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Abstract

Clathrate hydrates are non-stoichiometric crystalline inclusion compounds, wherein a
water host lattice entraps small guest molecules in cavities, with methane hydrates the most
widespread in Nature. Recent studies have shown that proteins and polypeptides produced
by micro-organisms can accelerate methane-hydrate formation. However, the role of
magnetic fields and chirality in such phenomena is heretofore unclear. Here, we find prima-
facie evidence of differently-oriented magnetic fields of varying strength showing intricate
control on hydrate-formation kinetics by R and S versions of a prototypical aromatic
peptide derived from a naturally-occurring, hydrate-promoting. We also discuss the wider
implications of these results on chirality in the biosphere and hydrates in the environment.
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Clathrate hydrates are non-stoichiometric crystalline inclusion compounds in which a
water host lattice encages small guest atoms or molecules in cavities *. Methane hydrates
are the most widespread clathrate in Nature in the permafrost and relatively shallow
continental-shelf ocean regions, and constitute the dominant portion of the Earth’s bio-
accessible carbon reserves 23,

Although it has been known for some time that some proteins (e.g., surfactin®) can interact
with methane hydrate, and affect its formation kinetics, it has not been clear if such proteins
play a role naturally in marine-sediment environments; moreover, in marine sediments,
particular materials (e.g., sand) are known to act as hydrate-formation heterogeneous-
nucleation sites, which may play a greater role in hydrate formation than microbial activity.
Recent studies have shown that microorganism-produced proteins and polypeptides (such
as an exported, extra-cytoplasmic porin-like protein from a marine methylotroph, GHP1),
can accelerate methane-hydrate formation under seafloor-mimicking conditions *®

Independently, it was shown that magnetic-field effects can influence both the formation
and stability of gas hydrates ’. Bearing this in mind, this may well provoke the question of
how applied magnetic fields might affect chiral systems, i.e., how magneto-chiral effects
may dictate hydrate-formation mechanisms, and other important transitions and reactions
in (bio-) physical chemistry in general? Certainly, magneto-chiral coupling is well
established in molecular dichroism and birefringence vis-a-vis space-inversion and time-
reversal symmetries (i.e., parity and reversality considerations, respectively), e.g., via
analysis of dipole-polarisability tensors 1. Further, in experimental chemical-reaction
analysis, the progress of various unrelated reaction pathways involving chiral substrates
have been shown to be directly controlled by an applied magnetic field *2. Critically, the
action of magnetic fields on the progress of reaction pathways that utilise catalytic alpha-
carbon-substituted chiral aromatic moieties is evident 13, Indeed, the chiral aromatic ring is
especially affected by the Lorentz force of an externally-applied magnetic field, because
the induced magnetic moment in the aromatic ring interacts sterically with any applied
field 1* — a prime atomistic mechanism for ‘amplification’ of magneto-chiral effects.

The methylotroph-derived porin-like protein, GHP1, can be used to accelerate the rate of
formation of gas hydrates using a possible approximation-catalysis mechanism °. This
protein incorporates, in an exposed loop, an S-phenylalanine (PHE) moiety that we
therefore speculate will interact sterically with an applied magnetic field. From molecular-
dynamics (MD) modelling (cf. Supporting Information, Fig. S1, as well as ref. 6), we find
that this same specific amino acid interacts directly with any methane molecule in its
immediate environment 8. This is through hydrophobic non-covalent bonding, more than
other GHP1-surface polypeptide areas — leading ultimately to more catalytic formation of
hydrate half-cages by approximation catalysis (cf. Fig. S1(a) and ref. 6). Thus, we
hypothesise that the application of an applied magnetic field will affect directly the rate of
methane-hydrate formation under substrate-limiting conditions, and that chirality may play
a role via magneto-chiral coupling.



Prior to testing our central hypothesis, we established the effect of an applied magnetic
field on the rate of hydrate formation in the absence of peptides/proteins in a model system,
shown previously to mimic the temperature and pressure of seafloor conditions in a case
of substrate-limited catalytic turnover °. Here, we found that there was a measurable decline
in the hydrate-formation rate in ~40 and ~95 mT fields (>90% H:-confidence on a single-
tailed Student’s t-test) — cf. Fig. S2; the magnetic-field set-up is described in Fig. S3 and
Table S1. Subsequent MD-simulation studies have suggested this magnetic-field effect (in
the absence of any peptide) can be explained by weakening of hydrogen bonding;*?*
indeed, experimentally, the strongest applied field gave an effective ~40% drop in activity
compared to the zero-field case (cf. Fig. S2). Critically, therefore, as we shall see below,
we cannot conclude that under these conditions an applied field alone increased hydrate-
formation rate.

