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Localized production of signaling agents is an essential feature for living cells. Many of
these signaling molecules are lipid entities. However, due to their hydrophobic nature and
highly diverse cellular functions, certain potent, low-abundance lipids that act as signaling
agents remain understudied with traditional biochemical techniques. Thus, the advancement of
modern chemical biology tools represents a promising perspective to tackle these complex
biological problems. Chapter 1 summarizes the challenges and recent advancement to study

phospholipid signaling and discusses its relevance towards cell signaling and lipid trafficking.

In Chapter 2, the author discusses the design, synthesis and characterization of a novel,
bioorthogonal chemistry-based strategy, termed RT-IMPACT, to image the biosynthesis of a
specific signaling lipid called phosphatidic acid (PA). With fast chemical kinetics and optimal
enzyme specificity, PA produced by phospholipase D (PLD) enzyme activity can be visualized
in living cells in real-time. The author further demonstrates that RT-IMPACT is capable of
accurately reporting subcellular locations of PA production in response to different upstream

stimuli.



In Chapter 3, the author applies RT-IMPACT tools to investigate PTHR signaling that
are previously underexplored. The author shows that PLD activation is specifically downstream
of PTHR-Gq protein signaling. Moreover, the Gq signaling pathway, in stark contrast to the Gs
pathway, is transient and localized on the plasma membrane as revealed by time-resolved
imaging of PLD activities. Lastly, through inhibition of endocytic pathways, a competitive

relationship between the G4 and G; pathway is revealed.

In Chapter 4, the author characterizes a family of lipid transfer proteins—ESyts—that
are responsible for trafficking of unnatural fluorescent lipids from PM to ER. A positive
correlation between the expression levels of ESyts and trafficking rates from PM to ER is
established. Next, through protein engineering, lipid transfer activities of ESyts are shown to

be directly responsible for removal of unnatural fluorescent lipids from the PM.

In the final chapter, the author summarizes the major findings and significance of this
work towards understanding of physiologically relevant pathways. Several potential future
directions, including screening for potential upstream stimuli and identifying other lipid transfer

proteins, are briefly described.
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CHAPTER 1: Introduction

Challenges in studying phosphatidic acid produced by phospholipase D enzymatic activity!

Lipids are fascinating, structurally diverse, and vitally important biomolecules. They
comprise the key membrane barriers between cells and the surrounding environment, serve as
primary energy stores, and play numerous signaling roles. Despite this tremendous
physiological importance, lipids have proven exceptionally challenging to study due to their
redundant biosynthetic pathways, their nature as non-genetically encoded metabolites, and their

! In addition to highly abundant lipids such as

immiscibility with aqueous environments
cholesterol, phosphatidylcholine, and sphingomyelin, which are essential for membrane
structure and cellular homeostasis, cells generate a variety of short-lived and/or low-abundance

lipid second messengers in a spatiotemporally controlled manner, which precisely intersect and

interact with the cell's signaling cascades .

Among the wide spectrum of signaling lipids, phosphatidic acid (PA) is a pleiotropic
lipid second messenger that elicits a variety of changes in cell behaviors. Aberrant PA-
dependent signaling has been linked to several pathological conditions, including various types

45 A full understanding of the precise physiological effects of localized PA

of cancers
production requires a robust set of methods for visualizing and perturbing PA biosynthesis.

Despite the widespread and sustained interest in the biology of PA, there remain a number of

1 A portion of this section is currently published as a book chapter by Timothy W. Bumpus, Dongjun Liang, and
Jeremy M. Baskin in Methods in Enzymology.
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challenges associated with studying this lipid, which can be produced by three distinct
biosynthetic enzyme families: lysophosphatidic acid acyltransferases, diacylglycerol kinases,
and phospholipase Ds (PLD) (Fig. 1.1) %7. First, affinity-based biosensors for PA exhibit only
moderate specificity and frequently rely on coincidence detection of other lipids or proteins
within the membrane 8. Critically, even in an idealized form, biosensors cannot differentiate
newly synthesized PA from the total pool, nor can they distinguish between pools of PA
generated by each of the three biosynthetic pathways !. Second, whereas fluorescently tagging
specific PA-producing enzymes may mitigate the aforementioned challenges, this approach
fails to reveal the active subset of enzymes, many of which exhibit dynamic localizations after

stimulation °.

Phospholipase D and Phosphatidic Acid Signaling

PI5K PI3K
PIPZ PIP,
|-
SHIP PTEN G3P C‘ng DHAP
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CoA CoA 1—acy|— 1acy|—
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LPAAT
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Figure 1.1: A scheme of major biosynthetic pathways of phosphatidic acid (PA) and several

the signaling functions mediated by PA. Reproduced from °.
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Recent advances of imaging phospholipase D activities with clickable alcohols in live cells?

To address these challenges, we sought to develop tools that would enable visualization
and quantification of PA production by a specific pathway. We focused our efforts on PA
generated by PLD enzymes, which are important in both physiological and pathological cell
signaling . Due to the proliferating role of PA signaling in promoting cell migration and
survival (Fig. 1.2), elevated expression and activities of PLD enzymes are frequently associated

with various types of cancer, including breast '°, kidney !!, brain '>!3 and colon cancer '

olipids | |
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and PA)| %
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\d
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Nature Reviews | Cancer

2 A portion of this section is currently published as a book chapter by Timothy W. Bumpus, Dongjun Liang, and
Jeremy M. Baskin in Methods in Enzymology.
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Figure 1.2: An overview of phospholipase signaling networks and pathways. Reproduced from
15 A suite of primary messengers bind to and activate cell-surface receptors, such as families

of receptor tyrosine kinases (RTKs) and G protein-coupled receptors (GPCRs).

PLDs generate PA by the hydrolysis of phosphatidylcholine, the most abundant
phospholipid in cellular membranes, upon activation by several upstream factors, including
many families of cell-surface receptors and intracellular GTPases and kinases ®'®!7. Classic
biochemical assays for PLD activity rely on a second reaction that PLDs can catalyze,
transphosphatidylation, wherein the water molecule that performs hydrolysis is replaced with
an exogenous primary alcohol, enabling PLD-mediated generation of phosphatidyl alcohol

lipids, whose abundance reports directly on PLD activity %1%,

Typically, these
transphosphatidylation-based methods use radio- or stable isotope-labeling, followed by bulk
biochemical measurements (e.g., thin layer chromatography or mass spectrometry) *!31°. Thus,
whereas the phosphatidyl alcohols are generated in cells at precise subcellular membrane

locations where endogenous PLDs are activated, this spatial information is lost during sample

workup steps.

We aimed to develop a method based on this ability of PLDs to perform
transphosphatidylation reactions that would preserve and reveal the localizations of PLD
activity, at the single-cell and even subcellular levels. To accomplish this goal, we devised a
two-step labeling strategy termed IMPACT (Imaging Phospholipase D Activity with Clickable
Alcohols via Transphosphatidylation) 2°2%, Our method uses a functionalized primary alcohol
for the transphosphatidylation reaction that enables us to subsequently install a fluorescent tag

or other detection reagent, via a click chemistry reaction, to the phosphatidyl alcohol reporter,
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within intact cells. Thus, the two-step IMPACT protocol enables the visualization of
membranes containing active PLD enzymes within intact and—in many variants of the

protocol—Ilive cells.

Here, we describe two versions of IMPACT that we have optimized for different
applications for quantifying and imaging PLD activity (Fig. 1.3). First, we describe our original
version of IMPACT, using azide-containing alcohols for transphosphatidylation and click
chemistry tagging via a [3 + 2] strain-promoted azide-alkyne cycloaddition (SPAAC) reaction.
This reaction happens spontaneously in aqueous media and, coupled with desirable cell
permeability of the probes, is ideal for measuring PLD activity at the bulk population or the
single-cell levels (Fig. 1.3B, top). Second, to accurately visualize PLD activity at the
subcellular, organelle-membrane level in a time-resolved manner, we describe a real-time
variant of IMPACT (RT-IMPACT) that utilizes inverse electron-demand Diels-Alder (IEDDA)
reaction, or commonly known as tetrazine ligation. The tetrazine ligation has virtues of fast
chemical kinetics as well as fluorogenic responses, which results in a fluorescence ‘turn-on’ of
the non-fluorescent tetrazine after the reaction, enabling real-time imaging of PLD activities.
Specifically, the RT-IMPACT wuses a trans-5-oxocene (0oxoTCOQO) alcohol as the
transphosphatidylation substrate and a quenched tetrazine-BODIPY fluorophore for
fluorogenic tagging via the IEDDA click chemistry reaction (Fig. 1.3B, bottom). Chapter 1
elaborates on the design, development and applications of RT-IMPACT in visualizing

endogenous PLD enzyme activities in real-time under live-cell conditions.
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Figure 1.3. (A) Schematic of the IMPACT methods for detecting cellular PLD activity. PLD
catalyzes the transphosphatidylation of phosphatidylcholine with an exogenous alcohol,
producing a clickable lipid product that can then be detected following the introduction of a
fluorophore using a click chemistry tagging reaction. (B and C) Structures of reagents,

reactions, and reaction products utilized in IMPACT and RT-IMPACT.

