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ABSTRACT

The advent of cellular organisms took place sometime between the start of prebiotic
chemosynthesis on Earth and the evolution of the last universal common ancestor. Cellularity is
now a fundamental organizational principle shared by all life on Earth and represents a key
transition in evolutionary history. The emergence of cellular organization necessitated organisms to
evolve a means to permit and regulate the exchange of material between the intracellular
compartment and the extracellular environment. This capability implies both the ability to embed
proteins into their membranes and to translocate molecules across their membranes. Other factors
integral to the progression of early cellular life were the maintenance of transmembrane potential
and chemiosmotic coupling for generating and conserving energy, and pigments to absorb light
energy for photosynthetic and phototrophic metabolisms. Microbial rhodopsins, a superfamily of
photoactive membrane proteins, have been suggested to be the simplest and possibly most ancient
form of a phototrophic metabolism, likely providing a mechanism for microbial energy capture in
Earth’s early shallow marine ecosystems. The retinal-based photosystem (rhodopsin) is composed
of one retinal chromophore and one opsin protein. In this system, light absorption directly drives a
conformational change in the protein via the isomerization of the retinal moiety to carry out
biological functions such as ion pumping and ATP synthesis. Here, computational approaches were
used to investigate the evolutionary history of rhodopsin proteins, combining phylogenic
reconstruction and ancestral sequence inferences. Additionally, protein structure modeling and
biophysical predictions were used to reveal ancestral rhodopsin functionality. Together, these
results may shed light on the evolution of pigment-based metabolisms and prove beneficial for

understanding the characteristics of early cellular membranes.



CHAPTER 1: INTRODUCTION TO MICROBIAL RHODOPSINS

1.1 PHOTOTROPHIC SYSTEMS

Solar radiation is the most abundant and virtually inexhaustible source of energy available
on Earth’s surface. Life has had to cope with the presence of solar light energy since it first began
on the planet. Over time, organisms developed a cache of biomolecules to exploit the potential
benefits and detriments of light as an energy source (Pinhassi et al. 2016). Among the earliest light-
absorbing molecules to evolve were pigments, which absorbed light in the mid-ultraviolet range

and efficiently converted light into energy in aqueous environments (Michaelian, 2015).

Although a variety of proteins such as phytochromes, phototropins, and photoactive yellow
proteins have evolved to take advantage of light energy available on the Earth’s surface (Briggs,
2001; Hellingwerf, 2003; Pham, 2018), only two biological mechanisms for light-driven energy
production are known to exist: chlorophyll-based phototrophy and retinal-based phototrophy
(Burnetti and Ratcliff 2020, Bryant 2019, Figure 1-1). While both phototrophic systems convert
light into chemiosmotic free energy via the generation of a proton gradient, the mechanisms by
which they achieve this differ greatly (Hellingwerf et al. 1993). Interestingly, previous studies
comparing the bioenergetic systems have found that the two maintain a complementary division of
phototrophic niche spaces. For example, their pigments absorb light at reciprocal wavelengths, and
they monopolize opposite ends of key trade-offs such as efficiency per unit resource versus
efficiency per unit protein and complexity versus simplicity (Burnetti and Ratcliff 2020, DasSarma
and Schwieterman 2018, Larkum et al. 2018, Hampp 2000, Hellingwerf et al. 1993).

The chlorophyll-based photosystem is the more efficient and complex mechanism of
phototrophy (Bryant and Frigaard 2006). This system uses photons to initiate electron transfers and
redox reactions of chlorophyll and an electron acceptor (Hellingwerf 1993). Secondary electron
transfer reactions that are independent of light subsequently produce a proton-motive force that is
coupled to ATP synthesis (Bryant 2019). A single chlorophyll system necessitates at least 30
different genes, coding for multiple proteins and pigments to form viable reaction centers, antenna
structures, and photosystems (Bryant and Frigaard 2006, Pinhassi, 2016). Currently, the



biosynthesis of chlorophyll has yet to be detected in Archaea but has been shown to exist in
Bacteria and Eukaryotes (Burnetti, 2020; Pinhassi, 2016). This has led some to suggest
photosynthesis evolved after the divergence of bacterial and archaeal-eukaryotic lineages (Bryant
and Frigaard 2006).

ADP + Pi . ATP .
hv \/A
A { hv

Figure 1-1. Comparative diagram of phototrophic metabolisms. Left — simplified schematic of

a chlorophyll-based phototrophic system. Right — simplified schematic of a retinal-based

(rhodopsin) phototrophic system.

Retinal-based phototrophy utilizes a system that is comparably simpler than its chlorophyll-
based counterpart (DasSarma and Schwieterman 2018; Nowicka 2016). The retinal-based
photosystem (rhodopsin) is composed of one retinal chromophore and one opsin protein (Spudich,
1986, 2014). In this system, light absorption directly drives proton transport via the isomerization
of the retinal group to synthesize ATP or carry out other biological functions such as ion pumping,
light sensing, or phototaxis (Kurihara and Sudo 2015). The singular chromophore necessitates no
cofactors and the organic pigment proteins have been found to be common to the three domains of
life (Bacteria, Archaea, and Eukaryota) (Gushchin and Gordeliy 2018). The simplicity and
widespread abundance of rhodopsin photosystems have led many to speculate a precedent advent
to photosynthesis (Raven and Smith 1981, Bryant and Frigaard 2006, Sparks et al. 2007, DasSarma
and Schwieterman 2018, Kwon et al. 2020).
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1.2 RHODOPSINS

Photoreceptor proteins are a class of light-sensitive proteins harnessed by biology to regulate a
range of cellular functions including energy production and signal transduction (Allorent and
Petroutsos 2017, van der Horst and Hellingwerf 2004). One of the largest and arguably best-
characterized groups of photoreceptor proteins are rhodopsins (van der Horst and Hellingwerf
2004, Porter 2016, Bratanov et al. 2019, Kovalev et al. 2020). Rhodopsin proteins constitute a
superfamily of photoactive membrane-spanning retinylidene proteins. Members of this family are
widely distributed in organisms across the three domains of life and have been identified in some
large viruses (Bratanov et al. 2019). All rhodopsins assume a seven-transmembrane a-helical fold
which forms an interior cavity known as the ‘retinal binding pocket’ (Mackin et al 2014). This
hydrophobic pocket houses a retinal chromophore that’s transiently bound to a lysine located on

the seventh helix (Govorunova et al. 2017).
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Figure 1-2. Photoisomerization of the retinal chromophore in type-1 and type-2 rhodopsins.
(1) All-trans-retinal isomerizes to 13-cis retinal upon light absorption in type-1 rhodopsins. (2)

11-cis retinal isomerizes to all-trans-retinal upon light absorption in type-2 rhodopsins.

The broad family of photoactive proteins may be partitioned into two distinct groups,
microbial (type-1) and animal (type-2) rhodopsins. Type-1 rhodopsins are the most taxonomically

diverse of the two, found in many species across the three domains of life. Their retinal
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chromophore adopts the stable all-trans configuration when at rest then isomerizes to the 13-cis
configuration when photoactivated (Nogly et al. 2018, Feldman et al. 2016, Figure 1-2). In
contrast, type-2 rhodopsins are exclusive to eukaryotes and undergo a cis-to-trans conformation
change upon photoactivation (Nogly et al. 2018, Inoue 2015, Feldman et al. 2016). Although the
two groups share some structural and functional similarities, thus far, little to no sequence
homology has been detected. This has called into question whether the two types of proteins
represent a case of convergent evolution or extensive divergence from a common ancestor. While
the former hypothesis has garnered the consensus of the field (Porter 2016, Oakley and Speiser
2015, Inoue 2015, Larusso et al. 2008), arguments in favor of the latter have left the question of
rhodopsin’s evolutionary relationships irresolute. (Shen et al 2013, Devine et al. 2013, Mackin et
al. 2014).

1.3 MICROBIAL RHODOPSINS

The first discovered microbial rhodopsin, bacteriorhodopsin, was identified as a
photoactivated outward proton (H*) pump within the membrane of Halobacterium halobium
(Oesterhelt and Stoeckenius 1971, 1973). Halorhodopsin, a chloride (CI") pump, and sensory
rhodopsins | & 11 were detected in Halobacterium’s membrane soon after (Matsuno-Yagi and
Mukohata 1977, Schobert and Lanyi 1982, Bogomolni and Spudich 1982). At first, microbial
rhodopsins were thought to be exclusive to halophilic archaea, however, by the early 2000s,
proteorhodopsin and xanthorhodopsin, eubacterial outward H* pumps, had been discovered in
saline environments (Béja et al. 2000, Balashov et al. 2005, Luecke et al. 2008). Moreover,
advancements in metagenomic technologies have led to the discovery of outward sodium (Na*)
pumping rhodopsins and inward CI- pumping rhodopsins among marine bacterial species (Inoue et
al. 2013, Nakajima et al. 2018, Figure 1-3).

Despite the distinct functionalities and primary sequences of microbial rhodopsins,
members of the protein family largely retain the same structure — seven transmembrane helices and
an internal lysine-bound retinal chromophore (Besaw et al. 2020, Govorunova et al. 2017).
Functional variation is the result of small substitutions in the protein sequence, differences in

charges of ion substrates, and distribution of internal water molecules (Besaw et al. 2020, Kaneko
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et al. 2017, Kandori 2015, Bondar 2008). lon-pumping rhodopsins in particular epitomize this

concept- existing as a group of virtually identical protein structures with different ion affinities.

