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Human paraneoplastic antigen Ma2 (PNMA2) forms icosahedral
capsids that can be engineered for mRNA delivery
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A number of endogenous genes in the human genome encode retroviral gag-like pro-
teins, which were domesticated from ancient retroelements. The paraneoplastic Ma
antigen (PNMA) family members encode a gag-like capsid domain, but their ability to
assemble as capsids and traffic between cells remains mostly uncharacterized. Here, we
systematically investigate human PNMA proteins and find that a number of PNMAs
are secreted by human cells. We determine that PNMA2 forms icosahedral capsids
efficiently but does not naturally encapsidate nucleic acids. We resolve the cryoelectron
microscopy (cryo-EM) structure of PNMAZ2 and leverage the structure to design engi-
neered PNMA2 (ePNMA2) particles with RNA packaging abilities. Recombinantly
purified ePNMA2 proteins package mRNA molecules into icosahedral capsids and can
function as delivery vehicles in mammalian cell lines, demonstrating the potential for
engineered endogenous capsids as a nucleic acid therapy delivery modality.
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RNA-based therapeutics, including mRNA-based vaccines, have the potential to be
deployed in a wide range of disease contexts. To achieve this potential, we need a suite
of delivery vehicles that can efficiently package and safely deliver therapeutic RNA
cargoes to specific tissues. Several delivery modalities have already been developed,
including non-viral approaches such as lipid nanoparticles (LNPs), which have suc-
cessfully been used to deliver oligonucleotide and mRNA therapeutics, and viral
vectors such as adeno-associated virus (AAV) (1). However, the broad applicability
of these approaches is limited due to a combination of factors including cargo size
constraints, immunogenicity, difficulty in achieving tissue-specific targeting, and scal-
able production.

Natural delivery systems from the human genome might provide the basis for new
engineered gene transfer modalities that can address some of these limitations. Recent work
has uncovered a diverse array of endogenous gag-like genes within the human genome,
which resemble retroviral structural proteins and therefore could potentially be engineered
for gene transfer (2). A number of these, including Arc and Pegl0, have been domesticated
and serve vital roles in normal mammalian physiology (2-4). Previous work has also shown
that the ARC and PEG10 gag-like proteins have the ability to form capsid structures that
can package their cognate mRNAs (3-6). Extending this natural ability, PEG10 was recently
engineered to programmably package and deliver an exogenous cargo mRNA into human
cells, demonstrating the potential of these endogenous retrotransposon-derived proteins as
a new nucleic acid delivery modality (6). To further explore the potential of endogenous
gag-like proteins for therapeutic RNA delivery, we sought to systematically characterize the
paraneoplastic Ma antigen (PNMA) protein family (7). The PNMA family, which in
humans contains over a dozen proteins, was initially identified due to some PNMAs encod-
ing auto-antigens in patients with parancoplastic neurological disease (8—11). Although
several PNMA family members have been previously reported to have roles in apoptosis
(12-16), most remain poorly characterized. Some PNMAs, however, including mouse
PNMA2, have been shown to form capsid structures, suggesting they may be suitable for
development as delivery vehicles (6, 17).

Here, we explore the potential for human PNMA proteins to form capsids and package
RNA. We found that PNMA?2 is robustly secreted as an icosahedral capsid from human
cells and can self-assemble in vitro from recombinant protein. We used cryoelectron micros-
copy (cryo-EM) to resolve the structure of the PNMA2 capsid and structure-guided engi-
neering to modify the PNMA2 protein capsid to package mRNA. We show that these
engineered PNMA2 capsids can functionally deliver mRNA into recipient cells, demon-
strating promise as a therapeutic mRNA delivery vehicle. In addition to PNMAZ2, we found
that other PNMA family members are capable of forming virus-like capsids, suggesting they
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Significance

mRNA-based therapeutics have
the potential to treat a wide
range of diseases, but the
treatments are limited by the
repertoire of available mRNA
delivery methods. In this work,
we developed an mRNA delivery
modality based on the human
protein PNMA2. We show that
PNMA2 naturally forms capsids
in human cells. To engineer
PNMA2 for delivery, we
established a method to produce
a variant of PNMA2 (ePNMAZ2)
that can encapsidate mRNA

in vitro and deliver the cargo to
recipient cells, highlighting the
potential for an all-protein
delivery vehicle that can be
assembled and loaded in vitro.
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may also be suitable for delivery and raising the possibility that these
proteins are involved in intercellular communication.

Domain Architectures and Origins of the
PNMA Family of Domesticated Retroelements

The PNMA family likely emerged from the domestication of a
Tj3/mdg4 (also known as gypsy) retrotransposon by the loss of the
polymerase (POL) region (7, 18, 19). Multiple duplications of
the ancestral PNMA in Eutherians gave rise to a large family of
PNMAs in some mammalian species, including humans. In the
human genome, PNMAs are spread across 4 chromosomes, with
some clustered together—PNMA8a/b/c and CCDCS8 share the
same locus on chromosome 19, and PNMA3/5/6a/6e/6f share
the same locus in chromosome X (Fig. 14).

We used structural modeling to compare the domain architec-
tures of 14 human PNMA proteins (1, 2, 3, 4, 5, 6a, 6e, 6f, 7a,
7b, 8a, 8b, 8¢, and CCDCS8), as well as the marsupial PNMA

from the tammar wallaby, Macropus eugenii (MePNMA), which
is a close relative to 7)3/mdg4 (Materials and Methods) (Fig. 1B).
Most of the human PNMAs contain the N- and C-terminal capsid
domains, except PNMA8a/b/c and CCDC8, and AlphaFold-based
oligomeric prediction suggests that PNMAs 1, 2, 3, 4, and 5 may
form multimers (87 Appendix, Fig. S1). The RRM domain is also
highly conserved, absent only in PNMA7a and 7b. The zinc finger
domain, which is typically involved in interaction with nucleic
acids (20), is found in only some PNMAs. Of the proteins that
lack the zinc finger, some alternatively contain a K-R rich domain,
which could similarly function to interact with nucleic acids.

