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Identifying the Role of Phospholipase D1 and Phosphatidic Acid in Exocytosis

Abstract

Exocytosis is an essential process for intercellular communication in eukaryotic cells. This process
involves significant changes in membrane curvature, and lipids and curvature-sensing proteins can assist
these processes. One protein in particular, phospholipase D1 (PLD1), and its product, the lipid
phosphatidic acid (PA), are involved in multiple exocytic processes. However, PLD1 and PA’s role in this
process has remained unclear. In this work, PLD1 and the production of PA were visualized during
exocytosis, and PA localization to regions of membrane curvature was established. Together, these
results support the hypothesis that PLD1 production of PA stabilizes negative curvature during membrane
fusion.

We demonstrate the localization of PLD1 to multiple exocytic proteins during different forms of
exocytosis. We investigate PLD1 localization to secretory exocytic machinery and cargo; using a pH-
sensitive probe for secretory vesicles in PC12 cells, we observe this localization to sites of exocytosis.
PLD1 is present on secretory vesicles throughout the process from trafficking, to docking and finally to
fusion. A fluorescently tagged PA binding protein, PASS, was then used to visualize the change of PA
localization or production during this process. With PLD inhibitors we identify that PLD1 specifically
produces PA after vesicles dock and during fusion.

In parallel, PLD1 was observed during exosome secretion from multivesicular endosomes (MVEs) in A549
cells. PLD1 localizes to late endosomes, especially MVEs. PLD1 is also present on MVEs during the entire
process, but it is only required to produce PA on docking MVEs. PLD1 inhibition also increases the density
of lysosomes near the surface, indicating a role in late endosome fate.

Finally, to understand why PA is essential in these processes, we explored PA accumulation to curvature
in vitro. A tubulated supported lipid bilayer assay was developed to identify curvature preference of lipids.
PA was found to stabilize the formation of these regions of curvature and to localize to the inner,
negatively curved leaflet of liposomes.
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Abstract

Exocytosis is an essential process for intercellular communication in eukaryotic
cells. This process involves significant changes in membrane curvature, and lipids and
curvature-sensing proteins can assist these processes. One protein in particular,
phospholipase D1 (PLD1), and its product, the lipid phosphatidic acid (PA), are involved
in multiple exocytic processes. However, PLD1 and PA’s role in this process has remained
unclear. In this work, PLD1 and the production of PA were visualized during exocytosis,
and PA localization to regions of membrane curvature was established. Together, these
results support the hypothesis that PLD1 production of PA stabilizes negative curvature
during membrane fusion.

We demonstrate the localization of PLD1 to multiple exocytic proteins during
different forms of exocytosis. We investigate PLD1 localization to secretory exocytic
machinery and cargo; using a pH-sensitive probe for secretory vesicles in PC12 cells, we
observe this localization to sites of exocytosis. PLDI1 is present on secretory vesicles
throughout the process from trafficking, to docking and finally to fusion. A fluorescently
tagged PA binding protein, PASS, was then used to visualize the change of PA localization
or production during this process. With PLD inhibitors we identify that PLD1 specifically
produces PA after vesicles dock and during fusion.

In parallel, PLD1 was observed during exosome secretion from multivesicular

endosomes (MVEs) in A549 cells. PLD1 localizes to late endosomes, especially MVEs.
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PLDI is also present on MVEs during the entire process, but it is only required to produce
PA on docking MVEs. PLD1 inhibition also increases the density of lysosomes near the
surface, indicating a role in late endosome fate.

Finally, to understand why PA is essential in these processes, we explored PA
accumulation to curvature in vitro. A tubulated supported lipid bilayer assay was developed
to identify curvature preference of lipids. PA was found to stabilize the formation of these

regions of curvature and to localize to the inner, negatively curved leaflet of liposomes.
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Chapter One: Introduction

1.1: Phospholipase D and Phosphatidic Acid

Cell membranes in mammalian cells are a mix of lipids and proteins that separate
the interior of the cell from the extracellular matrix that surrounds the cell. The
hydrophobic center of membranes prevents most molecules from passing through, which
protects the cell. The lipid composition of cell membranes is controlled by several classes
of proteins, which can move or modify lipids for curvature or signaling. One group of lipid-
modifying proteins are phospholipases.

Phospholipases are a class of enzymes that cleave phospholipids at various sites
[1]. In the case of phospholipase D (PLD), the headgroup of a lipid is cleaved, resulting in
phosphatidic acid (PA) [1]. In mammals, there are 6 known PLDs, although only three have
been shown to have enzymatic activity: PLD1, PLD2 and PLD6, with PLD1 and PLD2
cleaving choline from phosphatidylcholine [2]. However, all 6 human PLDs have been
implicated in cancers [2]-[11]. PLDs conduct enzymatic activity via two highly conserved
HxKxxxxD domains, where x is any amino acid [12]. In addition, both PLD1 and PLD2
have lipid-binding phox, pleckstrin homology (PH) and a phosphatidylinositol 4,5-
bisphosphate domains [12]. PLD1 and PLD?2 are both specific to phosphatidylcholine (PC)
[12]. One main difference in structure is the presence of a loop domain unique to PLD1

and thought to be involved in regulation of activity. PLDI1 is less basally active than PLD2,
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Figure 1.1: Cartoon Description of Hypothesis for Phospholipase D1 Activity
During Exocytosis. A) PLDI1 reaction. The headgroup of the cylindrical lipid, PC
(yellow), is cleaved, producing PA (pink), an inverse conical lipid. B) Description of
predicted PLDI1 activity during exocytosis. Upon stimulation with Ca*", PLDI1 is
thought to produce PA on the plasma membrane to stabilize the fusion pore, assisting
with the release of vesicular cargo (blue circles). Cartoon created with BioRender.com.

requiring activation via protein kinase C and small G proteins [13], [14]. Upon stimulation,
PLDI is activated and cleaves choline from PC (Figure 1A).

PLDI, but not PLD2, has been shown to be necessary for stimulated exocytosis
[15]. One hypothesis for the role of PLDI is that its product, PA, stabilizes the fusion pore
during exocytosis due to its inverse conical shape and the significant negative curvature
required at the site of the fusion pore (Figure 1.1). This is supported by the fact that
introduction of the lipid lysoPC on the extracellular side of the leaflet, a lipid with positive
curvature preference, rescues exocytosis in PLD1 knockdown experiments [15]. PLD1 is
also involved in the Golgi apparatus, where it is also implicated in the formation and
transport of vesicles from the Golgi [16]. Therefore, an alternate hypothesis for PLD1’s
role in exocytosis could be related to this role, where if vesicle formation is reduced that

would indirectly reduce exocytosis. To test this hypothesis, we observed PLD1 localization



during exocytosis. Temporal mapping data of PLD1 during fusion was lacking, as was data

regarding just how much PA stabilizes regions of curvature.

1.2: Exocytic Pathway of Secretory Vesicles

The exocytic pathway is vital for intercellular communication. Vesicles containing
signaling molecules, such as neurotransmitters or hormones, dock at the plasma membrane.
Upon stimulation, Ca®" enters the cell, which signals for the release of secretory vesicles
via Ca*"-binding proteins. This process is controlled by many proteins. The hallmark
proteins of exocytosis are the three SNARE proteins, Syntaxin (Syxla), SNAP25 and
vesicle associated membrane protein (VAMP2), which fold to fuse the membranes together
[17]. While SNARE proteins are the most studied, and form the minimum machinery for
exocytosis, it is known that there are other proteins involved in this process. In this work,
we focus on PLDI1; PLDI has been shown to also be required for exocytosis, as
knockdowns or inhibition of PLD1 but not PLD2 lead to a significant reduction of
exocytosis [12], [18]-[21]. Because PLDI1 produces a lipid with a negative curvature
preference, it is thought that production of PA at the plasma membrane stabilizes the
curvature at the fusion pore [15] (Figure 1.1). Syntaxins have also been shown to have PA-
binding domains, which may have a role in this process [22], [23].

Like PA, other lipids and cholesterol have also been well-characterized in the
exocytic process. Particularly, cholesterol and phosphatidylinositol-(4,5)-bisphosphate
(PI(4,5)P2) have been shown to be enriched at sites of fusion. PI(4,5)P2 has been shown to

be a lipid that binds to exocytic proteins, including Synaptotagmin and SNARE:.



Additionally, syntaxins have a polybasic region that binds to charged lipids, including PA
and PIP2 [22], [23]. This polybasic domain could drive recruitment of PA to the fusion
pore, illuminating a second potential role of PLD1 during exocytosis. Additionally, PLD1
has both a PIP-binding PH domain and a specific PI(4,5)P2 binding domain, so it is likely

recruited to these lipid domains near docked vesicles, as well.

1.3: Multivesicular Endosomes and Exosome Secretion

Another method for intercellular communication lies in secretion of exosomes, a
class of extracellular vesicles. Late endosomes can form intraluminal vesicles (ILVs),
becoming multivesicular endosomes (MVEs). Once these MVEs fuse with the plasma
membrane, the ILVs become exosomes, and may contain various biomolecules to deliver
to other cells, such as proteins or RNAs. MVEs have been seen in many cell types by
electron microscopy, with more exosomes are secreted in many cancers [24]-[27].
Although MVEs are known to play a role in intercellular communication and cancer, not
much is currently known about MVE formation and secretion.

Exosomes are known to play a role in metastasis [24]-[27], and the secretion of
exosomes 1is upregulated in advanced cancers [26]. Similarly, PLD1 and PLD2
overexpression is implicated in certain cancers [3]-[11]. PLD1 and PLD2 have been shown
to localize to endosomes under basal conditions [28]—-[33]. Some evidence already exists
that suggests that both PLDs play a role during both ILV formation (PLD2) and exosome
secretion (PLDI1) [2], [34]-[36]. If PLD1/2 overexpression was related to exosome

secretion, it could help identify the role these proteins play in cancer. Knockouts of either



PLDI or PLD2 lead to a significant reduction of exosomes secreted [36], and PLDI has
been specifically implicated in secretion, while PLD2 is implicated in MVE formation [2].
PLDs may be involved in this process due to the curvature of fusion, like in secretory
vesicles, or by stabilizing curvature during the formation of intraluminal vesicles in MVEs.
One protein exosomes are particularly enriched in is the tetraspanin CD63, which often
serves as markers for MVEs or exosomes. In Chapter 3, we used various CD63 probes to

observe MVEs, and we explored PLD1 and PA during these processes.

1.4: Lipid Geometry and Curvature-Based Sorting

Cells must regulate the shape of their membranes. This regulation is critical for
many cell processes, including maintaining important shapes of organelle membranes and
cell signaling. The fusion pore during exocytosis is an example of a highly curved
membrane (Figure 1.1B). Curvature can be regulated by proteins, whether by inserting in
the membrane or by scaffolding [37]. Alternatively, lipid geometry can affect membrane
curvature [37]-[40]. In this work, we focus on the role of lipids in membrane curvature.

There are two models for lipid-based regulation of membrane shape: lipid geometry
and defect sites. In the former case, lipid geometry is dependent on the size of the
headgroup compared to the acyl chains, and can be cylindrical, conical or inverse conical.
PC is a common example of a cylindrical lipid, with no preference for membrane curvature.
PA, one of the main focuses of this work, is an inverse conical lipid (Figure 1.1A). When
a high concentration of inverse conical lipids, like PA, are present, the membrane begins

to deform [39], [41]-[43]. The defect site model suggests that lipids will sort to already



present curvature instead of forming curvature themselves [40], [44]. These models are not
mutually exclusive.

The headgroups of lipids, however, are not the only part of the lipid to play a role
in curvature preference. Previous studies have shown that the number of carbons in the
acyl chains also affects curvature preference, with lipids with longer chains having a higher
preference [38], [40]. To understand curvature stabilization of PA, in Chapter 4 we
explored the effects of lipid headgroups and tails to regions of curvature using a new

curvature assay.



Chapter Two: Phospholipase D1 Produces Phosphatidic Acid at Sites of Secretory
Vesicle Docking and Exocytosis

Phospholipase D1 (PLD1) activity is essential for the stimulated exocytosis of
secretory vesicles where it acts as a lipid-modifying enzyme to produces phosphatidic acid
(PA). PLD1 localizes to the plasma membrane and secretory vesicles, and PLD1 inhibition
or knockdowns reduce the rate of fusion. However, temporal data resolving when and
where PLDI1 and PA are required during exocytosis is lacking. In this work, PLD1 and
production of PA are measured during the trafficking, docking, and fusion of secretory
vesicles in PC12 cells. Using fluorescently tagged PLD1 and a green fluorescent protein-
tagged PA binding protein (GFP-PASS), cells were imaged using total internal reflection
fluorescence microscopy to monitor the presence of PLDI and the formation of PA
throughout the stages of exocytosis. Single docking and fusion events were imaged at high
speed to measure the recruitment of PLD1 and the formation of PA. PLD1 is present on
mobile, docking, and fusing vesicles and also colocalizes with Syx1la clusters. Treatment
of cells with PLD inhibitors significantly reduces fusion, but not PLD1 localization to
secretory vesicles, however, the formation of PA is altered. When PLDI1 is active, PA is
produced slowly on docked vesicles in stimulated cells over the course of 10s of seconds
and produced during fusion with a maximum PA occurring ~1.4 s after fusion. Production

of PA during docking and fusion is eliminated in cells treated with PLD1 inhibitors,



indicating that PLD1 produces PA during exocytosis. PA formation is required for
secretory vesicle exocytosis and potentially acts an essential regulator of fusion.

One of our undergraduate students, Megan Hulser, assisted with ~5% the data
collection and analysis of this chapter, while I collected and analyzed the rest. Michelle

Knowles assisted with revising the writing, ~30%.

2.1: Introduction

Regulated exocytosis is a tightly controlled process in neuroendocrine cells that is
essential for the secretion of hormones and neurotransmitters. During exocytosis, the
membrane of a docked vesicle fuses with the plasma membrane, a process with a high
energy barrier. SNARE proteins have been shown to provide the minimal machinery for
fusion [1] and a few copies, along with their accessory proteins, can provide the energy
required [2], [3]. While SNARE proteins are vital for exocytosis, lipid rearrangement has
been proposed to assist by recruiting protein clusters [4] recruiting vesicles [5], or
stabilizing the highly curved fusion pore [6]—[8]. For example, phosphatidylinositol (4,5)-
bisphosphate (PI(4,5)P2) has been shown to inhibit fusion pore dilation [9] and cholesterol
is involved with the clustering of Syntaxinla, a plasma membrane associated SNARE
protein essential to docking and fusion [4]. Lipid-modifying enzymes, such as
phospholipase D1 (PLD1), have been implicated as essential in exocytosis [10]-[14] and
its product, phosphatidic acid (PA), can stabilize negatively curved membranes [8], [15]—

[17].



There are six PLD isoforms in mammals, with PLD1 and PLD2 acting as lipases
positioned within to play a role in exocytosis [11], [12], [14], [18], [19]. PLD1 and PLD2
use the substrate phosphatidylcholine to produce PA [20]. PLD1 and PLD2 primarily differ
in basal activity; PLD2 is constitutively active and PLD1 is stimulated [21]. Several studies
have shown that inhibition and knockdowns of PLDs reduce exocytosis [10]-[14].
Specifically, PLDI is essential for exocytosis in platelets, HL-60 cells, PC12 cells and
chromaffin cells [13], [22]-[24], where the loss or inhibition of PLD1 diminishes secretion,
demonstrating that that PLD1 or PA is required. However, PLD2 has also been shown to
be involved in exocytosis, particularly in mast cells, where PLD1 and PLD2 are involved
at different stages [25]. Overall, PLDI is required for stimulated exocytosis in most
secretory cells, and it is likely that the formation of PA is essential.

PLDI localizes partially to the plasma membrane [18], [26], [27], and its activity
increases during stimulation leading to the formation of PA at the plasma membrane [13],
[28]. PA formation has typically been observed by the recruitment of the PA binding
domain (PABD) of Spo20 to the plasma membrane [13], [23], [29]. However, new dyes
have been designed to show where PA is newly formed, using click chemistry and relying
on PLD activity [30]. One hypothesis for the role of PA is during the membrane fusion step
of secretion, where PA could stabilize the highly curved fusion pore [8], [15]-[17]. PA is
an inverse conical lipid containing a small, negatively charged headgroup with two fatty
acid tails. PA has been established as preferring negative curvature in in vitro studies [15],
[16], [31]. However, precisely when and where PA is formed during exocytosis is currently

lacking.



To test if PLDI is present at fusing vesicles and determine when and where the
production of PA is required, a model secretory cell line (PC12) was used to express either
GFP-PLDI or GFP-PASS, a PA biosensor similar to PABD [32]. Cells were imaged using
total internal reflection fluorescence microscopy and the presence of PLD1 and the
formation of PA were compared with the location of secretory proteins: Syntaxin-la
(Syx1), vesicle associated membrane protein 2 (VAMP2) and neuropeptide Y (NPY).
Single fusion events were imaged at high speed to measure the recruitment of PLD1 and
the formation of PA as vesicles docked and fused with the plasma membrane.
Colocalization under basal, stimulated, and inhibitory conditions demonstrate that PLD1 is
present on docked, fusing, and moving vesicles and colocalizes with Syx1 clusters.
However, PA is only produced after vesicles dock and during membrane fusion, and the

production of PA requires PLDI.

