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ABSTRACT: Giant unilamellar vesicles (GUVSs) are a versa-
tile platform to study cell membrane functions. We have con-
structed phospholipid GUVs presenting lipopolysaccharide on
their external surface (LPS-GUVs) to mimic the outer mem-
brane (OM) of Gram-negative bacteria. GUVs allow for adjust-
ing a defined OM composition, unlike the dynamic changes of
LPS structures typically observed in vivo. The OM is a major
control point for the viral genome transfer from bacteriophages
into bacterial hosts. We found that siphovirus 9NA specifically
binds to the surface of GUVs when presenting its Salmonella
Typhimurium LPS phage receptor. Using LPS-GUVs filled
with DNA-sensitive dyes we show that after surface fixation,
the bacteriophage particle opens and injects its DNA into the
GUV lumen. No OM proteins were included in the LPS-GUV
membrane, emphasizing that the presence of the LPS mem-
brane glycolipid assembly alone is sufficient to trigger the start
of bacteriophage genome transfer. LPS-GUVs thus open a sus-
tainable route to systematic studies of viral infection mecha-
nisms at the host envelope and provide a cell-free platform to
study surfaces of pathogenic bacteria. This is an important pre-
requisite for developing effective antimicrobial therapies based
on bacteriophages that target Gram-negative pathogens.

Bacterial pathogens have emerged as a major global health
threat with increasing treatment resistances, especially to last-
resort antibiotics that target Gram-negative bacteria.*? Bacteri-
ophages, i.e. viruses that prey on bacteria, are considered highly
important to be included in future antimicrobial strategies.®
Their effectiveness requires fundamental research on the mech-
anisms of bacteriophage action. Transit through the bacterial
envelope is a key step in the lytic bacteriophage life cycle, even-
tually leading to viral genome transfer, intracellular replication
and killing of the host bacterium prior to release of the progney.*
Here, we show that giant unilamellar vesicles (GUVs) are a ver-
satile, cell-free platform to study bacteriophage genome transfer
through outer membranes (OMs) of Gram-negative bacteria.
We used GUVs that mimic the asymmetric Gram-negative OM?®
and expose lipopolysaccharide (LPS) as bacteriophage mem-
brane receptors on their outer surface. This setup allowed us to

monitor phage DNA delivery into the GUV lumen with fluores-
cence microscopy (Fig. 1).

GUVs have proven to be robust biomimetic systems for stud-
ying eukaryotic cell membrane functions and serve as intracel-
lular delivery and protocell models.5® More recently, protocols
for the formation of GUV models of the Gram-negative OM
have been described.> *! Production of these GUVs is chal-
lenging because they must mimic a heterobilayer composed of
an intracellular phospholipid and an extracellular LPS leaflet
(Fig. 1A).1213 LPS, also known as endotoxin due to its strong
immunogenic properties, is a complex glycolipid and serves as
an important bacteriophage adsorption and infection mediator
(Fig. 1B).* 5 In vitro, isolated LPS molecules, typically form
multilamellar, heterogeneous aggregates* when they lack the
ordered membrane environment of the living cell. Therefore
incorporating LPS into biomimetic systems of the Gram-nega-
tive outer bacterial envelope is more challenging compared to
using standard membrane phospholipids found in many cells.*®
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FIGURE 1: Schematic experimental set up. A) GUV phospholipid
(PL) membrane exposing LPS (magenta) on the outer leaflet mim-
icking the Gram-negative bacterial envelope. B) Bacteriophages
bind to the LPS receptor on GUVs and inject their DNA-genomes
(orange), here monitored with fluorescent dye YO-PRO™-1 in the
GUV lumen that detects transferred DNA (yellow).

