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Carboxysomes are protein microcompartments found in cyanobacteria, whose shell
encapsulates rubisco at the heart of carbon fixation in the Calvin cycle. Carboxysomes
are thought to locally concentrate CO; in the shell interior to improve rubisco efficiency
through selective metabolite permeability, creating a concentrated catalytic center.
However, permeability coefficients have not previously been determined for these gases,

or for Calvin-cycle intermediates such as bicarbonate (HCO; ), 3-phosphoglycerate,
or ribulose-1,5-bisphosphate. Starting from a high-resolution cryogenic electron
microscopy structure of a synthetic f-carboxysome shell, we perform unbiased all-atom
molecular dynamics to track metabolite permeability across the shell. The synthetic
carboxysome shell structure, lacking the bacterial microcompartment trimer proteins
and encapsulation peptides, is found to have similar permeability coefficients for

multiple metabolites, and is not selectively permeable to HCO;  relative to CO>. To
resolve how these comparable permeabilities can be reconciled with the clear role of the
carboxysome in the CO;-concentrating mechanism in cyanobacteria, complementary
atomic-resolution Brownian Dynamics simulations estimate the mean first passage
time for CO; assimilation in a crowded model carboxysome. Despite a relatively high
CO; permeability of approximately 10 =2 cm/s across the carboxysome shell, the shell
proteins reflect enough CO; back toward rubisco that 2,650 CO; molecules can be
fixed by rubisco for every 1 CO; molecule that escapes under typical conditions. The
permeabilities determined from all-atom molecular simulation are key inputs into flux
modeling, and the insight gained into carbon fixation can facilitate the engineering of
carboxysomes and other bacterial microcompartments for multiple applications.

photosynthesis | permeability | bacterial microcompartments | carboxysomes | molecular simulation

Carbon fixation in an oxygen-rich atmosphere is difficult. Rubisco, the key enzyme that
adds a single CO, onto Ribulose 1,5-bisphosphate (RuBP) within the Calvin-cycle, also
catalyzes RuBP reactivity with oxygen through photorespiration that results in a net loss
of energy (1, 2). Thus, photosynthetic organisms such as cyanobacteria have evolved
CO,-concentration mechanisms (CCM) to grow in high oxygen conditions. The CCM
tilts the local gas concentration near rubisco toward CO, rather than the O, abundant in
the atmosphere (3). In cyanobacteria, a bacterial microcompartment (BMC) (4) known
as the carboxysome forms the center of the CCM, encapsulating rubisco and carbonic
anhydrase to create a locally high concentration of CO, that enables efficient carbon
fixation (3, 5).

The carboxysome, and microcompartments generally, are bounded by protein
components that oligomerize to form subassemblies with hexagonal or pentagonal
symmetry that further assemble into complete shells with icosahedral symmetry (4, 7-13),
similar in scale to some viruses. Since rubisco is encapsulated within the carboxysome
(14), but enzymes that catalyze other Calvin-cycle reactions are not (Fig. 1), the
carboxysome shell must simultaneously be intact to facilitate rubisco localization while
also being permeable to the reactants and products for rubisco. Ideally, the carboxysome
would concentrate CO, over O,, reducing the nonproductive oxygenation reaction/
photorespiration. Recent structural studies clearly demonstrate that carboxysomes remain
intact, sometimes over several cycles of cell division (14, 15). However, the carboxysome
shell permeability for individual metabolites has remained elusive (16-18) with multiple
proposed models and assumptions (19-21). Missing quantitative permeation coefficients
hinder efforts to better understand the limits to photosynthesis and develop strategies to
further improve its efficiency or incorporate it into new contexts (22, 23).
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Fig. 1. Schematic of the cyanobacterial carboxysome and its function within
the Calvin cycle. The carboxysome model used to represent the dashed
cyanobacterial carboxysome is based on the synthetic carboxysome shell
[PDB: 60WG (6)]. In cryogenic electron microscopy (cryo-EM) atomic model,
gray indicates CcmK hexamers, yellow CcmL pentamers; Ribulose 1,5-
bisphosphate (RuBP) would enter the carboxysome, and bind to the rubisco
enzyme. The RuBP can react either with CO, or O, that diffuses in from
the cytosol, or with CO, that is generated by carbonic anhydrase (CA) activity.
Rubisco converts RuBP into 3-phosphoglycerate (3-PGA), which must traverse
the carboxysome shell again to continue the Calvin cycle.

