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Abstract

Ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCQ) is arguably one of the most
abundant proteins in the biosphere and a key enzyme in the global carbon cycle. Although
RubisCO has been intensively studied, its evolutionary origins and rise as Nature’s most dominant
carbon dioxide (COy)-fixing enzyme still remain in the dark. In this review we will bring together
biochemical, structural, physiological, microbiological, as well as phylogenetic data to speculate
on the evolutionary roots of the CO,-fixation reaction of RubisCO, the emergence of RubisCO-
based autotrophic CO,-fixation in the context of the Calvin cycle, and the further evolution of
RubisCO into the ‘RubisCOsome’, a complex of various proteins assembling and interacting with
the enzyme to improve its operational capacity (functionality) under different biological and
environmental conditions.

Abstract
02 ) Carboxysome
COZ P Encapsu/a't/on pro'te/ns
Sugar-P_/1 RubisCO activases
co, ,
Sugar-P -}, \ . ,RubisCOsome’
Calvin cycle Autotrophic RubisCO
Sgery Pentosediphosphate pathway Heterotrophic RubisCO

RubisCO like proteins

More than 90% of the inorganic carbon that is converted into biomass is fixed by the enzyme
RubisCO that catalyzes the carboxylation and cleavage of ribulose-1,5-bisphosphate (RuBP)
into two molecules of 3-phosphoglycerate (3PG). RubisCO is found in all three domains of
life: bacteria, archaea and eukaryotes. The enzyme makes up 30-50% of the soluble protein
in plant leaf and it has been estimated that for every person on earth there is 5 kg of
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RubisCO [1]. Altogether, this makes RubisCO one of the most abundant enzymes in the
global carbon cycle that literally feeds life on earth.

Despite its dominant role in carbon fixation, the enzyme has some peculiarities. First,
RubisCO requires a posttranslational activation to perform the carboxylation reaction: A
conserved lysine residue in the active site needs to be carbamylated in order to complex an
Mg?2* ion that is in turn required for activity [2]. Second, the enzyme is a rather slow
catalyst. The turnover frequency of an average RubisCO is only between 1 and 10 s (http://
brenda-enzymes.org). which can make it a limiting factor in photosynthetic CO,-fixation
under optimal conditions. Finally, RubisCO makes mistakes. Besides the carboxylation
reaction RubisCO catalyzes a non-productive oxygenation side-reaction that leads to the
formation of 2-phosphoglycolate (2PG). 2PG is a toxic compound that inhibits several
enzymes in central carbon metabolism [3-5]. An average C3-plant RubisCO has an error rate
of more than 20%. This number can even add up to more than 40% at high temperatures
and/or low intracellular CO,, which results in substantial amounts of 2PG that are formed
during photosynthesis [6-8]. 2PG is recycled in an energy-demanding process called
photorespiration. It has been estimated that approximately 30% of the photosynthetic energy
in plants is wasted through photorespiration [8,9].

Why is RubisCO so inefficient? Evidence accumulated that enzyme activity and specificity
are reciprocally linked with each other in RubisCO [10-12]. A faster RubisCO has a higher
error rate and a more specific RubisCO has a lower catalytic rate. This link has mechanistic
and evolutionary reasons. RubisCO evolved before the first great oxygenation event in an
atmosphere without oxygen (O,), so that its mechanism was not constrained by O,.
However, with the rise of atmospheric O, concentrations to modern-day levels, as a result of
the second great oxygenation event, RubisCO had to learn to discriminate between CO, and
O,. Because discrimination usually comes at the cost of reduced catalytic rate, a more
specific enzymes almost inevitably becomes a slower catalyst [13]. As a consequence
RubisCO had to evolve along a Pareto front of enzyme activity and specificity, a trade-off in
which the modern enzyme apparently became trapped.

Although this part of RubisCO’s evolutionary history is generally accepted, the answer to
the question how RubisCO arose to become Nature’s predominant CO,-fixing enzyme is
less well known. In this article we leave firm grounds to illuminate the emergence of ‘proto-
RubisCQ’, the first RubisCO homolog that catalyzed a carboxylation reaction, its integration
into the Calvin cycle and its further evolution into the modern day CO,-fixing enzyme
complex, called the ‘RubisCOsome’. The picture we draw is based on works, ideas,
discussions and comments of many colleagues and is summarized in three main hypothesis
(‘opinions’) that are discussed in the following.