Tailed phages are the most abundant phage type isolated from
bacterial ecosystems and antimicrobial therapy approaches typ-
ically employ bacteriophages that have tails and double
stranded DNA. Tailed bacteriophages remain extracellular and
only transfer their DNA through the cellular envelope.'® After
adsorption to the bacterial envelope, the phage tail receives a
specific signal from the cell surface, triggering conformational
rearrangements in the tail machinery that opens the phage par-
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FIGURE 2. Salmonella siphovirus 9NA binds specifically to LPS-
GUVs presenting O-antigen receptor on the outer surface. (A,D)
TexasRed labelled S. Typhimurium LPS, (B,E) SYBR™Gold la-
belled phages (green), (C,F) overlaid signals. (D-F) Phage O-anti-
gen receptor was enzymatically cut from surface LPS by incubating
the GUVs with P22 TSP endorhamnosidase®® (25 pg ml?, 25°C,
overnight).

ticle for subsequent genome ejection.® For the initiation of in-
fection, many bacteriophages interact with LPS that is often
decorated with O-antigen polysaccharides to which phages can
specifically bind. However, studying the role of LPS in mecha-
nisms of phage DNA transfer into a bacterial cell is difficult in
vivo because the OM composition dynamically changes
throughout the bacterial life cycle, particularly during phage in-
fection.?

We used LPS-GUVs as mimics of the Gram-negative OM to
study bacteriophage genome transfer in a defined in vitro pro-
karyotic membrane system. To study bacteriophage interac-
tions, LPS-containing GUVs must be clearly asymmetric, i.e.
the double membrane must have phospholipids facing the GUV
lumen whereas the phage LPS receptors are exposed on the
GUV surface (Fig. 1).> Moreover, the external GUV solution
must be free of unbound LPS aggregates which compete with
LPS-GUVs for phage binding.22 We chose Salmonella siphovi-
rus 9NA as a model phage.?® 9NA is O-antigen specific, i.e. a
smooth LPS containing the O-polysaccharide is a prerequisite
to start DNA release from the phage and initiate Salmonella in-
fection. We prepared asymmetric GUVs exposing LPS of Sal-
monella Typhimurium (S. Typhimurium) using an inverted
emulsion technique as described previously (see SI).5> We em-
ployed microfluidics to allow both washing/purification of
GUVs and controllable delivery of bacteriophages (see Sl).

FIGURE 3: The amount of bound phages on the GUV surface in-
creases with LPS concentration. LPS (A), phage (B) and merged
signals (C) (cf. Fig. 2). For fluorescence intensity quantification see
Fig. S3.

In vitro, protein-free LPS aggregates are sufficient to trigger
full genome ejection from 9NA in a short time, even when not
organized in a bacterial OM heterobilayer (Fig. S1).22 We there-
fore applied microfluidics for washing the GUVs to remove free
and unbound LPS (see SI). This ensured that phages could pre-
dominantly interact with LPS on the GUV surface, and drasti-
cally reduced DNA ejection upon contact with residual LPS in
solution. Phages were stained with the DNA-intercalating dye
SYBR-gold, LPS was labelled with TexasRed or Alexa647.1°

Bacteriophage 9NA specifically bound to the GUV outer sur-
face via its LPS O-antigen receptor (Fig. 2 A-C). In contrast,
9NA phages did not localize to the GUV membrane when their
O-antigen receptor was removed by incubating the GUVs with
P22 tailspike, a phage enzyme that specifically cleaves off the
S. Typhimurium O-antigen from LPS® (Fig. 2 D-F). Bacterio-
phage 9NA did not bind to POPC GUVs that did not contain
LPS (Fig. S2). The number of phages localized onto the GUV
membrane scaled with the LPS concentration on the vesicle sur-
face (Figs. 3 and S3). After binding to LPS via its tailspikes?,
we observed a stable 9NA bacteriophage-binding signal at the
membrane for the entire observation time (1 h). We hence as-
sume that the 9NA tail machinery had reached the membrane
surface and remained irreversibly bound. Bacteriophage 9NA
can specifically distinguish Salmonella hosts from other non-
host strains, i.e. E. coli.?* Accordingly, 9NA did not bind to
GUVs when prepared with LPS from an unrelated, O-antigen
containing E. coli strain (Fig. S2). Moreover, 9NA did not bind
to GUVs with inverted membranes - where phospholipids are
on the outer leaflet and LPS is on the inside - and was unable to
access the luminal LPS O-antigen receptors (Fig. S2). This un-
derscores that our preparation method enabled precise tuning of
the membrane asymmetry of LPS-GUVs.
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FIGURE 4: DNA signal observed at the surface of the same LPS-
GUV upon bacteriophage binding. (A,B) SYBR-Gold labelled
9NA phages, (B,E) TOTO™-3 in solution inside LPS-GUVs. (C,F)
LPS labelled with TexasRed. Images at time point of first observed
9NA phage binding events (A-C) and after At=80 s (D-F).

