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ABSTRACT: Prokaryotes mostly lack membranous compartments that are typical
of eukaryotic cells, but instead, they have various protein-based organelles. These
include bacterial microcompartments like the carboxysome and the virus-like
nanocompartment encapsulin. Encapsulins have an adaptable mechanism for
enzyme packaging, which makes it an attractive platform to carry a foreign protein
cargo. Here we investigate the assembly pathways and mechanical properties of the
cargo-free and cargo-loaded nanocompartments, using a combination of native mass
spectrometry, atomic force microscopy and multiscale computational molecular
modeling. We show that encapsulin dimers assemble into rigid single-enzyme
bacterial containers. Moreover, we demonstrate that cargo encapsulation has a
mechanical impact on the shell. The structural similarity of encapsulins to virus
capsids is reflected in their mechanical properties. With these robust mechanical
properties encapsulins provide a suitable platform for the development of
nanotechnological applications.

< :ells have many compartments, which allow many Prokaryotic cells typically lack the membranous compart-
incompatible biochemical reactions to take place ments characteristic of eukaryotes, but contain a variety of

. . 7 . .
simultaneously within the crowded environment of the cell. protein-based compartments instead.” Bacterial microcompart-
Compartments may act as protective selectivity barriers, ments (BMC) such as the carboxysome represent a notable

class of protein-based organelles in prokaryotes." ' They are
strongly faceted hollow protein shells that package the enzymes
of an entire metabolic pathway in the shell interior. Moreover,
bacterial nanocompartments called encapsulins have been
discovered recently.''~'* The structure of the encapsulin
protein subunit has the HK97-fold, which is typical for many
bacteriophage capsids. Encapsulins are icosahedral shells, thus,
forming a virus-like capsid, albeit of prokaryotic rather than

sequestering toxic reaction products or conversely protecting
labile products from degradation by enzymes from outside of
the compartment. Moreover, local concentrations, pH and
redox potential inside compartments have a strong impact on
reaction kinetics. Such concepts are also exploited in chemical
engineering through the use of various types of chemical
reactors. Creation of such nanoscale reactors may become of

particular importance to further developments in nano- viral origin. Encapsulin packages an enzyme in vivo that is
technology. Inspiration has been taken from naturally occurring targeted to the shell interior via a specific C-terminal anchoring
nanocompartments in this regard.l Most notably, the use of sequence on the cargo protein. Interestingly, this mechanism
engineered ferritin cages and virus capsids has led to the

development of various protein-based nanoreactors, nano- Received: March 31, 2016

carriers for drug delivery and contrast agents for bioimaging Revised:  June 15, 2016

applications.” ™ Published: June 29, 2016
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Figure 1. Native MS reveals that B. linens encapsulin packages a single copy of DyP. (a) Native MS TOF spectra of recombinant encapsulin
expressed alone or together with DyP. Assigned complexes are highlighted in color, main charge states are indicated in parentheses. (b) Native MS
Orbitrap spectrum of encapsulin coexpressed with DyP. The asterisks indicate an unassigned complex. (c) Native MS Orbitrap spectrum of lower
mass-to-charge region of encapsulin coexpressed with DyP. All experimental masses are listed in SI, Table S1. (d) Schematic impression of proposed

assembly pathway of B. linens encapsulin.

for cargo encapsulation is adaptable to non-native molecules by
fusing the C-terminus of the desired cargo with the encapsulin
anchoring sequence genetically,ls_17 making encapsulin an
attractive platform for engineered nanoreactors and nano-
carriers.

