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Extreme environments and extremophiles — What are they?

Extreme environments and the organisms that inhabit them — extremophiles — serve as model
platforms for probing biomolecular adaptations that allow life to thrive under environmental
conditions that are intolerable for the life forms with which most of us are familiar. Extreme
environments are host to a large fraction of the microbial biomass on Earth (1, 2). But what exactly
do we mean by extreme environments and extremophiles? There are several ways to approach
this question, including from the perspective of the environment or from the perspective of the
organism. Here, we integrate aspects from both perspectives to arrive at a working definition of
what adaptive features unify extremophilic organisms and how environmental extremes help to
illuminate such features. The key concept in this context is habitability.

The concept of habitability is often considered binary, whereby some environments are
habitable while other environments are not. What then defines whether an environment is
habitable?

Given that non-water-based life has yet to be detected, a first order constraint on an
environment’s habitability is the presence of water. An extreme environment with respect to water
availability could thus be defined as one that has extremely low water activity, such as in a brine
or in a water inclusion in a sodium chloride crystal (3). Such environments have been widely
shown to host thriving populations of halophilic Archaea that can tolerate salinities approaching
that of halite precipitation (4). Alternatively, the habitability of an environment with respect to
water availability could be defined with respect to the periodicity and extent by which water
becomes available, such as in the Atacama desert in Chile where precipitation is low and
infrequent. Numerous environments in the Atacama, nonetheless, have been shown to host
abundant microbial life (5).

The habitability of an environment must also be defined with respect to its physical and
chemical properties. A major constraint on life is temperature, with the upper limit for life
currently standing at 122 °C for a methanogenic archaeon (6). Habitable limits also include
extremes of pH. The current lower limit is held by the archaeon Picrophilus torridus that can
replicate at a pH as low as -0.06 (7), equivalent to a solution of 1.2 M sulfuric acid. At the other
end of the pH spectrum, Alkaliphilus transvaalensis isolated from a South African gold mine has
been shown to grow at a pH as high as 12.5 (8).

Deep-ocean and deep subsurface environments harbor organisms that exist at elevated
hydrostatic pressure over a range of temperatures. These include psychropiezophilic and
obligately psychropiezophilic bacteria, such as Colwellia marinimaniae, obtained from the
Challenger Deep in the Mariana Trench which can grow at pressures up to 140 MPa (9), and
hyperthermophilic archaea, such as the obligate piezophile Pyrococcus yayanosii obtained from
a deep-sea hydrothermal vent on the Mid-Atlantic ridge which is capable of growth up to 120 MPa
(10). Microorganisms can survive pressures more than an order of magnitude above those
permitting growth (11, 12), despite dramatic changes in membrane viscosity (13) and decreases in
the diffusion of water, ions and metabolites within the cytoplasm (14).

A habitable environment must also be defined as one that has all of the pre-requisites for
growth, including major and trace elements to support cellular metabolism. This includes sources
of carbon, nitrogen, phosphorous, sulfur and oxygen, as well as metal ions for processes such as
metabolic catalysis. And finally, a habitable environment must provide a source of energy. As cells
encounter conditions that destabilize their biomolecules, they require an input of energy to drive
de novo biomolecule synthesis and to operate ATP-dependent active transporters to maintain
gradients across the cellular membrane (15—17). If an environment’s supply of energy exceeds a
cell’'s demand for energy, life can persist (18), otherwise it becomes uninhabitable. In many
subsurface ecosystems, the availability of electron donors or acceptors is limited, leading to
conditions of energy limitation and extremely slow growth with long turnover times (19—21).
These conditions can culminate in very low biodiversity, as has been observed in fracture fluids
obtained from continental deep (2.8 km) subsurface environments (22).



In summary, habitability means a solvent to carry out metabolism and information
processing, a physical environment in which constituents are at least metastable, a source of
building blocks, and a source of energy to maintain homeostasis and replication. This definition
of habitability provides a framework to unify extreme environments as those that impose
temporary or chronic stress on cells, either through stress from physical or chemical
characteristics of an environment (e.g., water availability, temperature, pressure, pH, trace
elements), or stress from lack of energy (e.g. lack of electron acceptors/donors, lack of high energy
photons to create electron donors). As such, extremophiles can be defined as organisms that have
evolved biomolecular traits or physiological strategies to not just survive but to thrive under
conditions that impose chronic energy limitation (23). In such a scenario, selection should act to
evolve mechanisms and biomolecules that allow cells to diversify into environments that impose
energetic stress while balancing or minimizing the energetic costs of doing so.

While life is thought to have originated at hydrothermal vents (24), organisms that eventually
populated more moderate conditions are thought to have diversified to inhabit available
ecological niches and in doing so, have continually expanded the habitable limits for life. This
appears to have been the case for adaptations to chronic energy stress imposed by pH extremes.
In the case of acidic high temperature habitats, which are characteristically dominated by Archaea
(23), it appears that several lineages diversified from moderately acidic environments into
progressively more acidic environments (25). Intriguingly, data indicates that these
diversification events were enabled by acquisition of metabolic pathways and enzymes that
allowed cells to integrate oxygen into their energy metabolism. It has been suggested that
acidophiles and their aerobic sulfur oxidizing activity were responsible for generating acidic hot
spring environments (25), allowing these cells to evolve in concert with the progressive
acidification of their habitats in what has been termed niche construction (26). Comparative
genomic analyses also indicate that diversification of archaeal life into acidic hot spring habitats
was facilitated by acquisition of numerous proteins and pathways that enable cells to maintain
cytoplasmic osmotic balance (15, 25) and an ability to synthesize more structurally rigid
isoprenoid lipid structures that decrease the potential for proton permeation into the cytoplasm
(27).

In the case of alkaliphiles, the pattern is a bit more nuanced. Nonetheless, a recent study of
microbial life in a subsurface habitat undergoing the geological process of serpentinization
suggests that organisms may have also diversified into these habitats (28). The serpentinization
process begins when ultramafic rocks become hydrated, initiating a series of chemical reactions
that ultimately generate fluids with hyperalkaline pH and that are enriched in lithogenic
hydrogen, formate, and methane (29). The increased pH leads to inorganic carbon limitation a
characteristic that presents energetic challenges to methanogens and acetogens since CO. serves
as both the electron acceptor and carbon source. A comparative phylogenomic analysis of two
closely related methanogen (genus Methanobacterium; phylum Euryarchaeota) populations
from the subsurface of the Samail Ophiolite, Oman, showed that the population from less reacted,
near-neutral waters (pH 7.6) is ancestral to the population recovered from hyperalkaline waters
(pH 11.3), suggesting diversification of this lineage into higher pH waters (Fones et al, submitted).
Intriguingly while the genome of the Methanobacterium population from pH-neutral waters
encodes proteins to couple hydrogen oxidation to CO. reduction, typical of hydrogenotrophic and
autotrophic methanogens, the genome of the more recently evolved Methanobacterium
population from hyperalkaline waters lacks homologs of two key oxidative [NiFe]-hydrogenases
and these functionalities are replaced by formate dehydrogenases. This elegant adaptation allows
cells to oxidize formate to yield reductant and cytoplasmic CO., allowing cells to overcome
CO./oxidant limitation in hyperalkaline waters.