PNMA2 Is Secreted by Human Cells as a Non-enveloped Capsid.
Given that ARC and PEG10 are secreted from mammalian cells,
we tested PNMA secretion by transfecting each human PNMA
into HEK293FT cells with a C-terminal HA tag (Fig. 2 A and B).
Although all PNMAs expressed robustly, only a subset of PNMAs were
secreted into the virus-like particle (VLP) fraction, with PNMA2 and
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Genomic location and domain architecture of human PNMA genes. (A) Genomic location of human PNMA genes. (B) Phylogenetic tree of PNMA family

including all human PNMAs (PNMA1-8 and CCDC8), the marsupial PNMA (MePNMA), and a turtle Ty3/mdg4 (Materials and Methods) from which the tree is
rooted. Domain architecture of each protein is deduced from the structural models (Materials and Methods). Domain architecture encompasses an RRM-like fold
domain (pink), dimerization domain that forms only upon interaction (in orange), and capsid domain in light blue for N-terminal capsid domain and dark blue
for C-terminal capsid domain. Additional domains predicted to fold are shown in gray. Zinc fingers are shown in yellow, and regions with a high concentration

of K-R are shown in green. RRM, RNA recognition motif.
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PNMAGev1 demonstrating especially robust secretion (Fig. 2B8). We
chose to further investigate PNMA2 given its predicted multimeric
assembly (SI Appendix, Fig. S1). We confirmed that PNMA2 is
secreted by cells as non-enveloped capsid-like structures and that it
is highly secreted across multiple cell lines (Fig. 2B and SI Appendix,
Fig. S2 A and B). This is consistent with similar findings in mouse
cells (17). We also found that PNMA2 expression in cells is primarily
localized to the cytosol (ST Appendix, Fig. S2C).

We investigated whether PNMA2 capsids package their own
mRNA by comparing the levels of PNMA2 mRNA in cellular and
VLP fractions from HEK293FT cells overexpressing either PNMA2
orastart codon deficient version (Fig. 2D). We found no significant
difference in PNMA2 mRNA levels between the VLP fraction with
PNMA2 capsid and the start codon deficient version, indicating that
PNMA?2 does not package its own mRNA (Fig. 2 D, Bortom). We
also sequenced mRNA from the VLP fractions of U20S cells
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Fig.2. PNMA2 capsids are secreted from human cells without encapsidated RNA. (A) Schematic of isolation of cell lysate and viral-like particle (VLP) fraction. (B)
Western blot showing PNMA protein expression in HEK293FT cells in either cell lysate (Top) or the VLP fraction (Bottom). (C) Example TEM micrographs of a single
HA-immunoprecipitated VLP fraction from negative control cells (Top panels) or cells overexpressing HA-tagged PNMA2 (Bottom panels) (Scale bar, 100 nm). (D)
Expression of PNMA2 or a mutant of PNMA2 lacking the start codon in whole-cell lysate (cells) or the VLP fraction (Top). Quantification of PNMA2 mRNA (cDNA)
in either the whole-cell lysate or VLP fraction in cells expressing either wild-type PNMA2 (gray) or a mutant lacking the start codon (pink) (Bottom). Samples were
compared via the unpaired t test where ns represents a P> 0.05, * represents P < 0.05, ** represents P < 0.01, and *** represents P < 0.001. (E) (Top) Schematic
of the experimental procedure to identify mRNA packaged in PNMA2 capsids. (Bottom) Volcano plots showing differential mMRNA expression of PNMA2 CRISPRa
samples versus a non-targeting guide control in either the cell lysate (Left) or VLP fraction (Right). Three transcripts (ZNF142, GOLGA2P9, and TTC25) were above
the significance threshold but were found to be insignificant after adjusting for multiple hypothesis testing (Materials and Methods).
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transfected with eithera PNMA2 CRISPRa cassette or a non-targeting
control (6) and found that, while whole cells demonstrated increased
transcript abundance of PNMA?2 [and a number of other transcripts
(Dataset S1)], there were no transcripts with strongly significant
increased abundance in the VLP fraction, suggesting that PNMA2
capsids do not specifically package PNMA2 mRNA or any other
cellular mRNA (Fig. 2 and Dataset S1).

Although our results indicate that PNMA2 does not package
mRNA in cultured cells, we sought to determine whether purified
PNMA2 could assemble around an mRNA in vitro. We first tested
whether PNMA2 capsids can self-assemble in vitro from recombi-
nantly produced protein. We found that PNMA2 purified from
Escherichia coli readily assembles into capsid structures similar to
those secreted from mammalian cells (compare Fig. 2Cwith Fig. 34).
The PNMA2 size-exclusion chromatogram (SEC) that demonstrates
elution before the void volume is also consistent with eflicient capsid
assembly (Fig. 3B). We hypothesized that orchestrating PNMA2
disassembly and reassembly around RNA might facilitate RNA pack-
aging (Fig. 3C). To test this, we introduced in vitro transcribed Cre
mRNA into the assembly reaction and then assayed for nuclease
resistance. However, self-assembled PNMA2 did not protect Cre
mRNA from nuclease degradation (SI Appendix, Fig. S3).

PNMA2 Forms An Icosahedral Capsid Structure with a Negatively
Charged Lumen. To guide our engineering efforts to package RNA
within PNMA2, we used cryo-EM to resolve the structure of
recombinant human PNMA?2 expressed in E. coli at 3.1 A resolution
(Fig. 44 and SI Appendix, Fig. S4). Sixty identical copies of the
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PNMA2 monomer assemble to form a capsid with icosahedral
symmetry and a triangulation number T = 1 (Fig. 4B). The capsid
has a mean diameter of 210 A and encloses a volume of 1,400,000
cubic Angstrom—approximately 60% of the volume of AAV-2
(21). Cryo-EM density was only resolvable for residues 158 to
340 of PNMA2, corresponding to the N- and C-terminal capsid
domains, which fold into a-helical domains similar to other gag
proteins. The interfaces at the two- and threefold symmetry axes
are composed of the C-terminal capsid domains, while the fivefold
symmetry axis is composed of the N-terminal capsid domains
(Fig. 4C). The first ordered residue of PNMA2, Leul58, is found
at the fivefold axis on the exterior side of the capsid, suggesting
that the diffuse cryo-EM density forming “spikes” on the fivefold
axis (Fig. 4A) is attributable to the N-terminal dimerization and
RRM-like domains of PNMA2. The interior of the capsid is rich in
acidic residues, including the last resolvable residues, which form a
poly-Glu tract (333-EEEEEEAS-340). The interior of the capsid is
therefore predicted to have a negative charge, likely accounting for
the capsid’s lack of RNA cargo (Fig. 4D). We were unable to resolve
the final 24 residues of PNMAZ2 (ten of which are also acidic), but
they likely account for the cloud of cryo-EM density inside the
capsid (Fig. 4E).

