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N-terminal signal peptides facilitate the engineering
of PVC complex as a potent protein delivery system

Feng Jiang'*1, Jiawei Shen't, Jiaxuan Cheng®3t#, Xia Wang', Jianguo Yang®,

Ningning Li%, Ning Gao?, Qi Jin'*

Extracellular contractile injection systems (eCISs) are widespread bacterial nanomachines that resemble T4 phage tail.
As a typical eCIS, Photorhabdus virulence cassette (PVC) was proposed to inject toxins into eukaryotic cells by punc-
turing the cell membrane from outside. This makes it an ideal tool for protein delivery in biomedical research. How-
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ever, how to manipulate this nanocomplex as a molecular syringe is still undetermined. Here, we identify that one group
of N-terminal signal peptide (SP) sequences are crucial for the effector loading into the inner tube of PVC complex.
By application of genetic operation, cryo-electron microscopy, in vitro translocation assays, and animal experiments,
we show that, under the guidance of the SP, numerous prokaryotic and eukaryotic proteins can be loaded into
PVC to exert their functions across cell nembranes. We therefore might customize PVC as a potent protein delivery
nanosyringe for biotherapy by selecting cargo proteins in a broad spectrum, regardless of their species, sizes, and charges.

INTRODUCTION

Bacteria produce multiple nanodevices to deliver protein substrates,
including toxins, signal molecules, and antibodies into the cyto-
plasm by creating a pore across the plasma membrane. These devices
could be manipulated to overcome the low efficiency of penetrating
the cell membrane during translocating proteins, but they have
drawbacks. Individual evidence has been shown to apply type VI
secretion system (T6SS) for antigen/toxin delivery into target cells
(1, 2). Another highly coordinated nanomachine, T3SS, has likewise
been used as a promising tool for direct protein delivery into the
cytosol of host cells (3, 4). Heterologous proteins labeling with a
secretion tag or fusing to a native effector were capable of secretion
through the T3SS injectisome (5, 6). However, the application of
cytotoxic bacterial strain for delivery and low efficiencies of production
and translocation of certain foreign proteins still hinder the wide
utilization of T3SS. In addition, tripartite toxin complexes (Tcs),
originally found in the genus Photorhabdus (7-9), were engineered
recently to transport proteins across the membrane other than its
natural effectors (10, 11). Similarly, rigorous criteria (protein size,
net charge, and structural conformation of the cargo) must be ful-
filled to set up a functional Tc injection device (10).

Previously, the overall structure of Photorhabdus virulence cas-
sette (PVC) [a typical extracellular contractile injection system (eCIS)]
in the extended and contracted state has been resolved (12), and
PVC was identified as the causative agent of Photorhabdus pathogenicity
(13, 14). Because the PVC has a simplified phage tail-like architecture
with capacious inner lumen and can be released outside bacterial
cells for puncturing reaction (15), it would be an ideal model for
manipulation as an in vitro protein delivery system. Here, we
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identified an essential N-terminal signal peptide (SP) encoded with-
in the PVC effector sequence, which plays a critical role in stabiliz-
ing and loading of the substrate into the nanodevice. By fusing the
SP to the N terminus of heterologous proteins, they can be recog-
nized by the PVC complex and secreted via the nanosyringe. Un-
expectedly, unlike other systems, which have strict guidelines for
selecting substrates, the PVC complexes can load a broad range
of SP-tagged proteins regardless of their species, sizes, net charges,
and conformations. The loading of cargoes was specifically de-
pendent on the presence of N-terminal SP, and the existence of the
ATPases associated with a variety of cellular activities (AAA)
domain-containing protein encoded in the PVC locus (Pvcl5).
Other adenosine triphosphatases (ATPases) from different secre-
tion systems seemingly could not fulfill this assignment. The load-
ing status was further illustrated by cryo-electron microscopy
(cryo-EM) analysis. Last, the system was manipulated to translocate
a eukaryotic toxin for tumor therapy in a mouse model, demon-
strating the potent applications of this nanosyringe in drug delivery
and biomedication.

RESULTS

Identification of the N-terminal SP in PVC effectors

Five Pvc clusters (PVC-I to PVC-V) are encoded within the
Photorhabdus asymbiotica chromosome (16), and several putative
effector genes can be found downstream the respective locus (fig.
S1A). Two effectors, photorhabdus necrotizing factor (Pnf) and
photorhabdus ANTP pyrophosphatase 1 (Pdp1), can be loaded and
translocated by PVC-V complex (hereafter PVC unless indicated)
for cytotoxicity (13). Through comparison between the PVC effectors
and their homologs, we have found that a typical extra N-terminal
fragment can be defined within the protein sequences of PVC effec-
tors (Fig. 1A). We hypothesized that these N-terminal sequences
are necessary for effector loading.