Currently, there are four known types of ion-pumping rhodopsins, inward H* pumps,
outward H* pumps, CI- pumps, and Na* pumps (Inoue 2020). The functions of the proteins have
been found to correspond to conserved three-residue motifs on the third transmembrane helix
(Besaw et al. 2020, Inoue 2020, Kandori 2015, Table 1-1). Fungal and archaeal outward H* pumps
may be distinguished with a characteristic Asp-Thr-Asp (DTD) motif, whereas bacterial outward
H* pumps bear a DTE/DTK motif. Archaeal Cl- pumping rhodopsins have a TSA motif at the
corresponding sites and bacterial CI- pumping rhodopsins have an NTQ motif at the positions.
Finally, Na* pumping rhodopsins can be distinguished by their hallmark NDQ motif. Recently,
using a third helix motif as a functional predictor has proven effective for characterizing novel

microbial rhodopsin proteins (Hasegawa et al. 2020).

VA

YV

Intracellular

o L Nat o
Outward Inward
Proton pump Proton pump Sodium pump Chloride pump Phototaxis sensor

Microbial rhodopsin functional types

Figure 1-3. Diagram illustrating functional diversity of microbial rhodopsin proteins. Some

rhodopsins may act as ion pumps, transporting H*, Na*, or ClI- across the membrane. Other
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rhodopsins may act as photosensors. Adapted from Kandori, H., Frontiers in Molecular
Biosciences, 2(52), 2015.

H* pump Na* pump Cl pump
N D Q T S A
N T Q
T S D

Table 1-1. Functional motifs of ion-pumping rhodopsins.
Information in the table was collected from Inoue et al. 2021, Inoue et al. 2020, Besaw et al. 2020,
and Shevchenko et al. 2017.

*DSA motif denotes inward proton pumping functionality.

1.4 BIOENERGETICS

Chemiosmotic coupling, the ability to transport ions across a cellular membrane to facilitate a
metabolism is ubiquitous across biological systems (Mitchell 1961, Alberts et al. 2002, Ferreira
and Bashford 2006). This deep conservation of functionality suggests that the generation of ion
gradients may have been an early invention of evolution, possibly playing a role in life’s origins
(Lane 2017, Lane et al. 2010). It is largely accepted that the last universal common ancestor
(LUCA) hosted a membrane-bound ATP synthase-like complex and was able to maintain a
chemiosmotic gradient (Weiss et al. 2018, Lane 2017, Lane and Martin 2012, Mulkidjanian et al.
2007). Still, the question of how remains unsolved.

Peter Mitchell’s chemiosmotic coupling hypothesis was based on the premise that protein
systems could harness available energy sources to actively transport ions (e.g., protons) across a
membrane, thereby generating a chemical gradient and promoting the production of ATP via ATP
synthase (Mitchell 1961, Ferreira and Bashford 2006). One of the most abundant energy sources
available both now and 3.5+ Gya near the time of life’s origin was light (Deamer and Weber
2010). Today, sunlight drives virtually all life on Earth, with ~50% of primary activity occurring in

14



marine environments. (Gomez-Consarnau et al. 2019, Camacho et al. 2017). Notably, light is only
able to be transduced through the use of biological pigments (Deamer and Weber 2010).
Chlorophylls, the Earth’s current most abundant pigments, enable light to be transformed into
chemical energy through a series of steps known as the “light reactions” (Fernandez et al. 2007,
Croce and van Amerongen 2014). When a photon is absorbed by chlorophyll, it becomes excited
and transfers this excitation energy through a large protein complex to eventually produce an
electrochemical gradient capable of manufacturing ATP with ATP synthase (Croce and van

Amerongen 2014). It is by this mechanism that life on Earth continues to survive.

This begs the question that if light-driven chemical reactions are so crucial to biology now,
could light have also fueled metabolisms earlier in life’s history? It is possible, but the pigment
receptor likely would not have been chlorophyll as it is today. The smallest chlorophyll-based
photosystems necessitate thirty or more distinct genes, and the synthesis of the chlorophyll
molecule itself is a complicated process requiring several enzymatic steps (Bryant and Frigaard
2006, Woodward 2009, Deamer and Weber 2010). This would necessitate a fairly sophisticated
level of biosynthetic machinery and assembly. In contrast, ion-pumping rhodopsins have shown
themselves to be comparatively simpler in terms of both photosystem composition and molecular
synthesis (see sections 1.1 and 1.5). While the theory that ion-pumping rhodopsin systems arose
before chlorophyll-based systems is favored by many (Burnetti and Ratcliff 2020, Kwon et al.
2020, DasSarma and Schwieterman 2018, Sparks et al. 2007, Hellingwerf et al. 1993, Goldsworthy
1991, Lake et al. 1985, Raven and Smith 1981), the exact time of evolution remains unknown due
to a lack of preserved fossil data. It has been put forth that this mystery may never be fully solved
due to both light-based photosystems evolving earlier than our current molecular clocks can
decipher (Larkum et al. 2018, Lake et al. 1985).

Regardless of which system came first, understanding an early pigment-based metabolism
offers some insight into early microbial bioenergetics and membranes. First, the presence and
working functionality of a primitive pigment-based metabolism imply the existence of some form
of a membrane. Second, we would know this membrane had the capacity to encapsulate genetic
information and the catalytic macromolecules whose biosynthesis was encoded by the information
(Deamer 1986, DasSarma and Schwieterman 2018). Third, the presence of a membrane protein

suggests that the early membrane would not have been rigid but at least semi-permeable (Pohorille

15



and Deamer 2009). Finally, this membrane must have been cohesive enough to form a permeability
barrier able to prevent the free diffusion of ions into or out of the cell- this would have been crucial
for the generation and maintenance of an asymmetric H* chemiosmotic gradient (DasSarma and
Schwieterman 2018, Gunner et al. 2013).

1.5 Considerations of Gene Transfer

In 1971, Oesterhelt and Stoeckenius identified the novel proton-pumping integral protein,
bacteriorhodopsin, within the purple membrane of Halobacterium halobium (Oesterhelt and
Stoeckenius 1971, 1973). Now, fifty years later, advancements in the field of genomics have
permitted the discovery of over 7,000 photoactive microbial rhodopsin proteins (Hasegawa et al.
2020, Kwon et al. 2020, Govorunova et al. 2017) across the tree of life. The broad distribution of
rhodopsins has exposed a complex evolutionary history that may be described in terms of
independent gene loss and horizontal gene transfer (HGT). It has been suggested that a common
ancestor may have possessed a light-driven rhodopsin that was able to pump ions (putatively H*)
across its membrane, then, through independent events, this gene may have been lost to some
lineages while simultaneously spread to others via HGT (Sharma et al. 2007, Spudich et al. 2014,
Sharma et al. 2006, lhara et al. 1999, Kaneko et al. 2017).

Microbial rhodopsins have been labeled as ‘cosmopolitan genes’, specialty genes that
appear or disappear as environmental conditions change (Bryant and Frigaard, 2006, Sharma et al.
2006). Cosmopolitan genes can be thought of as lifestyle genes- capable of aiding adaptations to
new or diverse environments (Woese 2004). Rhodopsins may have earned this moniker due to their
relative simplicity. As previously discussed, the rhodopsin-based photosystem is composed of one
opsin protein and a single retinal chromophore. If an organism already has the ability to synthesize
R-carotene, only two genes, coding for 3-carotene 15,15’-monooxygenase and an opsin protein, are
required to produce a functioning photosystem (Bryant 2019). If an organism does not already
produce R-carotene, only six genes, five of which code for the proteins necessary to manufacture
retinal, are needed (Martinez et al. 2007). Furthermore, rhodopsin and retinal biosynthetic genes
have been described as genetically linked — sharing a common operon — in haloarchaeal, marine

bacterial, and fungal species (Sharma et al. 2006, Martinez et al. 2007, McCarren and DelLong

16



2007, Prado et al. 2004). This genetic organization may further facilitate HGT amongst microbial

communities.

The inheritance of a rhodopsin complex translates to the inheritance of an ion pump able to
generate a chemiosmotic gradient. This gradient may then be harnessed to produce energy for the
cell (ATP), enable substrate uptake, support survival, and sustain a metabolism (Gomez-Consarnau
etal. 2019, Steindler et al. 2011, Gomez-Consarnau et al 2016, Gomez-Consarnau et al. 2010). Itis
no surprise that rhodopsin photosystems have shown themselves to be beneficial assets to many
microorganisms residing in photic, nutrient-poor oligotrophic environments (Gomez-Consarnau et
al. 2019, Bohorquez et al. 2012).

Given the advantageous and rather straightforward transfer of rhodopsin-based
photosystems among organisms, one may wonder why microbes harboring chlorophyll-based
photosystems seem to dominate most phototrophic niches. This may in part, be due to the
relatively inefficient way photons are harnessed by rhodopsin-based systems as compared to
chlorophylls. It could also be due to the smaller rhodopsin protein yielding a smaller absorption
cross-section for its singular chromophore as compared to the larger chlorophyll reaction centers-
which may hold thousands of chromophores at once (Bryant and Frigaard 2006). Interestingly, the
characteristic that makes chlorophyll-based photosystems so efficient and effective, its size, is
likely the reason this system is not able to readily transfer horizontally to new organisms. Even the
smallest chlorophyll-based photosystems would require the successful transfer of thirty+ different

genes between microbes.
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CHAPTER 2: ANCIENT GENE RECONSTRUCTION AND ANALYSIS

This chapter includes work to be published in Methods in Molecular Biology.