GPCR-Gagq pathways that are upstream of PLD activations

Cell surface receptors serve as the mediator of cell signaling by transducing extracellular
hormones and growth factors into specific intracellular pathways. G protein-coupled receptors

(GPCRs) are arguably the most important class of cell surface receptors and many important
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signaling pathways downstream of GPCRs intersect with PLD enzymes (Fig. 1.4). In the
absence of ligands, inactive GPCRs form complexes with heterotrimeric G proteins, consisting
of Ga and Gy subunits, on the cell surface. Ligand binding on the extracellular leaflet results
in conformational changes in the GPCRs, which lead to GDP-GTP exchange in the Ga subunits.
The GTP-bound Goa subunits then dissociate from inactive heterotrimeric G proteins into
activated Ga and Gy subunits, which are responsible for distinct downstream cell signaling
events. In canonical GPCR-G protein signaling which are tightly regulated, the activated
GPCRs will then quickly be internalized through phosphorylation by GRKs and binding to 3-

arrestins to initiate clathrin-mediated endycytosis, which terminates GPCR signaling 2*.
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Figure 1.4: Phospholipase D (PLD) enzymes are stimulated by different classes of cell-surface
receptors. Reproduced from 2. Cell surface receptors activate PLDs through intracellular
effectors including those from the protein kinase C (PKC), Rho GTPase, and Arf GTPase
families, to catalyze phosphatidic acid (PA) formation at different intracellular membrane

locations. R and R’ denote the fatty acyl tails.
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All major classes of Ga proteins (Gq, Gs, Gi, Gi2/13) were somewhat linked with
activation of PLD enzymes, but the extent of activation varies significantly. Among them, Gq
is the arguably the strongest and most common activator of PLDs. Gq binds to and activates
PLCP on the plasma membrane, leading to hydrolysis of PI(4,5)P- in to diacylglycerol (DAG)
and inositol-trisphosphate (IP3). DAG is a known activator of PKC, which activates PLD and
results in translocation towards the plasma membrane. In addition, PI(4,5)P- is an activator of
PLD and IP; can lead to an increase in subcellular concentration of Ca®", which activates PKC
as well. Studies have shown that pharmacological inhibitors of PKC can attenuate PLD

activation 2>

and that overexpression of a PLD mutant that are PKC-resistant dramatically
reduces the overall PLD activity downstream of a GPCR-Gq pathway %¢. These studies indicate
that PKC is an important mediator for the activation of PLD in the signaling pathway of Gg-

PLCB.

Other G protein pathways can also lead to PLD activation, to a less extent. Gs activates
adenylyl cyclase and enhances production of cAMP, which then activates PKA and ERK. It has
been reported that a cAMP derivative activates PLD through a pathway mediated by Ras and
Src 7. Gi is associated with inhibition of adenylyl cyclase, however, evidence indicates that it
can also activate PLDs through RhoGEF and Arf proteins in certain Gi-activating receptors 2.
Gi2/13 can initiate cytoskeleton rearrangement through activation of Rho family of GTPases,

which subsequently stimulate PLDs %°.

Apart from Ga subunits, dissociated Gy subunits are known to activate PI3Kf3, which
catalyzes the formation of PIP3 on the plasma membrane *°. This process was shown to facilitate

recruitment of B-arrestin binding to GPCRs, which leads to endocytosis of the GPCRs and
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subsequently terminates canonical GPCR signaling *'. However, some GPCRs show extended
signaling even after receptor internalization. The parathyroid receptor 1 (PTHR1) is among the
first several examples discovered to form ternary complexes with B-arrestin that can signal
through Gs-cAMP pathway persistently at endosomes. Such unconventional activities are
physiologically relevant and play crucial roles in regulating calcium homeostasis with
implications for proper bone developments **¥. Because PTHRI1 is known to activate both Gq
and G;, with the former being poorly understood in its relation to Gas signaling, it is of vital
importance to dissect dynamics of G4 pathways with high spatiotemporal resolutions. Chapter
3 addresses this challenge in the context of PTHR1-Gq protein signaling system using RT-

IMPACT probes, which measures PLD activities downstream of the G¢-PLC axis.

Non-vesicular lipid trafficking events mediated by lipid transfer proteins residing at ER-PM

contact sites

Compartmentalization is a fundamental feature within subcellular organization. Lipid
membranes in the cell form physical barriers to facilitate certain cellular processes in specific
regions, known as organelles. Different organelle membranes can be characterized by their
distinct lipid compositions, which in turn determine the cellular functions of the membrane. For
example, the plasma membrane is the primary boundary that separates the subcellular
environment from the extracellular space. It is also where the cells transduce extracellular cues
into intracellular signaling through cell surface receptors such as GPCRs and RTKs. One of the
major signaling lipids that is relatively enriched in PM is PI(4,5)P>. By comparison, the ER

membrane is the place of biosynthesis of many types of lipids and is especially enriched in
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intermediates and end-products of lipid biosynthetic pathways (e.g., DAG, PA and

lysophospholipids) *.

As membrane functions are partly determined by their lipid compositions, lipid
homeostasis is essential for proper cellular processes and is tightly maintained under healthy
conditions *. Furthermore, disruption of lipid homeostasis is frequently associated with
regulated cell deaths *¢. Therefore, cells deploy a wide range of mechanisms to regulate lipid
homeostasis including lipid metabolism and inter-organelle lipid trafficking. For example,
under acute signaling conditions, such as those caused by activation of GPCRs through ligand
binding, PI(4,5)P> on plasma membrane can be quickly depleted through activation of G4-PLC
pathway. This will lead to an abrupt increase in diacylglycerol (DAG) composition, which is a
potent signaling molecule that will lead to activation of protein kinase C (PKC) and turn on
many signaling pathways, including PLD-mediated PA synthesis. To counteract such effects of
acute DAG production in the plasma membrane, cells can metabolize DAG by converting it to

PA through DGK{ *7.

Alternatively, cells can transport DAG to the ER at membrane contact sites (MCSs).
MCSs are regions where membranes of two organelles are in close apposition to facilitate non-
vesicular lipid transport and frequently involve the ER (Fig. 1.5) 8. Recent research efforts
have revealed the functional significance of MCSs coupled by molecular mechanisms. The
defining features of MCSs are 1. The membranes of two organelles are tethered, as opposed to
fused, in proximity (within 10-80 nm). 2. MCSs facilitate certain cellular functions, such as
lipid and ion transfer. 3. MCSs are formed and maintained by certain proteins to carry out the

aforementioned tethering and trafficking activities *°.
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Figure 1.5: Overview of various functions of membrane contact sites. Reproduced from *°. Each
image is a representative display of a specific function of membrane contact sites. These
functions are categorized into four subsets: lipid transport (orange dotted circle), signaling
(pink), regulation of organelle membrane dynamics (blue), and metabolic channeling (green).
Specific examples and/or general mechanisms of the function are depicted within individual

images.

Specifically, non-vesicular lipid trafficking events are an emerging mechanistic
pathway of lipid transport, which is mediated by lipid transfer proteins (LTPs) at MCSs, as
compared to classical vesicular trafficking mediated by COPI/II vesicles *°. Numerous families
of LTPs have been discovered to be highly enriched at MCSs, although many of their molecular
mechanisms of lipid transport remain elusive *’. Extended synaptotagmins (ESyts) are an
important class of MCS proteins that mediate tethering of PM-ER contact sites and facilitate
non-vesicular lipid transport between the two membranes *'***. Due to limitations of available
biochemical tools to study non-vesicular lipid transfer mechanisms in live cells, direct
visualization of lipid trafficking at physiological MCSs remains largely unachievable.
However, by virtue of doping the plasma membrane with unnatural fluorescent lipids and
observing lipid trafficking events in real-time under live-cell conditions, e.g., through RT-
IMPACT labeling, the dynamics of non-vesicular trafficking can be directly visualized in real-
time. Such lipid trafficking events originating from the PM to the ER via non-vesicular
mechanisms were first observed in real-time imaging of PLD activities in Chapter 2 and then

further interrogated and reconstituted with characterizations of ESyts in Chapter 4.
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CHAPTER 2: A Real-Time, Click Chemistry Imaging Approach Reveals Stimulus-

Specific Subcellular Locations of Phospholipase D Activity!

Abstract

The fidelity of signal transduction requires spatiotemporal control of the production of
signaling agents. Phosphatidic acid (PA) is a pleiotropic lipid second messenger whose modes
of action differ based on upstream stimulus, biosynthetic source, and site of production. How
cells regulate the local production of PA to effect diverse signaling outcomes remains elusive.
Unlike other second messengers, sites of PA biosynthesis cannot be accurately visualized with
subcellular precision. Here, we describe a rapid, chemoenzymatic approach for imaging
physiological PA production by phospholipase D (PLD) enzymes. Our method capitalizes on
the remarkable discovery that bulky, hydrophilic #rans-cyclooctene-containing primary
alcohols can supplant water as the nucleophile in the PLD active site in a transphosphatidylation
reaction of PLD’s lipid substrate, phosphatidylcholine. The resultant trans-cyclooctene-
containing lipids are tagged with a fluorogenic tetrazine reagent via a no-rinse, inverse-electron
demand Diels-Alder (IEDDA) reaction, enabling their immediate visualization by confocal
microscopy in real time. Strikingly, the fluorescent reporter lipids initially produced at the
plasma membrane (PM) induced by phorbol ester stimulation of PLD were rapidly internalized

via apparent non-vesicular pathways rather than endocytosis, suggesting applications of this

! Currently published as a research article by Dongjun Liang, Kane Wu, Reika Tei, Timothy W. Bumpus, Johnny
Ye, and Jeremy M. Baskin in Proceedings of the National Academy of Sciences of the United States of America.
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toolset for probing mechanisms of intracellular phospholipid transport. By instead focusing on
the initial 10 seconds of the IEDDA reaction, we precisely pinpointed the subcellular locations
of endogenous PLD activity as elicited by physiological agonists of G protein-coupled receptor
and receptor tyrosine kinase signaling. These tools hold promise to shed light on both lipid

trafficking pathways and the physiological and pathological effects of localized PLD signaling.
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Introduction

Localized production of signaling molecules is a key feature of signal transduction
pathways. This phenomenon enables a small, privileged set of ions, metabolites, and lipids to
function as second messengers that dictate diverse downstream signaling events through not
only their molecular identities but also their sites of production. Sensing the precise locations
where second messengers are produced or enriched is a challenging task. Typical approaches
include small-molecule, protein, or nucleic acid-based fluorescent sensors that use selective
binding or covalent reactivity to localize or produce a fluorescent signal where the second
messenger is produced . Whereas these approaches have been revolutionary for sensing
signals such as divalent cations, reactive oxygen species, and certain lipid second messengers,
they have limitations in many contexts, particularly for targets without selective binding

domains or that are produced by multiple different biosynthetic routes.