To date, it is not firmly established whether life diversified into or out of high pressure
environments. In any case, piezophiles are able to grow at high pressure in part through
modulation of membrane fluidity. Elevated pressure orders lipid membranes in an analogous



fashion that accompanying a decreased temperature. Piezophilic bacteria compensate for these
effects by further fluidizing their membranes via increasing the proportions of unsaturated fatty
acids within their membranes (30). The story with piezophilic archaeal membranes is still
developing but can include pressure-induced changes in the amount of membrane spanning lipids
and perhaps also changes in lipid unsaturation (31). It is also likely that piezophilic microbes
adapt to high pressure via the incorporation of specific osmolytes, although evidence is lacking.
Deep-sea animals increase their levels of the compatible solute trimethylamine-N-oxide with
increasing capture depth all the way to solution saturation, presumably as a mechanism for
compensating for pressure effects on cellular macromolecules (32).

These case studies highlight the potential for extremophiles to illuminate the diversity of life
on Earth, its generation and maintenance, feedbacks between environmental and biological
change, and the physiological and biomolecular adaptations in proteins, pathways, and other
cellular structures that allow life to diversify and push the limits of environmental habitability.
The diversity of extremophilic organisms and the biomolecules that they synthesize represent a
database that can be exploited for biotechnological and industrial applications that require
enzymes or other biomolecules with specialized properties (17, 33). This includes applications in
pharmacology, agriculture, textile production, and biofuels production, among others.
Application of biophysical tools to better understand the basic tenets underpinning their structure
and function allows for such enzyme platforms to be engineered for optimal target activity and/or
to be tailored and integrated into suitable production platforms.

Genomic insights into extremophiles

The development and widespread application of molecular biology tools, in particular DNA
sequencing technologies, to natural environments over the past several decades have
revolutionized our understanding of the diversity, distribution, and evolution of microorganisms
(Fig. 1). DNA sequencing tools are especially useful for predicting the metabolisms of and
uncovering unique adaptations among uncultured microorganisms, which comprise the
overwhelming majority of microbial taxa. Up to ~87% of genera and 64% of phyla lack cultured
representatives, and the extent of uncultured phyla
is environment-specific (34). The development of
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metabolisms (e.g., methane/alkane metabolism and sulfate/sulfite reduction) among phyla where
these metabolisms had previously not been documented (35). One would expect other
hydrothermal systems with similar geochemical gradients to those in YNP to harbor comparable
taxonomic and functional diversity.

Among the most intriguing discoveries made over the past decade is the identification of
protein homologs in novel phyla involved in global biogeochemical cycles. For example, the
discovery of Methyl coenzyme reductase (Mcr) proteins, which catalyze the last step of
methanogenesis or the first step of anaerobic alkane oxidation in the genomes of uncultured
‘Bathyarchaeota’ lineage provided evidence that these Mcr proteins in Bathyarchaeota may be
involved in the oxidation of longer chain alkanes, such as butane (36). Metagenomics studies of
marine and terrestrial hydrothermal systems have also greatly expanded the diversity of Mcr in
taxonomic groups not previously known to conduct methanogenesis or alkanotrophy (35-37).
Cross-environment comparisons indicate that the unique geochemistry of these environments, in
particular their sourcing with volcanic gases enriched in alkanes, may act as a selective pressure
for inclusion of organisms with the ability to metabolize short chain hydrocarbons during
community assembly (38). Notably, the structural determinants of catalytic bias in Mcr are not
known but could have tremendous importance in biotechnological applications. Additional
biochemical and biophysical characterization is needed to better understand the determinants of



Mecr enzymatic directionality, the enzymatic basis for activating specific short chain alkanes, and
whether additional novel functionalities may be conducted by divergent Mcr.

Subsurface Environments Our understanding of the presence, extent, and nature of
subsurface microbial ecosystems has only recently come into focus. Drilling and subterranean
exploration have provided access to the subsurface for study, and recent evidence indicates that
marine and continental subsurface environments may be habitable to greater than 5 km below
the surface (1). Further, this vast habitable environment may host a significant fraction of all
microbial biomass on Earth (1, 2). Given the shear enormity of these ecosystems, their potential
to inform on the origin and diversity of life on Earth, and their role in global biogeochemical
cycles, they have received considerable attention in recent years and metagenomics datasets from
them are increasingly becoming available (Figure 2).

Subsurface life is exposed to numerous extreme stresses including higher temperatures at
greater depths, and a limited flux of nutrients or limited gradients in electron donors/acceptors
to fuel metabolism and replication and, notably, increased pressure (39, 40). Consequently,
adaptations to overcome these stressors are critical for organisms inhabiting subsurface systems.
Organisms that live in deep ocean environments are likewise exposed to high pressure. Processes
that appear to be modified in piezophiles based on comparative genomics, omics measurements,
and genetic experiments are energy metabolism and initiation of DNA replication and translation
(41—43). For example, deep-sea archaea of the Thaumarchaeota phylum, one of the most
abundant microbes on Earth, have acquired vacuolar-type ATPase genes via horizontal gene
transfer that facilitates growth at low pH. Its adaptive value to growth in the deepest ocean
trenches may relate to pressure effects on the membrane environment in which this complex
molecular machine operates (44).
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Indeed, streamlined genomes have
also been observed in other subsurface systems where nutrient limitation is prevalent (47, 48),
suggesting that minimizing genome size to reduce the cost of replication may be a common
adaptation in subsurface life. Additional insights into physiological adaptations that allow for
subsurface life have been obtained from metagenomic investigations of fracture fluids from deep
continental mines. In particular, subsurface mine waters from South Africa identified Candidatus
Desulforudis audaxviator as the near-only inhabitant of fracture fluids (22) and this organism
has since been shown to be cosmopolitan member of subsurface communities (49). Like many
other subsurface environments, including those undergoing the geological process of
serpentinization (47, 48, 50), many organisms in subsurface environments appear to be
supported by products of water-rock interactions, including hydrogen, formate, carbon monoxide
and methane. A study of a single hot spring in Yellowstone sourced by H. rich volcanic gas



revealed that presence of a diverse array of hydrogenases in >72% of the organisms that inhabit
the spring (51). Whether the diverse enzymes involved in transformation of substrates like H2
discovered in metagenomic datasets harbor features of interest (e.g., acid or alkali tolerance,
thermal or pressure tolerance) for industrial or biotechnological applications awaits further
biochemical and biophysical characterization. Such questions can be extended to any protein
homolog whose distribution spans natural geochemical gradients, providing a robust dataset and
a natural platform to interrogate and understand the molecular basis for extreme life.

