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SUMMARY

The enzyme rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase) catalyzes the majority of biological
carbon fixation on Earth. Although the vast majority of rubiscos across the tree of life assemble as homo-olig-
omers, the globally predominant form | enzyme—found in plants, algae, and cyanobacteria—forms a unique
hetero-oligomeric complex. The recent discovery of a homo-oligomeric sister group to form | rubisco (named
form I') has filled a key gap in our understanding of the enigmatic origins of the form | clade. However, to eluci-
date the series of molecular events leading to the evolution of form | rubisco, we must examine more distantly
related sibling clades to contextualize the molecular features distinguishing form | and form I’ rubiscos. Here,
we present a comparative structural study retracing the evolutionary history of rubisco that reveals a complex
structural trajectory leading to the ultimate hetero-oligomerization of the form | clade. We structurally char-
acterize the oligomeric states of deep-branching form lae and I” rubiscos recently discovered from metage-
nomes, which represent key evolutionary intermediates preceding the form | clade. We further solve the
structure of form I” rubisco, revealing the molecular determinants that likely primed the enzyme core for
the transition from a homo-oligomer to a hetero-oligomer. Our findings yield new insight into the evolutionary
trajectory underpinning the adoption and entrenchment of the prevalent assembly of form | rubisco,
providing additional context when viewing the enzyme family through the broader lens of protein evolution.

INTRODUCTION

Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase)
serves as the entry point for nearly all inorganic carbon into the
biosphere."? This enzyme fixes environmental carbon dioxide
to its substrate, ribulose-1,5-bisphosphate (RuBP), to form a
six-carbon intermediate, which is subsequently cleaved into

5316 Current Biology 33, 5316-5325, December 18, 2023 © 2023 The Author(s). Published by Elsevier Inc.

two three-carbon molecules of 3-phosphoglycerate (3-PGA) for
the downstream synthesis of organic compounds, most notably
in the Calvin-Benson-Bassham cycle in oxygenic photosyn-
thesis.”*™® Though multiple forms of rubisco have been identi-
fied, form | enzymes are the predominant assembly, being
involved in photosynthesis and representing over 90% of rubisco

in nature.>”’

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://twitter.com/LabShih
mailto:pmshih@berkeley.edu
https://doi.org/10.1016/j.cub.2023.10.053
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2023.10.053&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Current Biology

Form IlIA

Form 1I/111
Form I
bo SR
B
(i) <) ® rbclL
(i) aaeam—) ® PRK
la i) ‘ > ) cbbR
) Transketolase
(V) <—— ) m— Transaldolase
" (V) = @® Termination Factor Rho

Figure 1. Metagenomic rubisco sequences cluster with novel deep-
branching clades

(A) Unrooted maximum likelihood phylogenetic tree of rubisco forms. Fel-
senstein bootstrap values indicated at key nodes. Large subunits within ru-
bisco dimers colored in alternating light and dark shades to illustrate dimeric
interface. Form | PDB: 1RBL; form I’ PDB: 6URA; form IV PDB: 2QYG; form Il
PDB: 5RUB, PDB: 7T1C, PDB: 5C2C; form II/lll PDB: 5MAC; form 1lIB PDB:
8DHT, PDB: 2CWX, PDB: 1GEH.

(B) Clinker diagram indicating genes surrounding rubisco large subunit (rbcL)
gene. Form name indicated on left. Sequences in order: () PLM2_5_b1_jun17_
scaffold_3874 (form la); (i) GWC2_Chloroflexi_73_18_gwc2_scaffold_
3548 (form la); (i) Rifsed_csp1_10ft_1_scaffold_31868 (form la); (iv)
RBG_16_CP_70_13_RBG_16_scaffold_22096 (form lo); and (v) GXS_idba_
scaffold_1654 (form I"). All form lo. sequences correspond to the Limnocylindria
class; the form I’ sequence corresponds to the Firmicutes phylum.

See also Figures S1 and S2 and Table S1.

The basic structure of a functional rubisco is a dimer of two
large subunits (RbcL, ~50 kDa) that assemble in a head-to-tail
manner, resulting in the proper structure of the active site for
catalysis.®>® While all other forms of rubisco (i.e., forms II, lI/Ill,
and lll) are composed of these repeating dimers in various
higher-order assemblies, form | enzymes are unique in their
incorporation of an additional small subunit (RbcS, ~13-
17 kDa) that cap the octameric RbcL core (Lg) at the junctions be-
tween dimers, resulting in a hexadecameric assembly (LgSg)
(Figure 1A).°>®"" Form | rubisco has become structurally en-
trenched as a hexadecamer due to its strict dependence on
the small subunits for catalysis, with enzymes losing activity
and displaying decreased stability in their absence.'?'* This
entrenchment and the events leading up to it make the evolu-
tionary trajectory of the form | clade anomalous among all rubis-
cos, as all other forms display multiple oligomeric states in each
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clade, highlighting the variance in higher-order structure outside
of the form | clade.®”*° This presents a unique opportunity to uti-
lize rubisco as an interesting system for studying the evolution of
oligomerization; patterns of both structural entrenchment and
structural plasticity are observed within a single enzyme family,
allowing for the broad sampling of sequences and assemblies
to characterize the evolutionary trajectories giving rise to the di-
versity of extant rubisco.

Recent metagenomic studies have illuminated the evolu-
tionary steps and missing lineages preceding the origin of the
form | clade. We previously identified protein sequences that
clustered between the form | clade and all other forms, named
form I'.'* Inspection of the metagenome-assembled genomes
containing form I’ sequences revealed the absence of corre-
sponding small subunit sequences, though other Calvin-
Benson-Bassham cycle genes were identified.' The form I’
enzyme from Candidatus Promineofilum breve (Ca. P. breve)
was found to adopt an octameric assembly similar to the octa-
meric core found in form | enzymes, albeit without small sub-
units.'* This discovery represents an evolutionary intermediate
between other rubisco oligomers and the form | hexadecamer
and, importantly, shows that octamerization occurred prior to
small subunit acquisition.

