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Abstract

Complex biological processes are often performed by self-organizing nanostructures comprising
multiple classes of macromolecules, such as ribosomes (proteins and RNA) or enveloped viruses
(proteins, nucleic acids, and lipids). Approaches have been developed for designing self-
assembling structures consisting of either nucleic acids!-2 or proteins3-2, but strategies for
engineering hybrid biological materials are only beginning to emerge®’. Here, we describe the
design of self-assembling protein nanocages that direct their own release from human cells inside
small vesicles in a manner that resembles some viruses. We refer to these hybrid biomaterials as
Enveloped Protein Nanocages (EPNs). Robust EPN biogenesis required protein sequence elements
that encode three distinct functions: membrane binding, self-assembly, and recruitment of the
Endosomal Sorting Complexes Required for Transport (ESCRT) machinery®. A variety of
synthetic proteins with these functional elements induced EPN biogenesis, highlighting the
modularity and generality of the design strategy. Biochemical and electron cryomicroscopic (cryo-
EM) analyses revealed that one design, EPN-01, comprised small (~100 nm) vesicles containing
multiple protein nanocages that closely matched the structure of the designed 60-subunit self-
assembling scaffold®. EPNs that incorporated the vesicular stomatitis viral glycoprotein (VSV-G)
could fuse with target cells and deliver their contents, thereby transferring cargoes from one cell to
another. These studies show how proteins can be programmed to direct the formation of hybrid
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biological materials that perform complex tasks, and establish EPNs as a novel class of designed,
modular, genetically-encoded nanomaterials that can transfer molecules between cells.

Subject terms

Protein design; self-assembly; icosahedral symmetry; enveloped viruses; virus assembly;
cytoplasmic delivery

Based on an advancing understanding of enveloped virus assembly, we hypothesized that
synthetic proteins could be engineered to direct their own release from eukaryotic cells
within membrane envelopes if they encoded three essential activities: membrane binding
(termed “M” domain activity), self-assembly (“Interaction” or “I” domain activity), and the
ability to recruit ESCRT machinery to catalyse the final membrane fission step required for
release from the cell (Late budding or “L” domain activity)819-11 To test this hypothesis, we
genetically fused peptide sequences capable of membrane binding and ESCRT recruitment
onto the computationally designed, 60-subunit nanocage 13-01° to create the EPN-01
constructs (see Fig. 1la and Extended Data Fig. 1a for definitions of EPN-01 and EPN-01%).
To promote membrane binding, we added to 13-01 an A-myristoylation signal corresponding
to the first six amino acids of the HIV-1 structural Gag proteinl2. To promote ESCRT
recruitment, we added the 52-residue HIV-1 Gag p6 peptide (p6%29) to the C terminus8-11,
Size exclusion chromatography and negative stain EM of EPN-01* expressed in £. coli cells
(which lack A-myristoyltransferase and ESCRT factors and therefore produced non-
enveloped nanocages) verified that purified EPN-01*, like the core 13-01 scaffold®, self-
assembled into regular nanocages ~25 nm in diameter (Extended Data Fig. 2).

When expressed in human embryonic kidney 293T cells, 13+3% of the EPN-01 protein was
released into the culture supernatant in complexes that could be pelleted by centrifugation
through a 20% sucrose cushion (Fig. 1b). In contrast, a core 13-01-Myc scaffold lacking
membrane-binding and ESCRT-recruiting elements was not released. Mutational analyses
confirmed that each of the three design elements was required for EPN-01 release.
Specifically, EPN-01 constructs with point mutations designed to disrupt myristoylation
(AM)12 or the designed assembly interface (Al)® were not detectably released. Mutations
designed to block ESCRT factor recruitment also inhibited EPN-01 release: mutation of the
p6530 TSG101/ESCRT-1 binding site reduced EPN-01 release 18-fold (AL1), and mutation
of the ALIX binding site abrogated release entirely, either alone (AL2) or in combination
with the TSG101/ESCRT-I binding site mutation (AL1 + AL2). Similar results were obtained
with EPN-01* analogues (Extended Data Fig. 1). These experiments demonstrate that all
three design elements — membrane binding, self-assembly, and ESCRT recruitment — are
functionally required for release of EPN-01 proteins from human cells.

Three different biochemical assays confirmed that released EPN-01 proteins were
encapsulated within intact membrane envelopes. Fig. 2a shows that released EPN-01 protein
was protected against trypsin digestion in the absence of detergent, but became susceptible
in the presence of 1% Triton X-100. In control experiments, non-enveloped EPN-01*
nanocages produced in £. coliwere degraded by trypsin in both the presence and absence of
detergent. Detergent treatment was also required to render released EPN-01 proteins
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accessible to antibodies or to the small, polar aldolase substrate 2-keto-3-deoxy-6-
phosphogluconate (KDPG), as assayed by 13-01 aldolase activity (Extended Data Fig. 3a
and b). Thus, EPN-01 proteins were released within intact membrane envelopes that were
impermeable to proteins or small polar molecules.

Several observations indicated that EPN-01 expression induced formation of extracellular
vesicles. First, cryo-EM imaging revealed that culture supernatants from 293T cells
expressing EPN-01* contained numerous vesicles whereas cells that expressed the control
13-01-Myc did not (Fig. 2b). The vesicles averaged 107 + 44 nm in diameter, and ranged
between 40-320 nm (Extended Data Fig. 3c). Second, ALIX and actin, two cytosolic
proteins that are often incorporated into enveloped viruses and exosomes3-14 were released
into the culture supernatants of cells that expressed EPN-01* (Extended Data Fig. 3d).

Cryo-EM tomography and 3D reconstructions revealed that each vesicle contained multiple
protein nanocages that matched the known shape and size of 13-01°. The representative
vesicle shown in Figs. 2c¢, d and Supplementary Video 1 is ~160 nm in diameter and
contains 28 identifiable protein nanocages, most of which are associated with membranes,
including a small internal vesicle. Reconstructions of EPN-01 vesicles of varying sizes
revealed a correlation between vesicle size and nanocage number (Extended Data Fig. 3e).

To confirm that the internal protein nanocages corresponded to the design, they were
released from the surrounding bilayer by detergent treatment, imaged by cryo-EM, and
reconstructed as single particles (Extended Data Fig. 4). A 5.7 A resolution reconstruction of
the released nanocages closely matched the computational 13-01 design model, including the
computationally designed two-fold interface between trimeric building blocks (Fig. 2e and
Supplementary Video 2). Thus, EPN-01 protein expression induced the formation and
release of vesicles that each contained multiple protein nanocages (termed Enveloped
Protein Nanocages, hereafter EPNS).

