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In view of the existing controversy around the origin of the photosynthesis and, therefore, the first
photosynthetic pigments, our work focuses on the theoretical study of a hypothetical first pigment,
simpler than those existing today, that collects energy from solar radiation on Earth-like exoplanets. Our
theoretical results show that there could exist geochemical conditions that allow the abiotic formation
of a primeval pigment that might become sufficiently abundant in the early stages of habitable rocky
exoplanets. These conditions would place this pigment before the appearance of life in a very young
planet, thanks to chemical routes instead of biochemical transformations. Thus, our results may refute
the currently accepted hypothesis that the complex biomolecules that allowed the photosynthesis to be
carried out were synthesized through complex and evolved metabolic pathways. In addition, we show
that the proposed primeval pigment, which we call PhotQ, is also a precursor of the more evolved
pigments known today on Earth and demonstrate, for the first time, an abiotic chemical route leading to
tetrapyrroles not involving pyrrole derivatives. Our proposal places simple and very abundant raw
materials in never-before-proposed geochemical conditions that lead to the formation of biomolecules
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1 Introduction

The origin of photosynthesis and its pigments is a hotly
debated topic on which there is still no clear consensus."?
Some authors consider that the photosynthesis and the origin
of life were contemporary during the prebiotic phase,®* while
others favor a photosynthesis occurrence much later than the
origin of life.>® In the late occurrence scenario, photosynthesis
appeared in bacteria containing DNA, ATP synthase, and elec-
tron transport proteins, which are very evolved organisms.
However, even advocates of an early photosynthesis occurrence
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place the chlorophylls and bacteriochlorophylls as the first
pigments of the light-harvesting complexes.

Within the theory of common ancestors, it is proposed that
many molecules of great interest such as proteins, RNA, and
membranes, should have been much simpler than those pre-
sent in modern cells. In this sense, it is hypothesyzed that there
should have existed simple oligopeptides and oligonucleotides,
as well as simple alkyl amphiphilic hydrocarbons, as primeval
membranes.” Today, evolved cells obtain essential bio-
molecules through complex metabolic routes, but it is sus-
pected that these complex metabolic pathways were not present
in the first ancestors. Indeed, it has been proposed that the
catalysts of the photosynthesis such as chlorophylls and bac-
teriochlorophylls should have come from simple organic
compounds.® The question of whether these simple com-
pounds served as photosynthetic pigments does not have an
answer yet.

The idea of a simple primitive pigment arises from the
chemical structure observation of the most evolved pigments.
Current chlorophylls and bacteriochlorophylls are tetrapyrrolic
pigments needed to carry out the photosynthesis, but the
structure of these macrocycles is very similar to that of other
biomolecules such as the hemo groups (A, B, C, or O) present in
hemoglobin, myoglobin, peroxidases, cyclooxygenases, cyto-
chrome C, or cytochrome P450. All these biomolecules are
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derived from porphyn, chlorin, bacteriochlorin, or isobacterio-
chlorin. Olson et al.™* placed chlorophyll biosynthesis from
uroporphyrinogen and uroporphyrin, also tetrapyrrole deriva-
tives. The presence of these complex macrocycles in a multi-
tude of biological structures, as well as in all photosynthetic
organisms, leads us to think that, as it happened with the
primeval membranes, oligopeptides, and oligonucleotides,
these tetrapyrroles were too evolved as to have been present
since the origin of the photosynthesis. According to the
proposed abiotic chemical routes for the formation of tetra-
pyrrole macrocycles,” " the condensation of pyrrole derivatives
is mandatorily required. These syntheses need many chemical
species and steps,'” catalysts,"® and, in some cases, highly
functionalized pyrroles.”'*™'® The latter are too complex to
be present in large concentrations on such a primeval rocky
planet. This scenario points out that the concentration of
pyrrole and tetrapyrrole derivatives in the primeval Earth
environment should have been low.