Shell permeability coefficients are a key input to exist-
ing systems biology models that guide our understanding
of cyanobacterial CCM function and engineering approaches
(19, 20). Permeability is difficult to measure based on the rapid
turnover within photosynthesis and the difficulty of probing
the interior of the carboxysome, and so for simplicity, systems
biology approaches have treated permeability as being equal to
all metabolites, or an imposed parameter (19-21). Molecular
simulation has revealed the free energy barriers to permeation
for multiple photosynthetic metabolites and ions along the pore
in the hexameric shell protein that makes up the majority
of the carboxysome, determining that the energetic barriers
were decidedly unequal, but stopped short of determining
permeability coefficients (24, 25). Our approach is to conduct
multimillion atom molecular dynamics (MD) simulation of a
p-carboxysome synthetic shell (Movie S1) (PDB: 60WG) (6) to
explicitly track photosynthetic metabolites crossing the synthetic
shell. While the current synthetic shell lacks the BMC timer
protein CcmO, it was present in the operon used to express
the shells (26), yet the protein was not present in the shell
structure—which could be considered consistent with it being a
minor component(27). Based on the rate of shell crossing events
observed over 1.5 ps of simulation per metabolite and our known
metabolite concentration, we can estimate the permeability
coefficient directly from simulation (28). By tracking hundreds of
transition events across the shell, we find that shell permeability
coefficients for most metabolites, including CO, and O,, are on
the order of 1072 cm/s.

Naturally, the high permeability for CO, measured
from our simulations raises the question of how leaky the
carboxysome is to CO,? To address this question, we use Atomic
Resolution Brownian Dynamics (ARBD) (29) to simulate CO,
diffusion within a crowded carboxysome. Based on geometry
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considerations alone, we find thata CO, molecule is likely to find
a rubisco active site prior to hitting the edge of a real carboxysome.
When combining these results with estimates for how often CO,
is reflected back into the carboxysome interior by shell proteins,
we estimate that 2,650 CO, molecules can be fixed by rubisco for
every 1 molecule that escapes the carboxysome. Thus, while our
high CO, permeability estimates suggest that a CO, gradient
cannot be maintained long term in the absence of enzymatic
activity, replenishing CO, within the carboxysome from soluble
bicarbonate via carbonic anhydrase activity is sufficient to keep
the local CO, concentration around rubisco high within the
carboxysome.

Results

Quantifying Metabolite Transition Events and Permeation
Pathways Across Synthetic Carboxysome Shells. To quantify
the permeability of small molecular compounds - CO,, O,,
HCO3, 3-phosphoglycerate (3-PGA), RuBP, we track perme-
ation events for these metabolites across a synthetic carboxysome
shell using classical MD simulations. Individual all-atom MD
simulations are performed for each metabolite at high concen-
tration (500 mM) to increase sampling of observed transition
events for an aggregate of 1.5 s per metabolite. To monitor
for permeation events, we track the radial position for each
metabolite molecule relative to the carboxysome center, and
monitor trajectory traces for the radial position as a function
of time (Fig. 2). If the trace for a specific small molecule can
be found on both sides of the carboxysome shell, it must have
crossed the shell, and is a permeation event.

The total permeation events for photosynthetic metabolites are
aggregated in Fig. 3, with animations for individual metabolites
through a single hexamer shown in Movies S2-S6. Gaseous
compounds (CO, and O,) have many more observed transitions
in our simulations than the anionic compounds, suggesting
that gases are more permeable across the synthetic carboxysome
shell than other anionic metabolites. Transition events for the
gases are also found to frequently track along the interface
between the hexameric and pentameric proteins that compose
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Fig. 2. Time series trace for example metabolite transitions across the
carboxysome shell. The solid red line indicates the current radial position of
a specific copy of the metabolite in our simulation. By following the position
compared with the extent of the carboxysome shell proteins (gray region),
we can readily count transition events where the metabolite crossed the
carboxysome shell during our simulation.

pnas.org


https://www.pnas.org/lookup/doi/10.1073/pnas.2402277121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2402277121#supplementary-materials

Downloaded from https://www.pnas.org by 86.245.121.231 on July 8, 2025 from IP address 86.245.121.231.