Phosphatidic acid (PA) is a multifunctional lipid that acts both as a key intermediate in
de novo phospholipid biosynthesis and as a lipid second messenger °. In this latter function, PA
is generated by one of several isoforms of phospholipase D (PLD) or diacylglycerol kinase
(DGK) enzymes 7. The PLD-mediated pathway is highly clinically relevant, as PLD levels are
elevated in several diseases, including many cancers, viral infection, and neurological diseases
811 and consequently, PLD inhibition is emerging as a promising therapeutic strategy to
attenuate pathological PLD signaling 715, Two PLD isoforms, PLD1 and PLD2, mediate the
bulk of their biological effects through the production of PA via hydrolysis of the abundant
membrane phospholipid phosphatidylcholine (PC) in several organelle membranes, including

the plasma membrane (PM), the Golgi apparatus, endosomes, and lysosomes !1:16,
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Though the localizations of PLD1 and PLD?2 differ and can change in accordance with
their activation, it remains unknown which cellular compartments possess active PLD enzymes
during different physiological stimulations !"~2!. In particular, PLD enzymes can receive input
from two different classes of cell-surface receptors, G protein-coupled receptors (GPCRs) and
receptor tyrosine kinases (RTKs). Both GPCRs and RTKSs can stimulate PLD via activation of
several different intermediary, intracellular effectors, including those from the protein kinase C
(PKC), Rho GTPase, and Arf GTPase families. Ultimately, downstream of PLD activation,

these pathways elicit different ultimate physiological effects on cells (Fig. 1.3) 2727,

Despite much effort aimed at understanding PLD signaling, it remains unknown
whether activation of PLDs by these different inputs occurs at different subcellular locations.
More generally, how cells regulate the local production of PA to effect specific signaling
outcomes remains an unsolved mystery, despite the many established effector proteins whose

downstream signaling activities depend on PA production !¢,

Existing tools for visualizing PA are inadequate for addressing these questions. First,
directly tracking fluorescent protein fusions to PLDs and DGKs does not reveal where these
enzymes are actively producing PA. A specialized fluorescence lifetime imaging approach, in
which cells expressing fluorescently tagged PLDs are dosed with a fluorescent PC analog,
reveals changes in enzyme—substrate interactions, which is an indirect measure that can
correlate with enzymatic activity 8. Conversely, PA-binding protein domains exhibit only
moderate selectivity for PA and, critically, do not distinguish between different biosynthetic
sources of PA 271, The challenge of distinguishing between pools of PA derived from PLDs

and DGKs is highly relevant, given that these enzymes can receive overlapping inputs from
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upstream signaling molecules including integral membrane receptors, cytosolic enzymes, and
small-molecule activators and yet impact distinct downstream targets ®”!!. The deficiencies in
these toolsets have prompted us to address the challenge of visualizing a precise subset of PA

produced for acute signaling by PLDs.

Here, we report a chemoenzymatic method to visualize the precise subcellular locations
of PLD activity with high spatiotemporal resolution. Our approach relies on the ability of
endogenous PLD enzymes to accept unnatural substrate analogs that are rapidly converted, in
sequential enzyme-mediated and bioorthogonal tagging steps, into fluorescent lipids whose
subcellular location faithfully reports on the location of active PLD enzymes. The major
advances reported here address the key deficiency of earlier versions of this method, namely its
poor temporal resolution that, because of trafficking of the fluorescent lipid reporters prior to

imaging, prevented the visualization of the true localizations of PLD activation 3>,

These new tools enabled us to reveal the precise organelle localizations of PLD activity
as elicited by diverse physiological stimuli, including selective activators of GPCR and RTK
signaling. We identified striking differences in the location of PLD activity between different
stimulus treatments. Additionally, we observed rapid transport of the fluorescent lipid reporters
produced at the PM to the endoplasmic reticulum (ER) and, subsequently, Golgi apparatus,
highlighting both the need for these time-resolved tools to accurately visualize these dynamic
molecules and suggesting additional applications to visualize rapid intracellular phospholipid

trafficking occurring on the second-to-minute timescale 33,
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Results
Conceptualization of a real-time version of IMPACT

Our approach to visualize sites of PLD-mediated PA production relies on the well-
known ability of PLDs to catalyze transphosphatidylation reactions with exogenous small,
linear primary alcohols, forming phosphatidyl alcohols as lipid reporters of PLD activity 3637,
We have previously demonstrated that, when cells are supplied with alkynyl >3 or azido 3
alcohols, their endogenous PLD enzymes convert these bioorthogonally labeled alcohols into
the corresponding alkynyl or azido phosphatidyl alcohols, which can be subsequently
fluorescently tagged via Cu-catalyzed or strain-promoted azide—alkyne cycloadditions
(CuAAC 3% and SPAAC *'*?) using appropriately derivatized fluorophores (Fig. 2.1A). This
method, termed IMPACT for Imaging Phospholipase D Activity with Clickable Alcohols via
Transphosphatidylation, enabled fluorescent labeling of cellular membranes within live cells,

using SPAAC tagging, as a function of their PLD activities >

A B Timescale of 519_
vo @ {:1 @ ﬁ click chemistry OoH
" detection step 0OxoTCO-alcohols
n=1, oxoTCO-C1 (S and R)
Previous ( \ -~ SP;ME_ 'N‘/ \ - d% 20-30min n=2, oxoTCO-C2 (2)
w work: Akl e ‘ (including n=3, oxoTCO-C3 (%)
ﬁ 9, 0 O \izpldn J'J jorescent luorescent rinse) N,NY
FUN oA TN\ 2%
M. N PLD-medi \ Click & IEDDA >\'/ &
mediated i This B N-N i
® y ol " J—— Near real-time =
transphosphatidylation chemistry & work: w0/ ® N {K (nurrinsel) A No\M‘\
Phosphatidyl- Clickable lipid Fluorescent TCO ) "o F FQ
choline lipid reporter lipid Non-fluorescent Fluorescent Tz-BODIPY

Figure 2.1: Overview of the imaging phospholipase D (PLD) activity with clickable alcohols
via transphosphatidylation (IMPACT) method for visualizing PLD activity in live cells. (A)
Cartoon schematic of IMPACT. (B) Comparison of established IMPACT method using azido
alcohols and strain-promoted azide—alkyne cycloaddition (SPAAC) detection with the advance

reported here, real-time (RT) IMPACT, using trans-cyclooctene (TCO)-containing alcohols and
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inverse electron-demand Diels—Alder (IEDDA) detection using tetrazine (Tz) reagents. (C)
Structures of trans-5-oxocene (0xoTCO) alcohols and the fluorogenic Tz—BODIPY conjugate

used in this study.

SPAAC-based IMPACT requires 20-30 minutes for the cycloaddition and rinse-out
(Fig. 2.1B, top row). This low temporal resolution makes it non-ideal for ascertaining the
precise, subcellular localization of active PLD enzymes because lipid diffusion and trafficking
can occur on more rapid timescales ***°. In particular, we noted the lack of PM-derived
IMPACT fluorescence upon stimulation with phorbol 12-myristate 13-acetate (PMA), which is

thought to directly stimulate PKC >** and result in translocation of PLD1 to the PM .

We sought to substantially improve the time resolution of IMPACT by replacing
SPAAC with the inverse electron-demand Diels-Alder (IEDDA) reaction of trans-cyclooctene
(TCO) and tetrazine (Tz) reagents ***’. Two key advantages of this bioorthogonal reaction are
its rapid reaction kinetics and the ability to perform no-rinse, real-time imaging of reaction
progress using fluorogenic, or “turn-on”, Tz reagents (Fig. 2.1B, bottom row) **. The challenges
inherent in using this IEDDA reaction for IMPACT are that (i) TCO groups are substantially
larger than azides or terminal alkynes, raising the question of whether endogenous PLD
enzymes would accept a bulky, TCO-derivatized primary alcohol as a surrogate for water and
(i1) large, hydrophobic TCO alcohols need to be both efficiently delivered to the cytosolic space,
where PLDs reside, and also rinsed out from the cell after transphosphatidylation and prior to

the IEDDA reaction.

