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ABSTRACT: Naturally evolved and synthetically designed forms of compart-
mentalization benefit encapsulated function by increasing local concentrations of
substrates and protecting cargo from destabilizing environments and inhibitors.
Crucial to understanding the fundamental principles of compartmentalization
are experimental systems enabling the measurement of the permeability rates of
small molecules. Here, we report the experimental measurement of the small-
molecule permeability of a 40 nm icosahedral bacterial microcompartment shell.
This was accomplished by heterologous loading of light-producing luciferase
enzymes and kinetic measurement of luminescence using stopped-flow
spectrophotometry. Compared to free enzyme, the luminescence signal kinetics
was slower when the luciferase was encapsulated in bacterial microcompartment shells. The results indicate that substrates and
products can still exchange across the shell, and modeling of the experimental data suggest that a 50× permeability rate increase
occurs when shell vertices were vacant. Overall, our results suggest design considerations for the construction of heterologous
bacterial microcompartment shell systems and compartmentalized function at the nanoscale.
KEYWORDS: compartmentalization, synthetic biology, biophysics, modeling, molecular permeability, ATP

■ INTRODUCTION
Compartmentalization is a fundamental characteristic of life. In
eukaryotes, compartment membranes are lipid-based. In
contrast, in bacteria, entirely protein-based organelles known
as bacterial microcompartments (BMCs) are widespread.1,2

The “membranes” of BMCs are composed from two protein
domain families: pfam00936 and pfam03319.1,3,4 BMC-
Hexamer (BMC-H) proteins contain a single pfam00936
domain and form hexagonal tiles.5 BMC-Trimer (BMC-T)
proteins consist of a tandem fusion of pfam00936 domains6

and also form hexagonal tiles. These tiles form the facets of a
polyhedral shell.4,7−14 Pentamers that cap the vertices of the
shell are formed by BMC-Pentamer (BMC-P) proteins that
contain a single pfam03319 domain.15 It is hypothesized that
the spatial proximity of enzymes in the BMC lumen in
conjunction with surrounding shell proteins benefits pathways
via enzyme and substrate colocalization in a defined volume, by
diminishing cross-talk with metabolism in the bulk cytosol,
while confining toxic intermediates within the BMC.1,16 The
selective permeability properties of a BMC shell are assumed
to play an essential role in supporting these benefits.
Routes for molecules to cross BMC shells are hypothesized

to include shell tile compositional changes,17,18 travel through
a shell protein’s centrally located pore,5 and/or shell leakiness.5

Simulations and structures of BMC shell proteins support that
BMC shell protein pores act as a conduit for metabolites and

cofactor-sized molecules.5,6,19−24 Also, in vivo or in vitro
characterized BMCs with amino acid substitutions of pore
lining residues in shell proteins, or removal of the shell proteins
entirely, qualitatively suggest that pore structure (and the shell
itself) influences molecular permeability.25−37 Another way
BMC permeability appears modifiable is by altering the
complement of shell proteins in the shell at a particular life
cycle or environmental cues.38−41 Indeed, study of a synthetic
BMC shell system with programmed loading of a permeability
probe supported that larger molecular cargos (∼40 Å
diameter) enter shells when BMC-P vertices of a shell are
deliberately left “uncapped”.42 When BMC shells are intact and
capped, studies with fluorescent small molecules suggest that a
shell’s lumen is still chemically accessible to ∼10 Å-diameter
molecules.42,43 This supports the proposal that shell protein
pores (and/or other nonspecific pathways) likely dictate
molecular permeability properties of a shell. High-resolution
data sets are still needed to characterize the extent to which a
BMC shell acts as a diffusion barrier for small molecules. These
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insights are necessary to improve fundamental understanding
of BMCs in microbiomes, pathogenesis, and carbon cycling
and to advance BMC shells as bionanotechnologies.
Accordingly, we designed a strategy in which lumen-

localized cargo generates an output directly coupled to the
molecular permeability of the shell. Numerous researchers
have successfully incorporated active non-native enzymatic
cargo into a BMC shell lumen.8,44−51 Here, we heterologously
load a programmable BMC shell4,42,52,53 with firefly luciferase
to act as a permeability reporter for the small-molecule
adenosine triphosphate (ATP). The system relies on the in vivo
loading of this versatile, well-characterized luminescent
cargo54,55 into a shell’s lumen with the SpyTag/SpyCatcher
split-adhesion covalent targeting system.42,56 Luminescence-
producing shells lacking vertices were purified and compared
to counterpart shell samples with all vertices occupied (Figure
1). Stopped-flow spectrophotometry of the kinetics of light-
production measured slower rising of the luminescence signal
in shells in the capped versus uncapped configuration.
Differential equation modeling of the experimental data
revealed that capped shells are ∼50 times less permeable.
Notably, these data are consistent with polar small-molecule
exchange with a shell’s lumen. Our approach is broadly
applicable to other shell systems where it can be used to
characterize engineered BMC shells and, more broadly, to
uncover fundamental design principles of compartmentaliza-
tion at the nanoscale.