To investigate the detailed mechanism of effector loading, we im-
munoprecipitated C-terminal Flag-tagged Pnf and Pdp1 proteins in
the bacterial strains producing loaded PVC particles. A clear smaller
protein band can be observed from both immunoprecipitations, indi-
cating that a possible cleavage event occurs during effector loading
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Fig. 1. Identification of the N-terminal SP within PVC effectors. (A) Schematic illustration of the extra N-terminal peptides in the PVC effectors when comparing with
their homologs. Pa, Photorhabdus asymbiotica; Bp, Burkholderia pseudomallei; Cn, Cedecea neteri; Ec, Escherichia coli; Cv, Chromobacterium vaccinii; Ps, Providencia stuartii;
Pc, Pseudomonas cichorii; Md, Moritella dasanensis; Vv, Vibrio vulnificus; Ad, Aeromonas dhakensis; Yp, Yersinia pestis; Hd, Haemophilus ducreyi; Pm, Pasteurella multocida; Se,
Salmonella enterica; Bu, Burkholderia ubonensis; Ka, Klebsiella aerogenes; Bb, Bordetella bronchiseptica; Pau, Photorhabdus australis; La, Lysobacter antibioticus. (B) Immuno-
precipitation of the loaded Pdp1 and Pnf proteins with Flag magnetic beads. The predicted sizes of full-length Pnf and Pdp1 are 36.7 and 37.2 kDa, respectively, as shown
in table S1. The minor cleaved protein bands can be observed clearly (red box). (C) Mass spectrometry analysis for the N-terminal sequence of the cleaved bands from
Pdp1 or Pnfimmunoprecipitates in (B). (D) The effectors with or without 50 N-terminal amino acids were probed in bacterial lysates and purified PVC. One of the PVC key
components Pvc16 was used as a loading control. Representative pictures of at least three independent experiments are shown.

(Fig. 1B). To verify this, we cut out the small band and applied it for
mass spectrometry (MS) analysis. The results showed that 50 or 70
N-terminal amino acids of Pdp1 or Pnf have been deleted (Fig. 1C),
suggesting the potential involvement of its N-terminal sequence for
effector loading. We then asked whether the N terminus acts as a SP
for PVC loading. Although the protein stability of Pdp1 was affected
slightly by the N-terminal deletion (Pdp1 AN50; fig. S1B), the trun-
cated Pdp1 effector cannot be loaded into PVC complex completely
(Fig. 1D). As for Pnf, deletion of N70 totally abrogates the produc-
tion of detectable protein (fig. S1C). Alternatively, Pnf AN50 dis-
played similar characteristics as the Pdpl AN50 (fig. S1, B and C),
and this mutant cannot be loaded into PVC as well (Fig. 1D). Hence,
we speculated that the 50 N-terminal amino acids of Pnf and Pdp1
possibly act as the SP for cargo loading into PVC particles.

N50-SP fused reporter proteins can be loaded

and translocated by PVC complex

Because PVC complex shared great similarity with T4 phage tail
and could be produced abundantly in vitro, we wondered whether

Jiang et al., Sci. Adv. 8, eabm2343 (2022) 29 April 2022

it can be manipulated as a molecular syringe for protein injection
under the guidance of the N-terminal SP. We then created several
N-terminal SP fused proteins with BlaM (B-lactamase), monomeric
red fluorescent protein (mRFP), Nanoluc (Nanoluciferase), or Rluc
(Renilla luciferase), all of which are widely used as sensitive report-
ers in biological research (Fig. 2A). At the beginning, all the fusion
proteins were successfully loaded into the PVC complex under the
guidance of Pnf or Pdpl N50-SP (Fig. 2B). Pnf and Pdpl1 effectors
were previously proven to be injected by the PVC complex into J774
murine macrophages (13). To test the effects of reporters after PVC
delivery, we treated ]J774 with relative PVC solutions, and relevant
measurements were carried out. The results showed that SP-fused
Rluc (Fig. 2C) and BlaM (Fig. 2, D and E), but not those without
N-terminal SP, can be translocated into eukaryotic cells in a dose-
dependent manner, suggesting their effectiveness in these applica-
tions. Further, to ask whether any key residues play crucial role in
cargo loading, we performed multiple sequence alignments with the
N50-SPs from putative PVC effectors in the sequenced Photorhabdus
genomes, and alanine scanning with Pnf N50-SP was also conducted.
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Fig. 2. Loading and translocation of reporter proteins by PVC. (A) Diagram of the N-terminal SP-fused construct for various reporter proteins. A Flag tag was added at
the C terminus. (B) Loading status of reporter proteins (BlaM, mRFP, Nanoluc, and Rluc) under the guidance of Pnf or Pdp1 N50-SP into PVC complex was detected by
Western blot. Pvc16 was used as a loading control. (C) Monitor of the luminescence in the J774 host cells treated by serial concentration of PVC solutions containing Rluc.
The initial concentration of PVC solution was 5 mg ml~". Error bars show the means and SD of three independent experiments (n = 3). Statistical analysis was performed
between samples with (Pnf N50 or Pdp1 N50) and without SP sequence. (D) Fluorescent microscopic graphs of J774 treated with PVC containing BlaM cargoes. Scale bar,
50 um. (E) The ratio of blue (450 nm) to green (520 nm) fluorescence in J774 was determined after treatment of serial PVC dilution, indicating the SP-guided BlaM trans-
location by PVC into host cells. Error bars show the means and SD of three independent experiments (n = 3). Statistical analysis was performed between samples with (Pnf