Over time after phage addition, the number of phage particles
associated with the GUV membrane increased, and local varia-
tions in fluorescence intensity indicated that particles had
ejected their DNA. However, due to the immediate dilution of
SYBR gold upon ejection from the phage particle, we were un-
able to clearly resolve individual ejection events or determine
the precise localization of the ejected DNA. Therefore, we pre-
pared GUVs filled with TOTO™-3, a membrane-impermeable
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cationic DNA dye that also slightly binds and stains the mem-
brane (Fig. 4). Immediately upon addition, we observed the
binding of SYBR gold labelled 9NA phages to the GUV mem-
brane, accompanied by single bright spots in the TOTO™-3
channel. This demonstrated the co-localization of membrane-
associated viral particles and their ejected DNA.?®

To unambiguously confirm that phage 9NA DNA was di-
rected into the GUV lumen and did not remain in the extrave-
sicular space, we used GUVs filled with the cell-impermeant
cationic cyanine dye YO-PRO™-1 (Fig. 5). Whereas TOTO is
a dimer, the monomeric YO-PRO has fewer charges and does
not bind to the GUV membrane. Within 20 min of observation,
an increasing number of bright spots appeared at the inner mem-
brane leaflet, indicating DNA release from the phages into the
GUV lumen (Fig. 5A and Movie S1). Variability in the number
of ejecting phages among GUVs was observed, likely due to the
limitation of rapid mixing in our set up, hampering clear time-
resolved observations of ejection initiation. Instead, phages had
to diffuse toward GUVs settled at the end of the microfluidic
wells (see Sl). Ejection events frequently occurred at various
positions on the GUV surface (Fig. 5B). The DNA remained at-
tached to the inner side of the GUV membrane; we observed all
DNA as bright spots tethered to the inner leaflet, extending to
approximately 3 pm into the GUV lumen. This irreversible at-
tachment aligns with findings from cryo electron tomography,
where phages were observed fixed to the OM via protein chan-
nels built for genome delivery.?°

FIGURE 5: 9NA bacteriophage injects its DNA into the LPS-GUV
lumen. GUVs contained S. Typhimurium LPS (Alexa647-labelled,
magenta) on the outer surface and 10 uM of DNA intercalating dye
YO-PRO™:-1 (green) in the lumen. (A) Snapshots of YO-PRO™-
1 fluorescence, inset in (B) shows DNA signal located at the inner
GUV membrane. (C) Z-stack of DNA signal after 15 min. (D)
Phase contrast of an LPS-GUV after 25 min of incubation with
9NA phage. All measurements in presence of 0.5 mg ml* DNAse
at room temperature.

In vitro, the release of densely packed DNA from phage cap-
sids is driven solely by external osmotic pressure?. At osmotic
equilibrium, typically 20 % of the DNA remain inside the phage
heads?’, whereas in vivo intracellular host protein interactions
result in pulling the complete phage genome into the cell®.
Therefore, in the absence of these factors, we observe only par-
tially ejected phages tethered to the GUV membrane. After

DNA transfer, any membrane poration was sealed and the mem-
brane itself remained fully intact, as evidenced by the main-
tained phase contrast of the vesicles (Fig. 5C).