Additional points of comparison are still needed to properly
place the events that led to key evolutionary transitions. Specif-
ically, the discovery of the form I’ clade alone does not reveal the
origins of the form | clade. The divergence of the form I/I' clades
can be explained by two possible scenarios: (1) form I’ rubisco
represent the homo-oligomeric state prior to the incorporation
of the small subunit; (2) the form I' clade lost the ability to bind
the small subunit, either by losing the features driving hetero-
oligomerization or by reverting back to a homo-oligomer. Deci-
phering the exact cause of this divergence is necessary to fully
understand the possible structural entrenchment or plasticity
that enabled the homo- to a hetero-oligomer transition.

As the breadth of metagenomic studies increases, rubisco se-
quences have been identified that do not cluster with any previ-
ously identified forms, with some revealing the existence of addi-
tional clades between form | and the remaining forms of
rubisco.'® Enhanced sampling across the rubisco phylogeny—
especially in sparsely covered regions of the tree—is providing
the requisite evolutionary reference points to begin to tease
apart the origins of the form | clade. Two recent sister clades
to form | rubisco, dubbed forms le. and I, have been discovered
in the lineage between forms |, I, and llIB, the next closest clade,
providing much needed branches to resolve how this evolution
unfolded."® However, our knowledge of the phylogenetic and
structural properties of forms I’ and lo. remains scant, as the
phylogenetic order in which these two forms appear has proven
challenging”"'%'° (Figure 1A).

Schulz et al.’s recent study utilized the presence or absence of
a single C-terminal insertion to constrain the topology of the form
I and lo region in the rubisco phylogeny.'® Due to the presence
of this insertion in the form | and I’ clades, but not in the form I or
lo. clades, a parsimony-based argument was made to constrain
the rubisco phylogeny, with their topology reflecting the diver-
gence of the form I” and form | clades from an ancestral node
and the form I’ clade diverging prior to both.'® Using this con-
strained topology, ancestral sequence reconstruction (ASR) of
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this node revealed an octameric enzyme containing the distin-
guishing C-terminal insertion, in agreement with their experi-
mental understanding of the acquisition of hetero-oligomeriza-
tion in form | rubisco.’® However, the placement of the form I',
I”, and | clades on this phylogeny is poorly supported due the
constraint imposed on this section of the phylogeny.” As a
result, the poor support based on Schulz et al.’s makes the exact
order in which these forms diverge unclear, and both additional
taxa and unconstrained phylogenetic analyses are needed to
better clarify this poorly resolved region in rubisco evolution.

Resolving this portion of the rubisco phylogeny is essential to
understanding the key evolutionary steps in the transition from
homo-oligomeric to hetero-oligomeric rubisco. Using molecular
weight measurements, it has been posited that a form lo. enzyme
adopts a dimeric assembly; however, no information is available
regarding the assembly of form I"."®"° Without structural data
from form I’, we cannot characterize the transition from a dimer
to an octamer during the evolution of form I. As such, detailed
structural characterization of new sequences in these interme-
diary clades will further our understanding of how the hetero-
oligomeric rubisco evolved. Here, we investigate the assemblies
of form le. and I’ enzymes, further characterizing the trajectory
and evolution of structural complexity leading up to the
entrenchment of the form | clade.

RESULTS

Discovery of deep-branching rubisco sequences
Four rubisco large subunit protein sequences (RbcL) were iden-
tified in Chloroflexota genomes from aquifer sediment in Rifle,
Colorado, via phylogeny and were designated as a new rubisco
form, named la.”® One of these sequences was truncated by
approximately 100 residues, including known active site resi-
dues,® and was excluded from further analysis. Another form la
sequence thought to originate from a member of the Limnocylin-
dria class was found on an unbinned metagenomic contig, as
identified by phylogeny utilizing reference sequences,’® and
samples obtained from the East River watershed, Gunnison
County, Colorado.'®

An additional RbcL protein sequence, clustering with the puta-
tive form I”” clade,® was also discovered in a sediment sample
from the GongXiaoShe (GXS) hot spring in the Yunnan province
of China, as collected in January 2016. The extracted genomic
DNA was sequenced and analyzed to reveal a novel bacterial
phylum (“Candidatus Kryptonia”),'” and the contig containing
the large subunit gene (rbcL) was taxonomically assigned to
the bacteria domain. Manual curation and extension of the contig
was attempted but failed as the sequencing coverage was insuf-
ficient, though taxonomic assignment of other genes indicated
that it may have been isolated from a member of the Firmicutes
phylum.

New metagenomic sequences bolster phylogenetic
support of deep-branching intermediary clades

Utilizing the five metagenomic RbcL protein sequences, we
generated a phylogeny of all forms of rubisco to query their po-
sitions across known forms (Figure 1A). The placement of two
clades between form I' and form |lIB rubisco corresponds to
the previously identified form la, containing four of the
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sequences, while the remaining sequence clustered with the
sparsely populated form 1”."*'® In contrast with a previous
study, our unconstrained maximum likelihood phylogenetic
tree revealed that the form |” clade is an intermediate between
the form lo. and I clades (Figures 1A and S1); the alternative phy-
logeny, where the form I” clade is instead found between the
form I’ and | clades, was inferred from the presence of an inser-
tion found in form | and I sequences that is absent in form I’ and
lo. sequences. '° At the branch point between form I’ and forms I
and |, we report a Felsenstein bootstrap value of 1, compared
with the alternative phylogeny from Schulz et al. reporting a value
of 0.21 between form I’ and form I, and an approximate likeli-
hood ratio of 0."® With the addition of four form lo. sequences
and one form I sequence, support for the position of the form
I” clade between the form I' and | clades increased in the
absence of topological constraint, highlighting how the addition
of new sequences can improve the robustness of phylogenetic
support and overall confidence of the distribution of key rubisco
clades.

