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Abstract

Models of Titan predict that there is a subsurface ocean of water and ammonia under a layer of ice. Such an ocean
would be important in the search for extraterrestrial life since it provides a potentially habitable environment. To
evaluate how Earth-based proteins would behave in Titan’s subsurface ocean environment, we used molecular
dynamics simulations to calculate the properties of proteins with the most common secondary structure types
(alpha helix and beta sheet) in both Earth and Titan-like conditions. The Titan environment was simulated by
using a temperature of 300 K, a pressure of 1000 bar, and a eutectic mixture of water and ammonia. We analyzed
protein compactness, flexibility, and backbone dihedral distributions to identify differences between the two
environments. Secondary structures in the Titan environment were found to be less long-lasting, less flexible, and
had small differences in backbone dihedral preferences (e.g., in one instance a pi helix formed). These
environment-driven differences could lead to changes in how these proteins interact with other biomolecules and
therefore changes in how evolution would potentially shape proteins to function in subsurface ocean environ-

ments. Key Words: Biophysics—Titan—Molecular dynamics. Astrobiology 20, 190-198.

1. Introduction

ESPITE THE LACK OF SUNLIGHT, extreme pressures, and

high temperatures, chemotrophic bacteria take advan-
tage of the products of water-rock interactions to survive at
Earth’s deep-sea vents (Nisbet and Fowler, 1999). Earth may
not be the only body to host such habitable niches. Subsurface
oceans are considered confirmed (Hendrix et al., 2018) on the
jovian moons Ganymede, Callisto, and Europa (Kivelson
etal., 1996; Cglrr etal., 1998; Khurana et al., 1998; Iess et al.,
2012, 2014; Cadek et al., 2016) and the saturnian moons
Enceladus and Titan (Iess et al., 2012, 2014). Hidden under
ice crusts tens to hundreds of kilometers thick, the liquid
water environments of these ocean worlds interact with rocky
cores, albeit to different extents (Sohl et al., 2010), making
them excellent targets in the search for life elsewhere in the
Solar System due to the potential confluence of liquid water,
chemical building blocks, and energy sources (Lunine, 2017;
Hendrix et al., 2018).

Titan’s subterranean oceans may be seeded with the hy-
drogen and carbon necessary for Earth-like biochemistry.
Evidence for this possibility comes from measurements of
Titan’s atmosphere. Nitrogen and methane dominate the
bulk composition at 98% and 1.8% respectively, with a
multitude of trace gases probably including some oxygen
species (Coustenis, 2005; Horst, 2017). Ultraviolet photons
from the Sun, energetic particles from Saturn’s magneto-
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sphere, and galactic cosmic rays drive photolysis of meth-
ane and nitrogen throughout Titan’s atmosphere, leading to
various chemical reactions that create a variety of complex
organic compounds (Waite et al., 2007; Crary et al., 2009;
Vuitton et al., 2009; Niemann et al., 2010). Eventually, the
products of this chemistry form haze particles about a mi-
cron in size (Tomasko et al., 2008) that fall to the surface,
blanketing Titan’s terrain in an organic-rich layer estimated
at over 2x10° km® (Lorenz et al., 2008). However, the
current rate of photolysis could not have been sustained over
the lifetime of the Solar System without exhausting the
current atmospheric inventory of methane. Forward mod-
eling suggests that all the methane in Titan’s atmosphere
today would be consumed within 30 Myr (Yung et al., 1984;
Wilson and Atreya, 2004). One way to balance this con-
sumption with the ~1 Gyr age suggested by the '*C/"*C
ratio observed by both Cassini (Mandt et al., 2012; Nixon
et al., 2012) and Huygens (Niemann et al., 2010) is through
continuous or episodic replenishing of methane from Ti-
tan’s interior (Tobie et al., 2006; Castillo-Rogez and Lu-
nine, 2010). In such a scenario, methane from the rocky
interior dissolves in the subsurface ocean before outgassing
(Lunine and Stevenson, 1987) and could be delivered to the
surface via cyrovolcanoes (Tobie et al., 2008). The possi-
bility of organics going down into the ocean is compelling—
especially given the evidence that amino acids can quickly
form when liquid water interacts with lab analogs of Titan’s
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haze (Neish et al., 2008, 2010)—but beyond the scope of this
paper and will be left to future research. Additionally, Titan’s
subsurface ocean is thought to contain ammonia to ensure the
ocean remains liquid over the age of Titan (Choukroun et al.,
2010; Grasset et al, 2010; Fortes, 2012). Thus, Titan’s
subsurface ocean may contain hydrogen, carbon, nitrogen.
(The presence of ammonia in Titan’s subsurface ocean
should not prevent Earth-like biochemistry, as terrestrial
extremophiles can thrive in high pH [9.0-11.6] solvents
[Preiss et al., 2015].)

