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Propionyl-CoA carboxylase (PCC) is a multienzyme complex consisting of up to six a-subunits and six f-subunits.
Belonging to a metabolic pathway converging on the citric acid cycle, it is present in most forms of life and
irregularities in its assembly lead to serious illness in humans, known as propionic acidemia. Here, we report the
cryogenic electron microscopy (cryoEM) structures and assembly of different oligomeric isomers of endogenous
PCC from the parasitic protozoan Leishmania tarentolae (LtPCC). These structures and their statistical distribution
reveal the mechanics of PCC assembly and disassembly at equilibrium. We show that, in solution, endogenous
LtPCC B-subunits form stable homohexamers, to which different numbers of a-subunits attach. Sorting LtPCC

Conformation
particles into seven classes (i.e., oligomeric formulae agBs, o186, ®2B6, *3Ps, %46, AsPe, AePs) enables formulation
of a model for PCC assembly. Our results suggest how multimerization regulates PCC enzymatic activity and
showecase the utility of cryoEM in revealing the statistical mechanics of reaction pathways.

Introduction seizures, and possibly death (Wongkittichote et al., 2017; Hsia et al.,

Multienzyme complexes are stable assemblies of multiple subunits of
enzymes. These complexes are widespread (Liu et al., 2022; He et al.,
2022; Zhou et al., 2001), often involved in various metabolic pathways.
One such multienzyme is propionyl-CoA carboxylase (PCC), which
catalyzes the carboxylation of propionyl-CoA to form methylmalonyl-
CoA, a precursor to the citric acid cycle intermediate succinyl-CoA
(Halenz and Lane, 1960). PCC is found in bacteria (Huang et al.,
2010), archaea (Hou et al., 2015), protozoa (Rajak et al., 2021), plants
(Wurtele and Nikolau, 1990), and animals (Huang et al., 2010). In
humans, inherited mutations in the genes encoding PCC may interfere
with multienzyme assembly, leading to catalytic dysfunction (Jiang
et al., 2005) and the metabolic disorder known as propionic acidemia
(Griinert et al., 2013). Symptoms of propionic acidemia include meta-
bolic acidosis, hyperammonemia, hypoglycemia, lethargy, vomiting,

1979). Reflective of deep evolutionary conservation, this enzyme dis-
plays high protein sequence homology, exemplified by the sequence
similarity between the protozoan Leishmania tarentolae PCC (LtPCC) and
Homo sapiens PCC (HsPCC) (Fig. S1).

Prior structural studies have resolved a 3.2 A crystal structure of a
recombinant PCC chimera (PCCChi), where its a-subunit is from Ruegeria
pomeroyi and fB-subunit is from Roseobacter denitrificans (Huang et al.,
2010). A cryoEM structure of the recombinant HsPCC has been deter-
mined at 15 A resolution showing similar architecture to pcceh (Huang
et al., 2010). More recently, a 3.48 A cryoEM structure of the recom-
binant Methylorubrum extorquens PCC (MePCC) was used to guide the
design of a new-to-nature enzyme for improved CO- fixation (Scheffen
et al., 2021). In the aforementioned cryoEM studies, PCC was found to
oligomerize as an ogfg dodecamer.

For PCC to catalyze carboxylation, the enzyme must first be
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biotinylated (Waldrop et al., 2012). Following biotinylation, the multi-
enzyme acts in two steps involving a- and p-subunits. In the first step,
biotin is carboxylated at an a-subunit active site with bicarbonate as the
carbon dioxide donor upon concomitant ATP hydrolysis (Huang et al.,
2010; Tong, 2013). In the second step, the carboxylated biotin is
translocated to the corresponding p-subunit active site, and the carboxyl
group is transferred from biotin to form methylmalonyl-CoA (Huang
et al., 2010; Tong, 2013).

Given that assembly and disassembly propensities of multienzyme
complexes may influence catalytic efficiency, it is crucial to model their
assembly mechanisms. CryoEM enables observation of multienzymes in
different assemblies and reconstruction of different oligomeric isomers.
Unlike X-ray crystallography, endogenous proteins in different stages of
assembly can be classified and counted in cryoEM micrographs to reveal
the statistical mechanics of chemical reactions, along with obtaining
high-resolution atomic structures.

Here, we report three structures of endogenous LtPCC: an ogfg
dodecamer, aspe undecamer, and a4fs decamer. We utilize the asfg and
a4Pe architectures of PCC to demonstrate that PCC oligomeric isomers
differ only in the number of a-subunits. We devised a sorting method to
calculate the number of LtPCC proteins with the same oligomeric for-
mula, from apPe to agPe. From this statistical information, we charac-
terized the dynamics of PCC’s molecular assembly system and reaction
mechanics in solution.

Results
LtPCC agfls dodecamer and domain organization

To capture cryoEM structures of various biotin-binding complexes,
we performed streptavidin pull-down of endogenous complexes from
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L. tarentolae mitochondrial lysate fractionated by glycerol density
gradient and determined their structures. One subset of these structures
has a three-fold symmetric architecture reminiscent of carboxylases
(Huang et al., 2010; Tong, 2013; Huang et al., 2012; Jurado et al., 2015;
Hu et al., 2023); by using the cryoID approach (Ho et al., 2020), we
confirmed its identity as propionyl-CoA carboxylase from L. tarentolae
(LtPCQ).

With D3 symmetry, we obtained a map of the LtPCC ogfs dodecamer
at 3.2 A resolution. As a dodecamer, PCC contains two layers of a-sub-
units sandwiching a f-homohexamer. Each layer of a-subunits contains
three monomeric o-subunits, while the six p-subunits in the p-homo-
hexamer are arranged into a two-layered cylinder (Fig. 1A-B). Thus, the
architecture of ogfg LtPCC is the same as that of PCCChi, MePCC, and
HsPCC (Huang et al., 2010; Scheffen et al., 2021).

The a-subunit of LtPCC contains three domains: a biotin carboxylase
(BC) domain, BC-CT mediating (BT) domain, and biotin carboxyl carrier
protein (BCCP) domain. A BT-BCCP linker connects the BT and BCCP
domains, allowing BCCP to transport biotin between the o- and p-sub-
units. As in PCCChi, the active sites in LtPCC are positioned 55 A apart;
therefore, the BCCP domain must translocate between the active sites, as
proposed by the swinging-domain model (Huang et al., 2010; Tong,
2013). The B-subunit is composed of the structurally homologous N-
carboxyltransferase (N-CT) and C-carboxyltransferase (C-CT) domains
(Huang et al., 2010; Scheffen et al., 2021) (Fig. 1C-E).