Notwithstanding their potential use in nanotechnology, little
is known about the process of enzyme encapsulation in these
bacterial nanocompartments. In particular, it is not known how
many copies of the cargo enzyme are packaged in the shell
interior or how cargo encapsulation affects the material
properties of the shell. Here, we combine native mass
spectrometry (MS), atomic force microscopy (AFM), and a
multiscale molecular modeling approach to nanoindentation in
silico to explore, for the first time, the assembly and mechanical
properties of the cargo-free and cargo-loaded nanocompart-
ment encapsulin from Brevibacterium linens and Thermotoga
maritima. We show that B. linens encapsulin packages a single
copy of the hexameric cargo enzyme DyP, and we provide
evidence that formation of the shell occurs by the addition of
dimers of the encapsulin subunit. The application of
compressive force using AFM nanoindentation reveals that
the capsid-like nanocompartment exhibits a stiff mechanical
response, similar to structurally related bacteriophage capsids.
Cargo loading has a destabilizing effect on the nanocompart-
ment. Nanoindentation in silico allowed us to uncover the
structural changes and resolve the thermodynamic state
functions that govern the response of encapsulin to external
mechanical factors. Taken together, our results provide valuable
insight into the mechanism of deformation and structural
collapse of biologically inspired nanocompartments and
demonstrate that encapsulin is a mechanically rigid single-
enzyme nanoreactor, reaffirming its great potential for the
design of robust engineered nanodevices.

2523

B MATERIALS AND METHODS

Sample Preparation. Empty and DyP or TFP-filled encapsulin
were expressed in E. coli cells and purified using previously described
procedures.'*'>%°

Native Mass Spectrometry. Samples were buffer exchanged to
100—200 mM ammonium acetate pH 6.8 with five rounds of
concentration-dilution, using Vivaspin 500 10 kDa MWCO centrifugal
filter units. Aliquots of 1—2 uL, at a final concentration of 5—10 uM,
were loaded into gold-coated borosilicate capillaries (prepared in-
house) for nanoelectrospray ionization. Samples were analyzed on a
QToF II instrument that was modified for optimal transmission of
large ions.** The source pressure was set at 10 mbar, collision cell
pressure at 1.5 X 107> mbar, using xenon as collision gas.*"** Capillary
voltage was set at 1300—1500 V, and the sample cone voltage was set
at 160 V. Higher mass ions were analyzed at a collision voltage of 100
V and the lower mass ions at 30—60 V. Additional measurements were
performed on an Exactive plus EMR, modified for transmission of
higher m/z ions.'”*° Capillary voltage was set at 1200 V, and source
fragmentation was set at 30 V. HCD collision voltage was set at 70 V,
using xenon as collision gas. Spectra were acquired at a transient time
of 32 ms using the transient averaging function.

Atomic Force Microscopy. Encapsulin samples were prepared in
20 mM Tris pH 7.4, 20 mM magnesium dichloride, and 150 mM
sodium chloride, at a final concentration of 0.5—1 uM. We used
silanized glass slides as substrates for AFM imaging and nano-
indentation. The glass slides were prepared by cleaning them in a
saturated solution of potassium hydroxide in 90% ethanol, followed by
thorough rinsing with Milli-Q water, drying, and overnight incubation
in a hexamethyl disilazane vapor, as previously described.*® A droplet
of 100 uL of the encapsulin solution was incubated for 30 min on a
glass slide, after which another 100 uL of buffer was added. We used
Olympus OMCL-RC800PSA rectangular, silicon-nitride cantilevers
with a nominal spring constant of 0.05 N/m and a nominal tip radius
of 15 nm. Cantilevers were calibrated using the method of Sader et
al.,43 giving an average value of 0.0527 N/m. Measurements were
performed with a Nanotec electronica AFM in jumping mode.**
Imaging was performed with an average maximum imaging force of
approximately 30—S50 pN. Nanoindentation was performed with a
probe velocity of 30 nm/s, unless stated.*’ Fatigue experiments were
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performed by placing the tip 35 nm above the substrate and
performing repeated approach—retraction cycles of 20—30 nm, which
resulted in a maximum force of 0.2—0.3 nN on the nanocompartment.
AFM images were analyzed with WSxM software,* and nano-
indentation data was analyzed using a previously described home-built
LabView application.*