Engineering PNMA2 for Functional mRNA Delivery. To enhance
mRNA packaging efficiency, we used structure-guided engineering
to modify the capsid lumen by replacing the C-terminal disordered
region with an RNA-binding motif, cowpea chlorotic mottle virus
N-terminal 30 residues (CCMV1-30), which is known to efficiently
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Fig. 3.

In vitro assembly and RNA packaging of PNMA2 capsids. (A) TEM micrograph of PNMA2 purified from E. coli (Scale bar, 100 nm). (B) Size-exclusion

chromatography (SEC) trace of PNMA2 particles purified from E. coli, where V, indicates void volume. (C) Schematic of workflow for in vitro production of PNMA2

capsids with representative TEM images below.
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Fig. 4. Cryo-EM structure of human PNMA2 capsids. (A) Cryo-EM density of PNMA2 with 14 symmetry imposed, colored by radial distance from the center of
the capsid, with the exterior of the PNMA2 capsid pictured on the Left and a cross-section of the capsid shown on the Right. (B) Model of the PNMA2 capsid with
a protein monomer outlined. (C) Details of the interactions of a PNMA2 monomer (pink highlight) with adjacent monomers, with symmetry axes indicated. (D)
Electrostatic potential of the inside of the PNMA2 capsid. Red indicates negative charge. (E) Central slice of the PNMA2 cryo-EM density. The projected positions

of the modeled N and C termini are shown as blue and red circles.

bind single-stranded RNA without obvious sequence preference
(22, 23) (Fig. 5A4). We purified the resulting PNMA2(340)-CCMV
(24) [referred to as engineered PNMA2 (ePNMA2)] from E. coli
and confirmed capsid formation similar to wild-type PNMA2
(Fig. 5A4). Compared to wild-type PNMA2, ePNMA2 exhibited
more efficient recombinant protein expression and capsid assembly
(SI Appendix, Fig. S5 A and B). In contrast to wild-type PNMA2
capsids, ePNMA2 capsids were more stable at low ionic strengths
and required 6 M urea for disassembly (S7 Appendix, Fig. S6). We
tested various conditions for reassembly in the presence of cargo
RNA and found that 500 mM NaCl and 10 mM CaCl, led to
the most efficient packaging and protection of cargo RNA from
nuclease degradation (Fig. 5B and SI Appendix, Figs. S6Cand S7).

We examined whether ePNMA2 capsids (which are non-
enveloped) can enter cells via endocytosis. Confocal microscopy of
Neuro2A cells 6 h after treatment showed ePNMA2 capsids at the
cell periphery (Fig. 5C). Given previous data showing that the amphi-
pathic peptide LAH4 can aid proteins in both cellular entry and
endosomal escape (25), we assessed whether treating ePNMA2 with
LAH4 before addition to cells could enhance entry beyond the cell
periphery. LAH4 treatment did not alter the morphology of
ePNMA?2 capsids (S7 Appendix, Fig. S8A). However, when Neuro2A
cells were treated with ePNMA2 at 4 °C to allow binding without
internalization, LAH4-treated capsids demonstrated higher cellular
binding (87 Appendix, Fig. S8B). Further, when cells were moved to
37 °C to allow cellular uptake, trypsinization dissociated many of the
untreated ePNMA2 capsids, while LAH4-treated capsids were not
removed by trypsinization, suggesting that LAH4-treated ePNMA2
had been endocytosed (SI Appendix, Fig. S8 B). Immunofluorescent

PNAS 2024 Vol.121 No.11 2307812120

staining showed that LAH4 treatment of ePNMA2 before addition
to cells increased the cytosolic localization of ePNMA2 (Fig. 50),
and this effect was recapitulated with wild-type PNMA2 capsids
(ST Appendix, Fig. S8 Cand D).

Finally, we tested whether LAH4-treated ePNMA2 capsids could
deliver a Cre mRNA cargo to Neuro2A-loxP-GFP reporter cells
(Fig. 5D). We treated ePNMA2(Cre) with RNase A to degrade
unpackaged mRNA and prepared equivalent naked Cre mRNA
diluted in the same assembly buffer with and without RNase treat-
ment. RNA, RNase-treated RNA, and RNase-treated ePNMA2 were
then diluted in Optimem and added to Neuro2A-/oxP-GFP reporter
cells with either LAH4, Lipofectamine 3000, or no treatment (Fig. 5
E and F and SI Appendix, Figs. S8E and S9). RNase treatment
degraded mRNA in the absence of ePNMA2, as confirmed by the
absence of GFP expression (Fig.5 E and F and SI Appendix,
Fig. S8E). Without incorporation of LAH4, ePNMA2 did not
appreciably transduce reporter cells, consistent with our cellular
uptake assays which showed that PNMA2 remains mostly bound
on the cell surface without a cell penetrating peptide (S7 Appendix,
Fig. S8B and Fig. 5E). However, with LAH4 incorporation,
RNase-treated ePNMA2(Cre) induced higher levels of GEP reporter
expression relative to an equivalent amount of undlgested and
unpackaged RNA at a dose of 100 ng RNA per 2.5 x 10* cells (Fig. 5
E and F). Even a low dose (3.125 ng RNA per 2.5 x 10% cells) of
ePNMA2(Cre) was sufficient to induce GFP expression in roughly
7% of Neuro2A-loxP-GFP reporter cells (5] Appendix, Fig. S8E).
While Lipofectamine 3000 transfection of Neuro2A-/loxP-GFP
reporter cells was over twofold more eflicient than RNase-treated
ePNMA2 with LAH4, these data show that ePNMA2 can protect
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Engineering of e?PNMA2 for RNA encapsidation and delivery. (A) Schematic of ePNMA2 protein and TEM micrograph of ePNMA2 capsids (Scale bar,

