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Abstract

We present an innovative method to couple electrophysiological measurements with fluorescence imaging of
functionalized suspended bilayers. Our method combines several advantages: it is well suited to study
transmembrane proteins that are difficult to incorporate in suspended bilayers, it allows single molecule resolution
both in terms of electrophysiological measurements and fluorescence imaging, and it enables mechanical
stimulations of the membrane. The approach comprises of two steps: first the reconstitution of membrane proteins in
giant unilamellar vesicles; then the formation of a suspended bilayer spanning a 5 to 15 micron-wide aperture that
can be visualized by high NA microscope objectives. We exemplified how the technique can be used to detect in real
time the translocation of T5 DNA across the bilayer during its ejection from the bacteriophage capsid.
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Introduction

Electrophysiological measurement of ion channel activity
plays an important role in deciphering biological processes
since the advent of the patch clamp method [1]. In particular,
reconstitution of purified membrane proteins in lipid bilayers is
used to study mechanosensitive ion channels as well as the
molecular mechanism of ion transport and of ion channel
inhibition by drugs. In the past decades it has also been used
as a tool to study DNA translocation across membranes
through artificial or proteinaceous pores [2] that were used as
molecular sieves [3] or sensors [4]. Recent advances in
microfabrication now allow the commercialization of planar
systems to automatically form suspended bilayers or to perform
patch clamp experiment ([5], Oxford Nanopore Technologies,
Nanion Technologies). However, most of these approaches are
not compatible with simultaneous detection of
electrophysiological signals and high resolution imaging. On
the one hand, suspended bilayers are usually the tool of choice
when transmembrane ionic current is to be measured. On the
other hand, supported bilayers are preferred for quality
imaging. Coupling both measurements is of interest to decipher

PLOS ONE | www.plosone.org

complex mechanisms that lead to proper ion channel electrical
activity, such as dimerization [6,7]. Furthermore, the
interpretation of current traces alone can be ambiguous at it is
bound to electrically active events only. In this respect, the
coupling with optical detection is of particular interest in the
study of viral infection where several electrically inactive events
(virus binding, protein conformational changes) are required
prior to, or after, DNA translocation [8-13]. A few approaches
were devised that allow simultaneous detection of both
electrical and fluorescence signal [6,14—16]. However, very few
can allow single molecule or single virus resolution owing
mostly to the difficulty of stably forming bilayers, measuring
conductivity and controlling transmembrane hydrostatic
pressure in a device compatible with high resolution imaging.

In this paper we propose an alternative approach that
consists in reconstituting the membrane proteins in a giant
unilamellar vesicle (GUV) before bursting it open over a 5-15
um wide aperture at the tip of a glass capillary. Single ion
channel detection was achieved. Membrane tension was
regulated by setting the transmembrane hydrostatic pressure,
while high resolution imaging could be performed by moving
the capillary tube a few microns away from the observation
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chamber bottom. In this paper, we demonstrate how this
approach can be used to follow the various steps leading to
genomic DNA ejection of the T5 bacteriophage. A T5
bacteriophage is constituted of a 100 nm proteinaceous capsid
filled with a 127 kb-long genomic DNA. The capsid is linked to
a 200 nm-long tail. In vivo, the DNA is ejected into the bacteria
after the tail has bound to a transmembrane receptor protein
(FhuA) on the surface of the bacteria.

Materials and Methods

Bacteriophages: T5st(0), a heat stable deletion mutant (114
kbp, Genbank Acc AY692264) was produced on the host strain
E. coli F and purified on cesium chloride gradients as
previously described [17]. Phages were stored in phage buffer
(10 mM Tris HCI pH 7.6, 100 mM NaCl, 1 mM MgSO,, 1 mM
CaCl,) at 4°C. The final titers were 1.10' pfu/mL. Phages were
stained by incubating them 2 hours in phage buffer
supplemented with an intercalating fluorescent dye (Yo-Pro |,
Life technologies ref n°Y3603) at 1 uM. In these conditions Yo-
Pro | diffuses through the capsid to label phage DNA. Staining
did not result in significant loss of the phage ability to eject its
DNA. If phages are not preincubated, Yo-Pro | weakly labels
intracapsid DNA, but strongly and instantaneously stains DNA
as soon as it is expelled from the capsid.

FhuA: The gene encoding the outer membrane protein FhuA
was overexpressed in E. Coli HO830 transformed with plasmid
pHX405, and the protein was purified by using the previously
described protocol [17]. FhuA was stored at a concentration of
50 uM in 20 mM Tris-HCI buffer pH 7.8, containing 250 mM
NaCl, and 1% Octyl-B-D-glucopyranoside (OG).

