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Abstract

Genome packaging and delivery are fundamental steps in the replication cycle of all viruses.
Icosahedral viruses with linear double-stranded DNA (dsDNA) usually package their genome
into a preformed, rigid procapsid using the power generated by a virus-encoded packaging
ATPase. The pressure and stored energy due to this confinement of DNA at a high density is
assumed to drive the initial stages of genome ejection. Membrane-containing icosahedral
viruses, such as bacteriophage PRD1, present an additional architectural complexity by
enclosing their genome within an internal membrane vesicle. Upon adsorption to a host cell,
the PRD1 membrane remodels into a proteo-lipidic tube that provides a conduit for passage
of the ejected linear dsDNA through the cell envelope. Based on volume analyses of PRD1
membrane vesicles captured by cryo-electron tomography and modeling of the elastic
properties of the vesicle, we propose that the internal membrane makes a crucial and active
contribution during infection by maintaining the driving force for DNA ejection and
countering the internal turgor pressure of the host. These novel functions extend the role of
the PRD1 viral membrane beyond tube formation or the mere physical confinement of the
genome. The presence and assistance of an internal membrane might constitute a biological
advantage that extends also to other viruses that package their linear dsDNA to high density

within an internal vesicle.
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1. Introduction

In the course of evolution, viruses have developed different strategies for efficient delivery of
their genome into the host cell. One of the best studied examples is that employed by the
tailed dsDNA bacteriophages that typically package their genome at very high densities
within a rigid proteinaceous capsid shell (Fig. 1A). The elastic, electrostatic, entropic,
osmotic, and hydration energetic costs incurred by constraining the dsDNA at very high
densities within the fixed volume of these phage capsids generate a significant internal
pressure [1-6]. This pressure is considered to provide the force initially driving genome
injection into the cell, while DNA-binding proteins, DNA condensation or enzymes may aid
during the final stages of the transfer [7-12].

A common trait for all tailed dsSDNA phages is that their proteinaceous DNA injecting
machineries are always prepared or completed prior to the time of infection (Fig. 1A).
Likewise, for this group the DNA exits the capsid through the tail. For members of the
Myoviridae family, energy stored in the conformation of the proteins of their long contractile
phage tails is critical for tail tube penetration of the outer membrane and the peptidoglycan
cell wall, and thus to reach the inner cell membrane [13] (Fig 1A, middle). For non-
contractile tails, neither the short (Podoviridae family, Fig 1A, left) or long tails (Siphoviridae
family, Fig. 1A, right) are known to provide energy for the infection process [14, 15].

In contrast to the wealth of experimental and theoretical information that has been acquired
about the genome entry of tailed dsDNA bacteriophages [16] (Fig. 1A), very little is known

about this process for viruses with an internal membrane vesicle (Fig. 1B, top).
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Fig. 1. Morphologies of various phage
families.

(A) Schematic representation of the
three families of tailed dsDNA
bacteriophages whose genome ejection
process has been previously studied:
(left) the Podoviridae (e.g., phage T7,
¢29); (center) the Myoviridae family
(e.g., phage T4); (right) the
Siphoviridae family (e.g., phage A,
SPP1); (blue) proteinaceous capsid and
tail; (light magenta) viral DNA.

(B) (above) Schematic representation of

internal membrane-containing bacteriophage PRD1; (yellow) the internal membrane vesicle;

(black) vertex proteins; (grey) the unique vertex; (inset) the proteins comprising the eleven

host recognition vertices. (below) Cartoon of the PRD1 infection process adapted from [17]

with outer membrane (OM), peptidoglycan layer (PL) and inner membrane (IM).

Membrane-containing bacteriophage PRD1 (Tectiviridae family) is the model system for this

viral class. It infects gram-negative enterobacteria such as Escherichia coli and Salmonella

enterica. The phage membrane is constituted of a 50:50 mixture of phage-encoded proteins

and host-derived lipids. The lipid components are primarily phosphatidylglycerol (PG) in the

outer leaflet and phosphatidylethanolamine (PE) in the inner one, with PG being negatively

charged and PE uncharged at pH 7 [18, 19]. Several phage-encoded, membrane-associated



proteins have active roles during DNA delivery [20]. Determination of the structure of the
PRD1 packaging vertex recently revealed that this phage membrane also has an important
role in genome packaging [21]. The ~15 kbp linear dSDNA PRD1 genome is packaged to a
density comparable to the high density seen for bacteriophage ¢29 [19]. The resultant

significant pressure has been suggested to power DNA ejection for PRD1 [19].