Synthesis and evaluation of TCO-containing alcohols as PLD transphosphatidylation

substrates
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To address these challenges, we first designed and synthesized a series of carbocyclic
TCO-containing primary alcohols with different linker lengths and polarities (Figs. 2.2-2.4).
Remarkably, all of these TCO alcohols were transphosphatidylation substrates of both a
commercially available PLD from Streptomyces sp. PMF (Fig. 2.5) and endogenous
mammalian PLDs (Figs. 2.6 and 2.7) as evaluated by transphosphatidylation followed by in
vitro IEDDA tagging of lipid extracts with a Tz-fluorophore conjugate and fluorescence-
coupled HPLC analysis. Among these alcohols, those with aliphatic and non-polar linkers (e.g.,
ether) were better PLD substrates than those with more polar, bulky linkages (e.g., amide and
carbamate). Unfortunately, none of these carbocyclic TCO alcohols were suitable for IMPACT,
because attempts to carry out both transphosphatidylation and IEDDA tagging within cells
resulted in substantial background fluorescence present in cells treated with a pan-PLD
inhibitor, FIP1#°, indicating PLD-independent labeling likely due to incomplete rinse-out of the

lipophilic TCO alcohols (Fig. 2.8).
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Figure 2.2: Structures of TCO and 0xoTCO alcohols used in this study. Note: All trans-
cyclooctene (TCO) and trans-5-oxocene (0xoTCO) alcohols were prepared as a mixture of
equatorial and axial diastereomers. With the exception of the enantiomerically pure 5 and 6,
all compounds were isolated as racemates (£).
OH NaH, aIIyI bromide 0\/\ THI'—) reflux 2h 254 nm, PhCO,Me %o
O/ THF, reflux o/n 2) NaOH/Hzoz/Hzo O/ \/\C’)H HeX/EiZZO rt o/n V\CEH
90% %

9 77% 2

Figure 2.3: Synthesis of (+)-TCO-ether—C3.
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Figure 2.4: Synthesis of (+)-TCO-ether—C2, (+)-TCO-amide—Cn and (+)-TCO-carb—Cn.
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Figure 2.5: Carbocyclic TCO alcohols are PLD transphosphatidylation substrates in vitro. In

vitro transphosphatidylation reactions catalyzed by PLD from Streptomyces sp. PMF were

carried out with dioleoylphosphatidylcholine (DOPC) and either the indicated TCO alcohol

(solid line) or no alcohol (dashed line). After a 90 min reaction at 30 °C, lipids were extracted,

dried under a stream of nitrogen, and dissolved in 100 pL of a 2:1 CHCI3:MeOH mixture

containing BODIPY -alkyl-Tz (25 uM) and the IEDDA reaction was performed for 5 min at

37 °C. The reaction mixture was then analyzed by fluorescence-coupled HPLC, with
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fluorescence reported in arbitrary units (AU). We note the appearance of multiple peaks,
which is due to a combination of TCO isomers (each alcohol is a racemic mixture of both
axial and equatorial diastereomers) and the presence of several potential isomeric

dihydropyridazine and/or pyridazine products of the IEDDA reaction.
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Figure 2.6: Carboxylic TCO alcohols are transphosphatidylation substrates for endogenous
human PLDs. HeLa cells were incubated with PLD1 (FIPI, dashed lines) or DM SO (solid lines)
for 30 min and then treated with indicated TCO alcohols (7.5 mM for TCO-ether—C2 and 10
mM for all others) for 20 min, followed by PMA stimulation in the continued presence of the
TCO alcohol for an additional 20 min. Following cell lysis, lipids extracts were generated,
reacted with BODIPY-alkyl-Tz (25 uM) for 5 min at 37 °C, and analyzed by fluorescence-
coupled HPLC, with fluorescence intensity indicated in arbitrary units (AU). As in Figure 2.5,
we note the appearance of multiple peaks, which is due to a combination of TCO isomers (each
alcohol is a racemic mixture of both axial and equatorial diastereomers) and the presence of
several potential isomeric dihydropyridazine and/or pyridazine products of the IEDDA

reaction.
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Figure 2.7: Synthesis of BODIPY -alkyl-Tz.
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PLDi - +

Figure 2.8: A representative carbocyclic TCO alcohol (TCO-ether—C2) is not a suitable probe
for IMPACT due to high background labeling. HeLa cells were incubated with or without PLDi
(FIPI) for 30 min and then treated with PMA for 20 min followed by treatment with TCO-
ether—C2 (7.5 mM, 20 min) in the continued presence of PMA. After a 1 min rinse with PBS,
cells were incubated with BODIPY-alkyl-Tz for 1 min, rinsed for 10 min at 37 °C, and imaged

by confocal microscopy. Scale bar: 50 pm.

At this point, we became aware of the frans-5-oxocene (oxoTCO, Fig. 2.1C), a more
hydrophilic strained alkene that retains similarly high reactivity toward tetrazine reagents but
is more polar than the carbocyclic TCOs due to the endocyclic ether functionality °. We
prepared a group of oxoTCO-containing primary alcohols with 1- to 3-carbon aliphatic linkers:
oxoTCO-CI1, —C2, and —C3 (Figs. 2.1C, 2.9 and 2.10). Because the stereogenic center in
0x0TCO-CI1 derives from the chiral pool, we prepared both enantiomers of this compound.
Excitingly, the C1 and C2 oxoTCO alcohols were all substrates of human PLDs, as confirmed
by fluorescence-coupled HPLC analysis of IEDDA-tagged lipid extracts from cells stimulated
with PMA in the presence of the oxoTCO alcohol (Fig. 2.11). LC-MS analysis verified that the

labeled species were the expected transphosphatidylation products (Table 2.1).
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Figure 2.10: Synthesis of (+)-0xoTCO-C2 and (£)-oxoTCO—C3.
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Figure 2.11: HPLC analysis of transphosphatidylation products of (S)-oxoTCO—C1 from HeLa
cells. Wild-type HeLa cells were incubated with the indicated PLD inhibitor (PLDi, FIPI, dotted
line; PLD11, VU0359595, light green line; or PLD2i, VU0364739, yellow line) or DMSO (WT,
wild-type, red line; 1KO, PLDI1 knockout, dark green line; 2KO, PLD2 knockout, tan line;
DKO, PLD1/2 double knockout, gray line) for 30 min. All cells were then stimulated with PMA
for 20 min and then treated with (5)-oxoTCO-C1 (3 mM) for 20 min in the continued presence
of PMA. Following cell lysis, lipids extracts were generated, reacted with Tz—BODIPY (25
uM) for 5 min at 37 °C, and analyzed by fluorescence-coupled HPLC, with fluorescence
intensity indicated in arbitrary units (AU). As in Figure 2.5, we note the appearance of multiple
peaks, which is due to a combination of TCO isomers ((S)-oxoTCO—C1 is an enantiomerically
pure mixture of both the axial and equatorial diastereomers) and the presence of several

potential isomeric dihydropyridazine and/or pyridazine products of the IEDDA reaction.

Lipid species Calculated Found
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36:1 1000.711 1000.702
36:2 998.6957 998.6956
36:3 996.6800 996.6712
36:4 994.6643 994.6646
36:5 992.6486 992.6522
34:0 974.6958 974.6888
34:1 972.6801 972.6791
34:2 970.6644 970.6671
32:0 946.6645 946.6674
32:1 944.6488 944.6512
32:2 942.6331 942.6388
30:0 918.6332 918.635
30:1 916.6175 916.623

Table 2.1. Mass spectrometry analysis of functionalized phosphatidyl alcohols isolated from
cells treated with (5)-oxoTCO-C1. HeLa cells were incubated with PMA and (5)-oxoTCO-C1
(5 mM) for 60 min. Cells were rinsed for 10 min before lipid extraction. Lipid extracts were
derivatized by IEDDA with methyltetrazine-amine (Click Chemistry Tools, CAS # 1345955-
28-3), followed by LC-TOF-MS analysis. Indicated are calculated (Calculated) and

experimentally determined (Found) masses of the functionalized phosphatidyl alcohol products,
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with the lipid species classified by total number of carbons:number of double bonds in the fatty

acyl tails.
(8)-0x0TCO-C1 is an optimal alcohol probe for monitoring PLD activity

We next assessed the ability of a fluorogenic Tz-BODIPY conjugate °! to detect the
0x0TCO-containing lipids produced by transphosphatidylation within cells. Key tools to
establish the specificity of the oxoTCO alcohols for PLD enzymes was a set of knockout HeLa
cell lines for PLD1 and/or PLD2 that we generated using CRISPR/Cas9-mediated mutagenesis
(termed 1K O, 2K O, and DKO, for, respectively, PLD1 knockout, PLD2 knockout, and PLD1/2
double knockout). We validated these cell lines by assessing both loss of PLD proteins via
Western blot (Fig. 2.12A) and extent of PMA-stimulated IMPACT labeling using
azidopropanol and a cyclooctyne—fluorophore in comparison to wild-type (WT) cells treated
with isoform-selective PLD inhibitors (VU0359595 32 (PLD1i) and VU0364739 3 (PLD2i)) by
flow cytometry (Fig. 2.12B). 1KO cells had the same level of IMPACT labeling as WT cells
treated with PLD1i, with similar relationships observed between 2KO cells and PLD2i

treatment and between DKO cells and FIPI treatment (Figs. 2.11 and 2.12B).
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Figure 2.12: 0xoTCO alcohols are effective and selective reporters of endogenous human PLD
activity. (A and B) Generation and validation of PLD1 knockout (1KO), PLD2 knockout
(2KO), or PLD1/2 double knockout (DKO) HeLa cells made by using CRISPR/Cas9-mediated
mutagenesis. (A) Knockout was verified by Western blot analysis for PLD1, PLD2, or as a
loading control, a-tubulin. (B) The indicated cells were pretreated with the indicated PLD
inhibitor (PLD11, VU0359595; or PLD2i, VU0364739) or DMSO for 30 min, followed by
transphosphatidylation with 3-azido-1-propanol (1 mM) under PMA stimulation (100 nM) for
20 min, rinsing with PBS solution, and labeling with a cyclooctyne—-BODIPY conjugate (1 pM)

for 10 min, rinsing for 20 min, and analysis by flow cytometry. Indicated are mean fluorescence
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intensities in arbitrary units (AU). (C and D) Evaluation of oxoTCO alcohols as selective probes
for endogenous PLD enzymes. Shown are mean fluorescence intensities from flow cytometry
experiments wherein IMPACT labeling was performed as in A, except using the indicated
0x0oTCO alcohol (C) or (S)-0xoTCO—C1 (3 mM, 5 min; D) in place of 3-azido-1-propanol and
Tz-BODIPY (0.33 uM, 1 min, no subsequent rinse) in place of cyclooctyne—BODIPY.
Statistical significance was assessed by using a 1-way ANOVA followed by Games—Howell
post hoc analysis. Asterisks directly above data points denote statistical significance compared
with WT without the presence of inhibitors, asterisks above horizontal lines denote statistical
significance comparing the 2 indicated data groups, and error bars represent SD (*P < 0.05 and