Garcia, A.K., Fer, E., Sephus, C.D., Kacar, B. (2021). An integrated method to reconstruct ancient
proteins. Environmental Microbial Evolution: Methods and Protocols, Springer, New York.

Accepted.

SUMMARY

Although it may be one step behind a TARDIS (Time and Relative Dimension in Space)
and 1.21 Gigawatts less powerful than a DeLorean, implementing a combination of in silico
analysis tools can effectively be used to travel through molecular time. Ancestral Sequence
Reconstruction (ASR) approaches can be used to infer the amino acid sequences of ancient
enzymes. In the first step of the reconstruction process, genetic information provided by extant
homologous proteins is used to construct a multiple sequence alignment. Next, using the alignment
in conjunction with an evolutionary model, a phylogenetic tree can be reconstructed using a
maximum likelihood algorithm. Finally, this phylogeny may subsequently be used to deduce the

peptide sequences of interior ancestral nodes.

The reconstructed sequence of the root node is often of great interest, as it represents the
common ancestor of all sequences used in the study (Straub and Merkl 2019). Given that ASR
reconstructs all interior nodes, it provides a means to study the evolutionary trajectory of a protein
or protein family—tracing a lineage from the common ancestor to an extant organism.
Additionally, when combined with in silico, in vitro, or in vivo analyses, ASR methodology
provides a way to identify key residues that have modified a protein’s properties such as structure

or function through evolutionary time.

2.1 ANCESTRAL SEQUENCE RECONSTRUCTION

18



Proteins have played a fundamental role throughout life’s history on Earth, acting as enzymatic
catalysts that increase the rate of almost all cellular chemical reactions (Garcia and Kagar 2019;
Borgaonkar 2020). Despite their biological abundance, the properties and evolution of ancient
proteins are seldom able to be directly studied due to a scarcity of these macromolecules that have
remained intact and well-preserved over long spans of time (Thornton 2004; Hanson-Smith 2010).
Ancestral Sequence Reconstruction (ASR) provides a method to infer amino acid sequences and
determine the evolutionary precursors of modern-day proteins. An ASR approach allows ancient
sequences to be deduced from genetic information available in extant organisms and then resurrected
in silico, in vitro, or in vivo to elucidate ancestral structures and biochemical attributes (Thornton 2004;
Kacar et al. 2017; Garcia and Kacar 2019).

Evolutionary biologists have long had a central goal of realizing how the functional
biodiversity of modern-day genes and proteins emerged over time (Jukes and Cantor 1969, Kimura
1968, Pauling and Zukerkandl 1963, Eck and Dayhoff 1966, Doolittle 1981, Felsenstein 2004).
The typical approach to address this goal uses statistical methods to infer evolutionary histories
from the genetic information present in extant organisms (Felsenstein 2004, Yang and Rannala
2012). Whereas these methods have granted some insight into the relationship between molecular
evolution and function, they lack the means to empirically verify, dispute, or challenge any
evolutionary inferences suggested by associated models. This limitation hinders the direct
inference of ancestral molecular functionality, which otherwise might reveal the adaptive events

that have shaped its evolution.

ASR coupled with the subsequent analysis of ancient proteins provides a means to test
evolutionary hypotheses. ASR is a method by which ancestral molecular sequences are
computationally inferred from the genetic information of extant descendants, given a model
describing molecular evolution. A gene coding for an inferred ancestral protein can then be
resurrected and analyzed for functionality via two main approaches: 1) synthesize and express the
ancestral gene within an organism to then be studied physically at the biochemical or systems

level, or 2) computationally resurrect the ancestral protein and investigate using in silico methods.
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Figure 2-1. Schematic of steps used to complete ancestral sequence reconstruction. (1)
Homologous sequences of extant proteins of interest are collected. (2) Sequences are aligned in a
multiple sequence alignment. (3) A phylogenetic tree is reconstructed using the multiple sequence
alignment in conjunction with a best-fit evolutionary model. (4) Ancestral sequences are inferred
for each interior node of the phylogeny. (5) Inferred ancestral sequences are resurrected and

analyzed computationally.
2.1.1 RECONSTRUCTING PHYLOGENETIC TREES

In 1963, Linus Pauling and Emile Zuckerkandl proposed the idea that genetic information
provided by extant proteins could one day be used to reconstruct ancestral amino acid sequences
and infer the structures and functions of ancient proteins (Pualing and Zukerkandl 1963). Nearly
three decades later, seminal ASR experiments were conducted (Stackhouse et al. 1990, Malcom et
al. 1990, Jermann et al. 1995) utilizing statistical methods based on maximum parsimony (Fitch
1971). However, the parsimony approach was restricted to sequence datasets with high similarity
(Zhang and Nei 1997), limiting the maximum age of targeted molecular ancestors. Moreover,
maximum parsimony methods could not incorporate more complex evolutionary models that
described, for example, biases in amino acid substitution probabilities and evolutionary rate

variation across branches of a phylogeny.

The statistical foundations of ASR were later refined by implementing more sophisticated
models such as maximum likelihood (ML) (Felsenstein 1981, Yang 2007, Nguyen et al. 2015,
Yang et al. 1995) and Bayesian inference (Rannala and Yang 1996, Pagel et al. 2004, Huelsenbeck
etal 2001, Ronquist et al. 2012, Lartillot et al. 2012) in phylogenetic and ancestral sequence
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reconstructions. ML algorithms aim to find the tree topology that confers the highest likelihood
(probability) with respect to topology and branch lengths (Svennblad et al. 2006). In contrast,
Bayesian inference methods seek to maximize posterior probabilities of putative topologies to

resolve the best-fit topology (Svennblad et al. 2006).

While ML and Bayesian methods can both be used to infer tree topology, in this thesis |
used and will therefore focus on, a ML methodology for phylogenetic reconstruction (Figure 2-1).
The reconstruction process begins with the retrieval of extant homologous sequences from the
protein group of interest. One of the simplest and most widely used methods to identify putative
homologous sequences is performing a BLAST search through a sequence database such as NCBI
or Uniprot (O’Leary et al. 2016, The UniProt Consortium 2021). Once the desirable BLAST hits
have been collected and unwanted sequence data such as duplicates or partial sequences have been
expelled, the extant sequences are then used to generate a multiple sequence alignment. Next, the
evolutionary model that the tree will be reconstructed with must be selected. Prottest, a program
that evaluates many combinations of amino acid substitution models, rate variation site models,
and empirically estimated state frequencies (Darriba et al. 2011), can be used to select the best-
fitting model for the given dataset. Finally, using the alignment and the best-fit evolutionary
model, the tree may be reconstructed. Tree reconstruction may be executed by a number of
programs, including but not limited to RAXML or 1Q-TREE (Stamatakis 2014, Nguyen et al.
2015).

2.1.2 RECONSTRUCTING ANCESTRAL STATES

Much like phylogenetic reconstructions, ancestral sequence inferences can be carried out
using ML or Bayesian algorithms. In the context of ancestral reconstruction, ML methods assess
the likelihood that each character state at each site in an ancestral protein sequence would produce
the observed extant sequence dataset, given a user-specified phylogeny and statistical evolutionary
model. The Bayesian approach analyzes the posterior probabilities of each ancestral character state
at each interior node on a user-specified phylogeny (Joy et al. 2016). For consistency, ancestral

states and sequences in this work were reconstructed using a ML framework.

There are two main approaches to ancestral reconstruction, joint and marginal. The first,
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joint reconstruction, considers all interior nodes simultaneously and calculates the character states
at each node that collectively maximize the posterior probability of the data. The second, marginal
reconstruction, considers interior nodes independently and calculates character states that
maximize their individual posterior probabilities. This means that a marginally inferred ancestral
sequence can be locally optimized but may shift the joint distribution of ancestral states away from
the global optimal (Joy et al. 2016, Pupko et al. 2000). In most cases, both joint and marginal

reconstructions produce consistent results.

2.2 PREDICTING BIOPHYSICAL ATTRIBUTES OF PROTEINS

Computational methods for studying membrane proteins have become increasingly
sophisticated over time, solidly hitting their stride at the dawn of the 21% century (Liang et al.
2012, Nugent et al. 2017, Stansfeld 2017). Algorithms are now able to complement experimental
work and offer a more comprehensive analysis of molecular structures, functions, and interactions
(Almeida et al. 2017). Several in silico analysis tools have been developed based on machine
learning software, e.g., Hidden Markov models and support vector machines (Liang et al. 2012,
Tusnady and Simon 2001, Kall et al. 2004, Nugent and Jones 2009, Latek et al. 2018). These
programs are able to accurately infer protein topology, structures, and protein-protein/protein-
substrate interactions. Here, the suite of bioinformatic tools used to analyze, characterize, and

predict the attributes of ancestral rhodopsin proteins is described.

2.21 PHYSICOCHEMICAL PROPERTIES

The peptide sequence of a protein serves as a blueprint for its structure, function, solubility,
stability, dynamics, and interactions with other enzymes. These traits are produced through specific
physical and chemical properties of the formative amino acids and their interactions with one
another in the sequence space. All amino acids are separate entities that possess different chemical
properties. Therefore, residue substitutions in a sequence may be presumed to affect the associated
protein in some capacity (Abriata et al. 2015). Understanding the physicochemical properties of the
amino acids and their interactions across the sequence can elucidate fundamental protein
characteristics and benefit analyses of protein evolution (Abriata et al. 2015, Tokuriki and Tawfik

2009).
22



The Expert Protein Analysis System (ExPASY) ProtParam tool was used to assess the physical and

chemical properties of ancestral rhodopsins (https://www.expasy.org/resources/protparam, Wilkins

et al. 1999). Using the FASTA-formatted sequences as an input, the theoretical isoelectric points
(p1), molecular weights (MW), extinction coefficients (Exco), instability indexes (1), and grand
average of hydropathy (GRAVY) scores were calculated (Supplementary-6).