Confocal immunofluorescence microscopy and immunogold EM of thin-sectioned cells
expressing EPN-01 showed that the protein localised predominantly to internal
compartments, but also to the plasma membrane (Extended Data Figs. 5a, 6a, d). Control
analyses of EPN-01(AM) confirmed that membrane localisation was dependent upon
myristoylation (Extended Data Figs. 5b, 6b, d). Extracellular vesicles were observed and
were decorated with anti-Myc immunogold particles as expected. We also occasionally
observed immunogold-labeled vesicles that appeared to be in the process of budding from
the plasma membrane (Extended Data Fig. 6¢). Thus, vesicle biogenesis can apparently
occur at the plasma membrane.

We next tested whether EPNs that incorporated the VSV-G membrane fusion protein could
deliver macromolecular cargoes into new target cells. To produce such EPNs, we co-
expressed EPN-01* with VSV-G and with a protein comprising the p-lactamase (BlaM)
enzyme fused to HIV-1 Vpr (BlaM-Vpr)1%16, BlaM-Vpr was designed to be packaged
within the EPN owing to interaction of the Vpr domain with the ESCRT-recruiting p6©29
polypeptidel®>17 (Extended Data Fig. 7a).
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EPN-01*, BlaM-Vpr and VSV-G were efficiently released together from 293T producer
cells as designed (Fig. 3a). In contrast, cells that expressed the control 13-01-Myc construct
released very little VSV-G and no BlaM-Vpr, indicating that these two proteins were likely
released via EPN incorporation. Consistent with this interpretation, the fraction of EPN-01*
assemblies with visible surface spikes increased four-fold upon VSV-G pseudotyping (Fig.
3b inset and Extended Data Fig. 7b). Two additional mutant constructs were used as controls
to test whether the EPNs functioned as intended. In one case, the co-expressed VSV-G
contained a mutation known to inhibit membrane fusion (VSV-G(P1,7D), Fig. 3a)!8. In the
other case, the Vpr binding site on the p623 polypeptide in EPN-01* was mutated to inhibit
Vpr binding (EPN-01*(LF45AA))17. As expected, both control constructs were released
efficiently and the level of BlaM-Vpr packaging was significantly reduced for
EPN-01*(LF45AA). A similar dependence on the Vpr-p6©29 interaction was observed for
GFP-Vpr packaging (Extended Data Fig. 7c).

Released EPNs were harvested and tested for the ability to deliver their Vpr-BlaM cargoes
into target HelL a cells. Delivery efficiencies were quantified by assaying cytosolic BlaM
activity in target cells!® incubated with increasing concentrations of functional and mutant
EPNs (Fig. 3b and Extended Data Fig. 7d). As designed, the EPNs with wild-type VSV-G
and p6%ad fused efficiently with target cells, with >80% of the target cells receiving Vpr-
BlaM at the highest EPN-01* levels tested (Fig. 3b, black curve). In contrast, equivalent
levels of either mutant EPN produced much lower percentages of BlaM-positive target cells
(red and cyan curves). The slight activity of the EPN-01*(LF45AA) EPNs presumably
reflected low residual levels of BlaM-Vpr packaging. The inactivity of the VSV-G(P1,7D)-
containing EPNs confirmed that successful delivery required VSV-G-mediated membrane
fusion to escape endocytic vesicles and access the cytoplasm.

To examine the modularity and generality of EPN design, we designed and tested a series of
EPN constructs that carried a variety of membrane-binding, self-assembly, and ESCRT-
recruiting elements. 16 of the 43 EPN designs were robustly released from 293F cells within
membrane-enclosed vesicles, as judged by the criteria of: 1) detectable EPN release into the
supernatant and 2) protease susceptibility and enzymatic activity in the presence, but not
absence, of detergent (Extended Data Fig. 8, Supplementary Tables 1 and 2). Seven
additional designs showed weak but reproducible detergent-dependent enzymatic activity,
while the remaining 20 designed EPN constructs failed to fulfil these criteria, indicating that
they had design problems that prevented EPN formation. Nevertheless, the 16 successful
designs indicate that the EPN design principles are robust and general.

The survey revealed that a variety of different membrane-binding, self-assembly, and
ESCRT-recruiting elements can function in EPN biogenesis. For example, a series of
different membrane-binding domains from cellular proteins could substitute for the HIV-1
Gag myristoylation signal, including another fatty acid modification (palmitate) and a
peripheral membrane-binding domain (the pleckstrin homology (PH) domain from
phospholipase C8). These membrane binding domains differed in plasma membrane
targeting efficiency (Extended Data Fig. 5), but in every case, point mutations designed to
disrupt membrane binding also blocked EPN release, demonstrating a functional
requirement for membrane binding.
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A second designed self-assembling scaffold that forms a 24-subunit assembly with
octahedral symmetry (03-33)3 could also support EPN formation when fused to an N-
terminal p6©29 peptide and a C-terminal PH domain (Fig. 4b). This construct was released
efficiently (Fig. 4b), exhibited detergent-dependent protease sensitivity (Extended Data Fig.
8c), and again required membrane-binding, self-assembly, and ESCRT-recruiting activities,
as judged by reduced release of inactivating point mutants (Fig. 4b). Similarly, multiple
different ESCRT-recruiting elements could also function in EPN release (Fig. 4c and
Extended Data Fig. 8d). Examples included the Equine Infectious Anemia Virus (EIAV)
p9%ad element, which recruits ALIX®, and an N-terminal element from Ebola Virus VP40
protein, which recruits both TSG101/ESCRT-1 and NEDD4 protein family members20,
Release was ESCRT-dependent in all cases because EPN production was strongly inhibited
by overexpression of a dominant inhibitory version of the VPS4 ATPase that powers the
ESCRT pathway?!.

A remarkable property of enveloped viral structural proteins is that the membrane-binding,
self-assembly, and ESCRT-recruiting elements can often function from different positions
within the polypeptide?2, and this was also true of EPNs. For example, constructs in which
the PH domain membrane-binding, the 13-01 self-assembly, and the HIV-1 p6G33 ESCRT-
recruiting elements were located at different positions in the protein sequence were released
efficiently and in an ESCRT-dependent fashion (Fig. 4d, lanes 1-6, Extended Data Fig. 8e,
and Supplementary Table 1). Together with the EPN-18 construct described earlier (Fig. 4a,
lane 7), these experiments demonstrate that all three required elements can function from the
middle, N, or C termini of designed EPN proteins.