2.2: Materials and Methods
Cell Culture:

PC12-GR5 cells were cultured in flasks in Dulbecco’s modified eagle medium
(DMEM, ThermoFisher, Waltham, MA, USA) supplemented with 5% fetal bovine serum
(ThermoFisher, Waltham, MA, USA) and 5% equine serum (ThermoFisher, Waltham,
MA, USA) and incubated at 37°C and 5% COz. For imaging, PC12 cells were plated in 8
well plates (Cellvis, Mountain View, CA, USA) treated with poly-L-lysine (Sigma Aldrich,
St. Louis, MO, USA). Cells were transfected with Lipofectamine 2000 (ThermoFisher,

Waltham, MA, USA) and plasmids (25-100 ng/well) for fluorescently tagged proteins. The

10



EGFP-PLDI plasmid was a gift from Jeremy Baskin [30]. VAMP2-pHmScarlet was a gift
from Pingyong Xu (Addgene plasmid # 166890). GFP-PASS was a gift from Guangwei
Du (Addgene plasmid # 193970). Cells were tested for mycoplasma using MycoFluor
(ThermoFisher, Waltham, MA, USA) according to manufacturer protocols.

To stimulate fusion, a stimulation buffer containing 3 mM NacCl, 140 mM KCI, 1
mM MgClz, 3 mM CaClz, 10 mM D-glucose and 10 mM HEPES, pH 7.4 (ThermoFisher,
Waltham, MA, USA) was added to a final concentration (KCI) of 60 mM. In inhibitory
experiments, cells were incubated with 0.013% DMSO with or without 100 nM pan-PLD
inhibitor 5-fluoro-2-indolyl des-chlorohalopemide (PLD1/2i, Sigma Aldrich, St. Louis,
MO, USA) or 500 nM PLD1-specific inhibitor VU0155069 (PLD1i, Sigma Aldrich, St.
Louis, MO, USA) for 30 minutes at 37°C and then imaged immediately.

Calcium imaging was performed on a point-scanning confocal microscope
(Olympus Fluoview 3000) with 488 and 640 laser excitation to observe a change in
intensity post stimulation with high K+. Cells were treated with Fluo 4 AM (ThermoFisher,
Waltham, MA, USA) and far-red CellMask (ThermoFisher, Waltham, MA, USA) to test
the influx of Ca2+ upon addition of 3 mM NaCl, 140 mM KCIl, I mM MgCI2, 3 mM
CaCl2, 10 mM D-glucose and 10 mM HEPES, pH 7.4 (ThermoFisher, Waltham, MA,
USA) to a final concentration (KCI) of 60 mM. CellMask and Fluo4-AM were used
according to the manufacturer protocols.

To quantify slot blots, average intensities of each band were measured using Image

J and a background intensity nearby was also measured. Values were corrected by
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normalizing to actin, then divided by the value of wild type cell from the same day,

described in Equation 2.1:

IRelative -

I -1 I in—I
opLpi—lope  IwrActin=IwT.BG @.1)
IwrpLD1—-IlwT,BG Ig.actin—lo,BG

where O is overexpressed, WT is wild type, PLD1 is the PLDI1 band, Actin is the actin
band and BG is a nearby background intensity surrounding the adjacent band.

For immunostaining, PC12 cells expressing VAMP2-pHluorin were fixed in 3.2%
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) for 30 minutes and
immediately permeabilized with 0.1% Triton-X 100 (Sigma Aldrich, St. Louis, MO, USA)
for 10 minutes. Cells were then blocked in 0.5 mg/mL BSA (ThermoFisher, Waltham,
MA, USA) for 4 hours at 4°C and treated with mouse anti-PLD1 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) overnight. Cells were then treated with Alexa-594
conjugated rabbit anti-mouse (ThermoFisher, Waltham, MA, USA) for 4 hours.
Transfection efficiency was 25-30% based on the number of cells observed to be

transfected.

Total Internal Reflection Fluorescence Microscopy:

PC12 cells were imaged in Fluobrite DMEM (ThermoFisher, Waltham, MA, USA)
using a TIRF microscope (Nikon Ti-U) equipped with 491 nm and 561 nm lasers, as
described previously [33]. A 60x 1.49 NA objective, a 2.5x magnifying lens, and an
EMCCD (Andor iXon897, Abingdon, UK) were used in combination with a DualView
(Optical Insights, Suwanee, GA, USA) to split the red and green fluorescence channels

onto the camera via a S65LP dichroic with 525/50 and 605/75 emission filters (Chroma
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Technologies, Bellows Falls, VT, USA). Both color channels were taken simultaneously,
and images were collected by MicroManager at 0.109 pm/pixel and 136 ms/frame [34].
For tracking and inhibition studies, cells were imaged on a stage heater at 37°C. Otherwise
temperature is noted in the figure captions for all data.
Image Analysis:

Image analysis was conducted using MATLAB (v. R2021b, Natick, MA, USA) To

measure the colocalization of static images, AF/S was calculated using Equation 2.2
—=— (2.2)

where C is the intensity of a 7 pixel circle in the GFP-PLDI channel at a spot found in the
red channel, A is a 1 pixel wide concentric ring with one pixel gap from the circle, and bg
is the average intensity of the background surrounding the cell. Movies were corrected for
photobleaching by a home-built code to correct to a constant cell intensity. Visiting,
docking and fusing vesicles were found using a previously established algorithm [33].
Here, a difference movie was calculated, max projected, bandpass filtered and a peak
finding algorithm identify spots where a rapid increase of intensity occurs. Locations of
intensity changes in the red channel were identified and cropped from the photobleach
corrected movies (both green and red). From these cropped movies, intensity plots,

calculated as:

AF _ C—Cy
F Cmax—Co

(2.3)
where C is the intensity of a 7 pixel circle as described in Figure 1 at frame t (Ct) or the

frame with the brightest intensity (Cmax), and Ci is the average initial intensity of a circle

for 5 frames prior to onset of intensity increase. From the traces, data is manually binned
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into visiting, docking and fusing vesicles. If the trace is not clear, the cropped movie is
viewed to determine the fate of the vesicle. Fusion is verified in the movie by an outward
expansion of fluorescence post fusion. For average images of events, only events with at
least 50 frames prior to event onset and 100 frames after were included. The bar graphs
relating the AF/F for PLD1 or PASS intensity were measured at the time corresponding to
the peak in intensity for each event for fusion and visiting vesicles. For the docking events,
80% to the plateau of the VAMP?2 intensity was used instead of the peak intensity.

To determine the relative PASS intensity for the different stages of fusion the PASS
intensity within a circular region divided by the average cell intensity was measured. This
corrects for GFP-PASS protein expression levels. To obtain the relative PASS intensity for
the visiting (orange), docking (pink) and fusion (blue), the PASSinitial intensity for visiting
vesicles was subtracted. The formation or accumulation of PA (via PASS intensity) at
fusion, docking and visiting sites is noted by an increase above 0 in the relative intensity
and is compared to the PASSinitial intensity prior to vesicles visiting.

To determine the mobility of vesicles, tracking of SVs was done on VAMP2-
pHmScarlet vesicles following a previously published analysis [35]. A position list of
peaks was created for each frame, then a tracking algorithm determines tracks from those
points. After tracking, the intensity (AF/S) of the PLD or PA in the vesicle’s position was
measured in time using home-built code. The diffusion coefficient (D) is calculated from
individual tracks by calculating the mean squared displacement. Significance testing and
plotting were conducted using GraphPad Prism (v. 9.5.1, San Diego, CA, USA). The

MATLAB code to locate and crop fusion, visiting and docking events is available on
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GitHub (https://github.com/michelleknowles/membrane-fusion) and previously published

[33].

2.3: Results
PLD1 localizes to secretory vesicles and Syx1 clusters

To determine the role of PLD1 in SV secretion, PC12 cells were transiently
transfected with GFP-PLD1 and either VAMP2-pHmScarlet, NPY-mCherry or Syx1-
mCherry. GFP-PLD1 visually colocalizes to all three proteins (Figure 2.1A-C). To quantify
the extent of colocalization, the GFP-PLDI1 intensity within a circle centered around the
vesicle or Syx1 cluster location was measured relative to the local surrounding background
(AF = circle — annulus, shown in Figure 2.1D). This was normalized by the expression level
(S = annulus — background outside of the cell). A positive value indicates that GFP-PLD1
is present at VAMP2 containing vesicles, NPY vesicles, or Syx1 clusters. GFP-PLDI
significantly localizes to all three compared to a negative control: cytosolic GFP. Upon
stimulation with high K* buffer, Ca®" enters PC12 cells and fluorescence from a calcium
indicator increases (Figure 2.2). All cells were labeled with CellMask (Figure 2.2A) and
Fluo4-AM (Figure 2.2B-C). The only cells that did not show a change indicating the influx
of Ca?" were cells that were part of a larger cluster of cells (Figure 2.2D-E), therefore,
single cells or pairs of cells were measured for the remaining experiments. No increase in
colocalization was observed for PLD1 at VAMP2 positions after 2 minutes of stimulation

(Figure 2.1D). Overall, PLDI is positioned to play a role in is exocytosis, in line with what
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GFP-PLD1 Syx1-mCh

Figure 2.1: Phospholipase D1 Colocalizes with Secretory Vesicle Markers and
Syntaxin Clusters. A-C) PC12 cells were transfected with GFP-PLDI1 (left) and A)
VAMP2-pHmScarlet, B) NPY-mCherry or C) Syx1-mCherry (middle) and imaged at
room temperature using TIRF microscopy. The overlays (right) are white where
colocalization occurs. Scale bar: 2 pm. D) The extent of GFP-PLD1 accumulation,
AF/S, at VAMP?2 spots (dark orange), NPY (light orange) or Syx1 (blue). As a control,
AF/S was measured for cytosolic GFP at VAMP?2 spots (white). Striped bars represent
AF/S of PLD1 or cytosolic GFP in cells stimulated with 60 mM KCI. Significance
represents comparison to the cytosolic GFP control (** p < 0.005, *** p < 0.0005). The
KCI stimulated cells are compared to the KCI stimulated control. Inset: description of

AF _ C-A . . .
AF/S measurements, where S = At The circle, C, is represented by the orange circle,

while annulus A is the space between the cyan circles and bg is the average intensity
surrounding the cell.

others have shown [11], [14], [18], [19], and stimulation does not alter the position of PLD1
over a short period of time.

One limitation of using GFP-PLD1 is that some studies suggest that overexpression
of PLDI1 leads to mislocalization [27]. By eye, GFP-PLDI is extremely low expressing as
noted by how dim cells were on the microscope, suggesting that transient expression in
PC12 cells is low. To quantify the amount of overexpression a slot blot of PLD1 from

transiently transfected cells was compared to endogenous PLD1 expression (Figure 2.3A).
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Figure 2.2: Calcium Influx in KCI Stimulated PC12 Cells. PC12 cells were treated
with Deep Red CellMask and the Ca®" dye Fluo-4 AM and imaged on a confocal
microscope. Images were taken before and after the addition of stimulation buffer to a
final KCI concentration of 60 mM. A) Average of 50 frames at 2.17 s/frame in CellMask
channel. B-D) average of 5 frames prior to (B) or after (C) KCI stimulation and the
difference between the images (D). B and C are contrasted identically. E) Composite
image of the difference image shown in D (green) and the CellMask image shown in A
(magenta).

PLDI1 is increased by 4.3% overall and about 25% of cells are transfected (Figure 2.3),
therefore it is overexpressed by approximately 17% in transfected cells. To determine if
the colocalization observed with GFP-PLD1 (Figure 2.1) was also present with endogenous
PLDI1, immunofluorescence was performed on fixed cells; anti-PLDI1 is present at sites of

VAMP2-pHluorin (Figure 2.3D).

17



A Wild Type Overexpressed C § 1 08—
Anti-PLD1 =
o
B E 1.06- ®
o)
3 .
1.02
(]
D =
O 1.00 -e—o—o
L 2
el § ©
T T 0.98 , T
(/]
VAMP2-pHluorin  Anti-PLD1 b& ’\9
&£

Figure 2.3: Blotting Overexpression of PLD1 and Staining for Localization. A)
Example Slot Blot of PLD1 and actin in wild type PC12 cells and PC12 cells transfected
with GFP-PLDI1. C) Normalized and corrected intensity of bands for PLD1. Values
were corrected by normalizing to actin, then divided by the value of wild type cell from
the same day. Lines are average, error bars are SEM (n = 3 days). C) Cells expressing
VAMP2-pHluorin (left) were fixed, permeabilized and stained with anti-PLD1 and
Alexa594-labeled anti-mouse (middle). On overlay of the two is also shown.

GFP-PLDL1 is present on mobile VAMP?2 vesicles and during docking, fusion

To assess whether PLDI1 is recruited as vesicles traffic to the plasma membrane,
dock and then fuse, cells expressing GFP-PLD1 and VAMP2-pHmScarlet were imaged in
time using TIRF microscopy. VAMP2-pHmScarlet is visible prior to fusion and also
increases in fluorescence due to the large pH change that occurs upon fusion [36], making
it an excellent probe for visualizing moving, docking, and fusing vesicles in a single-color
channel. VAMP2-pHmScarlet vesicles were located using a previously established method
[33], then divided into three classes: visiting, docking, or fusing vesicles based on whether
they move through a cropped movie (Figure 2.4A), appear and remain static (Figure 2.4B),
or appear, increase quickly in intensity and spread out from the center (Figure 2.4C). To
quantify the data, the intensity within a circular region (Figure 2.1D, inset orange) was
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measured in time and the average of five frames prior to the event onset (-0.5 to -0.1 s) was
subtracted and normalized (see Methods). Note that the annulus was not used in this
measurement because it changes in intensity when fusion occurs asfluorescence radially
expands. The whole trace was then normalized by the maximum intensity. To visualize this
change, events were averaged into one movie and then 5-frames at fusion and visitor onset
(-0.5 to -0.1 s, “initial”) and VAMP2 peaks or plateaus (“final”’) were averaged (Figure
2.4D-F, top row). To highlight the change that occurs in the PLD1 concentration during
the events, the initial image was subtracted from the final image to create a difference
image (“A”). All GFP-PLD1 difference images show spots in the center. As a control,
cytosolic GFP was expressed in place of GFP-PLD1 (Figure 2.4D-F, bottom row). The
intensity in time is shown for both the vesicle (Figure 2.4G-I, purple) and PLD1 (Figure
2.4G-1, green) such that 0 s is the beginning of the rise in VAMP2 intensity. In all three
types of events, the intensity of GFP-PLDI significantly increases after the onset of
visiting, docking or fusion (Figure 2.4D-I), suggesting that PLD1 is carried on VAMP2

vesicles. Cytosolic GFP was used as a control, and an increase is not observed (Figure

A 1.0 VAMP2-pHmScar B 1.07 C 1.07
i O Cytosolic GFP L .
& 0.5/ "n,””‘“””‘ % 0.5 n\”l‘u"Il\m“",'w.w"”“'u'\"l”"'w' & 0.5
] ‘ ""”“”"H o 5l é I‘n g
a—.@-#"e’ | A é#ig | | . : . , wrﬂ
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Figure 2.5: Cytosolic GFP does not change during moving, docking or fusion
events. The normalized intensity of VAMP2-pHmScarlet (purple circles) and cytosolic
GFP (green squares) during A) Visiting, B) Docking and C) Fusion events. Error is
SEM.
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Figure 2.4: GFP-PLD1 Localizes to Visiting, Docking, and Fusing VAMP2
Vesicles. PC12 cells expressing GFP-PLD1 and VAMP2-pHmScarlet were imaged at
136 ms/frame at room temperature. A-C: Single vesicle events were located using an
automated algorithm that identifies three types of events: visiting (A), docking (B) or
fusing (C) vesicles Top rows: montages of VAMP2-pHmScarlet. Bottom rows:
corresponding montages of GFP-PLDI1, where each image is a 5-frame average. Scale
bars: 2 um. A-C are examples of a single event. D-F) Average images of many events
prior to visiting (D, 17 PLD1 and 22 GFP events), docking (E, 18 and 10 events) or
fusion (F, 22 and 25 events) at the onset (left) and peak/plateau VAMP2 intensity
(middle) for PLDI1 (top) or cytosolic GFP (bottom). A difference image, A, of each is
shown to highlight changes (right). Initial and final images are contrasted the same.
Scale bar: 2 um. G-I) Left: Traces of G) visiting (n = 37), H) docking (n = 20) and I)
fusing (n = 32) vesicles for GFP-PLD1 (green) and VAMP2-pHmScarlet (purple). The
intensity, AF/F, was normalized to 1.0 for each event prior to averaging. Bar graphs
depicting AF/F values of GFP-PLD1 (solid) and cytosolic GFP (striped) at the peak of
the VAMP?2 traces or at 80% of the plateau. Error bars are SEM.