2.2.2 SUBCELLULAR LOCATION

The SOSUI server (https://harrier.nagahama-i-bio.ac.jp/sosui/) was used to calculate the

hydropathy score and estimate the probable localization of the ancestral proteins. SOSUI is a
program able to discern whether a protein is likely to be cytosolic or membrane-spanning. This
web-based prediction tool is highly accurate- correctly predicting the localization of proteins 99%
of the time in a benchmark test (Hirokawa et al. 1998). Predicting the localization is dependent
upon the physicochemical properties of the peptide sequence submitted, especially hydrophobicity

values.

2.2.3 TERTIARY STRUCTURE

A protein’s three-dimensional (3D) structure can provide invaluable information regarding its
biochemical function and molecular-level interactions (Bordoli et al. 2009). Elucidating the 3D
structures of ancestral proteins is a complex task that would generally require the use of X-ray
crystallography or Nuclear Magnetic Resonance (NMR) methodologies, both of which may be
tedious, time-consuming, and expensive ventures (Satyanarayana et al. 2018). Fortunately,
advancements in computational sciences have enabled the 3D structures of proteins to be reliably
predicted in silico using homology modeling techniques (Kelley et al. 2015, Bordoli et al. 2009).
Homology modeling is extensively used for bioinformatic analyses and is the method of choice for
determining the 3D structure of uncharacterized protein sequences where an alignment with
template structures (known structures) has a greater than a 35% sequence similarity (Bordoli et al.
2009, Satyanarayana et al. 2018).
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The tertiary structure modeling of the ancestral rhodopsins was performed by Phyre2. The

Phyre2 server (http://www.sbg.bio.ic.ac.uk/phyre2, Kelley et al. 2015) used advanced remote

homology detection methods to model all 3D structures and analyze amino acid-specific effects on
the protein. Homology modeling was also performed by SWISS-MODEL
(https://swissmodel.expasy.org, Waterhouse et al. 2018) to further survey structural predictions.

These results assisted our determination of ancestral rhodopsin’s atomic distribution and

corroborated our protein architecture inferences.

2.24 FUNCTIONALITY

Discerning the biochemical functionality of a protein provides a means to identify important
molecular function details of an active site like substrate binding or reaction mechanisms (Fetrow
and Babbitt 2018). Over the last two decades, high throughput in silico techniques to predict
protein functions via algorithmic assignments of functional annotations have become increasingly
refined and reliable. (Makrodimitris et al. 2020, Fetrow and Babbitt 2018). The technological
advancements in the bioinformatic field allow us to predict the putative functionality of ancestral

proteins.

Structure-based functional predictions were determined using the I-TASSER software
pipeline (http://zhanglab.ccmb.med.umich.edu/I-TASSER, Yang et al. 2015, Roy et al. 2010). The

suite of software infers the function of the protein of interest by matching the predicted 3D model

structure to previously annotated proteins in PDB. The structural analogs of the protein of interest
in the Gene Ontology (GO) library are then matched based on a global similarity score using TM-
align (Ashburner et al. 2000, Zhang and Skolnick 2005). The consensus of GO terms was curated

based on the frequency of GO term occurrences.
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CHAPTER 3: MICROBIAL RHODOPSINS RECONSTRUCTED:
IMPLICATIONS ON EARLY MEMBRANES & BIOENERGETICS

This chapter includes unpublished data in preparation for journal submission.

SUMMARY

In the previous chapter, | described ancestral sequence reconstruction and other
computational methods that have been developed to analyze proteins in silico. In this chapter, the
tools previously described have been applied to study the evolutionary history and functionality of
ancient microbial rhodopsin proteins. Using a combination of molecular phylogeny, ancestral
sequence reconstruction, homology modeling, sequence-based, and structure-based prediction
techniques, | show that the common ancestor likely had seven transmembrane helices, was able to
form a protein-chromophore linkage in the retinal binding pocket, and would have transported

protons across the membrane similar to many extant rhodopsins.

3.1 RESULTS

3.1.1 PHYLOGENY SHOWS AN ORGANIZATION OF RHODOPSINS BASED ON FUNCTIONALITY
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Figure 3-1. Maximum likelihood phylogeny of type-1 (microbial) rhodopsins with
heliorhodopsin outgroup sequences. Abbreviations: BR, bacteriorhodopsin; HR, halorhodopsin;
SR 11, sensory rhodopsin II; SR 1, sensory rhodopsin I; PR, proteorhodopsin; XR, xanthorhodopsin;
HeR, heliorhodopsin. Scale bar indicates average amino acid substitutions per site. Outgroup branch
break used to conserve space. Branch support values are derived from 100 bootstrap replicates.
Amino acid sequences were aligned using MAFFT, and evolutionary distances were estimated using
the LG model.

Homologous sequences for type-1 rhodopsins and heliorhodopsin proteins were identified
and collected from the National Center for Biotechnology Information (NCBI) and Uniprot protein
databases (O’Leary et al. 2016). The final set of homologous sequences used for ancestral
reconstruction consisted of 452 unique sequences of type-1 rhodopsins and 116 unique sequences
of heliorhodopsins. Four major archaeal rhodopsin groups (bacteriorhodopsin, halorhodopsin,
sensory rhodopsin I, and sensory rhodopsin 1) and two major bacterial groups (proteorhodopsin,
xanthorhodopsin) were selected to constitute the ingroup of our analyses. Sequence selection was
based on the availability of complete protein sequences and previous experimental data
establishing protein functionality (Béja et al. 2001; Vogeley et al. 2004).
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Heliorhodopsin proteins were selected as the outgroup to root our type-1 rhodopsin sequences. This
recently discovered group of proteins constitutes a third class of proteins reported to share homology
with type-1 rhodopsins (Pushkarev et al. 2018; Kovalev et al. 2020).

An alignment of the 568 protein sequences was used to generate a maximum likelihood
phylogeny of type-1 rhodopsins (Figure 3-1). Our phylogeny displays two major lineages of type-1
rhodopsins. The first clade consists of archaeal rhodopsins, and the second consists of bacterial
rhodopsins. While modern type-1 rhodopsins share a relatively low sequence identity across
functional groups (Supplementary-3), the phylogeny supports the segregation of these groups into
distinct clades, similar to those previously published (Shibata et al 2018; Pinhassi et al. 2016;
Sharma et al. 2006; Ruiz-Gonzalez and Marin 2004; lhara et al. 1999; Adamian et al. 2006). The
sequences within the archaeal group further separate into 4 subgroups known to differ in
functionalities. (1) bacteriorhodopsin, outward proton pumps; (2) halorhodopsin, inward chloride
pumps; (3) sensory rhodopsin I, positive phototaxis mediator; and (4) sensory rhodopsin I, negative
phototaxis mediator (Ernst et al. 2014). Monophyly of all archaeal rhodopsin groups is supported
with > 67% bootstrap values. Sequences within the bacterial group further segregate into 2 distinct
subgroups, proteorhodopsin and xanthorhodopsin. Both groups of bacterial rhodopsins have been
demonstrated to behave as proton pumps (Claassens et al. 2013; Olson et al. 2018). Experimental
evidence and characterization of biochemistry and ion specificity have been obtained in a limited
number of rhodopsin proteins (Pinhassi et al. 2016). The remaining sequences are assumed to have
the same functionality as others within the same clade. Future biochemical and physiological
experiments are needed to definitively assign a function to these uncharacterized rhodopsins. As
previously reported, type-1 rhodopsin amino acid sequence alignments and phylogenetic inferences
are sensitive to what sequences are included in the dataset, resulting in instances of low bootstrap

support values (Pinhassi 2016), as seen in the bacteriorhodopsin clade (Figure 3-1 - right).

3.1.2 ANCESTRAL RETINAL BINDING SITE RESIDUES YIELD HIGH STATISTICAL SUPPORT

Ancestor  Mean ancestral site Mean ancestral
posterior active-site posterior
probability (+ 1o) probability (£ 1o)

Anc-1 0.91 (+ 0.16) 1.00 (+ 0.00)
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Anc-2 0.90 (+ 0.18) 1.00 (+ 0.00)

Anc-3 0.83 (+ 0.21) 1.00 (+ 0.01)
Anc-4 0.76 (£ 0.24) 0.97 (+ 0.09)
Anc-5 0.71 (+ 0.26) 0.97 (+ 0.08)
Anc-6 0.55 (+ 0.29) 0.91 (+ 0.15)

Table 3-1. Mean posterior probabilities of maximum likelihood ancestral sequences. Posterior
probabilities of maximum likelihood rhodopsins are averaged across full sequences and 23

binding-site residues.