N50 or Pdp1 N50) and without SP sequence.

Rare conserved residues can be defined in the SP sequences, and the
loading efficiency was not affected by any point mutations within
the N50-SP (fig. S2, A and B). The overall PVC structures were not
changed after SP-guided protein loading as well (fig. S2C). Thus, our
data suggested that the N-terminal SP can be used as a guide for
cargo loading into PVC syringe, and this loading recognition was not
determined by any single residue within the coding sequence.

N50-SP guided PVC loading and delivery of bacterial effectors
To achieve the goal of engineering PVC as an efficient delivery system
for diverse purposes, we further explore the SP-guided loading of mul-
tiple effectors from several bacterial secretion systems (T3SS, T4SS,
T6SS, and T7SS), whose functions have been validated extensively
and are applied in distinct biomedical treatments. For T3SS effectors,
we selected proteins from several important pathogens varying from
27.8 to 130 kDa in predicted molecular weights (MWs) and 4.63 to
9.10 in predicted isoelectric points (PI) (table S1). The results

Jiang et al., Sci. Adv. 8, eabm2343 (2022) 29 April 2022

demonstrated that they can all be loaded into the PVC complex
under the guidance of N-terminal Pnf or Pdpl N50-SP (Fig. 3A).
Exoenzyme U (ExoU) from Pseudomonas aeruginosa T3SS has phos-
pholipase A; activity that cause instant lysis of host cells (17, 18),
and substantial cell death was observed when cells were treated by
PVC with ExoU in the cytotoxicity assays (Fig. 3B and fig. S3A).
Non-LEE-encoded effector C (NleC) from Escherichia coli T3SS is a
metalloprotease that specifically cleaves p65 in host cells to modu-
late nuclear factor kB signaling pathway (19), and p65 protein was
indeed degraded by PVC with NleC toxin (Fig. 3C). The overall
PVC structures were also not affected by the effector loadings,
irrespective of the cargo sizes (fig. S3B). In the case of T4SS
(Fig. 3, D and E), T6SS (Fig. 3F) and T7SS (Fig. 3, G and H) effec-
tors, similar outcomes were obtained when MWs and PIs are rang-
ing from 9.9 to 132.3 kDa and 4.48 to 9.88, respectively (table S1).
Cytotoxin-associated gene A (CagA) is a major virulence factor of
Helicobacter pylori T4SS that can interact with the hepatocyte
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Fig. 3. Loading and translocation of effectors from T3SS, T4SS, T6SS, and T7SS. (A) Loading of diverse T3SS effectors into PVC under the guidance of Pnf or Pdp1
N50-SP. (B) Cytotoxicity assays of J774 host cells after treatment with PVC harboring ExoU for 24 hours. Cell viability was measured using water-soluble tetrazalium 8
(WST-8) as the substrate. The concentration of PVC solution for each sample was 250 ug mi™". Error bars show the means and SD of three independent experiments (n = 3).
(C) p65 proteins from nuclear factor kB signaling pathway in host cells were cleaved by PVC-delivered NleC effectors. (D) Loading of several T4SS effectors into PVC complex
by SP guidance. (E) Akt proteins from host cells were activated by PVC-delivered Helicobacter pylori CagA effectors. J774 cells were treated with relative PVC solutions for
30 min, and lipopolysaccharide (LPS) (50 ug ml™") was used as positive control. (F) Loading of multiple T6SS effectors into PVC complex. (G) Loading of T7SS effectors
from Mycobacteria into PVC complex by SP guidance. (H) Cytotoxicity assays after treatment with PVC harboring EsxA from Mycobacterium tuberculosis for 48 hours.
Cell viability were measured using WST-8 as the substrates. The concentration of PVC solution for each sample was 250 ug ml™". Error bars show the means and SD of

three independent experiments (n = 3).

growth factor receptor Met, resulting in subsequent activation of
phosphatidylinositol 3-kinase/Akt signaling (20). In addition, this
physiological effect of Akt activation by PVC-delivered CagA effec-
tors was validated by the experimental tests (Fig. 3E). EsxA (also
known as ESATS6, the 6 kDa early secretory antigenic target) is a
major substrate of Mycobacterium T7SS and has been demonstrated
to cause host cell lysis (21). Remarkable cell deaths were detected
when the cells were treated with PVC-delivered EsxA effectors from
Mpycobacterium tuberculosis (Fig. 3H). These data uniformly vali-
dated the effectiveness of SP-guided loading and delivery of diverse
effectors into host cells by PVC. Thus, N-terminal SPs are potent
tools for facilitating the manipulation of PVC as a protein delivery
system to accomplish different tasks.