Nanoindentations In Silico and Theoretical Interpretation of
Force—Indentation Spectra. Dynamic force measurements in silico
were performed using the Self Organized Polymer based model-
ing**™® and GPU-accelerated Langevin simulations with inclusion of
hydrodynamic interactions between amino acid residues’*”*® (see
Supporting Information (SI)). We used the structure of encapsulin
shell obtained performing 30 ns all-atom MD simulations at
equilibrium. The SOP model of encapsulin was parametrized as
described in Supplementary Methods, SI. We used a spherical tip of
radius Ry, = 20 nm to compress the shell along the 2-, 3-, and 5-fold
symmetry axes. The tip—shell interactions were described by the
repulsive Lennard-Jones potential Vi, = Zie‘ﬁp(ﬂﬁp/ (Ir, — Tepl — Rﬁp))s,
where 7; is the i particle coordinate, &p = 4.18 kJ/mol, and o, = 1.0
A. To prevent the encapsulin shell from sliding and rolling, we
constrained six Ca-atoms at the shell bottom to a virtual mica surface.
To mimic the experimental force measurements, the tip exerted the
time-dependent force f = f(t)n in the direction n perpendicular to the
outer shell surface. The force magnitude f(f) = 7t increased linearly in
time ¢ with the force-loading rate r; = kvy (vf = 1.0 ym/s is the probe
velocity and k¥ = 0.05 N/m is the cantilever spring constant). The
resisting force (F) from the encapsulin shell, which corresponds to the
experimentally measured indentation force, was calculated using the
energy output from simulations. In nanomanipulations in silico, we
controlled the piezo displacement Z (cantilever base) and the
cantilever tip position X. Calculation of the thermodynamic quantities
and theoretical modeling of the experimental and simulated FX spectra
was performed using the simulation output as described in the
Supporting Information.

B RESULTS

Encapsulin Assembles by the Addition of Dimers and
Packages a Single Copy of the Cargo Enzyme. The
encapsulin nanocompartment from B. linens is a T = 1
icosahedral shell that packages a hexameric enzyme, known as a
dye-decolorizing peroxidase (DyP)."* The inner volume of the
icosahedral shell far exceeds the volume of the DyP hexamer,
but the shape and positioning of the cargo may pose
restrictions on the maximum number of hexamers that can be
accommodated within an encapsulin nanocompartment. It is
therefore not known or self-evident how many copies of DyP
are packaged in one compartment. Here, we determined the
number of DyP hexamers in encapsulin shells by native MS, a
technique that allows the mass of the intact nanocompartments
to be measured with a precision below 1 kDa.'® When the B.
linens encapsulin subunit is recombinantly expressed in the
absence of DyP, the main component we detect by native MS
has a mass of 1718.2 & 0.3 kDa, corresponding to the cargo-
free compartment consisting of 60 copies of encapsulin with an
expected mass of 1715.6 kDa (see Figure la and Supporting
Information, Table S1). In addition to the complete compart-
ment, we also detect a substantial population with a mass of
1660.6 + 0.5 kDa, corresponding to a S8mer of the encapsulin
subunit (expected mass of 1658.8 kDa), as well as a smaller
component of 860.0 + 0.3 kDa, corresponding to 30 copies of
the subunit (expected mass of 857.8 kDa). When the
encapsulin subunit is coexpressed with DyP, we detect a
more narrowly distributed signal, presumably because specific
cargo loading excludes random components from the
expression system to become encapsulated. The spectrum
appears rather crowded, but a single series of charge states can

2524

still be resolved. The mass of this main component is
determined at 1966.0 + 0.3 kDa, corresponding to 60 copies
of the encapsulin subunit and 1 copy of the DyP hexamer
(expected mass 1957.2 kDa, stable formation of DyP hexamers
was also confirmed by native MS in a separate experiment, see
SI, Figure S1). Encapsulin thus seems to package a single
enzyme, exclusively. To confirm our assignments we also
analyzed this sample on an Orbitrag modified for native MS of
megadalton protein complexes.'””” This instrument provides
higher resolution compared to the modified time-of-flight
instrument, allowing a more definitive assessment of whether
other stoichiometries of encapsulin-DyP are present. The main
component detected on the Orbitrap instrument exhibits a
mass of 1957.8 + 0.5 kDa, corresponding closely to the
expected mass of the complete nanocompartment with one
DyP hexamer (see Figure 1b). Another minor component that
is also detected is 1901.0 & 0.2 kDa, corresponding to 58mer
encapsulin with one hexameric DyP (expected mass of 1900.0
kDa). The analysis on the Orbitrap instrument thus confirmed
that encapsulin exclusively packages a single copy of the DyP
hexamer and additionally revealed the presence of incomplete
shells with encapsulated cargo.

