncertainty for all coordination numbers reported in this paper are calculated by fitting a
Gaussian peak to the coordination numbers predicted from EPSR using Origin 9.1. This
yields an uncertainty associated with the position of the centre of the peak. A reduction
of this coordination number, together with the compression effects observed within the
RDF suggest that the observed decrease in this coordination number is due to an
excluded volume effect of the glycine. The OwHyw average coordination number in the
case of ambient water is given as 1.88 [2], whereas the current research finds
2.378+0.007 when calculated over near identical distances. This striking increase is
particularly significant as this coordination number is associated with hydrogen bonding
in water, and will be explored in more detail in the discussion section. Two hydration
shells are also clearly visible in the SDF shown in figure 2. The similarity of this SDF to
ambient water, together with the similarity of the OwOw coordination number, RDF
peak heights and their positions, suggest that the water is relatively structurally
unperturbed, and therefore the hydrogen bond network is likely to remain mostly intact.
As with previous results [30], in the presence of Mg(ClO4)2 a highly compressed
structure emerges with the second hydration shell collapsing into the first, as can also be
seen in figure 1, and the third hydration shell being drawn inwards from 6.93 to 5.39
and 5.00 A at 25°C and -20°C respectively. Hydration shell collapse is reflected by an
increased OwOw coordination number of 5.635+0.006 and 5.841+0.004 at 25 and -20°C
respectively. Despite the large structural perturbation, the OwHw peak positions do not
change significantly, but the coordination numbers decrease slightly to 1.947+0.002 and
1.718+0.004 at 25 and -20°C respectively. This implies that the hydrogen bonding
network is perturbed to a lesser degree than the overall structural perturbation would

suggest, as has been seen previously in molecular dynamics simulation studies [51].



Glycine Hydration

As would be expected, glycine is strongly hydrated around the hydrophilic amine and
carbonyl groups. In the absence of Mg(ClO4)2, each amine hydrogen (Hx) coordinates
an average of 0.9034+0.0001 water oxygens at a distance of 1.78 A. Each carbonyl
oxygen (O1) coordinates 3.230+0.005water oxygens at a distance of 2.67 A, and
2.52+0.01 water hydrogens at a distance of 1.70 A. The average 010y and O1Hy,
coordination numbers suggest that 78% of the coordinated water molecules orient an
OH bond toward the carbonyl oxygen at a slightly shorter than those found in bulk
water. Upon addition of Mg(ClO4); a slight compression of the first hydration shell is
seen around the carbonyl oxygen, with the O;Hy distance being drawn into 1.74 and
1.69 A at 25 and -20°C respectively. Around the amine hydrogen the peak position does
not change significantly in the first hydration shell, but the second hydration shell is
drawn inwards from 3.22 to 3.12 A at -20°C. The structural perturbation is reflected in
the average O10yw coordination number (Supplementary Tables 3b and c). This is shown
to decrease to 2.484+0.005 at 25°C and increase to 3.952+0.002 at -20°C, while the
O1Hyw coordination number is shown to decrease to 0.4+0.2 and 1.2+0.5 at 25 and -20°C
respectively. The large discrepancy between the O10y average coordination numbers in
the presence of Mg(ClOs): 1s likely due to the relatively large difference between the
distances used to calculate the coordination numbers, as shown in supplementary tables
3a-c. The intensity of the first peaks in these OH RDFs also decrease for both the amine
and carbonyl groups in the presence of Mg(ClO4)2, with the -20°C peak having higher
intensity than the 25°C (Supplementary figure 3 and 4 respectively). The zwitterionic
nature of the modelled glycine also means there is charge ordering of the magnesium
ion around the carbonyl group and the perchlorate ion around the amine group as

evidenced by the relevant RDFs (Supplementary figures 13 and 14 respectively). The



peaks observed in both RDFs decrease in intensity with decreasing temperature due to
preferential hydrogen bonding of the amine and carbonyl groups to the surrounding
water molecules resulting in a decrease in association between the charged amine and
carbonyl groups and the ions. The O1Mg RDF features an intense sharp peak centred at
1.48 A, which is reminiscent of a chemical bond. However this is unrealistic for our
system and likely a result of the large charge difference between the Mg?* ion and the
carbonyl oxygen.

Glycine Association

Using EPSR it is also possible to estimate glycine cluster formation. In this work two
molecules are deemed clustered if one of their amine hydrogens is within a given
distance of the neighbouring glycine’s carbonyl oxygen. This distance corresponds to
the first minimum of the relevant O1Hx RDF (Supplementary figure 6). This method of
evaluating clustering will be explained further in the discussion section. The cluster size
distribution is shown in figure 3, where the largest cluster size predicted through EPSR
is three glycine molecules in the case of aqueous glycine, and the proportion of
molecules found in clusters of two or more molecules is 0.320. It is clear that while the
presence of Mg(ClO4): 1s hindering clustering by screening the charge based
interactions, as the proportion of molecules found in clusters of two or more molecules
decreases to 0.203 and 0.221 at 25°C and -20°C respectively , it is not destroying it
completely. A temperature dependence is therefore observed for the clustering in the
samples containing Mg(Cl0O4)2, with clusters of two glycine molecules occurring 17%
less frequently at the lower temperature, and clusters of three glycine molecules
occurring over 4 times more frequently. This is also reflected by the relative intensities
of the first and second peaks in the O1Hx RDF, where the pure glycine and water sample

has the highest intensity for both the first and second peak. Both samples containing
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Mg(ClO4)2 have identical first peak heights, however the second peak is significantly

higher for the lower temperature sample, as shown in supplementary figure 6.