In carboxylases, biotin attaches to a conserved lysine residue in the
alanine-methionine-lysine-methionine (AMKM) biotinylation motif
within the BCCP domain (Samols et al., 1988; Baumgartner et al., 2001).
Accordingly, we observed a clear density for biotin next to Lysine 631 of
the AMKM motif in the p-subunit active site. The biotin’s carboxyl
group, which is the point of covalent attachment to lysine, neighbors the
lysine residue. There is weak density connecting lysine and biotin

Fig. 1. Structure of the LtPCC oefs dodecamer and the o-f binding site. (A) Atomic model of LtPCC oef¢ dodecamer, shown as ribbons and colored by domains. (B) A
bird’s eye view of the atomic model in (A). Dashed lines indicate the boundaries between neighboring subunits. (C) Domain organization of LtPCC a- and f-subunits;
the color scheme is used throughout the manuscript. (D) Representative cryoEM densities superimposed with the atomic model of LtPCC shown as ribbons and sticks.
(E) Atomic model of an a-subunit and a p-subunit of LtPCC colored by domains and shown as ribbons, with active sites labeled. Residues at the a-p binding site are
boxed with dotted lines in (F) and labeled in zoomed-in views (G-I). Residues that form hydrogen bonds are labeled in blue. BTI stands for biotin. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 1D), suggesting that some LtPCC assemblies are covalently bio-
tinylated. CoA was not observed at its f-subunit binding site.

a-f binding sites within LtPCC

Using our 3.2 A map of the dodecamer, we analyzed inter-subunit
interactions within LtPCC. Interactions between LtPCC o- and p-sub-
units enable complex assembly (Fig. 1F-I) and make up the o-p binding
site. No interactions exist among LtPCC a-subunits. There are seven
hydrogen bonds between a- and -subunits. Three hydrogen bonds occur
between the BCCP domain of the a-subunit and the p-subunit, and two
hydrogen bonds form between the BT-BCCP linker and the p-subunit.
Glutamate 628 from the BCCP domain forms two hydrogen bonds with
Lysine 292 from the f-subunit (Fig. 1I). There is another mainchain-
mainchain hydrogen bond between Arginine 633 in the BCCP domain
and the f-subunit. Glutamate 628, the biotin-attachment residue Lysine
631, and Arginine 633 form a U-shape with Lysine 631 in the middle,
with their three hydrogen bonds stabilizing the U-shaped loop to hold
the lysine residue in proximity to biotin (Fig. 1I). Lysine 45 from the
B-subunit forms two hydrogen bonds with the BT-BCCP linker main-
chain (Fig. 1G), stabilizing the linker. These interactions hold the BCCP
domain in place near the p-subunit.

Among the a-subunits and f-subunits, residues contributing to the
a-p binding site primarily occur along the small a-helix of the BT domain
with the N-CT domain, the BCCP domain with the C-CT domain, and the
BT domain hook with the N-CT domain (Fig. 1F-I). The small a-helix of
the BT domain, consisting of residues 578-585, interacts with the N-CT
domain through (iso)leucine-mediated hydrophobic interactions
(Fig. 1G). A loop (from residues 628-633) of the BCCP domain contacts
two C-CT domain loops (one from residues 340-344 and the other from
292 to 294) (Fig. 1I). The a-subunit BT hook, formed by residues
481-491, interacts with the N-CT domain of its neighboring B-subunit
via m-m stacking among the three aromatic rings of Tyrosine 482,
Phenylalanine 96, and Histidine 481 (Fig. 1H). Taken together, hydro-
phobic interactions and hydrogen bonds contribute to the a-p binding
site to stabilize the a-subunits onto the f-homohexamer.

LtPCC a4fs and asf¢ oligomeric isomers differ from asfls dodecamer in
a-subunit occupancies

In the ogfg dodecameric structure, o-subunits disappear when
observed at high density threshold, indicating that a-subunits are either
flexible and/or have lower occupancy (Fig. S2). The 2D class averages
also contain classes with missing a-subunits (Fig. S3). To sort out LtPCCs
with missing a-subunits, we performed symmetry-relaxed 3D classifi-
cation and determined two additional LtPCC structures (Fig. 2A-C): asfe
undecamer, a4fe decamer. The aspg undecamer lacks one a-subunit, and
the a4Pe decamer lacks two a-subunits on opposite sides of the LtPCC
complex. In our decamer, undecamer, and dodecamer, the conformation
of individual subunits is preserved. In other words, the structures of
these complexes differ from one another only in the number and posi-
tioning of a-subunits. It follows that a single a-f binding site gives rise to
a binary choice of the binding site being occupied or unoccupied
(Fig. 2A-C).

Reaction mechanics and model of a multienzyme assembly and
disassembly

To facilitate the description of the various structures we observed,
we introduce three terms: oligomeric formula, oligomeric isomer, and
structural conformation. An oligomeric formula is akin to a chemical
formula, and a LtPCC oligomeric formula can be written as oypmy,. Mul-
tiple oligomeric isomers could share the same oligomeric formula but
have different arrangements of subunits in space. Though the architec-
tural arrangement of subunits in an oligomeric isomer is unique, each
subunit could assume different structural conformations. In the case of
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LtPCC, as described above, each oligomeric isomer has one, and only one
structural conformation.

The above-mentioned three structures are only three possible iso-
mers that LtPCC could have in solution. There are sixteen possible
different LtPCC oligomeric isomers represented by seven oligomeric
formulae (one isomer for agfe, asPs, ®1Ps and apPe, and four for ayfe,
asPe and agPe). Even though there is only one structural conformation
for each oligomeric isomer, the large number of potential oligomeric
isomers and the structural similarity among these oligomeric isomers
present a technical challenge in relying on traditional classification
methods to sort out all these isomers.

To tackle this problem, we used a sorting method to determine the
number of particles belonging to each oligomeric formula by classifying
its a-subunits. As indicated above, for each oligomeric isomer, the a-f
binding site is either occupied or unoccupied. We searched for the
presence or absence of an a-subunit at each of the six a-p binding sites on
a PCC particle, giving rise to 2° possible permutations, sharing seven
oligomeric formulae and sixteen oligomeric isomers (Fig. 3A-B). We
counted the number of unoccupied a-p binding sites in each PCC particle
(Table S1), to assign each particle to its corresponding oligomeric
formula.