GUVs have been used so far as models to study the initial
steps of virus endocytosis into eukaryotic hosts.?** In contrast,
bacteriophages are not endocytosed but employ ejection pro-
teins to build membrane-crossing channels and maintain enve-
lope integrity during genome transfer into a bacterial host.® 3!
32 We could show that LPS-GUVs are an in vitro-mimic for this
phage-based DNA transfer into bacteria. The LPS-containing
GUV membrane was sufficient to direct phage DNA into the
lumen while the GUV remained intact (Fig. 4C). In particular,
Salmonella phage 9NA only needed an O-antigen receptor on
the LPS, and no protein. This is in contrast to other siphovi-
ruses, i.e. phages with long, non-contractile tails like lambda or
T5 that employ OM proteins as receptors.®*3 T5 initiates for-
mation of a DNA-transfer channel by docking next to its OM
receptor FhuA as shown with nanodiscs and cryo electron mi-
croscopy.® Furthermore, DNA transfer is possible into GUVs
that had the FhuA receptor reconstituted in the membrane.®
However, neither the GUVs nor the nanodiscs contained LPS in
these studies, despite LPS being responsible for the unique
properties of the Gram-negative OM heterobilayer. In particu-
lar, it has been shown that especially long O-antigen chains on
LPS contribute to local membrane rigidity which has been pro-
posed as essential feature for infection start in O-antigen spe-
cific phages.® 22 3% We calculated diffusion coefficients from
individual 9NA particle tracks when bound to LPS-GUVs to
around 1.5 pm? L. This value remained constant for the given
range of varying LPS content in individual GUVs (Fig. S4). In
contrast, phage T5, tethered to GUVSs via its protein receptor
FhuA and of similar size, diffused notably more rapidly on the
LPS-free GUV at similar temperatures.® Whether the irrevers-
ibly membrane-bound 9NA phage thus moved on the surface as
part of a larger LPS aggregate or raft needs further investiga-
tion.

LPS is the essential OM glycolipid exposed on every Gram-
negative cell, making LPS-GUVs highly versatile in vitro plat-
forms to study bacteriophage interactions. We introduce a new
model system that enables biophysical studies of virus-host
membrane interactions without the need to handle pathogenic
bacteria. It can be a starting point for a variety of applications,
for example for DNA sorting from viral mixtures or for vesicle-
based delivery of viral DNA for in-vesicle transcription-trans-
lation.®” Most importantly, successful therapies based on bacte-
riophages require that we understand the bacteriophage infec-
tion mechanism and why phage mixtures are superior to single
phage applications.® LPS-GUVs open new sustainable routes to
fundamental mechanistic studies on infection synergies in the
presence of different phage receptors using LPS preparations in
vitro, and enable imaging phage DNA transfer via OMs of
Gram-negative pathogens in a controlled in vitro set up.

ASSOCIATED CONTENT

Supporting Information available: Additional experimental details,
materials, and methods (PDF). Movie of 9NA bacteriophage DNA
ejection into GUVs (MP4).


https://doi.org/10.1101/2024.08.19.608551
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.19.608551; this version posted August 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

AUTHOR INFORMATION

Corresponding Authors

* Rumiana Dimova: Max Planck Institute of Colloids and Inter-
faces, 14776 Potsdam, Germany
Rumiana.Dimova@mpikg.mpg.de

* Stefanie Barbirz: Department of Medicine, Science Faculty, MSB
Medical School Berlin, Germany
Stefanie.Barbirz@medicalschool-berlin.de

Present Addresses

tMareike S. Stephan: Fraunhofer Institute for Translational Medi-
cine and Pharmacology ITMP, Immunology and Allergology, Ber-
lin, Germany.