Both cargo-free and DyP-loaded S8mers of encapsulin are
detected in the native MS experiments, showing that assembly
of the nanocompartment can be incomplete. Simulations of
capsid assembly have consistently indicated that late assembly
intermediates can be especially long-lived.”"** The detection of
S58mer complexes of encapsulin by native MS provides
experimental evidence for the existence of these late-
intermediates in capsid assembly.”® As it is not clear whether
the observed 58mer complexes are true assembly intermediates
on-pathway to completion, they may alternatively represent an
early dissociation product of encapsulin. The incomplete shells
lack a dimer of the encapsulin subunit, suggesting that the
dimer is a stable substructure of encapsulin, which may be the
unit of assembly of the nanocompartment. We also analyzed
the lower mass-to-charge region of the encapsulin samples in
more detail, revealing a range of additional smaller
subcomplexes of encapsulin, ranging up to 30mers (see Figure
Ic). Note that all subcomplexes, including the S8mer, are
detected with a number of charges that is consistent with their
origin in solution, following the expected trend for nano-
electrospray ionization of intact noncovalent protein com-
plexes, which excludes the possibility that they could originate
as products of dissociation in the gas-phase. The detected
subcomplexes show a distinct preference for even numbers of
encapsulin subunits. This further supports the notion that the
dimer represents a stable substructure of encapsulin and
suggests that the nanocompartment assembles by the addition
of dimers. When the crystal structure of T. maritima encapsulin
was initially reported, it was noted that it displays particularly
strong interactions across the 2-fold icosahedral symmetry axis
of the shell, owing to the extended E-loop of the subunits.'* We
therefore propose an assembly pathway of encapsulin whereby
dimers grow toward a complete nanocompartment by the
addition of yet more 2-fold symmetry related dimers,
encapsulating a single DyP hexamer in the process (see Figure
1d).

Cargo Loading has a Destabilizing Effect on
Encapsulin Nanocompartments. Virus capsids, especially
those of bacteriophages, are particularly attractive platforms to
build nanoreactors as they can withstand internal pressures of
10—100 atm and have the rigidity of hard plastics.”*** The
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Figure 2. AFM indentation of encapsulin nanocompartments. (a) AFM image of B. linens encapsulins with DyP cargo, showing the two typical
particle heights. Scale bar is 30 nm; image is colored according to height, from dark brown (0 nm) to white (25 nm). White arrowheads indicate the
trajectory of the corresponding height profiles. Bottom panel shows the cumulative height distributions of all tested samples. The green and yellow
polygons circumscribe particles that are presumably oriented by 2/3-fold and S-fold icosahedral symmetry, respectively. (b) Typical FX curves for
DyP-free and DyP-loaded encapsulin, as indicated. (c) AFM images of DyP-free encapsulin nanocompartment before and after indentation. Scale
bars are 20 nm; white arrowheads indicate the trajectory of the corresponding height profiles.

Table 1. Nanoindentation of Encapsulins®

sample info k (N/m) F* (nN) X* (nm)
species type probe velocity (nm/s) avg SEM avg SEM avg SEM n
B. linens cargo-free 30 0.27 0.02 0.64 0.04 3.0 0.3 46
1000 0.36 0.01 0.82 0.05 2.8 0.3 22
DyP-loaded 30 0.25 0.02 0.44 0.03 2.7 0.2 54
TFP-loaded 30 0.24 0.01 0.42 0.04 3.1 0.5 26
T. maritima cargo-free 30 0.25 0.02 0.63 0.03 3.5 0.3 56

“Average (avg) and standard error of the mean (SEM) of spring constant (k), critical breaking force (F*), critical indentation (X*), and number of
particles (n).