At 5150km in diameter and with a bulk density of
1881 kg/m®, a high-pressure ice (ice VI) likely separates Ti-
tan’s ocean from the rocky core today (Lunine and Stevenson,
1987; Sotin and Tobie, 2004; Grasset and Pargamin, 2005);
however, this layer may not inhibit water-rock interactions.
Journaux et al., for example, demonstrated how brines at
certain high temperatures and pressures can be transported
through an ice VI layer to the ocean (Journaux et al., 2013;
Vance et al., 2018). It is also possible that earlier in Titan’s
history the ocean may have both been in direct contact with the
rocky core (facilitating hydrothermal reactions) as well as re-
ceived exogenic cometary and chondritic material from me-
teorite falls and impacts (Shock and McKinnon, 1993). Fortes
(2000) outlines several similarities between Titan’s evolving
ocean environment and extreme environments on Earth.

Previous work has been done to look at the effects of pres-
sure and temperature on protein flexibility (Sawle and Ghosh,
2011; Karshikoff et al., 2015; Ichiye, 2016) and adaptation
(Campanaro et al., 2008; Siddiqui and Thomas, 2008; Mi-
choud and Jebbar, 2016). Piezophiles, organisms that live in
high pressures, are not well understood, but the high pressure
limit of known life is around 1.1 kbar (Simonato et al., 2000;
Meinhold et al., 2007; Ichiye, 2018). Alkaliphiles, organisms
that typically live in pH values between 9 and 12, can thrive in
a variety of environments as long as the basicity is optimum
(Kevbrin et al., 1998; Krulwich and Ito, 2013; Kulkarni et al.,
2019). Combining the traits of these two extremophiles would
result in an organism able to live and thrive in an environment
similar to that of the subsurface ocean of Titan.

In this work, we build on the hypotheses of Fortes (2000).
Instead of answering whether molecules can form in Titan’s
ocean (today or in some earlier epoch), we explore how
biologically relevant molecules might behave in Titan’s
ocean. Some studies have been done that show the folding
of proteins in different organic solvents can lower folding
free energy (Yu et al., 2016) or can function similarly to
water in an aqueous-organic solvent (Soares et al., 2003).
This study does not analyze the folding or binding of pro-
teins but rather the integrity of a protein over the course of a
simulation. In Section 2, we describe the molecular dy-
namics simulations that we used to study Earth-based pro-
teins in both Earth and Titan-like conditions. In Section 3,
we analyze the results, measuring protein compactness,
flexibility, and backbone dihedral angle distributions. Sec-
tion 4 discusses the implications of the results for Titan and
other Ocean Worlds, and we conclude in Section 5.

2. Materials and Methods
2.1. Protein folding

Inside biological cells on Earth, ribosomes manufacture
proteins by sequentially adding individual amino acids in a
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chain according to instructions in messenger RNA as copied
from the cell’s nuclear DNA. Knowledge of the amino acid
sequence alone does not allow us to directly infer the re-
sulting protein’s chemical behavior, however. After their
manufacture, proteins fold in on themselves in a manner
governed by their own self-affinity and electrical interac-
tions with the surrounding solvent. Therefore, in Titan’s
high-pressure water-ammonia subsurface ocean proteins
might behave differently than they do in biological systems
on Earth.