351
3501 Hexamer
300 1 Pentamer
Interface
§2)
§ 250
| 205
= 200
0
3 150 1
©
= 100{ 192 86
501
3-PGA  HCO;" CO» O

Fig. 3. Aggregated metabolite transition events, broken down by metabolite
and pathway. Three pathways are possible for each metabolite, transitioning
through the hexamer pore (red), the pentamer pore (blue), or the interface
between hexagonal or pentagonal protein subunits.

the synthetic carboxysome shell model. By contrast, small anionic
metabolites such as HCO3 and 3-PGA always transit through
the central pores in the hexamers and pentamers. Considering
the number of CcmK hexamers (30) and CcmL pentamers
(12) assembled together to build the icosahdedral shell (Fig. 1),
we would expect a 5:2 ratio of hexamer versus dimer transit
events if there was no preference between the pores. However,
the heavily skewed ratio observed in Fig. 3 highlights that the
negatively charged compounds transit preferentially through the
abundant hexameric pores that would dot the carboxysome
surface. The transit through the hexameric pore for negatively
charged compounds is facilitated by the positively charged KIGT
motif, instead of the conserved KIGS motif (30) found in the
central pore formed by CemK hexamers (Fig. 4).

RuBP transits the fewest times within our simulations. We
observe only six permeation events overall from 1.5 ps of MD
simulation (Fig. 3), as many RuBP molecules get trapped in
the hexamer central pore (Fig. 44). One such transition of
RuBP through a BMC-H hexamer protein is demonstrated in
Movie S7. The strong charge—charge interactions between the
RuBP and the KIGT motif increases RuBP residence time within
the BMC-H hexamer pore. While HCO3 and 3-PGA also have
substantial charge, RuBP uniquely has strong interactions on
both ends of the molecule. As a result, RuBP frequently adopts
conformations within the pore where the phosphates make strong
contact with K36 (Fig. 4B), delaying RuBP transport across the
hexamer protein. Our results suggest that RuBP has a substan-
tially smaller permeability than other metabolites through the
hexameric pore.

Quantifying Permeability and Pathways for Photosynthetic
Metabolites. By Fick’s law, the net metabolite flux (J) is the
product of the metabolite permeability (P) we are secking to
determine, the carboxysome shell surface area (A), and the
concentration difference across the shell (AC) (28):

J=PxAxAC [1]

The transition events observed in our simulation can be translated
into a permeability coefficient, using the same methodology
worked out for lipid bilayers (28). Briefly, the permeability
is related to rate at which small molecules cross the partition
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Taking the results from Fig. 3, we use Eq. 2 to tally the transition
events, simulation time, and derived permeability coefficients for
metabolite transport averaged across the full shell in Table 1.

The key finding is that the permeability coefficients for most
small molecules are 2102 c¢m/s (Table 1). This magnitude is
consistent with optimal carboxysome permeability predictions
from systems model (19), and two orders of magnitude higher
than the optimal permeability predicted by a revised pH-aware
CCM model (20). However, even the pH-aware model supports
CCM activity over a range of permeabilities, including those
on the order of 1072 c¢m/s (20). The exceptions to this are the
roughly 10 to 100 fold lower permeability predicted for RuBP,
in line with assumed permeabilities between 107> cm/s and
10~* cm/s in other models (31), and the higher permeability
for water. Since water forms continuous channels through the
CcemK pore (SI Appendix, Fig. S1), and protons are known to
permeate across carboxysomes (32), a high permeability for water
(Table 1) is natural, and suggests that there can be no osmotic
gradient across the shell.