100 nm). (B) Quantification of RNAs per capsid packaged by ePNMA2 during reassembly across a range of salt conditions following RNaseA treatment. (C)
Immunofluorescence showing ePNMA2 entry into Neuro2A cells with either no co-treatment or LAH4 (Scale bar, 40 um). (D) Schematic of workflow for in vitro
production of ePNMA2 capsids. (£) Quantification of live (DAPI negative) GFP positive cells by flow cytometry following delivery by ePNMA2 of Cre mRNA to
Neuro2A-loxP-GFP recipient cells. Data shown are three technical triplicates that are representative from three biological replicates. Samples were compared
via the unpaired t test where ns represents a P > 0.05, *represents P < 0.05, **represents P < 0.01, and ***represents P < 0.001. (F) White light (WL) and GFP
fluorescence images of Neuro2A-/oxP-GFP recipient cells 96 h after treatment with RNA, RNase treated RNA, or RNase treated ePNMA2, -Cre all with LAH4 cell

penetrating peptide (Scale bar, 100 um).

a functional RNA cargo from nuclease degradation, a key character-
istic for nucleic acid delivery vehicles due to abundant nuclease
activity in the extracellular milieu (26, 27). These results demonstrate
the potential of ePNMA?2 as a gene transfer tool in mammalian cell
lines.

Discussion

In the current study, we demonstrated that human PNMA2 is
robustly secreted from cells as an icosahedral, non-enveloped
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capsid. We showed that although PNMA2 does not package RNA
in human cells, an engineered variant with an RNA-binding
domain grafted on to the C-terminus can package cargo RNA
in vitro. Combining these self-assembled, packaged ePNMA2
capsids with the cell-penetrating peptide LAH4 led to efficient
functional delivery of mRNA.

Our demonstration of an all protein, in vitro produced delivery
vehicle offers a starting point for further bioengineering. For exam-
ple, increasing positive charges in the ePNMA2 capsid lumen could
enhance RNA packaging efficiency. Further engineering of the
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ePNMA2 capsid surface residues may allow robust cell entry without
LAH4, or targeted cell-type or tissue tropism. Engineering strategies
applied to AAVs, which bear a similar T = 1 icosahedral capsid
structure, could be used to modify the ePNMA2 capsid surface with
integrin binding motifs or nanobodies and thus modulate ePNMA2
tropism (28, 29). In addition to modulating tropism, ePNMA2
presents an attractive substrate for protein engineering to adapt the
capsids for cell entry and endosomal escape without the need for
LAH4. A third avenue for future protein engineering is the modi-
fication of potentially immunogenic peptides, which may be par-
ticularly important for PNMA2 given reported cases of paraneoplastic
disorders resulting from inappropriate expression of PNMA family
members in some cancers (8—10).

Finally, our work with PNMA2 may be extended to other
PNMA family members, some of which also form capsids, although
these capsids appear more similar to the immature HIV gag than
the icosahedral capsids formed by PNMA2 (87 Appendix, Fig. S10A)
(24, 30). The Drosophila Arc protein also forms an icosahedral
capsid, albeit with T = 4 triangulation (31) and, like many PNMA
family members, is highly expressed in the central nervous system
(CNS) (S Appendix, Fig. S10 Band C) (3, 4). Given that Arc has
been shown to transfer RNA within neurons, this raises the ques-
tion of whether secreted PNMA capsids may enter specific recipient
cells in the CNS (3, 4). Further investigation of PNMA cell tropism
and engineering of PNMA capsids may allow these vehicles to be
harnessed for delivery of genetic cargoes to the brain, a long-standing

goal in the delivery field.

Materials and Methods

Determination and Comparison of Domain Architecture of the PNMA
Family. A structural model was built for each member of the PNMA family using
AlphaFold2 (32) under the colabfold framework (33) using default parameters.
Models with plddt =70 were selected for analysis, and additional AlphaFold2 cycles
were performed until plddt was greater than 70. Structures were analyzed and com-
pared using PyMOL (The PyMOLMolecular Graphic System Version 1.2, Schrodinger,
LLC) to annotate protein domain architecture. Hydrophobic Cluster Analysis was used
to compare local structure and patterns across all PNMAs (34, 35). The RRM-like
domain was identified from structural mining using the Dali server (36, 37). Domain
architectures were compared across all human PNMAs, the marsupial PNMA (NCBI
accession number: BAK55632.1),and the turtle Ty3/mdg4 (NCBI accession number:
XP_048704523), which was the closest non-PNMA relative we identified from a
preliminary phylogenetic analysis from homologs of PNMAs. A final tree was built
using PhyML (38) on the MPI Bioinformatics Toolkit website (39) with LG model
and 200 replicates. The final tree was visualized with the interactive tree of life (itol)
webserver (40) (Fig. 1B).

Prediction and Analysis of Capsomer Assemblies. Pentamer assembly
of PNMA2 was predicted using Alphafold2 multimer (41) under the colabfold
framework using 40 cycles and five replicas. All replicas formed a capsomer in
which the capsid domain forms a ring pentamer, and the N-terminal region forms
dimers leading to two dimers and one monomer in the pentamer assembly. The
interaction region was evaluated and analyzed using PyMOL software.