The sorting method enables calculation of the frequency distribution
of PCC particles belonging to different oligomeric formulae. We found
that most endogenous LtPCCs exist as oefs, and in descending frequency,
LtPCC also exhibit oligomeric isoforms with the oligomeric formulae
asPe, 04fe, o3fs, X2fs, ®1Ps, and apfe (Fig. 3B). Previous crystal and
cryoEM structures of PCCs only captured its agpe dodecamer, which does
not account for all PCC structural conformations. The presence of PCC
oligomeric isomers is corroborated by previous biochemical studies that
suggest PCCs might assemble as tetramers (Kalousek et al., 1980; Wolf
and Rosenberg, 1978). Given that we only observe p-homohexamers and
a-f complexes, the assembly of functional PCCs likely occurs after the
assembly of p-homohexamers (Fig. 4).

The solution in our sample is at an equilibrium state, as it has mixed
and settled for hours before freezing. The equilibrium constant K, can be
obtained by calculating the ratio of product concentration to reactant
concentration. The assembly of LtPCC can be represented by this reac-
tion:

fs + a=1 fg
The equilibrium constant K, can be found by:

Ko = [an1 6/ ([anfs] * [a])

a and f represent a- and p-subunits, respectively; square brackets indi-
cate concentration; n is an integer that denotes the number of a-subunits
in LtPCC. We are unable to measure the concentration of a-subunits
because single a-subunits are small and flexible, and therefore cannot
yet be recognized in cryoEM images. Nevertheless, we can calculate the
product of [a] and K, as an attribute of the PCC assembly reaction. We
assume that [a] remains constant throughout due to the assembly and
disassembly of a-subunits at equilibrium (Fig. 4).

The plot of K. [a] as a function of n (Fig. 4) shows that K.|a] decreases
exponentially with increasing n. With [a] remaining constant, this means
that particles with a smaller n value have greater tendency to attach new
a-subunits compared to particles with a larger n value. This can be
partially explained by complexes with more a-subunits having less re-
action sites for a-subunit attachment.

Discussion

Our present work shows promise of utilizing cryoEM for statistical
analysis of thermodynamics and structural dynamics to understand the
behaviors and assembly of biological complexes. By simultaneously
determining different structural conformations of a protein, we can
discern its reaction mechanics and calculate the rate of conversion
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Fig. 2. LtPCC conformations differ only in occupancies of the o-f binding sites. Cartoon representations of aefs (A) aspe (B) and ayfe (C) cryoEM densities, with
a-subunits in orange and p-subunits in green (top row). Two views of the cryoEM densities for agfe (A) asfe (B) and asfe (C) colored by domain as in Fig. 1C (middle
rows), superimposed with their respective atomic models represented as ribbons (bottom row). In (A), the BC domain cryoEM density was displayed at a threshold of
0.0142, BT domain at 0.0193, BCCP domain at 0.0181, BT-BCCP linker at 0.0163, C-CT domain at 0.0187, and N-CT domain at 0.0244. In (B) and (C) the cryoEM
density of all domains were displayed at a threshold of 0.0105 and 0.0121, respectively. Dust was hidden with “Hide Dust” in ChimeraX. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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between its oligomeric isomers. The future prospect of experimentally
determining statistical mechanics presents exciting opportunities for a
deeper understanding of the catalytic mechanisms of multienzyme
complexes and the working-cycle of molecular machines.
Crystallographic studies have elucidated p-homohexamer structures
with no a-subunits in various carboxylases, including PCC (Huang et al.,
2012; Diacovich et al., 2004). Therefore, we propose that f-homohex-
amers are stable in solution, and the lack of interactions between PCC
a-subunits allow for a continuous assembly and disassembly of a-sub-
units from f-homohexamers. As a dodecamer, PCC contains six pairs of
active sites per enzyme available for catalysis. In other oligomeric iso-
mers, at least one active site cannot participate in catalysis, and so all

non-dodecameric PCCs are less catalytically active than the dodecamer.
As the concentration of a-subunits increases, to maintain equilibrium,
the reaction will favor the formation of PCC isomers with more a-sub-
units. The maintenance of f-homohexamers allows for quick regulation
of PCC activity, where only a-subunits need to assemble.

Isomers arise from protein conformational heterogeneity, and, in
other systems, an oligomeric isomer can have multiple structural con-
formations. In theory, cryoEM allows one to determine all these struc-
tural conformations and derive their reaction kinetics. An example of a
dynamic macromolecular machine is the spliceosome. During tran-
scription, the spliceosome splices introns from pre-messenger RNAs.
Throughout the splicing cycle, some spliceosome components are
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displaced while others assemble, and assembled components undergo
conformational changes. Though structures of the spliceosome at
different stages of the splicing cycle exist, the assembly kinetics of this
process remains to be resolved (Hang et al., 2015; Yan et al., 2015; Galej
et al., 2016; Liu et al., 2017; Li et al., 2019). Similarly, ribosomes un-
dergo compositional and conformational changes during translation;
despite structures of multiple ribosome states, information about its
reaction kinetics remains limited (Xue et al., 2022). The complexity of
resolving all isomers in multi-subunit systems would require imaging
and computational resources that are cost-prohibitive at present. The
relatively simple LtPCC system with just two different molecules, each of
a single conformation, already has sixteen oligomeric isomers. The
presence of D3 symmetry further allows application of a sorting method
to count the number of particles sharing the same oligomeric formula
without having to solve all structures exhaustively using an enormous
cryoEM dataset.

Currently, the difficulty in seeing small molecules (<80 kDa) with
cryoEM makes it unfeasible to directly find the rate constant of molec-
ular assembly involving small components, though future developments
should enable the determination of such components by cryoEM (Wu
and Rapoport, 2021; Kim et al., 2019). Just like how Google’s AlphaFold
(Jumper et al.,, 2021) came about in 2020 to solve the previously
computationally-prohibitive protein-folding-prediction problem, future
cryoEM imaging and computational resources should enable determi-
nation of all structural conformations in a complex assembly to derive
reaction kinetics. If the cells are thin enough, not only can we determine
structural conformations in solution but also those in situ (Xue et al.,
2022; Chmielewski et al., 2022; Liu et al., 2020). Such prospects offer
exciting opportunities for experimentally “visualizing” statistical me-
chanics within an enormous conformational space, and to assist drug

design in targeting the rate-limiting step of a complex of interest’s as-
sembly (Giraldo-Barreto et al., 2021; Chen and Ludtke, 2021; Zhou
etal., 2022; Ma et al., 2018). Taking advantage of the limited number of
conformational isomers of PCC, the current work showcases the utility
of cryoEM beyond determining static structures towards statistical
analysis of thermodynamics and structural dynamics.