mechanical properties of virus capsids have been investigated mechanical failure (Figure 2c). From the linear-like region of
using atomic force microscopy (AFM) nanoindentation the FX curve, the spring constant k.. can be extracted, which
experiments.””®" ‘Whether bacterial nanocompartments like characterizes the strength of elastic response of the particle.
encapsulin are similarly rigid and robust is not known. Figure The obtained values of k, for the DyP-free B. linens encapsulin
2a shows an AFM image of encapsulin particles, illustrating the are k. & 0.27 + 0.02 N/m; for the DyP-loaded compartment
range of different shapes of the nanocompartment. Most kene & 0.25 # 0.02 N/m (see Table 1). This quantity, as well as
notably, the particles vary in apparent height. The differences critical force F* and critical indentation X* weakly depend on
correlate with possible orientations of the particle on the glass the force-loading rate, controlled by adjusting the probe
substrate: the ~20 nm particle would be deposited on the 2-/3- velocity (see Table 1).>* Comparing DyP-free and DyP-loaded
fold symmetry axis, whereas the ~24 nm particle would be compartments, we observe no significant effect of cargo
deposited on the 5-fold axis. The orientation of the particles encapsulation on the spring constant of the shell and critical
could not be unambiguously determined in most cases, but the indentation. However, the cargo encapsulation significantly
bimodal height distribution was consistently observed. decreases the value of critical force F*, implying that the cargo-
Two typical force—indentation (FX) curves obtained for loaded shell becomes less stable. The same effect was observed
DyP-free and DyP-loaded B. linens encapsulins are displayed in in nanocompartments with a non-native cargo that binds with
Figure 2b. The FX curves show the initial weakly nonlinear the same anchoring sequence as DyP (Teal Fluorescent
response for X &% 0—2 nm for both the DyP-free and DyP- Protein, TFP-loaded, see Table 1). This suggests that the
loaded shell, followed by a more linear response for X ~ 1—4 drop in breaking force is caused specifically by binding of the
nm before the mechanical failure of the shell, which occurs at cargo anchoring sequence. DyP loading also makes the
the critical indentation X* ~ 3—4 nm and critical force F* ~ nanocompartment more sensitive to material fatigue observed
0.64 + 0.04 nN for the DyP-free encapsulin, and X* = 2—3 nm in a course of repeated forced indentation measurements (see

and F* ~ 0.44 + 0.03 nN for the DyP-loaded encapsulin (see S, Figure S2).
Table 1). AFM imaging of encapsulin before and after Encapsulin Provides a Mechanically Rigid and
indentation reveals the collapsed debris of the shell after Resilient Biomaterial. The AFM nanoindentation experi-
2525 DOI: 10.1021/acs.biomac.6b00469
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Figure 3. Dynamic structural transitions in cargo-free T. maritima encapsulin from nanoindentations in vitro and in silico. (a) Experimental and
simulated FX curves. Typical experimental curves are shown in arbitrary colors. The insets magnify the FX curves to illustrate the initial nonlinear
(Hertzian) regime of deformation followed by the linear force response. The numbers in parentheses refer to the snapshots shown in panel b. The
simulated curves correspond to the 2-fold orientation (green-blue), 3-fold orientation (magenta-red), and S-fold orientation (yellow-orange). (b)
Snapshots from in silico nanoindentations along the 3-fold symmetry axis, showing the initial compression of the protein layer under the tip and
subsequent bending of side portions of the capsid, which result in the global structural collapse of the shell. (c) An FX curve from in silico
nanoindentation along the S-fold symmetry axis. Snapshots illustrate buckling of the vertex (first force peak), which is followed by continuous
indentation and structural collapse of the shell (second force peak). (d) Experimental FX curves displayed in arbitrary colors showing the two-step
transitions (colored arrowheads indicate peak forces). Curves represent particles from all tested encapsulin samples.

Table 2. Mechanical and Thermodynamic Characteristics of Encapsulin from In Silico Nanoindentations®”

symmetry F*, nN Z*, nm X*, nm k, N/m Ey, GPa E,, GPa AH, Mcal/mol AG, Mcal/mol TAS, Mcal/mol
2-fold 0.74 18.4 3.5 0.20 0.04 2.04 4.10 1.00 3.10
3-fold 0.76 22.0 6.0 0.23 0.03 1.88 3.76 0.99 2.77
S-fold 0.57 22.4 10.3 0.31 0.06 1.23 (1.71) 3.15 1.01 2.14
exp. 0.63 15.2 3.5 0.25 0.0 1.56