From the reconstructed phylogeny, ancestral sequences from six internal nodes were chosen
as targets for protein analysis. The six targeted nodes (highlighted in Figure 3-1) consist of the
common ancestor to extant bacterial and archaeal rhodopsins (Anc-6), the common ancestor to
archaeal rhodopsins (Anc-5), the common ancestor of halorhodopsin and bacteriorhodopsin groups
(Anc-4), the common ancestor to bacteriorhodopsin sequences (Anc-3), and recent ancestors to the
modern bacteriorhodopsin protein isolated from H. salinarum NRC-1 (Anc-2 and Anc-1). The
maximum likelihood inferred reconstructed ancestral rhodopsin sequences yielded mean site
posterior probabilities between ~0.55 and 0.91 (Table 3-1). Probability values exhibited a trend
whereby ancestral sequence support decreased as phylogenetic node age increased. For example, the
youngest ancestor to modern-day H. salinarum NRC-1 (Anc-1) had the highest mean posterior
probability, (0.91 + 0.16), and the oldest (Anc-6) had the lowest mean posterior probability 0.55 (x
0.29).
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Figure 3-2. Statistical support for ancestral rhodopsin motif and active site residues.

A) Secondary structure of Bacteriorhodopsin. Single-letter residues of the BR amino acid
sequence are used (PDB: 1C3W). The seven helices are labeled A-G, starting from the amino
terminus. Key residues involved in retinal chromophore binding are marked in cyan. Residues
denoting functional motifs are outlined in orange. Inset: Protein alignment of rhodopsin
sequences. Multiple sequence alignment of helix C residues between extant and ancestral type-1
rhodopsins. Positions corresponding to D-85, T-89, and D-96 in bacteriorhodopsin are highlighted
by orange bounding boxes.
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B) Posterior probabilities of ancestral sequences. Posterior probabilities of residues involved with
retinal binding are highlighted in cyan, posterior probabilities of residues corresponding to D-85, T-
89, and D-96 are highlighted in orange.

In addition to analyzing the statistical support for full ancestral sequences, we analyzed
support for 23 residues previously reported to form the retinal-binding pocket of bacteriorhodopsin.
These residues included Met-20, Arg-82, Tyr-83 (Babitzki et al. 2009); Trp-86,Trp-138, Trp-182,
Trp-189 (Greenhalgh et al. 1993; Mogi et al. 1989); Tyr-57, Tyr-185 (Mogi et al. 1987); Asp-85,
Asp-212 (Greenhalgh et al. 1993; Mogi et al. 1988); Thr-89, Thr-90, Ser- 141 (Marti et al. 1991);
Pro-186 (Ahl et al. 1988; DeLange et al. 1998); Leu-93 (Subramaniam et al.1991); Val-49, Ala-53,
Met-118 (Greenhalgh 1993); Thr-142, Met-145, Ala-215 (Kusnetzow et al. 1999); Lys-216 (Lemke and
Oesterhelt 1981; Krebs and Khorana 1993; Pushkarev et al. 2018). (Site numbering here and
hereafter is based on H. salinarum NRC-1 bacteriorhodopsin). These residues are not adjacent to
each other- they are spread across all 7 helical structures (Figure 3-2A - top). Mean posterior
probabilities of ancestral retinal-binding site residues ranged between ~0.91 — 1.00, invariably
greater than the whole reconstructed ancestral rhodopsin sequences (Figure 3-2B; Table 3-1).
Only 3 of the 23 retinal-binding site residues had probable alternative reconstructions with a
posterior probability greater than 0.30. These included Val-49, Trp-138, and Met-145.

3.1.3 OLDEST ANCESTRAL RHODOPSIN FUNCTIONAL MOTIFS RESEMBLE PROTON PUMPS

In order to predict ancestral rhodopsin functionality, we analyzed features of extant and
ancestral rhodopsin protein sequences. Specifically, we focused our attention on the third
transmembrane helix (helix C). It has widely been reported that rhodopsin protein functionality can
be conferred by three residues located in the third transmembrane helix (Inoue et al. 2016; Kandori
2015; Kataoka et al. 2019; Needham 2019). The archaeal proton pump bacteriorhodopsin contains a
DTD motif (D-85, T-89, and D-96) (Kataoka et al. 2019). Similarly, bacterial proton pumps such as
xanthorhodopsin and proteorhodopsin contain a DTE motif at these positions (Kataoka et al. 2019;
Yoshizawa et al. 2014). The characterizing motifs of proton-pumping rhodopsins contain a
carboxylate at the first and third residue position which act during proton transfer (Kandori 2015;
Yamauchi et al. 2017). In contrast, a chloride anion pump such as halorhodopsin possesses the TSA

motif which contains neutral residues only (YYamauchi et al. 2017). Figure 3-2A - bottom shows
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inferred ancestral sequences aligned to a set of representative type-1 rhodopsin sequences which

have been experimentally tested for functionality (Lozier et al. 1975; Schobert and Lanyi 1982;

Spudich and Bogomolni 1984; Beja et al. 2000; Balashov et al. 2011). The amino acid alignment of

residues known to determine function in previously characterized type-1 rhodopsins is inconsistent

with chloride transportation or photosensory functionality for ancestral rhodopsins. Anc-1, 2-5

contain the DTD motif. Anc-6 (the common ancestor to bacterial and archaeal type-1 rhodopsins)

contains the DTE motif. The presence of these motifs suggests that early rhodopsins may have

functioned similarly to that of a light-driven proton pump such as bacteriorhodopsin or

proteorhodopsin.

Ancestor

Anc-1

Anc-2

Anc-3

Anc-4

Anc-5

Anc-6

3.1.4 PROTEIN ARCHITECTURE IS CONSISTENT OVER TIME

Phyre Template ID  Confidence

(PDB ID)
D1mOka
(1IMOK)
C4qidB
(4Q1D)
D1c8sa
(1C8S)
C4jr8A
(4JR8)
CafbzA
(4FBZ)
D1c8sA
(1C8S)

100%

100%

100%

100%

100%

100%

% ID

85%

63%

65%

61%

52%

43%

Coverage
(Range)
0.86
(17-244)
0.86
(18-241)
0.88
(6-220)
0.92
(4-229)
0.94
(3-233)
0.90
(3-222)

Type

(Organism)
Bacteriorhodopsin
(Halobacterium salinarum)
Bacteriorhodopsin
(Haloquadratum walsbyi)
Bacteriorhodopsin
(Halobacterium salinarum)
Cruxrhodopsin-3
(Haloarcula vallismortis)
Deltarhodopsin
(Haloterrigena thermotolerans)
Bacteriorhodopsin

(Halobacterium salinarum)

Table 3-2. Results of homology modeling using Phyre2. Atomic-level structural models of six

ancestral rhodopsin proteins (Anc-1, 2-6) were generated by comparison modeling to known

rhodopsin structures using the Phyre2 server (Kelley et al. 2015). Template structures were

selected based on confidence and % identity values (% ID), where confidence represents the
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probability that the match between the target (submitted) and template sequences are homologous

and % ID denotes the percentage identity shared between the target and template sequences.

Ancestor PDB ID GMQE QMEAN Coverage Type

(Range) (Organism)
Anc-1 27271 0.75 -1.85 1.00 Bacteriorhodopsin

(17-245) (Halobacterium salinarum)
Anc-2 6GUY 0.77 -1.77 0.92 Archaerhodopsin-3

(10-248) (Halorubrum sodomense)
Anc-3 4PXK 0.75 -2.52 1.00 Bacteriorhodopsin

(3-232) (Haloarcula marismortui)
Anc-4 4011 0.70 -2.30 0.96 Bacteriorhodopsin

(9-226) (Haloquadratum walshyi)
Anc-5 3WQJ 0.70 -2.59 0.97 Archaerhodopsin-2

(7-224) (Halobacterium sp. AUS-2)
Anc-6 1XJI 0.68 -3.54 0.96 Bacteriorhodopsin

(5-230) (Halobacterium salinarum)

Table 3-3. Results of homology modeling using SWISS-MODEL. Atomic-level structural
models of six ancestral rhodopsin proteins (Anc-1, 2-6) were generated by comparison modeling to
known rhodopsin structures using the SWISS-MODEL server (Waterhouse et al. 2018). Template
structures were chosen according to QMEAN (Qualitative Model Energy ANalysis) and GMQE
(Global Model Quality Estimation) scores, which denote the degree of nativeness and expected

accuracy of the model produced by the given alignment and template respectively.

All modern-day rhodopsins are known to adopt a seven-transmembrane alpha-helical fold,
sometimes referred to as the G-protein coupled receptor fold (Mackin et al. 2014). This seven-helix
structure forms a pocket wherein the retinal chromophore covalently binds to an opsin protein via a
Schiff base linkage to a lysine present on the seventh helix (Lys-216) (Mackin et al. 2014; Zhang et
al. 2011; Ernst et al. 2014). We were interested to see if the seven-transmembrane structure or retinal

binding environment changed over time.
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Figure 3-3. Homology models of ancestral rhodopsin tertiary structure.

A) Structural modeling of ancestral rhodopsins. Modeled protein structures of ancestral
rhodopsins inferred from maximum-likelihood phylogeny aligned to an H. salinarum NRC-1
structural template (PDB: 1C3W).

B) Retinal-binding pocket modeling. An interhelical view of a modeled retinal-binding pocket in
ancestral type-1 rhodopsin Anc-6 aligned to H. salinarum NRC-1 structural template. This view
shows several amino acid residues that interact with the retinal chromophore. These include Lys-
216, the retinal binding site (Pushkarev et al. 2018); Ser-141, a proximal residue to the -ionone ring
of retinal (Grigorieff et al. 1996), M-118, the binding pocket cap forming residue (Grigorieff et al.
1996); T-89, a residue that has direct contact with retinal near the Schiff base (Kandori et al. 2000);
Asp-85 and Asp-212, members of the Schiff base counterion complex (Grigorieff et al. 1996).

