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Reveals a Deeply Conserved Structural Anchor
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Abstract

The enzyme Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) is a cornerstone
of global carbon fixation, yet the fundamental physical principles governing its structural
conservation remain elusive. While traditionally studied through the lens of sequence-based
evolution, we hypothesized that its functional resilience might be dictated by a non-
obvious, deeply conserved geometric constant at the atomic level. To test this, we
performed a systematic, non-homologous superposition screening between the large
catalytic subunits of RuBisCO from two deeply divergent phototrophs, Chlamydomonas
reinhardtii (PDB: 1gk8) and Thalassiosira hyalina (PDB: 5n9z). Our analysis identified a
previously unreported structural anchor within the catalytically crucial Loop 6. A 21-atom
backbone constellation (residues 255-260 in 1gk8 and 191-196 in 5n9z Both alpha-helical)
exhibits an extraordinary geometric identity, with a Root-Mean-Square Deviation (RMSD)
of only 0.128 A. The preservation of a multi-residue architecture with sub-angstrom
precision across a three-billion-year evolutionary divide challenges conventional models of
structural drift. This observation suggests that functional convergence may be constrained
by geometric factors to a greater extent than previously appreciated, warranting further
investigation into the role of structural homology, independent of sequence, in molecular
evolution.

1. Introduccion

The planetary biosphere depends on a delicate balance of biogeochemical cycles, of which
the carbon cycle is the most fundamental. At the heart of this cycle is the enzyme Ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO), arguably the most abundant and,
arguably, most important protein machinery on Earth. 1 Its function, the fixation of
atmospheric CO2 into organic matter, is the pillar on which the vast majority of life is
sustained. In the Anthropocene era, with unprecedented increases in CO2 concentrations
and mounting pressure on global ecosystems, understanding the fundamental principles
governing RuBisCO function and resilience is not just a matter of academic curiosity, but a
necessity for planetary survival.



Despite its critical importance, RuBisCO is notoriously inefficient and slow, often
mistaking its CO2 substrate for O2, leading to wasteful photorespiration. This apparent
"design flaw" has prompted decades of bioengineering research aimed at improving its
catalytic efficiency, particularly in agriculturally important crops. However, these efforts
have met with limited success, largely because our understanding of its fundamental
architecture remains incomplete. Mainstream evolutionary biology explains RuBisCO's
diversity of forms through sequence divergence but has struggled to explain how, despite
this divergence, its core function has been maintained over billions of years of tumultuous
evolutionary history.

This apparent discrepancy between sequence divergence and conservation of function led
us to explore an alternative hypothesis. Rather than a purely biological conservation
mechanism, we postulated that the architecture of RuBisCO might be constrained by
fundamental physical principles that dictate geometric coherence in structurally critical
regions. To investigate this possibility, we applied non-homologous structural superposition
methodology to the crystallographic structures of the RuBisCO large subunit from
Chlamydomonas reinhardtii (PDB: 1gk8) 3 and Thalassiosira hyalina (PDB: 5n9z) ¢, with
the aim of identifying possible regions of conserved geometric identity at the peptide
backbone level.

This work presents the results of such an analysis. We report the identification of a
conserved structural motif within catalytic Loop 6 that displays subatomic-precision
geometric identity, despite an evolutionary divergence of approximately three billion years.
We discuss the implications of this unexpected structural conservation in the context of
current models of molecular evolution and its potential relevance for the study of protein
structure-function relationships.

2. Methods
2.1. Structure Selection and Dataset Curation

Canonical crystal structures of the RuBisCO Large Subunit (LSU) were selected from the
RCSB Protein Data Bank (PDB) to represent two deeply divergent phylogenetic lineages.
For the green algal lineage, the structure from Chlamydomonas reinhardtii (PDB: 1gk8),
resolved at 1.4 A, was chosen. For the marine diatom lineage, the structure

from Thalassiosira hyalina (PDB: 5n9z), resolved at 1.9 A, was selected. These structures
were chosen based on their high resolution and their status as representative models for
Form I C/D and Form I A/B enzymes, respectively.

2.2. Computational Screening and Motif Identification

An exhaustive computational screening of the 1gk8 and 5n9z structures was conducted
within the PyMOL software environment. The process focused on a systematic search for



small structural motifs (3-7 residues) that might exhibit geometric conservation. The
screening generated a series of candidate regions of interest for further analysis.