Each host recognition vertex complex is composed of penton protein P31, spike protein P5,
receptor recognition protein P2, and membrane protein P16 (Fig. 1B top, inset). Binding of
this complex to PRD1's cellular receptor elicits structural changes at this vertex. Most
probably the loss of the interactions between the P16 proteins and the membrane vesicle
loosens the vertex complex. The consequent changes to the environmental conditions
experienced by the membrane inside the capsid are thought to initiate the remodeling of the
internal icosahedral membrane into a tubular structure protruding from the unique vertex
[17]. In this model, this self-assembling proteolipidic tube conducts the phage genome
through the cell envelope of the gram-negative bacterial host and into the cytoplasm (Fig. 1B,
below). We hypothesized that the free-energy cost to initiate this process is paid by the
changes in osmotic pressure [17]. Although the precise energetics of this mechanism remain
unsolved, we previously showed that tube formation is dependent on the physicochemical
properties of the phage vesicle and its constituent membrane proteins, but is independent of
the presence of the packaged DNA [17]. The formation of the tube is not examined further in

this work.

We considered that the internal membrane of PRD1 might have an additional important
function during ejection of the dsDNA because it becomes gradually smaller as the linear

dsDNA molecule passes into the cell [17] (Fig. 2A-C). Here we focus on analysis of the



potential role of the membrane vesicle on DNA ejection dynamics in PRD1 using the
available biochemical and structural information on wild-type PRD1 and on procapsids
devoid of DNA produced by susl amber mutant phage. To this end, we developed a semi-
empirical approach that incorporates the known physical properties of the membrane into a
model for phage genome ejection dynamics. We propose that the presence and subsequent
deflation of the internal membrane vesicle in PRD1 may help to sustain the significant
driving force required to overcome the internal pressure of the bacterial host and may also

facilitate the early stages of DNA ejection.



2. Materials and Methods

2.1 Production of purified PRD1 particles

Wild-type PRD1 (PRD1) was propagated in non-suppressor host Salmonella enterica
Typhimurium LT2 DS88 and purified by polyethylene glycol-NaCl precipitation, rate zonal
centrifugation, and equilibrium centrifugation in sucrose [22]. Lastly, the phage sample was
concentrated by differential centrifugation and dissolved in a buffer containing 20 mM

potassium phosphate (pH 7.2) and 1 mM MgCl..

2.2 Segmentation of tomograms and structural analysis

Cryo-electron tomography (cryo-ET) data were collected in-house on a JEM-2200FS/CR,
field emission gun (FEG) electron microscope operating at 200 kV equipped with an omega
in-column energy filter as previously described [17]. Briefly, single-axis tilt-series over a tilt
range of £64 with 1.5° increments of wt PRD1 specimen were recorded using an Ultrascan
4000 4Kx4K camera (Gatan Inc.). Serial EM software [23] was used for semiautomatic data
acquisition (total dose per serie 90-100 electrons/A?) at underfocus values ranging from 5 to
8 um and magnification of 30,000 and 25,000 leading respectively to a pixel size of 0.76 nm
and 0.88 nm at the specimen after a binning of 2. Alignment using 10 nm gold particles as
fiducial markers and 3D reconstruction of the tilted series was performed in IMOD and/or
Tomo3D software [24]. 3D reconstruction was carried out by weight back-projection or SIRT.
Several tomograms were reconstructed from which we initially extracted 1,207 PRD1
particles with no tube and 251 volumes corresponding to PRD1 particles with a tube and
tubes alone (see Table S1). Prior to further analysis sub-volumes with smaller voxel size were
interpolated to a voxel of 0.88 x 0.88 x 0.88 nm®. For the current study we focused on the
smaller subset and within the PRD1 particles with a tube we selected only those for which the

viral membrane could be discerned as intact across the majority of reconstructed volume
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sections. A total of 12 PRD1 subvolumes possibly depicting different putative ejection stages
were selected from this dataset (Table S1). TOMOAND [25] was used to denoise the

individual volumes prior to segmentation in AMIRA 5.0 (http://www.fei.com/software/amira-

3d-for-life-sciences/). During segmentation, the missing-wedge regions due to the intrinsic

limitation of the tilt angle in the tomographic data collection were user-modeled as spherical
domes in AMIRA. Volumes were then estimated from the segmented regions. Chimera and

ImageJ software were also used for molecular visualization and analysis [26, 27].

The radial average profiles were calculated from the electron density maps of PRD1 (EMD-
1011) and procapsid (EMD-1013) particles using XMIPP v3.1 [28]. The membrane radius of
the procapsid was estimated taking into account the distance from the center of the virus to

the membrane layers along the three-fold axis.

3. Results

3.1 Morphology of the phage internal membrane during DNA ejection

Cryo-ET of individual PRD1 virions, each with a tube, had previously provided three-
dimensional (3D) snapshots of DNA ejection at different stages [17]. DNA ejection is a
continuous process and currently there is no known mechanism for synchronous triggering of
PRD1 tube formation in vitro. As a consequence, the visualized PRD1 particles constitute a

heterogeneous ensemble of intact virions and virions with a tube.