Materials and methods
Experimental model and subject details

We grew L. tarentolae cells in brain heart infusion media at 27 °C. The
media was supplemented with 5 mg/L of hemin. We harvested the cells
at ~ 2x10°% cell/ml during the late-exponential growth phase.

Preparation of mitochondrial lysate

We enriched mitochondrial fraction through hypotonic cell lysis, and
used RenoCal76 density gradients for the sequential separation of
membrane-containing fractions (Pelletier et al., 2007). By sonication at
24 W for 15 s and centrifugation at 30,000 RPM in a SW55 rotor for 15
min, we lysed mitochondrial pellets in 1 ml of pH 7.3, 50 mM HEPES,
150 mM KCl, 2 mM EDTA, 1% NP40, and 50 pL of 20x complete protease
cocktail. We recovered and separated the supernatant on a continuous
10-30% gradient glycerol in 20 mM HEPES, pH 7.3, 100 mM KCl, and 1
mM EDTA at 72,000 g for 15 h, in SW32 rotor (Beckman). We collected
glycerol gradient fractions of 1.5 ml from the top and combined the
fractions corresponding to the 20S-40S value region.
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Purification of LtPCC by streptavidin affinity pulldown

We supplemented glycerol gradient fractions with octylglucoside to
2 mM. On a nutating mixer, we incubated the fractions with 20 pl Strep-
Tactin®XT magnetic beads in a Binding Buffer (50 mM Tris-HCl, pH 8.0,
2 mM OG, 1 mM EDTA, 100 mM KCI) at 4 °C for 1 h. We washed the
beads twice, with 5 ml of Binding Buffer each time. Then, we incubated
the beads for 10 min and at 4 °C, in 0.2 ml of Elution Buffer (20 mM Tris-
HC], pH 8.0, 100 mM biotin, 1 mM EDTA, 100 mM KCl, 2 mM OG). Using
Zeba™ Spin Desalting Columns, 7 K MWCO (0.5 ml), we exchanged the
130 pL of purified material into the Sample Buffer (20 mM Tris-HCI, pH
7.5, 60 mM KCl, 5 mM MgCl2, 1 mM DTT, 5 mM OG). We centrifuged
the sample for 10 min at 21,000 g. We stored the supernatant on ice
before cryoEM grid preparation.

CryoEM sample preparation and image acquisition

We first used PELCO easiGlow™, with a target current of 15 mA, to
glow discharge Lacey carbon cryoEM grids with a 2 nm continuous
carbon film (Ted Pella) for 45 s. Then, we applied 2.5 pL of sample onto
the grids. We waited for 5 s before blotting the grids for 4 s with blot
force 0, at 100% humidity and 4 °C (to minimize temperate changes and
structure flexibility). After we blotted the grids, we used a FEI Mark IV
Vitrobot (Thermo Fisher Scientific) to plunge-freeze the grids into liquid
ethane. We stored the grids in a liquid nitrogen dewar until cryoEM
image acquisition.

We loaded and imaged the cryoEM grids through a Titan Krios
(Thermo Fisher Scientific) with a Gatan Imaging Filter Quantum LS and
K3 camera, operated at 300 kV. We recorded movies at a pixel size of
0.55 A/pixel with SerialEM (Mastronarde, 2005), by electron counting
in super-resolution mode. We set an exposure time of 2 s, fractionated to
40 frames, and a defocus range between —2.5 to —1.5 pm. We had an
estimated total dosage of 40 e-/A2. We collected 3,328 movies.

CryoEM image processing
Reconstruction of cryoEM maps

To produce drift-corrected and dose-weighted micrographs, we
processed the movies with MotionCor2 (Zheng et al., 2017). After mo-
tion correction, the movies had a calibrated pixel size of 1.1 A. Due to
severe drift of the first frame, it was discarded. We determined the
defocus values of the micrographs with Getf (Zhang, 2016). We first used
Warp’s BoxNet (Tegunov and Cramer, 2019) to automatically pick
particles. Afterwards, in RELION 3.1 (Zivanov et al., 2018), we per-
formed reference-free 2D classification, and selected the classes with
features for 3D classification with D3 symmetry. After 3D classification,
we selected good classes, with a total of 8,214 particles, to train a topaz
model. Then using this model, we picked 979,436 particles through
topaz. We used RELION 4.0 (Kimanius et al., 2021) to perform multiple
rounds of reference-free 2D classification of the topaz-picked particles.
We selected 2D classes with protein features. After six rounds of 2D
classification, we selected 15,859 particles for 3D refinement in RELION
4.0 (Kimanius et al., 2021). We used a map from the previous 3D clas-
sification of BoxNet particles as the reference map. After 3D refinement
with D3 symmetry, we obtained a map of 3.49 A. We iteratively refined
the 3.49 A map through CTF refinement and 3D refinement (Kimanius
et al., 2021). After all processing, its final resolution was 3.2 A (Fig. 54).
We observed through the D3 map that LtPCC a-subunits exhibit flexi-
bility and/or lower occupancy, but the f-homohexamer remains stable
(Fig. S2). To investigate this further, we performed 3D classification
with C1 symmetry.

We performed D3 symmetry expansion on the particles from D3 3D
refinement. Using a mask of one a-subunit, we performed 3D classifi-
cation with C1 symmetry. For 3D classification, we skipped both angular
and offset search in RELION 4.0 (Kimanius et al., 2021). We then
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performed 3D refinement with C1 symmetry and local search, obtaining
an aspg map of 8.6 A after postprocessing (Fig. S4-S5). Afterwards, we
performed C3 symmetry expansion on the particles from D3 3D refine-
ment. Using a mask of two a-subunits, we performed 3D classification
with C1 symmetry, skipping both angular and offset search (Kimanius
et al., 2021). We then performed 3D refinement with C1 symmetry and
local search, obtaining an a4fg map of 10.3 A after postprocessing
(Fig. S4-S5). Next, to determine the number of particles sharing each
oligomeric formula, we utilized a sorting method as described below.