■ RESULTS
Characterization of Firefly Luciferase-Loaded BMC

Shells. A previously published Haliangium ochraceum synthetic
uncapped BMC shell with a BMC-T1 SpyTag001/SnoopTag

loop insertion was selected as our starting BMC shell chassis to
engineer a reporter enzyme system for ATP shell permeability
(Figure 1).46 The StrepII-tagged BMC-H shell protein in the
synthetic BMC shell protein operon enables purifying shells
with shell BMC-P vertex vacancies (i.e., an uncapped
configuration). The size of the vertex gaps is ∼5 nm in
diameter. Vacancies at the vertices can be capped by adding
exogenous purified BMC-P to the solution.4,42 The type and
number of oligomer shell proteins in this shell are 60 hexamers
and 20 trimers in the facets, and 12 pentamers at the vertices.4

In vivo coexpression of this operon with reciprocally tagged
“catcher” cargos can covalently load the lumen of BMC
shells.46 We coexpressed this BMC shell operon in vivo with
alternative N- and C-terminal SpyCatcher fusions toNippono-
luciola cruciata firefly luciferase (LucZ), which has been
developed into a versatile bioluminescent reporter system
(Figures S1−S3).54,55 Following shell purification and anion-
exchange chromatography to remove broken shell impurities,
both fusion orientations contained ∼40 nm shell-sized particles
measured by dynamic light scattering (DLS) (Figures S1 and
S2). However, the LucZ-SpyCatcher C-terminal fusion
orientation was approximately twofold higher in total
luminescence (Figure S3). An activity assay of 100 μg of
BMC shells loaded with LucZ-SpyCatcher detected as low as
0.5 nM of ATP in solution under our assay conditions (Figure
S4).
Measuring ATP Permeability through a BMC Shell.

Luminescence produced from the covalently bound lumen-
located LucZ-SpyCatcher serves as a reporter for permeability
of the shell to ATP. In this system, LucZ is confined to the
BMC lumen by the covalent tether and is not anticipated to
exchange with the bulk outside the shell lumen. LucZ uses

Figure 1. Design for evaluating the ATP permeability of a model BMC shell. (A) BMC shells lacking pentamers contain ∼5 nm vertex gaps (i.e.,
“uncapped” configuration). BMC shell structures were prepared in PyMol from PDB structure 5V74. BMC-H proteins are colored blue, BMC-T1
dark green, BMC-T2 and BMC-T3 light green, and BMC-P yellow. (B) Zoom of area bounded in white in Figure 1A. (C) Fusion of a SpyTag/
SnoopTag to BMC-T1 shell protein allows for covalent tethering of reciprocally tagged-catcher cargos to the lumen of the BMC shell to evaluate
the permeability of ATP to a BMC shell. (D) Transmission electron microscopy of purified uncapped LucZ-SpyCatcher BMC shells.
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ATP, luciferin, and oxygen to generate visible light, so
luminescence activity supports substrates crossing the BMC
shell, and therefore, any change in the kinetics of luminescence
implies an altered permeability rate. LucZ-containing shell
samples had ∼100 nM final concentration of protein in
solution, while purified BMC-P was added to a second sample
at up to 10 molar excess of shells in solution (Figure S5). At
this ratio, it is expected that shell vertices are fully capped and
do not permit passage of molecules larger than the shell’s
pores.42 After incubation in a luciferin and MgCl2-containing
buffer at room temperature for at least 16 h, DLS, negative
staining and transmission electron microscopy (TEM), and a
luminescence assay in the presence of ATP indicated the
preservation of shell size, structure, and luciferase activity
(Figure S6).
Reaction kinetics were then measured with stopped-flow