FhuA labeling: labeling was performed with Alexa Fluor 568
carboxylic acid, succinimidyl ester (Life technologies ref n
°A2003). Before labeling, Tris was removed from the stock
solution by microdialyzing 100 pL of FhuA (QuixSep, CelluSep
membranes MWCO = 3.5 kDa) in a buffer containing 20 mM
Hepes pH 8.3, 250 mM NaCl, and 1% OG. Labeling reaction
was done by mixing FhuA with Alexa (1 mg/mL) during 1 hour.
The solution was then thoroughly dialyzed in buffer Hepes 20
mM pH 8.3, NaCl 100 mM, LDAO 0.06% (lauryl dodecyl amine
oxide). Labeled FhuA molecules were recovered at 5 yM and
their activity on T5 phages was nearly unchanged (Figure S1).

Reconstitution of FhuA in GUVs: We adapted the method
used by Girard et al. [18] to incorporate FhuA in GUVs. First,
small unilamellar vesicles (SUVs) were produced by drying 1
mg of DPhPC lipids (1,2-diphytanoyl-sn-glycero-3-
phosphocholine, Avanti Polar Lipids ref n°850356P) on the
surface of a glass test tube. The pellet was then suspended by
vortexing in 100 uL of phage buffer, creating a cloudy solution.
5 pL of OG at 20% w/v was added, resulting in a clear solution.
Detergent-purified FhuA (stock solution or fluorescently
labeled) was incubated for 1 hour in the mix to reach a final
weight ratio of proteins to lipids of 1/100. This solution was then
dialyzed in a microdialyzer (QuixSep, CelluSep membranes
MWCO = 3.5 kg/mol) against phage buffer. At the end of
dialysis, the solution was cloudy again indicating the formation
of proteoliposomes with incorporated FhuA. GUVs were
subsequently produced by drying 0.5 pL droplets of the FhuA
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proteoliposomes on ITO coated glass slides (Sigma Aldrich, ref
n°639303-1EA). The droplets were left in a humid salt
saturated chamber (70% humidity) for 30 minutes. ITO slides
were then paired together to form a sealed chamber filled with
a solution of Sucrose (220 mM) + NaCl 1 mM matching the
osmolarity of the phage buffer (~220 mOsm). GUVs were then
electroformed by applying an AC field (2 V, 10 Hz) for 2 hours
at room temperature. Imaging: all experiments were performed
on an inverted microscope (Axioplan; Carl Zeiss, Jena,
Germany), with a 63x water objective (NA 1.2). The
fluorescence illumination source was a 120-W UVICO 2000
lamp (Rapp Opto-Electronic, Hamburg, Germany). Images
were acquired by an iXon EMCCD camera (Andor Technology,
Belfast, Northern Ireland). Temperature was set at 25°C.

Fabrication of capillary pipettes: a capillary tube (Polymicro,
TSPOXX150, 150 ym outer diameter (OD), where XX = 05, 10,
15, 20 correspond to available internal diameters (ID)) was
held with appropriate connectors (ldex: F-330 (Nut,
Fingertight), F-238 (Tubing sleeve, Microtight), P-659
(Adapter)), into a homemade micromanipulation device. The
capillary was centered and introduced over 1 mm into the
smallest end of a cone pipette tip (2-200 pL, Eppendorf). The
plastic tip was subsequently melted onto the capillary tube to
ensure adequate electric seal. The capillary tube was then cut
with a diamond knife as close as possible to the cone tip
leaving a clean flat cleaved glass surface onto which GUVs
spontaneously fused. Capillary pipettes could be batch-
processed and kept for weeks. The typical access resistances
of those pipettes in phage buffer were: R(ID = 20 ym) = 3 MQ,
R(ID =10 pm) = 10 MQ, R(ID = 5 ym) =40 MQ.