It was notable that EPN-01 induced the release of vesicles that typically contained multiple
protein nanocages, whereas enveloped viruses typically contain a single capsid within their
lipid bilayers (albeit with some interesting exceptions, for example see ref. 23). However,
the traditional demarcations between enveloped viruses, non-enveloped viruses, and
extracellular vesicles have become increasingly blurred, and there is now strong precedent
for EPN-like assemblies in natural systems. One particularly well-characterized system is
hepatitis A virus (HAV)24. HAV has traditionally been categorized as a non-enveloped virus,
but was recently shown to be released from cultured cells within small vesicles that typically
contain multiple viral capsids?®. All of the circulating HAV in patient serum is encapsidated
within such vesicles, and their release is ESCRT-dependent. Thus, EPN biogenesis may
mimic the natural process of HAV assembly and release. We note that simulations have
suggested membrane curvature-driven effects promote nanocage clustering in vesicles (and
vice-versa)26, and these effects likely contribute to EPN biogenesis. Going forward, we
anticipate that the adaptable synthetic EPN systems described here will be useful in
elucidating parameters that govern such processes as particle envelopment, membrane
curvature, vesicle size, capsid numbers, and target cell entry.

The central importance of biological membranes has inspired several recent approaches for
designing biomimetic materials with membrane envelopes?’28 and engineering naturally
occurring extracellular vesicles for therapeutic applications?%:30. Here, we designed self-
organizing protein nanocages that induce their own release inside cell-derived membrane
envelopes. A key feature of our strategy is that it enables control over the biogenesis and
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contents of the materials through modification of EPN protein sequences. EPNs are highly
modular and tolerant to significant alterations, suggesting that they could be engineered to
incorporate a wide variety of properties and functions tailored to desired applications.

Methods

Plasmids and antibodies

13-01-Myc and EPN-01* mammalian expression constructs were generated by PCR
amplification of the coding sequences from a pET29b-EPN-01* expression vector and
transferred into a CMV-based mammalian expression vector (p)CMV, DNASU ID:
EvNO0060160931) using the Mol and Xhol restriction sites. Plasmids for mammalian cell
expression of EPNs -01 through -51 were constructed and inserted into pCMV using the
Kpnl and Xhol restriction sites by Gibson Assembly32 using synthetic DNA (Gen9). The £.
coliexpression plasmid for EPN-01* was constructed by adding the N- and C-terminal
functional elements to the 13-01 sequence® by PCR and inserting it by Gibson Assembly into
pET29b digested with Ndel and Xhol. Mutations were introduced by round-the-horn site-
directed mutagenesis or PCR amplification followed by Gibson Assembly as indicated in
Supplementary Table 3. All constructs were verified by sequencing. A comprehensive list of
all plasmids and coding sequences sources is provided in Supplementary Table 3. All of the
plasmids have been submitted to the Addgene repository (https://www.addgene.org/). A
comprehensive list of all antibodies, sources and dilutions is provided in Supplementary
Table 4.

Protein expression in E. coli and purification

Expression plasmids were transformed into BL21(DE3) £. coli cells, and cells were grown
in LB medium supplemented with 50 mg/l kanamycin (Sigma) at 37 °C to an OD600 of 0.8.
Protein expression was induced by addition of 0.5 mM isopropyl-thio-p-D-
galactopyranoside (Sigma) and allowed to proceed for 3 h at 37 °C before cells were
harvested by centrifugation.

For the EPN-01* protein shown in Extended Data Fig. 2c, cells from a 1 | expression culture
were lysed by sonication in 20 ml of 50 mM Tris pH 8, 250 mM NaCl, 20 mM imidazole,
2.5 mM MgCly, 0.5 mM CaCly, 1 mM DTT, 1 mM phenylmethanesulfonyl fluoride (PMSF)
supplemented with 20 mg DNase (Sigma) and 2 mg of RNase (Qiagen), and the lysates were
clarified by centrifugation for 25 minutes at 51,000 x g, 4 °C. Ammonium sulfate was added
to the clarified lysate to 60% saturation, incubated at room temperature for 15 min, and the
precipitate pelleted by centrifugation for 15 minutes at 51,000 x g, 4 °C. The pelleted
protein was resuspended in 20 ml of 25 mM Tris pH 8, 150 mM NaCl, 5 mM EDTA, 1 mM
DTT and heated for 10 min at 75 °C. The solution was clarified by centrifugation for 15
minutes at 51,000 x g, 4 °C, filtered with a 0.45 um filter (EMD Millipore), and
concentrated using a Centricon concentrator (EMD Millipore). The protein was then purified
using a Superose 6 10/300GL column in the same buffer, the fractions pertaining to the
nanocage peak centred around 12 ml were pooled and concentrated, and the protein
refractionated using the Superose 6 10/300GL column equilibrated in 25 mM Tris pH 8, 150
mM NaCl, 5 mM EDTA supplemented with 0.75% 3-[(3-
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cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS). Nanocage peak
fractions were again pooled and concentrated, and protein concentration determined using
the BCA assay (ThermoFisher).

The proteins shown in Extended Data Fig. 2a and 1b were purified using a combination of
immobilized metal affinity chromatography (IMAC) and size exclusion chromatography
using a Superose 6 10/300 GL column. £. coli cells were lysed by sonication in 25 mM
TRIS pH 8.0, 250 mM NaCl, 1 mM DTT, 20 mM imidazole supplemented with 1 mM
phenylmethanesulfonyl fluoride, and the lysates were cleared by centrifugation for 25
minutes at 51,000 x g, 4 °C and filtered through 0.22 um filters (Millipore). The proteins
were purified from the filtered supernatants by IMAC via linear gradient elution from
HisTrap HP columns (GE Healthcare) using 25 mM TRIS pH 8.0, 250 mM NacCl, 1 mM
DTT, 20 mM imidazole as running/wash buffer and 25 mM TRIS pH 8.0, 250 mM NacCl, 1
mM DTT, 500 mM imidazole as elution buffer. Elution fractions containing pure proteins of
interest were pooled, concentrated using centrifugal filters (Sartorius Stedim Biotech), and
further purified on a Superose 6 10/300 gel filtration column (GE Healthcare) using 25 mM
TRIS pH 8.0, 150 mM NaCl, 1 mM DTT as running buffer.

Negative stain electron microscopy

For the negative stain EM image shown in Extended Data Fig. 2c, 6 ul of purified EPN-01*
at 0.075 mg/ml were applied to glow discharged, carbon-coated 400-mesh copper grids (Ted
Pella), washed with Milli-Q water and stained with 0.75% uranyl formate. Grids were
visualized for assembly validation and optimized for data collection. Screening and sample
optimization was performed on a 100 kV Morgagni M268 transmission electron microscope
(FEI) equipped with an Orius charge-coupled device (CCD) camera (Gatan). The final
image was recorded on a 120 kV Tecnai G2 Spirit transmission electron microscope (FEI)
using an Ultrascan 4000 4k x 4k CCD camera (Gatan) at 52,000 x magnification at the
specimen level.