“Critical breaking force (F*), critical cantilever displacement (Z*), critical indentation (X*), the shell spring constant (k), the Young’s moduli for
the Hertzian-type deformation (Ey) and bending deformation (E,), and the enthalpy change (AH), Gibbs free-energy change (AG), and entropy
change (TAS) for structural collapse transition. Results are shown per particle orientation (2-/3-/5-fold), along with the experimental results for all
in vitro nanoindentations of T. maritima particles.

ments provide quantitative measures of the shell stiffness and =20 nm (cantilever spring constant k¥ = 0.05 N/m). To study
breaking forces, but they lack important information about the the effect of particle orientation observed experimentally, we
dynamic structural changes that accompany the mechanical indented the encapsulin shell along the 2-, 3-, and 5-fold
response of the shell to external force loading. Therefore, we icosahedral symmetry axes (see Movies S1, S2, and S3). The
utilized our multiscale computational modeling approach to SOP model of encapsulin is based on the crystal structure of T.
nanoindentations in silico. This approach uniquely combines maritima encapsulin, the only T = 1 encapsulin for which an
the all-atom Molecular Dynamics simulations of atomic atomic structure is currently available. The published structure
structural models of biological particles and the Langevin of T. maritima encapsulin includes only a rather preliminary
simulations of their native-topology based Self-Organized description of the cargo molecule, as only 60 short segments of
Polymer (SOP)**** coarse-grained reconstructions (see SI, the cargo-anchoring sequence are included in the model at a
Methods). We employed this approach in earlier work to hypothetical cargo binding site on the shell interior. There is
explore the biomechanical properties of virus particles and thus no complete and accurate information about the structure
microtubule polymers.*>~>" The use of high-performance and atomic coordinates of the cargo molecule inside T.
computing on Graphics Processing Units (GPUs)***7*® has maritima encapsulin, which prevented us from meaningful
enabled us to perform nanoindentations in silico on the molecular modeling of the cargo-loaded bacterial nanocompart-
millisecond time scale using the relevant experimental probe ment. For this reason, we have performed the nanoindentation
(cantilever) velocity 2y = 1.0 um/s and cantilever tip radius Ry, in silico studies for the empty shell only. We also tested empty
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T. maritima encapsulin shells by AFM experimentally, and the
results obtained showed that the nanocompartments from both
T. maritima and B. linens have indistinguishable spring
constants, as well as critical indentations and breaking forces
(see Table 1).

The experimental and simulated force—indentation spectra
for cargo-free T. maritima encapsulin show good qualitative and
quantitative agreement (Figure 3a, SI, Figure S3), in terms of
the critical force F* and critical deformation X*, and the
average slope of the FX curves k (Table 2). This remarkable
agreement enabled us to interpret fine features of the FX
spectra and provide a structure-based understanding of the
dynamic transitions. In agreement with experiment, the
simulated FX curves also show the initial nonlinear deformation
regime (X ~ 1-2 nm). In this regime, the cantilever tip
compresses the protein layer of the shell under the tip, thereby
changing its local curvature and increasing the tip-shell contact
area (structure 1 in Figure 3b). This is followed by the linear
regime of elastic deformation for X & 2.0—3.5 nm (indention
along the 2-fold symmetry axis) and for X ~ 2.5—6.0 nm
(indentation along the 3-fold axis), which is characterized by
bending of the side portions of the shell (structure 2 in Figure
3b). For X > 3.5 nm (2-fold symmetry) and X > 6.0 nm
deformations (3-fold symmetry), the shell transitions to the
globally collapsed state (damaged structure 3 in Figure 3b).
Interestingly, when indented along the 2- and 3-fold symmetry
axes the structural collapse occurs in one step, whereas for
indentations along the S-fold symmetry axis the shell exhibits
two-step transitions (Figure 3c). Similar two-step transitions,
which correspond to the FX spectra with double force maxima,
are also observed experimentally (Figure 3d). Structural
analysis revealed that at X &~ 2.6 nm and F = 0.5 nN the
icosahedral shell first undergoes inward buckling of the vertex,
but the structure continues to respond mechanically to the
applied compressive force. At X &~ 10.3 nm and F = 0.57 nN,
encapsulin undergoes the second transition which culminates in
the structural collapse (snapshots in Figure 3c). Since the AFM
experiment did not reveal any evidence of the S8mer complex,
we performed pilot nanoindentations in silico on the encapsulin
shell without a dimer to mimic a possible S8mer complex. The
results obtained for the incomplete shell were similar to the
60mer complex (data are not shown). This suggests that our
AFM experiments may not be able to distinguish between the
two assemblies.