2.4G-1, Figure 2.5). This suggests that PLD1 is present on moving VAMP?2 vesicles and
more may be recruited during docking and fusion.
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Inhibition of PLD1 reduces the fusion of VAMP2 vesicles and vesicle mobility but
does not alter PLD1 localization

One key feature of PLD1 is its ability to convert PC into PA, where the lipid PA is
then involved trafficking [29], [37], [38] and fusion [10]-[14]. To explore the activity of
PLD1, PCI12 cells expressing GFP-PLD1 and VAMP2-pHmScarlet were treated with 100
nM FIPI, a pan-PLD inhibitor or 500 nM VUO0155069, a PLD1 specific inhibitor. To verify
if fusion is blocked in the presence of inhibitors, the rate of fusion was measured. The
frequency of fusion was reduced in both unstimulated and K" stimulated cells when cells
were treated with either inhibitor (Figure 2.6A-B), but the localization of GFP-PLDI to
sites of fusion was not significantly affected (Figure 2.6C). The inhibition of PLDs also
altered the rate vesicles near the plasma membrane moved. VAMP?2 vesicles were tracked
in time and the rate of motion was measured. Diffusion coefficients of VAMP2+ vesicles
in cells treated with inhibitors were slightly slower (Figure 2.6D). However, when only
mobile vesicles (D > 0.0055 pm?/s) were counted (Figure 2.6E), the reduction in motion
vanishes, suggesting that the reduction observed is due to a change in the number of mobile
vesicles. Interestingly, the fraction of mobile vesicles per cell does not significantly
decrease upon treatment with either inhibitor (Figure 2.6F). Therefore, the activity of PLD1
is essential for the mobility and fusion of VAMP+ vesicles but does not contribute to the

location of PLDI.
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Figure 2.6: PLD Inhibition Reduces Fusion Rates and Mobility. PC12 cells were
treated with inhibitors for PLD1 (VU0155069, 500 nM), PLD1 and 2 (FIPI, 100 nM),
or a similar amount of DMSO (control). Cells were incubated 30 m prior to imaging and
imaged at 37°C. A) The frequency of VAMP2 fusion events that are A) stimulated or
B) spontaneous decreases with inhibition. Each triplet of points represents the average
of 2 or more cells from one day. C) The intensity (AF/F) of PLDI at peak VAMP2
intensity during fusion in DMSO, PLD1i or PLDI1/2i treated cells. D) Diffusion
coefficients of single, tracked VAMP2 vesicles (n > 9500 tracks) decreases slightly, but
significantly in the presence of inhibitors. E) Average diffusion coefficients of the
mobile VAMP2 vesicles, where mobility is defined as D > 0.0055 um?/s. F) Percent of
vesicles that are mobile in a given cell. Each point represents one cell. Each point is one
vesicle event. Data is not significantly different with treatment in E and F. Lines are
averages, error bars are SEM. * p < 0.05, **** p <(0.0001 compared to DMSO.
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PA accumulates at fusion sites, and this depends on PLD1 activity

If PLDI activity is essential to fusion, the formation of PA should occur and the
timing of PA formation during the fusion process can be determined by imaging single
fusion events. To test this, fusion events were located in cells expressing VAMP2-
pHmScarlet and GFP-PASS analogous to the approach shown for GFP-PLD1 (Figure 2.4).
GFP-PASS is a PA binding protein tagged to mGFP and marks regions of the cell that are
enriched in PA [32]. Visiting, docking and fusion events were identified, and average GFP-
PASS images were calculated from events prior to visiting (Figure 2.7A), docking (Figure
2.7B) or fusing (Figure 2.7C) vesicles. A difference image visualizes the change in PA via
the GFP-PASS intensity in all three classes of events (Figure 2.7A-C). To quantify the
intensity change, the AF/F of PASS during visiting, docking and fusion were calculated
(Figure 2.7D-F). Unlike PLD1, PASS does not significantly increase immediately upon
visiting or docking but does increase during fusion (Figure 2.7G), reaching a maximum
1.4s after the peak of the VAMP?2 fusion event (Figure 2.7H).

PA has been hypothesized to accumulate at negatively curved regions within the
fusion pore, which suggests that the amount of PA could possibly affect the release rate of
content post-fusion. To probe whether the presence of PA affects the fusion kinetics, the
slope of the decay of VAMP2 from the peak fluorescence to 1 s later and the GFP-PASS
intensity (AF/S) was measured for single fusion events. It is useful to note that the
measurement AF/S is normalized by the local background (S) and conveys enrichment at

the vesicle position, and this is insensitive to the expression level within a range [39]. The
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Figure 2.7. PA Is Present During Fusion. PC12 cells were transfected with GFP-
PASS, a PA binding protein, and VAMP2-pHmScarlet, then cells were imaged to
visualize A) visiting, B) docking and C) fusing vesicles. A-C) Average images of GFP-
PASS prior to onset (left), at the peak (middle) of the VAMP?2 intensity, and a difference
image between the two (right). Scale bar: 2 pm. Before and after images are contrasted
identically and are averages of 5 frames (n=51, 12 and 46 for A-C, respectively). D-F)
Average intensity (AF/F) traces of VAMP2-pHmScarlet (purple circles) and GFP-PASS
(teal squares). Error bars are SEM (n = 62, 21, 83 events for D-F, respectively). G)
Normalized intensity of GFP-PASS at peak or plateau of VAMP2 intensity during
visiting, docking or fusing events. H) Time from peak VAMP?2 intensity to peak PASS
intensity. Each point represents one event. Line is average, error is SEM. 1) Initial
VAMP2 decay slopes were binned into fast and slow events and the amount of PASS
present was measured for each. Fast events have more PASS present.

initial AF/S of GFP-PASS was plotted against the initial decay of the VAMP2 intensity
post-fusion (Figure 2.8) and a negative correlation was noted (Pearson’s correlation

coefficient = -0.1744), which indicates a higher PA presence during faster fusion events.
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Figure 2.8: Correlation between the rate of decay and the amount of PA. A) Initial
decay slopes of VAMP2 and AF/S of GFP-PASS during fusion, every 10 events were
averaged. B) Fast and slow fusion decays were sorted by the slope of the VAMP2 fusion
decay as measured from the VAMP2 fluorescence peak to s later.

Therefore, the rate of decay was binned into “fast” and “slow” events base on the histogram
of slopes (Figure 2.8). There is significantly more GFP-PASS present on faster events
(Figure 2.71).

To probe whether PA is produced by PLD1 during fusion rather than recruited or
produced by other means, PC12 cells expressing GFP-PASS and VAMP2-pHmScarlet
were treated with inhibitors for PLD1 or PLD1/2 and compared to a vehicle control, as
previously described (Figure 2.6). Cells were stimulated with K+ during imaging. Due to
the fact that PLD inhibitors reduce fusion events (Figure 2.6A-B), the number of events
observed in cells treated with inhibitors was low. GFP-PASS intensity from fusion
locations were averaged before and during fusion, and the difference between the two was
measured (Figure 2.9A-C). The average fusion traces were plotted (Figure 2.9D-F) and the
GFP-PASS intensity at the peak of VAMP2 were calculated (Figure 2.9G). Inhibitory

conditions show a decrease in PASS intensity, possibly due to new membrane lacking

25



A DMSO B PLD1i PLD1/2i
Initial  Final Initial _Final Initial Final A

EFE E Em EEE

0.2
0.14
D 1.0 1.0 1.0 2 00l
w oel . 06} \ w O.Gi Iy L 0.1
L o T i
< _‘g_zl 3 &P 4, 0 &J lmm -0.27 .
iy ‘“’W« Lkl 2 J el
5 -0, 21 0 -5 0. Wﬂ%ﬁ%ﬁo 5 L&Z?ﬁ}ﬂ@wo *? O
Time (s) Time (s) Time (s) N qvqo

Figure 2.9: PLD1 Produces PA during Exocytosis. PC12 cells were transfected with
GFP-PASS to mark PA and VAMP2-pHmScarlet, then cells were imaged at 37°C to
visualize fusing vesicles in the presence of PLD inhibitors. A-C) Average PASS image
(5 frames) at fusion onset (left), VAMP2 peak (middle) and the difference between the
two (right) for A) DMSO (top, n = 40), B) PLDI1 inhibition (middle, n = 12) and C)
PLD1/2 inhibition (bottom, n = 13). D-F) Average normalized intensity traces of fusion
events: VAMP2-pHmScarlet (purple) and GFP-PASS (cyan) for the D) control (52
events), E) PLDI inhibition (16 events) and F) PLD1/2 inhibition (19 events). G)
Average normalized PASS intensity during the peak of the VAMP2-pHmScarlet fusion
event.

GFP-PASS being added to the fusion site. Both qualitatively and quantitatively, PASS

increases in intensity in control conditions but not under either inhibitory condition.

PA accumulates at vesicle locations after docking and throughout exocytosis

PA is present near vesicle docking sites in EM data [13] and accumulates on the
plasma membrane minutes after stimulation [28]. To determine the time course of PA
arrival after vesicles dock, cells were stimulated with high K" and GFP-PASS was imaged
and quantified during docking for 10s of seconds after the initial docking event (Figure
2.10A-B). Difference images show the increase of PASS at the docking cite (Figure 2.10A,

bottom). After 10s, the GFP-PASS signal is significantly larger than the cytosolic-GFP
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Figure 2.10: PLD1 Produces PA at Docked Vesicles over Time in Stimulated Cells.
A) Average images (n = 13 events) of PASS before onset of docking (-4s), after 8 s, and
after 12 s post-docking (top). Pink circles mark the location of the docked vesicle. The
difference between pre and post docking images (bottom). Initial and final images are
contrasted identically. B) The average AF/F trace of GFP-PASS over extended periods
of time after stimulation with 60 mM KCI. The grey boxes refer to the times shown in
A. C) AF/F of PASS (pink circles) and GFP (green squares) 10 s after docking. One dot
corresponds to one docking event. D) AF/F of PASS 10 seconds after docking in cells
treated with DMSO (purple circles) with or without PLD1 inhibition (blue squares) or
PLD1/2 inhibition (brown triangles). Lines are averages, error bars are SEM. E) PASS
intensity over the different stages of membrane fusion. The initial intensity was
measured at 0.5 to 0.1 s prior to the event. The PASSinitial (visiting) was subtracted from
all to obtain a relative intensity. Docking was measured after several seconds, when
single events reached the plateau intensity in the VAMP2-pHmScarlet channel. * p <
0.05 ** p < 0.005 *** p <0.0005. N = 25 docking events.

control (Figure 2.10C), and the GFP-PASS signal gradually increases as time goes on
(Figure 2.10B). To identify if PA is formed or accumulated during vesicle docking, PLD

inhibitors were used and both inhibitors block the formation of PA (Figure 2.10D),
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therefore PA is formed by PLD1 during docking events and PLD2 cannot compensate for
PLDI inhibition. When PA formation is measured throughout the entire exocytosis
process, from moving to docking to fusion, PA accumulates as exocytosis progresses
(Figure 2.10E). When the intensity of GFP-PASS is measured relative to the amount
present prior to docking (considered a non-specific, background fluorescence because
GFP-PASS is present in the cytoplasm), the intensity of GFP-PASS increases after
docking, then more prior to fusion, reaching a maximum post-fusion. This places PA in a

position to regulate membrane fusion.

2.4: Discussion

In this work, we demonstrate that the production of PA via PLDI1 activity is
essential for exocytosis in PC12 cells. The inhibition of PLD1 or PLD1 and 2 reduces
fusion events (Figure 2.6A-B). Specifically, PLD1 is required for fusion and the presence
of PLD2 cannot compensate for the inhibition of PLDI1 in PC12 cells (Figure 2.6). This
agrees with the work of others, where the loss of PLD1 function by inhibitors, siRNA, or
KO reduces stimulated secretion [29] and the frequency of fusion events in chromaffin
cells [28]. A wide variety of cells, such as adipocytes [40], endothelial cells [41], mast cells
[25] and neuroendocrine cells [13], [23], need PLD1 for proper secretion, albeit some cell
types (mast cells) also use PLD2 during different stages of exocytosis [25].

By imaging single secretory vesicles concurrent with PLD1, PLDI1 can be shown
to localize with secretory vesicles, as well as Syx1 clusters under basal conditions,

suggesting an association between PLD1 and secretory machinery (Figure 2.1). This places
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PLDI in a position to act when needed. As single vesicles were observed to visit the plasma
membrane or dock, PLD1 intensity significantly increased (Figure 2.4A-B, D-E, G-H),
indicating that PLDI1 is trafficked on secretory vesicles. In regard to docking and visiting
vesicles, the PLDI1 intensity increase could be attributed to an increase in excitation as the
vesicle moves into the TIRF field or an increase in the amount of PLDI1, and these
conclusions are challenging to disentangle. Therefore, we conclude that PLDI1 is on
vesicles as they dock and move near the plasma membrane and these results align with the
established role of PLDI1 in trafficking [29], [37], [38] and exocytosis [10]-[14].

One main function of PLD1 is to catalyze the production of PA from PC, where the
formation of PA has been shown to interact with the polybasic region of Syxla clusters
[42] and hypothesized to stabilize negative curvature within the fusion pore [13], [43]. The
role of PA and positioning of PLDI is depicted in Figure 2.11 for docking, fusing, and
visiting vesicles. Through high spatial and temporal imaging of single vesicles, the
formation of PA was observed after vesicles stably dock (Figure 2.10A-C) and this
formation requires PLD1 (Figure 2.10D). PA is not present on vesicles that merely visit
the plasma membrane (Figure 2.7A-D) and the GFP-PASS intensity does not immediately
increase as vesicles dock (Figure 2.7B-E), suggesting that PA is not carried on vesicles.
Instead, vesicles dock and PA slowly accumulates (Figure 2.10A-C). It is not clear, in our
work, whether PA formation occurs on the vesicle membrane or the plasma membrane, but
ultrastructural studies show the accumulation of PA near or on the plasma membrane near
docked vesicles [13]. PA accumulation at the plasma membrane post stimulation has also

been observed in PC12 cells using cellular fractionation and mass spectrometry methods
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[13], [28] and an increase in PA at the plasma membrane was also observed using
fluorescence microscopy [13]. Together, this suggests that PA forms on the plasma
membrane after docking. Similar to other fusion regulatory molecules, PA is not present in
a cluster prior to docking; Syxla clusters form after vesicles approach the membrane and
Syx1a clusters are required for stable docking [39], [44]. PA also accumulates after vesicles
dock, and we hypothesize that PA could be retained at the docking site via the established
interaction with Syxla [42].

We initially expected an increase in immobile/docked vesicles upon PLD inhibition
because fusion was inhibited (Figure 2.6A-B), therefore vesicles should be waiting at the
membrane, unable to secrete. However, the number of immobile vesicles was not
significantly different with inhibition (Figure 2.6C). This supports the idea that PA
production at the docking sites aids in stabilizing the protein machinery necessary for
docking. This could occur through proteins that are known aid in docking and interact with
PA, such as Syxla. Syxla clusters are stabilized by PA [42], essential for docking in
neuroendocrine cells [44], and PLD1 accumulates at Syx1a clusters (Figure 2.1D). Others
have noted that a longer treatment of high K during PLD inhibition reduced docked
vesicles in EM data [28], further supporting the model that PA forms due to PLD activity
at vesicle docking sites. Overall, our findings suggest PA formation could be a hallmark of
docked vesicles, possibly acting through Syx1a.

After secretory vesicles initially dock, the amount of PA at docked vesicle positions
gradually increases (Figure 2.10B) and continues to increase throughout the stages of

exocytosis where PA is present immediately prior to fusion (Figure 2.10E). PA then
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Figure 2.11: Model of PLD1 activity and localization. A) During docking and fusion,
PA forms post-docking over the course of 10s of seconds and post-fusion, within
seconds. /nset: A zoomed in look at the hypothesized role of PA pre-fusion at the grey
box shown. PA has been shown to induce or sort at regions of negative membrane
curvature and is hypothesized to assist with the membrane shape changes during fusion.
B) Visiting secretory vesicles carry PLD1 but PA is not produced during movement.
Moving vesicles move at a diffusion rate of 0.0055 um?/s or higher. Cartoon was created
with BioRender.com.

increases post-fusion (Figure 2.7C, 2.7F, 2.7E) where GFP-PASS intensity hits a maximum
at 1.4 s post fusion, on average (Figure 2.7H). To determine the source of PA, PLD1 and
PLD1 and 2 were inhibited (Figure 2.9). Both inhibitors stop the accumulation of PASS at
fusion sites, demonstrating that PLD1 is responsible for PA that accumulates post-fusion
and the presence of PLD2 cannot compensate. PA could form in situ at the vesicle location
or be recruited from PLD1 formed PA that is already present on the plasma membrane.
Both potential sources of PA require PLD1 and cannot be compensated with PLD2 (Figure

2.9).
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It is interesting to note that PLD1 is present in places where PA is not observed.
For example, PLD1 is on both moving and docking vesicles (Figure 2.4), yet PA forms
post-docking and post-fusion. This suggests that PLD1 is waiting for activation to begin
PA production. PLD is activated by the V-ATP synthase subunit VOal and this interaction
requires ARNO, a GEF protein for Arf6, which is an established PLD regulator [45]-[55].
This interaction happens after stimulation, suggesting that Ca®" entry starts a cascade of
events that leads to PA production, through these regulatory proteins. Therefore, PLDI is
present in positions where PA production could be needed, but only produces PA after
activation.