Those different shapes and the variability thereof would
necessarily alter the functionality of the protein. We see
similar situations in extreme environments on Earth, where,
for instance, high-temperature single-celled organisms liv-
ing in deep-sea vents have evolved distinctly different ver-
sions of common proteins that specifically tailor their amino
acid sequence to match their environment (at high temper-
ature, for instance, deletions of large swaths of protein helps
those proteins behave similarly to non-deleted ones at room
temperature [Barnes, 1992]). In that high-temperature situ-
ation, proteins typically work better with fewer large an-
cillary residues so as to not have excessive conformal
variation with high internal kinetic energy.

As a first step toward understanding how the conditions in
Titan’s subsurface ocean affect protein folding and move-
ment, we simulate the behavior of representative proteins
computationally. The goal of these initial calculations is not
to design an alien biochemistry compatible with Titan’s
ocean but rather to broadly determine the effects of aspects
of that ocean such as high pressure and ammonia content.

2.2. Protein selections

Three types of proteins were chosen to simulate the two
most common secondary structures on Earth: alpha helices
and beta sheets (Berman et al., 2000). These proteins were
chosen from the CATH protein database (Sillitoe et al., 2015;
Lam et al., 2016) by selecting the most common motif of that
secondary structure. For example, one of our chosen motifs
containing primarily alpha helices was selected by using the
following steps: (1) Opened the website http://www.cathdb
.info/browse/tree. (2) Chose ‘1 Mainly Alpha.” (3) Chose the
largest number of folds, ‘“1.10 Orthogonal Bundle.” (4)
Chose the largest number of superfamilies, ““1.10.287 Helix
Hairpins.” (5) Chose the largest number of Domains,
“1.10.287.610 Helix hairpin bin.”” (6) Chose example pro-
tein, “3ug8.” (7) Looked at sequence to ensure that chain A
amino acids 3-61 is the appropriate fragment. (8) Down-
loaded protein structure from the RCSB protein data bank and
edited file to include only the amino acids that are within the
appropriate fragment. The proteins chosen were 3uq8 and
1xmk (mainly alpha), 3ulj and 4unu (mainly beta), and 4glq
and 2gxq (mixed alpha/beta).

2.3. System preparation

The idea is to create a system that replicates an Earth
environment at sea level and a Titan environment at the
bottom of its subsurface ocean. We chose a practical tem-
perature of 300 K and a pressure of 1 bar. For Titan we also
chose 300 K. This decision was made based on an as-
sumption that there would be hydrothermal vents, noting
that a similar assumption has been made about Titan’s
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neighbor, Enceladus (Hsu et al., 2015). The pressure chosen
for the Titan environment was 1000 bar. This would cor-
respond to a depth of about 10km below Earth’s ocean’s
surface. On Titan, using an aqueous ammonia solution
density of 0.89 g/cm® (O’Neil, 2013) and a gravitational
constant of 1.35 m/s* (Jacobson et al., 2006), we would get
a pressure of 1 kbar at a depth of about 80 km below Titan’s
surface. This does not consider several variables such as ice
thickness, ice density, or compressibility. However, this
shows that a plausible pressure and temperature were used
for the Titan environment.

Therefore, setting up the simulations, the Earth environ-
ment was set to a temperature of 300 K, pressure of 1 bar, and
pure water. The deep Titan ocean environment used the same
temperature as Earth but with 3 orders of magnitude larger
pressure (1000 bar) and a eutectic water-ammonia mixture
(Fortes, 2000). The three protein types were separately placed
in each environment for a total of six simulations.