As we showed in our recent study,”™ the two distinctly
different regimes of encapsulin’s mechanical response detected
in the experimental and simulated FX spectra implies the need
for two Young’s moduli, which fully characterize the mechanical
properties of the shell in the entire range of mechanical
deformation (see Supplementary Methods, SI). The Young’s
modulus Ey corresponds to the mechanical resistance of
protein layer around the tip-shell contact area (see Figure 3a
and Figure S$4, SI). This Hertzian type of mechanical excitation
dominates the initial weakly nonlinear regime of the FX spectra.
Ey was obtained by fitting the FX curves up to X & 2 nm
indentation with the Hertzian ansatz F = const X*/2 The
Young’s modulus E, corresponds to the linear force-response
due to bending deformations of the side portions of encapsulin
structure, which become increasingly loaded mechanically in
the X ~ 2—6 nm interval (see Figure 3a and Figure S4, SI).
Theoretical modeling of the experimental and simulated FX
curves (see Supplementary Methods, SI) revealed that Ey ~
40—60 MPa, whereas E, ~ 1.2—2.0 GPa (Table 2). These
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estimated values of the Young’s moduli explain why
deformation of the protein layer occurs earlier and with more
ease than bending of the capsid walls. For encapsulin walls we
found the Young’s modulus to be of the order of a Gigapascal
(from experiment and simulations), which is strikingly similar
to the Young’s modulus of bacteriophage HK97 procapsids and
mature capsids as well as of other viral capsids (~1—3 GPa)
that, just as HK97, share the same fold of the capsid protein
with encapsulins.24729 Moreover, the buckling transition of the
vertex, observed in encapsulin, has been also found in
nanoindentations in silico on HK97.”” Despite the wide variety
of morphologies, including icosahedral T = 1, 3, 7, 16 and
prolate shells, capsids with the HK97 fold have thus far shown a
remarkably consistent Young’s modulus in the Gigapascal
range. These results indicate that the structural similarity of
encapsulin to bacteriophage capsids translates into similar
mechanical properties.

Next, we calculated the enthalpy change AH, Gibbs free
energy change AG, and entropy change TAS for structural
collapse using nanoindentations along each symmetry axis (see
Supplementary Methods, SI). The results show significant
entropic contribution to the shell deformation (TAS = 2—3
Mcal/mol), which is comparable yet smaller than the enthalpy
change (AH = 3—4 Mcal/mol; Table 2). As we demonstrated
previously,”> " the entropy increase observed in the course of
forced deformation is accompanied by the increase in the
capsid stiffness, which occurs due to remodeling of the shell
structure, whose protein subunits tend to rearrange underneath
the cantilever tip. Subsequent Crooks theorem based
estimation of the reversible deformation work revealed that
the large ~1 Mcal/mol free energy is required to induce
structural collapse of the nanocompartment. Encapsulin is thus
not only mechanically rigid, as reflected by the high elastic
modulus of the shell, but also mechanically resilient and,
therefore, a strikingly robust biomaterial.