Author Contributions

RD, TR and SB proposed and supervised the project. RD, TR, SB,
NB and MS designed the experiments. MS performed the experi-
ments and analyzed the data. RD, TR, SB, NB and MS wrote the
manuscript.

ACKNOWLEDGMENT

MS acknowledges funding from the International Max Planck Re-
search School on Multiscale BioSystems. TR acknowledges fund-
ing from the MaxSynBio consortium, which is jointly funded by
the Federal Ministry of Education and Research of Germany and
the Max Planck Society.

ABBREVIATIONS

GUV, giant unilamellar vesicles; LPS, lipopolysaccharide; OM,
outer membrane; PL, phospholipid.

REFERENCES

1. Urban-Chmiel, R.; Marek, A.; Wieczorek, K.; Dec, M.;
Stepien-Pysniak, D.; Nowaczek, A.; Osek, J., Antibiotic Resistance in
Bacteria-A Review. Antibiotics-Basel 2022, 11 (8), 1079.

2. WHO Antimicrobial resistance: global report on
surveillance.; World Health Organization: Geneva, 2014.

3. Venturini, C.; Fabijan, A. P.; Lubian, A. F.; Barbirz, S.;
Iredell, J., Biological foundations of successful bacteriophage therapy.
EMBO Mol. Med. 2022, 14, e12435.

4. Broeker, N. K.; Barbirz, S., Not a barrier but a key: How
bacteriophages exploit host's O-antigen as an essential receptor to
initiate infection. Mol. Microbiol. 2017, 105 (3), 353-357.

5. Stephan, M. S.; Dunsing, V.; Pramanik, S.; Chiantia, S.;
Barbirz, S.; Robinson, T.; Dimova, R., Biomimetic asymmetric
bacterial membranes incorporating lipopolysaccharides. Biophys J
2023, 122 (11), 2147-2161.

6. Omidvar, R.; Romer, W., Glycan-decorated protocells:
novel features for rebuilding cellular processes. Interface Focus 2019,
9 (2), 20180084.

7. Staufer, O.; Antona, S.; Zhang, D.; Csatari, J.; Schréter, M.;
Janiesch, J. W.; Fabritz, S.; Berger, I.; Platzman, |.; Spatz, J. P.,
Microfluidic production and characterization of biofunctionalized giant
unilamellar vesicles for targeted intracellular cargo delivery.
Biomaterials 2021, 264, 120203.

8. Dimova, R., Giant Vesicles and Their Use in Assays for
Assessing Membrane Phase State, Curvature, Mechanics, and
Electrical Properties. Annu. Rev. Biophys. 2019, 48, 93-119.

9. Nandi, S.; Nair, K. S.; Bajaj, H., Bacterial Outer-Membrane-
Mimicking Giant Unilamellar Vesicle Model for Detecting
Antimicrobial Permeability. Langmuir 2023, 39 (16), 5891-5900.

10. Kubiak, J.; Brewer, J.; Hansen, S.; Bagatolli, L. A., Lipid
Lateral Organization on Giant Unilamellar Vesicles Containing
Lipopolysaccharides. Biophysical Journal 2011, 100 (4), 978-986.

11. Maktabi, S.; Schertzer, J. W.; Chiarot, P. R., Dewetting-
induced formation and mechanical properties of synthetic bacterial
outer membrane models (GUVs) with controlled inner-leaflet lipid
composition. Soft Matter 2019, 15 (19), 3938-3948.

12. Di Lorenzo, F.; Duda, K. A.; Lanzetta, R.; Silipo, A.; De
Castro, C.; Molinaro, A., A Journey from Structure to Function of
Bacterial Lipopolysaccharides. Chem. Rev. 2022, 122 (20), 15767-
15821.

13. Im, W.; Khalid, S., Molecular Simulations of Gram-
Negative Bacterial Membranes Come of Age. In Annu. Rev. Phys.
Chem., Johnson, M. A.; Martinez, T. J., Eds. 2020; Vol. 71, pp 171-
188.