MARTIN ET AL.
2.4. Molecular dynamics simulations

The software package GROMACS 5.1.2 was used for all
molecular dynamics simulations with the Amber99sb*-ildnp
forcefield (Hess et al., 2008). The Earth system was placed in
a dodecahedral box of TIP3P water (Jorgensen et al., 1983).
A TIP3P water model was chosen, as it is a good balance of
accuracy and computational efficiency. The Titan system was
placed in a dodecahedral box of a eutectic mixture of TIP3P
water and 32% weight ammonia at a density of 0.89 g/cm®
(Fortes, 2000). Each system’s energy was minimized by us-
ing steepest descent for 1000 steps. To allow for some
equilibration of the water around the proteins, each system
was then simulated for 1 ns with the positions of all heavy
atoms in the complex restrained via a harmonic potential, and
then simulated for another 1 ns with no restraints. During the
restrained simulations, the temperature of the system was
increased linearly from 100 to 300 K, and the pressure was
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FIG. 1. Radius of gyration for all proteins over the simulation. A shift to the left is a more compact protein, while a shift to
right is less compact. The Titan environment experiences a shift in its peaks toward a lower radius of gyration value in both
the alpha and mixed alpha/beta compared to the Earth environment. The beta shows no or negligible shifting of its peaks.
The shifted plateau in the mixed alpha/beta 4g1q Earth environment is caused by the C-terminus of the protein moving to a

new conformation.
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FIG. 2. Root-mean-square fluctuations for each amino acid in the protein systems. Larger fluctuations are shown in red
and smaller in blue. Proteins in the Titan environment experience larger maximum RMSF values as compared to the Earth
environment but lower RMSF values on average.
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maintained at 1 atm using the Berendsen algorithm. Pro-
duction simulations for each system were then carried out
for 100 ns with pressure maintained using Parrinello-
Rahman coupling. For all simulations, the LINCS algorithm
(Hess et al., 1997) was used to constrain all bonds to their
ideal lengths allowing for a timestep of 2 fs. The tempera-
ture was controlled using the v-rescale option. Reaction-
Field-zero was used for electrostatics with a real-space
cutoff of 1.2 nm. The Van der Waals interaction cutoff was
set to 1.2nm with the Potential-shift-Verlet method for
smoothing interactions.

2.5. Analyzing data

Radius of gyration of a protein is a measure of its com-
pactness; smaller values correspond to more compact protein
shape. The radius of gyration measurements were obtained
using the GROMACS command gmx gyrate, and histograms
were then generated using python. The root-mean-square
fluctuation (RMSF) is a measure of how much an atom
fluctuates about its average position, that is, the secondary
structure flexibility. RMSF plots were obtained by running
the GROMACS command gmx rmsf. RMSF values were
converted to log form and used to color the protein using
PyMOL 1.7 (blue for low RMSF values and red for high).
Secondary structures plots as a function of simulation time
were generated using the GROMACS command gmx
do_dssp (Mclendon et al., 2015; Touw et al., 2015). Ra-
machandran plots show the distribution of backbone dihe-
drals that largely determine a protein’s conformation and
secondary structure preference during simulation. These re-
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sults were generated using the GROMACS command gmx
rama, and histograms were generated by subtracting the
Earth measurements from the Titan measurements.

3. Results

Radius of gyration histograms are shown in Fig. 1 and
illustrate the compactness of the proteins. The peaks of each
plot represent the most likely radius of gyration value for
each protein in each environment. A difference in peak lo-
cation represents either a more or a less compact protein
(smaller radius of gyration is more compact). Our results
show that proteins in the Titan environment experience a
shift in the peaks toward a lower radius of gyration value in
both the alpha and mixed alpha/beta as compared to the
Earth environment. The beta shows no or negligible shifting
of its peaks. The shifted plateau in the mixed alpha/beta
4glq Earth environment is caused by the C-terminus of the
protein moving to a new conformation.

Root-mean-square fluctuation results are in Fig. 2 and
show how much atoms fluctuate about their average position.
The RMSF value was converted to a log form and overlaid
onto a frame from the largest cluster of the simulation. The
gradient ranges from blue to white to red, with blue being
most stable and red being least stable. Proteins in the Titan
environment experience larger maximum RMSF values as
compared to the Earth environment but lower RMSF values
on average.