In order to visualize the spatial distribution of ancestral structures and characterize the
functions of ancestral rhodopsin proteins, we generated homology models using the Phyre2 server
(Kelley et al. 2015). The structural predictions of ancestral rhodopsin proteins showed similarities
to known structures of bacteriorhodopsin, cruxrhodopsin-3, and deltarhodopsin proteins (PDB ID:
1MOK, 4QID, 1C8S, 4JR8, 4FBZ). Rhodopsin proteins in extant microorganisms with the highest
predicted structural homology to the inferred ancestral protein were bacteriorhodopsin from
Halobacterium salinarum (Schobert et al. 2002; Hsu et al. 2015; Luecke et al. 1999),

cruxrhodopsin-3 from Haloarcula vallismortis (Chan et al. 2014), and deltarhodopsin from
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Haloterrigena thermotolerans (Zhang et al. 2013) (Table 3-2). To further explore the potential
structure space of ancestral rhodopsin proteins and corroborate our Phyre2 results, we performed
additional homology modeling using the SWISS-MODEL server (Waterhouse et al. 2018, Table 3-
3). The modeled structure results from both servers revealed a consistent seven-transmembrane
helical fold and formation of a retinal-binding pocket (Figure 3-3A). Modeling also indicated that
the positioning of amino acids known to interact with the retinal chromophore such as the hallmark
Lys-216 in helix G or stabilizing Thr-89 and Ser-141 in helices C and E have remained largely

unchanged over time (Figure 3-3B).

To further characterize the functionality of the ancestral rhodopsin proteins, we performed
structure-based function predictions on the reconstructed sequences using the I-TASSER server
(Buchan and Jones 2019, Roy et al. 2010). Structure-based protein characterization
(Supplementary-5) predicted that ancestral rhodopsins would have carried out phototransduction
(GO: 0007602), been able to form protein-chromophore linkages (GO:0018298), and act as proton
transmembrane transporters (GO: 0015992). Additionally, ancestral rhodopsins were predicted to be
localized to the plasma membrane (GO:0005886) and contain components that span the hydrophobic

region of the membrane (GO: 0016021), just as modern-day rhodopsin proteins do.

3.1.5 ANCESTRAL RHODOPSINS WERE MEMBRANE-SPANNING PROTEINS

To examine how the seven-helix structures may have been oriented, we generated Kyte and
Doolittle hydropathy plots for each of the six reconstructed rhodopsin proteins (Kyte and Doolittle
1982). Topology analysis of all plots reveals seven regions of high hydrophobicity, indicating a
putative presence of seven transmembrane domains (Figure 3-4). Each hydrophobic region spans a
length of 20-25 amino acids, comparable to the helical length for extant rhodopsin proteins (Rao et
al. 1983, Lueke et al 2008, Ugalde et al. 2011). Additionally, the ~21-residue-long C-terminal
sequence of all ancestral rhodopsins formed a distinct hydrophilic region, indicating a possible
orientation towards the cytoplasm as observed with modern-day type-1 rhodopsins (Inoue et al.
2020). The conserved hydropathy profiles of each reconstructed rhodopsin suggest that the ancestral

proteins might all fold in a similar way within the membrane.
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Figure 3-4. Hydropathy plots of ancestral rhodopsin proteins. Hydropathy plots using the Kyte
& Doolittle hydrophobicity scale were drawn using EXPASy (Gasteiger et al. 2005, Kyte and
Doolittle 1982) with a window size of 9. Amino acid residue number is presented on the x-axis and
hydrophobicity values are presented on the y-axis. Hydrophobic domains corresponding to
transmembrane helices are shaded. The approximate positions of the putative seven transmembrane

helices are illustrated above each plot.

Ancestor  Protein localization ~ Average Hydrophobicity score

Anc-1 Membrane 0.769349
Anc-2 Membrane 0.814342
Anc-3 Membrane 0.532099
Anc-4 Membrane 0.670371
Anc-5 Membrane 0.562140
Anc-6 Membrane 0.668313

Table 3-4. Prediction of ancestral rhodopsin cellular localization. SOSUI server results for

ancestral protein hydrophobicity and subcellular localization.

35



To further assess the possible subcellular localization of ancestral rhodopsin proteins, we
used SOSUI, a sequence-based prediction tool able to discern whether proteins are likely to be
located in the cytoplasm or embedded within the membrane based on physicochemical attributes of
the amino acid sequence (Hirokawa et al. 1998, Bharat Siva Varma et al. 2015). Our SOSUI results
indicated that all six of our reconstructed ancestors would have been mostly hydrophobic and
localized in the membrane (Hirokawa et al. 1998, Table 3-4). Average sequence hydrophobicity
scores for Anc-1, 2-6 were as follows: 0.769, 0.814, 0.532, 0.670, 0.562, and 0.668 respectively.

3.2 DISCUSSION

Type-1 rhodopsins are present in a diverse range of microorganisms spanning all three
domains of life as well as some giant viruses (Govorunova 2017, Philosof 2013, Yutin and Koonin
2012). With the rhodopsin’s seemingly ubiquitous nature, it is unclear what their original function
or role in a prehistoric environment may have been. Therefore, we sought to understand the
evolutionary histories of microbial rhodopsin homologs and establish the biochemical functions of
the ancestral proteins. This work specifically explored the evolutionary relationships between
bacteriorhodopsin, halorhodopsin, sensory rhodopsins I and Il, proteorhodopsin, and
xanthorhodopsin proteins. Eukaryotic microbial rhodopsin sequences were excluded from this

study due to sequences contributing to long-branch attraction in phylogenetic reconstructions.

Here, we used a combination of molecular phylogeny, ancestral sequence reconstruction,
homology modeling, sequence-based, and structure-based prediction techniques to investigate the
evolutionary history and functionality of microbial rhodopsins. Our phylogenetic results are largely
consistent with previous studies targeting microbial rhodopsins (Shibata et al 2018; Pinhassi et al.
2016; Sharma et al. 2006; Ruiz-Gonzalez and Marin 2004; lhara et al. 1999; Adamian et al. 2006).
The reconstructed maximum likelihood phylogeny suggests an evolutionary history where bacterial
and archaeal rhodopsins descended from a common ancestor but diverged into two independent
lineages (Figure 3-1). Additionally, within each lineage (bacterial and archaeal), rhodopsin
proteins form separate clades based on functionality. The common ancestor to the sequences used
in this study indicates an early H* pumping functionality, a finding that supports previous
postulations (Spudich et al. 2014, Sharma et al. 2006, Inoue et al. 2016, Kaneko et al. 2017) of a

precursory H* pump.
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In recent years, the identification of conserved motifs within the third transmembrane helix
(helix C) has served as a functional litmus test for microbial rhodopsin functionalities. Outward H*
pumps possess a DTX motif (where the X represents D, E, K, or G), Cl- pumps possess either a
TSA/D or NTQ motif, and Na* pumping rhodopsins feature the NDQ motif. Differences in the
biochemical properties of the three-residue motifs contribute to functional variation among
rhodopsins. For example, the Asp-Thr-Asp (DTD) motif of proton pumping rhodopsins contains a
carboxylate at the first and third residue position which facilitates proton transfer (Kandori 2015,
Yamauchi et al. 2017). In contrast, the Asn-Asp-GIn (NDQ) motif of Na* pumping rhodopsins
contains a single carboxylate residue (in the second residue position), and the three amino acids aid

Na* binding and transport Kinetics (Yamauchi et al. 2017, Besaw et al. 2020, Inoue et al. 2015).

In 2016, Inoue et al. conducted a phylogenetic study focused on understanding the
evolutionary history of eubacterial rhodopsins (Inoue et al. 2016). Their findings strongly
suggested that bacterial rhodopsins originated as H* pumps, followed by the evolution of CI-
pumps, then Na* pumps. Their reconstructed phylogeny delineated a basal placement of
proteorhodopsin and xanthorhodopsin groups bearing the DTE motif. While our study had an
expanded goal- to discern the evolutionary history of bacterial and archaeal rhodopsins- we
obtained a similar result. The earliest reconstructed ancestor (Anc-6) had the DTE motif encoded
within its primary sequence (Figure 3-2). The presence of this motif coupled with our
phylogenetic inference indicates H* pumping may have predated other functionalities in the

archaeal lineage as well.

When an experimentally determined structure of a protein of interest is unavailable, as was
the case for our ancestral sequences, predictive modeling can be used to understand the molecular
architecture of a protein (Khor et al. 2015, Garcia et al. 2020). Homology modeling produces
highly accurate membrane protein structures on the condition that the template (known structure)
and target (unknown structure) proteins share above 30-40% sequence identity, avoiding what is
known as the “twilight zone of sequence homology” (Forrest et al. 2006, Schmidt et al. 2014, Khor
et al. 2015, AlQuraishi 2019). Homology models of our proteins were principally generated using
the Phyre2 server (Kelley et al. 2015). Protein templates selected for modeling shared between an
85% to 43% sequence identity with our ancestral sequences. The predicted structures of all

sequences folded into seven a-helices, retained a retinal-binding pocket, and given the atomic
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configuration of the carboxyl groups, Asp-85 & Glu-96 (Anc-6) or Asp-85 & Asp-96 (Anc-1, 2-5),

indicated a capability to transport H* ions.

Mindful that our oldest ancestor’s identity to the template structure had a borderline
twilight zone value (43%), homology modeling was also performed with the SWISS-MODEL
server (Waterhouse et al. 2018) to confirm our results. Though SWISS-MODEL selected a
different template structure (PDB: 1XJI) to model Anc-6, the results were largely the same. The
predicted structure had seven a-helices, an interior retinal-binding pocket, and an atomic
configuration facilitative of a proton-pumping ability. Although these types of analyses are
fundamental predictions, the fact that two separate algorithms predicted seven transmembrane
domains, a binding pocket, and architecture conducive to proton pumping, gives us confidence in

the inferred structures of ancestral rhodopsins.