Pipette micromanipulation: A capillary pipette was filled with
approximately 100 pyL of phage buffer then attached
perpendicularly to a microscopy chamber. It was held with a
micromanipulation device that allows to move the pipette in x,
y, z directions and to correct for tilt angles (+-3 degrees) in
order to put the capillary section parallel to the glass slide
(Newport V100-CP). We used interference fringes between the
pipette tip and the bottom coverslip of the microscopy chamber
to ensure an optimum parallelism of both surfaces. Voltage
control was realized using Ag/AgCI electrodes connected to an
Axopatch 200B patch clamp amplifier (Molecular Devices,
Sunnyvale, United States). The cis compartment (outside the
pipette) was grounded. The electrical signal was filtered at 1
kHz and digitized at 2 kHz. Phage activity was monitored using
a bias of -20 mV. Inner (trans compartment) pressure was also
controlled by connecting the pipette to a pressure control
system (MFCS-VAC-4N -25 mbar, Fluigent, Villejuif, France)
that sets pressure within the pipette with fast response (< 0.1 s)
and ~25 pbar accuracy. This control was used to
counterbalance capillarity and gravity effects as well as to
regulate lipid membrane tension.

Results

The phage receptor protein FhuA is notoriously difficult to
reconstitute into lipid bilayers using classical techniques [8,19].
Since the inactivated state of the protein is not an ion channel,
protein insertion cannot be followed in time. Additionally, it is a
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very hydrophobic protein prone to rapid aggregation and
denaturation in aqueous solvents. The most reliable
reconstitution technique was obtained in small unilamellar
vesicles [20]. Our first step in order to achieve the
reconstitution of FhuA in large suspended bilayers was to insert
this protein into GUVs.

Reconstitution of FhuA into GUVs

We adapted the protocol previously described in [18] to
create GUVs functionalized with fluorescently labeled FhuA.
GUVs were formed by electroswelling partially dried SUV
pellets. Figure 1A displays the GUV homogeneous
fluorescence, illustrating the efficient incorporation of FhuA,
which did not aggregate during the process. The potential loss
of receptor functionality was then tested. GUVs were placed in
an observation chamber at 25°C. Phages were pre-labeled with
a DNA intercalating Dye (Yo-Pro |) that, under appropriate
conditions, can stain the intracapsid DNA (see material and
methods). Phages were subsequently added at a final
concentration of 10'° pfu/mL. They rapidly localized (~1 min) at
the GUV membrane with no detected unbinding events. After a
typical lag time of 10 minutes at 25°C, DNA molecules were
present in the lumen of the GUV (Figure 1C). In the control (no
reconstituted FhuA) only transient reversible adsorption events
(Figure 1B) were observed. These results demonstrate that a
fraction of FhuA is still functional after reconstitution, with an
activation kinetic compatible with other in vitro studies
[9,21,22].

Patching GUVs to form large suspended membranes

To perform simultaneous transmembrane conductance
measurements with optical detection, a single GUV was burst
open on the tip of a cleaved capillary tube with a high ratio
between outer diameter (OD) and inner diameter (ID). This
ensures an efficient electrical seal while allowing optical
detection by a high numerical aperture objective. We
proceeded as follows (see materials and methods for details):
we used commercially available capillary tubes (Polymicro)
with an ID ranging from 2 to 40 pm and an OD ranging from 90
to 150 yum. We chose capillaries with an OD of 150 ym and an
ID of 10 ym as a good compromise between imaging and the
necessity of obtaining a large enough GUV. The capillary was
introduced in a pipette tip as shown on Figure 2B. The polymer
tip was melted around the tube to ensure adequate electrical
insulation. The tube was then cleaved with a diamond cut
roughly 1 mm from the pipette tip in order to ensure minimal
access resistance at the membrane.

The pipette was mounted on a micromanipulator and placed
in the observation chamber (Figure 2A) over the objective.
Equilibration of hydrostatic pressure between cis and trans
compartment was performed using a pressure control system.
It is a critical step to ensure stable vesicle fusion.

Preformed GUVs were subsequently added to the chamber
(mounted on a Z piezo stage) and accumulated on the casein-
coated glass bottom due to buoyancy mismatch. A single GUV
with a diameter of about 3 times the pipette aperture diameter
was centered 20 um below the pipette tip. The chamber was
then slowly raised until vesicle fusion. A bilayer (partly
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Membrane