Sorting method

The sorting method is based on the focused classification and sym-
metry expansion method described here (Gong et al., 2019). We per-
formed 3D reconstruction with D3 symmetry using all the particles to
obtain the rot, psi and tilt Euler angles of each particle. We then checked
each particle’s six a-p binding site locations to see if the a-subunit is
present. To do this, we expanded the particles for D3 symmetry (using
RELION’s relion_particle symmetry expand command), which duplicated
each particle into six particles, corresponding to its six different orien-
tations. Then we masked out one a-subunit from the D3 symmetry 3D
reconstruction, and using this mask, we performed 3D focused classifi-
cation without angular and offset search on the symmetry expanded
particles, classifying the particles into two classes. We found that in the
two classes generated from the 3D classification, one class contains
density of an a-subunit (a-present class) and the other class is missing
a-subunit density (a-missing class). We counted how many symmetry-
expanded particles (from zero to six) for each LtPCC complex were in
the a-missing class, which corresponds to the number of unoccupied o-p
binding sites on that LtPCC particle (Table S1). From this, we calculated
the number of LtPCC particles sharing an oligomeric formula.

Atomic modeling and model analysis

We first modeled and refined one a-subunit and one p-subunit in Coot
(Emsley et al., 2010), based on the AlphaFold (Jumper et al., 2021)
prediction for LtPCC. Then, through ChimeraX (Goddard et al., 2018),
we duplicated the subunits to D3 symmetry and fit them into the LtPCC
cryoEM map reconstructed with D3 symmetry. The model was then
refined first through Phenix’s real space refine function (Liebschner
et al., 2019), and manually checked in Coot (Emsley et al., 2010). This
model was fitted into the asPg and asfe maps. Based on the two maps,
one and two a-subunits were removed from the original model,
respectively. Hydrogen bonds and interfacial residues were analyzed
through ChimeraX (Goddard et al., 2018) and verified in PISA (Krissinel
and Henrick, 2007). The sequence alignment between LtPCC and HsPCC
was done through Clustal Omega (Sievers and Higgins, 2018) and
visualized through ESPript 3 (Robert and Gouet, 2014).

Data and code availability

The agPe, asfe and asfe cryoEM maps have been deposited in the
Electron Microscopy Data Bank under accession numbers EMD-40474,
EMD-40473, and EMD-40472, respectively. The coordinates of the
agPe, AsPs and asfe LtPCC models have been deposited in the Protein
Data Bank under accession numbers 8SGZ, 8SGY, and 8SGX, respec-
tively. All aforementioned deposited data are publicly available as of the
date of publication. This paper does not report original code. Any
additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.



J.K.J. Lee et al.
Data availability

Data will be made available on request.

Acknowledgments

Our research was supported in part by grants from the U.S. National
Institutes of Health (RO1GM071940 to Z.H.Z. and RO1AI101057 to R.
A.). We acknowledge the use of resources at the Electron Imaging Center
for Nanomachines of UCLA supported by U.S. NIH (SI0RR23057 and
$100D018111) and U.S. NSF (DMR-1548924 and DBI-133813). We
thank William Lan for initial efforts in model building.

Author contributions

Z.H.Z. and R.A. initiated and supervised the project. .A. prepared the
sample. Y-T.L. carried out cryoEM imaging. Y-T.L. and J.K.J.L. per-
formed data processing. J.K.J.L., Y-T.L. and J.J.H. analyzed the data,
made illustrations, and wrote the original draft. Z.H.Z., Y-T.L., J.K.J.L.
and J.J.H. finalized the manuscript. All authors reviewed and approved
the paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/].yjsbx.2023.100088.

References

Baumgartner, M.R., Almashanu, S., Suormala, T., Obie, C., Cole, R.N., Packman, S.,
Baumgartner, E.R., Valle, D., 2001. The molecular basis of human 3-methylcrotonyl-
CoA carboxylase deficiency. J. Clin. Invest. 107, 495-504. https://doi.org/10.1172/
JCI11948.

Chen, M., Ludtke, S.J., 2021. Deep learning-based mixed-dimensional Gaussian mixture
model for characterizing variability in cryo-EM. Nat Methods. 18, 930-936. https://
doi.org/10.1038/541592-021-01220-5.

Chmielewski, D., Schmid, M.F., Simmons, G., Jin, J., Chiu, W., 2022. Chikungunya virus
assembly and budding visualized in situ using cryogenic electron tomography. Nat
Microbiol. 7, 1270-1279. https://doi.org/10.1038/541564-022-01164-2.

Diacovich, L., Mitchell, D.L., Pham, H., Gago, G., Melgar, M.M., Khosla, C., Gramajo, H.,
Tsai, S.-C., 2004. Crystal structure of the beta-subunit of acyl-CoA carboxylase:
structure-based engineering of substrate specificity. Biochemistry 43, 14027-14036.
https://doi.org/10.1021/bi049065v.

Emsley, P., Lohkamp, B., Scott, W.G., Cowtan, K., 2010. Features and development of
Coot. Acta Crystallogr D Biol Crystallogr. 66, 486-501. https://doi.org/10.1107/
S0907444910007493.

Galej, W.P., Wilkinson, M.E., Fica, S.M., Oubridge, C., Newman, A.J., Nagai, K., 2016.
Cryo-EM structure of the spliceosome immediately after branching. Nature 537,
197-201. https://doi.org/10.1038/nature19316.

Giraldo-Barreto, J., Ortiz, S., Thiede, E.H., Palacio-Rodriguez, K., Carpenter, B.,
Barnett, A.H., Cossio, P., 2021. A Bayesian approach to extracting free-energy
profiles from cryo-electron microscopy experiments. Sci Rep. 11, 13657. https://doi.
org/10.1038/541598-021-92621-1.

Goddard, T.D., Huang, C.C., Meng, E.C., Pettersen, E.F., Couch, G.S., Morris, J.H.,
Ferrin, T.E., 2018. UCSF ChimeraX: Meeting modern challenges in visualization and
analysis. Protein Sci. 27, 14-25. https://doi.org/10.1002/pro.3235.

Gong, D., Dai, X., Jih, J., Liu, Y.-T., Bi, G.-Q., Sun, R., Zhou, Z.H., 2019. DNA-packing
portal and capsid-associated tegument complexes in the tumor herpesvirus KSHV.
Cell 178, 1329-1343.e12. https://doi.org/10.1016/j.cell.2019.07.035.