RubisCO evolved from a non-CO,-fixing ancestor

How did RubisCO emerge as Nature’s most dominant CO,-fixing biocatalyst? A key for
understanding the evolution of RubisCO are RubisCO-like proteins (RLPs) [14]. RLPs are
phylogenetically and evolutionarily related to RubisCOs, with which together they form the
RLP/RubisCO enzyme superfamily (Fig. 1). While RLPs share substantial sequence identity

Curr Opin Biotechnol. Author manuscript; available in PMC 2021 May 13.


https://brenda-enzymes.org/
https://brenda-enzymes.org/

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Erb and Zarzycki

Page 3

with RubisCOs, they lack active site amino acid residues that are known to be essential for
the carboxylation reaction of RubisCO.

For several RLP subfamilies a biochemical and physiological function has been determined.
The tautomerase subfamily of RLPs operates in a variant of the ubiquitous ‘methionine
salvage’ pathway that recycles the dead end metabolite methylthioadenosine (MTA) into L-
methionine [15]. The 1,3-isomerase subfamily of RLPs function in the so-called MTA-
isoprenoid shunt that channels MTA into isoprenoid biosynthesis [16]. Recently, a subfamily
of decarboxylase RLPs was identified that serve in a degradation pathway of the four carbon
sugar acids erythronate and threonate [17].

Based on sequence diversity, functional evidences, and genomic context, at least four more
RLP subfamilies can be distinguished [16,18,19] that are most likely also isomerases and/or
epimerases [20]. Thus, the RLP/RubisCO superfamily features at least seven functionally
distinct RLP subfamilies besides the subfamily of ‘true RubisCOs’ that can be divided into
three distinct phylotypes (RubisCOs Form I, Il and 111).

How did all these different RLP functions emerge during evolution, and among the different
functions, how in particular, did the carboxylation trait evolve that is apparently restricted to
the subfamily of true RubisCOs only? Two alternative hypotheses can be formulated that are
mutually exclusive.

Hypothesis 1

The carboxylation function in the RLP/RubisCO superfamily is an ancient trait [21].
According to this hypothesis, the carboxylation reaction is an original function and
RubisCO-like proteins evolved from a CO,-fixing, ancestral enzyme (a ‘proto-RubisCQO’) by
loss of the CO,-fixation activity.

Hypothesis 2

The carboxylation function in the RLP/RubisCO superfamily is a novel trait that was
acquired during evolution [22,23]. According to this hypothesis, RubisCO emerged from a
non-CO,-fixing ancestor. The emergence of the carboxylation function is a secondary event
and all RubisCOs are of monophyletic origin.

Although the history of evolutionary events cannot be recapitulated in retrospect, several
arguments can be considered to delineate the most plausible evolutionary scenario. Valuable
information lies in the various reactions that are catalyzed by the RLP/RubisCO superfamily.
The enzymes of the different subfamilies catalyze distinct biochemical reactions. Yet, they
share some basic aspects. All reactions in the RLP/RubisCO superfamily center on
structurally similar substrates, a Cs or C,4 sugar derivative that features a phosphate in the C1
and a keto group in the C2 or C3 position (Fig 1). A general catalytic mechanism can be
formulated that is conserved in all members of the RLP/RubisCO superfamily characterized
to date. This core mechanism includes the formation of a central enolate intermediate. In
most cases this happens through the acid/base catalyzed abstraction of a proton adjacent to
the keto group [24,25]. In a subsequent step, the central enolate intermediate then attacks an
electrophile that can be a proton, carbon dioxide or oxygen molecule [26].
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While the initial steps of catalysis that lead to formation of the central enolate intermediate
are mostly conserved between the different subfamilies, they diverge in the later steps of the
catalytic cycle, leading to a diverse outcome of reaction products, which explains the
different catalytic functions that evolved in the RLP/RubisCO superfamily (Fig. 1). In case
of the tautomerase and the decarboxylase RLP subfamilies, the enolate intermediate simply
attacks a proton to yield the reaction product. In case of the 1,3-isomerase RLP subfamily
two subsequent proton abstraction and attacks take place. Finally, in RubisCOs the central
enolate intermediate attacks CO» (or O,), which is followed by a subsequent water-mediated
hydrolysis reaction to generate the two 3-phosphoglycerate molecules.