Figure 1. T5 DNA ejection process reconstituted in
GUVs. A\ Fluorescence image of a GUV reconstituted at a
DPhPC/FhuA-Alexa568 ratio of 100 w/w. B\ Combined
brightfield (left) and Yo-Pro | fluorescence image (right) of
DPhPC GUVs with FhuA (+FhuA) or without FhuA (-FhuA).
Fluorescent dots correspond to individual phage particles
stained with Yo-Pro |. Phages are either unbound (-FhuA,
diffusing rapidly in solution: low fluorescence intensity) or
bound to the vesicle surface (+FhuA, slow diffusion of phages
on the vesicle surface: high fluorescence intensity). C\ Left:
Schematic representation of bound phages that have released
or not their intracapsid DNA onto the vesicle lumen. Right: Yo-
Pro | fluorescence image of a DPhPC/FhuA GUV (100 w/w
ratio) after 20 minutes of incubation with T5 phages (10" pfu/
mL). The image is a maximum intensity projection over time
(30 frames taken at 10 fps). The time projection emphasizes
the difference between a sharp fluorescence coming from the
vesicle surface and the ‘cloudy’ fluorescence coming from the
vesicle lumen. The sharp fluorescence corresponds to weakly
stained phages bound to the vesicle that have not ejected their
DNA. The ‘cloudy’ fluorescence comes from DNA molecules
that have crossed the membrane, after their ejection by
phages. 6 highly fluctuating individual DNA molecules can be
distinguished, which remain attached at the vesicle periphery.
All scale bars: 10 pm.

doi: 10.1371/journal.pone.0084376.9001

suspended partly supported) formed and spanned over the
aperture (Figure 3A and B) concomitantly with an observed
current drop (Figure 3C). After the burst, the membrane
presents an asymmetric shape, which was already reported as
a consequence of asymmetric rupture [23]. Electrical seal
quality was immediately tested and only membranes above

December 2013 | Volume 8 | Issue 12 | e84376



Electro-Optical Monitoring of Lipid Membrane

A Micromanipulator (tilt angle, +/- 3 degrees; 3-axis translation stage) B

/
/4
/

Amplifier

Pressure control
(0 to -25mbar)

|:|®l’ © @J

Objective ——p

T e——

>
/ cis

Glass Capillary
(OD =150um, ID =5, 10, 20 pm)

Figure 2. Capillary patch clamp setup. A\ Overview of the setup showing the chamber and the capillary pipette with associated
voltage control (Axopatch 200-B), pressure control (MFCS) and micromanipulation devices (Newport). The pipette is cut in half for
display purpose. B\ Zoom on the tip of the capillary pipette showing the inserted slice of capillary connecting cis and trans

compartment. OD/ID: Outer/Inner Diameter.
doi: 10.1371/journal.pone.0084376.9g002

800 MQ were kept. As shown in Figure 4A, EggPC (Sigma
Aldrich) formed leaky membranes, generating 100 MQ seals.
DPhPC (Avanti Polar Lipids) resulted in gigasealed
membranes with a rms noise amplitude of 5 pA at 1 kHz
(Figure S3).

Current and fluorescence detection of T5
bacteriophage DNA release

Phages with their DNA pre-stained were added to the
chamber (cis side) at a concentration of 10" pfu/mL. Phages
bound equally to the supported part and suspended part of the
lipid bilayer, provided that it was functionalized with FhuA. They
remained immobile on the supported part (most probably
because FhuA has long loops extending out of the membrane
that are stuck to the glass surface) whereas they freely diffused
in the suspended region (Figure 5A). Their diffusion coefficient
(D) was assessed by individually tracking each phage particle,
which appears as a dot before it ejects its DNA. Measuring the
2D mean squared displacement, we found a value for D of 2.6
um2.s™ (Figure 5B and C). As one phage binds to one FhuA
[24], we can suppose this value corresponds to the diffusion
coefficient of a phage particle bound to one FhuA protein. Both
FhuA and T5 contribute significantly to this coefficient: on the
one hand, we calculated that the phage particle 3D diffusion
coefficient is 3.8 um2.s™ (approximated to a sphere, 50 nm in
radius); on the other hand, transmembrane protein diffusion
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coefficient varies between 2 and 10 ym2.s”', depending on the
membrane composition [25].

In order to further visualize DNA ejection itself, unstained
phages were used to avoid pre-ejection photoinduced damage
or capsid rupture. Yo-Pro | was present in the observation
chamber at a 1 yM concentration, which allows immediate
staining of every free DNA strand once out of the capsid but
does not label intracapsid DNA over a one-hour course. It
follows that binding events of phages onto the membrane could
not be imaged. DNA ejection alone was visualized while
transmembrane ionic current was recorded. Following N = 3
successful events, correlated signals between the
transmembrane conductivity and the optical signal were
obtained (Figure 6A). DNA release was followed in real time by
monitoring the temporal variation of fluorescence intensity as
intercalating dyes are instantaneously incorporated in the
ejected dsDNA. On the example displayed in Figure 6, DNA
release occurs in 3.5 s (typically 3 s) and correlates with a step
increase in the transmembrane conductivity of 0.5 nS. These
values are in line with [8,9]. The conductance remains constant
during DNA release and then rises by another 1 nS
concomitantly with the arrest of fluorescence increase.
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Figure 3. GUV bursting on capillary pipette tip. A and B\
Fluorescence images depicting the steps for GUV patch
formation. The glass capillary tip is constantly maintained in
focus. The DPhPC GUV is fluorescently labeled with FhuA-
Alexa568 molecules. From left to right: the GUV is raised
progressively until its top reaches the pipette tip (middle). The
GUV bursts on the capillary glass section (right). Scale bar =
20 ym. C\ It leads to an immediate current drop that is
monitored by maintaining a constant voltage through the
pipette (20 mV). A seal is obtained if the membrane
completely covers the internal pipette diameter, delimited by a
red circle in the inset. This suspended membrane is connected
to a supported membrane, which is delimited by a green line in
the inset.