***P <(.001; ns, not significant).

To evaluate the panel of oxoTCO alcohols as probes for IMPACT, we performed in-
cell transphosphatidylation with PMA stimulation followed by a one-minute IEDDA reaction
with Tz—BODIPY and quantification by flow cytometry. Gratifyingly, the oxoTCO—C1 and —
C2 were suitable probes for IMPACT in cells (Fig. 2.12C). (5)-oxoTCO-C1 was the most
efficient alcohol, roughly 50% more efficient than (R)-oxoTCO-C1. Background labeling, i.e.,
labeling that occurred even in DKO cells or in the presence of FIPI, trended slightly higher with
oxoTCO—C2 and was significantly higher with oxoTCO-C3, whose linkers are more
hydrophobic. We thus used (5)-oxoTCO-C1 for all subsequent studies. We note that the
optimized IEDDA-based IMPACT protocol does not have as high sensitivity (i.e., signal-to-
background) as SPAAC-based IMPACT (Fig. 2.12B and 2.12D), likely due to differences in
PLD-mediated turnover rates of the bulky (5)-oxoTCO—CI1 in the transphosphatidylation step

compared to the small, linear azidopropanol.
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We then ascertained whether (S)-oxoTCO-C1 was a substrate of both PLD isoforms.
We compared the extent of PMA-stimulated IMPACT labeling in WT cells to that in the
relevant PLD knockout cells or in WT cells treated with isoform-selective PLD inhibitors and
observed identical relative labeling efficiencies to those obtained using SPAAC-based
IMPACT (Fig. 2.12B and 2.12D). These experiments clearly indicated that (S)-oxoTCO—-C1

was a substrate of PLDI1.

The differences in mean fluorescence intensities of cellular IMPACT fluorescence
quantified by flow cytometry between PLD2i-treated or 2KO cells and WT cells (or between
PLDli-treated or 1KO cells and DKO cells), however, were subtle or not statistically
significant. As to whether (S)-0xoTCO—C1 might be a substrate of PLD2, HPLC analysis of
transphosphatidylation products from PLD1i-treated or 1KO cells were suggestive (Fig. 2.11).
To gain support for this hypothesis, we turned to a gain-of-function approach to test whether
(8)-0xoTCO—C1 was a substrate of PLD2. We assessed the level of IMPACT labeling using
(8)-0xoTCO—C1 due to PLD2 by overexpressing fluorescently tagged PLD2 in DKO cells.
Gratifyingly, we observed IMPACT labeling when overexpressing WT PLD2 but not a

catalytically dead variant (K758R) (Fig. 2.13).
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IMPACT mSc-PLD1 Merge

IMPACT mSc-PLD1* Merge

IMPACT mSc-PLD2 Merge

IMPACT mSc-PLD2* Merge

Figure 2.13: (S)-oxoTCO—-C1 is a substrate of both human PLD1 and PLD2 in cells. PLD1/2
DKO HelLa cells were transfected with the indicated mScarlet-i (mSc)-tagged wild-type or
catalytic dead (asterisk) variant of human PLD1 or PLD2. One day after transfection, cells were
labeled via IMPACT using (S)-oxoTCO—C1. Briefly, cells were incubated with both (S)-

0x0oTCO-C1 (3 mM) and PMA for 5 min, rinsed for 1 min, and then Tz-BODIPY (1 uM) was
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added and live-cell, time-lapse confocal imaging was performed. Shown is the 9 s timepoint of
the time-lapse movie. In the merged images, IMPACT is green, PLD is magenta, and
colocalization appears as white. Note the appearance of IMPACT fluorescence at the plasma
membrane, the site of PMA-stimulated PLDI1 activity and constitutive PLD2 activity, in cells

expressing active but not catalytic-dead PLD1 and PLD2, respectively. Scale bars: 20 pm.

We note that these data do not allow us to establish whether PLD1 and PLD2 are equally
efficient in using (S)-oxoTCO—CI1 as a transphosphatidylation substrate. Ultimately, whether
due to lower PLD2 expression in this cell line, less efficient activation of PLD2 by PMA '8, or
(8)-0xoTCO-C1 being a less efficient substrate for PLD2 than for PLDI, in this setting PLD1

is the major isoform contributing to IMPACT signal.
IMPACT with (5)-0x0TCO-C1 reveals PM localization of active PLD

Using confocal microscopy, we evaluated the subcellular localization of IEDDA-based
IMPACT using (S)-oxoTCO—CI1 labeling with PMA stimulation followed by a one-minute
IEDDA reaction with TzZ—BODIPY (Fig. 2.14A). We observed substantial cellular fluorescence,
and addition of FIPI during the transphosphatidylation step or the use of DKO cells abrogated
the labeling, again demonstrating the specificity of our probes to active PLD enzymes (Fig.
2.14B). Excitingly, a major portion of the labeling was apparent at the PM, in contrast to
SPAAC-based IMPACT using azidopropanol, which requires a 20—-30 min SPAAC labeling
and rinse-out and gives exclusively intracellular labeling. Colocalization analysis using both
conventional confocal microscopy and super-resolution structured illumination microscopy

indicated that the IEDDA-based IMPACT predominantly labeled the PM, ER, and Golgi
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apparatus, with minimal labeling observed of endosomes, lysosomes, and mitochondria (Figs.

2.15 and 2.16).

A 1) PMA (20 min)
2) PMA and
oxoTCO (5 min)

3) Rinse (1 min)

4) Tz-BODIPY

>
5) Confocal imaging

Genotype WT
Inhibitor = PLDi - - =
oxoTCO + + + - +

Figure 2.14: IMPACT with (S)-oxoTCO-C1 reveals the PM localization of active PLD
enzymes stimulated with a phorbol ester. (A) Experimental setup: endogenous PLD enzymes
were stimulated with PMA (100 nM, 20 min), followed by transphosphatidylation with (S)-
0x0TCO—CI1 (3 mM, 5 min, in the presence of PMA), rinse (1 min), and IEDDA reaction with
Tz-BODIPY (0.33 uM, 1 min), followed by confocal microscopy imaging. (B)
Representative images of HeLa cells labeled as described in A with the indicated negative
controls. Where indicated, PLDi (the pan-PLD inhibitor FIPI) was applied 30 min before and
during the transphosphatidylation step. DKO, PLD1/2 double knockout cells. Far right: cells
were rinsed after the IEDDA reaction for 20 min before imaging. White dotted lines indicate

cell outlines in the negative controls. (Scale bar: 10 um.)
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IMPACT

IMPACT Endosomes Merge

Figure 2.15: Colocalization of IEDDA-based IMPACT with organelle markers by confocal
microscopy. HeLa cells were transfected with markers of various organelles (Plasma
membrane: PM-mRFP;  Mitochondria:  OMP25(transmembrane ~ domain)-mCherry;
Endosomes: EEA1-mRFP). One day after transfection, cells were labeled via IMPACT using
(8)-0xoTCO—-C1. Briefly, cells were stimulated with PMA for 20 min and then treated with (S)-
0x0TCO—C1 (3 mM) for 5 min in the continued presence of PMA, rinsed for 1 min, and then

imaged by live-cell confocal microscopy. In the merged images, IMPACT is green, the
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organelle marker is magenta, and colocalization appears as white. Note partial colocalization
under this pseudo-steady state labeling protocol with a plasma membrane marker and minimal
colocalization with markers of mitochondria and endosomes. Scale bars: 10 um for full-size

images and 2 um for zoomed-in regions.
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Golgi apparatus

Endoplasmic reticulum Merge

Lysosomes

Figure 2.16: Colocalization of IEDDA-based IMPACT with organelle markers by super-
resolution structured illumination microscopy. HeLa cells were transfected with markers of
various organelles (Golgi apparatus: mCherry-P4M-SidM; Endoplasmic reticulum: STIMI1-
mRFP; Lysosomes: LAMPI-mRFP). One day after transfection, cells were labeled via
IMPACT using (5)-oxoTCO—-C1. Briefly, cells were stimulated with PMA for 20 min and then

treated with (S5)-0xoTCO—C1 (3 mM) for 5 min in the continued presence of PMA, rinsed for 1
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min, and then imaged by live-cell super-resolution structured illumination microscopy. In the
merged images, IMPACT is green, the organelle marker is magenta, and colocalization appears
as white. Note partial colocalization under this pseudo-steady state labeling protocol with
markers of the endoplasmic reticulum and Golgi apparatus and minimal colocalization with a

marker of lysosomes. Scale bars: 10 um for full-size images and 2 um for zoomed-in regions.