Turning to our key biocatalysis hypothesis, preliminary MD-simulation analysis of the
(S-)GHP1 primary sequence revealed a PHE-bearing peptide, as mentioned briefly above,
as leading to localised hydrate-formation propensity on the full-GHP1 surface (via
approximation catalysis). We codify this peptide as GHP1a; this comprises six amino acids
(cf. Fig. S1c). We then tested experimentally addition of R- and S- versions of peptide
GHP1a (at a concentration of 6.3 nM, cf. Table 1 in ‘Methods’ — equivalent in molar
concentration to the full protein in ref. 5) for its ability to catalyse methane-hydrate
formation in variable applied magnetic-field configurations (see Fig. 1). Importantly, we
clarify that in order to isolate the putative (field-mediated) bio-catalytic effect, we
considered the (relative) measured hydrate-formation rates (subtracting the background,
‘water-only’ absolute formation rates of Fig. S2); further, we normalised these relative
rates vis-a-vis the ‘water-only’ absolute background rate at that prevailing field condition
(e.g., zero-field, ~40 and ~95 mT — detailed in Fig. S2). Consequently, we were able to test
- independently - both variation of the applied field and inversion of chirality for R- or S-
versions of GHP1a (both at >99% enantiomeric excess). We were also then able to examine
any synergistic and/or competing effects on the catalytic process when both magnetic field
and peptide chirality were co-varied. The independently-averaged ‘background’, water-
only hydrate-formation rate was 0.49 +0.03 umol.s*cm3, with both GHP1a enantiomers
increasing the relative-formation rate by approximately 2.5 (S)- to 3.5 (R)- fold in ~95 mT
fields (cf. Fig. 1). There was a marked effect of peptide chirality in the absence of an
applied magnetic field — with the highest activity demonstrated by the R-GHP1a; this was
statistically significant (>90% t-test Hi-confidence) under the conditions used (cf. Fig. 1).
However, using an achiral control peptide — comprising 7 linked achiral glycine residues
(“polyG control”) at the same concentration — a statistically similar increase in hydrate-
formation rate was observed vis-a-vis S-GHP1a in the absence of a field. Thus, we could
not be certain that, in this case, the rate increase was due to biocatalytic effects. However,
when the ~95 mT field was applied, an even greater level of statistically significant
difference (> 99% Hi-confidence) between relative-formation rates of R- versus S- GHP1a
was observed — cf. Fig. 1, with the R-enantiomer having markedly the highest relative



hydrate-formation rate (2.5 versus 3.5 against the water-only control, with R the larger).
Notably, although the rate of turnover was markedly higher for the R enantiomer than for
a polyG control, the same effect was also observed under ~95 mT field conditions when
using the natural S enantiomer. Profoundly, therefore, an experimentally significant effect
of peptide chirality on the hydrate-formation rate was measurable under these conditions
when the peptides were incorporated in the presence of an applied magnetic field of
sufficient intensity.
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Figure 1. (a) The R-enantiomer shape is a better conformation for relative hydrate-formation rate even
without the presence of magnetic field (cf. Fig. 3). The PG and S conformer have similar
effects, whilst all three enhance Kkinetics better than the case with only water (shown by the
dotted horizontal line at 0.49 pmol.scm?3). (b) The relative hydrate-formation of part (a)
normalised to the field-prevailing background water-only formation rate (cf. Fig. S2) is
compared here for R-, S-GHP1a and the PG control for different field intensities; this serves
to eliminate the effect of magnetic field on the properties of water.