The Molecular Basis for Extreme Life

As noted above, our understanding of extreme environments and the extremophiles living in
them has expanded tremendously in recent years. We now have access to the sequences of literally
millions of genes, and in principle, metadata describing the physical and chemical characteristics
of their environments. While the linking of meta-data to environmental genomes and
metagenomes remains to be accomplished holistically and constitutes a significant roadblock to
progress in understanding the molecular signatures of adaptation, we can already envision mining
the genomic data for biochemical and biophysical insights. The fact that oftentimes the function
of less than 50% of putative genes can be deduced in the genomes of extremophiles using
homology-based methods presents another significant roadblock, but also an opportunity for
identifying novel bio-catalytic systems of potential technological importance.

At the same time that information about extreme environments is becoming more readily
available, considerable strides are being made in understanding of the mechanisms by which
protein sequence underpins functional properties. Proteins are highly complex molecules with
tens to hundreds of thousands of atoms. They populate dynamic conformational ensembles that
can be modified significantly by single amino acid substitutions. Enzyme activity, or the lack
thereof, hangs on just a few kT units of energy (1 kT~2.5 kJ/mol), and function is often dependent
on the transient population of excited conformational states. Such order-disorder transitions are
central to biomolecular recognition and signaling. Relatively modest amino acid substitutions can
have profound effects on these dynamic equilibria. In many cases, ‘folding intermediates’ of
proteins may turn out to be signals of altered flexibility and dynamics of excited conformations
under temperature, pressure, or other stresses.

We now know how and why extreme physical and chemical conditions modulate the
functionally important conformational dynamics of proteins. However, conceptually connecting
the systemic information available in the genomic databases with the subtlety of protein
conformational landscapes presents a major challenge to identifying the molecular signatures of
adaptation to extreme environments. It is the interplay between biochemistry and biophysics with
the geochemistry and physical conditions of these environments that defines, ultimately, what
biological functions are present and how they operate. An understanding of the underlying
molecular basis for extreme life lies in both the biophysical aspects of any given protein function
and the environmental properties that have shaped the evolutionary history of that protein.
Efforts to reconstruct ancestral proteins and correlate them climate- and geochemical changes
over geological time scales are still in their infancy (52).

Biomolecular Adaptation — What do we know?

Fortunately our current knowledge of extremophile proteins is rapidly growing. General
properties of biomolecules from extremophiles have been reported, and specific types of amino
acids appear to be preferred in protein sequences from specific environments (53, 54). Proteins
from thermophilic organisms tend to exhibit a higher proportion of hydrophobic residues or ion
pairs. Halophilic organisms, which must maintain high levels of intracellular ions such as
potassium, have proteins whose sequences exhibit a strong preference for surface-exposed acidic
residues, particularly aspartate. Proteins from psychrophilic organisms have evolved to maintain



appropriate levels of dynamic motion even in the cold. They tend to have fewer stabilizing
interactions, more hydrophobic residues on their surfaces, more overall negative charge, smaller
amino acids and additional polar surface loops. Here, we discuss examples of biomolecular
adaptations to what can be argued are the most stressful conditions imposed by extreme
environments on living organisms (and their associated biomolecules): temperature, pressure,

and composition (e.g., pH and salinity).

Temperature adaptations Biomolecules obtained from thermophiles are by far the best
characterlzed (e.g. (55)). Thermophilic enzymes exhibit increased global stability of their native,
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Figure 4. Thermodynamic basis for the temperature
stabilization of proteins. Taken from (58). A, the dependence of
Gibbs energy of unfolding on temperature; B, the dependence of
enthalpy on temperature; C, the dependence of entropic
contribution on temperature. Models correspond to those
discussed in the text. Ref refers to mesophilic protein
thermodynamic stability.

active states relative to their unfolded, inactive states,
AGy, making them useful in biotechnological applications
(56, 57). This increased stability can arise from one of
three thermodynamic mechanisms (58) (Figure 4):
Model I) a decreased entropy change of unfolding, AS,,
with no change in either the enthalpy of unfolding, AH,,
at the melting temperature, Tm, or in the heat capacity of
unfolding ACp.,, Model II) a smaller change in ACp, or
Model IIT) constant AC,., with a decrease in both AH, and
AS,, with that in AS, being more pronounced. Theoretical
studies suggest that entropic stabilization may be the
most common mechanism for stabilization at high
temperature (59).

One of the most well-known of such enzymes is the
DNA polymerase from Thermus aquaticus (Taq), a
thermophilic bacterium isolated from a hot spring (60,
61). Taq polymerase, as it is nicknamed, is the enzyme
used In the Polymerase Chain Reaction (PCR). The
activity profile for Taq exhibits a maximum at 80 °C,
allowing it to withstand the multiple heating/annealing
steps used in PCR. The increased stability of Taq
polymerase has been attributed to a much smaller
entropic penalty for folding (62). Thus, although the
stabilizing interactions in Taq are decreased (smaller
AH,) with respect to its mesophilic homologue from
Escherichia coli, the entropic penalty is reduced even
further, leading to increased stability at all temperatures,
and a shift in the Tm (Model III in Figure Y). The
difference in the entropic cost of folding likely arises from
differences in either the configurational entropy or
exposed surface area of the unfolded state.

Pressure adaptations Pressure is known to
modulate protein hydration (63), destabilize tertiary
interactions (64), decrease dynamics (65) and dissociate
oligomers (66, 67) because the more disrupted states
exhibit a smaller molar volume, largely due to the
elimination of internal void volume (68, 69). Global
signatures of pressure adaptation have been more
difficult to identify, in part due to the temperature
differences across high-pressure environments. Certain
classes of proteins appear to undergo stronger adaptive
changes in piezophilic organisms. Campanaro and co-
workers (70) found that genes whose products were
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involved in motility, transport, and DNA synthesis were preferentially modified in two
piezophiles, compared to their shallow water counterparts. Interestingly, for those proteins for
which 3D structures were available, the substitutions mapped primarily to the surfaces of the
proteins. The prevalence of adaptive substitutions on protein surfaces suggests that selection may
act to adapt protein interactions given the hydration, ionic ad metabolite environment. Pressure
adaptation of a few specific enzymes from deep sea organisms, dihydrofolate reductase (DHFR)
(71, 72) and lactate and malate dehydrogenases (LDH and MDH, respectively) (73), revealed
changes in enzymatic mechanisms, enhanced enzyme activity at moderate pressures and the over-
representation of pressure-adaptive sites on the proteins’ surfaces, flexible regions and at subunit
interfaces. Machine-learning algorithms identified differences in amino acid composition
between piezophilic and non-piezophilic organisms when divided into three different temperature
classes, psychrophilic, mesophilic and thermophilic organisms (774). Polar, hydrophilic and small
amino acids were over-represented in psychrophilic piezophiles, whereas in mesophilic and
thermophilic piezophiles hydrophobic, non-polar and aliphatic amino acids were more prevalent.
Substitutions toward smaller amino acids in psychrophiles have been interpreted as providing for
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Figure 5. Proposed structural basis for piezophilic character of IMPDH from Shewanella benthica DB21MT-2. Taken from (70). A) Structures
of DHFR from Shewanella oneidensis (SoIMPDH) and Shewanella benthica DB21MT-2 overlaid with the a and b subunits of solPMDH in pink
and brown and those of SpIPMDH in green and cyan. The IPM molecules are shown in green stick and the magnesium ions in yellow spheres.
The single amino acid substitution that confers high-pressure tolerance is S266 in SolPMDH, and is shown in red stick. B-E) Zoom of the
vicinity of residue 266 for solPMDH at atmospheric pressure (B) and 580 MPa (C) and for solPMDH at atmospheric pressure (D) and at 580
MPa. Several water molecules are visible in the high pressure structure of SolPMDH which are not present in that of SpIPMDH.

the required flexibility at low temperature by adding voids.