We hypothesized that [EDDA-based IMPACT successfully revealed the expected PM
localization of PMA-stimulated PLD activity because of the rapid timescale of the labeling: 5
min of (S)-oxoTCO—-C1, a quick rinse, a 1-min IEDDA reaction with Tz-BODIPY, and imaging
immediately afterward. To test this hypothesis, we performed a chase experiment by incubating
the IMPACT-labeled cells at 37 °C for an additional 20 min, followed by imaging, and observed
entirely intracellular labeling, similar to the spatial pattern created by SPAAC-based IMPACT
33 (Fig. 2.14B, far right). These results suggested that after 20 min, the BODIPY-labeled

phospholipids had been fully internalized.
Real-time IMPACT enables precise determination of PLD localization

Up to this point, we had not taken advantage of a key benefit of the TCO—tetrazine
IEDDA, namely its fluorogenicity **°*. Tz-BODIPY is only very dimly fluorescent and
experiences a 1600-fold increase in brightness upon IEDDA reaction °'. We envisioned that we
could adapt this 0oxoTCO-based IMPACT so that the IEDDA reaction would be monitored in
real time on the microscope, allowing us to visualize the localization of fluorescent lipids with
no time delay. The optimized protocol, which we termed RT-IMPACT (for real-time
IMPACT), involves the identical 5-min (S)-0xoTCO-CI1 labeling under PMA stimulation (or,

as described later, stimulation with alternate agonists), followed by a quick rinse and time-lapse
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imaging prior to and during the IEDDA reaction with Tz—BODIPY (Fig. 2.17A). With these
tools, we would be able to visualize the precise localizations of the TCO-lipid reporters with
rapid temporal resolution (seconds), limited only by microscope acquisition times and the

IEDDA’s intrinsic kinetics.
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Figure 2.17: Real-time IMPACT enables precise determination of the subcellular localization
of active PLD enzymes. (A) The experimental setup for RT-IMPACT is the same as indicated
in Fig. 2.14 except that IEDDA reaction with Tz—BODIPY is monitored in real time by time-
lapse confocal microscopy. (B) Representative images from time-lapse RT-IMPACT imaging
of HeLa cells. The rinse (chase step) following the transphosphatidylation with (S)-oxoTCO-
C1 and before IEDDA tagging was 1 min (Top and Middle) or 20 min (Bottom). (Top) Images
are shown with identical intensity settings to facilitate visualization of reaction progress.
(Middle and Bottom) Fluorescence intensities of the 9-, 15-, and 30-s time points have been
brightened to facilitate visual comparison of localization of the IMPACT signal at different time

points. (C and D) Quantification of the kinetics of the IEDDA tagging reaction based on total
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cellular fluorescence from 6 independent experiments (where the graph represents trial 5, with
circles indicating data points, the curve indicating an exponential fit, and R2 indicating the
coefficient of determination of the fit) with n = 8 to 16 cells for each trial and average (Avg)
reaction half-life (ti2) indicated as mean + SD. (E and F) Quantification of the subcellular
localizations of RT-IMPACT fluorescent signal at the 9-s time point of the IEDDA reaction as
a function of the post-transphosphatidylation chase step, i.¢., the rinse time after (S)-oxoTCO-
C1 labeling and before IEDDA tagging. Cells were blindly scored as having plasma membrane
(PM, black), intracellular (Intra, white), or a combination of PM and intracellular (Mix, gray)
IMPACT fluorescence. y axis indicates fraction of cells with the indicated localization. (E, Top
Left) Representative zoomed-out image of a population of cells at the 9-s time point from a 20-
min rinse time point from F, with examples of PM (i), mix (ii), and intra (iii) localizations
indicated in the other panels. (Scale bars: B and E, i—iii, 10 um; E, Top Left, 20 um.) Statistical
significance was assessed by using a y* test for independence, with the ¥ value (df, degrees of
freedom) and associated P value indicated. Each bar contains data of 3 to 5 biological replicates

with n = 30 to 72 total cells.

Time-lapse RT-IMPACT movies, with frames acquired every 3 seconds, revealed
several observations (Fig. 2.17B). First, total cellular fluorescence increased over the first
minute and then stabilized, indicating that the IEDDA reaction had reached completion during
that time period (Fig. 2.17B, top row). By measuring total cellular fluorescence over time, we
calculated the half-life of IEDDA tagging of (§)-oxoTCO-Cl1-labeled lipids with Tz—BODIPY
(0.33 uM and presumably under pseudo-first order conditions) to be 64 + 38 s (Fig. 2.17C-D),

in line with the reaction’s intrinsically high kinetics *®.
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Second, the fluorescence at early timepoints is almost entirely located at the PM (Fig.
2.17B, middle row). These data suggest that the bulk of PMA-stimulated PLD activity in HeLa
cells is at the PM, though an alternate possibility is differential trafficking rates of PLD-
generated PA compared to two different types of phosphatidyl alcohols generated via IMPACT,
1.e., those whose head group is TCO or BODIPY, which we will address below. Third, when
we examined cells that had been rinsed for 20 min prior to IEDDA and at an early timepoint of
the time-lapse movie after addition of Tz—BODIPY (9 s), we observed a distribution of
localizations, which we classified as either “PM” for predominantly plasma membrane, “intra”
for predominantly intracellular, or “mix” for a mixture of PM and intra (Fig. 2.17B, bottom
row, and E). This distribution of localizations at this early timepoint of the IEDDA reaction
indicates that diffusion of unreacted fluorophore is not rate-limiting compared to IEDDA
reaction kinetics. Put another way, the data show that TCO-lipids on intracellular organelle

membranes have similar access to Tz—BODIPY compared to those at the PM.

Using this localization classification system (PM, mix, and intra), we performed pulse-
chase experiments to examine TCO-lipid trafficking, using as a readout the distribution of
localizations at the 9 s timepoint of a time-lapse movie. Here, the chase was a 37 °C rinse-out
after the 5-minute transphosphatidylation step and prior to the real-time IEDDA reaction. As
we increased the chase time prior to IEDDA, the 9 s timepoint exhibited fewer “PM” cells and
more “mix” and “intra” cells (Fig. 2.17F). We conclude that, though the TCO-lipid is
internalized from the PM, the kinetics of this process, with a half-life of approximately 10 min
(Fig. 2.17F), is longer than that of the optimized RT-IMPACT protocol. Thus, these data
indicate that the localization of fluorescent lipids observed at the early timepoints of the IEDDA

tagging reflects the sites of active PLD enzymes, prior to major trafficking of the lipid reporters.
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As well, we observed RT-IMPACT-derived fluorescence at the plasma membrane at the
9 s timepoint of time-lapse movies in PMA-stimulated DKO cells overexpressing fluorescently
tagged PLD1 or PLD2 but not catalytic dead versions of these enzymes (Fig. 2.13). These
experiments further suggest that RT-IMPACT reveals the expected localizations of the active
subsets of these enzymes, which are expected to be at the plasma membrane under PMA

stimulation.
Real-time IMPACT reveals PM-to-ER trafficking

An obvious feature of the RT-IMPACT time-lapse movie is that the fluorescent lipids,
which were predominantly at the PM at the early timepoints (i.e., 9 s), were rapidly internalized,
first over the next 15-30 seconds to the ER and then subsequently to the perinuclear Golgi
apparatus (Fig. 2.17B, middle row). This trafficking from the PM to internal organelle

membranes appeared to be unidirectional (Figs. 2.14B, far right and 2.17B, bottom row).

The ability to monitor the trafficking of the labeled lipids from the very moment that
they become fluorescently tagged allowed us to gain information about their internalization
pathway and its kinetic properties. Notably, the first apparent intracellular destination of the
IMPACT-derived fluorescent lipids was the ER, not endosomes, suggesting that they were
internalized predominantly not via endocytosis (Fig. 2.17B). Based on such a localization, we
propose that the lipids were internalized by vesicle-independent pathways mediated by lipid
transfer proteins that largely operate at ER-PM contact sites **%°. These contact sites, or
junctions, are assemblies where the two organelle membranes are located within 10-20 nm of

each other to facilitate rapid lipid transport and other signaling processes >°.
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By quantifying the extent of colocalization of the RT-IMPACT labeling with an ER
marker over time, we measured the half-life of fluorescent lipid PM-to-ER trafficking,
determining it to be 104 + 36 s (Fig. 2.18 A—B). We envision that this type of RT-IMPACT-
based experiment, i.e., tracking the fate of the BODIPY-labeled lipid, might prove useful for
studying lipid trafficking mediated by lipid transfer proteins, suggesting applications of RT-
IMPACT entirely separate from applications to visualize locations of PLD signaling. Notably,
some lipid transfer proteins interact only with the lipids’ hydrophobic tails and have little
preference for head group, suggesting that they may transport the BODIPY-labeled

phospholipids similarly to natural glycerophospholipids .
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Figure 2.18: Real-time IMPACT reveals PM-to-ER trafficking of fluorescent lipids. (A)
Representative images of HeLa cells from a 2-color time-lapse movie. HeLa cells were

incubated with ER tracker, PMA, and (S)-oxoTCO—C1 for 5 min and rinsed for 1 min before
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time-lapse imaging. Values of Pearson correlation coefficients of colocalization between
IMPACT (green) and ER tracker (magenta) were determined. Colocalization appears as white
in merge. (B) Representative exponential fitting of kinetics of PM-to-ER trafficking. Plotted is
increase in colocalization (Pearson coefficient) between IMPACT and ER tracker over time.
Circles are data points, and the curve indicates an exponential fit. Filled circles (i—iii)
correspond to Pearson coefficients for the images shown in A, and R2 indicates the coefficient
of determination of the fit. (C) Summary of quantification of PM-to-ER trafficking kinetics
from 5 independent experiments (where the graph in B represents trial 3) with n =8 to 16 cells
for each trial and average (Avg) half-life of internalization (t12) indicated as mean + SD. (Scale

bar: 10 um.)