Finally, to characterize the functions of ancestral rhodopsins, we performed structure-based
function predictions with I-TASSER (Yang et al. 2015). The structure-based predictions strongly
support our sequence-based functional predictions. The highest scoring biological functions
indicated that ancestral rhodopsins would have bound a chromophore and transported protons
across the cell membrane (Supplementary-5). Additionally, ancestral proteins were inferred to be

photoreceptive integral membrane proteins (Supplementary-5).

Understanding the evolutionary origins of rhodopsins may provide insight into early
microbial bioenergetics. Modern microorganisms have demonstrated an ability to harness proton
pumping type-1 rhodopsin’s simplistic infrastructure to extend viability in low nutrient
environments, maintain a basal metabolism, produce ATP under anaerobic conditions, and drive
electrochemical transmembrane gradients (Song et al. 2019, Gomez-Consarnau et al. 2019, Brock
and Petersen 1976, Danon and Stoeckenius 1973, Waschuk et al. 2005). Our results have
evidenced an ancestral integral membrane protein composed of seven helices, that was able to bind
a chromophore molecule, and transport protons across a cellular membrane. It is possible that an
ancestral rhodopsin may have facilitated beneficial bioenergetic processes in early photic zone
microorganisms in a manner similar to today’s proteorhodopsins or bacteriorhodopsins (Damer and
Deamer 2020). Furthermore, the presence of a functional ancestral protein that was able to

transform light to an electrochemical gradient may illuminate details of an ancient cellular
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membrane. For instance, in order for an asymmetric proton gradient to be maintained, the
membrane must have been cohesive enough to form a permeability barrier capable of preventing
the free diffusion of protons into or out of the cell (Deamer and Nichols 1989). Additionally, the
transmembrane nature of rhodopsins would have necessitated a membrane environment that was
not rigid, but at least semi-permeable (Pohorille and Deamer 2009). Future laboratory experiments
to assess synthetically resurrected ancestral rhodopsins may continue to improve our understanding

of rhodopsin proteins and early membrane bioenergetics.

3.3 METHODS

EXTANT RHODOPSIN SEQUENCE COLLECTION

A dataset of homologous rhodopsin proteins was created by collecting type-1 rhodopsin amino
acid sequences from the National Center for Biotechnology Information non-redundant protein
database in December 2020 (O'Leary et al. 2016). Homologous sequences were identified and
obtained via BLASTp (Camacho et al. 2009) using query amino acid sequences acquired from
Uniprot (The UniProt Consortium 2019) (Table 3-5) and an expect value cutoff of <le-5. The final
dataset consisted of 568 sequences- 96 BR sequences, 43 BPR sequences, 40 GPR sequences, 144
HR sequences, 29 SRI sequences, 56 SRII sequences, 44 XR sequences, and 116 outgroup HeR
sequences. The dataset was aligned using the multiple sequence alignment MAFFT algorithm
(Katoh et al. 2002) and iteratively curated to remove duplicate and partial sequences. Fungal and
algal type-1 rhodopsin sequences were excluded from the phylogeny because their presence

contributed to long-branch attraction within the bacterial rhodopsin clade.

Rhodopsin Type Accession Number
Bacteriorhodopsin P02945 (BACR_HALSA)
Halorhodopsin BOR2U4 (BACH_HALS3)
Sensory rhodopsin | PODMHS8 (BACS1 HALSA)
Sensory rhodopsin |1 P71411 (BACS2_HALSA)

Blue-light absorbing proteorhodopsin Q9AFF7 (PRRB_PRBO02)
Green-light absorbing proteorhodopsin -~ Q9F7P4 (PRRG_PRBO01)
Xanthorhodopsin Q2S2F8 (Q2S2F8_SALRD)

Table 3-5. Query sequences that were used to collect homologous sequences from NCBI.
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PHYLOGENETIC RECONSTRUCTION AND ANCESTRAL SEQUENCE INFERENCE
The full set of 568 rhodopsin sequence MAFFT alignment was used to select the best-fit evolutionary
model and amino acid substitution using 1Q-TREE (Nguyen et al. 2015). The alignment datawas
best fit with the LG evolutionary model and gamma rate distribution according to the Akaike
(Akaike 1973) and Bayesian Information Criterion (Schwartz 1978) and was used to infer a
maximum likelihood phylogenetic reconstruction and ancestral amino acid states. Specifically,
RAXML version 8 was used to infer the maximum likelihood tree topology, branch lengths, and
evolutionary rates (Stamatakis 2014). Branch support was evaluated using 100 rapid bootstrap
replicates. The tree was rooted with heliorhodopsin sequences, a protein group known to share a
distant homology with type-1 rhodopsins (Pushkarev et al. 2018; Kovalev et al. 2020). The codeml
program of the Phylogenetic Analysis by Maximum Likelihood (PAML) package version 4 (Yang
2007) was used to reconstruct the ancestral sequences at each node of the RAXML phylogeny.

Ancestral insertion/deletion sites were reconstructed following Aadland 2019.

The full MAFFT protein alignment contained large gaps concentrated at the N-terminal. Gaps at
the N-terminus were present largely due to some rhodopsin peptides possessing a signal anchor
sequence of ~10-13 amino acids in this region (such as bacteriorhodopsin), while other rhodopsin
groups lacked such a sequence. To verify that retaining this gapped region would not significantly
alter the results of our maximum likelihood tree topology, we generated a phylogeny using a
multiple sequence alignment wherein the gap-rich regions were removed. A trimmed alignment
was prepared by eliminating poorly conserved regions from the alignment using TrimAl’s
‘gappyout’ selection. The resulting phylogenetic reconstruction produced a topology equivalent to

that generated by the untrimmed alignment.

HOMOLOGY MODELING OF ANCESTRAL RHODOPSIN SEQUENCES
The tertiary modeling of the ancestral rhodopsin 3D structures was performed using two different

homology modeling programs, Phyre2 and SWISS-MODEL.

The reconstructed sequences inferred from six selected ancestral nodes were submitted to the
Protein Homology/Analogy Recognition Engine V2.0 Phyre2 (Kelley et al. 2015) to identify the
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best-suited protein template in PDB. The best template for each ancestor was selected based on
sequence identity, domain coverage, E-value, and confidence scores. Based on protein searches
and fold recognitions, the chosen PDB codes selected for homology modeling are as follows:
1MOK, 4QID, 1C8S, 4JR8, 4FBZ.

The SWISS-MODEL online server was also used to predict the tertiary structures of the same six
ancestral rhodopsin proteins (Waterhouse et al. 2018). The best templates for each ancestor were
selected based on QMQE, sequence identity, and coverage scores. Ten 3D models were generated
per ancestor and the final protein model was selected based on GMQE, GMEAN, sequence
identity, and coverage scores. The chosen PDB codes selected for homology modeling are as
follows: 2ZZL, 6GUY, 4PXK, 4QI1, 3WQJ, 1XJI.

The homologous structures were all rendered and analyzed using UCSF Chimera (Pettersen et al.
2004).

FUNCTIONAL PREDICTION OF ANCESTRAL RHODOPSIN SEQUENCES

To understand the possible biophysical characteristics ancestral rhodopsins may have had, we used
the I-TASSER to predict our sequences’ most probable gene ontology (GO) terms (Yang and
Zhang 2015). Structural analogs of our six selected ancestors were matched to similar proteins in

the GO library based on their root mean square deviation.

PROTEIN LOCALIZATION PREDICTIONS

The sequence-based prediction tool SOSUI was used as a means to determine whether our
ancestral proteins were likely to be cytoplasmic or integrated into the membrane. This theoretical
approach is dependent on the inferred physicochemical properties of the amino acid sequence
(Hirokawa et al. 1998).

SERVER-BASED BIOINFORMATIC TOOLS USED IN THIS STUDY:
http://www.sbg.bio.ic.ac.uk/phyre2

https://swissmodel.expasy.org
http://zhanglab.ccmb.med.umich.edu/I-TASSER

https://harrier.nagahama-i-bio.ac.jp/sosui/sosui submit.html
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3.5 SUPPLEMENTARY DATA

1 - Ancestral sequences

Anc-1 (youngest ancestor)

MLAPLSAGVWFWIGTMGMAAGTLVFFFLARNQVDEERRTFLLITALIPGIAAVSYFGMR
NVWEATGAVEVDGQPLVDAYRYVDWLLTTPLLVLELALLLGADRSTIARLVAADVLM
IVLGYAGELTTGPGLRWLWGAVSTVPFLVILYLLFAELPKQVEEQDDPEVQKLFKTLRN
LVVVLWAVYPIAWLLGPAGLAGALDVAATSVGYTILDVVAKVGFGFITYNALDEAADE
ADEGEPAPAD

Anc-2

MLQPVDTTVWFWIGTLGMALGTLVFVYMARNEEDEERREYYVITALIPGIAAVSYLGM
ALGIGVVEVDGONTVYAARYVDWLLTTPLLVLDLGLLAGADRNTIATLVALDVLMIVT
GFAAALTTGPALRWVWFAVSTVAFLVILYLLFAELPEQAKEQNDDVQSLFKKLRNLTV
VLWLVYPVVWLLGPEGLGLLDVATTSLGYTVLDVTAKVGFGFIVLNSRDTLDEAADER
PDEGGEAPPAD