The subtlety of pressure adaptation is well-illustrated by comparison of the pressure-
dependent enzymatic activity, sequence and structure of two isopropyl malate dehydrogenases
(IMPDH), one from the atmospheric pressure-adapted Shewanella oneidensis (SoOIMPDH) and
the other from Shewanella benthica DB21MT-2 isolated from the Challenger Deep in the Mariana
Trench at a depth of nearly 11 km (SbIPMDH)(75—77). Pressure adaptation was attributed to a
single amino acid substitution at position 266, an alanine in the piezophile and a serine in the
mesophile (Figure 5A). The rate-limiting step of the reaction for an IPMPDH corresponds to a
hinge motion, domain-opening conformational change on the backside of the active site required
for product release. No water molecules were present near position 266 in structures of either
enzyme at 0.1 MPa (Figure 5B, D). In contrast, water was present in the structure of the low-
pressure adapted enzyme at 580 MPa (Figure 5C), whereas this is not the case in the high pressure
adapted SbIPMDH (Figure 5E). The authors postulate that the serine hydroxyl group in the
mesophilic enzyme can form a hydrogen bond with the water molecules present at high pressure,
stabilizing the closed form of the enzyme and inhibiting the rate-limiting step. Since the alanine
residue in the enzyme from the extreme piezophile cannot make such stabilizing interactions with



the solvent, pressure does not inhibit of the dynamically dependent activity. Indeed, a smaller
residue such as alanine at this position could enhance the conformational dynamics as well.

Chemical adaptations Many organisms are also able to live under extreme conditions of pH
or salinity. In the case of pH, the cell interior generally remains near neutral pH (78), requiring
proton pumps to maintain homeostasis. For acidophiles, this provides an easy access to a proton
gradient for energy production (ATP synthesis), whereas alkaliphiles have developed mechanisms
to enrich protons near their surface, such teichuronopeptides in cell walls or negatively charged
polyglutamic acid surface peptides to lower the free energy for protons near the cell surface (79).
Instead of proton pumps, antiporters that correlate ion pumping with reverse proton pumping
also enhance H* concentration (80) in alkaliphiles.

In addition to extremes in the concentrations of
protons and hydroxide, high concentrations of ions such
as sodium, potassium, and magnesium can also
represent a source of stress for cells. Organisms that
thrive under such saline conditions are termed
halophiles. The halophilic archaeon, Halorhabdus
utahensis, from the Great Salt Lake can grow at up to
30% NaCl, and grows optimally at 27% (81). Unlike pH
resistance microorganisms, halophiles have adapted to
either pump out ions, or by ‘letting it all in’ and thereby
adapting their biomolecules to be tolerant of high ionic
strength inside the cell. Proteins from organisms that
‘let it all in’ tend to have acidic surface residues
(negative charge) that enhance hydration and reduce
aggregation propensity. Notably most mesophilic

Figure 6. Substitutions for the 3-galactosidase from
a halophilic organism. Surface residues (orange) and
interior residues (purple) substituted in H.
lactusprofundi relative to non-halophilic organisms,
highlighting a complex network of substitutions
responsible for the wide range of temperature and
salinity and solvents in which this enzyme remains
functional.

proteins will salt out under such conditions. In addition,
hydrophobic patches in proteins may be reduced (82).
Organisms with high salinity cytoplasms are generally
not tolerant to fluctuations in salinity, whereas those in
unstable environments (e.g. estuaries) tend to maintain
moderate cytoplasmic salinities closer to 200 mM. As in

the case of pressure, the devil is in the details for these
enzymes. For example, 3-galactosidase from the Antarctic archaeon Halorubrum lacusprofundi,
an enzyme that breaks milk sugar into monosaccharides, is functional over a wide temperature
range of - 5to 70 °C as well as in up to 5 M chloride and aqueous solutions of ethanol. It turns out
a set of specific interior and surface mutations is responsible for this enhanced stability and
function (83) (Figure 6).

The above commentary is largely framed in the context of protein stability. It is important to
note that the free energy governing complex functions such as allostery are also inherently
connected to the entire ensemble of states (84). Thus, the impact of extreme environments on
protein stability, folding, function and evolution is likely to be complex and remains largely
unexplored. Indeed, while the above examples of the structure-function relationships of enzymes
from extremophilic organisms provide interesting biophysical insights, a truly systematic
biochemical/biophysical picture of enzymes across broad temperature, pressure and
compositional gradients is missing. Ideally, properly annotated metagenomics datasets, rather
than cultivar genomes, provide a more global view of organisms that are best adapted to given
environments and what proteins are most abundant, and hence, important to their growth and
survival. Properly exploited, the sequences in these datasets harbor the clues to understanding
the molecular basis for extreme life. Such systematic studies of these gene products would allow
examination of the biophysical consequences of expansion beyond the temperature, pressure, pH
or salt concentration limits to their function.
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Advances in Instrumentation for Extreme Biophysics

Extreme biophysics requires sophisticated instrumentation capable of handling high
temperature, pressure or other conditions that impose engineering challenges, and in some cases
rapidly adjusting those variables over a wide range. Here we discuss some of the technology
developed in the areas of magnetic resonance techniques, fluorescence and microscopy
techniques, thermodynamic measurements and scattering techniques. The focus is on recent
advances with application to complex biomolecules.

Magnetic resonance Owing to its prominence as a fundamental variable in
thermodynamics, adaptations of high pressure in NMR spectroscopy began shortly after the
demonstration of magnetic resonance itself. The “autoclave” design of the NMR probe, which
entails placing the sample and the probe electronics under pressure within a self-contained metal
housing, arose as the dominant design strategy (85). Nearly 40 years later, this approach would
be used to study the pressure-induced unfolding of proteins (86). For modern multi-dimensional
NMR, the viability of the autoclave probe design made little headway in the context of proteins
and other biopolymers (86).