The volumes enclosed by the membrane vesicles were estimated for twelve 3D reconstructed

PRD1 particles, each with a tube. This set was selected based on the visual completeness of

information while also taking into account the
missing wedge effect that is unavoidable in
tomography (see Materials and Methods).
Using this approach, the twelve analyzed
PRD1 particles with a tube could be assigned
to three classes corresponding to three stages
in the DNA ejection process. Although this
set cannot represent all possible steps in this
DNA ejection (framing a continuum of
vesicle morphologies escapes the current
experimental setup), they might depict
consecutive stages in DNA delivery (Fig. 2A-

C) [17].

Fig. 2. Morphologies of PRD1 virions during DNA ejection.

(A) to (C) Central slice (0.88 nm thickness) of the denoised 3D tomogram of PRD1 with a

protruding tube (left) and segmented vesicle (right) at consecutive stages of DNA ejection.

(right) The enclosed volume purportedly occupied by the viral genome is colored in magenta,

and that by the segmented vesicle in semi-transparent yellow (see also Fig. S1); scale-bar 20

nm.




Thus, we defined the initial ejection phase to correspond to a vesicle volume (<Vipitia™> =
2.7x10% nm?, ovini = 1.8x10° nm°, n=6; see Fig. S1 for the set of particles used) that is greater
than 60% of the pre-infection vesicle volume [Vpre = 4.0x10* nm®; calculated from the
crystal structure [19]] (Fig. 2A). Likewise, we defined an intermediate stage to correspond to
vesicle volumes between 30% and 60% of the pre-infection volume (<Vintermediate > = 1.7x10%
nm?, ovint = 6.2x10% nm®, n=2) (Figs 2B and S1). The final stage corresponds to a strikingly
altered vesicle morphology that now resembles a ‘map pin’ enclosing less than 30% of the
initial volume (<Vina > = 8.7x10° nm?®, ovsin == 2.9x10° nm®, n=4) (Figs 2C and S1). These
three vesicle morphologies have also been captured by cellular cryo-ET analysis of PRD1

infected E. coli cells [17].

3.2 Estimation of the internal pressure on the membrane exerted by the packaged DNA and

the forces driving the DNA ejection

The PRD1 genome enclosed within the membrane vesicle is assumed to be wound
approximately into a spool-like configuration [19]. Therefore, we used the inverse-spool
model [1, 3, 29, 30] to estimate the theoretical internal pressure exerted by the phage DNA.
This model was first introduced by Kindt and colleagues [1] and Tzlil and co-workers [30],
building up on previous ideas by Riemer and Bloomfield [31] and Odijk [32] among others.
Here, we will use the specific mathematical framework employed by Purohit and co-workers
[3, 29], more suitable for the non-condensing, purely repulsive regime of interactions
expected inside PRD1. In this model, the total free energy of confined DNA G,,; is assumed
to consist of two main contributions: (i) the elastic bending energy Gyeng, due to the fact that a
length L of DNA is bent to a radius that is less than the 50 nm persistence length of dsDNA,

and (ii) the interaction energy Gin, accounting mainly for the electrostatic, entropic, and
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hydration interactions among neighboring DNA strands that are separated by an average

inter-strand distance ds:
Gtot(L' ds) = Gbend + Gint (Eq 1)

The elastic contribution

4éy,kpT
Gbend(L) = - \/gng Rcz)ut

Rout— |R2,:—R2
“RZ+ Ry In| —L 2 (Eq. 2)

R

is calculated by assuming that the DNA inside the capsid is arranged in an inverse spool
configuration of external radius R,,; and internal radius R, where the strands are packed in a
hexagonal array with an average spacing ds. In the previous expression &, is the persistence
length of dsDNA (50 nm), kg is Boltzmann’s constant, T is the temperature. This elastic

contribution usually accounts for 10% of the total energy [33].

The total length L of the spooled dsDNA is then
8
L =5 (Roue — RPY? (Eq. 3)

The interaction energy G;,. is evaluated from osmotic stress experiments at the proper

conditions using the empirical expression

Gine = V3FyL(c?+cdg)e ds/c (Eq. 4)

11



For a typical buffer (50 mM Tris-HCI, pH 7.8, 100 mM Nacl and 10 mM MqgCl,) [34], the
decay length represented by c¢ is 0.30£0.01 nm and the strength of interactions is
characterized as Fo = (3 +1) 10* pN/nm2. Note that, at these conditions, the interactions
between dsDNA strands inside the virus are purely repulsive. As in Purohit et al [3, 29], we
omit the surface energy terms associated to the missing neighbors on the surface of the spool
and the interactions of the dsDNA with the interior of the capsid or the inner membrane (the

inner leaflet in PRD1 is mainly composed of zwitterionic PE).

Using these bending and interaction terms, the optimal energy and DNA spacing are then
obtained by minimizing the total energy G.,.(L,d,) with respect to d, for a given external

radius R,,,; and total genome length L.