doi: 10.1371/journal.pone.0084376.9003

Discussion

A new technique to combine fluorescence,
electrophysiological measurement and mechanical
stimulation on a suspended membrane

Few in vitro assays and studies allow the combination of
both electrical measurements and imaging: previous
achievements used either a membrane formed by thinning a
film of lipids dissolved in organic solvents (Black Lipid
Membrane or BLM), or an aqueous droplet immerged in oil and
dissolved lipids which is put into close contact with a thin
hydrogel [26] (Droplet on Hydrogel Bilayers or DHBs). In both
cases, the presence of organic solvents prevents direct
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incorporation of the membrane proteins that were subsequently
added after membrane formation by several non-quantitative
methods (Ca?* induced fusion, or membrane protein
solubilization). An alternative approach consisting in patching
GUVs functionalized with ion channels has already been
devised [27,28]. Nonetheless, in the particular case of FhuA, it
is more difficult to detect membrane protein incorporation since
FhuA has no intrinsic electrical activity. Two previous studies
[8,19] report reconstitution of FhuA within BLMs, however the
second study underlies that they were unable to reproduce
data of the first publication, emphasizing the difficulty of
reconstituting active transmembrane proteins.

Our approach partly solves this issue since it provides a
consistent and repeatable way of generating a FhuA
functionalized bilayer. However the fraction of functional FhuA
remains low. Indeed, after 1 hour of incubation no more than 1
phage per 10 um? of vesicle area was observed. Given that the
FhuA/lipid weight ratio we used is 1%, we estimate a protein
density of around 200 FhuA mol/um? of membrane. As the
membrane is symmetrical, we expect that only half the proteins
are inserted in the correct orientation. However, we find that 0
to 10% of bound phages (with an average of 2%) eject their
DNA in the GUV. We checked with a bulk assay that neither
labeling of FhuA molecules (Figure S1) nor FhuA reconstitution
into SUVs (Figure S2) alters drastically FhuA ability to induce
phage DNA release. Additionally, 90% of phages were able to
eject their DNA with solubilized FhuA (data not shown). Hence
we estimate that only a fraction of 0.1% of FhuA proteins are
active in the reconstituted membrane, assuming a physiological
1/1 relationship between phage and FhuA (the most probable
hypothesis [29]). We concluded that FhuA proteins are being
inactivated during GUV formation by electroswelling, a process
made at low salt concentrations, a condition known to reduce
protein activity. Ideally, one should use methods that better
preserve proteins to produce GUVs. Yet only electroswelling in
low salt leads to a high yield of large (>20 ym) GUVs, which
are needed for the method we developed. Although the total
incorporation yield is low, it is still high enough to perform
single phage observations on suspended bilayers of 10 ym in
diameter.

Another advantage of the technique is that it provides a way
to control the density of incorporated proteins without organic
solvent use. The reconstitution process can be controlled at
several steps, if using fluorescently labeled proteins. It allows
controlling of the membrane biochemical properties (cis/trans
solution asymmetry, lipid composition, membrane proteins
composition). Additionally, the membrane is much larger than
in standard patch clamp experiments (5-20 pm in diameter
whereas standard patch pipettes have a 1-2 pm wide
diameter), which is an advantage for optical detection.