An obvious alternate strategy was to limit the pressurized region to the sample itself through
the construction of a pressure-tolerant NMR cell to avoid subjecting delicate components of the
modern NMR probe to pressure. Early approaches employed quartz capillaries that take
advantage of the scaling of pressure tolerance with a reduced inner diameter (87). Impressive
pressures could be stably attained. However, the inherent insensitivity of nuclear spin
spectroscopy combined with the small active volume of capillary cells results in limited signal-to-
noise that severely restricts the experiments that can be undertaken. Joining the NMR sample cell
to a high-pressure generator was a major challenge (88), but a novel joining valve to mate to a
multi-stage sealing pressure flange permitted the first high resolution triple-resonance protein
NMR experiments at 100 MPa (89). Single crystal sapphire tubes are brittle and therefore risky
inside expensive NMR instrumentation, whereas advanced zirconia ceramics were subsequently
developed to meet the requirements of high-resolution NMR spectroscopy (90). Commercially
available alumina-toughened zirconia tubes now provide routine, stable and safe access to
pressures up to 300 MPa and over a temperature range of -15 to 115 °C at sample volumes
comparable to conventional tubes.

The development of robust, reliable and efficient apparatus for variable high-pressure state-
of-the-art NMR spectroscopy of biopolymers has enabled a host of applications in biophysics (91).
For example, pressure-induced chemical shift perturbation has permitted detailed analysis of the
internal cooperativity of protein structure (92). The pressure dependence of fast internal motion
of the protein backbone and both methyl- and aromatic-bearing amino acid side chains have
revealed novel insights into the local compressibility (93) and the liquid-like nature of the protein
interior. Thus, the full palette of modern solution NMR spectroscopy of biopolymers can be
employed in a variable pressure context up to 300 MPa (94). Most recently, rapid pressure
transition strategies have enabled pressure-jump experiments that further expand entry into the
arena of extreme biophysics of biopolymers (95, 96).

Electron paramagnetic resonance has also been adapted to high pressure samples. Owing to
its inherently high sensitivity, the diameter of the EPR sample cell can be kept small to avoid
excessive dielectric heating. The small sample cell diameter combined with the relatively open
structure of the EPR instrument allows the capillary approach to be employed to great advantage.
A “winding” capillary strategy developed for NMR by Yonker and single capillary joined to a metal
housing similar to the NMR high pressure described above have been adapted for EPR (97). A
broad temperature range is accessible with this apparatus up to 240 MPa and potentially beyond.

Microscopy and optical techniques Pressure (speed of sound) and heat (thermal diffusion)
equilibrate quickly over micrometer length scales, and thus the interior of extremophile cells is
generally directly subject to these environmental variables. On the other hand, chemical variables
such as pH are controlled by molecular diffusion, and the interior even of extremophile cells is
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usually near neutral pH and at sub-molar ionic strength thanks to the activity of proton and ion
pumps (98). Nonetheless, studying the latter parameters inside extreme organisms reveals that
they have evolved strong mechanisms to maintain homeostasis. For example, acidophiles have a
net positive charge in the cytoplasm, contributing to a very different interaction environment for
proteins than in mammalian cells.

High pressure spectroscopy and microscopy experiments have made significant progress in
both in vitro and in vivo applications over the last decade (99). Commercially available equipment
such as computer-controlled high pressure pumps (e.g. Pressure BioSciences) and high pressure
cells (e.g. ISI), connected by small diameter tubing allows implementation of a variety of optical
and microscopy geometries under computer control. Recent high pressure chamber designs allow
microscopy to be carried out near (~0.5 um) the diffraction limit in dark field or epifluorescence
modes up to 300 MPa (100, 101).

A variety of fast pressure-jump
techniques have been developed to monitor
relaxation kinetics optically. Modern stopped
flow implementations allow both a wide
temperature range (e.g. -40 to 100 °C) and
pressure range (up to 200 MPa), without the
need for probe light for fluorescence or
absorption detection to pass through the
pressurization fluid (102). The fastest
possible pressure drop of up to 250 MPa in
under 1 microsecond is  currently
implemented by an instrument that bursts a
miniature membrane with high current (103).
The method has been applied to monitor very
fast-folding proteins (104, 105).

Recently measurements in live bacterial
cells have become possible. Bourges et al.
reported cell imaging up to 100 MPa by
immobilizing bacteria in chitosan in a square

100 MPa

bacteria

100 MPa

archaea

Figure 7. High resolution time-resolved microscopy of live microbial cells cross-section capillary to reduce Optical
at high pressure. High pressure measurements in bacteria (A) vs. archaea (B) 1 ]

reveal that the NADPH bound-unbound ratio (color coded pink to yellow) is very aberratlon O.l'l the mlcroscope (106) They
sensitive to pressure in bacteria, but not in archaea. Adapted from ref. (105) were able to lmplement fluorescence lifetime
Wih permission. imaging as well as fluctuation spectroscopies

in a single system, and measure metabolic
response via bound and unbound fluorescent enzyme co-factors. Chen et al. developed FRET
(Forster Resonant Energy Transfer) detection of protein thermodynamics in live bacteria as a
function of temperature and pressure (98). They found that destabilizing surface interactions in
the bacterial cytoplasm overcome crowding under thermal denaturation, but not under pressure
denaturation. This suggests that many of these destabilizing interactions may be hydrophobic in
nature because hydrophobic interactions increase strongly with temperature, but not with
pressure. Lower resolution fluorescence microscopy on live cells is possible in the range up to 700
MPa now, and most recently, such instrumentation has been extended to monitor single dye
molecule binding to DNA, indicating that even single molecule studies will be possible in harsh
environments (107, 108). In-cell laser temperature jumps have also become possible, and can
easily be used to induce temperature changes of 50 °C (109).

As for spectroscopic approaches, Circular dichroism (CD) under pressure, useful for
measuring protein secondary structure, deserves special mention because of the added challenge
of optical distortion perturbing the very small (~1/1000 of absorption) CD signal. Synthetic
diamond windows provide distortion-free signals down to 230 nm into the UV (110), and YAG
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(Yttrium-Aluminum-Garnet) windows have enabled measurements up to 400 MPa and in
presence of harsh solvents (111). CD has also been combined with spin-labels (EPR) to follow
pressure denaturation in proteins (112).

Although pH is maintained near neutral even in extremophiles, studying its variation between
organisms and different compartments offers clues as to how extremophiles manage proton
pumping. Recent approaches have enabled ratiometric (for reliability) (113) and genetically
encoded (for in situ simplicity) pH probes, such as using a chimeric protein (114). The relaxation
time of pH upon sudden external pH jump was found to be about 20 minutes for the fungus,
Aspergillus niger. Likewise, other chemical stresses, such as salt fluctuations around
Halobacterium salinarium can be studied by time-lapse microscopy, revealing changes in cell
shape (115). Ion-sensitive dye probes have been developed to monitor relative concentrations of
multiple ions inside extremophiles (116). Such experiments highlight perhaps the most extreme
of extreme: organisms that not only live in extreme conditions, but that can survive large
fluctuations in such conditions.