Since PA is observed to be present post-fusion and PA is hypothesized as a lipid
that stabilizes the fusion pore, we were curious if the amount of PA correlated to the rate
of release as measured by the loss of VAMP?2 from the fusion site. After binning fast fusion
events from slow fusion events, more PA was observed at fast events (Figure 2.7I). The
role of PA in membrane fusion is likely coupled to the proteins it interacts with. In the case
of PI(4,5)P2, more PI(4,5)P2 slowed fusion by recruiting endocytic proteins that restrict
fusion pore expansion [9]. Similarly, PA could also act by interacting with proteins that
assist with fusion and future studies could assess the proteins involved.

Overall, PLDI1 has been established as necessary for stimulated exocytosis [10]—
[14]. The results shown in this work support the hypothesis that PLDI1 is involved due to
its production of PA. PLDI is present on vesicles, PA is formed after vesicles dock and
PA accumulates at the fusion site post-fusion. In both cases, the formation of PA depends

on PLD1 activity, which cannot be compensated by PLD2.not be compensated by PLD2.
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Chapter Three: Phospholipase D1 Affects Late Endosome Fate and Produces
Phosphatidic Acid at Sites of Docked Multivesicular Endosome

Phospholipase D1 (PLD1) is an enzyme essential for secretion of exosomes, which
are released from multivesicular endosomes (MVEs). Others have shown that PLD1
localizes to the plasma membrane and MVEs, and inhibition or knockouts of PLD1
significantly diminishes secretion of small extracellular vesicles (EVs). However, when
and where PLD1 and phosphatidic acid (PA) are required in the MVE cycle is unknown.
In this chapter, fluorescently-tagged PLD1 and a PA binding protein are used in tandem
with an MVE marker (CD63-pHmScarlet) under total internal reflection fluorescence
microscopy to monitor the presence of PLD1 and formation of PA during the secretion of
exosomes. Single MVEs were observed during three stages of exosome secretion; visiting,
docking and fusion, and the corresponding PLD1 or PA channel were quantified to identify
their presence and formation. PLD1 is present on MVEs at all stages. PLD1 or PLD1/2
inhibition significantly reduces the rate of both docking and fusing MVEs, but not PLD1
localization to MVEs. PA is produced slowly (~10 s) during docking, and this production
is also eliminated under PLD1 inhibition. PLD1 production of PA is necessary for stable
MVE docking, potentially regulating release of exosomes. When small EVs are collected,
isolated and measured for amount by blotting methods or particle counting, PLD1 or
PLD1/2 inhibition reduces the amount of EVs secreted. In events that do occur under PLD

inhibition, PA production is reduced during docking but not fusion. PLD1 inhibition
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additionally increases the density of lysosomes containing Magic Red, a dye specific to
catalytically active lysosomes. Together, these results indicate a role for PLDI1 in
endosome fate and exosome secretion.

In order, co-authors for this section include an undergraduate student, Megan
Hulser, and graduate student, Melodie Nguyen, who assisted with data collection and
analysis in this chapter (~5% each). Michelle Knowles assisted with revising writing
(~20%).

Non co-authors who contributed include Schuyler van Engelenburg and Claire
Jiang, who cloned the CD63-pHmScarlet probe used. Christina Coughlan at the University

of Colorado Anschutz helped us use her NanoSight for small EV statistics.

3.1: Introduction

There are multiple classes of late endosomes, with a continuum between secretory
MVEs and catalytic lysosomes [1]-[3]. MVEs are a class of late endosomes in which
intraluminal vesicles are formed [4]-[6]. MVEs can then fuse with the plasma membrane,
releasing their ILVs as exosomes [6]-[9]. Exosomes function as a method of intercellular
communication, as well as maintaining cellular functions such as motility [10], [11] and
homeostasis [12]. Small molecule secretion is generally limited to nearby cells, but
exosomes can communicate with cells further away [13]-[15]. While this pathway is
necessary for healthy cells, it is also involved in cancer metastasis [13]-[16] and
neurodegenerative disorders [17]-[19], where disease states are thought to spread to the

transfer of unhealthy biomolecules to healthy cells [6], [20]-[23]. Proteins involved in
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MVEs could also affect the fate of late endosomes, favoring either CD63+ MVEs or
catalytically active lysosomes. For instance, inhibition of endolysosome fusion increases
secreted exosomes [1]-[3].

There are various endosomal proteins that are present on MVEs/exosomes,
particularly the tetraspanin protein, CD63 [24]-[27], which can be used as markers for
observing MVE trafficking and fusion. Multiple labs have produced pH-sensitive
fluorescently tagged CD63 (particularly, pHluorin and pHuji) to image exosome secretion
[24]-[26]. Because both the N- and C-termini of CD63 are exposed to the more neutral
cytosolic pH, pH probes are located midway in the protein on one of the luminal turns. As
the probe is exposed to a more neutral pH during membrane fusion, it brightens
significantly, allowing for fusion to be visualized as in Chapter 2. In this chapter, a
pHmScarlet probe was developed with help of our collaborators, the van Engelenburg lab.

PLDI and PLD2 have been implicated in MVE formation and secretion [28]. These
proteins cleave choline from phosphatidylcholine, creating PA. In mammals, there are six
isoforms, with PLDI1 and PLD2 being catalytically active and specific to
phosphatidylcholine [29]. PLD1, particularly, is required for exocytosis in many cell types
[30]-[37]. In addition to its role in stimulated exocytosis, PLD1 has been shown to localize
to the plasma membrane and multiple classes of endosomes [38]-[43]. PLD1 appears to be
involved throughout the endocytic pathway. It is required for certain types of endocytosis,
particularly receptor-induced and compensatory endocytosis [44]-[47]. PLD1 has also
been shown to be involved in various late endosome processes, such as regulating

autophagy [48]-[50] and exosome secretion [51].
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PLDs and exosomes both play roles in cancers [13]-[16], [28], [52]-[68], and
evidence supports a role for PLD1 in MVEs [28], [51], [69]. PLDI is overexpressed in
various cancers, including melanoma and certain breast cancers. PLD1 has been implicated
in many cancer functions including apoptosis suppression [52]-[54], cancer proliferation
[55]-[57], angiogenesis [58], [59], metastasis [58], [60] and exosome release [28], [51],
[69]. Exosomes are also associated with cancer proliferation, and exosomes can serve as
markers for metastasis [13]-[16], [61]-[68]. Previous work has already shown that PLD1
produces PA in some MVEs [51]. However, imaging of PLD1 and PA during the various
stages of MVE development and secretion is lacking. This makes PLD1 an interesting
target to study using imaging methods.

Analogous to the methods described in Chapter 2, GFP-PLD1 and GFP-PA
biosensor with superior sensitivity (GFP-PASS) were measured concurrent with imaging
MVEs during visiting, docking and fusing events. CD63 was used as an MVE marker, with
a pH-sensitive probe, pHmScarlet, on the first extracellular loop. Red fluorescent protein-
tagged lysosome associated membrane protein-1 (LAMP1-RFP) was used to identify
whether PLD1/PASS localized to late endosomes in general, particularly lysosomes. Single
fusion events were imaged to measure PLD1 and PASS presence as MVEs docked and
fused. PLD1 colocalizes to CD63+ MVEs to a higher extent than LAMP1+ late endosomes,
and is present on mobile and fusing MVEs. Additionally, PA localizes to MVEs slowly
during docking and quickly during fusion. The former is PLDI1-dependent, but PA
production/recruitment during fusion appears to be PLD1-independent. PLD1 inhibition

also increases concentration of lysosomes at the cell surface.
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3.2: Materials and Methods
Cell Culture:

A549 cells were cultured in Dulbecco’s modified eagle medium (DMEM,
ThermoFisher, Waltham, MA, USA) with 10% fetal bovine serum (ThermoFisher,
Waltham, MA, USA), incubated at 37°C and 5% COsz. For imaging, cells were plated in 8
well plates (Cellvis, Mountain View, CA, USA) treated with poly-L-lysine (Sigma Aldrich,
St. Louis, MO, USA). Cells were transfected with DNA encoding fluorescently tagged
proteins with Lipofectamine 2000 (ThermoFisher, Waltham, MA, USA) and plasmids (25-
100 ng/well). The EGFP-PLDI plasmid was a gift from Jeremy Baskin [70]. GFP-PASS
was a gift from Guangwei Du (Addgene plasmid # 193970) [71]. Cells were tested for
mycoplasma using MycoFluor (ThermoFisher, Waltham, MA, USA) according to
manufacturer protocols.

For immunostaining, A549 cells expressing CD63-GFP were fixed in 3.2%
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) for 30 minutes and
immediately permeabilized with 0.1% Triton-X 100 (Sigma Aldrich, St. Louis, MO, USA)
for 10 minutes. Cells were then blocked in 0.5 mg/mL BSA (ThermoFisher, Waltham,
MA, USA) for 4 hours at 4°C and treated with mouse anti-PLD1 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) overnight. Cells were then treated with Alexa-594
conjugated rabbit anti-mouse (ThermoFisher, Waltham, MA, USA) for 4 hours.
Transfection efficiency was 50-60% based on the number of cells observed to be

transfected.
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Total Internal Reflection Fluorescence Microscopy:

A549 cells were imaged in Fluobrite DMEM (ThermoFisher, Waltham, MA, USA)
using a TIRF microscope (Nikon Ti-U) and 491 nm and 561 nm lasers, described
previously [72]. A 60x 1.49 NA objective and 2.5x magnifying lens were used with an
EMCCD (Andor iXon897, Abingdon, UK). A DualView was used to split red and green
fluorescence channels with a 565LP dichroic filter and 525/50 and 605/75 emission filters
(Chroma Technologies, Bellows Falls, VT, USA). Both colors were imaged
simultaneously via MicroManager at 0.109 pum/pixel and 136 ms/frame [73]. In inhibition
studies, a stage heater maintaining cells at 37°C. Otherwise, cells were imaged at room
temperature.

In PLD inhibition experiments, cells were incubated with 0.013% DMSO alone or
with 100 nM pan-PLD inhibitor 5-fluoro-2-indolyl des-chlorohalopemide (PLD1/2i, Sigma
Aldrich, St. Louis, MO, USA) or 500 nM PLD1-specific inhibitor VU0155069 (PLD1i,
Sigma Aldrich, St. Louis, MO, USA). Cells were treated for 30 minutes at 37°C and imaged
immediately. For Brefeldin A (BfA) studies, cells were transfected with CD63-pHmScarlet
and incubated with 0.1% DMSO with or without 5 pg/mL BfA for 60 minutes at 37°C and

imaged immediately.

Image Analysis:

As in Chapter 2, PLDI localization was measured using AF/S, as defined in

Equation 3.1, where C is the average intensity of a 7 pixel diameter circle, A is the average
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intensity of a 1 pixel wide annulus 1 pixel removed, and background is the average intensity

surrounding the cell.
—=— (3.1)

Using fusion code described in Chapter 2, we identify sites of visiting, docking and fusing
MVEs. However, for this project the fusion code was modified to calculate a modified,
normalized AF/S, AF/Fmax (Equation 3.2), where Ai is the initial annulus intensity 0.1 s to

0.5 s before onset:

AF  _ C-4

(3.2)

AFmax  Cmax—Ai

The strength of this measurement is that values are not forced to 0 prior to fusion.

Additionally, the annulus, which increases in intensity as fluorescent probes spread after

fusion, does not alter the intensity over time, because only the pre-fusion annulus intensity

is used. This alteration allowed quantification of events where MVEs were docked prior to

fusion, without losing that information by forcing the initial intensity to zero. One strength
of pHmScarlet as a probe is that it allows visualization of proteins prior to fusion.

GFP-PLDI, GFP-PASS and cytosolic GFP were normalized using AF/F to measure

the change of intensity (Equation 3.3), where Ct, Co and Cmax are the average circle intensity

at frame ¢, the average from 0.5 to 0.1 s prior to event onset, and the maximum circle

intensity throughout the event, respectively:

AF =Gy
F Cmax—Co

(3.3)

45



Exosome Collection and Slot Blots:

Exosomes were collected using ExoQuick-TC (Systems Biosciences, Palo Alto,
CA, USA) from A549 cells cultured in T75 flasks (CELLTREAT, Life Science Products,
Frederick, CO, USA) for 48 hours after reaching 70-80% confluency following
manufacturer’s protocol. Cells were treated with identical concentrations of drugs as
fluorescence experiments, for the duration of exosome collection.

Cells were grown in either T25 or T75 flasks (CELLTREAT, Life Science
Products, Frederick, CO, USA) until reaching 70-80% confluency. In overexpression
studies, cells were transfected with identical concentrations of plasmids (0.125 ng GFP-
PLDI plasmid/uL media) and Lipofectamine 2000 for 24 hours. Inhibition experiments
followed the same duration as mentioned for exosome collection. Cells were trypsinized
for 10-15 minutes until no longer attached to the flask, centrifuged, and rinsed with
DMEM. Cells were centrifuged again and resuspended with a lysis buffer (50 mM Tris-
HCI, 150 mM Nacl, 0.1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 1 mM sodium orthovanadate, | mM NaF, pH 8.0) on ice for 30 minutes and passed
through a syringe until homogenous. 2x Laemmli buffer with 5% p-mercaptoethanol were
added at equal proportions.

Once small EVs or cell lysate were collected, a slot blot (Bio-Rad, Hercules, CA,
USA) was used with a nitrocellulose membrane (Genesee Scientific, El Cajon, CA, USA).
Primary antibodies were incubated overnight at 4°C with constant agitation. Blots were
then incubated in a fluorescent, secondary antibody for 4 hours and imaged using a

ChemiDoc (Bio-Rad, Hercules, CA, USA). Small EVs were also collected and imaged
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using a NanoSight NS300 (Malvern Panalytical, Malvern, UK), which was used to measure

the concentration and size of collected extracellular vesicles.

3.3: Results
Phospholipase D1 Localizes to Late Endosomes

To determine if PLD1 was involved in exosome secretion, A549 cells transiently
transfected with GFP-PLDI1 and either CD63-pHmScarlet or LAMP1-RFP were imaged
under TIRF microscopy (Figure 3.1A,B). CD63 predominantly labels MVEs, but it can be
present on lysosomes as well [74]. Conversely, LAMP1 predominantly labels lysosomes
but can be present on fusing MVEs [74]. PLD1 visually localizes with both of these
proteins. To quantify colocalization, an object-based colocalization methods was used

where the location of punctate spots in the LAMP1 or CD63 channel were selected and the

¥

GFP-PLD1
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GFP-PLD1

" LAMP1-RFP

Figure 3.1: Phospholipase D1 Localizes to Late Endosomes. A,B) A549 cells were
transfected with GFP-PLD1 (left) and A) CD63-pHmScarlet or B) LAMPI1-RFP
(middle) and imaged at room temperature using TIRF microscopy. Scale bar: 2 um. C)
AF/S of GFP-PLDI at sites of CD63 (blue circles) or LAMP1 (orange squares),
compared to cytosolic GFP at sites of CD63 as a negative control (green triangles). Each
point represents the average of one cell. Lines are overall averages, error bars are SEM
(n>17 cells), **** p <0.0001. D) A violin plot of AF/S values for individual CD63 or
LAMP1 spots showing distribution of GFP-PLD1 intensity. (n > 3630 spots)
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intensity, AF/S, of PLDI in the other channel was measured at those locations. The AF/S
of GFP-PLD1 was measured as described in Equation 3.1 in Methods. The AF/S of GFP-
PLD1 is significantly higher for both CD63 and LAMP1 than cytosolic GFP is (Figure
3.1C), indicating colocalization. Additionally, GFP-PLD1 is more present on CD63+ late
endosomes than LAMP1+ late endosomes, and the distribution of individual endosomes
further suggests this (Figure 3.1D). These results indicate that PLD1 localized to multiple
populations of late endosomes, but especially MVEs.