spectrophotometry (Figure 2 and Figures S7−S9). BMC shell

samples preincubated in the substrate buffer were placed in
one injection syringe, while a solution of ATP in the buffer was
placed in the other injection syringe. Upon mixing, a rise in
luminescence in both capped and uncapped shells occurred,
which peaked after approximately 1 s. Notably, the uncapped
shell samples’ luminescence signal intensity reproducibly rose
with a steeper slope than the capped shell sample. We then
affinity purified a “No Shell” His-LucZ-SpyCatcher control and
compared the kinetics of luminescence production with His-
LucZ-SpyCatcher covalently tethered inside via SpyTag in
uncapped or capped shells (Figure 2 and Figure S7C). When
the No Shell control in the substrate buffer is injected, this
sample has faster kinetics than both the uncapped and capped
samples. A concentration of 1000 nM for the No Shell control
was used in order to account for any viscosity changes due to
surplus (i.e., unincorporated in shells) protein in solution
because this is the concentration of pentamer in solution in
capped samples. Averaging three independent biological
replicates support distinct trendline equations and a statistical
difference among all samples (p value <0.05) (Figure S7C).
We also performed a control experiment by adding a molecular
crowder to intentionally delay luminescence due to an increase
in solution viscosity, decreasing Brownian diffusion rates of

molecules in the system. This occurred and with similarity to
previously reported trends: luminescence rose fastest in the
shell-lacking control followed by uncapped and then capped
samples (Figure S8). An exception is the No Shell control in
20% PEG, which appears to unexpectedly slow more than the
10% PEG and buffer-only samples. We note that this sample
routinely had aggregates visible to the eye, hinting that these
samples without a shell were not as stable under the 20%
PEG6000 condition. We also tested the influence of varying
the concentration of capping pentamer (Figure S9). To avoid
the influence of viscosity changes due to excess pentamer in
solution, we incubated shells with pentamer overnight in
Luciferin/MgCl2 substrate buffer and then removed pentamers
by anion-exchange chromatography and a 100 kDa cutoff
Amicon filter, which retains shells, while free pentamer collects
in the filtrate. Overall, as observed in Figure S9, shells lacking a
capping pentamer have the fastest kinetics, while shells with a
1:10 substoichiometric amount of pentamer have intermediate
kinetics between an uncapped versus full-capped system and
samples with excess pentamer have the slowest kinetics.
To determine the overall effect of encapsulation on

enzymatic activity, we calculated the Km* for ATP, its binding
affinity for the encapsulated luciferase. We term this quantity
Km* to avoid confusion with the Km intrinsic to luciferase in a
freely diffusing system without confinement, which is
approximately 15 μM.57 We found that Km* ATP for capped
samples was approximately eightfold higher (∼16 μM ATP for
uncapped versus ∼119 μM ATP for capped) (Figure S10).
This further strengthens the notion that BMC shells provide a
diffusion barrier to ATP, but they are not fully impermeable to
it. In particular, the similarity of Km between uncapped
systems with free luciferase highlights the greatly accelerated
kinetics for uncapped systems.
As shown in Figure 2, it is clear that the uncapped BMC

shells are more permeable than the capped shells because of
the increase of the LucZ’s kinetic rate in the uncapped samples.
Intuitively, the absence of the 12 pentameric vertices of the
shell icosahedron provides an opening through which small
molecules can permeate more freely, whereas small molecules
that encounter capped shells have a higher probability of being
reflected back into solution rather than entering the shell.
Turning this qualitative picture into a quantitative model
depends on the selection of a model itself. Because the general
luminescence pattern is similar for enzymes in bulk solution
and samples containing enzymes tethered within a shell (with
an initial nonlinear rise followed by a peak and a nonlinear
decline in luminance), multiple models were tested. The model
that fits best under all conditions is one in which intermediate
products inhibit enzyme activity in a two-step reaction.54,55

The selected model also agrees best with the established
luciferase reaction mechanism of ATP first reacting with D-
luciferin to D-luciferyl-AMP and PPi; D-luciferyl-AMP is then
converted to oxyluciferin and AMP upon O2 reacting, releasing
light and CO2.