Single particle techniques such as electron microscopy remain to be adapted to extreme
conditions such as high pressure. It has been shown recently that samples encapsulated in carbon
nanotubes can be subject to high pressure during electron microscopy (117). Similar technology
adapted to graphene sheets can hold water pockets, and could be implemented to study extreme
conditions by electron microscopy.

Thermodynamic measurements Any spectroscopic method that allows determination of
populations of different states can be used to extract thermodynamic information by using
standard thermodynamic relations between populations of states and the equilibrium constant
(seee.g., (118)). The equilibrium constant allows estimates of Gibbs free energy, AG, changes that
describe the thermodynamic stability under given set of conditions: temperature, pressure, pH,
ionic strength, concentration of co-solute. The dependence of AG on temperature (see Fig. 4) leads
to estimates of enthalpy, AH, and entropy, AS, while the dependence of AG on pressure defines
the volume changes in a system, AV. Two experimental methods stand apart because they can
provide direct measurements of these parameters.

Differential scanning calorimetry (DSC) allows direct measurements of enthalpy of
conformational transitions and has been used widely for comparative studies of thermodynamic
properties of proteins from non-extremophilic and extremophilic organisms. In particular, the
comparison between mesophiles, psychrophiles and thermophiles have revealed the
thermodynamic basis for higher stabilities of thermophilic proteins (59, 119, 120) (see Figure 4).
Some of these rules have been further validated experimentally through mutagenesis and protein
engineering approaches (119, 121, 122), including for a protein involved in copper tolerance,
CutA1, from Pyrococcus horikoshii that denatures near 150°C (123). Furthermore, comparative
bioinformatics analysis of sequences from the genomes of mesophilic and thermophilic organisms
(124, 125) and comparison of structures of mesophilic-thermophilic protein pairs provided
further support to these experimentally derived principles (121, 122, 126).

Pressure perturbation calorimetry (PPC) is relatively new method (127—-129), which allows
direct measurements of volume changes upon conformational transitions at the transition
temperature. The sign and magnitude of AV dictates the response of the system to the changes in
hydrostatic pressure: systems with negative AV are destabilized by an increase in pressure, while
positive AV will result in an increase in stability as the pressure increases. PPC has been
successfully applied to study proteins (69, 128-130), nucleic acids (131, 132) and even lipid
bilayers (133). It was found that AV values are relatively small and can be both positive and
negative at ambient temperature (128, 129, 134, 135). As temperature increases, the AV values
increase due to the effects of hydration on the net volume changes in the system (135).
Interestingly, addition of co-solvent does not have a direct effect on the values of AV, but can
modulate pressure tolerance by increasing the net (thermo)stability (130). Computational
analysis of the structures of proteomes inferred for piezophilic and non-piezophilic organisms

13



showed no difference in AV values for proteins from piezophilic and non-piezophilic organisms,
an observation that is supported by the direct experimental measurements of AV of unfolding
using PPC (69).

Scattering techniques Protein structure and oligomeric state are sensitive to extreme
conditions. Two principal types of X-ray scattering are widely used in structural characterizations:
macromolecular crystallography (MX) and small-angle X-ray solution scattering (SAXS). The
corresponding techniques for neutrons are known as neutron crystallography (NC) and small-
angle neutron solution scattering (SANS). Macromolecular crystallography remains the gold-
standard for obtaining high-resolution biomolecular structure determination, but application to
extreme conditions, in particular high pressure, has been technically challenging (136, 137).
Sample enclosures with sufficiently thick walls to withstand high pressures also tend to absorb X-
rays and produce high background scattering levels that obscure weak sample signals.

The vast majority of ambient-pressure MX today is performed with flash-cooled samples. At
temperatures of 100 K, X-ray damage on biological samples is greatly reduced and complete
rotation datasets can be obtained from single crystals as small as a few microns in diameter. High
pressure cryo-crystallography is an important tool for high resolution structures of enzyme-
substrate interactions in extremophilic proteins. Pressure cryo-cooling equipment for
crystallography has been commercialized (Advanced Design Consulting, Lansing, NY) and devices
exist at several user facilities (e.g. CHESS, UNIST and ESRF). Room temperature crystallography
is experiencing a renaissance in the structural biology community. Increasing evidence suggests
that cryo-cooling alters the observed conformational heterogeneity of proteins (138, 139).
Synchrotron facilities worldwide have developed a strategy, referred to as serial crystallography,
for determining non-frozen structures by rapidly collecting data on multiple crystals. Given that
pressure-driven conformational changes are similar in magnitude to temperature effects, the
tools and technologies emerging from multi-temperature/serial crystallography will likely prove
useful to high-pressure structural biology.

Most recent high-pressure structures (HP-MX) have been solved at room temperature using
the diamond anvil cell (DAC) (140). While biomolecules in HP-MX are confined to a crystal lattice,
the numerous small-scale (e.g., sub-Angstrom) conformational shifts observed can be derived
from structures at 2 A resolution, providing atomic-level insight into the pressure sensitivity of
enzymes (141, 142). Much work remains to be done in field of HP-MX/NC. DACs are generally
designed for pressures far beyond those of interest to biologists, at the expense of precision.
However, the recent innovation of pneumatic control allows more precise regulation of
biologically relevant pressures.

High-resolution structures from crystalline and frozen states give, at best, only snapshots of
what happens to molecules under realistic physiological conditions. Small angle solution
scattering of X-rays (SAXS) and neutrons (SANS), yields valuable structural information by
sampling the conformational ensembles present in solution (143). While not as information-rich
as crystallography, these techniques are applicable to a wide range of extreme conditions,
including temperature, ionic strength, pH, and pressure. SAX(N)S is widely used to quantify
flexibility, disorder and unfolding in biomolecules, to determine stability limits, to identify
oligomeric states and conformational changes and to validate atomistic models. While X-ray and
neutron scattering techniques have revolutionized structural biology, structural information on
biomolecules under pressure has been scarce due to experimental difficulty and lack of access to
specialized equipment and expertise. This situation is changing with recent innovations,
commercial availability of equipment, and support at national X-ray and neutron facilities.

HP-SAXS/SANS cell designs depart from the beryllium rod and DAC designs of
crystallography in favor of flat windows of various materials (144—149). The challenge with HP-
SAXS systems is the cumbersome process of sample change, which is required for the essential
buffer background subtraction. Even small movements of the sample cell during sample change
must be minimized to achieve reproducibility (148). Building upon an earlier design by Ando
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(144), Rai et al. present a next-generation HP-SAXS cell designed for rapid, reproducible sample
change at pressures of up to 700 MPa (Rai et al, submitted for publication). HP-SAXS is
particularly well-suited to detecting the complete or partial unfolding of proteins that can result
from high pressure (150, 151). Pressure-induced changes in protein-protein interaction potentials
have been quantified in concentrated protein solutions using this technique. The method has been
applied to the study of osmolytes related to high-pressure adaptation of organisms (152, 153), as
well as dissociation of oligomers (146).