Jiang et al., Sci. Adv. 8, eabm2343 (2022) 29 April 2022

Structural analysis of the mega PIdA in PVC lumen

Small PVC effectors (~40 kDa) are demonstrated to be loaded into
tube lumen in a “Pea in the Pod” model (13). Because mega proteins
such as PIdA (22, 23), CagA (20), or EspN (24) (~130 kDa) were also
shown to be capable of fitting into PVC complex, we determined to
unveil the structural status of this kind of cargo via cryo-EM single-
particle analysis. The overall PVC morphology displayed no obvious
differences after PIdA loading (fig. S3C). Then, two density maps
(the baseplate complex and the sheath-tube trunk) were acquired
for intensive study (fig. S4, A to D, and table S2). These maps were
resolved at 5.4-A (baseplate complex; Fig. 4, A to C) and 10.8-A
(sheath-tube trunk; Fig. 4, D to F) resolutions, respectively. Com-
pared with PVC-Empty, the density of PIdA is strong enough to
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draw the conclusion that PIdA is indeed inside of the lumen. The cargo
density is highlighted and displayed at a different contour level in
longitudinal central sections of the PVC-PIdA density maps
(Fig. 4, B, C, E, and F). Although the PIdA MW is three times larger
than that of Pnf and Pdp1, its densities could also be detected in the
baseplate and sheath-tube trunk in a nonuniform pattern, which is
similar to the status of small effectors reported before (13). This outcome
further validated the previous models that PVC cargoes are likely loaded
in unfolded forms in the lumen. In addition, taking into account that
the loaded proteins were fitted in a nonuniform pattern, we speculated
that there might be certain factors that play a role in unfolding the cargoes
(probably from the cap site) and inserting them into the PVC lumen.

Pvc15 is essential for SP recognition and cargo loading
ATPase proteins are important in providing energy for bacterial
secretion systems, albeit with different modes of action (25-27). In

PVC-Empty
baseplate

PVC-Empty
trunk

PVC-PIdA
PIdA displayed at 30

the context of PVC structure proteins, Pvcl5 (PAU_03339) is pre-
dicted to be an AAA+_ATPase family protein (Fig. 5A), which
could be the energy source of PVC loading. Bioinformatic analysis
showed that Pvcl5 is more closely related to the FtsH_3 or HfIB_2,
which acts as a processive metalloprotease for degrading integral
membrane proteins (Fig. 5B). We then deleted Pvcl5 in the com-
plete PVClocus, which expresses both structural and effector genes.
Western blot detection showed that Pvcl5 is critical for cargo loading.
Complementation of Pvcl5, but not other ATPases from T3SS,
T4SS, or T6SS, could restore the cargo loading in PVC (Fig. 5C).
To further explore the function of Pvcl5, we constructed plasmids
coproducing Pvcl5 and mRFP with variable N-terminal SP to de-
cide the influence of Pvcl5 toward protein folding (Fig. 5D). The
mREFP fluorescence was then monitored in the bacterial strains harboring
different inducible plasmids, respectively. The results showed that
the relative red fluorescence intensity decreased markedly from the

PVC-PIdA
baseplate

PVC-PIdA
trunk

PIdA displayed at 1o

Fig. 4. Cryo-EM analysis of Pnf N50-SP-guided loading of PIdA in PVC. (A to F) Longitudinal central sections of the PVC density maps for the PIdA samples in the
baseplate (A to C) and sheath-tube trunk (D to F) regions. For clarity of cargo display, the density maps of the empty PVC baseplate and trunk (EMD-31358 and EMD-
31359) are filtered to the same resolution as the ones from the PIdA sample. For the PVC-PIdA sample, cargo density is highlighted in forest displayed at a contour level

of 36 (Band E) or 16 (Cand F) level.
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construct fused with Pdp1 or Pnf N50-SP after a period of incuba-
tion, when compared with the construct without N-terminal signal
or Pvcl5 protein (Fig. 5E). In addition, the reduction of mRFP sig-
nal was not due to the differential protein productions in these cul-
tures (fig. S5). Although conserved Walker A and Walker B motifs
of ATPase can be predicted within the Pvcl5 sequence (Fig. 5A), we
failed to abolish the activity of Pvcl5 by point mutations. We spec-
ulate that there may be some other mechanisms affecting the activ-
ity of this protein. Alternatively, we have included the constructs
without Pvcl5 for negative controls (Fig. 5E). All these results sug-
gested that Pvcl5 is possibly involved in recognizing the SP and un-
folding the protein for subsequent PVC loading (Fig. 5F).