In this work, we propose a chemical route towards a simple
and primitive photosynthetic pigment, namely Phot0, in geo-
chemical conditions not considered so far. In addition, our new
metric for quantifying the photosynthetic activity fitness'’
suggests that Phot0 could be useful as a photosynthetic pig-
ment in reducing atmospheres like that of the early Earth.
Finally, we demonstrate that Phot0 could be a precursor of the
tetrapyrrolic pigments known today thanks to chemical routes
that do not involve the condensation of complex pyrroles.

2 Results and discussion
2.1 The Phot0 system

The aim of this work is to find a simple and primeval light-
harvesting pigment of the photosynthetic common ancestor.
The only part of the carbon backbone that all the tetrapyrrole
derivatives share is the central macrocycle surrounding
the metal cation, in particular, the (1E,2Z,4E,6Z,8E,10-
Z,12E,147)-1,5,9,13-tetraazacyclohexadeca-2,4,6,8,10,12,14,16-
octaene, referred herein as 16-n-TAzCy (Fig. 1a). The structure
of this conjugated tetraazacycle displays 16m delocalized elec-
trons, being an antiaromatic compound. This antiaromatic
character, together with the imine bonds of the macrocycle,
should entail a marked instability against water, making it
susceptible to be hydrolyzed. The reduction of 16-n-TAzCy by
two electrons would lead to the 18-r-aromatic heterocycle 18-rn-
TAzCy> . This reducing character could be provided by a
divalent metal in oxidation state 0. This kind of metals, such
as Fe and Mg, are quite abundant in protoplanetary disks and,
therefore, rocky exoplanets, and would give rise to the coordi-
nation compound M-18-n-TAzCy (Fig. 1a).

Fig. 1b and c show two tentative chemical routes leading to
the M-18-n-TAzCy-type aromatic compound. The most intuitive
path is the reduction of 16-n-TAzCy by a divalent metal. Con-
sidering that our synthetic proposals should fit in the early
Earth conditions, that reduction should take place in an
environment without liquid water. Since the volcanic activity
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Fig. 1 Structural and retrosynthetic analyses of the central ring of tetra-
pyrrole derivatives. (a) Chemical structure of 16-n-TAzCy, 18-rn-TAzCy?~
and M-18-n-TAzCy. (b) Retrosythetic analysis of M-18-n-TAzCy consider-
ing 16-n-TAzCy as a precursor. (c) Retrosythetic analysis of M-18-r-TAzCy
considering the chelate complex Int-M as intermediate.

on the primitive Earth was very high, the liquid water must
have shown a considerably low pH."® Therefore, metals such as
Cu or Zn (non-reactive in neutral water) would react with the
protons of the acidic solutions, generating H, and metallic
cations that, in turn, would react to end up as hydroxides. On
the other hand, highly reducing metals such as alkaline earth
metals would react rapidly in water generating the hydroxide
and H,."°

A retrosynthetic analysis of 16-n-TAzCy leads to acetylene,
C,H,, and hydrogen cyanide, HCN, (Fig. 1b), which are two
highly abundant molecules in the interstellar medium.>*>" In
fact, it has been shown that C,H, and HCN are also formed in
volcanic processes®®. Indeed, C,H, and HCN are very related to
each other in reducing atmospheres of earth-like exoplanets
since the abundance of HCN strongly depends on the abun-
dance of carbon-bearing gasses such as C,H,.”* Also, typical
phenomena of a primitive Earth such as electric discharge
conditions and impactors in reducing conditions have been
shown to produce high amounts of HCN.>*>’

The expected high abundance of C,H, and HCN in the
reducing atmosphere of the primeval Earth narrows down the
possibilities towards physical conditions typical of the gas
phase. The only possibility of finding neutral metals in the
gas phase in nature is in volcanic eruptions.'® Very recent
geological studies have demonstrated the existence of abun-
dant, divalent, volatile metals such as Cd, Zn, Ag, Bi, Cu, and Te
in the oxidation state 0 and in the gas phase, close to volcanic
eruptions.'® Nowadays, these metals form oxides when they
meet the molecular oxygen present in the atmosphere. How-
ever, in the reducing atmosphere of the primeval Earth, there

This journal is © the Owner Societies 2022
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was no oxygen to oxidize these metals, thus having longer
periods to reduce the organic gases present in the atmosphere.
This scenario points to an environment with high volcanic
activity and with a reducing atmosphere, i.e. in the late heavy
bombardment age on Earth, about 4.4 Ga ago. These condi-
tions hinder the formation of 16-n-TAzCy in the gas phase,
since the first step is the formation of a C-C bond between HCN
and C,H,. This is a very high energy-demanding process which
cannot occur in the gas phase conditions mentioned above (see
below).