57 The formal differential equations solved
numerically are derived in the Supporting Information. The
differential equations can be fit either for an individual trace or
instead use a shared set of thermodynamic and kinetic
parameters with varying initial concentrations.
We aggregated comparable data sets together to create a

unified fit (Table S2). Figure 3 summarizes the key findings of
this analysis, including the permeability coefficient Px, which is
a measure for how much the BMC shell represents a diffusion
barrier to the rate-limiting substrate. While this substrate could

Figure 2. Measuring ATP permeability of LucZ-SpyCatcher BMC
shells with stopped-flow assays. (A) Stopped-flow assay comparison of
uncapped versus capped shells versus a shell-free LucZ in a luciferin/
MgCl2 substrate (each trace represents five readings averaged to one).
The concentration of shell samples in solution was 100 nM, while the
No Shell sample was 1000 nM. Samples were incubated for 1 h in 1
mM luciferin/MgCl2, 50 mM Tris−HCl, and 200 mM NaCl pH 8.0
buffer with or without 1000 nM BMC-P capping protein. Trends
represented are from at least three independent experiments.
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be ATP, luciferin, or O2, it is likely that it is ATP, as it is the
largest substrate molecule and it was absent initially in the
samples in the stopped-flow measurements. Py is the
permeability coefficient for the intermediate D-luciferyl-AMP.
Py is much smaller than Px, indicating that the BMC shell
permits influx for the limiting reactant about two orders of
magnitude greater than an efflux of the intermediate D-
luciferyl-AMP. As can be seen from the data in Table S3, the
kinetic parameters appear sensitive to solution conditions.
However, as the trends in fit parameters are not consistent as
the PEG concentration is increased, our interpretation is that
the parameters are simply difficult to fit consistently. We see
this in evidence again in quantities like the acceleration factor
of capped and uncapped shell permeabilities, which is
effectively unchanged across solution conditions when the
buffer parameters are used to seed the parameters under other
solution conditions (Table S3). Once one solution is found,
our fitting routines have great difficulty finding dramatically
different solutions to the differential equations. Fitting caveats
aside, we see that smaller molecules (ATP or luciferin)
permeate more quickly than the larger D-luciferyl-AMP
intermediate product and that uncapped shells have faster
permeation overall compared to capped shells. The perme-
ability rates calculated appear congruent with stop-flow kinetic
measurements (Figure 2) that qualitatively suggested differ-
ences to shell permeability: the luminescence response is
fastest without a shell, and then if the shell is uncapped, and
finally if a shell is capped, representing a growing barrier to
molecular access to the shell’s interior with enzymes.
Within our model, we assumed that uncapped shell

permeation was a consistent multiplicative factor higher than
the capped shell permeability coefficient. As the model
evolved, and depending on how much data was considered
during fitting, this value ranged from around 50 to up to
10,000. The unified fit accounting for as much data as possible
supports estimates at the lower end of that range, but we again
highlight the uncertainty that is possible. A 50× acceleration
may, however, be the most plausible. The pentameric vertices
account for only about 7% of the total surface area of an intact
40 nm shell. If this shell reflects about 1200 molecules back
into solution for each molecule that permeates, as recently

estimated for other small molecules using direct simulation,24 a
molecule that hits the uncovered 7% of the total surface area
would be about 1200 times more likely to permeate through
that uncapped space. This simple model implies that the
overall rate of permeation would increase by about a factor of
85 in uncapped shells (1200 × 0.07), which is reasonably close
to the 50× rate enhancement determined from the fit.

■ DISCUSSION
Our measured values for a BMC shell’s permeability (ranging
from 10−7 to 10−4 cm/s) appear similar in magnitude to
permeability values observed for passive transport of small
molecules across lipid bilayers58 but are considerably smaller
than the 10−2 cm/s permeabilities for small photosynthetic
metabolites through a synthetic carboxysome shell.24 Yet,
previous descriptions of BMC shell permeability using
mathematical modeling approximate a similar order of
magnitude for small-molecule permeability as reported
here.59−61 The protein composition of shells, their overall
size as well as small-molecule substrates and products, and
interior cargo density all likely influence a BMC shell’s
permeability. We anticipate that many of the same molecular
permeability principles at play in lipid membrane-bound
compartments may also apply to BMC shells in both native
and engineered examples.62