Plasmid Cloning. PNMA open reading frames (ORFs) were human codon
optimized and ordered as gblocks from Twist (S Appendix, Table S1). Gblocks
were also cloned into a CMV promoter-driven mammalian expression backbone
(Addgene #11153) with the WPRE and SV40 polyadenylation signal (Addgene
#83281)via Gibson Assembly (NEB E2611S) (S/ Appendix, Table S2, primer set 1),
after which C-terminal HA tags were added via site-directed mutagenesis
(NEB M0554S) (SI Appendix, Table S2, primer sets 2-18). A plasmid encoding
the PNMA2 transcript driven by was generated by nested PCRs of the human
PNMA2 exons from Hela genomic DNA (New England Biolabs N4006S). PNMA2
sequence-specific primers were designed using PrimerBlast (NCBI), and PCR
fragments were subject to nested PCRs and then joined via Gibson Assembly
(S Appendix, Table S2, primer sets 19-25), after which they were subcloned
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into a CMV expression backbone by Gibson Assembly (S/ Appendix, Table S2,
primer sets 26 and 27). Site-directed mutagenesis was used to ablate start
codons (S/ Appendix, Table S2, primer sets 28-30) such that PNMA2 protein was
no longer expressed as measured via western blot. CRISPRa guide RNAs and a
non-targeting control phosphorylated, annealed, and then cloned into the PB-
Unisam CRISPRa backbone (Addgene #99866) using Golden Gate assembly (NEB
R0539S) (S/ Appendix, Table S2, primer sets 31-33).

For in vitro expression constructs, hsPNMA ORFs were cloned from Hela
genomic DNA using primers designed using PrimerBlast (NCBI) into an E. coli
expression backbone (Addgene #104129) with an N-terminal Maltose Binding
Protein (MBP)tag and bdSUMO for purification via Gibson Assembly (S Appendix,
Table S2, primer sets 34-40). MePNMA was cloned into the same backbone from
the gblock described above (S/ Appendix, Table S2, primer sets 34 and 41). The
c-terminal disordered region of PNMA2 was replaced with the CCMV RNA bind-
ing peptide via nested PCRs to produce fragments that were subject to Gibson
Assembly (S Appendix, Table S2, primer sets 42-44). For in vitro transcription, a
plasmid was generated with Cre RNA downstream of T7 promoter (S/ Appendix,
Table S2, primer set 45). One hundred A's were inserted at the 3’ end of the Cre
RNAto serve as a poly Asequence. The Psil digestion site was inserted downstream
of the poly A sequence (S/ Appendix, Table S2, primer set 46).

In Vitro Production and Purification of PNMA Proteins. In vitro PNMA
expression plasmids described above were transformed into Rosetta 2 (DE3)
plyseS cells. Asingle colony was inoculated in Terrific Broth (TB) media overnight
at 37 °Cwith 100 ug/mLampicillin and 25 ug/mL chloramphenicol. When optical
density 600 (0D600) reached 0.6, the culture was cooled to 4 °C for 30 min. IPTG
was added to a final concentration of 0.5 mM, and the culture was incubated
at 21 °C for 20 h. Bacteria were centrifuged at 4,000 rpm for 15 min, media
supernatant was decanted, and the bacterial pellet was then resuspended in a
lysis buffer containing 50 mM Tris pH 8, 250 mM NaCl, and 0.5 mM TCEP. Lysis
was achieved with two passes through the LM20 Microfluidizer system at 27,000
p.s.i.The lysis was cleared with centrifugation at 9,000 rpm for 30 min. The lysis
was incubated with 2 mLamylose beads for 2 h at 4 °C.The amylose beads were
washed, and the bound PNMA2 was cleaved overnight with lysis buffer with 1.5%
NP-40and 1 pg/mLbdSENP1.The elution was collected and used for SEC analysis
using an AKTA pure system with Superdex200 increase 10/300 GL column with
an isocratic run using lysis buffer at 0.4 mL/min.

Negative Staining and Transmission Electron Microscopy. For sample
preparation of TEM imaging grids, 5 pL of sample at a protein concentration of
approximately 0.3 mg/mLwas loaded onto glow-discharged, carbon-coated 300-
mesh copper grids (Electron Microscopy Sciences #FCF300-CU-50). The sample
was adhered to the grid for one minute at room temperature and stained in five
sequential droplets for a total of one minute in freshly filtered 2% uranyl formate.
Following the staining procedure, excess uranyl formate was carefully blotted
off with Whatman filter paper (Cytiva, #1001-032). The grid was dried at room
temperature for 1 min before placementinto a grid holder. AIITEM images were
acquired using the FEI Tecnai (G2 Spirit TWIN) 120-kV multipurpose TEM at the
MIT MRL facility. The grid was mounted on a JEOL single tilt holder equipped
in the TEM column and cooled down with liquid nitrogen. The microscope was
operated at 200 kV and with a magnification in the range of 10,000~60,000x,
and all images were recorded on a Gatan 2kx2k UltraScan CCD camera.

Cell culture. U20S cells (ATCC HTB-96) were maintained in McCoy's 5A
(Modified) Medium supplemented with 10% fetal bovine serum and 100 U/mL
penicillin-streptomycin.

HEK293FT (Thermo Fisher R700-07), HeLa (ATCC CCL-2), U87 (ATCC HTB-14),
and Neuro2A (ATCC CCL-131) cells were maintained in Dulbecco’s Modified Eagle
Medium supplemented with 10% fetal bovine serum and 100 U/mL penicillin-
streptomycin. U20S, Hela, U87, and Neuro2A cells were transfected with
Lipofectamine 3000 (ThermoFisher, L3000001) at 80% confluence, and media
were changed 4 h post transfection to reduce toxicity. HEK293FT were transfected
at 70% confluence with PEI HCI MAX (Polysciences 24765-1).

Neuro2A-/oxP-GFP stable reporter cells were generated by subcloning the
loxP-GFP cassette from RV-Cag-Dio-GFP (Addgene #87662) into a lentiviral
transfer plasmid encoding a Blasticidin resistance gene for stable integration. To
produce virus, HEK293FT cells were seeded at T1e7 cells per 15-cm dish. After 16 h,
cells were co-transfected with 5 pg psPAX2 (Addgene #12260), 4.7 pg pMD2.G
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(Addgene #12259), and 7.7 pg of the Cre reporter plasmid using PEI HCI MAX
(Polysciences 24765-1), and media were changed 4 h post transfection. Forty-
eight hours later, viral supernatant was harvested, spun at 2,000 for 10 min
to remove cell debris, filtered through a 0.45-um filter, and stored at —80 °C.
Neuro2A reporter cell lines were created by lentiviral transduction with 8 pg/mL
polybrene (TR1003G). Media were changed 1 d later, and cells were selected for
2 wk starting on day 3 with 10 pg/mL Blasticidin-HCI (Thermo Fisher Scientific
A1113903). Single clones of Blasticidin-resistant cells were isolated by serial
dilution, expanded, and then screened for successful reporter expression by
transfection of a Cre encoding plasmid.