Another possibility could be the formation of a metallic
chelate formed from HCN, C,H,, and a metallic atom (Fig. 1c).
The formation of such a chelate, namely Int-M, would help to
catch more units of HCN and C,H, to continue the polymeriza-
tion around the metallic center, as described below.

Since our Sun is a G2 V star that has barely changed its
effective temperature and, therefore, the peak of its spectral
energy distribution since the appearance of life on Earth, a
primeval molecule that could act as a photosynthetic pigment
(for instance M-18-n-TAzCy) should show an ultraviolet/visible
(UV/Vis) absorption spectrum similar to those of current chlor-
ophylls and bacteriochlorophylls. For comparison purposes,
Fig. 2 shows the theoretical UV/Vis absorption spectra in
vacuum of chlorophyll a (Chl a), bacteriochlorophyll a (BChl
a), and M-18-n-TAzCy with Zn** and Mg”* as metallic centers.
We selected Zn as the metallic center since it is abundant in
volcanic eruptions,'® is a divalent metal, and the spectroscopic
characteristics of some tetrapyrrole derivatives complexed with
Zn** are similar to those of the same ligands complexed with
Mg>*.2% In addition, there are photosynthetic organisms that
use Zn-containing BChl a as photopigments.*>*° On the other
hand, Mg?" is the cation of the complexes Chl a and BChl a. We
dubbed these new compounds as Phot0-Zn and Phot0-Mg,
respectively.

The overimposed spectra (Fig. 2) show that the weakest
absorption peaks of Phot0-Mg and Phot0-Zn are at 562 nm
and 548 nm, close to the first and second transitions (Q, and Q,
respectively) (the latter is not seen with the set bandwidth)
peaks of Chl a (586 nm and 557 nm respectively) and the Q,
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Fig. 2 Theoretical UV/Vis absorption spectra of Chla (green), BChla (red),
Phot0-Mg (yellow) and Phot0-Zn (purple) in vacuum. Phytyl groups of Chl
a and BChl a are substituted by a methyl group.
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peak of BChl a (538 nm). The Q, band of BChl a, however, is
highly displaced to the red with respect to the other three
compounds (727 nm). On the other hand, the B, and B,
absorption maxima of Chl a are at 392 nm and 380 nm
respectively, close to the B, maximum of BChl a (373 nm).
The most intense peak of BChl a (B,, 336 nm) matches almost
exactly with the absorption maxima of Phot0-Mg (339 nm) and
Phot0-Zn (332 nm). Regarding the effect of the metal in the
Phot0-Mg and Phot0-Zn systems, the Zn>" cation slightly dis-
places the absorbance maxima to the blue, decreases the
intensity in the B band and increases it in the Q band. For
simplicity, we will refer to Phot0-Zn as Phot0 along the manu-
script. All in all, this comparison points out that the system
Phot0 could act as a photosynthetic pigment (see below).

2.2 Formation of Phot0

The hypothesis of formation of Phot0 illustrated by Fig. 1c fits
into the geochemical conditions of a rocky exoplanet. Further-
more, its spectroscopic characteristics are similar to those of
Chl a and BChl a. However, since this is a preliminary inves-
tigation of the reaction mechanism, it is yet to be demonstrated
whether this process is chemically feasible.