Applying real-time IMPACT to visualize differences in active PLD localization elicited by

different stimuli

Finally, having validated RT-IMPACT, we sought to apply it to evaluate the
localizations of PLD signaling activity elicited by different physiological stimuli. We focused
on agonists that would specifically activate either GPCR or RTK signaling pathways, which
both lead to PLD-mediated PA biosynthesis. In these experiments, localization was determined
by examining the 9 s timepoint after Tz-BODIPY addition of a time-lapse movie of the [IEDDA
reaction, to avoid effects of fluorescent lipid trafficking, and evaluating the fraction of cells
with “PM”, “mix”, and “intra” localizations. We varied two parameters: the type of stimulus
and the amount of time the cells were exposed to the stimulus prior to the 5-min

transphosphatidylation step.
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First, to assess GPCR-mediated signaling, we generated HeLa cells stably expressing
the M1 muscarinic receptor (M1R). Upon stimulation with its agonist oxotremorine-M (oxo-
M), MIR activates Gogq to turn on phospholipase CB (PLCP), which hydrolyzes
phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) to generate inositol trisphosphate and
diacylglycerol 378, an allosteric activator of PKC. GPCR signaling also activates the RhoA
GTPase, and both active PKC and RhoA can stimulate PLD activity downstream of GPCR

activation .

RT-IMPACT revealed that, in the absence of oxo-M stimulation, HeLa cells exhibited
a small amount of basal PLD activity, even under serum starvation, and its localization was
intracellular (Fig. 2.19A, second vs. third sample; Fig. 2.19B, top; Fig. 2.19C, quantification).
Exposure of cells to oxo-M led to an approximate doubling of PLD activity within the first 5
min of oxo-M stimulation (Fig. 2.19A, first vs. second sample), and treatment with isoform-
selective PLD inhibitors revealed that this activity was predominantly due to PLD1 (Fig.
2.19A). Prolonged exposure to oxo-M led to attenuation of PLD activity, consistent with the
known property of this system to desensitize under sustained oxo-M stimulation (Figs. 2.19A
and 2.20A) °7%. The localization of PLD activity under oxo-M stimulation was nearly evenly
split between PM, mix, and intra (Fig. 2.19B, bottom; Fig. 2.19C, quantification). Because this
oxo-M-stimulated activity represented a roughly even mixture of M1R-derived and basal PLD
activities (Fig. 2.19A), we conclude that the bulk of the M1R-stimulated PLD enzymes were
located at the PM, either through translocation from intracellular locations or through activation

of subsets that were previously located in this membrane.
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Figure 2.19: Muscarinic M1 receptor (M1R) activation leads to PLD activity that is
predominantly at the plasma membrane. HeLa cells stably expressing M1R were labeled for
RT-IMPACT by treatment with the indicated PLD inhibitor or DMSO for 30 min (A only) and
then simultaneous treatment of (S)-oxoTCO-C1 in the presence or absence of 0x0-M (5 min),
rinsing (1 min), and IEDDA reaction with Tz-BODIPY (0.33 uM) for 1 min followed by flow
cytometry analysis (A), with mean fluorescence intensity in arbitrary units (AU) indicated, or
(B and C) in real time with time-lapse confocal images taken (B) and quantified (C) 9 s after
the addition of Tz-BODIPY, using the PM/Mix/Intra rubric described in Fig. 2.17E—F. In B,
the brightness of the —oxo-M image was increased to facilitate comparison of the localization
of IMPACT-derived fluorescence in the 2 images. (Scale bars: 20 um.) For A, statistical
significance was assessed by using 1-way ANOVA followed by Games—Howell post hoc
analysis. Asterisks directly above data points (*P < 0.05 and **P < 0.01; ns, not significant)
denote statistical significance compared with the first sample (—inhibitor, +oxo0-M), and error

bars represent SD. For C, statistical significance was assessed by using a y° test for
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independence, with the y? value (df, degrees of freedom) and associated P value indicated. Each
bar contains data of 3 (—ox0-M) or 8 (+ox0-M) biological replicates, with n = 41 (—oxo0-M) or

112 (+oxo0-M) total cells.
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Figure 2.20: Muscarinic M1 receptor (MIR) stimulation or PMA treatment induces
predominantly plasma membrane PLD activity in HeLa cells. (A) M1R stimulation activates
PLD enzymes only within the first 5 min of MR signaling. HeLa cells stably expressing MIR
were treated with or without PLDi (FIPI) for 30 min and then treated with the M1R agonist
oxotremorine-M (0x0-M) for the indicated amount of time, followed by treatment with (S)-
0x0TCO (3 mM) for 5 min in the continued presence of oxo-M. Cells were then rinsed, treated

with Tz-BODIPY (0.33 puM) for 1 min, and analyzed by flow cytometry. (B-C) PMA
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stimulation of cells leads to sustained activity (B) at the plasma membrane (C). (B) HeLa cells
were labeled and analyzed as in (A), substituting oxo-M for PMA. (C) HeLa cells were labeled
as in (A), except that the IEDDA reaction with Tz—BODIPY was monitored in real-time by
confocal microscopy. The 9 s timepoint of the IEDDA reaction was quantified using the
PM/Mix/Intra rubric described in Figure 2.17E-F. For (A-B), mean fluorescence intensity is in
arbitrary units (AU), each data point represents a technical replicate from a single experiment
(n=3), at least two biological replicate experiments were performed, each giving similar results,
and error bars, where indicated, represent standard deviation. Statistical significance was
assessed using a one-way ANOVA followed by Games-Howell post-hoc analysis. Asterisks
directly above data points (* p<0.05, ** p<0.01, *** p>0.001) denote statistical significance
compared to the first sample (— PLDi, + oxo-M) for (A) and compared to the last sample (+
PLDi) for (B). For (C), data were averaged from at least three experiments. Each bar contains
data from n=3—4 biological replicates with n=42-71 total cells. Statistical significance was
assessed using a chi-squared test for independence, with the chi-squared value (df = degrees of

freedom) and associated p value indicated.

Second, we examined the localization of PLD signaling during RTK activation. Here,
we stimulated NIH 3T3 cells with platelet-derived growth factor (PDGF), the agonist for the
PDGEF receptor (PDGFR), which activates PLDs through PLC-mediated P1(4,5)P> hydrolysis,
but through a different PLC isoform (PLCy) from GPCR pathways **¢!. PDGFR additionally
stimulates PLDs through activation of small Ras superfamily GTPases, including Arf, Rho, and

Rac family GTPases, which can localize to several organelle membranes %275,
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For these experiments, we varied the amount of time that the PDGF stimulus was
applied prior to the RT-IMPACT labeling. We found that PDGF treatment resulted in a robust
and sustained stimulation of PLD enzymes over 60 min (Fig. 2.21A) and that such activity is
due predominantly to the PLD1 isoform (Fig. 2.22A). To our surprise, we discovered that the
localization of the RT-IMPACT signal was predominantly intracellular for all timepoints
evaluated during the time course of PDGF stimulation (Figs. 2.21B and 2.22B—C). As a control,
we examined PMA stimulation in this cell line and found that, similar to in HeLa cells, it led to
predominantly PM-localized PLD activity after at least 10 min of stimulation prior to RT-
IMPACT (Figs. 2.21C and 2.22B—C). Thus, RT-IMPACT labeling suggests that PDGFR
signaling leads to activation of predominantly intracellular pools of PLD1, in contrast to MIR

signaling or PMA stimulation, which leads to activation of PLD enzymes mostly at the PM.
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Figure 2.21: Platelet-derived growth factor (PDGF) receptor stimulation induces intracellular
PLD activity in NIH 3T3 cells. (A) PDGF receptor stimulation activates PLD enzymes for at
least 60 min of PDGF stimulation. NIH 3T3 cells were treated with or without PLDi (FIPI) for
30 min and then treated with PDGF for the indicated amount of time, followed by treatment
with (S)-0xoTCO (3 mM) for 5 min in the continued presence of PDGF. Cells were then rinsed,
treated with Tz—BODIPY (0.33 uM) for 1 min, and analyzed by flow cytometry. (B) PDGF
stimulation over a 60 min time course leads to PLD activity at intracellular membranes. NIH
3T3 cells were labeled as in (A), except that the IEDDA reaction with Tz—BODIPY was
monitored in real-time by confocal microscopy. The 9 s timepoint of the IEDDA reaction was

quantified using the PM/Mix/Intra rubric described in Figure 2.17E-F. (C) NIH 3T3 cells
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exhibit sustained PLD activity over at least 20 min of PMA stimulation. Cells were labeled and
analyzed as in (A), substituting PDGF for PMA. For (A) and (C), mean fluorescence intensity
is in arbitrary units (AU), each data point represents a technical replicate from a single
experiment (n=3), at least two biological replicate experiments were performed, each giving
similar results, and error bars represent standard deviation. Statistical significance was assessed
using a one-way ANOVA followed by Games-Howell post-hoc analysis. Asterisks directly
above data points (* p<0.05, ** p<0.01, *** p>0.001) denote statistical significance compared
to the last sample in each set (+ PLDi). For (B), data were averaged from at least three
experiments. Each bar contains data from n=3—4 biological replicates with n=57-78 total cells.
Statistical significance was assessed using a chi-squared test for independence, with the chi-

squared value (df = degrees of freedom) and associated p value indicated.
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Figure 2.22: Platelet-derived growth factor (PDGF) receptor activation leads to intracellular
PLD activity. NIH 3T3 cells were labeled for RT-IMPACT by treatment with the indicated
PLD inhibitor or DMSO for 30 min (A only). Cells were stimulated with PDGF or PMA for
the indicated time (0 to 20 min) followed by addition of (S)-oxoTCO—CI in the continued
presence of PDGF or PMA (5 min) and then rinsed (1 min), and the IEDDA reaction with Tz—
BODIPY (0.33 uM) was performed for 1 min followed by flow cytometry analysis (A), with

mean fluorescence intensity in arbitrary units (AU) indicated, or (B and C) in real time with
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time-lapse confocal images taken (B) and quantified (C) 9 s after the addition of Tz—BODIPY,
using the PM/Mix/Intra rubric described in Fig. 2.17E—F. (Scale bars: 20 um.) For A, statistical
significance was assessed by using 1-way ANOVA followed by Games—Howell post hoc
analysis. Asterisks directly above data points (*P < 0.05 and **P < 0.01) denote statistical
significance compared with the first sample (—inhibitor), asterisks above horizontal lines denote
statistical significance comparing the 2 indicated samples, and error bars represent SD. For C,
statistical significance was assessed by using a * test for independence, with the x> value (df,
degrees of freedom) and associated P value indicated. Each bar contains data of 3 to 4 biological
replicates with n = 58 to 78 total cells for PDGF and 3 to 6 biological replicates, with n =41 to