Mammalian cell culture

HelLa and HEK293T (293T) cells were obtained from ATCC and cultured in D-MEM
(ThermoFisher) containing 10% FBS, penicillin (100 U/ml) and streptomycin (0.1 mg/ml),
at 37 °C and 5% CO». Expi293F (293F) cells, used to survey different EPN constructs, were
obtained from ThermoFisher and cultured in 293F Expression Medium (ThermoFisher)
containing penicillin (100 U/ml) and streptomycin (0.1 mg/ml), at 37 °C and 5% CO, while
shaking at 125 rpm. Cells were tested for mycoplasma contamination every 3 months using
the MycoAlert™ Mycoplasma Detection Kit (Lonza).

EPN release assays

To assay EPN release as shown in Figs. 1, 4 and Extended Data Fig. 1, 8 x 10° 293T cells
were seeded in 6-well-plates 24 h prior to transfection. Cells were transfected with 2 pg of
plasmid DNA expressing the 13-01- or O3-33-based EPN constructs, or co-transfected with
1 ug of plasmids expressing 13-01 based constructs and 1 pg of either pEGFP-
VPS4A(E;,8Q) or pEGFP-C1 (Clonetech), using the polyethyleneimine (PEI, Polysciences,
3 ul of PEI/ug DNA) method. The medium was replaced with 1 ml growth medium 5 h later.
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Cells and culture supernatants were harvested 24 h post transfection. Released EPN
assemblies were collected from the culture supernatants by centrifugation through a 200 pl
20% sucrose cushion for 90 min at 21,000 x g, 4 °C, and denatured by adding 50 pul 1 x
Laemmli buffer and boiling for 5 min. Cells were lysed for 5 min on ice in 200 pl cold lysis
buffer (50 mM Tris pH 7.4, 150 mM NacCl, 1% Triton X-100, protease inhibitors). Lysates
were clarified by centrifugation for 5 min, 16,000 x g, 4 °C. The Triton-soluble fraction was
treated with 200 pl 2 x Laemmli buffer supplemented with 10% 2-mercaptoethanol (Sigma)
and boiled for 5 min. Triton-insoluble material was solubilized in 200 pl 2 x Laemmli buffer
by boiling for 10 min. Samples containing EPN-51 and mutants thereof were incubated for
30 min at 40 °C instead of boiling because the protein aggregated at high temperatures.
Benzonase (Sigma, 0.5 pl per sample) was added to remove nucleic acids from the Triton
insoluble fractions. The Triton-soluble and -insoluble cellular fractions, and the released
EPN complexes, were separated by 12.5% SDS-PAGE, transferred onto PVDF membranes
(or nitrocellulose membranes in case of EPN-51 constructs), and probed with antibodies
against the Myc epitope (primary antibodies and dilutions are provided in Supplementary
Table 4). GAPDH was used as a loading control. Bands were visualized by probing the
membrane with fluorescently labelled secondary antibodies (Li-Cor Biosciences) and
scanning with an Odyssey Imager (Li-Cor Biosciences). Levels of expressed and released
Myc-tagged EPN proteins were quantified by Western blot densitometry with ImageJ33
using standard curves generated with known quantities of recombinant EPN-01* protein
produced in £. coli. Release efficiencies are reported as the percentage of EPN protein
pelleted from the supernatant vs. the total protein in cells and pelleted supernatant. All
experiments were repeated independently at least twice. Standard deviations shown in all
figures were calculated from three technical repeats (three transfections in parallel) of each
experiment.

EPN purification

Released EPNSs used in immunoprecipitation and cryo-EM studies were purified from
culture supernatants of 293T cells (2 x 10° per 10 cm plate, 7 plates per specimen for the
experiments shown in Fig. 2b and Extended Data Fig. 3d, 36 plates for the experiments
shown in Figs. 2¢ and 2e and Extended Data Fig. 3a, seeded 24 h prior to transfection) after
transient transfection with plasmids encoding EPN-01 or EPN-01* (12 pg/plate) using the
calcium phosphate method (Clontech Laboratories). Transfected cells were incubated
overnight and the media was replaced with exosome production media (D-MEM
supplemented with 10% FBS, depleted of contaminating extracellular particles by
centrifugation overnight at 100,000 x gat 4 °C and subsequently filtered through a 0.22 pm
filter)34. Cells were grown for an additional 24 h and extracellular EPN assemblies were
purified by a series of filtering and centrifugation steps (adapted from ref. 34). Briefly, cell
debris was removed by centrifugation of the supernatant at 1,000 x g for 5 min followed by
filtration through a 0.22 um filter (EMD Millipore). EPN assemblies were collected by
centrifugation at 100,000 x gin an SW32Ti (BeckmanCoulter) at 4 °C for 1 h. Pellets were
resuspended in PBS and pooled in one tube (SW41 rotor, BeckmanCoulter). PBS was added
to fill the tube completely and EPN assemblies were collected by centrifugation at 100,000 x
gat 4 °C for 1 h. Pellets were resuspended in 1 ml of PBS and concentrated by
centrifugation at 100,000 x gat 4 °C for 1 h in an OptimaMAX-E (BeckmanCoulter)
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benchtop ultracentrifuge using a TLS-55 rotor. EPNs were quantified by western blotting as
described above. Typical yields were 2 - 8 ug EPN-01 and EPN-01* proteins from 36 x 10
cm dishes.

Preparation of EPNs -01 through -51 for protease protection and enzyme assays

EPNs for protease protection and aldolase activity assays as shown in Fig. 2a, and Extended
Data Figs. 3b and 8 were prepared as follows. On the day of transfection, 293F cell count
and viability were determined using trypan blue solution in a haemocytometer. The cells
were plated in 1 ml volumes at 2.5 x 108 cells per ml on non-TC treated 12-well plates
(Corning). The cells were transfected with 1 pg of plasmid DNA using Expifectamine
transfection reagent (ThermoFisher) following the manufacturer’s instructions. 18 h post-
transfection, a cocktail of Expifectamine 293F Transfection Enhancerl and Enhancer2
(ThermoFisher) was added to each well following manufacturer’s instructions. Cells and
cultured supernatants were harvested 44 h post transfection and separated by centrifugation
for 5 min at 1000 x g, 4 °C. The culture supernatants were filtered through a 0.45 pm filter
(EMD Millipore) into a 1.5 ml microfuge tube. Released EPN assemblies were collected
from the culture supernatants by centrifugation through 200 pl of a 20% sucrose cushion for
120 min at 21,000 x g, 4 °C and resuspended in PBS.