Isolation of VLPs from Human Cells. Forty-eight hours post transfection, media
supernatant for sucrose cushion purification was filtered through a 0.45-um filter,
added to conical ultracentrifuge tubes (Beckman Coulter 358126),and underlaid
with 4 mLof 20% sucrose in 1X PBS. Tubes were then spun at 120,000g for 2 h
in a Beckman Coulter SW28 rotor, after which supernatant was decanted and the
pellet was resuspended in 100 pL of 1X PBS.

VLP Protease Protection Assay. PNMA2 VLP samples were collected from
HEK293FT cells as described above and then resuspended in 120 pL 1X PBS
and splitinto three 40-pL aliquots and subjected to a protease protection assay
as previously described (42). Briefly, aliquots were incubated at 37 °C for 30 min
with no treatment, 0.1 pg/ul proteinase K, or 0.1 pg/ul proteinase K with 1%
Triton X-100. Proteinase K was inactivated by 10 pg/uL PMSF following treatment,
at which point samples were analyzed by western blot as described below.

Western Blot Analysis. For cellular lysate, cells were washed in 1XPBS and lysed
in RIPA buffer (ThermoFisher 89901) with Halt protease inhibitor (ThermoFisher
87786) for 30 min at 4 °C. Lysate was then spun at 20,000g for 10 min at 4 °C
to pellet insoluble protein. Cellular lysate supernatant and resuspended VLP
were combined with 1X Bolt LDS Sample Buffer (Life Technologies B0007) and
100 mM DTTand boiled at 95 °Cfor 10 min. Samples were loaded into Bolt 4-12%
Bis-Tris Plus gels (ThermoFisher) and run at 200 V for 30 min, before being trans-
ferred onto PVDF membrane with the iBlot2 system (ThermoFisher). Membranes
were blocked in 5% milk in 1X TBS Tween 20 (TBST) Buffer, and incubated at
4 °C overnight with primary antibody in 2% milk in TX TBST. Following three
1X TBST washes, samples were incubated with secondary antibody for 1 h and
then imaged. Antibodies and dilutions used are listed in S/ Appendix, Table S3.

Immunofluorescence and Confocal Microscopy. Cells were seeded at 5 x 10°*
cells/well on Poly-D-Lysine/Laminin coated glass coverslips (VWR 354087).The
following day, cells were washed with 1X PBS, fixed in 4% PFAin PBS for 30 min,
permeabilized in 0.1% Triton X100 for 30 min, and then blocked in 1% BSAfor 30
min. Cells were stained with anti-PNMA2 primary antibody diluted 1:200in 1%
BSAfor one hour and washed and then stained with AlexaFluor488 conjugated
secondary antibody for 1 hin the dark (as detailed in S/ Appendix, Table S3). Cells
were then stained with Alexa-Fluor 647 Phalloidin (Cell Signaling Technologies
8940S) and DAPI at 0.01 mg/mL for 5 min, washed three times with 1X PBS,
and mounted in Diamond ProLong mounting media on glass slides. Mounted
specimens were imaged on a Leica Stellaris 5 confocal microscope with the 63X
oil objective. Images were analyzed in FIJI (43), where cells were defined as an
ROI based on Phalloidin staining, and then mean GFP signal was measured for
each cell for 10 cells from 3 mounted specimens per condition.

HA Immunoprecipitation of HEK Secreted HA-PNMA2. ePNMA?2 VLPs were
isolated from the supernatant of HEK293FT cells transfected with PNMA2 with an
HA-tag at the N terminus as described previously. Following ultracentrifugation,
HA-tag pulldown was performed using the HA-tagged protein purification kit
from MBL (#3320) using the manufacturer's instructions. Successful isolation
was confirmed by Coomassie staining, and protein capsids were imaged using
TEM as described previously.

RNA Isolation and RT-qPCR. Cells or VLPs was resuspended in Trizol (Thermo
Fisher 15596026), vortexed, and incubated at room temperature for 5 min. Total
RNA was then prepared via phenol chloroform extraction with glycoblue copre-
cipitate (Thermo Fisher AM9515). DNA contaminants were removed using the
Ambion Turbo DNA-free kit (Thermo Fisher AM1907), after which DNAsed RNA
was reverse transcribed using random hexamer priming and the SmartScribe
Reverse Transcriptase Kit (Takara Bio 639537). cDNA was then input into qPCR
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reactions with Fast Sybr Green Master Mix (Life Technologies 4385612) and signal
was quantified with the BioRad CFX Opus system. qPCR primers (sets 47 and 48)
are listed in S/ Appendix, Table S2.

RNAseq of Cells and VLPs. U20S cells were selected for CRISPRa due to the
cell line expressing PNMA2 protein (measured via western blot) after CRISPRa
treatment. U20S cells were seeded at 6 x 10° cells per plate in 15-cm tissue
culture dishes and transfected the following day with CRISPRa cassettes containing
non-targeting guides or guides targeted against the transcriptional start site of
PNMA2 with Lipofectamine 3000 (ThermoFisher L3000001) per the manufacturer's
protocol. Forty-eight hours post transfection, media were harvested and centrifuged
ona 20% sucrose cushion as described above. VLP pellets were resuspended in 1X
PBS with 2 mM MgCl, and 250 units of Benzonase (Sigma-Aldrich E1014), incu-
bated at 37 °Cfor 1 h to degrade non-encapsidated RNAs, and then resuspended
in Trizol (ThermoFisher 15596026). Cells were washed in 1X PBS and then split
into two aliquots. One aliquot of 6 x 10° cells was resuspended in lysis buffer
and subject to western blot as described above to confirm CRISPRa efficacy, while
another aliquot of 6 x 10° cells was separately resuspended in Trizol for mRNA
isolation via phenol chloroform extraction. Samples were prepared in biological
triplicate. Following DNAse treatment, RNA concentrations were normalized, and
RNAseq libraries were prepared with the NEBNext Ultra Il Directional RNA Library
Prep Kit(New England Biolabs E7765S) per the manufacturer's directions. RNAseq
libraries were quantified and normalized with the KAPA library quantification kit
(Roche 07960204001) and loaded onto an lllumina NextSeq 550 with 50 cycles for
read 1and 25 cycles for read 2. Raw reads were trimmed using Timmomatic (44)
and quality control was performed using fastqc(45) to eliminate low-quality reads
and adaptors. Resulting reads were mapped to a reference of the human genome
(GRCh38) using STAR (46), and full read alignments were converted to indexed
BAM files with SAMtools (47). A counts table was generated using htseq (48) and
used to perform differential gene expression analysis using DESeq?2 (49) in R.