For instance, at a steady state, the flux across the shell must
be identical to catalytic turnover for any encapsulated enzymes
such as the LucZ trapped here. This means that the number of
enzyme turnovers is bounded from above by the inbound flux,
which is related to the concentration difference and the
permeability (flux = permeability × surface area × ΔC). As a
corollary, the concentration inside the shell must be less than
the concentration outside the shell in order for substrates to
diffuse into a BMC down a concentration gradient. As a result,
catalysis is always slower when a barrier is present with one
enzyme reaction, such as the LucZ system constructed here.
This concept appears clear when comparing between capped,
uncapped, and no shell conditions (Figure 2), as luminescence
increases fastest when no shell is present. Considering that we
can measure luciferase activity encapsulated within a BMC
shell over many minutes, it is very likely that not only ATP but
also luciferin and O2 are able to cross the shell, as these
substrates would otherwise be quickly exhausted inside the 40
nm compartment. The permeability coefficients of the limiting
reactant (ATP or luciferin) and D-luciferyl-AMP across the
BMC shell are roughly two orders of magnitude apart (Table
S3). These differences may be explained by differences in the
molecular size and/or charge of the molecules, indicating that
larger and more negatively charged molecules diffuse at a
slower rate across a BMC shell.
It is instructive to quantify the molecular fluxes that might

be present. For the LucZ system, we can assume a kcat of
approximately 1 s−1, based on single-digit kcat reported in the
literature.63,64 In the BMC shells designed here, where the
luciferase is tethered onto functionalized trimer protomers, at
most, there could be 20 LucZ enzymes present. In practice,
approximately 30% of the trimers are thought to be bound to
LucZ in the SpyTag/SpyCatcher system, and so we assume for
this discussion that five LucZ enzymes are actually in the
interior of the shell, turning over 5 s−1 at maximum. Based on
the permeabilities we determined and the surface area for the
shell, the concentration difference that would saturate the
encapsulated enzymes is only 320 μmol/L. Accordingly, we

Figure 3. Differential equation modeling of stop-flow enzyme kinetics
to calculate the permeability rate of capped versus uncapped shells.
(A, B) Permeability coefficients are given by the rate of the limiting
substrate (Px) and the rate of the intermediate complex (Py).
Information regarding the equations, assumptions, and additional
calculated values is found in the Supporting Information. (A) Capped
shells. (B) Uncapped shells.
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would expect just a 320 μmol/L concentration difference
created by the enzymatic activity inside a shell. Since the
concentration outside the shell is much higher in our
conditions (in the mmol/L range), the concentration inside
versus outside the BMC shell is difficult to distinguish in our
stopped-flow experiments. If we use the uncapped perme-
ability, which is ∼50 times larger, the concentration difference
required to saturate the encapsulated enzymes would be 50×
smaller.
Under what circumstances might the increased permeability

of uncapped shells be advantageous? For single enzyme
reactions, uncapping the shells lowers the concentration
difference between inside and outside the shell, potentially
accelerating the kinetics for enzymes that are diffusion limited.
We also envision scenarios where catalysis is accelerated by
uncapping the shell if a product or reactant is too large to fit
through a sealed BMC shell. For multienzyme pathways
encapsulated within a single BMC, the increased permeability
associated with an uncapped shell may be detrimental to the
overall catalytic efficiency, as the built-up concentration of the
product for the first reaction could escape through the vertex
gaps in the shell. If, however, the gaps make up a significantly
smaller percentage of the surface area of the BMC shell (such
as in larger BMCs similar in size to beta-carboxysomes), the
impact of reactants slipping away would be reduced.
Additionally, as shown in Figure S9, BMC shells can also
exist in incomplete capping states that have reaction kinetics
intermediate to an uncapped or capped system. Incomplete
capping opens the possibility for larger substrates, repair
enzymes, or chaperones to exchange across the shell, while the
activity reduction from small molecules diffusing out of the
shell is minimized.
Accordingly, sealed shells appear to cater best to multistep

pathways. When encapsulating a multistep pathway, any step
after the first one will theoretically have higher enzymatic
activity as the intermediate concentrations will be higher inside
than outside. Thus, the overall performance of a metabolic
pathway may increase for particularly slow enzymes requiring a
high substrate concentration to work efficiently as long as the
enzymatic step before is also encapsulated and not significantly
impacted by the BMC shell diffusion barrier. Regarding this
barrier, in general, the first substrate should be able to diffuse
inward as freely as possible to not negatively impact the first
catalytic step. However, retention of intermediates formed
during reaction should remain inside to benefit downstream
enzymatic reactions�this requires the BMC shell to represent
a large diffusion barrier in this instance. In fact, this suggested
design principle appears to be observed in the case for BMCs
called carboxysomes. These systems encapsulate the catalyti-
cally fast carbonic anhydrase delivering the intermediate CO2
to notoriously catalytically slow and error prone enzyme
RuBisCO.17 Because both the permeability properties of the
BMC shell toward the first substrate and downstream
intermediates might not be completely independently engi-
neerable, compromise appears necessary.
BMCs occur in nearly 70 different varieties of cargo-