Eukaryotic proteins loading into PVC and antitumor
application in mouse model

To explore the variety of loading substrates in PVC complex, we
tested several eukaryotic proteins from mammal, plant, protozoan,
and fungus. All these proteins in a wide range of MWs and PIs can

also be loaded and translocated by PVC under the guidance of
N-terminal SP (Fig. 6A and fig. S6, A and B). This encouraged us to
examine its application of antitumor drug loading and delivery in
animal model. We tested several toxic proteins and found that
trichosanthin from Trichosanthes kirilowii (TcsT), which is a type I
ribosome-inactivating protein, display the best killing effect toward
J774 cells in the in vitro assays. TcsT has also been used previously
for anticancer therapy (28, 29). In addition, J774 is a mouse-
originated tumor cell, so we can easily apply it into the animal models
for PVC function validation. Pnf N50-SP—fused TcsT was successfully
fit in the PVC particles (Fig. 6B), and the number of viable J774A.1 cells
decreased remarkably after PVC + TcsT treatment using the Cell
Counting Kit-8 (Fig. 6C). The antitumor effect was then evaluated
in the BALB/c mice bearing J774A.1 tumors (five mice per group;
Fig. 6D). The results demonstrated that intratumoral PVC + TcsT
injections after 2 weeks yield significant antitumor activity in the
mice, and the tumor growth could not be inhibited by administra-
tion of PVC solution alone (Fig. 6 and fig. S7). This suggests that
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PVC is capable of delivering protein drug into tumor tissues for
efficient cancer therapy.

DISCUSSION

Bacteria have evolved numerous specialized nanomachines to de-
liver many kinds of heterologous proteins into target host cells to
modulate different cellular activities. Thus, plenty of them were
applied as cargo shuttles in biological or biomedical researches.
For example, T3SSs from diverse pathogenic bacteria were used as
translocation tools to deliver proteins into mammalian cells (4, 5).
T6SS, another widespread injectisome in pathogens, was developed
as delivery vector in biotechnological applications (30, 31). Many
other protein complexes, such as Tc toxins (10, 11), type IV pilins
(32, 33) and pore-forming proteins (34, 35), were also used to
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accomplish similar assignments toward eukaryotic cells, particularly
killing cancer cells (36).

In our study, we have found that the syringe-like nanomachine,
PVC, can be engineered to a potent delivery system with distinct
features. First, under the guidance of N-terminal SP, PVC can carry
cargoes from bacteria, fungi, parasites, plants, and animals. The
size, conformation, and charge of the cargo proteins did not seem to
significantly affect the loading and transportation efficiency into
target cells. We have tested protein samples ranging from 9.9 to
132.3 kDa in MW and 4.48 to 9.88 in PI, all of which were shown to
be loaded and translocated by PVC complex. This is such an out-
standing merit that we can manipulate the protein complex for de-
livery of any proteins from any type of species, which significantly
broaden the application scope of PVC nanosyringe. Second, PVC
and its cargoes can be coproduced simply inside the E. coli strains
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Fig. 6. Eukaryotic protein loading into PVC and antitumor application in mouse model. (A) Multiple proteins from eukaryotic cells were guided into PVC complex by
N50-SP fusion. (B and C) TcsT, a ribosome-inactivating protein from Chinese medicinal herb with antitumor activities, was loaded into PVC with the help of Pnf N50-SP (B).
Significant J774 cell death was also observed after treatment with PVC + TcsT (C). Error bars show the means and SD of three independent experiments (n = 3). ODyso,
optical density at 450 nm. (D) Experimental design scheme of tumor inoculation and PVC administration. Red arrows represented the administration days. (E) Tumor
growth curve of PVC-delivered TcsT toward J774 tumor-bearing mice model. Tumor sizes reduced significantly after PVC + TcsT, but not PVC alone or phosphate-buffered
saline (PBS), injection. Error bars show the means + SEM. Statistical analysis was performed between samples of PVC + TcsT and PBS. (F and G) Changes of tumor weight
(F) and tumor tissue (G) before and after PVC treatments in the mice model. Error bars show the means + SEM.
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and prepared in the form of solutions, ignoring the complicated steps
of purification. It is possible to customize the nanosyringe with dif-
ferent drugs in a large scale to meet the potential needs of industries.
Third, PVC, as a potent delivery vector, showed low cytotoxicity to
the target cells and hosts (Figs. 3B and 6E). The bacterial residual
cytotoxicity always prevented us from carrying out a long period of
time of incubation when using live strains with in vivo applications
(T3SS, for instance) (3, 5, 37). Although more data will be needed
for an affirmative answer, empty PVC in this study seems to over-
come this disadvantage and is suitable for better utilizations.