Protease protection assays

Purified EPNs were resuspended and incubated under three different conditions, 10 pl each:
untreated EPN, EPN + 0.05 mg/ml trypsin, and EPN + 0.05 mg/ml trypsin + 1% Triton
X-100. Samples were incubated for 30 min at 25 °C and then 1 mM PMSF was added and
incubated for 10 min at 25 °C to inactivate trypsin. Samples were denatured by boiling for
10 min in 4 x Laemmli buffer supplemented with 5% 2-mercaptoethanol (except samples
with the 03-33 domain, which were not boiled). All fractions were separated by SDS-PAGE,
transferred onto Nitrocellulose membranes, and analysed by western blot using an anti-Myc
antibody (Supplemental Table S4). Western blots were imaged using HRP-conjugated
secondary antibodies (Cell Signaling Technology) and Clarity Western ECL Blotting
Substrate (Bio-Rad). At least three biological replicates of the protease protection assay
(independent transfections or batches of £. coli purified EPN-01*) were performed for each
construct described in Extended Data Fig. 8 and Supplementary Table 1.

Aldolase enzyme activity assays

2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase activity of the 13-01 domain was
monitored using a L-lactic acid dehydrogenase (LDH)-coupled assay3°. 95 ul samples of
assay solutions containing 25 mM HEPES pH 7.0, 20 mM NaCl, 0.1 mM NADH, 0.11 U/ul
LDH, 1 mM KDPG, and either including or omitting 1% Triton X-100, were mixed with 5
ul of resuspended EPNs. Loss of absorbance at 339 nm due to oxidation of NADH was
monitored using a SpectraMax M3 plate reader. At least three biological replicates of the
aldolase activity assay (independent transfections or batches of E. coli purified EPN-01%*)
were performed for each construct described in Extended Data Fig. 8 and Supplementary
Table 1.
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EPN immunoprecipitation assays

1 pg of purified EPN-01 expressed in either bacteria or harvested from 293T supernatants
was incubated in 250 ul PBS buffer containing either 0.1% or 0.5% CHAPS detergent for 20
min. EPN-01 assemblies were immunoprecipitated by addition of 30 pl of the indicated
antibodies coupled to agarose resin and incubated for 14 h at 4 °C on a rotating shaker.
Antibody-bound resins were: anti-rabbit-1gG-Agarose (Sigma) and anti-c-Myc-Agarose
(Sigma). Resins were washed 6 x at 4 °C with 1 ml PBS/0.1 % CHAPS buffers and
resuspended in 250 pl in 1 x Laemmli buffer containing 10 % 2-mercaptoethanol, boiled for
5 min, and analysed by western blotting.

Cryo-EM tomographic imaging of EPNs

To prepare samples for cryo-EM tomography, 3 pl of purified EPNs in PBS (50 ng EPN-01/
ul as determined by western blotting vs. a standard curve) were mixed with 3 ul of BSA-
coated gold fiducials (10 nm size, Electron Microscopy Sciences). 3.5 ul of the suspension
were applied to a glow-discharged R2/2 holey carbon coated EM grid (Quantifoil) within the
environmental chamber of a Vitrobot Mark | (FEI) maintained at 4 °C, 80% relative
humidity. Excess liquid was blotted for 7.5 s (0 mm offset) from the grids with filter paper
(Whatman) before plunge freezing in liquid ethane. Cryo-grids were placed in a Gatan 626
cryoholder (Gatan) and imaged in a 200 kV Tecnai TF20 microscope (FEI) equipped with a
K2 summit direct electron detector (Gatan). Tilt series were recorded bidirectionally starting
from 0° to £ ~ 60° with a 1° step size at a magnification of 22,500 x and a defocus of -8 pm
(total dose per specimen ~ 300 e-/A2) using low-dose mode in SerialEM38. Tomograms were
generated using the IMOD software package3’. Image stacks were aligned, binned by 4 and
gold particles were erased using findbeads3d within IMOD. Aligned image stacks were
Fourier filtered (cutoff 0.25, sigma 0.08) and tomographic reconstructions were performed
using the simultaneous reconstruction technique (SIRT). Noise reduction was performed
with the non-linear anisotropic diffusion (NAD) method in IMOD?3’, using a K value of 0.04
with 12 iterations. Segmentation and isosurface rendering was done using Amira (Version
4.1.2, FEI). Individual particles that could be completely traced along slices though the z-
axis were manually identified and surrounded by a mask. The space inside the mask was
then segmented and an isosurface was generated. Video segments were created in Amira and
ffmpeg (ffmpeg.org) was used to combine segments and generate the H.264 encoded
Supplementary Video 1.

Cryo-EM imaging and reconstruction of EPN-01* nanocages

4 ug of EPNs in PBS purified as described in EPN purification were incubated with 0.75%
CHAPS for 20 min at 4 °C (20 ul total volume). 3.5 pl samples were placed on glow
discharged R2/2 holey carbon grids (Quantifoil) within the Vitrobot environmental chamber
(maintained at 4 °C, 80 % relative humidity), blotted for 11 s (0 mm offset) with filter paper,
and plunge frozen in liquid ethane. Cryo-grids were imaged with a TF20 microscope
operated at 200 kV (42,000 x magnification and —0.7 to —3.3 pm defocus). Images were
recorded on a Gatan K2 Summit direct electron detector. SerialEM36 was used to facilitate
low-dose imaging and semi-automated data collection, and 60 frames were recorded of each
view in super-resolution mode. Frames were aligned and summed by using MotionCor238,
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Three-dimensional images were reconstructed via routines implemented in the package
SCIPION (scipion.cnb.csic.es). Contrast transfer function (CTF) parameters were
determined using CTFFINDA43°. Particle images were selected and extracted using
Xmipp*%-42, Non-dose-weighted image sums from MotionCor2 were used for CTF
determination and particle picking, with dose-weighted image sums used for all other steps.
Extracted two-dimensional particle images were processed and then classified with the
RELION software package®3. Suitable two-dimensional class averages were used to
determine an ab initio three-dimensional model via the program RANSAC*4. This model
was then used as the starting model for 3D image reconstruction via RELION with
icosahedral symmetry applied during the 3D reconstruction calculations. The resulting 3D
map was masked and a B-factor was applied (“post-processing”) via an automated procedure
in RELION#344, The final map was constructed from 8573 particles, and the resolution was
determined to be 5.7 A by the gold standard 0.143 criterion (Extended Data Fig. 4c). The
design model® was rigid-body fit into the completed 3D density, using UCSF Chimera“® to
perform the fit and generate Supplementary Video 2. One additional residue (Lys1 of 13-01)
was built into the density at the N-terminal end of the first helix of the 13-01 construct, and
no additional density was visible for any of the remaining sequences outside the 13-01
domain. The resolution of the model/map fit was 7.1 A (Fourier cross resolution 0.378
criterion*6, see Extended Data Fig 4c).