The proposed formation of Phot0 starts with the generation
of the intermediate chelate Intly, (Fig. 3). The first step of the
reaction is the formation of the pre-reactive complex C and the
subsequent formation of the C-C bond between C,H, and HCN
(red profile of Fig. 3). That reaction is a radical process that
forms the unstable intermediate Intl through the transition
structure TS1. This singlet diradical intermediate in the s-trans
conformation could either revert to the complex C or evolve into
the s-cis Int2 through the rotation of the oc¢ bond (TS2).
Afterwards, the barrierless association reaction between Int2
and Zn° leads to the key intermediate Intlz,, the first unit of
the system Phot0. The geochemical conditions proposed herein
would allow the participation of a third partner. In this case the
barrierless complexation of the complex C with a Zn atom leads
to a slightly more stable complex, Cl1z,, which evolves into
Intl1z, through the transition structure TS1z,. In this transition
structure the Zn°® atom reduces simultaneously the two frag-
ments, favoring the formation of the new C-C bond. In this step
two new covalent bonds with the metallic center, Zn-N and Zn-
C, are formed in a concerted manner. The latter process (blue
profile of Fig. 3) shows a rate-determining step 26.9 kcal mol
lower in energy with respect to the previous route.

Although the abundances of HCN and C,H, should had
been high in the gas phase of the primeval Earth, we should
also consider the presence of water in the volcanic eruptions. In
these geochemical conditions, the water is a molecule even
more abundant than HCN and C,H, and could lead to compe-
titive chemical pathways. Therefore, we have considered the
influence of water both in the formation of the key intermedi-
ate Intlz, and in the destruction of Zn. To this aim, we placed 4
water molecules surrounding a Zn atom at a distance of 6 A and
calculated the minimum energy path (MEP) that led to the
stable complex C-Zn-4W. In this complex just one of the
molecules interacts directly with the Zn atom, which forms a
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covalent bond with Zn while there is a proton transfer from
other water molecule throughout a concerted cyclic transition
structure (TS-Zn-4W) that presents an energy barrier of
12.6 keal mol ", leading to the formation of P-Zn-4W through
a highly exothermic process (—38.3 kcal mol™'). The same
methodology was carried out by substituting two water mole-
cules for HCN and C,H,. The MEP led to an even more stable
complex (C1z,-2W). The latter evolves towards the key inter-
mediate Intly, coordinated with two water molecules (Intlz,-
2W) through the transition structure TS1z,-2W. This process is
the most exothermic of all the competitive paths considered
(—45.5 kcal mol'). Regarding kinetics, it is also the
most favored process, showing an energy barrier of just
5.7 keal mol™*. In this process, the water molecules do not
participate in the formation of new bonds but generate several
stabilizing non-covalent interactions (NCI)*' with the Zn atom
and the nitrogen of the HCN moiety. The non-covalent inter-
actions of transition structures TS1z, and TS1,-2W are shown
in Fig. 3b. These two stationary points show several identical
NCI: Three strong attractive interactions in the bond-forming
regions and one destabilizing due to steric repulsions inside
the ring that will form. However, TS1,,-2W exhibits four addi-
tional stabilizing NCI between water molecules, Zn and nitro-
gen, contributing to decrease the energy of the system. It is
worth pointing out that the very high temperatures of the
proposed geochemical conditions'® would allow all the pro-
cesses depicted in Fig. 3b to occur, excluding the red profile
due to the high energy barriers. Then, part of the Zn in the gas
phase should be destroyed by water molecules. However,

16982 | Phys. Chem. Chem. Phys., 2022, 24,16979-16987

considering the high abundance of HCN and C,H, and that
the most favoured process both from the kinetic and thermo-
dynamic point of views is the formation of Intl,,-2W, the
reaction pathway that should govern this chemistry is the green
profile depicted in Fig. 3b.

After the formation of the intermediates Intl,-2W and/or
Intl1z,, the oxidized metal serves as a grabber of more electron-
rich fragments that helps to increase the molecular weight of
the system (see below). To test whether the second step of our
chemical hypothesis (Fig. 1¢)) is viable, we studied the addition
of an additional molecule of C,H, to the intermediates Intl,,-
2W and Intly, (see Fig. 4). The blue and red energy profiles of
Fig. 4 show that the insertion of an C,H, molecule in the Zn-N
bond of the intermediates Intl,,-2W and Intlg, is favoured
both from the kinetic and the thermodynamic point of view
(relative to the intermediates) when water does not participate
in the reaction. The two water molecules distort the geometries
of the transition structures and intermediates by pulling out
the Zn and N atoms from the plane, decreasing the delocaliza-
tion of the system. This consequence makes the energy barrier
that corresponds to the transition structure TS2z, to be sub-
merged with respect the intermediate Intlz, (0.6 kcal mol™ 1),
whereas TS2z, is above the intermediate Intlz,-2W by
8.1 kcal mol™'. Due to this fact, we studied the formation of
Phot0 starting from the intermediate Intlz, instead of Intlg,-
2W. Fig. 5 shows the reaction profile for the subsequent
additions of three more molecules of C,H, and three of HCN
to the complex Intlz,, leading to the formation of the primitive
pigment Phot0 (the mechanism is explained in detail in the