The internal pressure (P) and the force driving the DNA ejection (F) can then be obtained

from G.,.(L, d,) using their standard thermodynamic definitions:

aGtOt 1 aGtOt
) )
v 47RZ,\OR,,, (Eq.5)

out

Fe- (66“”) (Eq.6)

where R, is defined as the outer radius of the spool of packaged DNA. Therefore, the
pressure and translocation forces can be calculated given the total length of the PRD1

genome and the volume in which it is enclosed.
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Let us now estimate the values of the pressure and translocation forces of dsDNA in PRD1
for two simple cases: a PRD1 capsid with a static, non-deflating membrane, and a PRD1
capsid without a membrane.

For simplicity, in our calculations the icosahedral volumes V;., of the mature PRD1 capsid

and membrane vesicle are modeled as effective spheres with radius R, that enclose an

. 41 3 _
equal volume, i.e ?Reff = Vico-

To calculate the icosahedral volume enclosed by the membrane, the internal radius of the
membrane vesicle r; was estimated to be 20 nm, i.e., half the distance between icosahedral
membrane facets based on the PRD1 X-ray structure [19]. If r=20 nm, then V;., = 40,432
nm?®. This same volume would be enclosed by a spherical vesicle with an effective radius

Lastly, R]:5™ (the outer radius of the spooled DNA within this spherical vesicle of radius Reg)
is obtained by subtracting from this radius the 2 nm between the membrane and the outermost

DNA layer (for a visual glossary see Fig. S2). Thus, initially RJ}5™ = 19.3 nm.

Considering the phage membrane to be arigid structure containing the 14,927 bp genome, the
internal pressure exercised by the PRD1 packaged DNA (Eq. 5) before infection is estimated
to be ~52 atm (Fig. 3A, blue line). This is consistent with a previous estimate of ~45 atm [19].
Moreover, the calculated DNA strand spacing (ds) agrees with the experimentally observed
value of 2.6 nm (Fig. 3B, blue line) [19]. Based on this model, a maximum force of 39.9 pN
would drive the initial DNA ejection when 100% of the DNA is within the virion (Fig. 3C,

blue line).

13
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Fig. 3. Comparative pressure and force
analyses for PRD1 virions modeled during
DNA ejection.

(A) Pressure inside a PRD1 virion
containing, in addition to the packaged
DNA, a rigid membrane (blue line), an
elastic, deflating membrane (red line), and
no membrane (purple line), as a function of
the percent of the DNA genome inside.
(inset)

(B) Inter-strand spacing in PRD1 virions
with a rigid membrane, an elastic, deflating
membrane, or no membrane as a function

of the percent of the DNA genome inside

(C) Force driving DNA ejection from PRD1 virions with a rigid membrane, an elastic,

deflating membrane, or no membrane as a function of the percent of the DNA genome inside

(color coded as in A). (inset) Light blue arrow indicates directionality of the force driving

DNA ejection.

To assess the impact of the phage membrane on the internal pressure, DNA strand spacing,

and potential ejection force, the above calculations were repeated considering the DNA

confinement generated by a protein capsid without a membrane. In this case the genome

would be inside an icosahedral capsid with an internal radius of 25.5 nm, corresponding to a
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effective sphere of radius 27.2 nm. Again deducting the 2 nm distance separating the shell

from the outermost DNA layer yields an R<“?"® = 25.2 nm. This increased volume now

out
available inside the capsid would allow the DNA inter-strand spacing (ds) to increase from

capsid
out

2.6 nmto 3.7 nm (Fig. 3B, purple line). Using R = 25.2 nm in Eq. 5 drastically reduces
the estimated internal pressure to ~1.5 atm, a value similar to or even lower than the turgor
pressure within the host bacterial cell [7, 35] (Fig. 3A, purple line). The corresponding

maximum force driving the ejection would be reduced to only ~2.5 pN (Fig. 3C, purple line).

Therefore, a PRD1 virion with the same genome length but without the membrane would be
unable to successfully inject its DNA into a host cell possessing significant turgor pressure.
The mere physical presence of the membrane is essential for reducing the space available in
the capsid for the packaged genome (i.e., for increasing the degree of confinement of the

DNA) and thereby generating greater pressure and translocation force.

3.3 A model for PRD1 membrane-assisted DNA ejection based on membrane stress and

tension as derived from PRDL1 virion and procapsid analysis

The observed remodeling of the internal membrane vesicle in response to environmental
changes [17] shows that the membrane is not a rigid shell. To evaluate a possible contribution
of the viral membrane to DNA ejection beyond its role as rigid container, we postulated that
the remodeled membrane would retain its elastic properties. Due to the challenges in
modeling such a viral proteo-lipidic system, we used the structural theory of thin shells and
membranes originally applied to biological membranes by Helfrich [36]. In this
approximation, the lipid bilayer (even with the presence of embedded membrane proteins) is

treated as a continuum and it is modeled as a thin spherical shell of uniform thickness h and
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internal radius R. Because in our case R >> h, we can apply the linear membrane or thin shell

theory (TST) [37, 38].