However, the high permeability for CO, and O, is a surprise,
as prior simulations based on enhanced sampling methods
predicted that there should be a barrier for CO, and O,
to cross through the hexameric pore compared with larger
photosynthetic metabolites (24, 25). Having hints from Fig. 3
that the pathways the different metabolites follow are distinct,
we invert the observed probability distribution for the different
metabolites along the radial and pore axis dimensions to create
a free energy profile to compare with previous results (Fig. 5).
As had been observed previously, 3-PGA and HCO;3 have a free
energy minimum of approximately —2 kcal/mol within the pore
near the constriction site, where Z ~ —10 A, and the radius is
near zero. By contrast, CO, and O, are not found to sample
this region of the free energy profile, and exhibit a free energy

Fig. 4. RuBP routinely gets stuck within the pore of a CcmK hexamer. (A)
lllustrates the different RuBP molecules (red oxygen, cyan carbon, white
hydrogen) stuck at the pore of the hexamer protein (ice blue) after 500 ns of
MD simulation. (B) illustrates the interaction between the negatively charged
RuBP molecule and the positively charged pore lysine residues within the
KIGT motif in the synthetic CcmK hexamer. lllustrated are the Top, where
the BMC-H hexamer is illustrated in ribbon and by a transparent glass gray
surface. Also illustrated is the lateral view (90°, where only the transparent
surface is illustrated for clarity; indicating RuBP molecule trapped inside the
BMC-H pore.
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Table 1. Permeability coefficients of metabolites
across synthetic g-carboxysome shell, using the formal-
ism introduced in Eq. 2

Molecule Transitions Time (ns) P (cm/s)

o, 351 1,500 0.026 + 0.008
Co, 205 1,500 0.015 4+ 0.003
HCO3 86 1,500 0.0063 4 0.0002
3-PGA 102 1,500 0.0074 + 0.0009
RuBP 6 1,500 0.00044 £ 0.0002
H,O 74,116 700 0.11 £ 0.002

For photosynthetic metabolites, the concentration in water was assumed to be 500 mM.
For H,0, whose transitions were measured from a shorter set of test simulations, we
assumed a concentration of 55 M. Here, the mean permeability is calculated by taking the
average of the transition events observed in three independent simulations, and the SE is
computed from the SD over the 3 independent simulations.

maximum near the pore center. Since previous simulations were
operating with an isolated hexamer, and restrained the sampling
for small molecules to within a cylinder with a 15A radius,
the maximum we observe is consistent with prior free energy
profiles (24, 25). Based on the isolated hexamer simulation
design, prior work did not sample the lower energy path for gas
transit across the shell at the interface between hexameric tiles
far from the central pore. The picture that emerges from Fig. 5
is that the primary pore within the hexamer is selective to larger
metabolites, but that gases transit wherever there is a momentary

pocket.

Assessing CO, Leakiness in a Crowded Carboxysome Context.
The surprising corollary to the high CO, permeability in Table 1
is that once HCOj is converted by carbonic anhydrase into
CO, (Fig. 1), the CO, may leak from the carboxysome prior to
CO, capture and fixation by rubisco. To estimate carboxysome
leakiness for CO,, we developed a model for a full carboxysome
packed with rubisco (Fig. 64) based on recent cryo-electron
tomography (cryo-ET) experiments for marine cyanobacteria
(33), a- (10, 11, 34) and f-carboxysomes (35). Our intent is
to track the statistics of how often CO,, will hit the carboxysome
shell first or will instead come close to the rubisco active site. Since
rubisco has multiple subunits, and over a hundred rubisco are
densely packed within any real carboxysome, treating this system
with atomistic MD as we did for the synthetic system is infeasible.
Thus, we use ARBD methodology (29) to represent each of the
160 rubiscos as an interacting grid that can exert force on nearby
CO, particles. The rubisco structure used in ARBD simulations
should be in the apo or substrate-free form to allow CO, to
access the well-conserved active site, and hence the PDB:7]JN4
(36) structure from Chlamydomonas reinhardtii was used in
place of similar models from other organisms (S/ Appendix,
Fig. S2). The apo rubisco model is then packed using inter-
rubisco distance observed in cryo-electron tomograms obtained
in marine cyanobacteria (33) to approximate the densely packed
carboxysome interior.

Four 2 ps long ARBD simulations were performed to calculate
the rate for a CO, molecule to bind to a rubisco active site (k) or
to exit the shell (£,), with the animation for a single simulation
given in Movie S8. The atomic resolution offered by ARBD
allows individual CO, molecules to be tracked relative to the
well-conserved (SI Appendix, Fig. S2) rubisco active site (37),
in our case K201, H294, and H327 shown to be involved in
catalysis (38). In analyzing the ARBD trajectories, we define that
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a CO, molecule is bound once the molecule comes within 10 A
of the C, atoms in this catalytic triad. The larger cutoff accounts
for sticky spots on the van der Waals grid for rubisco once it has
been discretized, the size of the residues, as well as conformational
changes that might take place within rubisco that ARBD cannot
capture. A CO, can also hit the bounding surface that is assumed
to represent the carboxysome shell proteins. The ratio between
these two events is related to the kinetic rate at which exiting and
binding occur, as given by the simple Markov model derived in
SI Appendix, section D.