Inspection of the region surrounding each rbcL gene
sequence in the metagenomic contigs revealed a lack of corre-
sponding small subunit (rbcS) genes (Figures 1B and S2). As
bacterial rbcS is usually found within one or two genes of rbcL,
this suggested that the rubisco encoded by these sequences
would adopt a homomeric assembly.'®'® Additionally, full
genome scans searching for rbcS were performed on the ge-
nomes containing the four form lo. rbcL sequences, confirming
the absence of the small subunit. However, the full genome of
the form-I"-sequence-containing organism was not available
for such an analysis, though it is likely that rbcS is not present
in a cryptic site within its genome.?**" To structurally charac-
terize the form la and I” rubiscos, we synthesized the four form
lo. genes in addition to the singular form I gene for heterologous
protein expression and purification. Of the form lo. rubiscos, only
one, a member of the Limnocylindria class (PLM2_5_b1_jun17_
scaffold_3874), was soluble at a scale amenable for further
analysis. Additionally, the form I” rubisco, from the Firmicutes
phylum (GXS_idba_scaffold_1654), was also soluble in quanti-
ties necessary for analysis. To validate the function of these
metagenomic rubiscos, we conducted a spectroscopic kinetic
assay to verify their catalytic activity. Indeed, the form la Limno-
cylindria sp. and form |” Firmicutes sp. enzymes displayed
carboxylase activity, albeit at a low rate, thus indicating that their
active sites were indeed present and structured properly for
catalysis (Table S1). With validation that our form lo. and I’ repre-
sentatives were active, we proceeded with structural character-
ization of both.

Dimeric form la represents an oligomeric precursor

Previously, characterization of a form lo rubisco by mass
photometry yielded a molecular weight consistent with a
dimeric assembly.'® To query the solution-state assembly of
our form lo. enzyme, we heterologously expressed and
purified the aforementioned member of the Limnocylindria
class, which shared 56.1% sequence identity with the previ-
ously characterized form I’ enzyme from Ca. P. breve.'”
As form la. had previously been identified as adopting a
dimeric assembly, we generated a homo-dimeric AlphaFold
model using the form lo. Limnocylindria sp. protein sequence
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Figure 2. Form la enzyme forms dimer in so-
lution

Form la

Limnocylindria sp. Apo
O Limnocylindria sp. CABP

(A) AlphaFold model of the Limnocylindria sp. form
la enzyme.

(B) SAXS curves for Limnocylindria sp. unbound
(Apo) and bound to transition state analog (CABP)

log I(q)

against AlphaFold model. Fit-residuals indicated
below.

core. Considering that the minimal func-
tional unit of rubisco is the dimeric assem-
bly, the common ancestor of all rubiscos
is widely considered to have been
dimeric, which has also been experimen-
tally demonstrated in form Il enzymes.*°

Our structural characterization of the
form lo. Limnocylindria sp. enzyme sup-
ports this concept, as the dimeric form
lo. enzymes precede the adoption of the
octameric state and acquisition of the

012  0.18

((A)experiment = (@) moger ) / o(@)

utilizing the ColabFold webtool for subsequent analyses
(Figure 2A).%?

To determine the solution-state assembly of this form lo
enzyme, we analyzed a purified sample by size exclusion chro-
matography coupled with small-angle X-ray scattering and multi-
angle light scattering (SEC-SAXS-MALS), enabling the determi-
nation of the molecular weight of the enzyme as well as
collection of a small-angle X-ray scattering (SAXS) profile (Fig-
ure 2B).2>72° SEC-SAXS-MALS data were collected in both the
absence and presence of the rubisco transition state analog
2-carboxyarabinitol 1,5-bisphosphate (2-CABP) in order to
approximate the catalytic conformation of the enzyme active
site and backbone.'*?° During our previous characterization of
the Ca. P. breve form I' enzyme, analysis of the CABP-unbound
(apo) and CABP-bound conditions on native polyacrylamide gel
electrophoresis (native PAGE) showed a change in migration be-
tween the two conditions, though this was later revealed through
SAXS analysis to be a phenomena unrelated to oligomeric state
shift but rather a conformational change induced by CABP bind-
ing."* Thus, our analyses of the form la Limnocylindria sp.
enzyme queried both conditions to address the potential for a
shift in oligomeric state."”'*?” In both conditions, the SAXS
data indicate a dimeric assembly in solution when using the pre-
dicted structure of the form lo. Limnocylindria sp. enzyme (Fig-
ure 2B). This observation is further supported by the MALS-
derived molecular weights at 99.9 kDa for the unbound condition
and 104.4 kDa for the 2-CABP-bound condition, in accordance
with a homo-dimeric assembly of two large subunits at
~50 kDa each. This result is in agreement with a previous mass
photometry measurement on a different form lo. enzyme, where
the determined molecular weight was 98.2 kDa for a dimer."®

The dimeric assembly of form la is thus in agreement with the
current model of the evolution of the form | enzyme octameric

q (A1)

small subunit that would give rise to form
| hexadecameric assemblies. Thus, it is
likely that, from a dimeric common
ancestor, a radiation event gave rise to
the clades of rubisco presently observed
in nature, whereby a dimeric ancestor at the origin of each clade
preceded the evolution of more complex multimeric assemblies.