In the TST model, the change of radius AR, change of thickness Ah, and the lateral stress o),;
of a spherical shell of initial thickness h, and radius R, due to the difference between its

internal and external pressure p are given by:

AR =R R—l_aR% Eq.7
-1
Ah :TROUP (Eq.8)
PRy
= — Eqg.9
O-lat Zho ( q )

where ¢ is the Poisson ratio (describing the relative expansion in the transverse directions
when a material is compressed longitudinally) and Y is the Young’s modulus (defined as the
ratio between force per unit area needed to stretch/compress a given material and the
resulting deformation per unit length). Typical values of the Poisson ratio for a membrane are

in the range 0.3 < ¢ < 0.5 (incompressible) [39].

TST is equivalent to the standard membrane elasticity description of lipid bilayers with a

3

bending elasticity k), =

Yh . . . . .
o) and an extensional stiffness (or two-dimensional stretching

Yh . . . . . .
modulus) k, = — . For a simple homogeneous expansion of a spherical vesicle, this yields

1-02 '

2
a stretching energy Egirerch < Ks (AITR) and a bending energy per unit area Epenging X
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AR 2 H H H H Estretchn R 2 H H
K, (E) (34). The ratio between these two contributions, i.e., I « (Z) , IS quite large

for thin membranes. Accordingly, when this spherical vesicle is subjected to a significant
internal pressure, stretching dominates over bending to such an extent that the latter can be

neglected. The TST model is essentially assuming that the internal pressure stretches the
membrane and generates a lateral tension given by T = o),chy = pzﬁ, following the usual

Young-Laplace equation.

Membrane stress values were then derived by comparing membrane vesicles in the procapsid
(devoid of DNA) and in the mature PRD1 virion using their corresponding 3D cryo-EM
reconstructions obtained using precisely the same experimental and processing procedures
[40] (Fig. 4, centre). Moreover as the membrane vesicles of both procapsid and PRDL1 virion
contain the same set of membrane proteins, only the membrane vesicle with the packaged
genome was considered as being under stress. This simplification allows us to pinpoint the
possible contribution of an ‘elastic’ vesicle (rather than a rigid one) to the DNA ejection

force.

44

01

Arbitrary units

Arbitrary units

1 -4

5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
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Fig. 4. Comparison of vesicle structure in PRD1 virions and procapsids.
17



(Center) Composite image with central sections of the 3D cryo-EM reconstructions of the
procapsid in pink (EMD-1013) and PRD1 virion in blue (EMD-1011); (cyan) scale bar 10
nm. Flanking the central image are the calculated radial average images of the maps for (left)
the procapsid and (right) the virion; (red lines) the outer and inner layer of the membrane
vesicle; (white) scale bars 10 nm. (insets below) the corresponding radial averaged profiles

with estimates of vesicle bilayer total thickness (black double-headed arrow).

The membrane vesicle is also icosahedral in the procapsid [40] (a non-icosahedral feature
would blur during the 60-fold averaging procedure). Its internal radius estimated along the
icosahedral three-fold axis of symmetry is r; =16.8 nm. This is 3.2 nm less than seen in the
mature virion (in pink Fig. 4, center), and is equivalent to an effective spherical radius
RI*™ = 17.9 nm. Since no phage genome is present, we assume that this radius corresponds
to that of a stress-free spherical membrane vesicle. Conversely, the effective radius of the
membrane in the virion would correspond to the membrane expanded by the pressure exerted

by the packaged genetic material (in blue Fig. 4, center) [19, 40, 41].

The total membrane thickness was estimated using the electron density radial profiles derived
from the procapsid and virion density maps (Fig. 4, left and right). The distance between the
minima flanking the lipid head groups is ~7.4 nm for the procapsid and ~5.5 nm for the virion

(black double-headed arrow in Fig. 4 insets).
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Although the value of the Young’s modulus for the
membrane is not known with certainty, we used a
value of Y=20 MPa and a Poisson ratio ¢ = 0.4
based on previous studies [42]. This also matches
the effective compression observed in the membrane

for the internal pressure due to the confined DNA.

Using a membrane radius Ry*™ = 17.9nm and
thickness of hy=7.4 nm for the unstressed
membrane, a value of 20 MPa for Young’s modulus,
and a Poisson ratio of 0.4, one can estimate (from
Eq. 7) the value for the internal radius of the
spherical membrane generated by a given pressure

(Fig. 5A).

Fig. 5. Impact of three distinct membrane models on
DNA ejection dynamics.

(A) PRD1 membrane vesicle internal pressure as a
function of the membrane radius. A pressure of 52
atm corresponds to a R™" ~21.3 nm.

(B) Lateral stress (o) as a function of the
membrane radius. This lateral stress is 6.4 MPa for
the virion and is assumed to be O for the procapsid
devoid of DNA.

(C) For PRD1 with a rigid membrane: ejection time
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required for a given percentage of the DNA molecule to enter the host expressed in units of
the free diffusion time tp for three cellular turgor pressures: (blue) pin=0 atm; (dark red)
pinc=1 atm; (green line) pi=2 atm.