Secondary structure results are shown in Fig. 3 and
demonstrate how the local structure of each amino acid in
the protein changes over the course of the simulation. The
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FIG. 3. Secondary structures for each amino acid of one of the protein systems over the simulation. Table 1 shows the
color definitions used for each secondary structure type. The emphasized region highlights that the protein does not stabilize
into a specific secondary structure type in the Earth environment in contrast to the Titan environment where the same region

stabilizes into a pi helix.
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TABLE 1. SECONDARY STRUCTURES LEGEND

Color Structure
White Coil

Red Beta sheet
Black Beta bridge
Green Bend
Yellow Turn

Blue Alpha helix
Purple Pi helix
Gray 3-helix

vertical axis is the amino acids in the protein, the horizontal
axis is the simulation time, and Table 1 shows the color
definitions for each secondary structure type. The empha-
sized region highlights that the protein does not become a
specific secondary structure type in the Earth environment,
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in contrast to the Titan environment where the same region
becomes a pi helix.

Ramachandran plots are shown in Fig. 4 and represent the
distribution of backbone dihedral angles phi and psi that
largely determine the protein’s conformation for each pro-
tein as a two-dimensional histogram. These plots are made
from subtracting the Earth dihedral distribution values from
the Titan values. The gradient ranges from brown to blue-
green; brown shows dihedrals that are favored in the Titan
environment, and blue-green shows dihedrals that are favored
in the Earth environment. In the Titan environment, the phi
angle propensity is similar to the Earth environment, but the
psi angle shifts from about -50 degrees to -25 degrees.

4. Discussion

The radius of gyration results in Fig. 1 show that the beta
sheet proteins simulated in this study are unaffected by the
difference in environment between Titan and Earth. By
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contrast, our results show the Titan environment leads to
slightly more compact alpha helix proteins. We believe that
the beta sheet proteins are less affected due to the higher
number of stabilizing hydrogen bonds present in beta sec-
ondary structures. The beta sheets in these proteins have on
average five hydrogen bonds compared to alpha helices that
have three hydrogen bonds.

The results in Fig. 2 show that proteins in the Titan envi-
ronment have lower average RMSF values than the Earth
environment likely due to a combination of the high pressure
and water-ammonia of the Titan environment suppressing
atom fluctuations. Even though alpha helices are generally
less long-lasting in the Titan environment (as shown in
Fig. 3), one protein had an alpha helix stabilize into a long-
lasting pi helix (see Fig. 2, beta, protein 2). Further studies
will be needed to understand the mechanisms behind these
differences.

The secondary structure results in Fig. 3 show that the
alpha helix region of one of the three proteins is more long-
lasting in the Titan environment. In the Earth environment
the helix region changes between different types of sec-
ondary structures: bends, turns, alpha helices, and pi helices.
Turns and bends are similar in structure, but turns have
hydrogen bonds whereas bends do not. In the Titan envi-
ronment the helix region changes to a turn and then becomes
a pi helix. The pi helix could be important because it shows
Titan favoring a conformation that is not common for Earth
conditions (Fodje and Al-Karadaghi, 2002). A pi helix is a
helix with five hydrogen bonds compared to an alpha helix
that has three. Due to the increase in hydrogen bonds, the pi
helix is much more energetically favorable than an alpha
helix. This suggests that proteins in the Titan environment
may interact with other biomolecules with different bio-
chemistry compared to Earth.

The Ramachandran plots in Fig. 4 show that the Titan
environment favors slightly different angles for the alpha
helices. These different angles prefer a psi angle of about -
25 degrees, whereas the phi angle remains the same. This psi
angle difference is likely the result of differences in the
preferred secondary structure types in the Titan environ-
ment, for example, a pi helix instead of an alpha helix. From
these results, it appears that life on Titan would have similar
beta sheets as Earth, allowing comparable proteins to form
on Titan as on Earth.

5. Conclusion

In summary, protein secondary structure elements have
different properties in a Titan environment compared to
Earth. In the Titan environment alpha helices tended to be
less flexible (Fig. 2) and preferred slightly smaller psi di-
hedral backbone angles compared to an Earth environment
(Fig. 4). Protein structures were more compact in the Titan
environment compared to an Earth environment (Fig. 1).
Most secondary structure elements were less long-lasting
on Titan, but on rare occasions alpha helices were more
long-lasting (see Fig. 3) compared to the Earth environ-
ment. This study should be considered a starting point for a
larger study to understand how proteins, protein-ligand
complexes, and protein-protein complexes could fold, in-
teract, and function in subsurface oceans such as those on
Titan.
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