Future directions and roadblocks to progress

Massive and growing genomic information represents intrinsically molecular information for
proteins that allow life to persist across gradients in temperature, pH, salinity, and pressure.
Within these sequences lie the clues to the molecular limits of life. Pursuing these clues, however,
is not straightforward due to the massive number of individual proteins they represent. In other
words, it is not feasible to define the usually subtle sequence-structure-function-environmental
relationships for a representative protein homolog from even a significant fraction of these
functionally distinct protein groups. How then can we prioritize proteins for biophysical
characterization?

As outlined above, a working definition for extremophiles that inhabit environments with

extreme temperature, pressure, pH or composition is that they have evolved under chronic energy
stress. It seems appropriate then to focus attention on the enzymes implicated in the key processes
that sustain life in these environments in which energy demands are significant compared to
energy sources, as these proteins would presumably be under strong evolutionary pressure, and
hence hold the most easily identifiable clues to the molecular limits of life. While many
biochemical processes are important, we can define two major classes of biochemical processes
that are central to sustaining life: 1) Metabolism and bioenergetics, and 2) Genome function and
repair.
Metabolism and bioenergetics The mechanisms by which energy is obtained from the
environment share strong functional and structural similarities across all of life. This indicates
that the sequences of metabolic and bio-energetic enzymes are highly constrained by their
function. Differences between the structure-function determinants of such enzymes from
mesophiles and various classes of extremophiles are likely to reveal important adaptations to the
extreme environments.

In many extreme environments, particularly in energy-limited subsurface ecosystems,
microbial inhabitants are supported by chemolithotrophic metabolisms (i.e., chemical and
inorganic source of energy). Examples include H.-dependent and autotrophic methanogens and
hydrogenotropic sulfate reducing microbes (SRMs), which can use small organic compounds, if
available, in heterotrophic growth. As such, the energy metabolism (electron donating half) of
these cells is dependent on one of several hydrogenase enzymes that reversibly activate Ho,
including [NiFe]- and [FeFe]-hydrogenases (154). In the case of SRMs, the electron accepting half
of the cells metabolism is dependent on dissimilatory sulfite reductase (Dsr), which catalyzes the
reduction of (bi)sulfite that is available in the cells environment or that is produced by reduction
of sulfate (155). For autotrophic methanogens, the electron acceptor is CO, and the final step in
the reduction of CO, to CH, is catalyzed by methyl-coenzyme M reductase (Mcr) (156). Ion
gradients are established across the cytoplasmic membrane by energy coupled membrane pumps
(156, 157), that can then be exploited for ATP production by ATP synthase. Often times, electron
transfer reactions, including those used to generate ion gradients in SRMs and methanogens, are
linked by iron sulfur cluster containing ferredoxin proteins. While the enzymes implicated in
sulfate reduction and methanogenesis can be multi-subunit complexes, several tend to be soluble
thereby facilitating biochemical and biophysical study. Indeed, structures are available for three
Dsrs (158—-160), a variety of hydrogenases (e.g., (161)), several Mcrs (e.g., (162)) and Fd (36
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entries in the Protein Data Bank). Structures are also available for the ATP synthase from T.
thermophilus (e.g., (163)). These proteins represent amenable and fundamentally important
targets to systematically probe the relationships between sequence and environment and the
biophysical and molecular basis that allows for diversification to the extremes of habitable space.

Another family of key metabolic proteins is the nitrogenase-like family of enzymes.
Nitrogenases are responsible for the production of much of the fixed nitrogen on Earth ((164) and
references therein). They are members of a much larger family of nitrogenase-like enzymes that
are thought to have originated via gene duplication from one proto-nitrogenase-like ancestor. At
least three major biochemical processes with evolutionary significance are associated with this
family: nitrogen fixation, bacteriochlorophyll biosynthesis, and Ni-containing co-factor, F430,
biosynthesis (165). The catalytic subunits, called NifDK, have homologs among nitrogenase
metallocofactor-maturation proteins, catalytic subunits of dark-operative protochlorophyllide
oxidoreductase/chlorophyllide oxidoreductases (DPOR - enzymes with important roles in anoxic
and oxygenic photosynthesis), and enzymes involved in biosynthesis of F430.
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Figure 8. Sequence similarity network (SSN) for nitrogenase component 1 type oxidoreductase (pfam00148, May 2020) (165). Each
square corresponds to one enzyme, and connecting edges represent sequence similarity above or equal to a threshold cutoff of an E-
value of 1 x 10%° (corresponding to 62% identity). Individual enzyme nodes are colored by super-kingdom, with enzymes from
thermophilic organisms highlighted in red and enzymes from organisms found at greater than or equal to 50 m depth highlighted in
orange. Enlarged diamonds are enzymes with deposited structures in the PDB, labeled by accession code of the highest-resolution
structure available. The more distantly related CfbD subfamily, although a nitrogenase-like oxidoreductase, is not shown. Nitrogenase
crystal structure (PDB: 1M34, Av) depicts catalytic NifDK heterotetramer with two ATPase NifH homodimers coordinated at opposing
ends. NifDK is homologouse to NifEN, which is responsible for nitrogenase cofactor maturation. The catalytic subunits for DPOR and
COR are ChIBN and BchYZ.

Sequence similarity networks (SSNs) annotated with environmental metadata provide useful
roadmaps for identifying sequences from extremophile enzymes of interest (166). In Figure 8, the
SSN for nitrogenase component 1 type oxidoreductase subunits reveal a cluster of similar
sequences for the DPOR subunit ChlB from organisms found at depth (orange squares clustering
with PDB: 2YNM), whereas no significant clusters of thermophilic sequences (red squares) are
observed. Moreover, although the nitrogenase catalytic subunits (NifDK) are homologous to the
FeMo cofactor maturation protein (NifEN), greater sequence conservation is observed within the
catalytic subunits. In addition to the DPOR complex from the pressure-adapted organism,
Prochlorococcus marinus (PDB 2YNM), a crystal structure is available for the DPOR catalytic
component from Thermosynechococcus elongatus, a thermophile (PDB 2XDQ). However, large
swaths of the nitrogenase-like enzyme family are completely uncharacterized structurally,
including the entire COR family. Within the nitrogenase system, analysis of mutations across SSN
clusters reveals that a highly conserved glycine in the Mo-Fe nitrogenases (residue 69 in
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Azotobacter vinelandii NifD numbering) is mutated in SSN clusters with archaeal and
thermophilic content, including those associated with V-bearing nitrogenases. In all nitrogenase-
like enzymes, catalysis requires long-range electron transfer through transient complex formation
with a separate ATP-dependent Fe protein. Detailed examination of sequences reveals that in A.
vinelandii NifD, all of the residues that form this interface are charged, whereas in SSN clusters
with high thermophile content, a handful of mutations to uncharged or hydrophobic residues are
observed, in addition to deletions. With recent advances in both computation and structural
techniques, a bioinformatics-guided structural approach can provide insight into the sequence
modifications that enable adaptation to extreme environments as well as fundamental
relationships between primary sequence, tertiary structure, and catalytic function.