(D) For PRD1 without a membrane and for two turgor pressures, shown and color coded as in
©).

(E) For PRD1 with an elastic, deflating membrane and for three turgor pressures, shown and

color coded as in (C).

At the pressure of 52 atm (previously estimated assuming the vesicle to be a rigid container;
Fig. 3A) the inner membrane radius would correspond to R™™ of about 21.3 nm. Also, the
change in the membrane thickness at this pressure, Ah = —1.9 nm, is similar to the reduction
in effective membrane thickness between the procapsid and virion as estimated from Fig. 4,
insets. Furthermore, the lateral stress (o) in the membrane, given by Eq. 9 and plotted in
Fig. 5B reaches a value of 6.4 MPa for the virion and is, by definition, zero for the procapsid.
These estimates would differ if other values of ¢ and Y were chosen. Nevertheless, the
significant conclusion is that, given the approximation of the thin-shell-theory and accepted
values for the elastic properties of the membrane, the phage membrane within the capsid

responds to, and is influenced by, the pressure of the confined DNA.

Within this framework one can envision a new, but simple, model for membrane-assisted
DNA ejection. Rather than simplistically considering the vesicle as a rigid container, we can
incorporate the interplay between an elastic membrane and the decreasing pressure exerted by

the confined DNA. Here we assume that as ejection proceeds, the pressure required to keep
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the membrane vesicle inflated to a radius R,,, is the same as the pressure generated by the
dsDNA confined in a spherical volume of radius R,,.

The pressure p(R,,,, L) due to a length L of DNA confined inside the membrane with internal
radius R,,,, can be calculated from Eq. 5, and likewise the pressure required to keep the
membrane vesicle inflated with an internal radius R,, is given by Eq. 7. Equating these two
pressures yields an expression for R, (L) that indicates how much DNA is inside the
membrane with a radius R,,,. From this expression, we determined the DNA pressure, inter-

strand spacing, and ejection force throughout the ejection as plotted in Fig. 3A-C (red lines).

Based on this, R,,(L) can provide some insights on how much DNA is expected to still
remain inside the membrane at the various stages of DNA ejection (Fig. 2A-C). During the
initial ejection stage, when the average volume enclosed by the spherical part of the
membrane is Vi,=2.5x10* nm® and R,=18 nm, the model predicts that ~25 % of the genome

remains inside the capsid.

In the consecutive stages (Fig. 2B-C), the volume enclosed by the spherical part of the
membrane would be less than that of the vesicle in the Susl procapsid that is devoid of DNA.
This suggests that some proteo-lipidic material could be lost from the membrane (plausibly
from the distal tip of the tube that is now open into the cytoplasm) during DNA ejection,
possibly increasing the ejection force available during later stages of the ejection process. In
this light, our simple initial estimates can be considered to provide a conservative estimate of

the active contribution of the membrane during genome ejection.
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3.4 Effects of an elastic membrane vesicle on the internal pressure and ejection times of the

confined PRD1 genome

To evaluate the impact of the presence and deflation of the membrane on the in vivo phage
DNA delivery process, we estimated the ejection times for different values of the internal
bacterial turgor pressure.

The dynamics of DNA ejection can be described in terms of a Fokker-Planck equation for
P(x, t), where the probability that a given length x of DNA has entered inside the host cell at

time t [9, 10] is:

d0P(x,t) 0 0P(x,t) D(x)oW(x)
5% —a<D(x) I +kBT Fp P(x,t)) (Eq.10)

where D(x) is the diffusion coefficient (which may depend on x), and W (x) is the free

energy of the system. Further, the effective force driving DNA ejection is then F(x) =

-(5)

In this framework, the time z(x) required for a given DNA length x to enter the cell is given

by the Mean First Passage Time (MFPT):

7(X) = on dy Diy) exp[wk(_l}/)ﬁoy dz exp[*_lfz)} (Eq.11)
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Assuming a constant diffusion coefficient, D(x) = D and the absence of any driving force,

the MFPT for the entrance of an entire DNA chain of length L becomes the usual diffusion

2
time t; = ZL—D. That time will be used as our time unit in the following results.