Cryoelectron Microscopy. Assembled PNMA2 capsids were diluted to 1.5 mg/mL
in PBS, and 4 pLwas applied to a freshly glow-discharged (60 s at 25 mA) Cu300
R1.2/1.3 holey carbon grid (Quantifoil) mounted in the chamber of a Vitrobot
Mark IV (Thermo Fisher Scientific) maintained at 4 °Cand 100% humidity. The grid
was blotted with @55 grade 595 filter paper (Ted Pella) for 4 s after a wait time
of O sata blot force of +10, and after a drain time of 1 s was plunged into liquid
ethane. Cryo-EM data were collected using the Thermo Scientific Titan Krios G3i
atMIT.nano using a K3 detector (Gatan) operating in super-resolution mode with
twofold binning and an energy filter with slit width of 20 eV. Micrographs were
collected using EPU in AFIS mode, yielding 17,600 movies at 130,000 x magni-
fication with a real pixel size of 0.6788 A, a defocus range from —1to —2.6 um,
an exposure time of 0.6 s fractionated into 24 frames, a flux of 23.6 e /pix/s and
atotal fluence per micrograph of 30.7 e /AZ Cryo-EM data were processed using
RELION 4.0(50). Movies were corrected for motion using the RELION implementa-
tion of MotionCor2, with 4 x 4 patches and dose-weighting, and CTF parameters
were estimated using CTFFIND-4.1 (51). Particles were picked using Topaz and a
general model (52), yielding 722,571 particles which were extracted with a 512
pixel box, binned to 128 pixels, and classified using the VDAM 2D classification
algorithm (S/ Appendix, Fig.S4 Aand Band Table S4). Atotal of 229,149 particles
with high-quality 2D averages were re-extracted with a 512-pixel box binned
to 360 pixels. 3D refinement with 14 symmetry, using an initial model gener-
ated by RELION from screening data on a Talos Arctica microscope, gave a 3.4 A
reconstruction; however, the map showed radial blurring suggesting individual
capsids had slightly different radii (S/ Appendix, Fig. S4C). 3D classification with
regularization parameter T = 15 allowed isolation of 88,320 capsids that were
slightly smaller than average and had more well-defined density; these refined
to 3.3 A resolution after CTF refinement and Bayesian particle polishing but still
showed some radial blurring. To improve the density, individual capsid particle
images were converted to 12 sub-particles corresponding to individual pentons
(81 Appendix, Fig. S4C). This was done by 14 symmetry expansion in RELION to
convert each particle to 60 subparticles, then only keeping the 1,2, 3,4, 5, 6,
10,12, 20, 28, 29, and 38th subparticles, then performing particle subtraction
with a mask around one of the z-axis-aligned pentons, and finally correcting
for the local defocus of the subparticle based on its projected distance to the
capsid center. Subparticles were then refined with C5 symmetry and 0.9° local
angular sampling, producing a 3.1-A reconstruction of an individual PNMA2
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penton. Resolution is reported using the gold-standard Fourier Shell Correlation
with 0.143 cutoff. The AlphaFold2 model of PNMA2 was docked into the penton
cryo-EM density and adjusted using Coot (53). The model was duplicated around
the two-, three-, and fivefold axes to produce all interfaces and then refined using
ISOLDE (54). The extra monomers were then deleted and the original monomer
was duplicated with 14 symmetry and refined using PHENIX real_space_refine
(55) into the 14-symmetric overall map using the starting model as a reference
(sigma = 0.1), one macrocycle of global minimization and ADP refinement, and
a nonbonded weight of 2,000. Structural figures were generated using UCSF
ChimeraX (56).

In Vitro Assembly and Disassembly of PNMA2 and ePNMA2 Capsids.
Purified PNMA2 protein was pH adjusted to 5, 6, 7, 8, 9, 10, 11, and 12 and
NaCl concentration adjusted to 25 mM and 1 M. Divalent ions were screened with
addition of 10 mM MgCI2, 10 mM CaCl,, or 100 pM ZnCl, into 50 mM Tris pH 8
with varying concentrations of NaCl. Co-addition of 10 mM CaCl, and 100 pM
InCl, was tested with addition of 10 mM CaCl,, 100 uM ZnCl,, or 10 mM CaCl,
and 100 pM ZnCl, into 50 mM Tris pH 8 with varying concentrations of NaCl.
PNMA2 protein was mixed with purified RNA at a molar ratio of 10:1 in a buffer
containing 50 mM HEPES pH 8 on ice for 2 h. The mixture was dialyzed overnight
ina buffer containing 50 mM HEPES pH 8, 500 mM NaCl, 10 mM CaCl2, and 0.5
mMTCEP and varying NaCl concentrations. ePNMA2 was treated with 0 M NaCl or
1M NaClin addition to 0 M urea, 1 M urea, or 6 M urea. ePNMA2 concentration
was kept the same for all conditions.

In Vitro Transcription of Cre mRNA. A plasmid encoding Cre mRNA was
digested with Psil for 1 h at 37 °C and then purified with the QIAquick PCR
clean-up kit (Qiagen). mRNA was synthesized using the Hiscribe T7 ARCA mRNA
kit (NEB E20605S) according to the manufacturer's protocol for mRNA synthesis
with 50% modified nucleotides 5SmCTP and Pseudo-UTP (TriLink Biotechnologies
N10145 and N10195). mRNA synthesis was performed without enzymatic pol-
yadenylation due to the polyadenylation sequence being presentin our plasmid
template. After 30 minutes incubation at 37 °C, 28 L of water and 2 ulL of Dnase
| were added to the reaction for 15 min at 37 °C.Then, 25 uL of 3 M LiCl solution
was added and incubated at —20 °C for 30 min to precipitate RNA, and RNA
precipitate was collected by centrifugation for 15 min at 21,000q at 4 °C. The
pellet was washed with 500 pl cold 70% ethanol and then dissolved in 20 pL
nuclease-free water. mRNA quality was checked by running a 1% E-gel. mRNA
concentration was measured by nanodrop.