Anc-3

MLQPLPTSIWLWIGTAGMALGTLLFIYMGRNVEDEERREFYVITILIPAIAAASYLGMAL
GIGLVEVEGGQDTVYWARYVDWLFTTPLLLLDLGLLAGADRNTIATLVGLDVFMIVTG
LAAALTTAPALRWVWFAISTAAFLVILYLLFAELPEQAKEQDDDVQSLFNTLRNLTVVL
WLVYPVVWLLGTEGLGIVGLGVTSLGYTVLDVTAKVGFGFILLRSRGTLDEAAQEPDE
GGEAAPAD

Anc-4

MLQPGPESIWLWIGTAGMALGTLYFIYKGRGVEDEEAREFYVITILIPAIAAASYLSMAL
GFGLTEVEVGGQTQDVYWARYADWLFTTPLLLLDLALLAGADRNTIATLVGLDVFEMIV
TGLVGALTTAPAFRYVWWAISTGAFLVILYLLFSSLPEQAKEQDDDTQSTFNTLRNLIVV
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LWTVYPVVWLVGTEGLGIVGLGVETVGYTVLDVTAKVGFGFILLRSRNTLDEASQESE
GEAAPAD

Anc-5

MPLLLQTPAINKAAITGRPESIWLAIGTALMVLGTLYFMAKGWGVEDEEAKEFYVITILI
PAIAAASYLSMFLGFGLTEVELGGGQTLDIYWARYADWLFTTPLLLLDLALLADADRST
ILALIGLDAFMIITGLVGALTTVFTFRFVWWAISTVAMLFILYFLFSALTAKAEEMDEDT
QSTFRVLRNLTIVLWTVYPVLWIVGTEGAGIVPLFVETLGFMVLDVTAKVGFGFILLRSR
AILGETSAPEPSGEAAAAD

Anc-6 (oldest ancestor)

MAALLQTAAEVSQAQITGRPEWIWLALGTALMFLGTLYFMVKGMGVEDPEAKKFY VI
TTLIPAIAFASYLSMLLGFGLTRVPFGGEQTLDIYWARYADWLFTTPLLLLDLALLVDAD
RSTILALIGADAFMIITGLVGALTTVFSFRFVWWAISTAAMLY ILYVLFFGFTAKAEDMD
EETASTFRVLRNITIVLWSVYPVVWLIGTEGAGIVPLFVETLGFMVLDVSAKVGFGFILL
RSRAIFGEAEAPEPSGDGEAATAD
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2 - Protein Sequence Alignment
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MAFFT alignment of ancestral rhodopsins and bacteriorhodopsin (P02945). The color

gradient shows conservancy of reconstructed residues compared to the extant rhodopsin

sequence (darker grey
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3 - Sequence Identity Charts

A B
BR HR SRI SRIl BPR GPR XR

BR Anc-1 Anc-2 Anc-3 Anc-4 Anc-5 Anc-6

BR puUum 83 68 | 56 | 53 | 44 | 37

BR | |
HR Anc-1| 83 [RIM 82 | 63 | 58 | 47 | 40
SRI Anc-2. 68 82 [EIUN 71 | 63 | 52 | 43 |
SRII Anc-3 | 56 | 63 | 71 o 85 | 70 | 57
BPR Anc4 | 53 58 63 | 85 [N 82 61
GPR Anc-5 | 44 47 52 | 70 | 82 LN 68
XR Anc6 | 37 40 | 43 | 57 | 61 | 68 [EI

A) Percent Sequence Identity Chart of Extant Rhodopsins. Seven representative extant
sequences were selected from the maximum likelihood rhodopsin phylogeny: BR (P02945);
HR (BOR2U4); SRI (PODMH8); SRII (P71411); BPR (Q9AFF7); GPR (Q9F7P4); XR
(Q2S2F8). The chart displays percent sequence identities shared between all seven

rhodopsin sequence pairs.
B) Percent Sequence Identity Chart of Ancestral Rhodopsins. The chart expresses a pair-

wise sequence identity comparison between the extant bacteriorhodopsin sequence from

Halobacterium salinarum NRC-1 (P02945) and six reconstructed ancestral rhodopsins.
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4 - Expanded Phylogeny

© Anc-1
@ Anc-2
@ Anc-3
@ Anc-4
© Ancs
O Anc6

08

B Proton pump

[ Chioride pump
[[] Phototaxis sensor

Bacteriorhodopsin

Sensory Rhodopsin Il

g | Halorhodopsin
|:|

f‘:é I:l Sensory Rhodopsin |

——=

Proteorhodopsin

E I Xanthorhodopsin

‘ H Heliorhodopsin

Archaeal Rhodopsins

Bacterial Rhodopsins

Expanded maximum likelihood phylogeny of microbial rhodopsins and heliorhodopsin

outgroup sequences from Figure 3-1.
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5 — Structure-based function predictions of ancestral rhodopsins

Ancestor

Anc-1

Anc-2

Anc-3

Anc-4

Biological Process
(GO Term | GO-Score)

Phototransduction
(0007602 ] 0.99)

Protein-chromophore
linkage
(00182981 0.99)

Proton transmembrane
Transport

(0015992 | 0.99)
Phototransduction
(0007602 | 0.99)

Protein-chromophore
linkage
(0018298 | 0.99)

Proton transmembrane
Transport

(0015992 | 0.99)
Phototransduction
(0007602 | 1.00)

Protein-chromophore
linkage
(0018298 | 1.00)

Proton transmembrane
Transport

(0015992 | 1.00)
Phototransduction
(0007602 | 0.99)

Protein-chromophore
linkage
(00182981 0.99)

Cellular Component
(GO Term | GO-Score)

Plasma membrane
(0005886 | 0.99)

Integral component of
membrane
(0016021 | 0.99)

Plasma membrane
(0005886 | 0.99)

Integral component of
membrane
(0016021 | 0.99)

Plasma membrane
(0005886 | 1.00)

Integral component of
membrane
(0016021 | 1.00)

Plasma membrane
(0005886 | 0.99)

Integral component of
membrane
(0016021 | 0.99)

Molecular Function
(GO Term | GO-Score)

lon channel activity
(0005216 | 0.99)

Photoreceptor activity
(00098811 0.99)

lon channel activity
(0005216 | 0.99)

Photoreceptor activity
(0009881 | 0.99)

lon channel activity
(0005216 | 1.00)

Photoreceptor activity
(0009881 | 1.00)

lon channel activity
(0005216 | 1.00)

Photoreceptor activity
(00098811 0.99)
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Anc-5

Anc-6

Proton transmembrane
Transport

(00159921 0.97)
Phototransduction
(0007602 ] 0.99)

Protein-chromophore
linkage
(0018298 | 0.99)

Proton transmembrane
Transport

(0015992 | 0.97)
Phototransduction
(0007602 | 1.00)

Protein-chromophore
linkage
(0018298 | 1.00)

Proton transmembrane
Transport
(00159921 0.99)

Plasma membrane
(0005886 | 0.99)

Integral component of
membrane
(0016021 | 0.99)

Plasma membrane
(0005886 | 1.00)

Integral component of
membrane
(0016021 | 1.00)

lon channel activity
(0005216 | 1.00)

Photoreceptor activity
(0009881 | 0.99)

lon channel activity
(0005216 | 1.00)

Photoreceptor activity
(0009881 | 1.00)

Prediction of biophysical characteristics of ancestral rhodopsins. The table shows
consensus GO terms inferred from the top-scoring homologous GO templates in PDB according
to I-TASSER.



6 - Physiochemical Properties of Reconstructed Rhodopsins

Calculated using ExPASy’s ProtParam Tool

Bacteriorhodopsin (P02945)

Number of Amino Acids 262
Molecular Weight 28256.26
Theoretical pl 4.58
Instability Index 27.03
Grand Average of Hydropathicity (GRAVY) 0.723
Ancestor Anc-1
Number of Amino Acids 261
Molecular Weight 28549.48
Theoretical pl 4.35
Instability Index 30.28
Grand Average of Hydropathicity (GRAVY) 0.769
Extinction Coefficient (EXco) 55920
Ancestor Anc-2
Number of Amino Acids 258
Molecular Weight 28125.09
Theoretical pl 4.29
Instability Index 35.40
Grand Average of Hydropathicity (GRAVY) 0.814
Extinction Coefficient (Exco) 54430
Ancestor Anc-3
Number of Amino Acids 243
Molecular Weight 26431.45
Theoretical pl 4.12
Instability Index 32.26
Grand Average of Hydropathicity (GRAVY) 0.532
Extinction Coefficient (EXco) 58900
Ancestor Anc-4
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Number of Amino Acids 243
Molecular Weight 26356.70
Theoretical pl 4.10
Instability Index 38.91
Grand Average of Hydropathicity (GRAVY) 0.670
Extinction Coefficient (EXco) 55920
Ancestor Anc-5
Number of Amino Acids 243
Molecular Weight 26486.71
Theoretical pl 4.13
Instability Index 30.78
Grand Average of Hydropathicity (GRAVY) 0.562
Extinction Coefficient (Exco) 51910
Ancestor Anc-6
Number of Amino Acids 243
Molecular Weight 26303.69
Theoretical pl 4.20
Instability Index 25.60
Grand Average of Hydropathicity (GRAVY) 0.668
Extinction Coefficient (EXco) 55920

Instability Index values less than 40 denote a stable protein.

Extinction Coefficient (Exco) is in units of M1 « cm™ at 280 nm measured in water.
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