Until recently, diverse sophisticate routes have been identified in
the bacterial secretion systems to facilitate the effector delivery (38).
In T3SS, noncleavable N-terminal sequences can be defined from
their secretory proteins but share little conservative features from
each other. Certain specialized accessory proteins called chaperones
can associate with their cognate effectors. These specialized pro-
teins are irreplaceable and indispensable for efficient substrate se-
cretion (39). Several similar so-called chaperones are also found in
T4SS, although their functions are not well established (40-42). In
the field of T6SS, which have great structure similarities with PVC
and other eCIS complexes (43), several types of mechanisms have
been determined in assisting the effector secretion. Tec (DUF4123)
family proteins displayed essential roles for T6SS-dependent load-
ing of the effectors (44); Eag (DUF1795) family proteins engaged in
stabilizing effectors and promoting T6SS delivery through the spike
(45, 46); and a DUF2169 or DUF2875 protein has also been described
as a chaperone or adaptor for T6SS substrates delivery (47, 48).
However, the secretion machineries across all the systems discussed
seemed to be somewhat complicated for future biological manipu-
lation. PVC complex, and possibly other widespread eCIS nanoweapons,
are just cell-free toxin delivery systems that are more easily to de-
sign and modify. Particularly, the customizable cargoes can be loaded
into the PVC particle simply by adding an N-terminal SP to accom-
plish specific tasks, making this platform a handy and convenient
tool under a wide range of conditions.

To sum up, with the help of N-terminal SP, we would be able to
engineer PVC as a powerful device for protein or polypeptide injec-
tion into mammalian cells and eventually therapeutic utilizations.
Concerning the flexibility of selecting variable cargoes and simple-
ness of production, we expect to manipulate this protein delivery
toolkit into a versatile and easy-to-use nanosyringe for biomedical
applications.

MATERIALS AND METHODS

Bacterial strains and cell lines

E. coli strains were cultured in LB broth at 37°C. E. coli strain Top10
was used for DNA manipulation, and E. coli EPI300 was used for
PVC purification. Antibiotics were used as follows: ampicillin,
100 pg ml™'; tetracycline, 10 ug ml™'; kanamycin, 25 ug ml™';
gentamycin, 20 ug ml~'; chloramphenicol, 25 ug ml ™. J774A.1 murine
macrophage cell lines were cultured in Dulbecco’s modified Eagle’s
medium (Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (Gibco) and streptomycin-penicillin (Invitrogen).

Plasmid construction and DNA manipulation

pPBBRN was generated by introducing a new Nde I site into the start
codon of LacZa gene, to eliminate the previous N-terminal fusion
of 20 amino acids. A FLAG tag sequence was also introduced to the
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C-terminal end. DNA amplification was conducted using Q5 high-
fidelity DNA polymerase (New England Biolabs), and the templates
used were from genomic DNA or synthesized plasmid DNA, respec-
tively (table S3). Amplified gene fragments were cloned into pBBRN
with or without N-terminal SP of Pnf or Pdpl. Site-directed muta-
genesis were conducted using the Fast Mutagenesis System (TransGen).
For the construction of pPCNM3 and pBR60 expressing LysR reg-
ulator gene, detailed procedures can be referred previously (12, 13).
To generate pPCNM12 plasmid producing both PVC particle and its
effectors, the genomic DNA fragment (PAU_03353 to PAU_03332)
was cleaved using Cas9-Assisted Targeting of Chromosome Segments
as described (49) and was ligated into the pRK404 for expression.
The positive clones were confirmed by polymerase chain reaction
(PCR) and enzyme digestion. For the creation of APvcl5 mutant in
pCNM12, a Tn5 transposon insertion kit (Lucigen) was used fol-
lowing the supplier’s protocols. The transposon insertion clones
inactivating pvcl5 gene were selected by colony-PCR verifications.