When the DNA ejection occurs against the internal turgor pressure p;,. of the host cell, the
free energy of the system has to be adjusted to correct for the pressure-volume work required
to inject a given length x of DNA into the host. In principle, there is another contribution that
we should take into account, related to the fact that the osmotic pressure inside the bacterial
host promotes DNA condensation [7, 8], which in turn would enhance the extent of ejection.
However, it is not easy to quantify accurately this contribution, since DNA condensation
strongly depends on the condensing agent or conditions, and surface effects. An estimate by
Marion and Siber [7] suggests that this condensation effect can compensate between 0.5 atm
up to about 4 atm of osmotic pressure. But, still in most cases the dominant effect of osmotic
pressure is to resist DNA injection, as shown for instance in the experiments by Jeembaeva et
al [8], where at 4 atm of osmotic pressure only 60% of lambda DNA was ejected, even
allowing for its condensation. Since the quantification of the right condensing conditions
inside the host is challenging, we opted to not include this effect explicitly in the calculations.
In any case, this effect can be partially incorporate by considering p;,.. as the effective

turgor pressure resisting the entrance of dsSDNA . Therefore:

W(x) = Gor(x) +mx TSNA Pine (Eq.12)

The values reported for the turgor pressure of E. coli are between 0.5-5 atm [43, 44].
Therefore, our calculations were performed for turgor pressures of 0, 1, 2, 3, and 5 atm, while

using the force vs length values reported above (Fig. 3C). Based on these data and
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assumptions, we evaluated three different scenarios: a rigid membrane, no membrane, and an

elastic, deflating membrane.

For a rigid membrane, the time required for complete DNA ejection was calculated for
various turgor pressures. Forp,,,= 0 atm, 7 = 1.0 X 1073z, , i.e., three orders of
magnitude faster than free diffusion. With p;,,.,= 1 atm, 7 = 3.1 X 10731, i.e., three-fold
slower than in the absence of turgor. With greater turgor pressures of 2, 3, and 5 atm, the
times are unrealistically long (tz = 5.9 x 10%°t,, 17 = 4.4 x 10*°7,;, and 1, = 1.5 X
1013474, respectively. Moreover, for 2, 3, and 5 atm, only 87%, 78% and 65%, respectively,

of the genome can enter the host before the turgor pressure halts the ejection (Fig. 5C).

Without a membrane, the total injection time for p,,,= 0 atm would be 7 = 3 X 10731,
only three-fold slower than with the rigid membrane because the force, though much smaller,
still speeds up the ejection significantly relative to free diffusion. However, the absence of a
membrane changes injection times significantly when the turgor pressure of the bacterial cell
is taken into account. Given even a minimal turgor pressure of 1 atm, 7 = 2.5 10° 7,4. For
turgor pressures of 2, 3 and 5 atm the entrance times are extraordinarily long (zz =
7 X 10%%7,, 1 = 10187, and t, = 10***1,, respectively) since only 51%, 35% and 10%
of the genome could enter the cell against the turgor pressure (Fig. 5D).

In the third scenario (Fig. 5E), as the DNA is ejected the elastic membrane deflates and
thereby keeps the DNA constrained. As shown in Fig. 3B (red line), membrane deflation
maintains closer inter-strand spacing while the DNA is exiting. Consequently, as the DNA
leaves the capsid, both pressure (Fig. 3A, red-line) and force (Fig. 3C, red line) decrease more
slowly relative to the rigid membrane model in which the membrane remains attached to the

capsid wall. The times required for complete DNA entry in this elastic membrane scenario are
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for p,.= 0 atm, 7, = 5 x 107%1,; for p;,.= 1 atm, 7, = 7.6 X 10~*z4; and for p;,.= 2
atm, tp = 3 X 107%7,. Ejection times against higher turgor pressures become very long
(tp = 4.4 X 1087, for p;,.= 3 atm and 7, = 1.1 10*°¢, for p;,,= 5 atm) with only 92% and
83% of the DNA molecule, respectively, entering the cell before the turgor pressure blocks

further ejection.

4. Discussion

The intrinsic complexity of a virion that includes the presence of an internal membrane
vesicle makes the physical modeling of viral genome ejection an arduous task. It is not a
coincidence that the modeling of viral DNA delivery had, so far, been contemplated only for
bacteriophage virions that lack a membrane component [16]. We have endeavored to grasp
the design and function of the internal membrane vesicle present within the capsid of some
icosahedral viruses that also package their dsSDNA to a high density using bacteriophage

PRDL1 as our prototype.

In this study, we (i) showed that PRD1 DNA ejection would not be viable in the absence of
the internal lipid membrane, and (ii) formalized a novel model for membrane-facilitated DNA
ejection for viruses that package their genome to high density within an internal membrane
vesicle, thus creating high internal pressure. In this model, the essential elastic properties of
the vesicle are introduced (Figs. 3-4). This novel, yet simple, model focuses on the steps that
occur after the tube has formed and the flow of DNA into the host cell cytoplasm from the
distal tube tip has begun. It relies on approximations that consider the membrane vesicle to be
a continuum and the stress on the viral membrane to be derived only from the packaged
genome (Fig. 4). In this simplification, the internal lipid bilayer is likened to an inflated
balloon that was first stretched by the packaging of dsDNA to high pressure inside, and that

subsequently pushes its contents out. This proposed framework suggests that the membrane
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tension aids the initial stage of DNA ejection (Figs. 2A and 3B-D), a factor with clear impact

on possible in vivo infection scenarios (Fig. 5C-E).