14. Broeker, N. K.; Roske, Y.; Valleriani, A.; Stephan, M. S.;
Andres, D.; Koetz, J.; Heinemann, U.; Barbirz, S., Time-resolved DNA
release from an O-antigen-specific Salmonella bacteriophage with a
contractile tail. J. Biol. Chem. 2019, 294 (31), 11751-11761.

15. Stephan, M. S.; Broeker, N. K.; Saragliadis, A.; Roos, N.;
Linke, D.; Barbirz, S., In vitro analysis of O-antigen specific
bacteriophage P22 inactivation by Salmonella outer membrane
vesicles. Front Microbiol 2020, 11, 510638.

16. Paracini, N.; Schneck, E.; Imberty, A.; Micciulla, S.,
Lipopolysaccharides at Solid and Liquid Interfaces: Models for
Biophysical Studies of the Gram-negative Bacterial Outer Membrane.
Adv. Coll. Interface Sci. 2022, 301.

17. Krok, E.; Stephan, M.; Dimova, R.; Piatkowski, L., Tunable
biomimetic bacterial membranes from binary and ternary lipid
mixtures and their application in antimicrobial testing. Biochem.
Biophys. Act. 2023, 1865 (7), 184194.

18. Wang, C. Y.; Tu, J. G.; Liu, J.; Molineux, I. J., Structural
dynamics of bacteriophage P22 infection initiation revealed by cryo-
electron tomography. Nat. Microbiol. 2019, 4 (6), 1049-1056.

19. Baxa, U.; Steinbacher, S.; Miller, S.; Weintraub, A.; Huber,
R.; Seckler, R., Interactions of Phage P22 Tails with Their Cellular
Receptor, Salmonella O-Antigen Polysaccharide. Biophysical Journal
1996, 71, 2040-2048.

20. Iglesias, S. M.; Lokareddy, R. K.; Yang, R. Y.; Li, F. L,;
Yeggoni, D. P.; Hou, C. F. D.; Leroux, M. N.; Cortines, J. R.; Leavitt,
J. C.; Bird, M.; Casjens, S. R.; White, S.; Teschke, C. M.; Cingolani,
G., Molecular Architecture of Salmonella Typhimurium Virus P22
Genome Ejection Machinery. J. Mol. Biol. 2023, 435 (24), 168365.

21. Bonnington, K. E.; Kuehn, M. J., Outer Membrane Vesicle
Production Facilitates LPS Remodeling and Outer Membrane
Maintenance in Salmonella during Environmental Transitions. mBio
2016, 7 (5), e01532-16.

22. Andres, D.; Hanke, C.; Baxa, U.; Seul, A.; Barbirz, S.;
Seckler, R., Tailspike interactions with lipopolysaccharide effect DNA
ejection from phage P22 particles in vitro. J. Biol. Chem. 2010, 285
(47), 36768-36775.

23. Andres, D.; Roske, Y.; Doering, C.; Heinemann, U.; Seckler,
R.; Barbirz, S., Tail morphology controls DNA release in two
Salmonella phages with one lipopolysaccharide receptor recognition
system. Mol. Microbiol. 2012, 83 (6), 1244-53.

24, Schmidt, A.; Rabsch, W.; Broeker, N. K.; Barbirz, S.,
Bacteriophage tailspike protein based assay to monitor phase variable
glucosylations in Salmonella O-antigens. BMC Microbiol. 2016, 16,
207.

25. Bialvaei, A. Z.; Kafil, H. S., Colistin, mechanisms and
prevalence of resistance. Curr. Med. Res. Opin. 2015, 31 (4), 707-721.

26. Valencia, J. R. V,; Li, D.; Casjens, S. R.; Evilevitch, A.,
'SAXS-osmometer' method provides measurement of DNA pressure in
viral capsids and delivers an empirical equation of state. Nucl. Acids
Res. 2023, 51 (21), 11415-11427.