From Fig. GE, we see that the number of CO, molecules that
bind to rubisco far exceed the number of CO, molecules that hit
the carboxysome surface. However, the numbers are comparable,
with the binding rate of CO, to rubisco only 2.3 (£ 0.05) times
higher than the rate at which CO, hits the carboxysome surface. If
this were the final number, appreciable CO, would leak out of the
carboxysome during carbon fixation, and represents the scenario
where the rubisco core was intact but the shell was absent. From
Fig. 2 derived from our atomic simulations, we see that a typical
CO, molecule is reflected by the shell many times before leaving
the shell. Indeed, not shown in Fig. 2 are the many molecules
that strike the carboxysome surface and never cross during our
relatively short atomistic simulations. If we focus only on CO,
molecules that are initially inside the synthetic carboxysome in
our atomistic simulations, 72 will cross the carboxysome during
simulation, compared with 82,797 recorded events where the
CO, was at the carboxysome surface, and was reflected back
at least 5A back into the interior. The rate of CO, leaving
the carboxysome is therefore substantially slower than the rate
of merely hitting the surface, dramatically increasing the ratio
between carbons fixed by rubisco and carbons that leave the car-
boxysome. By our estimates, 2,650 CO, will be bound and fixed
by rubisco for every 1 CO, molecule that manages to escape the
carboxysome (S] Appendix, Eq. S5). Thus, while the carboxysome
shell is permeable to CO,, the effective diffusion length a CO,
must travel before leaving the shell is amplified significantly by
reflections off the shell surface, making it exceedingly likely a
given molecule of CO, inside a carboxysome will find a primed
rubisco.

BMC-H Radius (r)

Free Energy (kcal/mol)

Fig. 5. Two-dimensional free energy surfaces for photosynthetic metabolite
transport across the CcmK hexamer in the synthetic carboxysome shell. Note
that the two dimensions here are the position along the radial distance away
from the pore center (r, Upper Right) and the pore normal axis (Z, Lower
Right). The free energies are directly computed by inverting the probability
distribution for metabolite centers and are corrected for the larger surface
area atincreasing radius. In locations where no sampling has taken place, the
probability distribution is not invertible, and so the free energy is represented
as a white color.
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Fig. 6. (A)is the initial model for a crowded carboxysome interior, where each L8S8 (large and small subunits) rubisco apo enzyme is represented in a different
color, and white spheres are the initial locations for CO, molecules. The bounding sphere (gray) represents the carboxysome shell. By tracking CO, molecules as
they diffuse within the imposed bounding potential (B-D), where specific CO, molecules are followed as a color-changing timecourse, we can use these results
to develop a simple Markov model (S/ Appendix) to estimate the rates for exiting the carboxysome (ke) or binding to rubisco (kj). The time series for how
many CO, molecules are unbound, hit the bounding sphere and attempt to exit, or bind to rubisco are reported in (E). (F) highlights a single trace for a CO,
molecule within our trajectories, emphasizing that CO, may not transit across the carboxysome on the first attempt, and can be reflected multiple times off

the carboxysome shell before exiting.

Discussion

The critical finding from this work is that carboxysome shells do
not show large variation in permeability coefficient depending
on the metabolite (20, 31, 39). Charged, uncharged, gaseous,
or water-soluble, the permeability coefficients we determined
through atomistic simulation across a synthetic carboxysome
model are all within two orders of magnitude (Table 1). This
is in stark contrast to lipid bilayers, where charge alone can
vary the permeability by six orders of magnitude (40), and
the dynamic range for passive permeability depending on the
metabolite can be very large (28, 40). Thus rather than invoking
selective permeability to generate a CCM that prefers CO, over
O,, to trap CO, internally, as has been hypothesized in prior
literature (3, 16), we find that the biophysical principles behind
CCM shell function are ingenious.