However the method suffers from several drawbacks. The
experimental setup is sophisticated and micromanipulation is
required. In addition, maintaining protein activity during GUV
formation is difficult, but constant progress and new techniques
are made in this field [18,30—34]. Lastly membrane stability (i.e.
the amount of time spent with a membrane resistance higher
than 1 GQ) varies between bilayers from a few seconds to tens
of minutes (Figure S4E). We observed that membranes mainly
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Figure 4. Capillary patch clamp stability. A\ Traces of ionic current during the formation of a membrane patch from DPhPC
GUVs (left) and from EggPC GUVs (right). Gigaseals are obtained only for DPhPC lipids. B\ Time lapse images centered on the ID
region of the capillary, showing two examples of DPhPC membrane patch breakage. For t < 0, the membrane patch is intact and
visible thanks to fluorescently labeled membrane. At t = 0, holes are nucleated at the contact circle between the supported and free
standing membrane region. At t > 0, the nucleated holes expand progressively until they uncover the totality of the capillary ID.

Images are separated by 0.1 s. Scale bar: 10 ym.
doi: 10.1371/journal.pone.0084376.g004

break at the contact line between free-standing membrane and
supported membrane (Figure 4B and Figure S4). Membrane
stability might be improved by stabilizing the line connecting
the membrane patch to the supported membrane. Another way
to improve membrane stability is to use lipids with long carbon
chains and a low insaturation degree, as they are less prone to
break [35].

Another point worth noticing is that our method can be used
to obtain low tensed membrane patch, in case we passivate
glass just after gigaseal formation (see Supporting Information
S1). Like other methods, setting the hydrostatic pressure
difference between the inside and the outside of the capillary
allows us to indirectly control membrane tension. However,
reaching the very low tension regime (i.e. highly fluctuating
membrane) is very difficult. The reason is that most of glass
patching methods artificially induce a high membrane tension
set by the adhesion energy between glass and lipids [36]. Thus
even at zero pressure difference between cis and trans
compartment, there is a resting membrane tension which is
always very high (~>10-® N.m""). This high tension potentially
affects membrane protein function. It also leads to an
“electrophysiological blind-spot”, i.e. membrane tensions for
which no data are currently available, as hypothesized by the
authors of [36]. In membrane mechanics studies it is possible
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to span a much larger range of membrane tensions by using
the pipette aspiration technique. Spanning 4 orders of
magnitude has been reported [37]. It remains however very
difficult to set a tension below the resting tension of the held
vesicle. By using our method with glass passivation (details in
Supporting Information S1 and Figure S4D), the resting tension
at zero pressure difference can be dramatically lowered, as it
no longer depends on lipid/glass adhesion. At equal pressure
between cis and trans compartment, we could observe highly
fluctuating membranes, and even buckling instabilities when
the excess of membrane was very large (Figure 7), a result
already reported for some specific membrane compositions
[38]. We did not measure tension precisely, but our capability
to reach both the highly fluctuating regime and the breaking
limit indicates that our method allows us to span the entire
range of membrane tension (a summary of the method
capabilities is presented Figure 8). We postulate that reaching
very low tensions may be important to study processes such as
endosomal trafficking, or to tackle mitochondria/Golgi/ER
shape.
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Figure 5. Phage T5 diffusion on lipid membrane. A\ Fluorescence image series showing diffusion of three individual T5 phages.
The images are centered on the capillary ID. Three bound phages are visible on the suspended bilayer part (circular patch, 10 ym in
diameter), for which intracapsid DNA is stained (Yo-Pro |). To emphasize the regions explored by the phages, a series of maximum
intensity projection over time is performed; successive images correspond to a doubling time period, starting from one image (0.1 s).
B\ Tracked trajectories of the 3 phages over a 10 s period. C\ Diffusion coefficient calculation for the three phages. MSD stands for
mean squared displacement. The mean of the three values obtained for each phage is 2.6 um?2.s'. Deviation from free Brownian
motion (dashed line) is a consequence of constrained diffusion area (see phage n°2).