containing cores and are theoretically built from compositions
of nearly 40,000 unique shell proteins.2,65 Research suggests
that cyanobacterial carboxysomes alter compositions of a BMC
shell under environmental change, and it is hypothesized that
these alterations regulate molecular permeability.38,40,41 The
detailed influence of a BMC’s specific shell protein
composition on permeability (versus a dramatic global

composition alteration as here, by completely omitting
pentamer to create vertex vacancies) remains to be
quantitatively experimentally measured. Growth in computing
power continues to push the resolution and time scale at which
BMC shells are simulated, even in the presence of metabolites
and enzymatic cargos.24

More broadly, engineering molecular permeability reporters
inside BMC shell systems will enable the design−build−test−
learn cycle of engineering custom nanoreactors built from
BMC shells. Of consideration in this effort is our
approximately eightfold measured change from reported
literature of LucZ Km for ATP when in the capped
configuration.57 This supports altering a shell’s small-molecule
permeability rate by including capping pentamers, which is an
important design consideration for how molecularly crowded,
subdiffusive environments impact enzyme activity and/or
kinetics.66,67 Additionally, in this effort to describe shell
permeability, we observed in crowded conditions that
encapsulation within a shell reduced activity loss compared
to the enzymes free in solution. This suggests another way in
which enzymatic compartmentalization and/or scaffolding
improves an enzyme’s resilience in crowded and destabilizing
environments.68

■ MATERIALS AND METHODS
Molecular Biology, Cell Growth, and Protein Purifi-

cation. Plasmids were constructed with isothermal DNA
assembly from purchased synthetic DNA (IDT) and PCR-
amplified genes. Table S3 lists the plasmids used in this study.
∼50 ng of shell and LucZ cargo plasmids were cotransformed
intoEscherichia coli BL21 T7 Express (NEB) and placed on
double-resistance LB antibiotic plates. A single colony was
grown in 100 mL of antibiotic-supplemented LB. A 1:100
dilution of the overnight culture-seeded 1 L cultures for
protein purification. After growth at 37 °C until OD600 0.8, a
20 min ice incubation cooled the cultures and then 100 μM
IPTG and 50 ng/μL ATc were added to induce protein
production. Growth proceeded overnight at 24 °C. 4500 × g
centrifugation at 4 °C was used to harvest the cells from the
LB, and a French press (∼1250 PSI) (in the presence of a
pinch lysozyme, 6 μL of Dr. Nuclease, and ∼3 mg of DNAase
per 20 g of cell paste) was used to rupture samples in a 50 mM
Tris−HCl, 200 mM NaCl pH 8.0 buffer. Lysates were clarified
at 27,000 × g for 30 min. Lysates were stacked on top of a 30%
sucrose layer in lysis buffer, and ultracentrifugation at 40,000
rpm in a 70Ti rotor for a minimum of 16 h at 4 °C separated
shells from other cellular materials. Glassy ultracentrifugation
pellets were resuspended in lysis buffer, mixed until particles
dissolved, centrifuged at 14,000 × g for 5 min to remove
insoluble matter, and then applied to a 5 mL StrepTrap HP
column pre-equilibrated in cold lysis buffer with a syringe
pump. Five column volumes of cold lysis buffer were applied to
wash away nonspecifically bound molecules. Two or three
column volumes of 20 mM Tris−HCl, 50 mM NaCl, pH 8.0
buffer, and 2.5 mM D-thiobiotin were applied to elute the
sample. The eluant was centrifuged at 14,000 × g for 5 min at 4
°C and applied with SuperLoop to a 5 mL MonoQ 10/100 GL
column at 3 mL/min in 20 mM Tris−HCl, 50 mM NaCl, pH
8.0. A gradient with applied 20 mM Tris−HCl, 1000 mM
NaCl, pH 8.0, and approximately 35−40% high salt fractions
was pooled. 4200 × g centrifugation through a 100 kDa
Amicon ultrafilter was performed to concentrate samples and
exchange shells to the lysis buffer. Sample protein purity was
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analyzed by 20% SDS-PAGE gels. Samples were stored at 4 °C
with 0.01% sodium azide added as a preservative. Luciferase
activity and shell sample monodispersity were stable for
months in this solution (data not shown).
Luminescence Measurement of Luciferase Reaction.