One limitation of overexpressing PLDI is that it may affect localization, as another
study suggests [39]. By eye, GFP-PLD1 is not highly expressed, as cells are very dim
compared to cells that express other proteins, like cytosolic GFP (Figure 3.2A). This
suggests that GFP-PLDI is not significantly overexpressed compared to endogenous
PLDI. To further verify this, overexpression of PLD1 was quantified by slot blot (Figure
3.2B). PLDI1 is overexpressed by approximately 40%. Given that about 50-60% of cells
are transfected (Figure 3.2C), PLD1 is on average overexpressed by 80%. This value is
higher than that identified in PC12 cells (17%). To determine if colocalization is affected,
AS549 cells expressing CD63-pHluorin were fixed and stained with anti-PLD1, which is

present at sites of CD63-pHluorin (Figure 3.2D). Endogenous PLD1 colocalizes to CD63.
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Figure 3.2: Overexpression and Immunostaining of PLD1. A) A549 cells expressing
cytosolic GFP (top) or GFP-PLDI1 (bottom) contrasted identically to show difference in
expression levels. Scale bar: 5 um. B) Normalized and corrected intensity of bands for
PLDI1. Values were corrected by normalizing to actin from the same cell lysate, then
divided by the value of wild type cells from the same day. Lines are average, error bars
are SEM (n = 3 days). C) Image of cells expressing CD63-GFP (top) and transmitted
DIC image (bottom) of the same field of cells. Scale bar: 100 um. D) Cells expressing
CD63-pHluorin (top) were fixed, permeabilized and stained with anti-PLD1 and
Alexa594-labeled anti-mouse (middle). Spots of CD63 were identified and cropped and
averaged. An overlay of the two is shown (bottom). Scale bar: 2 pm.

CD63-pHmScarlet Allows Imaging of MVEs Before and After Fusion in One
Channel

The CD63-pHmScarlet probe used in this chapter is newly developed with the help
of other labs, including the van Engelenburg lab, as well as the lab that developed the
VAMP2-pHmScarlet probe [75]. To test its function as a probe, A549 cells co-transfected
with an established CD63-pHluorin probe and CD63-pHmScarlet were imaged (Figure
3.3A). Fusion events were then identified, and both channels were cropped (Figure 3.3B).
Then, AF/AFmax values for these events were plotted over time in both channels (Figure

3.30).
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Figure 3.3: CD63-pHmScarlet Colocalizes with CD63-pHluorin and Can Be
Measured Prior to Fusion. A) A549 cells expressing CD63-pHluorin (left) and CD63-
pHmScarlet (middle) were imaged by TIRF microscopy. Scale bar: 5 um. B) A montage
of a fusion event. Every 4 frames were cropped from 0.4 s prior to fusion to 3.2 s after.
Scale bar: 2 um. C) Average trace of CD63-pHmScarlet (pink circles) and CD63-
pHluorin (green squares). Error bars are SEM (n = 65 events). D) Average images of
52 fusion events of CD63-pHIuorin (top) and CD63-pHmScarlet (bottom) for 5 frames
prior to event onset (left) and at event peak (right). Scale bar: 2 um. E) Average
AF/AFmax of CD63-pHmScarlet (pink circles) and CD63-pHluorin (green squares) for
3 frames prior to fusion. Each point is one event. Lines are averages, error bars are SEM.
*HEE p <0.0001.

Because pHmScarlet is not completely quenched under acidic conditions [75], its
fusion traces begin significantly above zero (approximately 0.18), while pHluorin remains
lower on average (~ 0.04). To visualize this, 52 events were averaged, and CD63 was
observed before and during fusion (Figure 3.3D); events within 100 frames of the end of
the movie were excluded from averaging. To confirm that pHmScarlet is significantly
visible prior to fusion, initial values were quantified to show that pHmScarlet allows

docked MVEs to be observed prior to fusion (Figure 3.3E). Overall, both probes are seen
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during all fusion events, and the decays are similar. CD63-pHmScarlet decays slightly
faster, possibly due to photobleaching. One strength of pHmScarlet as a probe is the

visualization of MVEs during all stages. This probe is used throughout the chapter.

Phospholipase D1 Is Present at Sites of Visiting and Fusing MVEs

A549 cells expressing GFP-PLDI1 and CD63-pHmScarlet were imaged in time
using TIRF microscopy. Events that displayed a change in intensity in the CD63 channel
were then located using a previously established method [72]. MVEs were divided into
visiting, docking and fusing events based on whether the MVE moved through a movie
(Figure 3.4A), appeared and remained static for several seconds (Figure 3.4B), or quickly

brightened and spread from the center of the event (Figure 3.4C). To visualize the change
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Figure 3.4: PLD1 Is Present on Visiting and Fusing MVEs. A-C) Average images
of many visiting (A, 14 PLD1 and 44 GFP events), docking (B, 4 and 11 events) or
fusing (C, 13 and 21 events) events at the onset (left) and peak/plateau (middle) for
GFP-PLDI (top) and cytosolic GFP (bottom). A difference image of each was produced
(right). Initial and final images are contrasted identically. Scale bar: 2 pm. D-F) Left:
Average intensity traces of CD63 (pink circles) and PLD1 (green squares) for visiting
(D, n = 14), docking (E, n = 4) and fusing (F, n = 11) MVEs. Right: AF/F values of
PLDI1 (solid) and GFP (empty). Error bars are SEM, * p <0.05, **** p <0.0001.
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in intensity, an average image of all events 0.5 to 0.1 s prior to onset and at the peak of
CD63 intensity were made. Qualitatively, PLDI is present on all three classes of MVEs,
increasing in intensity during visiting and fusion (Figure 3.4D-F). Quantitative analysis of
the amount of fluorescence present at MVE visiting, docking and fusion sites confirms this,
with the average AF/F values at CD63 peak intensity during both of these classes of events
being positive. Cytosolic GFP was used as a control. It should be noted that during docking
there is a slight increase in PLD1 intensity but not cytosolic GFP. However, this value does
not test statistically significant, and while there is a visible increase in intensity and the
difference image, it is dim. This is likely due to the rarity of identified docking events.

Overall, these results indicate that PLD1 is present on MVEs and trafficked with them.

CD63 Fusion Events Are Not Trafficked from the Golgi Apparatus

To confirm that CD63+ fusion events were MVE events and not CD63 being
trafficked to the plasma membrane from the Golgi apparatus, fusion events were quantified
in cells treated with Brefeldin A (BfA), which blocks Golgi activity by redistributing Golgi
material to the ER [76]. A549 cells expressing CD63-pHmScarlet were treated with 0.1%
DMSO with or without 5 pg/mL BfA and fusion events were averaged. Because VAMP2+
exocytosis is reduced with BfA [77]-[79], we expected that BfA would significantly reduce
the rate of VAMP?2 fusion. PC12 cells were used for this experiment due to their ability to
be stimulated with KCI. These values were plotted alongside average VAMP?2 events in
stimulated PC12 cells with no drug treatment, normalized using AF/AFmax (Figure 3.5A).

Frequency of events were also quantified. There was no significant effect of BfA on CD63
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event frequency (Figure 3.5B). To ensure that BfA was working as expected, PC12 cells

expressing VAMP2-pHmScarlet were treated with 0.1% DMSO with or without 5 pg/mL
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Figure 3.5: Brefeldin A Does Not Affect CD63 Event Frequency or Kinetics. A)
Intensity plots of CD63-pHmScarlet in A549 cells treated with 0.1% DMSO with
(brown squares) or without (blue circles) 5 pg/mL Brefeldin A (BfA). For comparison,
the average VAMP?2 trace in untreated PC12 cells was also plotted (pink triangles). B,C)
Frequency of CD63 events in A549 cells (B, n = 3 days) and VAMP2 events in PC12
cells stimulated with 60 mM KCI (C, n = 2 days) in cells treated with carrier or BfA.
Each pair of points is the average of cells in one day. D) Initial decay slopes of CD63
events in carrier (blue circles) or BfA (orange squares) or VAMP2 (pink triangles).
Slopes were calculated from the first second after maximum CD63 or VAMP?2 intensity.
E) Average full width half max (FWHM) values of CD63 or VAMP2 events 0.5 to 0.1
s prior to event onset. Dashed line: diffraction limit identified with green 40 nm
nanoparticles. Lines in D and E are averages, error bars are SEM. * p < 0.05, ** p <
0.005, *** p <0.0005.
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BfA, which were then stimulated with 60 mM KCI (Figure. 3.5C, [72]). There was a
significant reduction in fusion event frequency in these cells.

While there was no change in event frequency in CD63 fusion events, initial decay
slopes (Figure 3.5D) and full width half max (FWHM) values (Figure 3.5E) were plotted
to observe if there was a change in kinetics or size. As we have previously reported, ti2 to
the plateau was similarly unaffected [72]. The rate at which content is released from MVE
fusion is drastically slower than stimulated VAMP2 vesicles (initial decay slopes of -0.18
vs -0.38, respectively), supporting the likelihood that these events are MVEs and not
trafficking events. CD63 event kinetics were not significantly different from each other
under either treatment. Similarly, the size of MVEs were not significantly different
between any of these events. As our lab has previously published, we do not observe fusing
lysosomes, either [72]. Therefore, most, if not all, fusion events we identified in this chapter
were MVE fusion events and not trafficking of membrane proteins to the plasma membrane

from the Golgi apparatus.

Phospholipase D1 Is Necessary for Multivesicular Endosome Docking, Fusion

To determine if PLD1, PLD2 or both affect MVE secretion, two PLD inhibitors
were used. A549 cells expressing GFP-PLD1 and CD63-pHmScarlet were treated with
0.013% DMSO with or without 500 nM VUO0155069, a PLD1-specific inhibitor (PLD1i),
or 100 nM FIPI, a pan-PLD inhibitor (PLD1/2i). Because PLD1 is thought to affect MVE
secretion and PLD?2 is thought to affect MVE formation [28], we hypothesized that both of

these inhibitors would affect exosome secretion. Under these three conditions, GFP-PLD1
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Figure 3.6: PLD1 Inhibition Reduces MVE Fusion, But Not Localization or
Kinetics. A-C) Intensity traces of CD63-pHmScarlet (purple circles) fusion and
corresponding GFP-PLD1 (green squares) in cells treated with 0.013% DMSO (A) and
500 nM VUO0155069 (PLD1;, B) or 100 nM FIPI (PLD1/2i, C). D) AF/F values of GFP-
PLDI at peak CD63 intensity in treated cells. Each point represents one event. E,F)
Frequency of fusion (E) and docking (F) in DMSO (blue circles), PLDI1i (orange
squares) or PLD1/2i (purple triangles). Each triplet or pair of points is the average of
one day. * p < 0.05. G) Initial decay slopes for 1 s after peak CD63 intensity in treated
cells. Each point represents one event H) Diffusion coefficients (D) of tracked MVE:s.
Each point is the average of all tracks in one cell. Lines are averages, error bars are
SEM.

and CD63-pHmScarlet intensity traces were plotted (Figure 3.6A-C). GFP-PLDI is present
at sites of fusion under control, PLD1i and PLD1/2i, suggesting that inhibition does not
alter localization. No quantitative difference for GFP-PLDI1 localization was noted (Figure
3.6D). However, PLD1 and PLD1/2 inhibition significantly reduced the rates of both
docking and fusion (Figure 3.6E,F). While the rate of CD63 fluorescence appears to decay
slower on average in PLD1/2i, no difference was noted in the initial decay slope over the

first second after fusion (Figure 3.6G). Others have reported that PLD inhibition reduces
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mobility of secretory vesicles [44], so MVE diffusion was also measured under PLD

inhibition, but no difference was noted (Figure 3.6H).

Phosphatidic Acid Localizes to Sites of Multivesicular Endosome Fusion

GFP-PASS, a PA marker, was used to observe PA production during all three types
of events. Many events of each class were identified, cropped and averaged prior to visiting
(Figure 3.7A), docking (Figure 3.7B) or fusing (Figure 3.7C) and at the peak or plateau of
CD63 intensity. Difference images were also created by subtracting the initial image from
the peak/plateau image (Figure 3.7A-C). PASS intensity increases in intensity during
fusion, like with VAMP?2 events described in Chapter 2. Traces were then averaged for

each (Figure 3.7D-F). The only notable spot or increase in quantified intensity is during

A DMSO B  PLDY, C PLD12 G

Unitial Final A Initial Final _ A Initial Final A 1.07 )
: - A e So :

i gy B 2 0.51 >
il . o LIEL 4

i =

D 1.07 - AF/AFya coes E 1.0 F 1.0 | 00'%%%
%‘ 0 G:I H‘:““VV'"%F/FPASS “g 0 6:|Ju'!"I :‘.'I"“ Il ‘ ; "g 0 G:I 0 5 .
g 2 o & baldiby ) £ 0.2l e £ OF

5021 0 =502 5 1o —.5- 5 10 \g\é{“‘,&%&’\
Time (s) Time (s) Time (s) Q

Figure 3.7: PASS Localizes to MVE Fusion Events. A-C) Left: Average images of
GFP-PASS prior to visiting (A), docking (B) or fusing (C) MVE events. Middle:
Average images of GFP-PASS at peak or plateau CD63 intensity. Right: Difference
image between final and initial PASS images. Initial and final images are contrasted
identically. D-F) Average traces of CD63-pHmScarlet (purple circles) and GFP-PASS
(teal squares) during visiting (D), docking (E) and fusing (F) MVE events. G) Intensity
of GFP-PASS at peak/plateau CD63 intensity during visiting (orange), docking (yellow)
or fusing (green) events. Each point is an average of 3 frames beginning at peak/plateau
CD63 intensity during one event.
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fusion (Figure 3.7G). These results indicate that PA is likely produced on or recruited to
MVEs during fusion. Interestingly, despite PLD2 having been implicated in formation of
MVEs, there is no significant presence of PASS on mobile MVEs (Figure 3.7A,D). This
could be due to PASS not being internalized by MVEs, as GFP does not appear to localize
to MVEs, either (Figure 3.4).

To determine if cytosolic GFP or GFP-PASS are internalized within MVEs and
present on exosomes, slot blots of small EVs from cells expressing GFP-PASS, cytosolic
GFP or neither were stained with anti-GFP (Figure 3.8A). Bands were normalized based
on cell lysate actin as described in Figure 3.2. Both GFP and GFP-PASS are brighter than
wild type, indicating that both GFP and GFP-PASS are internalized by small EVs, but there

is no difference between the intensity of these bands (Figure 3.8B). This result indicates
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Figure 3.8: GFP Internalization in Small EVs. A) Example slot blot bands of small
EVs in wild type A549 cells (top) and A549 cells expressing cytosolic GFP (middle) or
GFP-PASS (bottom). Bands are contrasted identically. B) Corrected band intensities of
blots. Bands were normalized to actin bands for the same day based on wild type actin
bands, then the intensity of wild type bands from the same day were subtracted. Each
pair of points is for one day. ns p > 0.05.

57



that GFP is internalized by small EVs, but no conclusions can be drawn about

internalization of PASS or formation of PA within them.

Phospholipase D1 Produces Phosphatidic Acid at Sites of Docked Multivesicular
Endosomes, but not during Fusion

A549 cells expressing GFP-PASS and CD63-pHmScarlet were treated with DMSO
with or without PLD inhibitors. As noted previously (Figure 3.6E), events are significantly
reduced under inhibitory conditions. Events that did occur were averaged as discussed
previously (Figure 3.9A-C), with the initial, final and difference images shown (Figure
3.9A-C). Traces of PASS during fusion were then plotted for DMSO, PLD1i and PLD1/2i

(Figure 3.9D-F). PASS presence was observed during fusion in cells treated with DMSO.
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Figure 3.9: PLD Is Not Solely Responsible for PA Production in Fusing MVEs. A-
C) Left: Average images of GFP-PASS prior to fusion in cells treated with DMSO (A),
PLDI1 inhibition (B) or PLD1/2 inhibition (C). Middle: Average images of GFP-PASS
at peak CD63 intensity. Right: Difference image between final and initial PASS images.
Initial and final images are contrasted identically. D-F) Average traces of CD63-
pHmScarlet (purple circles) and GFP-PASS (teal squares) during MVE fusion in
DMSO (D), PLDI1i (E) and PLD1/2i (F). G) Intensity of GFP-PASS at peak/plateau
CD63 intensity during fusion events in DMSO (blue circles), PLD1i (orange squares)
or PLD1/2i (purple triangles). Each point is an average of 3 frames beginning at
peak/plateau CD63 intensity during one event. Lines are averages, error bars are SEM.
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Interestingly, however, cells treated with PLD1i or PLD1/2; still displayed an increase in
PASS presence, indicating that there may be PA production or recruitment from other
sources than PLD in at least some population of CD63 events, as this value is positive,
while cytosolic GFP decreases in intensity (Figure 3.4F). While the results for PLD
inhibition do not test significant to DMSO, the average AF/F of PASS during fusion is
slightly lower under PLD1i and lower still in PLD1/2i than in DMSO (Figure 3.9G).

PLD inhibition also reduced docking events (Figure 3.6F), so PASS localization to
sites of MVE docking were also observed. Events were cropped and averaged prior to
docking and after 12 and 18 seconds (Figure 3.10A). Traces of PASS intensity during
docking were plotted over a longer time course (Figure 3.10B). Under control conditions
(DMSO), PASS was consistently positive post docking, but in either inhibitor intensity
remained approximately zero, indicating PA production by PLD1 during docking over a
longer period. By 10 seconds after docking, as indicated by the CD63 plateau, this
difference starts to become clearer (Figure 3.10C), and by 15 seconds DMSO is

significantly positive compared to either inhibitor (Figure 3.10D).