PVC purification

The purification steps of PVC can be found in previous literature
with minor modifications (12). Briefly, the LysR-producing plas-
mid pBR60 was transformed into E. coli EPI300 strain harboring
plasmid pCNM3, which expresses PVC structural genes. If cargo
protein was included, a third pBBRN plasmid expressing relevant
genes was transformed into the strain as well. Overnight cul-
tures were inoculated into 200 ml of LB broth for another 16-hour
growth at 30°C. Bacterial pellets were collected and lysed in 30 ml
of buffer P [25 mM tris (pH 7.4), 140 mM NacCl, 3 mM KCl, de-
oxyribonuclease I (50 ug ml™), lysozyme (200 pg ml™"), 0.5% Triton
X-100, 5 mM MgCl,, and 1x protease inhibitor (MedChemExpress)]
for 30 min at 37°C. After centrifugation of cell lysates (14,000 rpm,
10 min), the supernatant was ultracentrifuged at 150,000g for 60 min
at4°C. The pellet was suspended in 1 ml of sterile phosphate-buffered
saline (PBS) after centrifugation. After another centrifugation at
14,000 rpm for 10 min at 4°C, the supernatant was ultracentrifuged
for the second time at 150,000¢ for 60 min at 4°C to pellet the protein
complex. The pellet was resuspended in 200 pl of ice-cold PBS and
centrifuged at 14,000 rpm for 10 min at 4°C. The supernatant con-
taining the PVC complex was stored at 4°C for short-term usage.

In vivo degradation PVC effectors

Stability of PVC effectors with or without their SP in E. coli was
observed using in vivo degradation assays. Overnight culture of bacterial
cells harboring the corresponding plasmids were inoculated (1:50)
and grown at 37°C for approximately 2 hours. The chlorampheni-
col was then added to block the protein translation. Samples were
taken at different time points, and PVC effectors were detected by
Western blotting.

Immunoprecipitation assays and MS analysis

For immunoprecipitation assays, bacterial pellets producing PVC
and its cognate effectors from exponential phase culture were lysed
in buffer P, and the supernatants were collected after centrifuge.
Anti-FLAG M2 magnetic beads (Sigma-Aldrich) were added in the
supernatant and incubated with rotation for 1 hour at room tem-
perature. The beads were washed three times with ice-cold PBS, and
the bound proteins were eluted by competitive elution with the
FLAG peptide solution. The samples were loaded on the protein gel
for SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and the
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protein bands of interest were excised from the gels. The gels were
treated routinely and then digested with trypsin and chymotrypsin
enzyme solution. The digested peptides were extracted from the gels
and lyophilized. Resuspended peptides in 0.1% formic acid were ap-
plied for liquid chromatography-tandem MS analysis (BiotechPack
Scientific, Beijing). Raw MS files were searched against the
P. asymbiotica ATCC43949 protein database (UniProt). The N terminus
of the protein of interest was determined from the results of two
enzyme digestions.

Western blot analysis

The purified empty or filled PVC particles were heated at 100°C for
10 min with 1x SDS loading buffer. The samples were then loaded
on the Novex 4 to 20% tris-glycine protein gel for separation. The
gels were transferred to nitrocellulose membrane (Millipore) using
a Bio-Rad semidry blotter. Standard protocols for membrane prob-
ing were conducted to detect the protein bands of interest. The de-
tections were performed by using goat anti-rabbit/mouse secondary
antibody (horseradish peroxidase) and Pierce ECL Plus Western
blotting substrate and then visualized by Tanon 5200 (Tanon). The
following primary antibodies were used: anti-Flag (clone M2) mono-
clonal antibody (Sigma-Aldrich, F3165), anti-RNA polymerase
monoclonal antibody (Abcam, ab191598), anti-mRFP (Origene,
TA180093), anti-p65 (C terminus, Santa Cruz Biotechnology, sc-372),
anti-p65 (N terminus, Santa Cruz Biotechnology, sc-8008), anti—B-actin
(Abcam, ab6276), anti-Akt (Cell signaling technology, 4685), and
anti-Phospho-Akt Ser*”? (Cell Signaling Technology, 4060). Anti-
Pvclé6, anti-Pnf, and anti-Pdp1l were generated from immunized
rabbit serum using specific synthesized oligopeptides (Genscript).

PVC treatment of J774 cells and protein translocation assays
]J774 cells (100 ul) were grown to 70% confluency in 96-well plates
as described. The concentration of purified PVC solution was deter-
mined using Nanodrop Spectrophotometer (Thermo Fisher Scientific).
In general, for translocation of diverse cargo proteins by PVC into
macrophages, PVC solution (250 pg ml™}; unless indicated) was added
in each well, and incubation was performed for 24 or 48 hours at 37°C
before detection or imaging. Experiments were performed at least
three times, and the representative pictures were shown. Cell viability
was determined by using the Cell Counting Kit-8 (MedChemExpress).
Cells were lysed using cell lysis buffer for Western blot and immuno-
precipitation (Beyotime Biotechnology), and Western blot was car-
ried out with primary antibodies as indicated in the text.