Discussion

Bulk Water Structure

In this research the OwHy average coordination number was shown to increase in the
presence of glycine compared to ambient water while an excluded volume effect of the
glycine simultaneously decreased the OwOw coordination number. This suggests an
increased tendency of the OH bond to orient itself towards a neighbouring water oxygen
which could be interpreted as an increase in bulk water hydrogen bonding. The ratio of
the two coordination numbers suggests over half of the average coordinated water
molecules have their OH bonds oriented towards the central molecule and are acting as
hydrogen bond donors. This therefore predicts that the central molecule is over-bonded,
with ~4.8 hydrogen bonds per molecule, and more water molecules than are predicted to
be in the first hydration shell are hydrogen bonded to the central molecule. This is
clearly impossible. As ambient water has somewhere between 3.4 and 3.6 hydrogen
bonds per molecule [4,54-56], this increase in coordination number and the slight
second hydration shell compression is likely a reflection of weakened hydrogen bonding
in the bulk water with some bonds becoming too bent to still be classified as hydrogen
bonds. However due to the overall similarity between pure water and water in the
presence of glycine as determined by RDFs and SDFs (Figure 1 and Supplementary
figure 1 and 2), and the difference between the OwOy peak position and the OwHw peak
position of 0.93 nm, which is very close to the accepted OH distance found in a water
molecule [43], the fraction of hydrogen bonded water molecules is likely to be mostly
intact when compared with ambient water.

Hydrogen Bonding in Glycine

11



Aqueous amino acids and chemicals featuring similar chemical groups have been
previously studied through several means, including molecular dynamics simulations
and neutron diffraction studies [44-48,57-66]. These studies have consistently shown a
strong hydrogen bonding ability of the hydrophilic areas of amino acid molecules, in
this case the carbonyl hydrogen bond acceptor and amine hydrogen bond donor groups
of glycine. It has also been shown that of the two groups the carbonyl group has a
stronger hydrogen bonding capacity, with each CO group capable of forming hydrogen
bonds with two water molecules compared to each NH group being capable of forming
a hydrogen bond with a single water molecule. Waters bound to the carbonyl group are
also reported to exhibit much slower reorientation times by a factor of ~2 compared
with bulk water or water bound to the amine group. This difference in hydrogen
bonding is supported by the current research. The SDFs shown in figure 2 demonstrate
a clear ability of these charged groups to coordinate water molecules with each amine
group usually coordinating a single water molecule and each carbonyl usually
coordinating three, with some water molecules being shared between each carbonyl
oxygen. This is also reflected in the relevant RDFs between the amine hydrogens or
carbonyl oxygens with the water oxygens and water hydrogens. (Supplementary figures
3,4 and 9). In both the amine and carbonyl group the hydrogen bond acceptor-donor
distance is shorter than that found in bulk water with the relevant O-H distance
occurring at 1.78 and 1.70 A respectively. Here the shorter distance of the carbonyl
hydrogen bond, together with a stronger first peak in the RDF, is an indicator of
stronger hydrogen bonding. This is likely explained by the increased dipole moment of
the CO bond. In this simulation there is a larger absolute charge difference between
carbonyl carbon and oxygen compared with the amine hydrogen nitrogen

(Supplementary table 2) and a greater separation between the two atoms.
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Glycine molecules are therefore capable of hydrogen bonding to one another, as
has been shown for other amino acids and similar molecules. Several studies [44-48,64]
have now shown that hydrophilic interactions are the dominant force that drives the
clustering of amino acids in solution. The most relevant example from previous
literature uses L-proline [45] at a similar concentration to this research, and also finds
that it typically forms dimers in solution as a result of interactions between its CO2™ and
NH,"* groups. This is clearly evidenced in this research. If one considers the RDF
between the hydrophilic amine hydrogens and carbonyl oxygens, it is possible to assess
hydrophilic association, and if one considers the RDF between the hydrophobic
hydrogen side chains (Hpk) it is possible to assess hydrophobic association. Comparing
these two RDFs, as shown in figure 4, it is clear that the O1Hx has clear maxima and
minima implying a reoccurring structural motif, whereas the HyokHok has no significant
discernible features. This suggests that any clustering of glycine molecules is driven by
hydrophilic forces rather than hydrophobic. It is possible to verify this hydrophilic
association by running the EPSR simulation in the absence of glycine atomic charges.
If the clustering was occurring as a result of hydrophobic effects then this would still
occur with glycine molecules with no partial charges, however clustering is almost
entirely eliminated with 97.6, 98.8 and 95.1% of glycine molecules existing as
monomers for aqueous glycine at 25°C, and glycine in aqueous Mg(ClO4)> at 25 and -
20°C respectively. (Supplementary Figure 5). The observed temperature dependence on
cluster size distribution also suggests an enthalpic origin for the hydrophilic interaction
between glycine molecules. An enhanced level of clustering is therefore indicative of
increased hydrogen bonding between glycine molecules at lower temperatures. This is
consistent with previous studies on water — alcohol solutions [67-69] and is consistent