Fewer Small Extracellular Vesicles Are Collected When Phospholipase D1 Is
Inhibited

As another test for PLD’s effect on exosome secretion, Exoquick was used to
collect small EVs from A549 cells treated with DMSO with or without PLD inhibitors as
described in Methods, and then blotted for CD63 on a slot blot (Figure 3.11A). As a control

for the concentration of cells, cell lysates for the same samples were also collected and
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Figure 3.10: PLD1 Produces PA at Docked MVEs over Time. A) Average images
(n=9 events) of PASS 1 s before onset of docking, after 12 s and after 18 s (left). Pink
circles mark the location of the docked MVE. The difference between pre and post
docking images (right). Initial and final images are contrasted identically. B) Average
trace of PASS intensity during docking in DMSO (blue circles, n = 11 events), PLD1;i
(orange squares, n = 10 events) or PLD1/2i (purple triangles, n= 11 events). Only every
tenth point is plotted for clarity. Error bars are SEM. C,D) AF/F of PASS 10 s (C) or 15
s (D) after plateau of docking in DMSO (blue circles), PLD1i (orange squares) or
PLD1/2

blotted for actin. Blots show a consistent reduction of exosomes secreted under either
inhibitory condition. Additionally, small EVs were imaged via a NanoSight, and a built-in
tracking algorithm identified the size of small EVs in all three treatments based on
Brownian motion (Figure 3.11C-H). No consistent or significant difference in the average
diameter of small EVs was noted between the treatments (Figure 3.11C). This software
also counted small EVs, but due to the low concentration of small EVs in these samples,

no conclusions regarding concentration could be drawn from this technique alone (Figure

60



3.11D). Distribution of sEV sizes were also plotted for all three conditions (Figure 3.11E-
G). Then, these distributions were overlayed within normal exosome size range (40-160
nm, Figure 3.11H) [80]. Under either inhibitory condition, the peaks of these size
distributions were probably shifted, indicating some effect of PLD1 on the size of small
EVs, which likely includes exosomes. In future studies, it would be interesting to explore

this change further.
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Figure 3.11: PLD Inhibition Reduces Number of Small EVs Collected and Alters
Small EV Size Distribution. A) Example slot blots of collected small EVs and
corresponding cell lysates stained for CD63 and actin, respectively. B) Quantification
of small EVs corrected for actin in cell cultures treated with DMSO (grey circles),
PLD1i (red squares) or PLD1/2i (teal triangles) under identical concentrations as those
used in fluorescence experiments. Values are corrected based on actin and normalized
to the DMSO intensity for the same day. Each triplet of points is from the same day. C-
H) Collected small EVs were imaged using an NTS instrument to identify size and
concentration under PLD inhibition. C) Average size of small EVs. D) Concentrations
of small EVs under PLD inhibition. Lines are averages, error bars are SEM. E-G) Size
distribution of small EVs collected in DMSO (E), PLD1i (F) and PLD1/2i (G). H) Close
up of distributions at common exosomes sizes for DMSO (black), PLDIi (red) and
PLD1/2i (teal). Error bars are SEM (n = 6).
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PLD Inhibition Increases Number of Lysosomes

PLD inhibition significantly reduces rate of MVE docking and secretion (Figure
3.6E,F), and PA production after docking (Figure 3.10), but it has no effect on kinetics of
fusion (Figure 3.6G) or presence of PA (Figure 3.9). One hypothesis is that PLD1 and/or
PLD2 may be involved in trafficking. However, diffusion coefficients were not affected by
PLD inhibition treatments (Figure 3.6H). Another potential role for PLD is late endosome
fate, because MVEs may fuse with the plasma membrane, or they can fuse with lysosomes
and lead to degradation [1]-[3]. Others have noted that PLDs may be involved in late

endosome fate [81]. Therefore, A549 cells expressing CD63-GFP and either co-expressing
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Figure 3.12: PLD1 Inhibition Increases Number of Lysosomes. A,B) A549 cells
were transfected with CD63-GFP (left) and LAMP1-RFP (middle, A) or treated with
Magic Red (middle, B). Scale bar: 2 pm. C,D) Average AF/S values for CD63 at
LAMPI spots (C) or Magic Red spots (D). E,F) Number of spots identified containing
LAMPI1 (E) or Magic Red (F) per surface area under TIRF microscopy. Each point in
C-F is one cell. Lines are averages, error bars are SEM. ns p > 0.05, * p < 0.05, ** p <
0.005.
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LAMPI-RFP (Figure 3.12A) or treated with lysosome-specific marker Magic Red (Figure
3.12B) were observed under these conditions to identify the effects of PLD inhibition on
late endosome populations. MVEs containing LAMP1 are less likely to fuse, although
LAMP1 is present during MVE fusion to an extent [ 74]. No change was observed in CD63
colocalization with LAMP1+ endosomes or Magic Red+ lysosomes was noted (Figures
3.12C,D). The number of LAMP1+ endosomes identified in the TIRF field was likewise
unaffected (Figure 3.12E). However, 42-52% more Magic Red+ lysosomes were noted
under PLD inhibition, indicating a likely role in late endosome fate (Figure 3.12F). These
results support the hypothesis that PLD is involved in MVE fate, favoring eventual

exosome secretion, while its inhibition favors the lysosomal pathway.

3.4: Discussion

In this work, we demonstrate that PLD1 activity is essential for exosome secretion
in A549 cells, as well as the fate of late endosomes. Others have noted that PLD1 localizes
to late endosomes [38]-[43], which this work supports. PLD1 localizes to late endosomes,
particularly CD63+ late endosomes (Figure 3.1C,D and 3.2D), which are predominantly
MVEs [74]. PLDI also displays some localization to LAMP1+ late endosomes (Figure
3.1C,D). However, in individual endosomes there are more LAMP1 endosomes without
PLDI1 than there are CD63 endosomes without PLDI, indicated by the former having a
median ~0.03 and CD63 having a median ~0.16 (Figure 3.1D). PLDI1 localization to MVEs

sets the stage for a potential role in PLD1 in the exosome secretion pathway, as others have
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noted [28], [51], similar to its role in stimulated exocytic processes [33], [37], [44], [82]-
[85].

By observing single visiting and fusing MVEs using a pH sensitive marker, CD63-
pHmScarlet, alongside GFP-PLD1, it was confirmed that PLD1 is present on MVEs during
all stages (Figure 3.4), as its intensity significantly increased during visiting and fusing
MVEs. Thus, there is likely a strong association between PLD1 and late endosomes.
Additionally, while it was not significantly brighter during docking, this could be attributed
to the rarity of docking MVE events noted in this work, which is supported by PASS
accumulating at sites of docking only when PLD1 is not inhibited (Figure 3.10). We
hypothesized that cytosolic GFP may be internalized in ILVs. However, GFP intensity
decreased during all three classes of events, indicating this was likely not the case, as GFP
is slightly pH sensitive and would increase upon fusion, puff and spread radially; it would
also be visible during visiting and docking (Figure 3.4C). Therefore, PLD1 is present on
MVEs and is likely involved in this pathway, in line with previous colocalization studies
[38]-[43] and exosome secretion [28], [51], [69] of PLD1. PLD1 and PLD2 are present on
exosomes [86], and inhibition or knockout experiments of either PLD1 or PLD2
significantly reduced secreted exosomes in 4T1 and ovarian cancer cells [51], [69].

The main enzymatic activity of PLDI1 is the conversion of the lipid PC to PA, which
is hypothesized to stabilize negative curvature. Therefore, we hypothesized that it may
stabilize the fusion pore, as it likely does for VAMP2 events, or that it may support the

formation of ILVs. To explore this possibility, a GFP-labeled PA marker, GFP-PASS, was
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used. PASS was noted during MVE fusion (Figure 3.7), and over a long time during MVE
docking (Figure 3.10). Thus, production of PA is important for docking and fusing MVEs.

It is interesting to note that PLD1 is present on mobile MVEs, but PASS is not. One
possibility is that PLD1 is involved in fate or mobility. PLD inhibition had no effect on
mobility of endosomes (Figure 3.6H), or CD63 localization to other late endosome or
lysosome markers (Figure 3.12C,D), but it did increase the density of lysosomes present.
This result suggests that PLD1 has a role in late endosome fate, favoring formation of
exocytosis bound MVEs rather than lysosomes.

Given this result and that PA is more enriched on exosomes from PC-3 cells than
the cells themselves [86], [87], and reduction of PLD1/2 activity reduce secreted exosomes
[51], [69], it is likely that PLD1 produces PA at some point in the MVE formation process.
It is possible that PASS is not observed in MVEs prior to fusion due to GFP quenching at
low pH, but this is unlikely as GFP is not nearly as quenched as pHmScarlet. It is more
likely that it is excluded from intraluminal vesicles. The fact that cytosolic GFP intensity
drops during fusion could support the latter, and blotting small EVs in cells expressing
cytosolic GFP or GFP-PASS suggests that both are internalized to the same extent (Figure
3.8B). However, small EVs other than exosomes are also collected, and PLD1 production
of PA is noted in production of microvesicles, another class of EVs [88], which may
explain this discrepancy.

One other possibility is that PLD1 among other PLDs are internalized in exosomes,
as others have noted [89]-[91], and PA is not always easily detectable in intraluminal

vesicles [81], [86], [92], [93]. This could mean that PA production is too low to measure
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with PASS, or that PA is only temporarily produced as an intermediate lipid or when
needed [90], [94], and that it is only detectable in larger quantities of exosomes. Overall,
the presence of PASS during fusion is consistent with those observed in VAMP2 secretion,
and with previous hypotheses that PLD1 involvement in the exocytic processes is due to
its production of PA.

Like in VAMP?2 events, PA also does appear to slowly increase in intensity after
MVEs dock. It is possible that PA is produced during both the formation of intraluminal
vesicles and the docking/fusion processes. These results support the latter, with previous
lipid studies supporting the former [87]. Bands on slot blots of cells expressing GFP and
GFP-PASS in small EVs are brighter than wild type cells for anti-GFP (Figure 3.8A),
indicating that both are internalized by small EVs, either to an extent in exosomes that is
too low to view with these fluorescent techniques, or a greater extent in other EVs.
However, GFP and GFP-PASS are not significantly different from one another, suggesting
that PASS is not significantly internalized. This does not mean that PA is not produced
within ILVs. Given the fact that both are present to similar extents, it indicates that the
increase in intensity during fusion is not due to exosomal PA, as this intensity increase is
not noted with GFP during fusion (Figure 3.4F). This means the difference in intensity
between PASS and GFP must be due to production of PA on and/or recruitment to the
plasma membrane and/or outer MVE membrane.

In order to specifically identify whether the role of PLD1 in this pathway is due to
its production of PA, PLD1-specific and pan-PLD inhibitors were used. Consistent with

our hypothesis that PLD1 is required for exocytosis, there was a significant reduction in
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the rate of MVE fusion (Figure 3.6E). PLD1 was hypothesized to be involved in this
process due to its production of PA. However, under PLD inhibition, there was no change
in the localization of PASS to sites of fusion (Figure 3.8). This result indicates that there is
another role for PLD1 in the MVE pathway than simply producing PA during secretion.
The fact that PA increases during fusion regardless of inhibitor used indicates that there is
likely a source in addition to PLD1 for exocytosis.

Interestingly, there was also a significant reduction in the rate of MVE docking
(Figure 3.6F). PA is produced slowly during docking by PLD1, however, as PASS intensity
increases in DMSO but not under either inhibitory condition. Another interesting note
about PA formation in MVE docking events is that, while PA is formed near the center of
docked secretory vesicles (Figure 2.10A), it is formed offset around the center of docked
MVEs (Figure 3.10A), while during fusion it appears near the center (Figure 3.7C).

If PLDI1 production of PA is not specifically required for exocytosis, why does PA
intensity increase during fusion? Syx2, Syx3 and Syx4 have been shown to be involved in
exosome secretion [26]. Syntaxins in both yeast [95] and humans [96] have been shown to
have PA-binding domains. It is possible that Syntaxin-4 recruits PA, but as there is no
compensatory recruitment in VAMP2 secretion (Figure 2.5), this is unlikely. Other
methods for PA production include diacylglycerol kinases (DGKSs), with DGKa having
been implicated in exosome secretion [97]-[101]. DGKa may provide a compensatory
method for PA production during MVE fusion but not during docking.

To begin identifying possible other roles for PLD beyond the formation of PA at

the fusion site, A549 cells expressing CD63-GFP either with LAMP1-RFP or while treated
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with Magic Red were imaged under treatment with PLD inhibitors. There is some overlap
between CD63 and LAMP1 endosomes (Figure 3.12C), as others have noticed [26], [27],
[102], and some amount of CD63 present on lysosomes (Figure 3.12D). Endosomes that
are LAMP1+ have been shown to be less likely to fuse [74], which may indicate a different
population of late endosomes that are LAMPI1+ and CD63+. As we and others have
previously reported, CD63 fusion events do not contain Magic Red [72], [74].
Additionally, reduction of endolysosome fusion causes more exosomes to be secreted [1]—
[3], while induction of autophagy reduces exosome secretion [3], [103]. Magic Red
specifically marks catalytic lysosomes. While no change in colocalization was noted
between CD63 and LAMP1 or Magic Red, more Magic Red+ lysosomes were identified
under PLDI1 inhibition (Figure 3.12F), likely indicating that PLDI1 is involved in
determining whether late endosomes become MVEs or lysosomes. Since PLD1 and
exosome secretion are both elevated in cancer [13]-[16], and PLD1 inhibition increases
lysosome density, it appears involved in late endosome fate in addition to docking.
Overall, PLD1 is necessary for exosome secretion, as others have shown and the
clear reduction of MVE fusion under PLDI1 inhibition supports. However, the reason for
PLD1 involvement is less clear, as PA localization to fusion sites is not dependent on
PLDI1. Its production of PA during docking, however, could still support fusion. PLD1 is
present on MVEs during all stages, but it is only required to produce PA during docking.
The presence of catalytic lysosomes near the cell surface is increased under PLDI
inhibition, suggesting that PLD1 is involved in determining fate of MVEs, therefore

indirectly influencing fusion, unlike its more direct involvement with secretory vesicles.
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Chapter Four: Phosphatidic Acid Accumulates at Areas of Curvature in Tubulated
Lipid Bilayers

Phosphatidic acid (PA) is a signaling lipid that is produced enzymatically from
phosphatidylcholine (PC), lysophosphatidic acid, or diacylglycerol. Compared to PC, PA
lacks a choline moiety on the headgroup, making the headgroup smaller than that of PC
and PA, and PA has a net negative charge. Unlike the cylindrical geometry of PC, PA, with
its small headgroup relative to the two fatty acid tails, is proposed to support negatively
curved membranes. Thus, PA is thought to play a role in a variety of biological processes
that involve bending membranes, such as the formation of intraluminal vesicles in
multivesicular bodies and membrane fusion. Using supported tubulated lipid bilayers
(STuBs), the extent to which PA localizes to curved membranes was determined. STuBs
were created via liposome deposition with varying concentrations of NaCl (500 mM to 1
M) on glass to form supported bilayers with connected tubules. The location of
fluorescently labeled lipids relative to tubules was determined by imaging with total
internal reflection or confocal fluorescence microscopy. The accumulation of various
forms of PA (with acyl chains of 16:0-6:0, 16:0-12:0, 18:1-12:0) were compared to PC and
headgroup labeled phosphatidylethanolamine (PE), a lipid that has been shown to
accumulate at regions of curvature. PA and PE accumulated more at tubules and led to the
formation of more tubules than PC. Using large unilamellar liposomes in a dye quenching

assay, the location of headgroup labeled PE was determined to be mostly on the outer,
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positively curved leaflet, whereas tail-labeled PA was located more on the inner, negatively
curved leaflet. This study demonstrates that PA localizes to regions of negative curvature
in liposomes and supports the formation of curved, tubulated membranes. This is one way
that PA could be involved with curvature formation during a variety of cell processes.
This work has been published in Biomolecules and is available via:

https://doi.org/10.3390/biom12111707

Michelle Knowles assisted with writing (~30%).

4.1: Introduction

Phosphatidic acid (PA) is a lipid that can be produced from phosphatidylcholine
(PC), diacylglycerol, lysophosphatidic acid (LPA) or de novo from glycerol 3-phosphate
or dihydroxyacetone phosphate [1], [2]. The roles of PA are currently best described in
plants, particularly Arabidopsis thaliana, where PA is involved in a wide variety of
processes, from stress response and growth, acting primarily as a signaling molecule [3].
In yeast, PA is involved in sporulation and secretion [3]. In mammals, PA is involved in
exocytosis, intraluminal formation, cell proliferation, signaling, tumor progression and cell
differentiation [3].