Griinert, S.C., Miillerleile, S., De Silva, L., Barth, M., Walter, M., Walter, K., Meissner, T.,
Lindner, M., Ensenauer, R., Santer, R., Bodamer, O.A., Baumgartner, M.R., Brunner-
Krainz, M., Karall, D., Haase, C., Knerr, 1., Marquardt, T., Hennermann, J.B.,
Steinfeld, R., Beblo, S., Koch, H.-G., Konstantopoulou, V., Scholl-Biirgi, S., van
Teeffelen-Heithoff, A., Suormala, T., Sperl, W., Kraus, J.P., Superti-Furga, A.,
Schwab, K.O., Sass, J.O., 2013. Propionic acidemia: clinical course and outcome in
55 pediatric and adolescent patients. Orphanet J. Rare Dis. 8, 6. https://doi.org/
10.1186/1750-1172-8-6.

Halenz, D.R., Lane, M.D., 1960. Properties and purification of mitochondrial propionyl
carboxylase. J Biol Chem. 235 (3), 878-884.

Hang, J., Wan, R, Yan, C., Shi, Y., 2015. Structural basis of pre-mRNA splicing. Science
349, 1191-1198. https://doi.org/10.1126/science.aac8159.

He, Y., Song, H., Chan, H., Liu, B., Wang, Y., Susac, L., Zhou, Z.H., Feigon, J., 2022.
Structure of Tetrahymena telomerase-bound CST with polymerase a-primase. Nature
608, 813-818. https://doi.org/10.1038/541586-022-04931-7.

Ho, C.-M., Li, X., Lai, M., Terwilliger, T.C., Beck, J.R., Wohlschlegel, J., Goldberg, D.E.,
Fitzpatrick, A.W.P., Zhou, Z.H., 2020. Bottom-up structural proteomics: cryoEM of

Journal of Structural Biology: X 7 (2023) 100088

protein complexes enriched from the cellular milieu. Nat Methods. 17, 79-85.
https://doi.org/10.1038/541592-019-0637-y.

Hou, J., Xiang, H., Han, J., 2015. Propionyl coenzyme A (Propionyl-CoA) carboxylase in
haloferax mediterranei: indispensability for propionyl-CoA assimilation and impacts
on global metabolism. Appl Environ Microbiol. 81, 794-804. https://doi.org/
10.1128/AEM.03167-14.

Hsia, Y.E., Scully, C.J., Rosenberg, L.E., 1979. Human propionyl CoA carboxylase: some
properties of the partially purified enzyme in fibroblasts from controls and patients
with propionic acidemia. Pediatr Res. 13, 746-751. https://doi.org/10.1203/
00006450-197906000-00005.

Hu, J.J., Lee, J.K.J., Liu, Y.-T., Yu, C., Huang, L., Aphasizheva, 1., Aphasizhev, R.,
Zhou, Z.H., 2023. Discovery, structure, and function of filamentous 3-methylcro-
tonyl-CoA carboxylase. Structure 31, 100-110.e4. https://doi.org/10.1016/j.
str.2022.11.015.

Huang, C.S., Sadre-Bazzaz, K., Shen, Y., Deng, B., Zhou, Z.H., Tong, L., 2010. Crystal
structure of the alpha(6)beta(6) holoenzyme of propionyl-coenzyme A carboxylase.
Nature 466, 1001-1005. https://doi.org/10.1038/nature09302.

Huang, C.S., Ge, P., Zhou, Z.H., Tong, L., 2012. An unanticipated architecture of the 750-
kDa a6p6 holoenzyme of 3-methylcrotonyl-CoA carboxylase. Nature 481, 219-223.
https://doi.org/10.1038/nature10691.

Jiang, H., Rao, K.S., Yee, V.C,, Kraus, J.P., 2005. Characterization of four variant forms of
human propionyl-CoA carboxylase expressed in Escherichia coli. J. Biol. Chem. 280,
27719-27727. https://doi.org/10.1074/jbc.M413281200.

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O.,
Tunyasuvunakool, K., Bates, R., Zidek, A., Potapenko, A., Bridgland, A., Meyer, C.,
Kohl, S.A.A., Ballard, A.J., Cowie, A., Romera-Paredes, B., Nikolov, S., Jain, R.,
Adler, J., Back, T., Petersen, S., Reiman, D., Clancy, E., Zielinski, M., Steinegger, M.,
Pacholska, M., Berghammer, T., Bodenstein, S., Silver, D., Vinyals, O., Senior, A.W.,
Kavukcuoglu, K., Kohli, P., Hassabis, D., 2021. Highly accurate protein structure
prediction with AlphaFold. Nature 596, 583-589. https://doi.org/10.1038/541586-
021-03819-2.

Jurado, A.R., Huang, C.S., Zhang, X., Zhou, Z.H., Tong, L., 2015. Structure and substrate
selectivity of the 750-kDa a6f6 holoenzyme of geranyl-CoA carboxylase. Nat
Commun. 6, 8986. https://doi.org/10.1038/ncomms9986.

Kalousek, F., Darigo, M.D., Rosenberg, L.E., 1980. Isolation and characterization of
propionyl-CoA carboxylase from normal human liver. Evidence for a protomeric
tetramer of nonidentical subunits. J. Biol. Chem. 255, 60-65. https://doi.org/
10.1016/50021-9258(19)86263-4.

Kim, J., Tan, Y.Z., Wicht, K.J., Erramilli, S.K., Dhingra, S.K., Okombo, J., Vendome, J.,
Hagenah, L.M., Giacometti, S.I., Warren, A.L., Nosol, K., Roepe, P.D., Potter, C.S.,
Carragher, B., Kossiakoff, A.A., Quick, M., Fidock, D.A., Mancia, F., 2019. Structure
and drug resistance of the Plasmodium falciparum transporter PfCRT. Nature 576,
315-320. https://doi.org/10.1038/541586-019-1795-x.

Kimanius, D., Dong, L., Sharov, G., Nakane, T., Scheres, S.H.W., 2021. New tools for
automated cryo-EM single-particle analysis in RELION-4.0. Biochem. J. 478,
4169-4185. https://doi.org/10.1042/BCJ20210708.

Krissinel, E., Henrick, K., 2007. Inference of macromolecular assemblies from crystalline
state. J. Mol. Biol. 372, 774-797. https://doi.org/10.1016/j.jmb.2007.05.022.

Li, X., Liu, S., Zhang, L., Issaian, A., Hill, R.C., Espinosa, S., Shi, S., Cui, Y., Kappel, K.,
Das, R., Hansen, K.C., Zhou, Z.H., Zhao, R., 2019. A unified mechanism for intron
and exon definition and back-splicing. Nature 573, 375-380. https://doi.org/
10.1038/541586-019-1523-6.