0.24

Form I’ rubisco adopts an octameric assembly

As no form I enzymes had previously been structurally charac-
terized, we lacked the information required to elucidate how this
unique lineage places within the evolutionary transition to the
form | clade. To address this knowledge gap, we synthesized,
expressed, and purified the metagenomic form I’ rubisco from
the Firmicutes phylum, which shares 66.3% sequence identity
with the form I’ Ca. P. breve enzyme. We determined the struc-
ture of this form I’ enzyme using single-particle cryoelectron mi-
croscopy (cryo-EM) to an overall resolution of 2.2 A, revealing an
octameric homo-oligomer similar to that of form I’ (Figures 3A,
S8, and S4). This assembly was also supported by SEC-SAXS-
MALS analysis for both unbound and 2-CABP-bound complexes
(Figure 3B), with MALS-determined molecular weights at 385.4
and 420.5 kDa, respectively. Prior to the characterization of the
Firmicutes sp. enzyme, the oligomeric state of form I enzymes
was unknown, with only four other sequences identified at pre-
sent."® Our cryo-EM structure reveals the nuances in the step-
wise evolution of octameric rubisco in early progenitors leading
to the form I clade.

Form I interface conservation illuminates trends in
rubisco oligomerization

Previous analysis of the interdimer interface of the Ca. P. breve
form I rubisco identified key residues responsible for maintain-
ing the octameric state.'* Comparison of the homologous Firmi-
cutes sp. form |” interface residues with the ten key residues
from the form I Ca. P. breve sequence showed the conservation
of seven out of ten, with four of these seven also conserved in
form | (Figure 4A). Superposition of the form I and I' structures

Current Biology 33, 5316-5325, December 18, 2023 5319




¢? CellPress

OPEN ACCESS

A Syn6301 (LgS;g)
Form |

Firmicutes sp. (Lg)
Form I"

Figure 3. Form I’ enzyme adopts octameric assembly
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O Firmicutes sp. CABP
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(A) Comparison of Synechococcus elongatus PCC6301 form | enzyme (PDB: 1RBL) and cryo-EM structure for Firmicutes sp. form I’ enzyme PDB: 8U66.
(B) SAXS curves for Firmicutes sp. enzyme unbound (Apo) and bound to transition state analog (CABP) against the cryo-EM structure (continuous curves).

Fit-residuals indicated below.
See also Figure S4.

further revealed the close proximity of these seven conserved
residues at the interdimer interface, suggesting a similar role of
these positions in maintenance of the form I interface (Fig-
ure 4B). Comparison of form I’ and form I’ non-conserved resi-
dues shows likely functional similarity that is lost in the presence
of the small subunit in form | rubisco (Figure 4C). The previously
reported loss of electrostatic interactions at the dimer-dimer
interface in the hydrophobic Val 154 and Leu 158 residues in
the form | Syn6301 structure (from Asp 161 and Trp 165 in Ca
P. breve) is maintained in the homologous Gin 143 and Arg 147
residues in Firmicutes sp. form |”, further illustrating the depen-
dency of form | rubisco on the stabilizing mechanism conferred
by small subunit binding.'* These observations are in agreement
with the evolutionary trajectory experienced by form | rubisco,
where forms I’ and I’ contain interdimeric interactions that are
not present in form |, entrenching the octameric state.

Beyond the octameric core, the small subunit is another hall-
mark of form | rubisco assembly.®?® Though multiple roles
have been suggested for the small subunit, one well-character-
ized function is the stabilization of the LgSg holoenzyme.'®'%2°
In the absence of the small subunit, an isolated form | octameric
core suffers from decreased thermal stability relative to both its
native LgSg assembly and the form I’ Lg, and ASR of form | en-
zymes has revealed that small subunit-less octamers are less
soluble.”®'* In accordance with these observations, it is possible
that the stability conferred by the small subunit allowed for the
exploration of large subunit sequence space, permitting the
loss of stabilizing contacts at the interface between adjacent

5320 Current Biology 33, 5316-5325, December 18, 2023

dimers in favor of mutations that result in beneficial catalytic
performance.

Loss of C-terminal insertion precluded form I’ from
evolving hetero-oligomeric assembly

The large subunits of form | rubiscos contain a unique C-terminal
insertion that interacts with the small subunit, and previously
characterized forms of rubisco lacking small subunits do not
contain this insertion (Figure 5A).'*'* This observation has
been used to infer the evolutionary order of clades preceding
form I. Thus, as form | sequences contain this insertion, Schulz
et al. place the form | clade sibling to form I, rather than the form
I' clade as previously hypothesized.'®'* In accordance with ob-
servations of this insertion, our presented form la sequences
lack this insertion and the form I’ Firmicutes sp. sequence con-
tains it (Figures 5A and S5A). To query the nature of this insertion
in form I, we performed a structural alignment of the Syn6301
form | and Firmicutes sp. form I” large subunits (Figure 5B).
The C-terminal insertion in the form | Syn6301 large subunit con-
tains an Arg-Asn-Glu motif that interacts with the small subunit.
However, of the homologous residues in the form I Firmicutes
sp. enzyme, only the final glutamic acid residue is conserved
(Figure 5B). Although the presence of this insertion appears to
prime the octameric core for acquisition of the small subunit,
the required residues for binding are not present, reflecting the
intermediary nature of form I’ in the form | rubisco evolutionary
trajectory. Furthermore, the complete absence of this insertion
from form I’ enzymes may preclude the small-subunit-binding
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Figure 4. Form I’ and I interdimer interfaces
are highly conserved

(A) Table of key residues in form I' at the interdimer
interface compared with homologous residues in
form I and form | enzymes. Sample names indi-
cated below each form in the second row. Black
background indicates conserved in both; gray
background indicates conserved in form I”.

(B and C) Overlay of Ca. P. breve form I (gray, PDB:
B6URA) and Firmicutes sp. form I” (orange, PDB:
8U66) dimer pairs. Conserved (B) and non-
conserved (C) residues indicated in cutaway. Form
I' residue notation indicated, with form I’ in pa-
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event by reducing the number of stabilizing contacts formed be-
tween the large and small subunits, thus decreasing the likeli-
hood that form I’ octamers would be capable of assembling a
hexadecameric complex with an exogenous small subunit
(Figure S5B).