Genome function and repair Enzymes implicated in genome function are also considered
as key targets for understanding the molecular limits of life. The largest fraction of genes
associated with pressure sensitivity in randomly generated mutants of the piezophile, P.
profundum SS9, were associated with chromosome structure and function, as well as ribosome
assembly (42). A strain of E. coli adapted to grow at 62 MPa, AN62 (167), bears very few single
site mutations (Bartlett and co-workers, unpublished), one of which is in the B subunit of RNA
polymerase (RNAP); two are in transcriptional repressors and one is in the transcription anti-
terminator, Rho. An unprecedented number of viruses are present in the extreme environments,
along with a large number of sequences for DNA modifying and repair enzymes in the genomes
of the microorganisms in these ecosystems. In addition to performing central functions for
sustaining life, they also participate in the evolution of extremophiles, and represent interesting
avenues for biotechnological applications. RNA and DNA polymerases, gyrases, nucleases,
transcription and translation factors have long been targets of biophysical, biochemical and
structural investigations of their molecular mechanisms. Building on this wealth of knowledge
with comparative studies across temperature, pressure, pH or compositional gradients would
yield significant insight into molecular adaptation of these important enzymes.

Extreme Dark Matter  Finally, a major roadblock to interpreting the available and ever-
increasing genomic data from extreme environments, and hence to defining and understanding
the molecular limits of life, is that at least at the level of simple analyses, the functions of well over
half of the extremophile gene sequences produced by (meta)genomic sequencing of cultivars or
environmental samples cannot be deduced (168). The abundance of Dark Matter is particularly
pronounced among extremophiles (169). Among the sequences that make up this biological Dark
Matter are some of the most abundant proteins across all of biology. As such, these functionally
unannotated proteins are likely to play essential roles in sustaining life under extreme conditions.
Tackling this massive gap in our understanding of the functional biodiversity on Earth represents
a truly grand and largely multidisciplinary challenge. Addressing it will require discovery-based
research that integrates across advanced structural and functional bioinformatics and modeling,
database development with clear and uniformly reported metadata, and the development of high
throughput targeted functional screening approaches both in vitro and in vivo. Making headway
in addressing this grand challenge will require additional advances in computational
infrastructure, structural modeling approaches, and biophysical/biochemical instrumentation.
Nonetheless, assigning function to this Dark Matter and studying such proteins from the
structure-function perspective may provide just the insights that are needed to understand the
molecular basis for extreme life, and to harness it for applications ranging from human health to
energy production.
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Figure Legends

Figure 1. The cumulative number of genomes in the Department of Energy
Integrated Microbial Genomes (IMG) database. Genomes are separated into those
generated from cultivars, genomes assembled from metagenome data (MAGs), and single cell
amplified genomes (SAGs) and ordered by their ‘addition date’. The availability of SAG data for
2020 has yet to be reported and is thus not included on this plot.

Figure 2. The distribution of environment types where isolate genomes (top) and
MAGs (bottom) have been generated. Metadata for each genome was used to group
genomes into environment types from where they originated. The curves show accumulation of
genomes from each environment type over time and are colored by the legend at the bottom. The
host-associated isolate genomes curve is not shown for clarity, given the high number of genomes
recovered from this environment type.

Figure 3. Phylum-level taxonomic composition of MAGs within environment types
identified in Figure 2. Environment types are arranged with those with highest inferred
phylum diversity (based on the Shannon diversity index) at the bottom. The numbers in
parentheses show the Shannon diversity index values for phylum-level composition in each
environment type. Phyla are shown for those that comprised over 5% of the phyla for each
environment type, while the rest are pooled as ‘others’. Phylum designations are those provided
by IMG metadata, with the exception of Candidate Phylum Radiation lineage, which are collapsed
as ‘Patescibacteria’ based on recent taxonomic revisions ref 46.

Figure 4. Thermodynamic basis for the temperature stabilization of proteins. Taken
from (58). A, the dependence of Gibbs energy of unfolding on temperature; B, the dependence of
enthalpy on temperature; C, the dependence of entropic contribution on temperature. Models
correspond to those discussed in the text.

Figure 5. Proposed structural basis for piezophilic character of IMPDH from
Shewanella benthica DB21MT-2. Taken from (70). A) Structures of DHFR from Shewanella
oneidensis (SOIMPDH) and Shewanella benthica DB21MT-2 overlaid with the a and b subunits
of soIPMDH in pink and brown and those of SpIPMDH in green and cyan. The IPM molecules are
shown in green stick and the magnesium ions in yellow spheres. The single amino acid
substitution that confers high-pressure tolerance is S266 in SOIPMDH, and is shown in red stick.
B-E) Zoom of the vicinity of residue 266 for solPMDH at atmospheric pressure (B) and 580 MPa
(C) and for solPMDH at atmospheric pressure (D) and at 580 MPa. Several water molecules are
visible in the high pressure structure of SOIPMDH which are not present in that of SpIPMDH.

Figure 6. Substitutions for the pB-galactosidase from a halophilic organism. Surface
residues (orange) and interior residues (purple) substituted in H. lactusprofundi relative to non-
halophilic organisms, highlighting a complex network of substitutions responsible for the wide
range of temperature and salinity and solvents in which this enzyme remains functional.

Figure 7. High resolution time-resolved microscopy of live microbial cells at high
pressure. High pressure measurements in bacteria (A) vs. archaea (B) reveal that the NADPH
bound-unbound ratio (color coded pink to yellow) is very sensitive to pressure in bacteria, but not
in archaea. Adapted from ref. (105) with permission.
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Figure 8. Sequence similarity network (SSN) for nitrogenase component 1 type
oxidoreductase (pfamo0148, May 2020) (165). Each square corresponds to one enzyme, and
connecting edges represent sequence similarity above or equal to a threshold cutoff of an E-value
of 1 x 10-230 (corresponding to 62% identity). Individual enzyme nodes are colored by super-
kingdom, with enzymes from thermophilic organisms highlighted in red and enzymes from
organisms found at greater than or equal to 50 m depth highlighted in orange. Enlarged diamonds
are enzymes with deposited structures in the PDB, labeled by accession code of the highest-
resolution structure available. The more distantly related CfbD subfamily, although a nitrogenase-
like oxidoreductase, is not shown. Nitrogenase crystal structure (PDB: 1M 34, Av) depicts catalytic
NifDK heterotetramer with two ATPase NifH homodimers coordinated at opposing ends. NifDK
is homologouse to NifEN, which is responsible for nitrogenase cofactor maturation. The catalytic
subunits for DPOR and COR are ChlBN and BchXY.
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