This journal is © the Owner Societies 2022
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barrier above the reactants is the formation of the first
intermediate.

The order and position of the additions of C,H, and HCN to
the different intermediates could give rise to many complex
aromatic heterocycles. However, our aim herein is to study the
viability of the formation of the Phot0 pigment. Even so, a
simple frontier molecular orbital analysis of the fragments
during key steps of the reaction pathway points out that the
strongest interactions are the ones that lead to the formation of
Phot0 (see ESIT).

Although the temperatures in the proposed geochemical
conditions are very high,'® they are not high enough as to
destroy the reaction intermediates that lead to Phot0 since the
binding energies of the Zn-complexes with the metal are very
high (54.2, 80.8, 93.4, 118.4, 103.4 and 101.2 kcal mol " for
Intlz,, Int2;,, Int3,,, Int5,,, Int5z,, Int6, and Int7,, respec-
tively. Note that the equilibrium geometry of Int7z, without the
Zn atom is that of Phot0 without the metallic center).

The inclusion of substituted acetylenes and different metals
would lead to structural changes in the products and in both,
kinetic and thermodynamic data. While relevant, the investiga-
tion of these reactions is beyond the scope of this work.

2.3 Chemical evolution of Phot0 into tetrapyrrole systems

Even if tetrapyrrole derivatives are of tremendous importance
both in the current biochemistry and in the origin of the
photosynthesis, there are hardly any proposals for the for-
mation of these compounds in prebiotic conditions. As it was
mentioned above, all the synthetic proposals raised so far
involve condensation between highly substituted pyrroles.’™*

\-176.6 : .;
—> — TS8,, ;ﬁ .
\Int7,, -205.3 A .

-207.4 b

Same as Fig. 3a, but for the Phot0 pigment from the intermediate Intlz,.
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Phot0 (HOMO) Azomethine ylide (HOMO)

Fig. 6 HOMO orbitals of PhotO0 (left) and the most simple azometine ylide
(right).

Although the proposals on the formation of pyrroles'® and their
condensation towards tetrapyrroles®? are robust and viable
processes, the complex structure of the raw materials suggests
that the concentration of these biomolecules in the environ-
ment should have been low. Our new synthetic proposal for
tetrapyrroles does not need the previous formation of highly
substituted pyrrole derivatives, but subsequent cycloaddition
reactions of Phot0 with highly abundant molecules such as
acetylene (C,H,) and/or ethylene (C,H,).

The inspection of the electronic structure of Phot0 shows
that its highest occupied molecular orbital (HOMO) is identical
to that of the HOMO of an azomethine ylide (Fig. 6). The latter
is a 1,3-dipole that undergoes 1,3-dipolar cycloadditions with
simple dipolarophiles like C,H, and C,H,. In these reactions,
the central cation Zn>" traps electron-rich compounds such as
these two dipolarophiles and forms stable complexes that
undergo concerted 1,3-dipolar cycloadditions (see ESIf). In
the subsequent step, the loss of molecular hydrogen from the
first intermediate yields the formation of the first unit of
pyrrole in the reaction with C,H,. Likewise, the reaction with
C,H, leads to the formation of a unit of dihydropyrrole. The
addition of C,H, and C,H, at different positions of the inter-
mediates eventually leads to different porphyns, chlorins, bac-
teriochlorins, and isobacteriochlorins derivatives without the
need of generating complex pyrrole derivatives. The full reac-
tions profiles are gathered in Fig. S4 and explained in ESL7 It
should be noted that the cycloaddition reactions with C,H, and
C,H, are not viable processes in the geochemical conditions
proposed herein due to the high energy barriers found. How-
ever, these reactions with substituted acetylenes (and/or ethy-
lenes in this case) should change the reaction profiles, probably
lowering the reaction barriers, since the substituted acetylenes
and ethylenes are commonly holding electron withdrawing
groups that would increase the rate of a direct electron
demanding 1,3-dipolar cycloaddition. Anyhow, the full explora-
tion of these reactions with substituted ethylenes and acety-
lenes lies beyond the scope of this work.