In the cyanobacterial cytosol HCO3 will be the primary form
of carbon that enters the carboxysome (20, 31, 39, 41-44).
The concentration gradient that drives HCO3 flux into the car-
boxysome would be maintained by the carbonic anhydrase inside
the carboxysome shell that locally generates CO, (42, 45-47).
Most of the CO, that is generated by carbonic anhydrase will
quickly find a rubisco active site on a microsecond timescale
(Fig. 6), with kinetics effectively limited by how quickly generated
CO, can diffuse to an active site. The diffusion is assisted by the
multiple reflections from the shell surface thata CO, particle can
experience before it finds a pathway to escape the carboxysome,
creating an effective CCM even in a nominally leaky carboxysome
shell.

The primary role of the carboxysome is to enhance the
carboxylation over oxygenation reactions by rubisco, and
hence the local concentration of O, inside the carboxysome
is expected to be lower than the CO, concentration under
most physiological conditions. Residual O, permeation across
the carboxysome shell results in the limited photorespiration.
The cytosolic O, concentration will be relatively low, as O,
preferentially partitions to lipid membranes, and is generated

PNAS 2024 Vol. 121 No. 45 e2402277121

during photosynthesis by photosystem II that is embedded
within the thylakoid membrane (48). The carboxysome shell
proteins are just as effective at reflecting O, entering from the
cytosol as they are in retaining CO,. The presence of the shell
would act as a physical barrier to lower the O, availability near
the rubisco active site compared to CO,, thereby minimizing
photorespiration. This is analogous to the reduction in O,
availability within protein nanocages, where the proteins inhibit
O, access to the nanocage interior (49). To be clear, as stated
some O, will permeate across the carboxysome shell, and if
it does so, we would anticipate that rubisco will push RuBP
toward the photorespiratory pathway and 2-phosphoglycolate
production. The ability for some O, to enter the carboxysome
is consistent with previous experimental findings that intact
photorespiration pathways are required for normal growth in
cyanobacteria under standard atmospheric conditions (50).

Our results also highlight the engineering principles that
dictate efficient carboxysome construction, which have been
previously explored theoretically (51). The number of shell
proteins needed to encapsulate a catalytic cluster of a specific
radius grows as the radius squared, while the encapsulated enzyme
count grows as the radius cubed. As protein synthesis costs energy,
large carboxysomes should be favored to amortize the energetic
cost of carboxysome biogenesis, by packing as many rubiscos as
possible into a single carboxysome (51). However, since CO,
will encounter a rubisco active site within a microsecond (Fig. 6),
and the diffusion coefficient for CO, is 1,670 nm?/ps (52),
the average pathlength a CO, can travel is only about 40 nm
or so, with substantial variation due to stochastic motion. This
means that there are diminishing returns if the distance between a
carbonic anhydrase and a rubisco active site substantially exceeds
that dimension, since distant rubiscos would not reliably be
supplied with CO,, and would effectively be a waste of resources
to produce. Typical a-carboxysomes are measured to be about
100 to 150 nm in diameter (10, 11, 53, 54), which would seem
to be sized appropriately if carbonic anhydrases were localized
to the carboxysome periphery and CO, were to diffuse into
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the interior. However, f-carboxysomes are much larger, with
diameters up to 600 nm, suggesting that if carbonic anhydrases
were only on the periphery, interior rubiscos would be starved of
CO,. Structural data from cryo-electron and super-resolution
microscopy in @ and f- carboxysomes respectively, suggests
that CA enzymes inside the shell closely interact with rubisco,
to form a supercomplex (47, 55). Experimentally in the case
of f- carboxysomes the rubisco-CA localization is measured
to a sub-shell layer of ~5 to 6 nm beneath the outer shell
surface (55), consistent with a more uniform distribution of
carbonic anhydrases. Integrating these details into the ARBD
model (Fig. 64) requires detailed knowledge for the number of
CA enzymes inside the carboxysome shell and their distribution
within an assembled microcompartment, which are areas of active
research beyond our current scope.

RuBP Concentration Is High to Match Rubisco Stoichiometry.
One of the big surprises in our results is how few permeation
events we observe for RuBP compared with the other photosyn-
thetic metabolites (Table 1). Since RuBP and CO, are used in a
1:1 stoichiometric ratio within the Calvin cycle, that implies that
at steady state the fluxes for RuBP and HCO7 should be equal
for continued catalysis. From the structure of Eq. 1, the smaller
permeability for RuBP relative to CO, or HCO3 implies that
the concentration gradient needed to drive transport across the
shell must be larger.