doi: 10.1371/journal.pone.0084376.g005

Discussion on bacteriophage T5 DNA ejection process

Most DNA ejection studies were conducted in absence of a
lipid membrane, as DNA ejection of T5 [9,17,39], lambda
[21,22,40,41], SPP1 [42], 9NA and P22 [43] can be triggered in
vitro by simple docking to their purified receptors solubilized in
detergent. In this context and regarding T5 phage, DNA
ejection in solution was demonstrated to occur in 3 steps: a
binding step to its receptor FhuA with a high rate constant
(3.10% M'.s”"), an activation step during which conformational
rearrangements of the tail proteins are likely to occur over a
period of around 10 min (24°C), and a DNA release step when
the dsDNA is released in the surrounding medium in around 3
s [9]. Yet, the conditions of these dynamical studies
[9,21,22,39] differ a lot from the in vivo situation where FhuA
proteins are inserted in the outer membrane of E. coli. Other
approaches including lipid bilayers already gave us clues as to
the T5 DNA ejection process. For instance, cryo-EM studies
have shown that the T5 phage ejection process could be
reconstituted across the lipid bilayer of large unilamellar
vesicles functionalized with FhuA [44,45]. Additionally, gating
events in the conductivity of BLMs containing FhuA and in
presence of bacteriophages have also been reported [8,19],
indicative of transmembrane pore formation during DNA
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ejections. Single phage docking resulting in conductivity
changes were also reported for the lambda phage and its
membrane receptor LamB [10,11]. FhuA has extensively been
studied [19,46—-48], but the formation origin of a phage-induced
pore remains unclear. In the case of T5, phage docking to
FhuA was proposed to result in conformational changes of a
protein located at the tip of the tail that would form a pore
through which the DNA would be released. The exact order of
the various events (pore formation by the distal tail proteins,
DNA release after conformational changes of the portal protein,
docking, etc.) still remains elusive.

Based on the simultaneous detection of electrophysiological
signal and fluorescence imaging, our data suggest the
following sequence of events for the phage DNA ejection
process (Figure 6B). Phages bind to their membrane receptor
with a high affinity and no noticeable conductance changes.
This suggests that the docking of FhuA to the phage and the
resulting protein conformational changes do not instantly lead
to pore formation. Indeed the phage capsid and tail are porous
to ions [49], we thus expect to obtain detectable ionic current
as soon as a transmembrane pore is assembled, even at the
tip of an empty tail. After docking, it takes 3 to 10 minutes at
25°C to observe concomitant ejection of DNA and pore

December 2013 | Volume 8 | Issue 12 | e84376



Electro-Optical Monitoring of Lipid Membrane

A B
gating DNA released
= DNA release
20 180 = ,
= Bound phage | (~3s) ﬁ
3 160 ®) (~3 min) ﬁ o :
8 15 140 g — 3 time
8 120 |
g < |
3 . 1002 3
g 10 g0 8 v |
o = !
s 60 G - B a8 5B ol L
= 40 ‘
Z > = | — —> |V
o 20 R S
0 T L ) T L T O \l/
9 11 13 15 17 19
Time (s)

Figure 6. Simultaneous monitoring of T5 DNA release and phage induced pore formation through the lipid membrane. A\
Simultaneous recording of electrophysiological activity of the phage induced pore and fluorescence image of released DNA. Three
phases are visible. Left (t < 12.5 s): the DNA has not been released. Middle (12.5 s <t < 16 s): fluorescence increase period i.e.
DNA release step. Right (t > 16 s): fluorescence plateau reached, the DNA has been completely released. Top: mean of Yo-Pro |
fluorescence images obtained for the three periods. Unstained phages were used. Hence Yo-Pro | stains only the DNA released
from phages, and not the intracapsid DNA. Bottom: the amount of fluorescence increase is quantified and shown over time (blue
curve). Simultaneous current measurement is shown in red (black: mean current). Two current steps flank the beginning and the
end of the fluorescence increase period. Applied voltage = -20 mV. Scale bar: 10 um. B\ Suggested sequence of events leading to
phage DNA ejection. See discussion for details.

doi: 10.1371/journal.pone.0084376.9g006
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Figure 8. Range of accessible membrane tension. Schematic description of the accessible membrane tension range for the
pipette aspiration technique, for standard patch clamp, and for our new capillary patch clamp method (if limiting glass adhesion
surface). The typical regions where membranes are stable, buckling or breaking are shown in red.

doi: 10.1371/journal.pone.0084376.g008

- Membrane stability

Stable

formation. It suggests that the portal protein complex that gates formation. During the entre DNA release step, the

the DNA passage from the capsid into the hollow tail opens
concomitantly or prior to the pore formed at the tail tip. Pore
formation is thus the final step of the activation phase. One
could even hypothesize that the intra-tail pressure increase due
to DNA passage could be the triggering event of pore

PLOS ONE | www.plosone.org

conductance remains constant. We believe it reflects the
conductance of the pore with dsDNA in it. The conductance
abruptly changes at the end of ejection, most likely revealing
the conductance of the empty tail linked to the empty capsid.
However, DNA is still attached to the phage/FhuA complex.
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Figure 7. Pressure control and membrane deformation,
under limited glass adhesion conditions. A\ RICM
visualization of membrane deformation as response of applied
pressure on membrane and corresponding sketch. B\ A large
excess of membrane can sometimes be obtained. Large
fluctuations can be observed at nearly equal pressure that lead
to huge membrane fluctuations.