Apparently, there is an increasing mechanistic complexity from the simple tautomerase
reaction to the multi-step reaction of RubisCO. It is fair to conclude that the increase in
mechanistic complexity observed in the RubisCO subfamily reflects an evolutionary
development and that the more complex mechanism of RubisCO israther the end of an
evolutionary trajectory than its starting point (Fig. 1 & 2).

This line of mechanistic evidence is further supported by structural arguments. All members
of the RLP/RubisCOs superfamily are eight-stranded a/B-barrels, which is the most frequent
and most versatile protein fold used by evolution [27]. However, in contrast to all RLP
subfamily members that have been structurally characterized to date, RubisCOs feature an
additional p-hairpin in loop number 6 that carries residues essential to the carboxylation
reaction. Applying the principle of Occam’s razor, it is rather likely that the subfamily of
RubisCOs gained this additional stretch of amino acids during evolution compared to the
possibility that all seven other subfamilies lost this additional B-hairpin in loop 6. Current
approaches that explore the emergence and evolution of a/p-barrel proteins [28,29] might
help to reconstruct and understand the evolutionary history of loop 6 architecture and the
evolution of RubisCO in the future.

In summary, physiological, mechanistic and structural data support the hypothesis that the
RLP/RubisCO-superfamily is originally a family of enolases and that the carboxylation
function is a later invention in this superfamily (Fig. 2).

RubisCO evolved in a non-heterotrophic context

The hypothesis that the emergence of RubisCO is a rather late evolutionary event matches
well with the notion that the Calvin cycle is most likely not the first autotrophic CO,-
fixation pathway and that RubisCO evolved in a non-autotrophic context [30]. But in what
kind of heterotrophic context did RubisCO evolve, what initial function did it serve and what
purpose did this CO,-fixing but non-autotrophic pathway have?

Part of the answer to these questions comes from modern day Form 111 RubisCOs found in
archaea and probably represent the most ancient form of the enzyme. Form 111 RubisCOs are
not known to operate in the Calvin cycle for autotrophic CO,-fixation, but in assimilation of
ribonucleosides [31-33]. In the so-called pentosebisphosphate pathway in archaea, which
lack the ‘canoncial’ pentosephosphate pathway, the ribose moiety of adenosine, guanosine
and uridine is metabolized via RuBP and through the action of RubisCO into two molecules
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of 3PG. Approximately 20% of the cell dry weight is RNA, which makes ribose a fairly
abundant carbon sources (up to 8% of the dry weight of biological cellular material). Any
pathway like the pentosebisphosphate pathway that channels ribose into central carbon
intermediates and, at the same time, allows for the additional fixation of inorganic carbon
into biomass would have been of advantage in an early biosphere. This is independent of an
early FeS world scenario [34], according to which life arose around primordial metabolic
cascades in an organic carbon-limited environment, or an early RNA world scenario that
assumes that life began with a prebiotic pool of this biomolecule [35].

Does the function of Form 111 RubisCO in nucleoside metabolism reflect the ancient
function of RubisCO? This hypothesis is further supported by the recent studies on a deep
branching class of bacteria referred to as the candidate phyla radiation (CPR). CPR are
highly abundant in anaerobic environments and contribute to up to 15% of the bacterial
diversity. While CPR have been reluctant to all cultivation efforts until now, metagenomics
studies showed that these bacteria are probably fermenters that thrive on organic carbon and
hydrogen. For several CPR representatives a RubisCO based nucleotide metabolism similar
to the archaeal pentose bisphophate pathway was proposed [36]. This is backed up by
functional studies that showed that the CPR enzymes are indeed true RubisCOs. The
phylogenetic position of these newly discovered enzymes as Form I1/111 intermediates and
close to archaeal Form I11 hints to the transfer of RubisCO from archaea to (these) bacteria

(Fig. 2).

Taken together, recent metagenomic, phylogenetic and biochemical data indicate that
RubisCO evolved as a CO,-fixing enzyme in an ancient, probable archaeal nucleotide
assimilation pathway and that RubisCO-based autotrophy via the Calvin cycle evolved later
in bacteria (Fig. 2).