There are two reasonable ways to create a larger gradient for
RuBP. If the external concentrations were similar, a smaller
concentration difference for CO, would mean a high internal
concentration of CO, equivalents inside the carboxysome.
This seems unlikely, since carbon fixation accelerates when
cyanobacteria are grown in a CO,-rich environment (56, 57),
and a high internal CO, concentration will inhibit carbonic
anhydrase turnover. What we consider more plausible is that the
cytosolic metabolite pool for RuBP is instead high and that the
intracarboxysomal concentrations of both metabolites are similar
in scale. In vivo measurements report millimolar concentration of
RuBP in @ and f-carboxysomes (58), which are consistent with
estimated intracarboxysome concentrations for CO, in systems
biology models (19, 20).

The missing piece of the RuBP puzzle is of course the other
carboxysome shell components not featured in this study. The
minimal model we simulate here (Fig. 1) contains two types of
shell proteins, whereas all carboxysomes containing organisms
encode at least one trimeric shell protein with hexagonal
symmetry. Comparing available cryogenic electron microscopy
(cryo-EM) structures for the BMC-trimer and hexamer shell
proteins (4, 7, 59, 60), the stacked trimer subunit has a larger,
gated pore that may facilitate RuBP transport. Future study will
be required to assess the relative permeability between the two
components, as the trimer is typically far less abundant on the
carboxysome surface compared to the hexamer proteins.

pH Effects on the CCM. A compelling hypothesis in the wider
carboxysome literature is that there is a pH gradient across the
carboxysome shell (18) and that pH plays a role in carboxysome
regulation, with lower intracarboxysomal pHs associated with
higher metabolic activity (61). Lower pH supports robust
carbonic anhydrase activity, which combines free protons (HT)
from solution with bicarbonate (HCO3) to form CO, and H,O.
While it remains elusive and challenging to determine the role
of pH in a carboxysome, systems biology predictions with a
pH-aware model (20) shed light on the optimal interior pH for
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carboxysome function relative to the cyanobacterial cytosol pH
(~8) (20, 31). In contrast to earlier models, where the optimal
carboxysome permeability was between 1072 to 1073 cm/s (19),
the pH-aware model has the optimal carboxysome permeability at
104 cm/s (20), however the revised model does support carbon
fixation for CO, permeability of 1072 cm/s. Next, comparing
RuBP transport across the synthetic shell, from MD simulations,
we derive the permeability to be 0.00044 cm/s (Table 1), which is
similar to the optimal range reported by Long et al (31) for a car-
boxysome of radius 50 nm and compartment pH between 7 to 8.

Where we think our MD may really inform the pH discussion
is in noting that many water molecules can readily transit through
the carboxysome shell (Table 1 and S/ Appendix, Fig. S1).
Hydrogen bond arrangements that could conduct a proton
across the shell through a Grothuss-type mechanism postulated
previously (31) are trivial to identify from our trajectories. Thus
any pH gradient cannot be manufactured by active transport
processes, as the gradient would be run down by these Grothuss
proton movements, and lead to proton movements observed in
prior experiments (32) and systems modeling predictions (31).
Instead, based on the electrostatic surface analysis of the synthetic
shell reveals a more negatively charged exterior relative to the
interior (6), and is a lever evolution can turn to optimize the
interior pH of a carboxysome by modifying the Nernst potential
relative to the cytosol, as well as the metabolite permeability.
Mutation is the clearest path forward to modify any potential pH
gradient, as the carboxysome is too small for the number of free
protons to be a useful indicator of pH. An approximately spherical
120 nm diameter solvated carboxysome will hold only 30.3
million water molecules,” thus even an empty shell will have fewer
than 1 H30™T in its interior at pH 7. Instead, the pH environment
within the carboxysome is fixed by the protonation equilibria of
the shell and its cargo, which in our fixed charge simulation
models take the predominant protonation state at pH 7.