2.4 A new synthetic proposal for complex biomolecules

The geochemical conditions considered herein contribute to
widen the environmental situations where key biomolecules
could be synthesized in the early Earth and in rocky exoplanets.
Within this scenario, complex biomolecules could be formed in
the gas phase of volcanic eruptions. Metallic atoms (Zn in this
case) in the oxidation state 0 increase notably the rate of

16984 | Phys. Chem. Chem. Phys., 2022, 24,16979-16987

View Article Online

PCCP

formation of C-C bonds between C,H, and HCN (Fig. 3).
Furthermore, the initial metallic complex Intlz, serves as a
grabber of more electron-rich organic molecules, allowing to
increase the chemical complexity.

Most of the syntheses proposed so far for biomolecules in
the early Earth consider necessary an aqueous medium. Our
new proposal can be applied to the early Earth and any other
rocky exoplanet. The probability that raw materials such as
C,H, and HCN are present in these types of celestial bodies is
very high. Furthermore, the metals that can increase the rate of
the C-C bond formation between simple electron-rich mole-
cules are abundantly formed in supernovae explosions, remain-
ing available in the interstellar medium. Thus, this situation
points to the formation of complex organic compounds on
exoplanets just after their formation.

As discussed above, the addition of C,H, and HCN to
intermediate Intlz, in an order other than that proposed
herein could give rise to a multitude of complex heterocycles.
In this sense, our proposal can help to broaden the vision on
the formation of tholins in the gas phase of other celestial
bodies such as Titan.>*7*

2.5 Phot0 as a pigment prior to chlorophylls and
bacteriochlorophylls

Within the current theories for the origin of the photosynthesis,
it is not yet clear whether the first pigment along the evolution
of the photosynthesis was BChl a or Chl a.* Using the common
ancestry theory as a guideline, we propose that the first
pigments should have been simpler than chlorophills and
bacteriochlorophylls, abiotically generated, and maybe used
by the earliest forms of proto-organisms.>®

The spectroscopic characteristics of Phot0 (Fig. 2) show that
this molecule could have acted as a pigment in a primeval
photosynthetic organism. The displacements of the UV/Vis
absorption maxima in different pigments allow the adaptation
of organisms in different niches.*” This shift is a valuable piece
of information to know in what type of environment could have
photosynthesis been originated. The photosynthetic organisms
that use Chl a, such as cyanobacteria, can absorb more amount
of light in the red and yellow regions of the visible spectrum in
lakes that form dense surface layers.’” On the other hand,
organisms that have BChl a, such as purple bacteria, grow in
anaerobic areas with low visibility, making better use of more
energetic light.>” The UV/Vis spectrum of Phot0 indicates that if
a primitive photosynthetic organism used this type of pigment,
it would have been able to carry out photosynthesis in low
visibility environments. The geochemical conditions in which
Phot0 could have been formed, and its relatively large absorp-
tion ability in the most energetic area of the near-UV, would
locate this pigment in a deep hydrothermal spring with poor
visibility, just the place where life is thought to have originated
in our planet.®®

The displacement of the pigment bands in the UV/Vis
spectrum gives us information about the environment where
an organism could thrive. However, the shape of the bands also
gives valuable information. While Chl a and BChl a show wider
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bands (see Fig. 2), encompassing a larger spectral region, Phot0
shows narrower bands specially in the most energetic region. A
broad band is indicative of widespread biodiversity, proper of
newer evolutionary stages where different organisms use the
same pigment in different environments. Likewise, the narrow
bands found for Phot0 are indicative of a very selective pigment
for a very specific niche.