After considering two different applied field strengths (cf. Fig. S3 and Table S1), an
average applied field of 95 mT in the locale of the all-important gas-water interface
(whereat the vast majority of hydrate formation was observe to occur) appeared to interact
with the ‘unnatural’ R-enantiomer predominantly. This led to an optimal relative hydrate-
formation rate, about 1.5 times greater vis-a-vis the S form of GHP1a (cf. Fig. 1b). When
the weaker field of ~40 mT was applied to S- or R- enantiomer-based catalysis, the relative-
rate increase was notably less. This suggests that the observed effect may be estimated
quantitatively, although is, of course, not necessarily a simple linear response vis-a-vis
field strength. However, a more subtle effect of applied-field direction was established
between both field strengths, in that the weaker field was oriented in the opposite direction,
at ~180°, to the ~95 mT field in proximity to the gas-water interface (see Table S1) - such
that this led to a shifting in the level of qualitative R- and S- influence on relative hydrate-
formation rates (see Fig. 1Db).
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Figure 2. COMSOL-calculated contour plots of the total magnetic-field intensity (see also Fig. S3), with
red arrows indicating the field-vector direction and the color map representing field magnitude.
The small rectangle in the middle of the upper magnet represents the part of the loaded water
which is in the closet contact with gas - where most hydrate formation occurs. (a) ‘Opposite
poles’ of the upper and lower magnet face each other — leading to an ‘attraction’ between the
two magnets. (b) ‘Similar poles’ face each other, causing repulsion between both magnets. See
Fig. S3b and Table S1 for further details.

To elucidate more clearly the microscopic/mechanistic basis for these experimental
observations, including field-orientation effects, we next modelled structural changes via
non-equilibrium molecular dynamics (NEMD) for either S- and R- GHP1a peptides in
contact with methane-supersaturated water systems under field strengths of 0, 2and 5 T —
with both (opposite) field orientations in the case of the 2 and 5 T fields; this is shown in
Fig. 3. It was necessary to use NEMD intensities about an order of magnitude larger than
experiment (albeit preserving the ~2.5:1 intensity ratio), given that NEMD could only be
run for nanoseconds, as opposed to hours. In any event, from NEMD, it can be seen that
the positions of residues adjoining the PHE aromatic ring allows for methane to be poised
atop the ring. This leads to the water molecules having differing levels of ease of to arrange
‘comfortably’ around these guest molecules in hydrogen-bonded, half-cage arrangements.
Indeed, this alternation of hydro-philic/phobic contacts at the peptides’ surfaces appears to
underpin the ‘scaffolding’ for the ‘clathrate-anchoring’ hypothesis studied with acuity in
the context of ice and hydrates at protein surfaces 222 In particular, the more facile half-
cage formation is evident for the R-enantiomer under all field conditions (including no
applied field), as witnessed experimentally. Moreover, the magnetic field’s direction alters
subtly the configurational propensity of hydrophilic, hydrogen-bonding contacts for water
around the hydrophobic, methane-attracting aromatic centre. The results of Fig. 3 serve to
rationalise the greater promoting effect of R-GHP1a relative to the S version, together with
the subtle field-orientation effect, in accord with experiment. It should be noted that the
field-direction dependence for the S-enantiomer is evident both experimentally (Fig. 1b,
40 vs 95 mT, in comparison with zero-field level), and by simulation (Fig. 3b-d, with
negative- and positive- directions compared again to the zero-field case) — which supports



the present study’s central hypothesis. Such a trend is less statistically evident for R in the
case of both experiment and simulation, but is not unexpected, given its inherently higher
(conformation-based) propensity to form hydrates as zero-field conditions.
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Figure 3. (a) Hydro-philicity and —phobicity around R- and S-GHP1a based on their conformations under
different magnetic fields from NEMD simulations at hydrate-forming conditions. The peptide
conformation every 50 ps are superposed over 2 ns, with purple denoting hydrophilicity, whilst
green represents hydrophobic areas. Characteristic of all peptide conformations is the mutual
proximity, and alternation/inter-leaving of hydro-philic and —phobic moieties, which serves to
realise pronounced local accumulation of adsorbed water and methane molecules together, thus
facilitating hydrate half-cage formation (by de-facto approximation catalysis). A particular case
in point for hydrate-cage promotion is the (green) PHE-aromatic centre: here, adsorbed
(sometimes long-resident) methane molecules tend to facilitate this. It is clear that the R form
‘stretches’ under negative field and the angle between two hydrophilic part becomes lower under
positive field. For S-GHP1a, it is ‘horseshoe’-shaped in its zero-field conformation, i.e., there are
some internal hydrogen bond between parts which keeps this peptide in this shape. Since the
magnetic field weakens the hydrogen bonds, in both negative and positive directions, one can see
the opening of the peptide. This shape change is less significant in the case of the S form. (b) The
application of the magnetic field in both negative and positive directions reduces the radius of
gyration of the hydrophobic part of the peptide - the aromatic centre of the PHE residue —
meaning that the hydrophobic part is less mobile, so the residence time of the adsorbed methane
will be higher. (c) The trends in water-accessibility surface area ‘echo’ clearly that seen in panel
(a). (d) The number of hydrogen bonds between the peptide and the surrounding water shows a
pronounced decrease upon field exposure, which is due to general effect of magnetic field
weakening hydrogen bonds, as mentioned earlier (see also Fig. S2).