For translocation of BlaM reporter protein, PVC-treated cells
were washed with PBS and added with CCF2-AM (Invitrogen) for
60 min at room temperature. Fluorescence was monitored using a
microplate reader at an excitation of 410 nm. Translocation was de-
termined as a ratio of cleaved (460 nm, blue) to uncleaved (530 nm,
green) signal. Samples were also observed with a Nikon fluorescence
microscope. For translocation of Rluc protein, similar operations
were conducted, and the luciferase were detected by using the Renilla-
Glo Luciferase Assay System (Promega).

Electron microscopy

Negative staining was used to assess the sample homogeneity and
concentration. Aliquots of 4 ul of PVC samples were applied to
glow-discharged copper grids, washed, and stained with 2% uranyl
acetate. The negative-stained grids were examined on an FEI Tecnai
T20 electron microscope operated at 120 kV.
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For cryo-grid preparation, aliquots of 4 ul of samples were
applied to glow-discharged holey-carbon copper grids (Quantifoil,
Germany, R1.2/1.3, 400 mesh) inside the chamber of an FEI Vitrobot
IV (4°C and 100% humidity). The cryo-grids were screened using
an FEI Talos Arctica microscope operated at 200 kV. Data acquisition
was performed using an FEI Titan Krios operated at 300 kV. Images
were recorded using a GIF K2 camera (Gatan, USA) with Serial EM
(50) in the superresolution counting and movie mode, at a nominal
magnification of x105,000, corresponding to a calibrated pixel size
of 0.678 A at object scale (superresolution), with defocus ranging
from 0.7 to 2.5 um. A total of 32 frames were collected for each
movie stack. The dose rate was 4.9 e~ A™> 5" with a total exposure
time of 6.4 s.

Image processing

For PVC-PIdA sample, 3011 movie stacks were collected (fig. S4A).
Drift correction and electron dose weighting were applied to movie
stacks using MotionCor2 (51), generating summed images with
or without dose weighting. The parameters of contrast transfer func-
tion were evaluated by CTFFIND4 (52) based on images with-
out dose weighting. Micrographs were manually screened using
RELIONS3.0 (53). A total of 56,993 particles, corresponding to the base-
plate region, were then autopicked by Topaz (54). After rounds of
two-dimensional (2D) classification (fig. S4B), 11,856 baseplate
particles were selected for 3D refinement with C6 symmetry im-
posed, rendering a density map at 5.4-A resolution (fig. S4C). For
the region of sheath-tube trunk, particle centers were moved to the
following sheath-tube trunk part based on the coordinates of base-
plate particles, and a new set of particles were reextracted. A total of
8765 reextracted particles were subjected to 3D refinement with C6
symmetry, leading to a final density map at 10.8 A (fig. S4D). All the
resolution estimation was based on gold-standard Fourier shell cor-
relation at the cutoff of 0.143. The maps were sharpened by auto-
evaluated B-factors using RELION3.0 and examined using UCSF
Chimera (55).

mRFP unfolding assays

JM109 (DE3) cells coproducing Pvcl5 and various mRFP variants
were cultured overnight and inoculated 1:100 into a 24-well plate
for growth at 30°C. Isopropyl-p-p-thiogalactopyranoside (0.2 mM)
was added into each well after 60 min, and the cultures were incu-
bated for 20 hours with shaking. The optical density and mRFP flu-
orescence were monitored at 2-hour intervals in a SYNERGY Neo
plate reader (BioTek). The relative changes of mRFP fluorescence
intensity in the cultures were determined.

PVC treatment of tumor cells in mouse model

This study with mice was conducted by Biocytogen in accordance
with Association for Assessment and Accreditation of Laboratory
Animal Care guidelines. This study was approved by Biocytogen’s
Institutional Animal Care and Use Committee and in compliance
with the Guide for the Care and Use of Laboratory Animals
(National Research Council, 2011). The experiments were per-
formed on female BALB/c mice aged 6 to 8 weeks. The J774A.1 cells
were subcutaneously implanted on the right (1 x 107 cells per
mouse). The mice were divided into three groups randomly (five per
group). When the tumor volume reached approximately 80 mm?,
the mice were injected with the PBS or PVC solutions intratumorally
at a dose of 30 mg/kg, three times per week, in a period of 18 days.
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The tumor volume and body weight were measured twice per week.
At the end point, the mice were euthanized, and the tumors were
harvested for examination.

Bioinformatics and statistical analysis

All sequences were obtained from National Center for Biotechnology
Information/Uniprot. Multiple sequence alignments and phylogenic
analysis were performed using Clustal Omega and MEGA7 (56, 57).
Sequence logo was created using Weblogo application (58). Two-
sample t test comparisons were performed to confirm statistical
significance at 95% confidence between the samples compared
(***P < 0.001, **P < 0.01, and *P < 0.05).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm2343

View/request a protocol for this paper from Bio-protocol.
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