The intense band of Phot0 close to 350 nm could be
indicative of a pigment that would flourish in a very old atmo-
sphere without protection. It has been suggested that the
earliest photosynthetic reaction centers served as protection
for the genetic material against UV radiation.***° The lack of O,
in the primitive atmosphere of the early Earth prevented the
formation of ozone (O3), needed to protect the biosphere from
the energetic UV radiation. Thus, strong absorption in the near-
UV would block a large part of photons harmful to an organism.
In this sense, Phot0 seems to be a suitable pigment for this type
of unprotected primitive atmospheres. The information pro-
vided by the intense band of Phot0 (350 nm approximately)
agrees with the photosynthetic fitness of this pigment accord-
ing to our new metric.'"” The latter authors show that Phot0
would be suitable as a photosynthetic pigment in a reducing
atmosphere like that of the early Earth. This analysis would
place Chl a as the most evolved pigment considered in this
study, where the absorption band in the blue region has
widened and red-shifted, suited for an organism that does
not need high protection against UV radiation.

2.6 Lack of Phot0-like pigments in more evolved
photosynthetic systems

Although Phot0 should have been formed in high concen-
tration in the conditions of an early Earth, we do not see this
kind of pigments in more evolved organisms. It has been
proposed that the first light-harvesting complexes were similar
to that of the proteins CP43 and CP47.' Thus, placing this type
of complex proteins in a photosynthetic organism that has
arisen in the prebiotic phase moves away from the Darwinian
evolution of a primitive cellular species. From a chemical point
of view, the simplest light-harvesting complex should be a
chlorosome-type aggregate, which are multiple pigment mole-
cules stacked up and surrounded by small amounts of carote-
noids and quinones, but without a protein supporting them.
The lack of a complex protein matrix supports the idea that the
first living systems had very simple biomolecules. In this case,
simpler oligopeptides than the complex proteins forming the
light-harvesting complexes that we know today.

The orientation of the pigments in chlorosomes adopts an
almost parallel arrangement between the macrocycles.*™*> This
arrangement allows the pigments to aggregate through n-n
stacking interactions, increasing the interaction energy
between them, like it is characteristic of aromatic heterocycles.
The different n-n stacking arrangements between aromatic
heterocycles have a direct influence on their absorption
bands.** Thus, the H-aggregates, which show a completely
parallel arrangement, lead to a spectral blue-shift with respect
to the monomer, whereas J-aggregates lead to a red-shift. In the
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latter, there is a displacement of the fragments in the direction
of the plane of the aromatic compounds. A chlorosome-type
aggregate of Phot0 should show both wider and red-shifted
bands, since its dimer shows a J-type-aggregate (see Fig. S6,
ESIY).

Since Phot0 is smaller than chlorophylls and bacteriochlor-
ophylls, this type of aggregates of Phot0 should be more labile
than that formed with tetrapyrroles. A situation where the
interaction energy between the pigments of the light-
harvesting complex were not high enough should have forced
the organism to spend energy and resources in protecting the
complex.

One of the reasons for the existence of chlorosomes may be
the need to capture as much light as possible. Another possible
reason could be that the n-n stacking interactions without a
complex protein protecting the system are not strong enough to
keep the pigments linked constantly. If this interaction allows
the loss of pigments, the living system should need a huge
reservoir of them. The best way to extend the life of these
aggregates would be to increase the interaction strength
between pigments. This increase could be achieved by substi-
tuting Phot0 with tetrapyrroles, as they show larger aromatic
carbon backbones. Therefore, the higher the number of car-
bons is, the stronger the interaction energy between them
becomes.

Another possible reason for the change towards tetrapyrrole
derivatives could have been the protection against water. The
structure of Phot0-like compounds suggests a higher water
solubility than that of tetrapyrrole derivatives. A higher solubi-
lity in water would reduce the intermolecular forces between
aggregates of Phot0 and would make them susceptible to being
lost. These reasons suggest that tetrapyrroles would generate
more robust structures. It may be that the next step in the
evolution of the pigment was not the direct substitution by
chlorophylls or bacteriochlorophylls, but just an increase in the
size of the aromatic system. This step could have even
remained abiotic, since Phot0 can react with a multitude of
C-C unsaturated compounds to give pyrroles and dihydropyr-
roles through 1,3-dipolar cycloadditions (Fig. S4, ESIT).