Rubisco Packing Considerations. In the in-silico carboxysome
shell model we developed (Fig. 6) used PACKMOL (62) to
randomly insert 160 copies of rubisco inside a spherical volume
with a 95 nm approximate diameter. This would represent a
carboxysome on the smaller side, chosen for computational effi-
ciency, and as a worst-case scenario with abundant opportunities
for CO, to hit the bounding surface. Assuming a spherical
carboxysome, this works out to 2,800 nm? per rubisco. From
two different high-resolution cryo-ET experiments, the authors
report about 200 to 250 rubisco complexes are encapsulated in
a lattice configuration inside an @ - carboxysome of diameter
~120 nm (11), or 3600 nm® per rubisco. Similarly, analyzing
tomograms obtained from rubisco assembly in cyanobium and
Halo carboxysomes, the authors quantify about 244 + 26 and
274 £ 72 respectively, in shells that are 100 to 120 nm wide
(10, 53), ranging from 2,100 to 3,300 nm? per rubisco. The story
is somewhat different from recent Synechococcus f - carboxysome
tomograms (63), with approximately 1,800 nm? per rubisco, the
tightest packing seen to this point in the literature.

While our rubisco packing density is reasonable given the
experimental variation observed in tomograms, with our packing
density in the middle of the range for an a-carboxysome. In
the densely packed p-carboxysomes, we would anticipate that
the balance between CO, egress and catalysis would shift even
further toward catalysis from what we measure in our simulations,
simply as CO, would be even more likely to hit an active site.

*42 (60nm)® x 1} x Mol x 60231023 melectles 30300000 H,0 molecules.
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We did not impose any structure on the packing within our
model carboxysome that has recently emerged from tomography
(10, 11, 53). In our view, ordered structure within the car-
boxysome would likely not substantially change the diffusion
behavior for photosynthetic metabolites, especially in such
densely crowded microcompartments, and that ordered confor-
mations may arise from dynamics at longer timescales than our
simulations can capture.

Current Limitations

As mentioned, the cryo-EM structure of the synthetic f-
carboxysome shell (PDB: 60WG) lacks the BMC trimer
protein ccmO, encapsulation peptides (13, 64, 65), and lacks
encapsulating enzymes (rubisco and CA), making the overall size
of the synthetic shell smaller compared to that of a naturally
occurring a- (11, 66) or f- (63) carboxysome. Lack of these
proteins has an effect in the topology of the shell, which is
more spherical instead of icosahedral. Such topological variations
can result in different mechanical properties for the BMC shell,
which may modulate the permeability. Continuum modeling
by varying the bending rigidity ratios has predicted the surface
patterns on a three component (BMC-H, BMC-P, and BMC-T)
shell (67). However, atomic force microscopy experiments of
viral capsids of size 30 nm and icosahedral symmetry have
demonstrated that the Foppl-von Kdrmdn thin-shell elasticity
model is not sufficient to quantify the mechanical responses,
and a coarse-grained molecular dynamics model was found
to be better suited to predict the force response curves (68).
The interactions between the protein subunits and the presence
of the encapsulation peptides and inner cargo proteins can
have an impact on the shell permeabilicy—especially for gas
molecules which indicate to transport through the protein—
protein interfaces for the experimentally determined synthetic
carboxysome structure (6OWG) (6).

Conclusion

The primary finding from our simulation results is that the
carboxysome shells are not adept at excluding gas molecules from
transiting the shell. If anything, gases permeate more readily at
an equal concentration gradient than photosynthetic metabolites,
particularly RuBP, which has the slowest permeability of the com-
pounds tested. However, by concentrating rubisco and carbonic
anhydrase, and substantially increasing the path length that gases
must travel to leave or enter the shell, the carboxysome creates an
efficient CCM from nominally leaky components. Indeed, the
greater than 2,600:1 ratio between fixed and lost CO, in a typical
carboxysome is an astounding feat of engineering by evolution.

Materials and Methods

Atomistic MD Simulation. The synthetic T= 4 carboxysome cryo-EM structure
(6) was solvated in a water cube with side length 29 nm and prepared for
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simulation (Movie S1) with the CHARMM36m force field for proteins (69) using
Visual Molecular Dynamics (VMD)(70). To track metabolite permeation, we add
500 mM concentrations of C0,, 0,, HCO3, 3-PGA, and RuBP to independent
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Atomic Resolution Brownian Dynamics simulations. Based on existing
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