27. Evilevitch, A.; Gober, J. W.; Phillips, M.; Knobler, C. M.;
Gelbart, W. M., Measurements of DNA lengths remaining in a viral
capsid after osmotically suppressed partial ejection. Biophys. J. 2005,
88 (1), 751-756.

28. Kemp, P.; Gupta, M.; Molineux, I. J., Bacteriophage T7
DNA ejection into cells is initiated by an enzyme-like mechanism. Mol
Microbiol 2004, 53 (4), 1251-65.


https://doi.org/10.1101/2024.08.19.608551
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.19.608551; this version posted August 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

29. Rydell, G. E.; Svensson, L.; Larson, G.; Johannes, L.;
Roémer, W., Human GIIl.4 norovirus VLP induces membrane
invaginations on giant unilamellar vesicles containing secretor gene
dependent al,2-fucosylated glycosphingolipids. Biochem. Biophys.
Act. 2013, 1828 (8), 1840-1845.

30. Ewers, H.; Rémer, W.; Smith, A. E.; Bacia, K.; Dmitrieff,
S.; Chai, W. G.; Mancini, R.; Kartenbeck, J.; Chambon, V.; Berland,
L.; Oppenheim, A.; Schwarzmann, G.; Feizi, T.; Schwille, P.; Sens, P.;
Helenius, A.; Johannes, L., GM1 structure determines S\V40-induced
membrane invagination and infection. Nat. Cell. Biol. 2010, 12 (1), 11-
U36.

31 Chen, W. Y.; Xiao, H.; Wang, L.; Wang, X. R.; Tan, Z. X,;
Han, Z.; Li, X. W.; Yang, F.; Liu, Z. H.; Song, J. D.; Liu, H. R.; Cheng,
L. P., Structural changes in bacteriophage T7 upon receptor-induced
genome ejection. Proc Natl Acad Sci U S A 2021, 118 (37),
€2102003118.

32. Swanson, N. A.; Lokareddy, R. K.; Li, F. L.; Hou, C. F. D,;
Leptihn, S.; Pavlenok, M.; Niederweis, M.; Pumroy, R. A.;
Moiseenkova-Bell, V. Y.; Cingolani, G., Cryo-EM structure of the
periplasmic tunnel of T7 DNA-ejectosome at 2.7 angstrom resolution.
Mol. Cell 2021, 81 (15), 3145-3159.e7.

33. Linares, R.; Arnaud, C. A.; Effantin, G.; Darnault, C.;
Epalle, N. H.; Erba, E. B.; Schoehn, G.; Breyton, C., Structural basis of
bacteriophage T5 infection trigger and E.coli cell wall perforation. Sci.
Adv. 2023, 9 (12), eade9674.

34. Casjens, S. R.; Hendrix, R. W., Bacteriophage lambda: Early
pioneer and still relevant. Virology 2015, 479, 310-330.

35. Chiaruttini, N.; Letellier, L.; Viasnoff, V., A Novel Method
to Couple Electrophysiological Measurements and Fluorescence
Imaging of Suspended Lipid Membranes: The Example of T5
Bacteriophage DNA Ejection. Plos One 2013, 8 (12), e84376.

36. Jefferies, D.; Shearer, J.; Khalid, S., Role of O-Antigen in
Response to Mechanical Stress of the E. coli Outer Membrane: Insights
from Coarse-Grained MD Simulations. J. Phys. Chem. B. 2019, 123
(17), 3567-3575.

37. Ushiyama, R.; Nanjo, S.; Tsugane, M.; Sato, R.; Matsuura,
T.; Suzuki, H., Identifying Conditions for Protein Synthesis Inside
Giant Vesicles Using Microfluidics toward Standardized Artificial Cell
Production. ACS Synth. Biol. 2023, 13 (1), 68-76.


https://doi.org/10.1101/2024.08.19.608551
http://creativecommons.org/licenses/by/4.0/