Taken together, the present study’s overall findings support strongly the hypothesis that an
applied magnetic field will moderate the enhancement of hydrate formation in the presence of



chiral peptides. Because the effect of GHP1a and similar peptides on hydrate is apparently
catalytic (and would be expected to apply to hydrate formation of other hydrophobic gases
adsorbed at its surface®), the complementarity of applied magnetic field and peptide catalysis
for hydrate formation will not be described by a simple first-order additive effect. Thus, our
research might also suggest that an applied magnetic field is likely to have a somewhat
unpredictable impact on the control of hydrate formation by peptides and/or proteins in the
biosphere. The Earth’s magnetic field - about 30 uT - will certainly be expected to interact with
any aromatic peptides/proteins involved in hydrate stabilisation in Nature. Given this, we
cannot therefore rule out the possibility that the previously-documented ‘Belfast Hypothesis®’
— proposing that variations in the Earth’s magnetic field affects directly hydrate stability in
sediments - could be a key factor influencing global methane turnover when related biotic
effects on hydrate stability are considered over geological timescales.

The interaction of magnetic fields with biological entities is well established, but the
mechanism of this interaction is not always evident 2. Our research suggests that such
interactions could be explained relatively simplistically through the established interaction of
magnetic fields with aromatic amino acids. This means that when we are considering
biologically-mediated catalysis, such interactions occur fundamentally at the level of the chiral
amino acids found in virtually all proteins.

The findings of the present work complement independently the geophysical implications of
varying magnetic fields on the Earth’s hydrate deposits and subsequent methane flux to/from
the biosphere ‘. Given the climatic importance of gas hydrates,? this may well be important.
Presently, the Earth’s magnetic field strength is waning, with magnitudes several orders of
magnitude lower than used in the present study ’. If methane-hydrate-bearing sediments are
subject to any degree of microbial control, then this same magneto-responsive ‘bio-
amplification’ of ambient field effect could be of significance in understanding the wider geo-
physical implications of microbial activity - including potential climatic effects.

Recent studies have shown that aromatic amino acids are produced using abiotic mechanisms
in deep marine sediments 2. While a number of hypotheses have been presented to explain the
origin of chirality in proteins 232, through our findings we can suggest a site for the first
appearance of pre-cellular life occurring at the energy-rich methane-hydrate boundary — that
would certainly have been present in the methane-rich pre-biotic Earth 324, Indeed, in terms
of abiogenesis per se, using the ‘chemical-reactor’ concept,® it may be the case that “Cold(er)-
Life” hypotheses, e.g., from carbon sources trapped in sea-ice molecular milieux (eutectic
freezing)®*® or in the ocean’s hydrothermal vents®’ may account for hydrate’s possible
involvement in terms of facilitating water-methane contact, quite possibly under biological
regulation of hydrates (with GHP1 found in the TARA marine-metagenomic database®).

In any event, the combined effect of the relatively low energy of the Earth’s magnetic field
being ‘bio-amplified’ through the action of simple pre-biotic chiral peptides present in ancient
sediments, could have resulted in a sufficient evolutionary driving force for the selection of S-
enantiomer amino acids as the blue-print for chirality in the first biotic proteins. It has been
proposed that weak, parity-violating interactions can account for a very small bias favouring



S- over R- enantiomers in protein secondary structures *¢, which could lead ultimately to an
evolutionary bias favouring S-amino acid incorporation into biomolecules when evolutionary
drivers over geological timescales are taken into account. However, other studies show that the
predominance of S-enantiomer proteins in biological systems is not universal, which might
then suggest that other factors come into play *. In this study, we have shown quite a
substantial differential in the interaction of a structurally simple S- and R- biocatalyst that
could, also perhaps over protracted geological timescales, lead to an evolutionary selective
pressure favouring R- and/or S- chirality biocatalysts in gas-hydrate-bearing milieux. We
propose here that this unravelling of chiral-enzymatic origins is one of the most mechanistically
simple, but yet globally profound, examples of biocatalysis occurring in the environment —
serving as a wonderful test-bed for showing clearly manipulation in Nature by magneto-chiral
effects.