doi: 10.1371/journal.pone.0084376.9g007

Indeed, using our first GUV observations, we noticed that the
DNA strand remains attached to the phage/FhuA complex
(Figure 1C) for at least 2 h at least after the end of the ejection.
Due to the 2D diffusion of the bacteriophage particles on the
vesicle surface, it is hard to determine the exact length of
ejected DNA. However, based on the lateral extension of the
DNA fluctuations (~2 um) and based on the comparison with
images taken for fully ejected DNA, we can conclude that the
DNA is almost entirely ejected. The abrupt conductance
change confirms that the fraction of DNA still bound is very
small and could be loosely bound to the pore complex. The
final attachment of DNA to its capsid has already been
observed in various circumstances where phages were
adsorbed on solid substrates [9,21,22]. However it was
speculated that it could be an artifact of non-specific surface
adhesion at the DNA end. In our system this hypothesis is
ruled out and we demonstrate that the attachment really occurs
via the phage/FhuA complex.

Conclusions

In conclusion, we propose an innovative method to create
suspended membrane bilayers that can be imaged using high

PLOS ONE | www.plosone.org
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resolution microscopy while being monitored for their single ion
channel activity. We used a two-step process comprising of the
reconstitution of membrane protein in GUV followed by the
formation of the bilayer by GUV fusion over the tip of a capillary
tube. This method offers the possibility to reconstitute
transmembrane proteins into suspended bilayer of controlled
tension. Simultaneous imaging and electrophysiological
measurements could be achieved. We illustrate the use of our
method by studying the in vitro reconstitution of DNA ejection
from a T5 bacteriophage.

Supporting Information

Supporting Information S1. Detailed method: capillary
patch clamp with glass passivation.
(DOCX)

Figure S1. Control of labeled FhuA activity. A\ Following
the protocol published in (5), we tested the activity of Alexa
labeled FhuA (dashed curve) vs. unlabelled FhuA (continuous
curve). The amount of ejected DNA was measured as a
function of time with 1 ym Yo-Pro | with a spectrofluorometer at
37°C. FhuA was added at (t = 0) at 40 nM in both cases, in a
regime where the kinetics highly depends on FhuA
concentration. The curves were both normalized to the final
fluorescence plateau, a state corresponding to all phages
having ejected their DNA. The good overlay of curves proves
that FhuA labeling does not impair its activity.

(TIF)

Figure S2. Control of FhuA activity in reconstituted SUVs.
As explained in materials and methods, DPhPC-FhuA SUVs
are recovered by centrifugation after dialysis. In this figure, the
ability to induce DNA phage ejection is tested for: a — the
recovered DPhPC-FhuA SUV pellet (squares), b — its
supernatant (continuous gray line), ¢ — positive control
(solubilized FhuA not inserted in SUVs) (dashed line), d —
negative control (triangles). The kinetics is similar between
positive control and the DPhPC-FhuA SUV pellet. An offset is
clearly visible due to lipid induced fluorescence.

(TIF)

Figure S3. Gigaseal current example. A\ The membrane
patch is formed at t = 0 s; 20 mV are applied. B and C\ Zoom
on the signal 10 s and 30 s after patch formation. Evenly
spaced peaks can be seen, that correspond to electrical leak
from the camera acquiring at 10 fps.

(TIF)

Figure S4. Membrane behavior with or without glass
passivation. A-B-C\ No glass passivation. A\ Sketch showing
membrane behavior upon membrane break: the suspended
part disappears and the corresponding lost surface is
recovered at the supported membrane edges. B\ Experimental
data showing the dynamics of suspended membrane
disappearance upon membrane break (red) and corresponding
supported membrane surface increase (green). C\ Left:
patched GUV on a capillary before the suspended membrane
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break. Middle: final state of the membrane after rupture. Right:
Subtraction of the middle image from the left image. A lookup
table is applied to show the negative values in red (membrane
that has disappeared), and the positive values in green
(membrane that has appeared). Colors are corresponding with
B. D\ With glass passivation. Left: sketch showing the two
passive glass surfaces: the inside of the capillary and the
surface around the supported membrane. Right: putative model
of membrane break in the low tension regime: a stable
nanohole is nucleated at the edge of the suspended
membrane. The nanohole remains below optical resolution but
the gigaseal is lost. E\ Membrane patch gigaseal lifetime
observed for non passivated glass surface (left, N = 34) and for
passivated glass surface (right, N = 9).
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