Another interesting point in this respect is the fact that even today the Calvin cycle does not
only function in autotrophic CO, fixation. During anaerobic photoheterotrophic growth of
a-proteobacteria, the Calvin cycle is primarily used for the recycling of redox cofactors on
growth substrates that are more reduced than the average cell carbon [37]. Furthermore,
several non-autotrophic bacteria in the soil harbor RubisCO genes that also serve in redox
balancing and carbon by-fixation [38]. It is tempting to speculate that a first Calvin cycle
might have evolved from ancient nucleotide metabolism and initially served in redox
cofactor balancing and/or mixotrophy, before developing its autotrophic function (Fig. 2).

How fast could a first version of the Calvin cycle have evolved? Surprisingly fast! Recent
experiments demonstrate that when RubisCO is heterologously expressed together with
phosphoribulokinase in Escherichia coli and selective pressure is applied, a functional
Calvin cycle can be established remarkably fast and reproducibly. It takes only a hundred
generations and a handful of mutations to convert the heterotrophic organism E£. coliinto a
hemi-autotrophic organism, in which all sugars are formed from CO, only [39]. From this £.
colilaboratory experiment, it still remains unclear when exactly and how many times the
Calvin cycle might have been (re-)invented during evolution. Nevertheless, the £. coli
evolution experiment revealed a surprising metabolic plasticity of prokaryotic central carbon
metabolism and demonstrated impressively how fast new metabolic features, such as the
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Calvin cycle could have emerged in a heterotrophic background and further evolved to
become the dominant autotrophic carbon fixation pathway in the biosphere.

RubisCO evolved from a simple enzyme into a composite enzyme complex

The rise of RubisCO as key enzyme of autotrophic CO, fixation required that the enzyme
operates at high rates and with high efficiency. This is a prerequisite to achieve sufficient
flux through central carbon metabolism, because virtually every carbon converted into
biomass needs to be fixed via the Calvin cycle. Especially in the aftermath of the emergence
of oxygenic photosynthesis and the great oxygenation event, RubisCO underwent strong
evolutionary pressure to keep up its CO» fixation efficiency in the presence of O,. RubisCO
ultimately reached the Pareto optimality of enzyme activity and specificity and came to an
evolutionary state in which neither of the two catalytic parameters could be further improved
without negatively affecting the other one. This forced Nature to develop novel strategies to
overcome the catalytic dilemma of RubisCO to further improve the enzymes performance

(Fig. 2).

The evolutionary adaptations culminated in the formation of a multifaceted RubisCO
complex that can be best viewed as ‘RubisCOsome’. It becomes clearer that modern
RubisCO cannot be considered as a stand-alone enzyme, but as an enzyme that functions
together with a host of other proteins and enzymes. Formation of the RubisCOsome allowed
to improve the working conditions surrounding the enzyme. This in turn enabled organisms
that rely on the Calvin cycle to conquer virtually any ecological niche in the biosphere. How
can we imagine the evolution of the RubisCOsome and what guided these developments?

Oligomerization of RubisCO

A first step towards evolution of the RubisCOsome was the formation of larger RubisCO
complexes. All extant RubisCOs (including the RLPs) share a common feature: their active
sites are formed at the interface between two ~50 kDa large subunits that contribute all
residues required for catalysis. However, beyond this homodimeric enzyme core (L2),
RubisCOs became organized in higher oligomeric states during evolution. Form 1l & 111
RubisCOs are known to occur with higher (Ly), stoichiometry (with /7up to 5) and Form |
RubisCOs are organized in four L, dimers that assemble together with an additional small
subunit (S) of ~15 kDa into a hetero hexadecameric LgSg RubisCO complex. In Form |
RubisCO oligomerization and the presence of the additional small subunits increases
catalytic efficiency and specificity. It has been suggested that the additional small subunits
function as CO», reservoir [40]. A subgroup of Form 111 RubisCOs [41], possess a short (~29
amino acids) insertion domain that apparently mimics the function of the small subunit of
Form I RubisCOs [41]. When this domain is truncated, oligomerization is lost and the
truncated enzymes shows ~5-fold lower specific activity compared to the wild type enzyme
[42]. These findings indicate and underline the general evolutionary trend in the RubisCO
subfamily to utilize RubisCO large subunit oligomerization or ‘concentration’ to influence
and determine the enzyme kinetic properties (Fig. 2).
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Scaffolding RubisCO