B DISCUSSION

Combining hybrid structural and biophysical approaches we
here set out to probe the assembly and cargo-loading properties
of encapsulins, thereby also addressing the effect of cargo-
loading on the mechanical properties of the particle. From the
native mass spectrometry data we learned that B. linens
encapsulin packages solely a single copy of the native hexameric
cargo enzyme DyP. With the inner volume being much larger,
the DyP loading capacity of encapsulin is thus not restricted by
the inner volume, but seems to depend on the shape and
configuration of the cargo enzyme. In line with this hypothesis,
we found earlier by native MS that encapsulin can carry up to
12 copies of monomeric GFP-like proteins, amounting to ~400
kDa of cargo, compared to ~240 kDa for a single DyP hexamer
(a packing fraction, expressed as number of cargo molecules per
available cargo binding site, of 0.2 for TFP compared to 0.1 for
DyP).">" Presumably, the 12 copies of the non-native cargo
protein are more evenly distributed along the nanocompart-
ment interior than the compact DyP hexamer, allowing a
greater total cargo mass and volume to be encapsulated. Our
data suggest that DyP cargo can also be encapsulated in
incomplete S8mer encapsulin, hinting at that cargo encapsu-
lation precedes capsid completion. Several nanocompartment
subcomplexes were detected by native MS, which showed a
distinct preference for even-numbered stoichiometries, suggest-
ing an assembly pathway where the nanocompartment grows
by the addition of 2-fold symmetry related dimers, with an
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experimentally observed barrier for the packing of the last
dimer into the final 60mer particle. Similarly, disassembly of
60mer encapsulin shells via a pathway that involves the loss of
dimers could also explain the presence of the subcomplexes
detected in our experiments.

We firmly established the nature of the different encapsulin
particles by native mass spectrometry, allowing us to further
investigate and compare their biophysical properties. Using
AFM, we observed that the stiffness of the compartment is not
substantially affected by cargo loading. However, the critical
breaking force decreases significantly, indicating that the cargo-
loaded nanocompartment becomes less stable. This effect is
observed both in encapsulin carrying native or non-native
cargo, indicating that binding of the anchoring peptide is largely
responsible for the effect. The destabilizing effect of cargo
binding could further contribute to the encapsulation of a single
DyP hexamer, assuming that encapsulation of a second
hexamer would render the nanocompartment so unstable that
it is not sampled in the MS experiments.

The substoichiometric binding of cargo inside encapsulin
poses the question of how it may result in an apparently global
destabilization of the shell. We suggest that localized binding of
cargo on the shell interior mechanically frustrates the shell by
breaking local symmetry. Bound cargo acts like a nucleating
defect for mechanical failure, thereby decreasing the breaking
force, as measured in our AFM experiments. This could further
explain how binding of such structurally dissimilar cargo as DyP
and TFP produces such similar effects on the mechanical
resilience of the shell. Following the same line of reasoning,
cargo binding could produce a global structural change that
relieves the local mechanical frustration as a result of cargo
binding, which would similarly explain how localized cargo
binding produces a global destabilization of the shell and
further explain why the magnitude of the effect is the same with
DyP and TFP loading, despite the difference in total cargo load.
In-depth structural studies that explore the atomic-scale
differences between cargo-loaded and empty encapsulin could
shed light on this issue, as it would also allow systematic
mechanical testing using the in silico nanoindentation approach
described here. Alternatively, the destabilizing effect of cargo
binding could follow a similar mechanism as recently proposed
for bacteriophage P22 capsids.”” Here, strong cargo—cargo
coupling decreases the mechanical resilience of the capsid,
which could also be the case for hexameric DyP, but is not
expected for monomeric TFP.

Our nanoindentations in silico revealed several mechanical
details that were in line with the experimental AFM data. The
results of multiscale modeling indicated that the locally
imposed curvature of the shell along the perimeter of the tip-
particle contact site and deformation of the particle’s side
portions is what causes the shells to collapse under the
externally applied force (see Supplementary Movies S1, S2, and
S$3). The observed difference in breaking force between cargo-
free and cargo-loaded encapsulin therefore hints at the
underlying structural difference between empty and filled
compartments that makes the externally imposed curvature of
the shell less easily sustained. Regardless of the cargo loading
state, encapsulins are very stable and exhibit a high rigidity still
resisting ~1 Mcal/mol of work before undergoing a structural
collapse transition.
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B CONCLUSIONS

Our findings demonstrate that B. linens and T. maritima
encapsulins are mechanically rigid single-enzyme nanoreactors,
making them robust materials for application in engineered
nanodevices. Encapsulin dimers represent stable substructures
of the compartment and are therefore likely candidates as the
unit of assembly. The bacterial nanocompartment mechanically
behaves like the equally rigid bacteriophage particles, such as
the capsid of HK97. The similarity of the fold of their capsid
proteins may go a long way to explain their similar mechanical
response to nanoindentation.
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