METHODS
Hydrate formation and mass-balance-based determination of hydrate-conversion vyield

The experimental apparatus for hydrate-formation and dissociation kinetics (as well as
estimation of dissociation temperature) employed a pressure vessel fabricated using 316
stainless steel with internal volume of approximately 340 cm?® (see Fig. S3a). A pressure
transducer with an uncertainty of 0.02 MPa, was used to measure pressure, whilst a
thermocouple with an accuracy of £0.1 K was inserted into the cell to measure the inner
temperature, with temperature/pressure readings every 1 s. The magnetic setup was designed
using two N52 Neodymium magnets, the lower magnet was in a disk with 6 cm diameter and
0.5 thickness and the upper magnet was in ring shape with 6 cm outer diameter, 4 cm inner
diameter and 0.5 cm thickness. The water was loaded in a glass tube located in the middle of
the setup (Fig S3b). Two different magnetic-field configurations were produced by ‘flipping’
the upper magnet to have two of the same poles face each other, or the opposite (Fig S3b). Use
of an electromagnet coil was not feasible, as localised heating thereat would mitigate against
hydrate formation.

Prior to each run, the vessel was sterilised by washing with ethanol solution (25 wt %). Each
hydrate-kinetics experiment began with cooling down the main system to the desired
temperature of 2.0 °C, via the cooling-water circulating system. Once the system reached the
desired temperature, the cell was charged with 10 cm?® of deionised water with the selected
amount of reagent (Table 1). The reagents are selected in a way to keep the final solution in
the same molar concentration as protein GHP1 which we reported in our previous publication
® (Table 1); both R- and S-peptide versions were synthesised to be perfectly enantiomerically
pure, and there was no chiral contamination of the water. The cell was evacuated for 3 minutes
to remove any residual air, and then pressurised to the desired pressure of 85 bar using pure
methane. Due to inevitable Joule-Thomson thermal contraction, the cell pressure was
decreased slightly by decreasing the temperature; however, within less than 10 minutes, the
temperature stabilised and remains so until the end of the chose hydrate-formation period.
Then, a continuous slow pressure decline was observed during the hydrate crystal-growth stage



(always under the constant-volume conditions), after nucleation. In practice, however, there is
some small temperature fluctuation during hydrate formation due to its exothermic nature, but
this is countered continually by the temperature-control system (Fig. S3a). Here, the average
temperature of the production régime (i.e., the temperature plateau) is considered as the starting
temperature of the hydrate-formation process. The system was kept at (or very near) the desired
temperature of 2.0 °C for 3 hours to gauge the final ‘molar drop’ towards hydrate formation
over this period.

Table 1. Concentration of the R- and S- GHP1a peptide and polyglycine (PG). The
reagents are selected in a way to keep the final solution in the same molar
concentration as the full protein GHP1 which we reported in our previous
publication, ref. 5

Vol . .

Reagent (ﬁLu)me MW (g) | Concentration (mg/l) Concentration (nM)
R-GHP1a 50 1142.38 0.21 6.32
S-GHP1a 50 1142.38 0.21 6.32
PG 50 399.365 0.13 6.32

The ‘absorbed number of moles from the gas phase’ was determined to track conversion to
hydrate formation (which was verified later by measuring temperature discontinuities upon
dissociation). This was calculated based on monitoring gas-phase pressure drop continuously
on a mass-balance basis. Each experiment repeated 5 times independently to achieve a result
with statistical significance. Naturally, the first step in this number-of-gas-phase-moles-from-
pressure determination lies in defining accurate the compressibility factor, z, of the methane*
at various pressures and temperatures in the hydrate- formation runs from mass balances on
thus-inferred gas-phase-number-of-moles data (from the gas-phase pressure), taking into
account the temperature-variation of methane absorption in liquid with literature data for
Henry’s-Law constants for methane in water 4,

Molecular-dynamics simulation

The peptides were placed in 4x4x4 nm simulation box and solvated with water molecules.
The TIP4P model #* was used for water, whilst the protein part was parameterised by the OPLS
forcefield *. The forcefield also combined with the OPLS-UA united-atom model for methane
3, and replicates the methane-hydrate melting point accurately. The cut-off radius for Lennard-
Jones interaction parameters was 1.0 nm, whilst the smooth particle-mesh Ewald method was
used to handle long-range electrostatics . The velocity Verlet scheme was used for MD under
periodic boundary conditions (PBC) with a time step of 0.5 fs *. For extended-system
dynamics in the NVT ensemble, a relaxation time of 0.1 ps was applied. All data was sampled
over 2-ns production NVT simulations at 275 K - similar to the experimental conditions. All
of the simulations were done using DL-POLY4 .
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