Confocal immunofluorescence microscopy

For immunofluorescence imaging shown in Extended Data Fig. 5, 2 x 10° HeLa cells were
seeded onto coverslips in 12-well plates and transfected with plasmids encoding EPN
proteins the next day. 24 h post-transfection, cells were fixed with 3.5% paraformaldehyde
in PBS for 10 min at room temperature, washed twice in PBS, blocked and permeabilised in
a block/perm solution (0.1% Triton X-100, 3% BSA in PBS) for 10 min before primary anti-
Myc antibodies were added (1 pg/ml in block/perm solution) and incubated for 1 h at room
temperature. Cells were washed 3 x for 10 min in wash buffer (0.1% Triton X-100 in PBS),
and Alexa488 labelled secondary anti-mouse 1gG antibody was added (ThermoFisher, 2
ug/ml in block/perm solution) and incubated for 1 h at room temperature. Nuclei and actin
were stained by incubating cells with Hoechst 33342 (ThermoFisher, 1:10,000) and
Phalloidin 647 (ThermoFisher, 1:40) in block/perm solution for 15 min. Cells were washed 4
x in wash buffer, and 2x in PBS before mounting onto glass coverslips (Flouromount-G,
Southern Biotech). Confocal immunofluorescence images were acquired using NIS
Elements software on a Nikon A1 microscope.

Immunogold labelling

For immunogold labelling experiments shown in Extended Data Fig. 6, 8 x 10° 293T cells
were seeded in 6-well plates 24 h prior to transfection (2 wells per sample). Cells were
transfected with 2.5 pg of plasmid DNA expressing the EPN construct using Lipofectamine
2000™ (ThermoFisher) following the manufacturer’s instructions. 24 h post-transfection,
the media was removed, cells were knocked loose and washed off the plate in fixative (2%
PFA/0.1% glutaraldehyde in PBS), transferred to 1.5 ml test tubes and incubated on a rocker
16 h at 4 °C. Cells were then pelleted for 4 min at 16,000 x gand washed 4 x 5 min in 1 ml
PBS and 2 x 5 min in 1 ml water on a rocker. Cell pellets were stained with 50 pl 2% uranyl
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acetate for 30 min and washed again 3 x for 5 min in 1 ml water. Samples were dehydrated
in 1 ml of a graded series of ethanol in water (3 x 70 % ethanol, 3% 95 % ethanol, 3 x 100 %
ethanol, 5 min each) and incubated 16 h in 1 ml of a 1:1 mixture ethanol:LR White resin
(Sigma-Aldrich) at room temperature. Samples were then infiltrated by 2 x 6 h incubations
in 1 ml 100% LR White, and the resin was polymerised at 50 °C overnight. Thin sections
(80 nm, cut by a diamond knife (Diatome) in a Leica EM UC6 ultratome (Leica)) were
mounted onto support specimen nickel grids (Electron Microscopy Sciences). For
immunogold labelling, grids were hydrated on 100 pl drops of PBS for 10 min, and reactive
aldehydes were then deactivated by incubating grids on 100 pl drops of 50 mM Glycine in
PBS for 10 min. Grids were blocked for 1 h on 40 pl drops of blocking solution (5% BSA in
PBS) and then incubated with primary anti-Myc antibodies (40 pl drops, 2 ug/ml in blocking
solution) overnight at 4 °C in a moist chamber. The next day, grids were washed 3 x 5 min
on 100 pl drops of blocking solution and probed on 40 pl drops of secondary anti-mouse 1gG
antibody labelled with 10 nm gold particles (Ted Pella, 1:100 in blocking solution) for 2 h at
room temperature. Grids were then washed 3 x 5 min in blocking solution and 3 x 5 min in
water, dried, and viewed on a JEOL JEM1400 electron microscope at an accelerating
voltage of 120 kV.

To quantify immunogold staining, a region of interest was defined in ImageJ and particles
were counted inside the defined area using the particle analyse function (see Extended Data
Fig. 6 a—c, right panels)33.

EPN-01 delivery assays

The ability of EPNs to deliver packaged enzymes into the cytoplasms of recipient cells, as
shown in Fig 3 and Extended Data Fig. 7, was evaluated using a modified version of the 8-
lactamase (BlaM) assay described previously?®. 5 ug of a plasmid expressing an N-
terminally Myc-tagged chimeric BlaM-Vpr fusion protein was co-transfected with 9 ug
EPN-encoding plasmids and 1 pg of a plasmid encoding a C-terminally Myc-tagged VSV-G
(Supplementary Table 3), in 10 cm plates using the Lipofectamine (ThermoFisher) method.
Tranfection medium was replaced by 10 ml growth medium 5 h post transfection. EPNs
containing VSV-G and BlaM-Vpr were harvested 36 h post transfection by centrifugation
through 2 ml of a 20% sucrose cushion at 100,000 x g for 1 h at 4° C in a SW-41 rotor
(BeckmanCoulter). Cellular and released proteins were separated on a 12.5 % SDS-PAGE
and quantified by western blotting using an anti-Myc antibody, recombinant EPN-01
proteins. The internal volume of each protein nanocage is ~3,000 nm? (ref. 9), which is
sufficient to package ~60 close-packed BlaM-Vpr molecules, assuming that each BlaM-Vpr
molecule is approximately 50 nm3. Quantification of western blot band intensities indicated
that an average of ~10 BlaM-Vpr molecules were actually packaged by each 60-subunit
EPN-01* nanocage.

For the BlaM delivery assay, 2 x 10° HeLa cells/well were seeded in 24-well plates. 24 h
later, the indicated EPN quantities were added to cultures and incubated for 2 h at 37 °C.
EPN-containing supernatants were replaced by CCF2-AM labelling media, prepared
according to the manufacturer’s instructions (ThermoFisher) using CO,-independent media
(ThermoFisher) as the loading solution. Cells were labelled for 16 h at 13 °C and assayed by
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flow cytometry (FACSCanto, BD Biosciences) for changes in fluorescence emission
spectrum from green (520 nm) to blue (447 nm). Data were collected with FACSDiva and
analysed with FlowJo software (Treestar). Non-transduced cells treated with CCF2 were
used to set the gate for uncleaved CCF2, which was set to discriminate transduced and non-
transduced cells at a tolerance of >0.2% false positives (Extended Data Fig. 7d).
Transduction assays were repeated independently at least three times (independent
transfections). Standard deviations shown in Fig. 3 were calculated from three technical
repeats of the BlaM delivery assay.