A continuation and expansion of this evolutionary theme of aggregating and complexing
RubisCO can be found in the emergence of carboxysomes in cyanobacteria [43] as well as
the pyrenoids in eukaryotic algae [44]. Both mechanisms are concentrating RubisCO
through the interaction with dedicated ‘scaffolding proteins’ in delimited (micro)-
compartments together with carbonic anhydrases (CA). CAs convert intracellularly enriched
bicarbonate into CO,, thus providing a high local CO, concentration in the vicinity of
RubisCO. Especially the carboxysomes allowed the evolution of cyanobacterial RubisCOs
that were able to retain a fairly low substrate specificity and gain much higher catalytic rates
[11]. The fact that plants do not have any genes encoding for carboxysome proteins suggests
that these microcompartments only arose after the primary endosymbiosis event as a result
of the second great oxidation event and drastically decreasing atmospheric CO,
concentrations within the last 400 million years [11]. This forced plants to develop other
strategies to cope, such as the invention of C4 metabolism, the fine tuning of the
photorespiration pathway, as well as the evolution of RubisCOs with even higher substrate
specificities.

RubisCO-specific Chaperones

The evolution of complex RubisCOs with higher specificities not only comes at a cost of
catalytic rates but also with another problem. Many RubisCOs, and especially Form |
RubisCOs suffer from inhibition by several naturally occurring sugar phosphates such as 2-
carboxyarabitinol 1-phosphate (CA1P), xylulose 1,5-bisphosphate (XuBP), and even by the
native substrate RuBP [45,46]. If RuBP (or XuBP) is bound to an active site that lacks the
carbamylated lysine, carboxylation cannot occur and re-carbamylation of the lysine is
prevented as well. This leads to a dead-end (inactive) enzyme-substrate complex. Other
sugar phosphates like CA1P can be bound to a carbamylated active site and act as a non-
reactive RuBP analog. The binding of these compounds to RubisCO results in a very tightly
closed conformation, whereby it is observed that the higher the specificity for CO, over O,
the tighter the binding of inhibitors [46]. Evolution has solved this problem by providing
another set of proteins, so called RubisCO activases (RCASs) that became part of the
RubisCOsome (Fig. 2). RCAs are dedicated ATP dependent chaperones that can open the
active site of RubisCO and release the inhibitory compounds [47-50]. Three classes of
RCAs have been identified to-date (green type, red-type, and CbbQO) that all belong to the
ATPases superfamily of enzymes [51]. Genes encoding RCAs can often be found up- or
downst ream of carboxysomal gene clusters [52]. Moreover, some of these RCAs possess an
additional C-terminal domain mimicking the small subunit of RubisCO [53]. Both these
findings hint at a probable encapsulation of the RCAs in the carboxysomes. The co-
evolution of RCAs with their corresponding RubisCO has resulted in some level of
incompatibility [46]. Thus, when transplantation of foreign RubisCOs into crop plants or
biotechnologically used microbes are to be attempted one may have to consider bringing
along the specific RCA to reconstitute the functional RubisCOsome.

All in all it is thus more appropriate to regard RubisCO as the center (heart) of a multi
enzyme complex (Fig. 2), which has to be acknowledged/addressed in future attempts of re-
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engineering and transplanting these enzymes into hosts of agricultural and biotechnological
interest.

The fall of RubisCO? Synthetic approaches to overcome the evolutionary
constraints of RubisCO

Even though evolution is generally considered to be a highly creative force, its nature is
actually rather conservative. Once a biological solution is found by evolution, the space to
explore new evolutionary paths dramatically narrows, as evolution rather tends to work in a
tinkering fashion by improving and recombining existing parts and pieces. This pattern is
also reflected in RubisCO’s history: The evolution of proto-RubisCO in a scaffold of
enolizing enzymes without carboxylation activity, its initial function in a heterotrophic
context, which only evolved later to become the Calvin cycle, and the subsequent addition of
more proteins to the catalytic core of RubisCO to improve its functionality that cumulated in
the formation of the RubisCOsome.