The protein concentration was measured using a NanoDrop
UV−vis instrument (Thermo Fisher) in E1% mode. A
specified microgram of protein was added to a black skirted
and nontreated 96-well plate (Thermo Fisher). Final reaction
volumes were 100−200 μL of lysis buffer with a final
concentration of 1 mM luciferin, and 1 mM MgCl2 in the
reaction was used. A Tecan Spark microplate reader in
luminescence mode was used to measure the luciferase
reaction. A specified concentration of ATP either was manually
added with a pipet or injected using the Tecan Spark Injector
module. Luminescence was recorded with 100 ms integration
time and three measurements with 2 s delays per well.
Dynamic Light Scattering. A Wyatt DynaPro NanoStar

DLS was employed to measure protein size in solution. Before
measurement, samples were adjusted to 1 mg·mL and
centrifuged for 14,000 × g for 5 min. A 4 μL sample was
loaded in the quartz cuvette, and data was collected with an
acquisition time of 4 s for 25 measurements each per sample
with three technical replicates in total. Measurements were
individually filtered for a baseline value of >1.0 and a sum of
squares value of <35.0.
Transmission Electron Microscopy. Purified samples at

1 mg/mL were diluted to 0.2 mg/mL in water, and a 5 μL
drop was applied to a 150-mesh copper grid (Electron
Microscopy Sciences, Hatfield, USA) on parafilm for 30 s.
The drop was gently wicked away and stained with a 5 μL
droplet of 1% uranyl acetate for 15 s (negative stain). Excess
uranyl acetate liquid was gently wicked away. Grids were
imaged on a JEM-1400Flash (JEOL, Nieuw-Vennep, Tokyo)
TEM at an accelerating voltage of 100 kV.
Stopped-Flow Spectrophotometry. An Applied Photo-

physics SX20 stopped-flow spectrophotometer was used to
record shells containing luciferase kinetics. Fluorescence mode
on the SX20 was used, but the light source was left off for these
reactions in order to collect the light produced by the
luciferase reaction. After washing the syringes and driving lysis
buffer through the mixing chamber, the sample size was set to
10,000 and individual sample syringes were loaded with room-
temperature solutions. Inlet A contained the solution of shells
preincubated with MgCl2 and luciferin substrate in lysis buffer,
while inlet B contained the indicated concentration of ATP in
lysis buffer. A collection time period was set (between 0.125
and 60 s), and the drive volume was estimated at 40 μL per
syringe. After 10 manual drives to flush the system with a
sample, the kinetic spectrum was acquired. Each acquisition
obtained five kinetic trace measurements. These traces were
then averaged with Pro-Data Viewer SX20 software and
exported as a CSV file.
Data Analysis and Figure Preparation. OpenOffice

Calc (Apache) was used to organize the data and prepare the
graphs. The GNU Image Manipulation Program (The GIMP
Development Team) and FIJI69 were used to adjust the
brightness and contrast of images. PyMol (The PyMOL
Molecular Graphics System, Version 3.0 Schrödinger, LLC)
was employed to create protein representations. The
ColabFold server using AlphaFold2 was used to create the
Luciferase and SpyCatcher fusion protein structural models.70

Adobe Illustrator (Adobe Inc.) was used to construct the figure

panels. Km calculations of uncapped and capped shell samples
were calculated by using Pro-Data Viewer SX20 software’s
equation fitting function to first determine initial rates of the
exponential phase of luminescence kinetics. Rate constants
were then plotted against substrate concentration and fitted to
a linear regression where the slope was equal, Km/K2.
Permeability Calculations. A set of coupled differential

equations was devised as a model to represent how
concentrations vary as a function of time, with the complete
derivation presented in the Supporting Information. The
coupled differential equations that result are similar to prior
work by Dale et al.54,55 The coupled differential equations were
solved numerically through the odefit routine in SciPy.71 The
residual between the solution to the differential equation and
the measured luminances from stopped-flow calculations were
minimized using the default Levenberg−Marquardt least-
squares algorithm implemented in lmfit version 1.2.2
(https://zenodo.org/doi/10.5281/zenodo.598352.72 The per-
meabilities are model parameters and are read directly from the
parameters that minimize the residuals. The code to parse the
measured luminescence and implement the fit is available from
Github (DOI: 10.5281/zenodo.10963263).
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