Liebschner, D., Afonine, P.V., Baker, M.L., Bunkdczi, G., Chen, V.B., Croll, T.I., Hintze, B.,
Hung, L.-W., Jain, S., McCoy, A.J., Moriarty, N.W., Oeffner, R.D., Poon, B.K.,
Prisant, M.G., Read, R.J., Richardson, J.S., Richardson, D.C., Sammito, M.D.,
Sobolev, O.V., Stockwell, D.H., Terwilliger, T.C., Urzhumtsev, A.G., Videau, L.L.,
Williams, C.J., Adams, P.D., 2019. Macromolecular structure determination using X-
rays, neutrons and electrons: recent developments in Phenix. Acta Cryst D. 75,
861-877. https://doi.org/10.1107/52059798319011471.

S. Liu, X. Xia, J. Zhen, Z. Li, Z.H. Zhou, Structures and comparison of endogenous 2-
oxoglutarate and pyruvate dehydrogenase complexes from bovine kidney, 2022.
10.1101/2022.04.06.487412.

Liu, S., Li, X, Zhang, L., Jiang, J., Hill, R.C., Cui, Y., Hansen, K.C., Zhou, Z.H., Zhao, R.,
2017. Structure of the yeast spliceosomal postcatalytic P complex. Science 358,
1278-1283. https://doi.org/10.1126/science.aar3462.

Liu, Y.-T., Shivakoti, S., Jia, F., Tao, C.-L., Zhang, B., Xu, F., Lau, P., Bi, G.-Q., Zhou, Z.H.,
2020. Biphasic exocytosis of herpesvirus from hippocampal neurons and mechanistic
implication to membrane fusion. Cell Discov. 6, 2. https://doi.org/10.1038/s41421-
019-0134-6.

Ma, T., Zang, T., Wang, Q., Ma, J., 2018. Refining protein structures using enhanced
sampling techniques with restraints derived from an ensemble-based model:
Refining Protein Structures. Protein Sci. 27, 1842-1849. https://doi.org/10.1002/
pro.3486.

Mastronarde, D.N., 2005. Automated electron microscope tomography using robust
prediction of specimen movements. J. Struct. Biol. 152, 36-51. https://doi.org/
10.1016/j.jsb.2005.07.007.

Pelletier, M., Read, L.K., Aphasizhev, R., 2007. Isolation of RNA binding proteins
involved in insertion/deletion editing. Methods Enzymol. Elsevier 75-105. https://
doi.org/10.1016/S0076-6879(07)24004-2.

Rajak, M.K., Bhatnagar, S., Pandey, S., Kumar, S., Verma, S., Patel, A.K., Sundd, M.,
2021. Leishmania major biotin protein ligase forms a unique cross-handshake dimer.
Acta Crystallogr D Struct Biol. 77, 510-521. https://doi.org/10.1107/
$2059798321001418.

X. Robert, P. Gouet, Deciphering key features in protein structures with the new
ENDscript server, Nucleic Acids Research. 42 (2014) W320-W324. 10.1093/nar/
gku316.


https://doi.org/10.1016/j.yjsbx.2023.100088
https://doi.org/10.1016/j.yjsbx.2023.100088
https://doi.org/10.1172/JCI11948
https://doi.org/10.1172/JCI11948
https://doi.org/10.1038/s41592-021-01220-5
https://doi.org/10.1038/s41592-021-01220-5
https://doi.org/10.1038/s41564-022-01164-2
https://doi.org/10.1021/bi049065v
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1038/nature19316
https://doi.org/10.1038/s41598-021-92621-1
https://doi.org/10.1038/s41598-021-92621-1
https://doi.org/10.1002/pro.3235
https://doi.org/10.1016/j.cell.2019.07.035
https://doi.org/10.1186/1750-1172-8-6
https://doi.org/10.1186/1750-1172-8-6
http://refhub.elsevier.com/S2590-1524(23)00004-1/h0055
http://refhub.elsevier.com/S2590-1524(23)00004-1/h0055
https://doi.org/10.1126/science.aac8159
https://doi.org/10.1038/s41586-022-04931-7
https://doi.org/10.1038/s41592-019-0637-y
https://doi.org/10.1128/AEM.03167-14
https://doi.org/10.1128/AEM.03167-14
https://doi.org/10.1203/00006450-197906000-00005
https://doi.org/10.1203/00006450-197906000-00005
https://doi.org/10.1016/j.str.2022.11.015
https://doi.org/10.1016/j.str.2022.11.015
https://doi.org/10.1038/nature09302
https://doi.org/10.1038/nature10691
https://doi.org/10.1074/jbc.M413281200
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/ncomms9986
https://doi.org/10.1016/S0021-9258(19)86263-4
https://doi.org/10.1016/S0021-9258(19)86263-4
https://doi.org/10.1038/s41586-019-1795-x
https://doi.org/10.1042/BCJ20210708
https://doi.org/10.1016/j.jmb.2007.05.022
https://doi.org/10.1038/s41586-019-1523-6
https://doi.org/10.1038/s41586-019-1523-6
https://doi.org/10.1107/S2059798319011471
https://doi.org/10.1126/science.aar3462
https://doi.org/10.1038/s41421-019-0134-6
https://doi.org/10.1038/s41421-019-0134-6
https://doi.org/10.1002/pro.3486
https://doi.org/10.1002/pro.3486
https://doi.org/10.1016/j.jsb.2005.07.007
https://doi.org/10.1016/j.jsb.2005.07.007
https://doi.org/10.1016/S0076-6879(07)24004-2
https://doi.org/10.1016/S0076-6879(07)24004-2
https://doi.org/10.1107/S2059798321001418
https://doi.org/10.1107/S2059798321001418

J.K.J. Lee et al.

Samols, D., Thornton, C.G., Murtif, V.L., Kumar, G.K., Haase, F.C., Wood, H.G., 1988.
Evolutionary conservation among biotin enzymes. J. Biol. Chem. 263, 6461-6464.
https://doi.org/10.1016/50021-9258(18)68661-2.

Scheffen, M., Marchal, D.G., Beneyton, T., Schuller, S.K., Klose, M., Diehl, C.,
Lehmann, J., Pfister, P., Carrillo, M., He, H., Aslan, S., Cortina, N.S., Claus, P.,
Bollschweiler, D., Baret, J.-C., Schuller, J.M., Zarzycki, J., Bar-Even, A., Erb, T.J.,
2021. A new-to-nature carboxylation module to improve natural and synthetic CO2
fixation. Nat Catal. 4, 105-115. https://doi.org/10.1038/541929-020-00557-y.