With the advent of synthetic biology, however, it becomes possible to realize completely
novel biological solutions that are not bound by historical constraints in a rational fashion.
Currently, several ideas are followed to overcome RubisCO’s inefficiency with synthetic
biological methods: Some approaches aim at replaying the evolution of RubisCO with
RubisCO variants [54] or resurrected ancestors [11], which are placed under strong O2
selection to create alternate RubisCOs that could break the Pareto front of modern-day
RubisCOs. Other ideas focus on extending the Pareto front by creating a ‘neo-RubisCO’, an
enzyme that catalyzes the same chemistry as RubisCO but in a different protein scaffold that
would allow to discriminate better against O.

The most radical approaches, however, aim at completely redesigning photosynthetic central
carbon metabolism. Some efforts aim at realizing a synthetic photorespiration that would
even allow for additional CO, fixation and could cover up for RubisCO’s side reaction with
05, [55]. Other efforts focus on creating novel CO, fixation pathways that are independent of
RubisCO, such as the MOG [56] or the CETCH cycle [57]. The latter is based on the highly
efficient and versatile class of enoyl-CoA carboxylases/reductases [58,59] that are notably
also not affected by O, because of their unique CO,-fixation mechanism [60,61]. The
CETCH cycle was recently realized with 17 different enzymes from nine different
organisms, including three redesigned enzymes and shown to turn at a rate comparable to the
Calvin cycle in vitro [57].

However, despite impressive progress in all these efforts, it should be noted that modern
cells are highly integrated biological systems, which needs to be considered in any
approaches that focus on substituting or bypassing RubisCO. For instance the fact that linear
electron flow matches almost perfectly the ATP and NADPH stoichiometries of the Calvin
cycle might hint that it will not be sufficient to implement synthetic photorespiration and/or
CO»-fixation into photosynthetic organisms without further adaptions. Only the future will
tell whether carbon fixation through an alternatively evolved RubisCO, a neo-RubisCO, or
RubisCO-independent synthetic pathways will allow us to rewrite or even overwrite the
chapter of RubisCQO’s evolution.
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Bulletpoints

. RubisCO evolved to become Nature’s predominant CO,-fixing enzyme
through three distinct steps

. RubisCO evolved from a non-CO»-fixing ancestral enzyme into a true
carboxylase

. RubisCO emerged in a non-autotrophic context before the Calvin cycle
evolved

. RubisCO evolved from a simple enzyme into a composite enzyme complex,
the RubisCOsome that helped to improve the enzyme’s functionality in an
O5-rich atmosphere

. Multiple synthetic biological approaches aim at overcoming RubisCO and its
catalytic imperfection in the future
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Figure 1. Evolution of the carboxylation function in the RLP/RubisCO superfamily of enzymes.
The left panel shows a phylogenetic tree of the RLP/RubisCO superfamily, with RubisCOs

depicted in red and RLPs of the 1,3-isomerase and tautomerase family shown in blue. The
different reaction mechanisms postulated for these enzymes are shown on the right panel.
All reactions proceed through a central enolate intermediate that is formed by the initial
abstraction of a proton from the respective substrate (highlighted in green). Compared to
RubisCO, the reactions of the 1,3-isomerase and tautomerase are mechanistically simpler,
indicating that the more complex CO,-fixing reaction of RubisCO emerged in the scaffold of
a RLP ancestor. The phylogenetic tree was adapted with changes from Schada et al. [26].
Ribulose-1,5-bisphosphate (Ru-1,5-BP), methylthioribulose-1-phosphate (MT-Ru-1P),
methylthioribulose-5-phosphate (MT-Ru-5P), methylthioxylulose-5-phosphate (MT-Xu-5P),

2,3-diketo methylthiopentyl-1-phsphate (DK-MT-pentyl-1P), 2-hydroxy-3-keto-5-

methylthiopentenyl-1-phosphate (HK-MT-pentenyl-1P).
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Figure 2. Hypothetical timeline of the emergence and evolution of RubisCO.
The figure summarizes the individual events in the emergence of RubisCO from a non-CO»-

fixing ancestor to complex, modern-day RubisCO (Form I) which operates in chloroplasts
and cyanobacterial carboxysomes. The postulated events are based on the main steps during
evolution that are discussed in the main text. Note that timeline is only relative and that the
order of some of the events might differ, which is highlighted by a question mark.
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