Many of the roles that PA has in biology are hypothesized to be related to the
geometry of PA itself. PA has been shown to regulate cellular functions by altering
membrane shape locally on the plasma membrane or organelle membranes [4]. PA has an

inverse conical shape when compared to PC [5]. Inverse conical shaped lipids are predicted

to ease membrane bending by fitting well into negatively curved membranes, whereas
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conical shaped lipids, such as LPA [5] and PE with a large fluorescent dye label on the
headgroup, are predicted to sort into positively curved membrane areas [6]. The presences
of lipids with intrinsic membrane shape makes membrane bending easier and could also be
a mechanism by which lipids are sorted [7], [8].

Several studies have focused on the interplay between membrane shape and the
intrinsic lipid shape. Positively curved membranes accumulated single tailed lipids, such
as fluorescein-labeled hexadecanoic acid [6] and LPA [9], which are conical in shape.
Interestingly, lipids with two tails also accumulate (fluorescein 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine, FI-DHPE) to a higher extent [6], [10]. An alternative
model for lipid sorting depends on the defect sites in the bilayer that are present when a
membrane bends [11]. The positively curved side has packing defect sites that, when
present, allow for the insertion of hydrophobic protein motifs or lipids [10], [12].
Therefore, defect sites are places in the membrane that can be stabilized by filling with
lipids. Lipids with more carbons in the tails (either longer tails or two tails) have been
shown to accumulate more at these sites [6], [10]. This is in contrast to the concept of
sorting based on the intrinsic lipid shape, and the work presented here focuses on both the
role of lipid tails and the small headgroup in PA curvature membrane sorting.

To measure how lipids and proteins are recruited by or induce curved membranes,
several model curved membrane assays exist, such as curved supported lipid bilayers [13],
tubules [14], membrane coated nanopatterned surfaces [15]-[17], and small liposome-
based assays [10], [18]. Recently, an assay using NaCl to induce tubule formation in

supported lipid bilayers (SLBs) was developed by Schenk et al [19]. These supported

81



tubulated bilayers (STuBs) were used to study SarlB, a vesicle budding protein [19], but
in this study, we demonstrate that this assay is useful for measuring lipid accumulation at
curvature as well. This assay was chosen partly due to the simplicity of creating the tubules
but also because the tubes are connected to the flat supported bilayer, allowing the
measurement of recruitment to curved regions to be directly compared to flat areas in the
same measurement.

In this work, STuBs were used to measure the recruitment of PA to curvature and
to determine if PA supports membrane curvature formation and if PA accumulates at
regions of curvature. STuBs were created from POPC, DOPE-PEG and a fluorescent lipid
(either PA, PC or PE) and imaged using confocal and TIRF microscopies. From image
data, the number of tubes per area and the intensity of dye labeled lipid per tube were
quantified relative to the flat areas of the same samples. As an alternative, extruded large
unilamellar liposomes were measured in bulk and the accessibility of the dye to quenching
agents was assessed to determine which leaflet accumulated PA. Our results demonstrate

that PA stabilizes curvature and prefers negatively curved areas relative to PC controls.

4.2: Materials and Methods
Liposome and STuBs Assembly:

Lipids were mixed in chloroform to specified concentrations using glass syringes
for a total of 250 nmol. Chloroform was evaporated using nitrogen and vacuum. Lipids
were resuspended in 2 mL of buffer containing 140 mM KCI, 20 mM HEPES and varying

concentrations of NaCl at pH 7.4. The solution was probe sonicated for 5 min on ice. For
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SLBs, 8 well dishes were cleaned by submerging in 0.1% SDS for 1 hour, followed by 1%
bleach overnight, then 100 pL of 2% Hellmanex was added to each well for one hour.
Afterwards, wells were rinsed three times in buffer containing 140 mM KCI, 20 mM
HEPES and varying concentrations of NaCl at pH 7.4. 100 pL of liposome stocks were
deposited per well in 8 well dishes and incubated at 37°C for 1 hour. SLBs were then
imaged immediately. Lipids used in this study include 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine (POPC, Avanti Polar Lipids, 850457), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DOPE-PEG, Avanti Polar
Lipids, 880234), Marina Blue- 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (MB-DPPE, ThermoFisher, M12652 ), 1,1’-dioctadecyl-3,3,3’,3'-
tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD, ThermoFisher,
D7757), 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine  perchlorate  (Dil,
ThermoFisher, D282), 1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl}-sn-glycero-3-phosphate (16:0 6:0-NBD PA, Avanti Polar Lipids,
810173), 1-palmitoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-
glycero-3-phosphate (16:0 12:0-NBD PA Avanti Polar Lipids, 810174), 1-oleoyl-2-{12-
[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-phosphate (18:1
12:0-NBD PA, Avanti Polar Lipids, 810176), 1-oleoyl-2-[12-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phosphocholine (18:1 12:0-NBD
PC, Avanti  Polar Lipids, 810133), and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DPPE, Avanti Polar

Lipids, 810144). Liposomes contained 98% POPC, 1% DOPE-PEG and 1% NBD-labeled
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lipid. SLBs used for FRAP contained 96.9% POPC 1% DOPE-PEG, 2% MB-DPPE and
0.1% DiD. SLBs used for TIRF contained 98% POPC, 1% DOPE-PEG, and 1% NBD-
labeled lipid. MB-DPPE concentration was 2%, the same as past work [16], and NBD
labeled PA lipids were used at a concentration relevant to what is observed in cells [20],
[21]. POPC concentration was adjusted to accommodate the difference. All lipids were
purchased from Avanti Polar Lipids (Alabaster, Alabama, USA), except for MB-DPPE,
Dil and DiD, which were purchased from ThermoFisher. Dil was used in TIRF
measurements andDiD was used for confocal measurements of the membrane tubule size
due to the excitation wavelengths available on different microscopes. MB-DPPE was used

for measuring fluidity.

Fluorescence Recovery After Photobleaching (FRAP):

FRAP was performed on a point-scanning confocal microscope (Olympus
Fluoview 3000) to test fluidity of bilayers and connectivity of tubules. The FRAP region
was a 60-pixel diameter (6.01 um) circle. A 640 nm laser was used for DiD and a 405 nm
laser for MB-DPPE. The imaging rate was 2.17 seconds per frame during 2-color imaging.
3 frames were taken prior to bleaching, then FRAP region was bleached for 1s, followed
by 45 frames for recovery. FRAP occurred at room temperature 20-22°C. FRAP data was
corrected for photobleaching and normalized to the average of the pre-bleach frames as
described in previous work [6], [16]. Graphpad Prism was used for plotting, fitting and t-

testing.

84



Total Internal Reflection Fluorescence Microscopy:

STuBs samples were imaged immediately after assembly. Two color imaging data
were taken with a 60x (1.49 NA) objective followed by a 2.5x magnifying lens to obtain a
magnification that is 0.109 pum/pixel on the detector (EMCCD, Andor iXon897). A
DualView (Optical Insights) was used to split the red and green fluorescence (565LP
dichroic with 525/50 and 605/75 emission filters, Chroma Technologies) into separate
channels onto the camera. Movies were taken at 1 frame/second using Micromanager [22].

For image analysis, the red and green images were aligned using 200 nm
carboxylate modified, yellow-green fluospheres (ThermoFisher, F8811) and home-built
alignment code in MATLAB, as used previously [23], [24]. These nanoparticles (diameter
= 200 nm) were also used to identify the diffraction limit of the TIRF in full width half
max (FWHM) calculations [21,22]. Tubule positions were located by bandpass filtering
with 9 pixels followed by spot finding with a pixel size of 5 and a variable threshold. All
spot-finding code was initially written in IDL [25], then made available in MATLAB [26].
Radial plots were calculated as described previously [27], and the intensity from each peak
was normalized to the intensity ~500nm away. These plots were used to calculate the
FWHM of tubules based on the max intensity and the flat intensity, also ~500nm away.

Intensity (AF/S) measurements were calculated using Equation 4.1:
—=— 4.1)

where C is the average intensity of a circle with a 5-pixel diameter and A is the intensity

of an annulus 1 pixel wide, 7 pixels from the peak, were used (Figure 4.1). This is
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Figure 4.1: Description of AF/S Measurements. A) Depiction of the circle (blue) and
annulus (orange) regions overlaid on the image of a tubule in the DiD (red) channel.
There is a 1-pixel thick ring that separates the circle and annulus regions. B) Example
of the same tubule with the circle intensity shown. The average of this region constitutes
the circle intensity. C) Example of the same tubule with the annulus region intensity
shown. The average of this ring constitutes the annulus intensity. The intensities of the
circle and annulus are obtained and used to calculate AF/S, where AF = circle — annulus
and S = annulus — background, where background is the average intensity of a POPC
membrane with no fluorophores present. Scale bars = 1 pm.

normalized using the background was defined as the intensity of a membrane with no
fluorophores present. This has been described in detail previously [23]. Longer length
tubules were occasionally noted as others observed previously [19]. These tubules are
typically disconnected from the bilayer and rare. Therefore, these were not used in
measurements for this paper. All analysis was performed in MATLAB and code will be

made available upon request. All statistical testing was performed in GraphPad Prism.

Fluorimetry:

NBD labeled liposomes in 2.5 mL buffer (140 mM KCI, 20 mM HEPES and 15mM
NaCl at pH 7.4) were extruded through 100 nm filters and put in a 1 cm quartz cuvette with
a stir bar. 250 pL of 0.1 mM dithionite was added after 30 s. Readings were taken on a

Cary Eclipse once per second, with 0.1 second exposure, an excitation wavelength of 463
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nm and emission of 533 nm. Excitation and emission slit widths were variable depending

on intensity of samples, between 5 and 20 nm.

4.3: Results
The Formation of STuBs Depends on NaCl Concentration

To determine what concentration of NaCl reliably formed tubules, SLBs were
formed using 96.9% POPC, 1% DOPE-PEG, 2% Marina Blue-DPPE and 0.1% DiD at
varying concentrations of NaCl (Figure 4.2A). The lowest and highest concentration were
chosen to replicate the original STuBs study [19]. This combination of lipids was intended
to be a simple mixture that mimics the plasma membrane and includes PEGylated lipids to
cushion the bilayer from the glass surface [28] and mimic the crowded cellular environment
[29]. Increasing the concentration of NaCl reproducibly induced formation of more tubules
(Figure 4.2A,B). On rare occasion, long tubules formed as seen in other labs [19], but were
not included in our analyses due to their rarity and their shapes complicating analysis.
Instead, smaller tubules were measured and are fluid with the rest of the bilayer (Figure
4.3), which suggests they are connected structures, rather than liposomes. These tubule
structures recovered to the same extent as the flat regions of the membrane (Figure 4.3).
The tubules were diffraction limited (Figure 4.2A,E), but the intensity of the tubules varied
with NaCl concentration (Figure 4.2D) based on measurements of AF/S, described in
Figure 4.1. Specifically, tubules assembled in 1000 mM NaCl were significantly more
intense than those at 500 or 750 mM (Figure 4.2D), while differences in FWHM values of

tubules at any [NaCl] were not significant (Figure
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Figure 4.2 Tubules Form in the Presence of 500-1000 mM NaCl. Lipid tubules were
characterized using 0.1% DiD as a lipid marker. Increasing concentration of NaCl
increases number of tubules per area. A) Tubules were imaged using confocal
microscopy. [NaCl] from top to bottom (mM): 15, 250, 500, 750, 1000. All images are
autoscaled. B) DiD-labeled tubule density as a function of NaCl concentration. C)
Radial plots of intensity of DiD at 500 mM (blue circles), 750 mM (brown squares),
and 1000 mM (black triangles), normalized to intensity at 951 nm from center. D)
Average intensity of lipids at sites of tubules for different [NaCl], displayed as AF/S, a
function of tubule intensity and surrounding intensity. Significant differences noted by
* where a t-test p value < 0.05. E) Average size in nm at [NaCl] of 500, 750, and 1000
mM. All error bars are SEM (n = 9). No significant (ns) differences measured. F) The
distribution of intensities of single tubules. G) The distribution of the diameter, as
measured from the FWHM of the imaged tubule. Error bars in histograms are SEM
from three days.

4.2E). This suggests that tubules may be larger with higher concentration of NaCl. Since

single tubules can be observed in this assay, the distribution of intensity and sizes can also
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Figure 4.3: STuBs Do Not Affect Fluidity of MB-DHPE. A) FRAP recovery of SLBs
deposited in 15 mM NaCl buffer (purple triangles) or 1000 mM NaCl buffer (black
circles). B) FRAP recovery of tubules (black circles) or flat regions (grey squares)
specifically. For both graphs, intensity was normalized for photobleaching such that 1
is the average of three pre-FRAP frames and 0 is the frame immediately after FRAP.
Error bars are SEM (n = 3).

be quantified (Figure 4.2G). The distributions of intensity (AF/S) and the tubule size

(FWHM) is similar for tubules prepared with 500, 750 or 1000mM NacCl.

PA and DPPE Form More Tubules Than PC

To determine if lipids with intrinsic curvature affected STuBs formation or
accumulate in certain regions, tail labeled PA (NBD-PA) and headgroup labeled DPPE
(DPPE-NBD) were incorporated separately into the STuBs. In this experiment, all lipids
were identical except the ones labeled on the axis in Figure 4.4. Membranes were formed
in 1000 mM NaCl buffer, using 98% POPC, 1% DOPE-PEG, and 1% either DPPE-NBD,
(18:1 12:0)-NBD-PC, or (18:1 12:0)-NBD-PA and imaged using TIRF microscopy (Figure
4.4A). In this experiment, PC acted as a negative control, while DPPE-NBD was a positive

control because it sorts into positively curved membranes [6], [30]. The NBD-PA produced
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Figure 4.4: Tubulated Lipid Bilayers with PA and DPPE Induce More Tubule
Formation Than PC. A) Examples of bilayers with 18:1 12:0-NBD PA (top), 18:1
12:0-NBD PC (middle), and DPPE-NBD (bottom), with examples of STuBs (left) and
averaged tubules (right). B) Average tubule density of bilayers with respective lipids.
C) Average AF/S of lipids. D) Average diameter (FWHM) of lipids. On our microscope,
the average FWHM of diffraction-limited 200 nm green polystyrene nanoparticles is
296 nm (dashed line). Error bars are SEM. n = 12 membranes between 3 days. ** p <
0.005, *** p <0.0005 and ns = not significant on a t-test.

more tubules than NBD-PC and as many as DPPE-NBD (Figure 4.4B). This supports the
hypothesis that PA affects membrane curvature formation. Next, the intensity of the

tubules was evaluated to determine if tubules contained higher amounts of the NBD-
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labeled lipids. The intensity (AF/S) varied as a function of the lipid headgroups with NBD-
PA tubules being dimmer than NBD-PC tubules (Figure 4.4C). The higher intensity (Figure
4.4C) suggests that either more PC is present in tubules, relative to PA and DPPE, or
tubules are larger when NBD-PC is present. However, no significant difference in the
tubule diameter (FWHM) was observed between PA, PC or PE (Figure 4.4D). Therefore,

more PC is likely present on the tubules.

Longer Fatty Acid Chains Support Tubule Formation

Although the headgroup of a lipid likely plays a key role in determining localization
to curved membranes [5]-[9], the acyl chains have also been shown to affect the overall
geometry and sorting on different membranes shapes [6], [10]. To determine the role that
the acyl chains play in lipid sorting, several PAs with modified tails were compared for
their ability to sort into curved membranes and support the formation of tubules.
Specifically, two fully saturated NBD-PAs (16:0 12:0-NBD PA and 16:0 6:0-NBD PA)
were used in addition to the monounsaturated 18:1 12:0-NBD PA (Figure 4.4). The
presence of 18:1 12:0 NBD PA led to more tubule formation than 16:0 12:0 NBD PA and
16:0 12:0 NBD PA led to more tubule formation than 16:0 6:0 PA, showing a trend with
the size of the lipid tails (Figure 4.5A,B). PA supports the formation of more tubules when
more carbons are present in the fatty acid chains, as shown by the higher density of tubules
with PA as compared to PC with identical acyl chains (Figure 4.5B). Unlike the density of
tubules, the intensity of tubules (Figure 4.4C) did not trend with the number of carbons in

the fatty acyl chains. Instead, tubules with 16:0 12:0-NBD PA appear brighter than either
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Figure 4.5: Lipids with Longer Fatty Acid Chains Form More Tubules. A)
Examples of tubules containing 1% fatty-acid-labeled PA. 18:1 12:0-NBD PA (top),
16:0 12:0-NBD PA (middle), 16:0 6:0-NBD PA (bottom). B) Tubule density of bilayers
with respective lipids. C) Average AF/S values of lipids. D) Average FWHM of lipids.
All differences are not significant in D. Error bars are SEM. n = 12 membranes between
3 days. * p <0.05, *** p <0.0005 and ns = not significant on a t-test.