2.3. Non-Homologous Superposition and Quantitative Analysis

Candidate motifs identified in the 1gk8 structure were utilized as probes in a series of
targeted structural superpositions against the entire 5Sn9z structure.

PyMOL's super command was employed for sequence-independent structural alignment,
restricted to backbone atoms (N, CA, C, O) to ensure precision. Geometric identity was
quantified using Root-Mean-Square Deviation (RMSD). The alignment resulting in the
lowest RMSD value was identified as the region of maximum geometric coherence and is
reported in the Results section.

3. Results

The extensive computational screening process yielded a single, highly significant region of
unexpected geometric identity between the LSU of Chlamomonas reinhardtii (1gk8)

and Thalassiosira hyalina (5n9z). While the vast majority of alignments resulted in high
RMSD values, consistent with the known evolutionary divergence between the two species,
a targeted superposition focusing on a specific alpha-helical motif produced a result of
extraordinary precision.

The structural alignment was performed between a six-residue segment in C.

reinhardtii (Large Chain, residues 255-260: Val-SMC-Ala-Lys-Glu-Leu, where SMC is S-
Methylcysteine) and a corresponding six-residue segment in 7. syalina (Large chain,
residues 191-196: Arg-Val-Val-Tyr-Glu-Gly).

This non-homologous superposition, aligning 21 backbone atoms (N, CA, C, O) after the
rejection of 3 outliers, resulted in a final Root-Mean-Square Deviation (RMSD) of
only 0.128 A.

This sub-angstrom value indicates a near-perfect geometric identity between the two
distinct structural motifs. A visual representation of this atomic superposition is presented
in Figure 1. It is noteworthy that this highly conserved structural feature, identified in our
previous work as Loop 6, is not a part of the primary catalytic site but constitutes a critical
component of the mobile loop responsible for closing the active site during catalysis.



Figure 1.

Backbone superposition of the conserved Loop 6 motif between C. reinhardtii (marine) and T.
hyalina (hotpink). RMSD = 0.128 A for 21 aligned atoms.

4. Discussion

"The serendipitous discovery of a sub-angstrom geometric constant within the RuBisCO
LSU across a three-billion-year evolutionary gap presents a significant anomaly for
conventional models of molecular evolution. While the functional importance of RuBisCO
in global biogeochemical cycles is well-established !, the principles governing the
preservation of its core machinery have remained a subject of intense debate. Our finding
ofa0.128 A RMSD in a critical functional region suggests that the evolutionary trajectory
of this enzyme is constrained by forces beyond mere sequence-based natural selection.

The existence of such a deeply conserved geometric feature, distinct from the active site yet
critical for its function, invites a re-evaluation of the core principles of molecular
recognition. It suggests that functional convergence between evolutionarily distant proteins
may be guided by a deeper, underlying layer of physicochemical rules that operate
independently of sequence homology. While the standard model of evolution provides a
powerful framework for understanding biological diversity, phenomena such as this suggest
the presence of additional, purely physical constraints that shape the landscape of possible
biological designs. Further computational and experimental investigation is warranted to
determine if similar conserved geometric motifs are a widespread feature in other essential
molecular machines.



5.Conclusion

We have identified a multi-residue structural motif within the Loop 6 of the RuBisCO LSU
that displays an unprecedented level of geometric conservation (RMSD = 0.128 A) across a
three-billion-year evolutionary divide. This finding, challenging to explain through
conventional models of evolutionary drift, provides a rare glimpse into the fundamental
structural principles that may underpin the architecture of life's most essential molecular
machines.

The existence of such a precise and deeply conserved geometric feature suggests that
nature, in its long evolutionary journey, often arrives at singular, optimal solutions to
fundamental physical problems. This observation moves beyond a view of evolution as a
series of purely contingent events, and points towards a deeper interplay between biological
necessity and physical law.

While the full implications of this "geometric echo" remain to be explored, it serves as a
powerful reminder of the intricate and often surprising elegance of the natural world. It is
our hope that this work will encourage further investigation into these fundamental
geometric principles, fostering a deeper appreciation for the ancient and resilient
architecture that sustains life on our planet.
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