Contextualizing the presence and identity of this insertion, it is
possible to retrace the evolution of form | rubisco oligomerization
in combination with the structural characterization of forms lo
and I conducted here (Figures 5C and 5D). From an ancestral
intermediate immediately following form IlIB, a dimeric assembly
was captured in the form lo. clade, representing the enzyme pre-
ceding the innovation of octamerization. Subsequently, octame-
rization was captured by the extant form I enzyme, which con-
tained the C-terminal insertion that could interact with the small
subunit (Figure 5D). Following form I”/, loss of the insertion in form
I sequences likely abolished the possibility for additional inter-
face contacts between the large and small subunits, potentially
precluding the observed octameric core from binding small sub-
units (Figure 5D). Finally, acquisition of the small subunit resulted
in entrenchment of the hexadecameric form | assembly, with
subsequent mutations at the interdimer interfaces resulting in
dependence on the small subunits for stability and catalysis
(Figure 5D).

DISCUSSION

The use of metagenomics has expanded our understanding of
the distribution of rubisco sequences found in nature and re-
vealed previously undiscovered forms.”* In parallel, structural
characterization of metagenomic rubisco forms has enabled
the discovery of a diversity of oligomeric states, illustrating mul-
tiple evolutionary trajectories experienced by the enzyme.'**"
For example, we recently demonstrated that form Il rubiscos
are capable of forming three distinct homo-oligomeric assem-
blies, in comparison with the single hetero-oligomeric hexade-
camer found in the form | clade.® Although previous studies
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have characterized the molecular features
governing homo-oligomeric rubisco, the
continued combination of metagenomic
and structural studies will permit the iden-
tification of distinct structural features in
sibling clades and further our understand-
ing of how rubisco evolved into the hetero-
oligomeric assembly that has become the
predominant form on Earth. Our characterization of representa-
tive members of forms I’ and la further resolves the means by
which an ancestral rubisco evolved into the ubiquitous form
| clade, i.e., that a dimeric ancestor first innovated the octameric
state prior to the acquisition of the small subunit, represented by
extant enzymes in forms la, I’/I', and |, respectively.

There is a dearth of experimental characterization of both form
I’ and la rubiscos, owing to their relatively recent discovery.'*"®
Here, we present the first structure of a form I’ octamer, as well
as solution-state data supporting the dimeric assembly of form
la, revealing evolutionary intermediates preceding the evolution
of the form | hexadecamer. Though both the Limnocylindria sp.
form la and the Firmicutes sp. form I showed minimal carbox-
ylase activity, a more exhaustive characterization of all kinetic
parameters could constitute future work to further investigate
trends in rubisco activity. Comparison between the form |”
atomic structure and the previously determined form I’ structure
shows that the form |” enzyme displays both a partially
conserved interdimeric interface as well as a distinctive C-termi-
nal insertion present in all canonical form | enzymes that is ab-
sent in form I’ sequences. Furthermore, characterization of the
insertion suggests that truncation of the insertion helix would
eliminate stabilizing contacts with a small subunit, likely preclud-
ing form I’ octamers from ever adopting a hexadecameric as-
sembly and supporting the hypothesis that form I’ rubisco lost
the ability to bind the small subunit relative to the acquisition of
the insertion at the branch point with the form I’ clade.

Our phylogeny places form I’ rubisco as the immediate sibling
clade to form | rubisco. This is in contrast to the rubisco phylog-
eny proposed in Schulz et al., which argues that the form I’ clade
is more closely related to form | rubisco.'® Notably, Schulz et al.
constrained their rubisco phylogeny to place the form I clade
sibling to the form | clade based on the parsimonious assumption
that there was a single gain of the C-terminal insertion that ulti-
mately enabled the binding of the small subunit in the form
I clade."® However, by constraining the topology based on this
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Figure 5. Form I’ C-terminal domain inser-
tion shows minimal functional conservation
(A) Truncated sequence alignment of form |
Syn6301, form I’ Firmicutes sp., form I Ca. P.
breve, and form la Limnocylindria sp.; C-terminal
insertion indicated in red box. Residues interacting
with small subunit (SSU) in Syn6301 indicated by
red arrowheads. Secondary structure labels as-
signed according to rubisco nomenclature from
Knight et al.®

(B) Structural alignment of C-terminal insertion in
Syn6301 (PDB: 1RBL) and Firmicutes sp. large
subunits (PDB: 8U66). Syn6301 large subunit
shown in red, Firmicutes sp. large subunit shown in
orange. Syn6301 small subunit shown in silver. In
cutaway, insertion residues interacting with SSU
indicated in boxes; Syn6301 notation above, Fir-
micutes sp. notation in parentheses.

(C) Schematic of C-terminal insertion evolutionary
trajectory leading up to the form | clade.

(D) Cartoon diagram of proposed form | evolu-
tionary trajectory. C-terminal insertion represented
in red.

See also Figure S5.
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and phylogeny for such analyses ulti-
mately dictate the output sequences.
Thus, the future discovery and addition
of new rubisco sequences that populate
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assumption, phylogenetic support for the divergence of the form
I clade is substantially lower than that in our phylogeny at the
node where the form I' and | clades diverge. ASR of the form
I”/I node from Schulz et al. revealed an octamer that contains
the insertion'®; however, this sequence was reconstructed
based on their constrained phylogeny. Future studies that may
compare ancestrally reconstructed sequences derived from
both topologies will provide a deeper understanding of the na-
ture and contributory role of C-terminal insertion in form | rubisco
evolution. Importantly, ancestral sequences are limited to inter-
pretation in the context of the particular phylogeny and dataset
utilized. Although the use of an ASR-based approach to query
rubisco evolution has yielded key enzymatic insights,® %323
the extant sequences that are used to build the input alignment
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SSuU
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this portion of the tree will improve our
sampling and help resolve this sparsely
covered region of the rubisco phylogeny,
which will ultimately improve the robust-
ness of ASR studies.