3 Conclusions

Based on the theory of common ancestors, we propose that the
origin of photosynthesis in the early Earth could have been
prior to the use of chlorophylls and bacteriochlorophylls. The
novel geochemical conditions that we propose enable the
formation of a common primitive pigment that presents spec-
troscopic characteristics for the development of photosynthesis
in typical conditions of deep hydrothermal spring. Further-
more, this divalent metal-coordinated tetraazacycle, baptized as
Phot0, can be a common precursor to all tetrapyrrole deriva-
tives formed abiotically without the need to involve pyrroles.
The proposed synthesis of tetrapyrrole derivatives involves
simple molecules like C,H, and HCN close to volcanic erup-
tions thanks to the ability of neutral metallic atoms such as Zn
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to increase the rate of the formation of C-C bonds between
these species. Within this scenario, the molecule Phot0 broad-
ens the vision of the origin of the photosynthesis and makes all
the photosynthetic organisms, and others that use the tetra-
pyrrole derivatives, converge at the same point, as it occurs with
the Darwinian theory of the evolution of a primitive cellular
species.

4 Materials and methods
Reactive potential energy surface

The calculation of all stationary points was carried out within
the density functional theory with the global-hybrid exchange-
correlation MN15 density functional method** in combination
with the jun-cc-pVTZ basis set.*>*” To describe the basis
functions for the Zn atom we selected the -effective-core
potential LANL2DZ.*® The MN15 method was chosen because
is a very versatile method and resolves well for single and
multireference systems.** The latter feature is important in
this study since we should compare competitive reaction path-
ways between open and closed shell species. For instance, the
red profile of Fig. 2 shows open shell singlet diradicals and all
the stationary points of the blue, black and green profiles of
Fig. 2 are closed shell species. In all cases, we checked the
stability of the wavefunction for locating the lowest energy
solution of the SCF results. We found instabilities for the
singlet with diradical character. Thus, the broken-symmetry
wavefunction was used in order to destroy the « and f spatial
symmetries. These calculations showed eigenvalues of total
spin operator (($?)) between 0.9 and 1.1. Frequency calculations
were carried out at the same level of theory and the stationary
points were characterized as minimum and saddle points by
showing none and one imaginary frequency respectively. To
ensure that all saddle points were linked to the energy minima,
intrinsic reaction coordinate (IRC) analyses were carried out.
The barrierless association reactions were checked by placing
the equilibrium geometries of the two fragments at 10 A and
then running a downhill IRC calculation until a gradient of zero
is reached. All the above-mentioned calculations were carried
out with the Gaussian 16 program package.*’

Calculation of the UV/Vis spectra

The methodology used herein is identical to that used in
previous studies of precise calculations of the UV absorption
spectrum of Chl a.®® In this case, to compute the vertical
excitation energies we used the double-hybrid B2PLYP within
the time-dependent formalism®"**> with the def2-TZVP basis
%3755 on CAM-B3LYP optimized geometries,>® with the inclu-
sion of the dispersion correction D3(BJ).>**’ Sirohiwal et al.>°
demonstrated that the double hybrid B2PLYP gives almost
identical results to that obtained with DLPNO-STEOM-CCSD
calculations. It should be noted that the UV/Vis spectra of the
pigments are computed in vacuum and the real displacements
and absorbances in a light-harvesting complex change. For this
reason, all the comparisons are done over theoretical UV/Vis

set
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spectra. To be able to compare the absorbances between the
four compounds, all the bandwidths were set to 0.1 eV. In order
to ensure that the transitions cover the whole UV/vis spectral
range, we computed 10 roots for Phot0-Zn, Phot0-Mg, Chl a and
BChl a and 20 roots for the dimer of Phot0-Zn.

Calculation of non-covalent interactions

For the calculation of non-covalent interactions (NCI) we used
the NCIPLOT 4.0 software®® and the visualization of the iso-
surfaces were carried out with the VMD program®’.
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