Sievers, F., Higgins, D.G., 2018. Clustal Omega for making accurate alignments of many
protein sequences: Clustal Omega for Many Protein Sequences. Protein Sci. 27,
135-145. https://doi.org/10.1002/pro.3290.

Tegunov, D., Cramer, P., 2019. Real-time cryo-electron microscopy data preprocessing
with Warp. Nat Methods. 16, 1146-1152. https://doi.org/10.1038/541592-019-
0580-y.

Tong, L., 2013. Structure and function of biotin-dependent carboxylases. Cell. Mol. Life
Sci. 70, 863-891. https://doi.org/10.1007/s00018-012-1096-0.

Waldrop, G.L., Holden, H.M., St, M., 2012. Maurice, The enzymes of biotin dependent CO
o metabolism: What structures reveal about their reaction mechanisms: Biotin
Dependent Enzymes. Protein Sci. 21, 1597-1619. https://doi.org/10.1002/
pro.2156.

Wolf, B., Rosenberg, L.E., 1978. Heterozygote expression in propionyl coenzyme A
carboxylase deficiency. J. Clin. Invest. 62, 931-936. https://doi.org/10.1172/
JCI109221.

Wongkittichote, P., Ah Mew, N., Chapman, K.A., 2017. Propionyl-CoA carboxylase - A
review. Mol Genet Metab. 122, 145-152. https://doi.org/10.1016/j.
ymgme.2017.10.002.

Wu, X., Rapoport, T.A., 2021. Cryo-EM structure determination of small proteins by
nanobody-binding scaffolds (Legobodies). Proc. Natl. Acad. Sci. U.S.A. 118 https://
doi.org/10.1073/pnas.2115001118 €2115001118.

Journal of Structural Biology: X 7 (2023) 100088

Wurtele, E.S., Nikolau, B.J., 1990. Plants contain multiple biotin enzymes: discovery of
3-methylcrotonyl-CoA carboxylase, propionyl-CoA carboxylase and pyruvate
carboxylase in the plant kingdom. Arch. Biochem. Biophys. 278, 179-186. https://
doi.org/10.1016,/0003-9861(90)90246-u.

Xue, L., Lenz, S., Zimmermann-Kogadeeva, M., Tegunov, D., Cramer, P., Bork, P.,
Rappsilber, J., Mahamid, J., 2022. Visualizing translation dynamics at atomic detail
inside a bacterial cell. Nature 610, 205-211. https://doi.org/10.1038/541586-022-
05255-2.

Yan, C., Hang, J., Wan, R., Huang, M., Wong, C.C.L., Shi, Y., 2015. Structure of a yeast
spliceosome at 3.6-angstrom resolution. Science 349, 1182-1191. https://doi.org/
10.1126/science.aac7629.

Zhang, K., 2016. Getf: Real-time CTF determination and correction. J Struct Biol. 193,
1-12. https://doi.org/10.1016/j.jsb.2015.11.003.

Zheng, S.Q., Palovcak, E., Armache, J.-P., Verba, K.A., Cheng, Y., Agard, D.A., 2017.
MotionCor2: anisotropic correction of beam-induced motion for improved cryo-
electron microscopy. Nat Methods. 14, 331-332. https://doi.org/10.1038/
nmeth.4193.

Zhou, Z.H., McCarthy, D.B., O’Connor, C.M., Reed, L.J., Stoops, J.K., 2001. The
remarkable structural and functional organization of the eukaryotic pyruvate
dehydrogenase complexes. Proc. Natl. Acad. Sci. U.S.A. 98, 14802-14807. https://
doi.org/10.1073/pnas.011597698.

Zhou, Y., Moscovich, A., Bartesaghi, A., 2022. Data-driven determination of number of
discrete conformations in single-particle cryo-EM. Comput. Methods Programs
Biomed. 221, 106892 https://doi.org/10.1016/j.cmpb.2022.106892.

Zivanov, J., Nakane, T., Forsberg, B.O., Kimanius, D., Hagen, W.J., Lindahl, E.,
Scheres, S.H., 2018. New tools for automated high-resolution cryo-EM structure
determination in RELION-3. Elife 7, e42166.


https://doi.org/10.1016/S0021-9258(18)68661-2
https://doi.org/10.1038/s41929-020-00557-y
https://doi.org/10.1002/pro.3290
https://doi.org/10.1038/s41592-019-0580-y
https://doi.org/10.1038/s41592-019-0580-y
https://doi.org/10.1007/s00018-012-1096-0
https://doi.org/10.1002/pro.2156
https://doi.org/10.1002/pro.2156
https://doi.org/10.1172/JCI109221
https://doi.org/10.1172/JCI109221
https://doi.org/10.1016/j.ymgme.2017.10.002
https://doi.org/10.1016/j.ymgme.2017.10.002
https://doi.org/10.1073/pnas.2115001118
https://doi.org/10.1073/pnas.2115001118
https://doi.org/10.1016/0003-9861(90)90246-u
https://doi.org/10.1016/0003-9861(90)90246-u
https://doi.org/10.1038/s41586-022-05255-2
https://doi.org/10.1038/s41586-022-05255-2
https://doi.org/10.1126/science.aac7629
https://doi.org/10.1126/science.aac7629
https://doi.org/10.1016/j.jsb.2015.11.003
https://doi.org/10.1038/nmeth.4193
https://doi.org/10.1038/nmeth.4193
https://doi.org/10.1073/pnas.011597698
https://doi.org/10.1073/pnas.011597698
https://doi.org/10.1016/j.cmpb.2022.106892
http://refhub.elsevier.com/S2590-1524(23)00004-1/h0265
http://refhub.elsevier.com/S2590-1524(23)00004-1/h0265
http://refhub.elsevier.com/S2590-1524(23)00004-1/h0265

	CryoEM reveals oligomeric isomers of a multienzyme complex and assembly mechanics
	Introduction
	Results
	LtPCC α6β6 dodecamer and domain organization
	α-β binding sites within LtPCC
	LtPCC α4β6 and α5β6 oligomeric isomers differ from α6β6 dodecamer in α-subunit occupancies
	Reaction mechanics and model of a multienzyme assembly and disassembly

	Discussion
	Materials and methods
	Experimental model and subject details
	Preparation of mitochondrial lysate
	Purification of LtPCC by streptavidin affinity pulldown
	CryoEM sample preparation and image acquisition

	CryoEM image processing
	Reconstruction of cryoEM maps
	Sorting method
	Atomic modeling and model analysis
	Data and code availability

	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Author contributions
	Appendix A Supplementary data
	References