Only a handful of sequences have
been discovered in the clades nearest
to the origin of form I. The sparse sam-
pling in this pivotal region of the rubisco
phylogeny highlights the importance of
uncovering additional form I and la. se-
quences. Further characterization of
these enzymes will provide the added
resolution required to further elucidate
the molecular mechanisms governing
the increase in complexity from a
homo-oligomer to a hetero-oligomer.
The presence of the small subunit in form | rubisco represents
a mechanism of structural entrenchment, whereby the form |
hexadecamer is structurally dependent on the presence of
small subunits and their loss results in destabilization of the ho-
loenzyme, serving as a selective force against mutations that
would reverse small subunit binding.'>***> However, in the
broader context of the evolution of rubisco’s oligomeric state,
the selective pressure imposed by the dependency on small
subunits precluded form | enzymes from innovating and adopt-
ing multiple assemblies, while other forms of rubisco (i.e., forms
I, 11711, 1) have been observed to adopt multiple homo-oligo-
meric states within their respective clades.”'"*” Thus, the
comparison of form | and other forms of rubisco represents dif-
ferences in lineages displaying protein structural entrenchment

Form |
LeSs
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or structural plasticity, respectively, providing a touchpoint in
our understanding of how one enzyme family may evolve
differing patterns of oligomerization. Our comparative analyses
between forms I, I, and la rubisco have enabled the elucida-
tion of the history of the form I clade as well as the ordering of
the evolutionary events leading up to small subunit acquisition
in form | enzymes. The presence of a small-subunit-binding
insertion in form |” rubisco indicates that the precursor struc-
tural features necessary to form a hetero-oligomeric complex
were acquired early in the form | evolutionary trajectory; howev-
er, the actual binding event and entrenchment of the hexadeca-
meric state occurred much later on, following the loss of the
requisite insertion region in the form I’ clade.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli BL21 DE3 Star MacroLab, Berkeley, CA N/A

Chemicals, peptides, and recombinant proteins

bdSENP1 SUMO Protease Frey and Gérlich,*° Banda et al.'* N/A

2-carboxyarabinitol 1,5-bisphosphate Banda et al.™* N/A

Deposited data

Firmicutes sp. cryo-EM structure N/A PDB ID 8U66

Firmicutes sp. and Limnocylindra sp. https://figshare.com/projects/ N/A

SEC-SAXS-MALS data Form_|_and_I_Rubisco/178857

Rubisco phylogeny data https://figshare.com/projects/ N/A
Form_|_and_|_Rubisco/178857

Recombinant DNA

14xHis-bdSUMO-tagged form I”” and form Twist Bioscience This paper

lo. rbcL in pET-28-based plasmids

Software and algorithms

Python script for analyzing plate reader kinetic data https://doi.org/10.5281/zenodo.7757660 This paper

UCSF ChimeraX
Interactive Tree of Life
MAFFT

ProtTest 3.0

Goddard et al.*”
Letunic and Bork®®
Katoh et al.*®

Darriba et al.*°

https://www.cgl.ucsf.edu/chimerax/
https://itol.embl.de/

https://mafft.cbrc.jp/alignment/
server/index.html

https://github.com/ddarriba/prottest3

Other
Emulsiflex C3 Avestin Inc. N/A
AKTA pure Cytiva Life Sciences N/A

SIBYLS SEC-SAXS Beamline

Advanced Light Source, Berkeley, CA

https://bl1231.als.Ibl.gov/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Patrick

Shih (omshih@berkeley.edu).

Materials availability

The Firmicutes sp. and Limnocylindria sp. 14xHis-bdSUMO-rbcL plasmids used in this study were synthesized by Twist Bioscience
(South San Francisco, CA) and are available upon request.

Data and code availability

o All phylogenetic analysis and raw SAXS data are available at https://figshare.com/projects/Form_|_and_|_Rubisco/178857.
® The cryo-EM structure of the Firmicutes sp. rubisco has been deposited to the PDB (PDB ID: 8U66).

® The Python script for analyzing plate reader rubisco kinetics is available at https://doi.org/10.5281/zenodo.7757660.

® Any additional information for re-analysis of the data is available from the lead contact upon request.

EXPERIMENTAL MODEL DETAILS

All E. coli cultures for protein purification used E. coli BL21 DE3 Star cells (MacroLab, Berkeley, CA). Culture conditions used in this

study are described in the method details section.
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METHOD DETAILS

Phylogenetic analysis

Rubisco large subunit protein sequences were aligned with MAFFT using default parameters (https://mafft.cbrc.jp/alignment/server/).>
The following number of sequences were used to represent each form within this phylogeny: form I, 80; form I, 32; form I”*, 3; form la,, 7;
form 1, 27; form II/11l, 28; form llIB, 19; form llIA, 18; form IV; 21. The evolutionary model most appropriate for constructing a phylogenetic
tree was determined using Prottest 3.0.“C A maximum likelihood phylogenetic tree was constructed using RAXML-HPC BlackBox
(v. 8.2.12) as implemented on cipres.org (default parameters with WAG model). Felsenstein bootstrap values were calculated using
BOOSTER."’

Protein modeling
The Limnocylindria sp. dimer was modeled using the ColabFold webtool on Google Colaboratory.*”

Plasmids
The form I’ and form la gene sequences were synthesized by Twist Biosciences and cloned into a modified pET28 vector containing
an N-terminal His{4-bdSUMO tag.®® pSF1389 and pBADES/EL were gifts.