In addition, based on the constant tube-length [on average ~50 nm; (21) [17]] and partial
integrity of the vesicle observed as the DNA exits (Fig. 2A-C), the membrane's contribution
to the dynamics of DNA ejection might extend beyond the first stage (25% of the genome
remaining inside the vesicle; Fig. 2A) to the consecutive stages (Fig. 2B-C), as both the
dynamic rearrangement of the proteo-lipidic material within the vesicle and the loss of some
material from the tube tip are plausible. It is also possible that the PRD1 vesicle, expanded by
the packaged DNA, could be initially stretched even further as a consequence of its
interactions with the major capsid proteins and/or scaffolding proteins. Notably, protein-
membrane interactions have been proposed to be pivotal for the assembly of internal
membrane-containing viruses [45-47]. It is conceivable, therefore, that even higher pressure
could be exerted by the membrane on the DNA. If so, this would reduce the DNA strand
interspacing during the ejection, thus generating even greater forces that could eject the DNA

at a sufficient rate against even higher internal turgor pressures (Fig. 6).

Unfortunately verification of this proposed mechanism remains experimentally challenging.
Currently, for example, the lack of a known PRD1 cellular receptor impedes osmotic
suppression measurements such as the ones that have been elegantly performed on
bacteriophages T5 and A [5, 48]. In the future, along with the search of a trigger for
synchronous DNA ejection in PRD1, cryo-electron microscopy imaging of samples pre-
treated with detergent molecules capable to solubilize the lipid bilayer could also illuminate

on the confinement capabilities of the PRD1 membrane vesicle on the pressurized dsDNA.
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The same treated particles (and after removal of detergent) could be also tested for cell

attachment or/and infectivity experiments.

Thus, although our theoretical model offers only a partial, likely limited, and possibly not
exclusive description of the viral DNA ejection mechanism for viruses with this virion
architecture, it raises the possibility of an active role for the membrane vesicle. Even when
the membrane contribution is insufficient to account for the ejection of all of the DNA, the
remaining portion could be translocated by other mechanisms and forces, as has been
suggested for other phages, e.g., by DNA condensation inside the host, hydration forces, and
ratcheting in by proteins of the host cell [49]. These other mechanisms and forces must enter
into play in the case of other membrane-containing viruses such as marine bacteriophage
PM2 whose genome is supercoiled and with an entry mechanism different from that observed
in PRD1 [47, 50] and giant viruses such as Mimivirus infecting amoeba. Mimivirus possesses
an internal membraneous sac that contains a loosely packaged dsDNA genome (~ 1.2 Mb)
and no pressure is expected. In this case infection seems to be initiated by the internalization
of the entire virion, followed by the release of the genome by a star-shaped opening of the
capsid with the membrane forming a conduit that fuses with the host membrane [51].
However, the large membrane containing PBCV-1 virus infecting algae has been suggested to
also have a phage-like ejection mechanism [52]. Thus, the potential influence of the internal
membrane vesicle on those viruses in the light of our work remains a fascinating but yet

unexplored area of investigation.

5. Conclusions
Our analysis used the bacteriophage PRD1 as a model for viruses that include an internal

membrane surrounding the densely-packaged dsDNA inside their icosahedral virions. The

27



results reveal that the mere presence of the membrane helps to generate the significant initial
pressure needed to counter the turgor pressure of the host during DNA translocation. In
addition, membrane deflation might further increase the force driving the ejection dynamics
during the early stages of genome delivery. Depending on the turgor pressure of the bacterial
host, this extra force could be sufficient to ensure fast and efficient injection of the complete
genome. Thus, the presence and assistance of the PRD1 membrane may constitute a
biological advantage that facilitates the infection process. This benefit may be common to

many viruses that possess an internal vesicle enclosing densely packaged linear dsSDNA.

t d b
} SRR e -2 Turgor pressure of the cell

o Hydration and osmotic forces
E{) Inner pressure of DNA

Unique vertex

loss of proteo-lipidic
material

Fig. 6. A proposed model for the membrane-assisted DNA ejection of PRD1.
(1) At the pre-infection stage, the pressure of the packaged DNA is high, ~52 atm (inset, cyan
arrows), and it maintains a membrane lateral stress of 6.4 MPa.

(2) After adsorption to a receptor, the receptor complex at that vertex is loosened (red star).
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(3) The phage repositions (black curved arrow and dot) with the unique vertex towards the
cell surface. The vesicle (yellow) remodels and self-assembles to form a proteo-lipidic tube
which then penetrates the outer membrane, cell wall, and cell membrane. As DNA release
begins, other forces, including hydration and osmotic pressure (inset, black triangles)
contribute to the ejection. The lateral stress of the membrane decreases, thereby generating an
additional force driving genome release.

(4-5) Decrease of the membrane radius accompanies loss of proteo-lipidic material from the
tip of the tube and the declining internal pressure as the amount of DNA remaining inside
decreases. The turgor pressure (green arrows) opposes the ejection force and slows entry of

the phage genome.
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