Data availability

Raw scans of all membranes and gels shown in the manuscript are included in this article as
Supplementary Fig. 1. All other raw data are available from the corresponding authors N.P.K
and W.L.S. upon request. EM charge density maps, model fitting, and supporting data have
been deposited in the EMDataBank under the accession number EMD-8278, for release
upon publication (http://www.emdatabank.org/). All novel plasmid constructs
(Supplementary Information Table S3) have been submitted and are accessible to anyone
through the Addgene plasmid repository (https://www.addgene.org/).

Extended Data

a
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EPN-01*~
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Extended Data Figure 1. EPN-01* isreleased from cells
The EPN-01* constructs shown in this figure are analogous to the EPN-01 constructs shown

in Fig. 1 except that EPN-01* ran as a doublet because a methionine codon at 13-01 position
3 (isoleucine in EPN-01) served as a second translation initiation codon. Panel 1 is a western
blot showing functional and mutant EPN-01* proteins harvested from 293T cell culture
supernatants. Panels 2 and 3 are western blots showing cellular EPN-01* proteins in the
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Triton-insoluble fraction (stably bound to membranes) and the Triton-soluble fraction
(cytoplasm and weakly bound to membranes), respectively. Panel 4 is a western blot
showing a GAPDH loading control from the Triton-soluble fraction. Below, the percentage
of each protein released into the supernatant is plotted (error bars show standard deviation
from three technical repetitions). In summary, EPN-01 and EPN-01* were functionally
equivalent and were employed interchangeably in our studies. For western blot source data,
see Supplementary Fig. 1.
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Extended Data Figure 2. EPN-01* forms nanocages that resemble those of the | 3-01 scaffold
a, Size exclusion chromatograms (Superose 6 10/300 GL) of EPN-01*, EPN-01(AM),

EPN-01(AL1+AL2), 13-01, and 1wa3-wt purified from £. coli. 1lwa3-wt is the wild-type
trimeric aldolase from which 13-01 was derived®. All of the proteins eluted as nanocages
except for 1wa3-wt, which eluted at the volume expected for the trimer. b, SDS-PAGE of the
peak fraction from each of the chromatograms in (a). Molecular weight marker positions are
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indicated in kilodaltons. c, Negative stain EM image of purified £. co/i EPN-01*, showing a
homogeneous field of particles (~25 nm diameter).
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Extended Data Figure 3. EPN-01 constructs arereleased within membrane vesicles
a, Detergent-dependent antibody accessibility of EPN-01 protein released from mammalian

cells. Western blots of EPN-01 harvested from mammalian cell supernatants (Panels 1 and
2) or non-enveloped EPN-01* nanocages purified from £. coli (Panels 3 and 4) are shown.
Samples were treated with 0.1% (Panels 1 and 3) or 0.5% CHAPS (Panel 2 and 4). Lane 1
shows input protein, and lanes 2-5 show bound and unbound fractions from
immunoprecipitations with anti-Myc-Agarose (lanes 2 and 3) or control anti-rabbit-1gG-
Agarose (lanes 4 and 5). b, Detergent-dependent aldolase substrate accessibility of EPN-01*
protein released from mammalian cells. EPN-01* produced in 293F cells (top) or £. coli
(bottom) were monitored for KPDG aldolase activity in the presence or absence of
detergent. Note that the protein produced in mammalian cells only shows enzymatic activity
in the presence of detergent, whereas the bacterially produced protein is equally active in
both conditions. ¢, Size distribution of EPNs released into the culture supernatants of 293T
cells expressing EPN-01*. n = 142 EPNs total, mean size = 107 * 44. d, EPN-01* and
associated cellular proteins are released from 293T cells. Western blots showing levels of
13-01-Myc, EPN-01*, ALIX, and actin expressed in 293T cells (left) and released into the
culture supernatant (right). e, Numbers of EPN-01* protein nanocages encapsulated within
six different EPN-01* vesicles of varying sizes. Nanocage numbers were determined by
visual counting of reconstructed EPNs from cryo-tomographic tilt series. An average EPN
vesicle of diameter 110 nm has a volume of 7 x 10° nm?3 and each nanocage has an
estimated volume of ~8 x 10% nm3. A 110 nm diameter vesicle could therefore theoretically
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contain as many as 90 close-packed nanocages, but they actually contain, on average, ~14

nanocages.
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Extended Data Figure 4. EPN-01* protein released from 293T cells assembles into nanocages
that closely correspond to the designed 13-01 structure

a, Cryo-EM image of extracellular EPN-01* nanocages released from vesicles by CHAPS
detergent treatment. b, Cryo-EM 2D class averages showing the ten most prevalent classes,
together with the numbers of particles that comprise each class. ¢, Fourier shell correlations
between the two half model charge density maps unmasked (blue curve) and masked
(magenta curve). Orange curve shows Fourier shell correlations between the final charge
density model and the 13-01 design model (with an additional residue built into the N

terminus).
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Extended Data Figure 5. Intracellular localisation of EPN-01 and EPN-18
a, Confocal fluorescence images of HelLa cells transfected with EPN-01 (left) and

EPN-01(AM) (right) stained for Myc (green), DNA (blue) and actin (red). Note that EPN-01
is localised primarily in intracellular compartments and also at the plasma membrane (white
arrow), whereas EPN-01(AM) is cytoplasmic. b, Confocal fluorescence images of HeLa
cells transfected with EPN-18 (left) and EPN-18(AM) (right). Note that EPN-18 is
predominantly localised at the plasma membrane (white arrow), whereas EPN-18(AM)
concentrates at internal puncta.
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Extended Data Figure 6. Intracellular localisation and extracellular release of EPN-01
a, Immunogold labelling of thin sections from 293T cells expressing EPN-01. Right image

shows the boundaries of plasma membrane (cyan), cytosolic (black) and intracellular
compartments (red) used for quantification (see panel d). b, Immunogold labelling of thin
sections from 293T cells expressing EPN-01(AM). Right image shows the boundaries used
for quantification, color-coded as in (a), except that intracellular compartment(s) could not
be identified in this case because the EPN-01(AM) mutant does not localize there. c,
Immunogold labelling of thin sections from 293T cells expressing EPN-01 showing budding
and released EPNs. Right image shows the boundaries used for quantification as in (a) plus
boundaries to quantify gold particle densities in released EPNs (green). Image to the left
shows a expanded view of two EPNSs that appear to be budding from the plasma membrane.
e, Image quantification confirmed that EPN-01 is enriched at the plasma membrane, within
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intracellular compartments, and in released EPNs. The AP-value comparing values for plasma
membrane localisation of EPN-01 and EPN-01(AM) is 7 x 107> (unpaired #test, n=11

images for EPN-01 and n=9 images for EPN-01(AM)).
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Extended Data Figure 7. EPNs can package biological cargoes and deliver them to the cytoplasm