Rubisco expression and purification

Form I’ and form la rubisco purification was performed as previously described.’* Plasmids containing His14-bdSUMO-tagged RbcL
were cotransformed with pBADES/EL into BL21 DE3 Star E. coli competent cells (MacroLab, Berkeley, CA). Cells were grown in Luria-
Bertani media at 37°C to an optical density at 600 nm of 0.6-0.8, at which point GroEL/ES overexpression was induced by the addition
of 0.2% w/v arabinose for an additional two hours at 30°C. The cells were then resuspended in fresh media with arabinose, and rubisco
expression was induced by the addition of 1 mM IPTG at 16°C for 16 hours. Pelleted cells were resuspended in a lysis buffer (50 mM
sodium phosphate pH 8.0, 300 mM NaCl, 10 mM imidazole, 2 mM MgCl, hexahydrate, 5% glycerol), and were subject to a freeze-thaw
cycle at -80°C. Thawed cells were then lysed using an Emulsiflex C3 (AVESTIN Inc, Ottawa, Canada), and cell lysate was clarified by
centrifugation at 15,000 g. The soluble fraction was 0.44um-filtered before application to HisPur Ni-NTA resin (Thermo Fisher) for batch
binding. Columns were washed twice, first with a 25 mM imidazole wash buffer (20 mM sodium phosphate, 300 mM NaCl, 25 mM
imidazole, and 10% glycerol), followed by a 50 mM imidazole wash buffer (20 mM sodium phosphate, 300 mM NaCl, 50 mM imidazole,
and 10% glycerol). The column was then resuspended in SUMOlIase buffer (20 mM HEPES pH 8.0, 100 mM NaCl, 1 mM dithiothreitol,
15 mM imidazole, and 20 mM MgCI2), and purified bdSENP1 was added and rocked overnight to facilitate tag cleavage.”'**°

Spectroscopic kinetic parameter measurements

Enzyme kinetics were approximated using an NADH-coupled assay, measured at 340 nm on a Spark TeCool (Tecan) plate reader
using 96 well flat-bottom transparent plates (Corning, Costar). A complete list of assay reagents is included in Table S2. The assays
were conducted in 100 mM HEPES or EPPS pH 8, at 25 °C with orbital shaking at 1440 rpm. The enzymes were added to a mix of
cofactors and NADH assay reagents and activated under 0.5% O, and 4% CO, for 20 minutes prior to initiating the reaction with
ribulose-1,5-bisphosphate (RuBP). Active site concentration was estimated using the known rubisco inhibitor, CABP, as previously
described.** Rubisco rates of activity were determined under a series of CABP concentrations (n=2). The resulting rubisco rates were
plotted against CABP concentration, with the x-axis intercept proportional to rubsico active site concentration. V.. (n=3) was
divided by this x-intercept ([E]) to generate the k.,;. The rubisco catalysis rates and CABP inhibition slopes were calculated using
Python: 10.5281/zenodo.7757660. RuBP and CABP were synthesized and purified as previously described.*>“¢ The rate of
Aszs0 nm NADH oxidation was converted to molar concentrations of NADH using an experimentally determined conversion factor
which accounted for both the extinction coefficient for NADH absorbance and the non-standard pathlength on the Tecan. This
was achieved by plotting the Az4o nm absorption of serially diluted NADH mixes on the Tecan versus the NADH concentrations (Molar,
Beer-Lambert Law, €340, napH = 6220 M~'em™) as determined spectroscopically on a machine of a known pathlength. The slope of
the linear fit converted Tecan absorption values to NADH concentrations. The rate of NADH oxidation was converted to the rate
of rubisco product formation, 3-phosphoglycerate (3-PGA), by dividing by two as a single rubisco cycle produces two molecules
of 3-PGA and both 3-PGA molecules consume one molecule of NADH each in the forward reactions as part of the coupled assay.

42,43

Cryo-electron microscopy sample preparation

Ni-NTA-purified form I’ rubisco was further purified by anion exchange chromatography on a MonoQ 10/100 GL column and eluted
by a linear NaCl gradient from 5 mM to 1 M. Fractions were analyzed by SDS-PAGE, followed by concentration and size exclusion
chromatography on a Superose 6 Increase 10/300 GL column in a final buffer containing 20 mM HEPES pH 8.0, 100 mM NaCl, 25 mM
MgCl,, and 5 mM NaHCO3. Samples were activated as previously described before incubation with a tenfold molar excess of pre-
viously synthesized 2-carboxyarabinitol 1,5-bisphosphate (CABP)?’

Cryo-EM specimens were prepared on C-flat-1.2/1.3 400 mesh copper grids (Protochips) that were glow-discharged using a Tergeo-
EM plasma cleaner (PIE Scientific). The cryo grids were produced using a FEI Mark IV Vitrobot. The chamber of the Vitrobot was kept at 4
°C and 100% relative humidity. 4 ul of sample was applied to the glow-discharged grid and blotted with filter paper for 5 seconds with the
equipment-specific blotting force set at 4 after 30 seconds of incubation. After blotting, the grid was vitrified by plunging into liquid ethane.
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Single-particle cryo-electron microscopy data collection, image processing, and model building

4266 movies were collected using a Titan Krios G3i microscope equipped with a Gatan Quantum energy filter (slit width 20 eV) and a
K3 summit camera, using a defocus range of —0.5 to —2.0 um. Automated image acquisition was carried out using SerialEM*” with a
nominal magnification of 81,000x, corresponding to a pixel size of 1.05 A (0.525 A super resolution). Image stacks of 50 movie frames
were collected with a dose rate of 1.0 e-/A%/frame.