with hydrogen bonding in liquid water [4,70,71]. Whilst it is difficult to comment on the
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directionality of the bond formed between amine and carbonyl groups of neighbouring
glycine molecules, and hence to what extent this is a true hydrogen bond, there are
several consistencies between the observed affects and what would be predicted through
hydrogen bonding.

Magnesium Perchlorate

As described in the Results section, the addition of Mg(ClO4), perturbs bulk water
structure, glycine hydration, and glycine clustering. A slight compression of the hydration
shell around both hydrophilic areas of the glycine molecule is observed. This is more
apparent for the carbonyl group where the first peak in the O;Ow RDF shifts inwards and
decreases in size and the associated coordination number changes significantly while the
O1Hw coordination number simultaneously decreases. These effects are less apparent at
lower temperature. Collectively, this indicates that Mg(ClO4)z acts to reduce the hydrogen
bonding ability of the amine and carbonyl groups with the surrounding water, likely by
screening the charge based hydrophilic interactions. It is also evident from the
coordination numbers and relative first OH peak intensities that hydrogen bonding is
preserved to a greater extent at lower temperature. This is clear when comparing the
SDFs shown in figure 2, where the hydration structure around both charged groups in the
presence of Mg(ClO4)> is more reminiscent of pure water and glycine at lower
temperature. This is consistent with previous results, as an increased hydrogen bonding
ability of hydrophilic groups within larger molecules at lower temperatures has been
observed in neutron diffraction experiments on aqueous methanol and ethanol [4,67-69].
The reduction in hydrogen bonding ability of the glycine by Mg(ClO4), would also
explain the observed reduction in glycine clustering and the associated temperature

dependence.
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As glycine is the simplest amino acid, it is likely that the perturbations to
clustering by Mg(ClOs4)2 shown in this work would occur for all zwitterionic amino
acids. Itis also likely that an amino acid with a charged side chain would resist this
perturbation to a greater extent by offering a site for preferential association of the ions,
and thus protecting the hydrogen bonding ability of the amine and carbonyl group. It is
certainly true that salt-loving halophilic organisms tend to have a higher concentration
of charged amino acids on the surface of their proteins, and that these are likely to help
screen the effect of the ions present in their solvent environment and therefore preserve
the hydrogen bonding network present of the protein. At a larger scale the effect of
Mg(ClO4): on the viability of mesophilic and halophilic organisms has been tested with
mixed results [19-22,72]. Some organisms experience a rapid decrease in viability,
while some are unaffected, and some are even capable of anaerobic growth in 40 mM
Mg(ClO4)2. The perturbation but ultimate persistence of hydrogen bonding in the
extreme case of near eutectic Mg(ClO4); studied here, combined with the ability of
some terrestrial organisms to thrive at low Mg(ClO4)2 concentrations, seems to suggest
that the limits to life are not met by the mere presence of this highly chaotropic salt.
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Figure 1. Spatial density functions of water around a central water molecule from
neutron diffraction data and EPSR analysis for water in the presence of glycine (top)
and water in the presence of glycine and Mg(ClO4)2. These surface contours contain
the highest 30% probability areas of finding another molecule within a distance of 5 A

from the central molecule. (Figure updated)

Figure 2. Spatial density functions of water around a central amine group (top) or a
central carbonyl group (bottom) of glycine without Mg(Cl04)2 at 25°C (left), with
Mg(Cl104)2 at 25°C (middle), and with Mg(Cl04)2 at -20°C (right) from neutron
diffraction data and EPSR analysis. These surface contours contain the highest 15%
probability areas of finding a water molecule within a distance of 5 A from the central

molecule. (Figure updated)

Figure 3. Cluster size distribution predicted from EPSR simulations as determined using
the definition for hydrophilic clustering found in the “glycine association” section.
Distribution plotted on a logarithmic scale to highlight differences in cluster size
distributions. Proportion of clusters containing only one glycine molecule shown in

black and white.

Figure 4. Labelling convention for glycine molecule used in present research (top).
EPSR simulated RDFs of amine hydrogens from a carbonyl oxygen (middle) and side
chain hydrogens from a side chain hydrogen (bottom). Spectra are vertically offset for

clarity. (Figure updated)
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