In Vitro Packaging of ePNMA2 Capsid. ePNMA2 was purified with the same
protocol as other PNMAs with the following modifications. Bacterial pellet was
lysed in 50 mM Tris pH 8, 1 M NaCl, and 0.5 mM TCEP. After overnight bdSENP1
cleavage, ePNMA2 was collected, concentrated into 1 mL, injected into a 2-mL
loop and passed through Superose 6 increase 10/30 GL column using the AKTA
pure system. The retention volume 9 ml to 13.5 ml was collected.

Purified ePNMA2 was diluted 10 times into a buffer containing 50 mM HEPES
pH8and 6.6 M urea.The solution was left at 4 °Cfor at least 30 min.The solution
was purified using Hitrap Heparin 5 mL column using the following protocol:

Set program Volume

Continuous application until entire
volume is run through the column

5 column volume
10 column volume

Sample application

Column wash: Buffer A

Gradient elution: 0%
Buffer B to 100%
Buffer B

Column wash: 100%
Buffer B

Equilibration: Buffer A

Buffer A: 50 mM HEPES pH 8, 700 mM NaCl, 6 M urea, and 0.5 mM TCEP
Buffer B: 50 mM HEPES pH 8,2 M NaCl, 6 M urea, and 0.5 mM TCEP

ePNMA2 protein was mixed with purified RNA at a molar ratio of 10:1in a
buffer containing 50 mM HEPES pH 8 and 6 M urea on ice for 2 h. The mixture
was dialyzed overnightin a buffer containing 50 mM HEPES pH 8, 10 mM CaCl,,
0.5 mMTCEP, and varying NaCl concentration. ePNMA?2 capsid was treated with

5 column volume

5 column volume
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10 ng/ulL RNaseA at room temperature for 10 min. The encapsulated mRNA
was extracted using Trizol reagent from 21.3 pg of input protein, as quantified
by running an SDS PAGE gel and quantifying against a BSA standard using
FIJI. RT-PCR was performed to quantify RNA concentration. Full-length mRNA
concentration was further quantified by running 1% agarose gel against Cre
mRNA standard.

Cell Entry and Transduction Assays. For all assays where in vitro produced
ePNMA2 was added to cells, VLP samples were diluted in Optimem (Gibco) before
addition to full cell media such thatVLPs were diluted at least 1:5 to avoid toxicity
from higher salt concentrations in assembly buffer.

For ePNMA2 cell entry assays, Neuro2A cells were seeded at 5 x 10 cells/well
ina 24-well plate and allowed to set down overnight. Cells were then pre-chilled
to 4 °C for 30 min and then treated with 15 pg/well ePNMA2 capsids, with and
without LAH4 cell penetrating peptide (Genscript RP20096) in Optimem such
that LAH4 was added to cells atafinal concentration of 10 pg/mL LAH4. Following
1 h ePNMA2 treatment at 4 °C, cells were washed three times with cold PBS.
For 4 °C binding samples, samples were either directly harvested in RIPA lysis
buffer with Halt protease inhibitor, or treated with TrypLE (Gibco) at 37 °C for 5
min to dissociate bound but not internalized virions, followed by three washes
in cold PBS and resuspension in lysis buffer. For 37 °C internalization samples,
following 4 °C ePNMA2 binding cells were moved to 37 °Cfor 2 h to allow cellular
uptake, followed by either direct resuspension in lysis buffer or TrypLE treatment
as described above. Samples were then subject to western blotting as described
above.

For Cre RNA transduction assays, VLP samples or a naked mRNA control
were normalized to the same mRNA concentration, and treated with 10 pg/mL
RNAse A(Qiagen)for 30 min at room temperature to degrade un-encapsidated
RNAs. Asecond mRNA sample was prepared at the same concentration without
RNAse Atreatment as a positive control. Neuro2a-/oxP-GFP reporter cells were
seeded at 2.5 x 10* cells/well in a 96-well format. The following day, positive
control mRNA, RNAse treated mRNA, and VLP samples were mixed with LAH4
in Optimem and added to cells at a final concentration of 10 ug/mL LAH4.
Media were changed the day after VLP and mRNA treatment. Ninety-six hours
post treatment, cells were imaged on an EVOS M5000 fluorescence micro-
scope (Thermo Fisher) at 20X using the GFP and transmitted light channels.
Cells were then prepared for flow cytometry as follows. Cells were washed
with 1X PBS, trypsinized, resuspended in full media, and spun at 1,000¢ for
3 min in a 96-well V-bottom plate. Cells were washed with FACS buffer (1x
PBS with 2% FBS and 2 mM EDTA), spun at 1,000g for 3 min, and then resus-
pended in FACS buffer with DAPI at.01 mg/mL. Following an additional FACS
buffer wash, cell fluorescence was read out on a CytoFlex S Flow Cytometer
(Beckman Coulter).

statistical Analysis. Statistical analyses were performed in GraphPad Prism (ver-
sion 10.0.1) with the exception of RNAseq analyses, which were performed using
DE Seq2 and R. DESeq2 uses the Wald test for hypothesis testing and corrects for
multiple hypotheses using an interpretation of the Benjamini-Hochberg proce-
dure. Samples were compared via the unpaired t test where ns represents a P >
0.05, *represents P < 0.05, **represents P < 0.01,and ***represents P < 0.001.

Data, Materials, and Software Availability. The cryo-EM maps have been
deposited in the Electron Microscopy Data Bank with accession codes EMD-42812
(57) (overall map) and EMD-42815 (58) (pentamer focussed refinement). The
coordinates for the atomic model have been deposited in the Protein Data Bank
with accession code 8UYO (59). All other study data are included in the article
and/or supporting information.
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