The 4,266 movies were imported into CryoSPARC, binned 2x and motion corrected using Patch Motion Correction. CTF was then
estimated using the CTF Estimation job. 5,466,481 particles were picked using Blob Picker, with a particle diameter range of 90-150
A. After particle inspection, 3,903,212 particles were extracted using a 300x300 pixels box, and then Fourier cropped to a boxed size
of 168 pixels. After 2D classification into 50 2D classes, 22 (containing 2,703,596 particles) were selected to generate an initial model
using the Ab Initio Refinement job. Homogenous Refinement with a coloured noise model resulted in a 2.86 Aresolution volume. Sub-
sequent Heterogenous Refinement produced 5 classes, 2 of which were selected (with a total of 1,557,723 particles) for another
Homogenous refinement with a coloured noise model, yielding a2.73 A volume. After Global CTF Refinement and Local CTF Refine-
ment, Non-Uniform Refinement yielded a volume with a resolution of 2.47 A.The apparent D4 symmetry was then applied, and the
volume used as a reference for another Non-Uniform Refinement with D4 symmetry, yielding a volume at 2.21 A. This volume was
sharpened using a supplied B Factor of 95.2. The data collection and image processing details are shown in Figure S3.

An initial model was generated using SWISS-MODEL with the Firmicutes sp. form I”’ sequence and the previously reported struc-
ture of the form I’ Ca. P. breve rubisco (PDB: 6URA). The resulting homology model was placed into the sharpened cryo-EM volume
using UCSF Chimera, developed by the Resource for Biocomputing, Visualization, and Informatics at the University of California, San
Francisco, with support from NIH P41-GM10331.%® A rigid body fit was performed in Coot.*® Several iterations of Real-Space Refine-
ment in Phenix°° followed by manual inspection in COOT were performed. The final model was validated using MolProbity.®' Refine-
ment statistics are available in Table S3.

Size exclusion chromatography coupled small-angle X-ray scattering with in-line multiangle light scattering
experiments

Rubisco was purified as described above and concentrated to 2-5 mg/mL. Concentrated rubisco was then activated with an excess
of NaHCO3 before sample analysis. SEC-SAXS-MALS data were collected at the ALS beamline 12.3.1 at Lawrence Berkeley National
Lab (Berkeley, CA, USA).>” The X-ray wavelength was set at A=1.24 A and the sample-to-detector distance was 2075 mm resulting in
scattering vectors (q) ranging from 0.01 A71t00.46 A7 The scattering vector is defined as q = 4wsin6/A, where 26 is the scattering
angle. Data was collected using a Pilatus 3X 2M Detector (Dectris, Baden, Switzerland). Normalization and integration of each image
was processed as previously described.?® SEC was performed using a 1290 Infinity HPLC system (Agilent, Santa Clara, CA) coupled
to a Shodex KW-803 column (Showa Denko, Tokyo, Japan). The column was equilibrated with a running buffer (20 mM HEPES-OH
(pH 8.0), 300 mM NaCl, 10 mM MgCl,, 10 mM NaHCO3) at a flow rate of 0.65 mL/min. 90-100 uL of sample was separated by SEC and
the elution was monitored at 280 and 260 nm by an in-line Variable Wavelength Detector (VWD) (Agilent, Santa Clara, CA). MALS
experiments were performed using an in-line 18-angle DAWN HELEQOS Il light scattering detector connected in tandem to an Optilab
differential Refractive Index (dRI) detector (Wyatt Technology, Goleta, CA). System normalization and calibration was performed with
bovine serum albumin using a 50 pL sample at 7 mg/mL in the same running buffer. The light scattering experiments were used to
determine Molecular Weight (MW) across the principal peaks in the SEC analysis. UV, MALS, and dRI data was analyzed using Wyatt
Astra 7 software to monitor the homogeneity of the sample across the elution peak complementary to the SEC-SAXS signal valida-
tion. A purpose-built SAXS flow cell was connected in-line immediately following the complementary spectroscopic techniques and
two second X-ray exposures were collected continuously over the 25 min elution. The SAXS frames recorded prior to the protein
elution peak were used to subtract all other frames. The subtracted frames were investigated by radius of gyration (Rg) derived
by the Guinier approximation, I(g) = I(0) exp(-q?Rg2/3) with the limits qRg<1.5. The elution peak was mapped by comparing integral
ratios to background and Rg relative to the recorded frame using the program RAW.>® Uniform Rg values across an elution peak
represent a homogenous assembly and were merged to reduce noise in the curve. Final merged SAXS profiles (Figures 2B and
3B), were then compared to theoretical scattering curves generated from the ColabFold model of the Limnocylindria sp. dimer
(Figure 2B) and the cryo-EM structure of the Firmicutes sp. octamer (Figure 3B) using FoXS.>*>°

QUANTIFICATION AND STATISTICAL ANALYSIS

Multiple sequence alignments were generated using MAFFT and visualized with ESPript 3.0.%9°° Phylogenetic trees were visualized
using Interactive Tree of Life v5°® and Felsenstein bootstrap values were calculated using BOOSTER.*" UCSF ChimeraX was used for
visualization of protein structures, structural alignment using the MatchMaker function, and preparation of manuscript figures.>”>"->8
The scientific color map “roma” was used in preparation of figures (http://doi.org/10.5281/zenodo.1243862)°° and Inkscape soft-
ware. All kinetic parameter checks were performed in technical triplicate (n=3) and active site quantification was performed in tech-
nical duplicate (n=2). The Python script for analyzing plate reader rubisco kinetics is available at 10.5281/zenodo.7757660. All
SEC-SAXS-MALS experiments were performed once (n=1). SAXS data was processed using Wyatt Astra 7, RAW,>® FoxS°>*>°
and OriginLab software. All cryo-EM statistics and related information are available in Figure S3 and Table S3. SerialEM,
CryoSPARC, SWISS-MODEL, UCSF Chimera, Coot,*® and Phenix software were used in cryo-EM data collection and processing.
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