of target HeL a cells

a, Schematic illustration showing the production, assembly, and release of EPNs
incorporating BlaM-Vpr and VSV-G proteins (left), and detection of uptake and target cell
membrane fusion using a BlaM colorimetric activity assay (right). b, Co-expression of VSV-
G increases the number of vesicles that contain spikes, as evaluated by scoring >140 vesicles
as either “containing” or “not containing” surface spikes (images like the one shown in the
inset of Fig. 3b were scored independently by two different people, one blinded, and their
counts were averaged). ¢, Western blots showing cellular expression and release of EPN-01
and Myc-tagged GFP constructs with or without fused Vpr (see Supplementary Table 3 for
sequence information). Panel 1 shows released protein, panel 2 and 3 expression of Myc-
tagged proteins and GAPDH in whole cell lysates. Lane 1 shows co-expression of EPN-01

with Myc-GFP-Vpr, lane 2 shows co-expression of EPN-01 with Myc-GFP. d, Flow

cytometric analyses of HelLa cells loaded with the fluorescent CCF2 B-lactamase substrate
and incubated with increasing quantities of wild-type EPN-01*/VSV-G/BlaM-Vpr (row 1),
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EPN-01*/VSV-G(P127D) mutant/BlaM-Vpr (row 2), and EPN-01*(LF45AA) mutant/VVSV-
G/BlaM-Vpr (row 3).
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Extended Data Figure 8. Aldolase and protease protection assaysfor EPNswith a variety of
functional elementsand protein architectures

Schematic illustrations and analyses of the 16 EPN constructs that yielded robust EPN
biogenesis are shown, as well as one negative control. Each panel shows the construct, a
representative plot of aldolase activity in the presence (black line) and absence (grey line) of
detergent, and a western blot analysis of the protease protection assay. Arrowheads next to
each blot denote the full-length protein. Aldolase activity was monitored by disappearance
of absorbance at 339 nm. a, Different membrane-binding elements support EPN formation.
b, EPN-02, also referred to as EPN-01(AM), is a negative control construct in which the
myristoylation site was inactivated by mutation. Both assays reveal that EPN-02 protein was
not released from cells. ¢, EPN-51, which uses the designed 24-subunit protein assembly
03-33 as a self-assembly domain, forms an EPN with an intact membrane envelope. The
aldolase assay was not included because O3-33 is not an aldolase. d, Different ESCRT-
recruiting elements can support EPN formation. The asterisk next to the blot of EPN-36
signifies that the blot was overexposed: EPN-36 reproducibly yielded fainter bands on
western blots than would be expected based on its aldolase activity and analyses of SDS-
PAGE gels stained with Coomassie. e, Membrane-binding, self-assembly, and ESCRT-
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recruiting elements can function from different positions within EPN constructs. EPN-11 is
a permutation of EPN-07, while EPN-23, EPN-24, and EPN-25 are permutations of EPN-18.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. EPN release requiresthree functional elements
a, Schematic of the EPN-01 construct, with the membrane-binding Amyristoylation

element from HIV-1 Gag in orange (underlined G denotes the myristoylated glycine
residue), the 13-01 self-assembly domain in green (the L33R mutation has previously been
shown to prevent assembly?), the Myc epitope in blue, and the ESCRT-recruiting HIV-1
p6Gad element in grey. The TSG101/ESCRT-I, ALIX, and Vpr-binding sites are shown and
key interaction residues mutated in this study are underlined. Residue numbers above the
construct correspond to individual functional elements, numbers below correspond to the
overall construct. b, Panels 1-4 are western blots showing EPN-01 proteins harvested from
293T cell culture supernatants (Panel 1), cellular EPN-01 proteins in the Triton-insoluble
and Triton-soluble fractions (Panels 2 and 3), and a soluble cellular GAPDH loading control
(Panel 4). To the right, the percentage of each protein released into the supernatant is plotted
(error bars show standard deviations from three technical repetitions).
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Figure 2. EPNs comprise cell-derived membrane envelopes containing multiple protein
nanocages
a, The upper panel is a western blot showing EPN-01 in 293F cells (lane 1) or released from

293F cells and treated as denoted (lanes 2-4). The lower panel is a western blot showing
equivalent samples of non-enveloped EPN-01* nanocages purified from £. coli. b,
Representative cryo-EM images showing the levels of extracellular vesicles/EPNSs in culture
supernatants from 293T cells that expressed 13-01-Myc (left panel) or EPN-01 (right panel).
¢, Central slice from a cryo-EM tomographic reconstruction of a released EPN; two internal
protein nanocages are marked with arrowheads. d, Isosurface model of the 3D cryo-EM
reconstruction from (c). The EPN membrane is green and individual protein nanocages are
gold. e, Single particle cryo-EM reconstruction of the nanocages released from EPNs
following detergent treatment. Charge density from the 5.7 A resolution EM reconstruction
is shown in grey (contoured at 4.5 o). The 13-01 computational design model® (green
ribbon) was docked into the density as a rigid body.
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Figure 3. EPNs can package macromolecular cargoes and deliver them into new target cells
a, Western blots showing cellular expression and release of 13-01-Myc, EPN-01*, and Myc-

tagged VSV-G and BlaM-Vpr constructs (see Supplementary Table 3 for sequence
information). Panels are equivalent to those in Fig. 1a. b, Cytoplasmic delivery to target
HeL a cells by the three released constructs from (a), plotted as percentages of BlaM-positive
cells following incubation with the designated quantities of the different EPNs (error bars
show standard deviations from two technical repetitions). Inset: Cryo-EM image of an
EPN-01*/VSV-G EPN with internal protein nanocages (arrowheads) and apparent VSV-G
envelope spikes (arrow).
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Figure 4. A variety of functional elementsand protein architectures support EPN formation
Schematic illustrations of several tested constructs are shown, together with western blots

and release quantification. a, Different membrane-binding domains support EPN release
(odd lanes). EPN point mutants shown in even lanes were designed to disrupt the membrane-
binding interactions. b, The 24-subunit assembly 03-33 can function as an EPN self-
assembly domain (lane 1). Mutants shown in lanes 2—4 were designed to disrupt the
membrane-binding, self-assembly, and ESCRT-recruiting elements. ¢, Different ESCRT-
recruiting elements can support EPN release (odd lanes). ESCRT-dependent release is
demonstrated by loss of EPN release upon co-expression of VPS4A(E2gQ) (even lanes). d,
Membrane-binding, self-assembly, and ESCRT-recruiting elements can function from
different positions within EPN constructs (odd lanes). ESCRT-dependent release is
demonstrated by loss of EPN formation upon co-expression of VPS4A(E22gQ) (even lanes).
Error bars show standard deviations from three technical repetitions.
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