16:0 6:0-NBD-PA or 18:1 12:0-NBD PA (Figure 4.5C); however, the variation observed
in tubule intensities was large for all tubules. The size of the tubules formed did not vary
as a function of the fatty acid tail, with no significant difference in FWHM of tubules noted

between PAs (Figure 4.5D). Overall, this suggests that longer acyl chains and the
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incorporation of a bent, unsaturated tail on PA lipids can enhance the formation of
membrane curvature, but the acyl tails do not affect the overall size distribution of the

tubules that form.

Dithionite Quenching of NBD Reveals PA Localization to Negative Curvature

The presence of PA enhances tubule formation, but it is not clear from imaging of
STuBs which leaflet PA sorts into. To determine if PA prefers the inner leaflet (negative
curvature) or the outer leaflet (positive curvature), a dithionite quenching assay was
performed with liposomes extruded through a 100 nm filter. Typically, the extrusion
process yields a distribution of liposomes sizes ranging from approximately 50-150 nm
[10]. Dithionite quenches NBD fluorescence [31]-[33]; however, dithionite does not
usually penetrate through a synthetic lipid barrier. Therefore, the outer leaflet is quenched
preferentially. Figure 4.6 shows that dithionite quenched DPPE-NBD, a positive curvature
sorting lipid, to a greater extent that NBD-PC. This suggests a greater localization to the
outer, positively curved leaflet. Conversely, all NBD-PAs tested quenched to a lesser
extent, supporting a localization to the negatively curved leaflet (Figure 4.6A-D). Melittin
was used to form pores in the vesicles to quench the remaining inner leaflet NBD molecules
(Figure 4.7) [6], [34]. The fatty acid tails made no difference in the quenching assay (Figure

4.6D), suggesting that all PAs tested were similarly sorted to the interior of the liposomes.
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Figure 4.6: PA Localizes to Negative Curvature in a Liposome-Based Dithionite
Assay. Liposomes containing 98% POPC, 1% DOPE-PEG, and 1% NBD-labeled lipids
were extruded through 100 nm filters and fluorescence was measured in a fluorimeter.
After 30 s, dithionite was added. A—C): the fluorescence traces over time. D):
Normalized intensity after addition of dithionite. Dashed line: theoretical intensity if
only the outer leaflets were quenched and liposomes were symmetric, accounting for
surface area and dilution. Error bars are SEM; error on PC was smaller than the data
points.

4.4: Discussion

In this work, a new membrane curvature assay that leads to the formation of tubules
protruding from a supported lipid bilayer [19] has been used to determine if PA prefers
and/or stabilizes curved membranes. Although STuBs are simple to form and allow for the
visualization of lipids at regions with and without curvature simultaneously, there are

challenges. To form STuBs, much higher concentrations of NaCl than is physiologically
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Figure 4.7 Dithionite and Melittin Fluorimetry Traces of 18:1 12:0-NBD PA and
PC. Normalized intensity trace of NBD-PC (red triangles) and NBD-PA (green
squares), where dithionite was added at 30 seconds and melittin was added at 120
seconds to a final concentration of 1.76 pM. Error bars are SEM for three independent
replicates and often are smaller than the data points.

relevant are needed. Additionally, the read-out of the assay is fluorescence, necessitating
fluorophores on lipids. Studies using NMR experiments [35] and MD simulations [36]
suggest that acyl NBD labels can bend towards the water interface. This likely complicates
NBD quenching assays (Figure 4.6) and could affect localization. To account for dye
labeling effects, the use of an identically labeled PC as a control was essential for
comparison. Despite these challenges, the use of fluorescent lipids also provides
advantages. Fluorescence assays have high signal to noise, allowing lower concentrations

of lipids to be assessed, down to single molecules level concentrations [16]. In this work,
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the sensitivity of the assay allows PA curvature localization to be probed at a concentration
that is similar to the amount of PA in mammalian and plant cells [20], [21].

The formation of STuBs is straightforward and the addition of 500-1000 mM NaCl
reliably formed tubular structures (Figure 4.2A,B), similar to what others have observed
[19]. These structures have varying diameters and intensity (Figure 4.2C-E), which
provides a method to observe localization of dye labeled lipids to varying curvatures. The
wide distribution of tubule sizes (Figure 4.2G) provides an advantage over previous work
using a nanoparticle templated supported lipid bilayer [16], which contains only one size
per sample as determined by the template choice. In the STuBs assay flat regions are also
present and in continuum with curved membranes (Figure 4.3), which allows for a direct
comparison to regions with curvature, overcoming a limitation of liposome-based
curvature sensing methods [10]. By having flat regions present, slight variations in the
fluorescent lipid content when preparing STuBs or in microscopy, such as laser power, are
internally corrected.

The STuBs assay was used to determine the sorting of phospholipids at curvature
relative to flat regions and whether certain lipids could aid in curvature formation. From
TIRF microscopy images, several features of the samples were quantified to determine if
tail labeled PA and PC, and headgroup labeled PE affected tubule formation or were
recruited to tubules. First, the density of tubules was determined to depend upon the lipid
composition; lipids that support curvature (NBD-PAs and PE-NBD) led to the formation
of more tubules when compared to the control, NBD-PC (Figure 4.4B). Second, the

accumulation of fluorescently labeled lipids at tubule sites relative to the surrounding flat
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regions (AF/S) was measured. In this measurement, NBD-PA and PE-NBD (Figure 4.4C)
accumulated slightly less than or similar to PC and this depended on the tails on PA (Figure
4.5C). Direct comparison of the role of the head group was determined by comparing PC
to PA, both with 18:1 12:0 NBD labeled tails (Figure 4.4). PA stabilized curvature as
observed in the increase in the number of tubules present (Figure 4.4B). However, the
intensity of PA at tubule positions was slightly, but not significantly, less than PC (Figure
4.4C). Meanwhile, PE-NBD both stabilized tubule formation (Figure 4.4B) and was
significantly less intense at tubule positions (Figure 4.4C).

We hypothesized that a reduction in intensity of PE and PA relative to PC (Figure
4.4C), could be due to preferential localization to one leaflet, thus excluding the curvature
sensing lipids from a portion of the tubule bilayer and reducing fluorescence (Figure 4.8).
To test this, a fluorescence quenching assay was performed in liposomes extruded through
100 nm filters and shown in Figure 4.6. NBD-PAs quenched the least, followed by NBD-
PC then PE-NBD. This suggests that PA is protected from dithionite, which cannot
penetrate the membrane to reach the inner leaflet, PC is quenched more, whereas PE-NBD
is quenched the most (about 85%) and likely preferentially sorted to the outer leaflet
(Figure 4.6D). Overall, we conclude that both NBD-PA and PE-NBD assist with the
formation or stabilization of membrane curvature with NBD-PA sorting to the inner,
negatively curved leaflet and PE-NBD sorted to the outer, positively curved leaflet (Figure
4.8). The sorting of head group labeled PE to the inner, positively curved leaflet agrees
with past work [5], [6], [9], [30], [37]-[39], although the preference for curvature of PE-

NBD may depend on the acyl chains of other lipids present [40].
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Figure 4.8: Model Depicting Curvature Sorting of Lipids in STuBs. Bottom left:

Lipids used and their intrinsic geometry. Right: Side view of a tubule in a STuB.
Insets: Depictions of curvature within tubules and the localization of lipids described,

with enrichment of lipids in their respective curvature preferences.
Curvature-based lipid sorting is often discussed in reference to the lipid headgroup,
with smaller headgroups preferring negatively curved lipid membranes and larger
headgroups preferring positively curved membranes. However, the fatty acyl chains
present on a lipid are essential for sorting within cells [41] and on curved synthetic
membranes [10], with lysolipids showing a strong preference for positive curvature lipids
showing a strong preference for positive curvature. Conversely, previous studies have also
demonstrated that lipids with more carbons in the acyl chains have a greater preference for
curvature, where two-tailed lipids and longer lipid tails accumulate more at positively

curved membranes [6,10]. In our past work, a lipid with two acyl chains (Fluorescein-
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DPPE) accumulated more at curvature than a single-tailed, fluorescein-labeled fatty acid
(hexadecanoic acid) [6]. This suggests a mechanism that is different from the geometry of
the lipid, and a “defect” site mechanism has been proposed [10]-[12]. In this model, the
bent area in the positively curved membrane leads to the formation of packing defect sites,
portrayed as a larger gap in the headgroups. This space can be filled with lipids or acylated
proteins, where more carbon in the tails leads to more accumulation [10]. To test whether
the tail composition affected PA accumulation, acyl-labeled PAs with varying tails were
used, namely 16:0 12:0-NBD PA, 16:0 6:0-NBD PA, and 18:1 12:0-NBD PA (Figure
4.5A). PAs with shorter acyl chains formed significantly fewer tubules, with 16:0 6:0-NBD
PA forming the fewest and 18:1 12:0-NBD PA forming the most (Figure 4.5B). The
average size of the tubules did not depend on the tails, as all lipids yielded tubules that
were approximately the same diameter (Figure 4.5D). However, the amount of NBD-
labeled lipids that accumulated at tubule positions did not trend with the acyl chain length
(Figure 4.5C). The saturated 16:0 12:0-NBD PA accumulated more than the unsaturated
18:1 12:0-NBD PA. This could be due to a more limited access to the positively curved
leaflet, which is not supported by our data pertaining to NBD quenching within liposomes
(Figure 4.6D). Instead, it is useful to note that the longest lipid is also unsaturated and, thus,
bent, whereas 16:0 12:0-NBD PA and 16:0 6:0-NBD PA are both saturated lipids.
Therefore, the interpretation of the accumulation (Figure 4.5C) could also be due to
differences in tail saturation, with unsaturated lipids accumulating less at tubule sites.

However, more lipids should be examined in future work to develop a model based on lipid
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unsaturation. Overall, the longer-tailed PA lipids and curvature-sensing lipids (PA and PE)
both support the formation of more tubules.

In a complementary but independent assay, dithionite was used to quench NBD-
labeled lipids to determine which leaflet of a membrane lipids prefer [31]-[33]. Using
LUVs extruded through 100 nm pores, dithionite quenched more than 50% of all lipids
tested. As a control that should not prefer curvature, NBD-PC fluorescence was measured
(Figure 4.6D). NBD-PC was quenched more than expected by dithionite. This could be
due to accessibility of the dye [32], [33], and this is in line with previous studies that show
the slow transport of dithionite across some membranes [31], [32], [40], but disagrees with
others [40]. A second reason PC is quenched by more than 50% could be due to the
liposome size; on small liposomes, the surface area on the outer leaflet is greater than the
inner leaflet. However, we calculated this difference (Figure 4.6D, dashed line) and it does
not account for the observed loss in fluorescence from dithionite treatment. Therefore,
NBD-PC was used as a negative control to compare other lipids to because it is a lipid
expected to have limited curvature preference [42]. PE-NBD was a positive control because
several studies demonstrated that dye-labeled PE lipids have shown a preference for
positive curvature in SLB studies and tubules extending from giant unilamellar vesicles
[6], [30]. However, another study in highly curved, small unilamellar vesicles (d < 100nm),
only weak sorting was observed for PE-NBD, suggesting that the intrinsic shape of a lipid
is not the only driving force for membrane curvature sorting [18]. The positive curvature
preference we measure could be likely due to the dye on the headgroup altering its

geometry or another mechanism, such as the defect site model [10]. When compared in the
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quenching assay, PE-NBD was quenched significantly more than NBD-PC (Figure 4.6D).
This suggests that PE-NBD accumulated more on the outer leaflet of liposomes and was
more accessible to dithionite treatment. Additionally, when compared to the NBD-PC
control, PE-NBD formed more tubules (Figure 4.4B), suggesting a preference for curvature
and possibly stabilization thereof. Unexpectedly, the PE-NBD tubules were significantly
dimmer than the NBD-PC tubules (Figure 4.4C). One possible explanation is that PE-NBD
localizes to the positive curvature specifically, while PC may be on both leaflets, and the
liposome-quenching assay supports this hypothesis. Meanwhile, dithionite quenched
fluorescent PAs to a lesser extent in the liposome assay (Figure 4.6), and 18:1 12:0-NBD
PA tubules were dimmer than 18:1 12:0 NBD-PC tubules, although not significantly
(Figure 4.4C). Following the same reasoning as above for PE, we conclude that PA is likely
sorted to the inner leaflet of liposomes. In fact, all three PAs with varying tails quenched
to the same value in the presence of dithionite, suggesting a similar preference for negative
curvature (Figure 4.6). Together, these data suggest PE-NBD predominantly localizes to
the outer, positively curved leaflet of STuBs and liposomes, whereas PA-labeled lipids
prefer the inner, negatively curved leaflet, in agreement with others [6], [30], [31], [39].
Overall, STuBs are a new method for measuring the curvature sorting of lipids and

curvature stabilization, and PA and headgroups labeled PE are curvature-stabilizing lipids.
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Chapter Five: Conclusions and Future Directions
5.1: Conclusions

PLDI has an essential role in multiple membrane fusion processes. In this work we
temporally resolved the localization of PLD1 and its product, PA during two types of
exocytosis. PLD1 produces PA at sites of VAMP2 exocytosis, but also slowly during
docking. Both of these aspects are PLD1-dependent, as inhibition of PLDI specifically
reduces PA production during both phases. PLD1 is also responsible for production of PA
during docking at sites of MVEs. Interestingly, however, PLD1 is not responsible for the
localization of PA to sites of MVE fusion, as PLD inhibition does not appear to alter PASS
recruitment to sites of fusion. Therefore, there must be an alternate pathway for production
or recruitment of PA during exosome secretion. Mobility of secretory vesicles was also
affected by PLD1. However, PLD1 has no role in mobility of MVEs, but does affect the
fate of late endosomes. Together, PLD1 is a necessary component of intracellular mobility
of vesicles, late endosome fate, and for exocytosis.

We also showed that tubulated supported lipid bilayers can be used as a method to
probe curvature preference of lipids. PA stabilizes the formation of tubules in these
bilayers, indicating a preference for curvature. It also localizes to the inner, negatively
curved leaflet of liposomes. Therefore, PA stabilizes negative curvature. In conjunction

with the results from the PLD studies, production of PA by PLD1 appears to be necessary
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due to its inherent alteration of lipid geometry and stabilization of negative curvature

during the exocytic process.

5.2: Phospholipase D2

We have indirectly probed PLD2 activity during these events by inhibiting PLD1
specifically and then PLD1 and PLD2, but a more thorough study of this enzyme in the
MVE pathway should be explored. While PLD1 has been known to be involved in exosome
secretion [2], [35], [36]. PLD2 is involved in MVE budding and exosome production [2],
[45], [46]. While PLD1 is present on exosomes, PLD2 is present to a higher extent,
particularly when cells are treated with ionomycin [46], [47]. Signaling pathways and
activation of PLD1 and PLD2 differ, and this could also be explored. Both are activated by
protein kinases C, particularly protein kinase C a, but PLDI specifically is activated by
RhoA, Racl, Cdc42Hs, Arfl and probably Arf6 [48]. Arf-based activation of PLD2 has
been suggested, particularly Arfl [49], but other results conflict with this finding [50], [51].

Investigating activation pathways of PLD may also be interesting to explore.

5.3: Diacylglycerol Kinase

Diacylglycerol Kinases (DGK) are another class of lipid-modifying enzymes that
produce PA, using diacylglycerol instead of PC [52]-[55]. Both DGKa [56] and DGK{
[57] localize to endosomes, with DGKa specifically localizing to MVEs [58]. DGKs,
particularly DGKa, have been implicated in exosome secretion in T lymphocytes [58]—

[62]. Not unlike PLD1, there is limited temporal data regarding DGKa in the MVE
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pathway. Future experiments exploring localization of DGKa to MVEs, DGKa-production
of PA in this pathway with DGKa inhibition with or without PLD inhibition, and PASS
localization during these inhibition experiments similar to Chapter 3 would be an
interesting path to explore. Ritanserin, R59022 and R59949 are inhibitors of DGKa that

could be used [63].

5.4: Alternate PA Labeling Methods

In this work, the PA binding protein, PASS, was used to identify PA localization to
sites of fusion. While we were able to show a difference in PA localization with an average
of many events, it is difficult to observe on single secretory vesicle or MVEs at any stage
due to a high signal-to-noise ratio. Therefore, it would be interesting to explore other
options to identify PA presence. One such method is the IMPACT method described by
the Baskin lab [64], [65], which takes advantage of the promiscuity of PLD to use primary
alcohols instead of water and produce a fluorescent marker at sites of PLD activity
specifically. A light-activated PLD has also been produced, which could be activated near
specific organelles to observe PLD activity specifically at MVEs [65], [66]. A
photoswitchable PA analog has additionally been developed, which can be switched via
light to act like saturated or unsaturated PA, specifically, which can affect its role [65],
[67], although there appears to be no dependence on saturation for syntaxin clusters when
it comes to lipids in general, which may translate to PA [68]. Alternatively, while these
techniques would lack temporal resolution, DGK-derived PA on small EVs could be

radiolabeled in cells treated with 3P [69], while PLD-derived PA can be measured by
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production of phosphatidylbutanol in cells treated with 1-butanol and then measured with

thin-layer chromatography [70], [71].
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