95 cells for PMA.
Discussion

Localized production or accumulation of intracellular signaling agents is a key feature
of signal transduction pathways. Chemical imaging tools have helped pave the way to
understand biological signaling pathways dependent on second messengers 2%, We initiated
this study with the goal of establishing a tool to enable precise monitoring of the production of
the lipid second messenger PA by PLD enzymes. Previously, we had established that PLDs,
which physiologically catalyze hydrolysis of phosphatidylcholine to release PA and choline,
can accept primary azido alcohols in transphosphatidylation reactions to generate azido
phosphatidyl alcohol reporters of PLD activity **. Subsequent tagging of these azido lipids with
cell-permeable cyclooctyne—fluorophore conjugates, followed by rinse-out of excess unreacted
fluorophore, enabled fluorescent tagging of intracellular membranes bearing PLD activity, in a

method termed IMPACT. The lack of IMPACT labeling at the PM combined with the long
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labeling and rinse-out times and the knowledge that lipids can diffuse and traffic rapidly
throughout the cell led us to consider an alternative approach for precisely determining the

subcellular locations of PLD signaling.

Taking advantage of rapid and fluorogenic IEDDA bioorthogonal chemistry, which has

proven useful for tagging and imaging highly dynamic molecules such as lipids 4"-%

, we report
here a real-time variant of IMPACT (RT-IMPACT). We have replaced azido alcohols with a
bulky, hydrophilic trans-5-oxocene (0xoTCO)-containing primary alcohol *°, which acts as a
replacement for the water co-substrate in the PLD active site. Following this
transphosphatidylation step, excess 0xoTCO alcohol is quickly rinsed away, and the locations
of the oxoTCO-labeled lipids are then visualized within 10 seconds using time-lapse

monitoring, in real time, of a no-rinse, IEDDA reaction with a fluorogenic tetrazine—-BODIPY

reagent (Tz-BODIPY).

In developing these tools, we discovered that human PLDs accept a wide group of TCO-
containing primary alcohols as transphosphatidylation substrates, revealing a previously
unappreciated tolerance of these enzymes for large, bulky side chains on the primary alcohol.
However, carbocyclic TCO alcohols and even oxoTCO alcohols with longer aliphatic side
chains did not effectively rinse out of cells, likely due to hydrophobicity, even though many
were substrates of PLDs. This finding highlights the challenges of using TCO-based probes for
metabolic labeling with small precursors, where the physicochemical properties of the
bioorthogonal group dominate those of the overall probe, which in the case of our optimal

alcohol, (S)-oxoTCO—C1, is simply the 0oxoTCO with a hydroxymethyl side chain.
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Because the goal of RT-IMPACT was to faithfully report on the localization of PLD
signaling activity (i.e., transphosphatidylation of PC to form reporter lipids occurring
simultaneously with physiological PC hydrolysis to form PA), a key challenge we faced was to
establish that the timescale of RT-IMPACT was faster than the trafficking of the reporter lipids
to membrane locations other than their site of generation. We found that PMA stimulation led
to a strong PM localization of the RT-IMPACT signal, consistent with literature reports that
phorbol esters activate PLD enzymes predominantly in this membrane. By monitoring the
IEDDA reaction in real-time, we directly visualized rapid internalization of BODIPY -lipids on
the second timescale to other intracellular locations. In contrast, by performing a chase prior to
the IEDDA tagging and then examining the earliest IEDDA reaction timepoints, i.e., those prior
to this BODIPY-lipid trafficking, we established that the oxoTCO-labeled lipids internalized

on a slower timescale of 10-20 minutes.

Intriguingly, the pathways for internalization of these phosphatidyl alcohol lipids
appeared to be not via classic endocytic routes but instead via vesicle-independent pathways.
These routes are mediated by lipid transfer proteins, which shuttle individual lipid molecules
between bilayers of different organelles **’*"!, For maximal efficiency of lipid transport, many
of these transfer proteins have recently been proposed to operate at membrane contact sites,
which are sites of close apposition between two organelles where the distance between

membranes is minimized, often as little as 10-20 nm >>72.

Because of these short distances and the rapid kinetics of lipid diffusion and transport,
non-vesicular lipid transport at membrane contact sites has proven challenging to directly

observe. Though some lipid transfer proteins have precise lipid preferences based on head group
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binding, others primarily engage the hydrophobic tails and are thought to transport a wide
variety of types of lipids **’%717>, IMPACT-derived fluorescent lipids could be substrates for
these latter lipid transfer proteins. An unexpected application of RT-IMPACT is that it may
serve as a useful tool for directly visualizing PM-to-ER lipid trafficking via these non-vesicular

pathways, which have recently been appreciated to play important roles in lipid homeostasis

55,70

To that end, we have investigated the internalization of two types of lipids: phosphatidyl
alcohols with an 0xoTCO head group (TCO-lipids) and those with a fluorescent, BODIPY head
group (BODIPY-lipids). Though both appear to be internalized largely by the same route (PM
to ER), the kinetics of these processes are quite different. These differences could arise from
several factors beyond the differences in the membrane surface areas of the PM and ER.
Different transfer proteins may mediate their trafficking, or the different chemical properties of
the lipids may impact their distribution within a given membrane bilayer, affinity for transfer
proteins, and/or relative affinity for origin and destination organelle membranes. A potential
future direction is the application of real-time oxoTCO—tetrazine IEDDA reactions for probing
the trafficking pathways of lipids labeled with 0xoTCO groups by processes other than PLD

activity.

Finally, we applied RT-IMPACT to interrogate the spatial control of PLD signaling,
taking advantage of its ability to report on the sites of synthesis of phosphatidyl alcohols by
active PLD enzymes. As test cases, we examined stimulation of two distinct physiological
pathways for activation of PLD: M1R as a prototypical GPCR and PDGFR as a prototypical

RTK. Though the major players in the signaling pathways to activate PLD have been
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established, including different PKC isoforms, small GTPases and heterotrimeric G proteins,
and lipid cofactors, they can act in parallel and at different locations. Consequently, the precise
locations where PA generation occurs remained unknown. Because of different subcellular
localizations of the numerous PA-binding effector proteins, the location of PLD-mediated PA

synthesis could greatly impact downstream signaling outcomes.

Using RT-IMPACT, we determined that, in the cell types we investigated, the majority
of M1R-dependent PLD activity appears to occur at the PM, whereas the bulk of PDGFR-
dependent PLD activity appears to occur on intracellular membranes. These results suggest that
unique physiological agonists may activate pools of PLD enzymes at different subcellular
locations, even when operating in part through common intermediates (e.g., PKC, RhoA, Racl,

etc.).

Regarding the PDGF studies, we note that this growth factor stimulates membrane ruffle
formation at the plasma membrane in a process that requires PLD-mediated PA production ¢,
implying that some PDGF-stimulated PLD activity is likely in this membrane. Membrane
ruffles are highly dynamic structures that involve major alterations to the actin cytoskeleton,
and their effects on rates of phosphatidyl alcohol trafficking are unknown. Thus, it is possible
that differences in the localization of IMPACT-derived fluorescent lipids — even at the early,
9 s timepoint of RT-IMPACT time-lapse movies — could reflect different rates of phosphatidyl

alcohol trafficking induced by various stimuli that also activate PLDs.

Interesting future directions will involve dissecting the biological mechanisms and

implications of these findings, including differential effects on relevant PA effector proteins, as
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well as potential roles of choline, the soluble head group liberated from PC by PLD, which has

recently been proposed to play signaling roles of its own at the ER 74,

In conclusion, we demonstrate that synthetic oxoTCO-containing primary alcohols
function as substrates of endogenous, mammalian PLD enzymes and as metabolic labels for
their activity within cells. In conjunction with real-time monitoring of a fluorogenic IEDDA
tagging reaction of the resultant oxoTCO-containing lipids, we imaged precise subcellular
locations of PLD signaling activity. Compared with IMPACT using azido alcohols and
SPAAC-based fluorescent tagging, RT-IMPACT, though it has a lower extent of labeling,
affords temporal resolution of seconds, and it is thus ideally suited to applications where the
precise subcellular localization of lipid synthesis is critical. As well, continuous monitoring of
the trafficking of lipids generated by RT-IMPACT holds promise as a method for interrogating

intracellular lipid transport pathways.
Methods and materials
General materials and methods

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from Echelon
Biosciences. 5-fluoro-2-indolyl deschlorohalopemide (FIPI) was purchased from Cayman
Chemical. Phorbol 12-myristate 13-acetate (PMA) and oxotremorine-M were purchased from
Santa Cruz Biotechnology. Streptomyces sp. PMF PLD was purchased from Sigma-Aldrich.
Recombinant PDGF-BB was purchased from Shenandoah Biotechnology. Methyltetrazine-
amine (CAS # 1345955-28-3) was purchased from Click Chemistry Tools. Azidopropanol was
synthesized as reported previously **. HPLC analysis was performed on a Shimadzu LC-20AR

HPLC equipped with an SPD20AV UV/Vis detector, an RF-20A fluorescence detector, and a
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Phenomenex Luna silica 3 pum 100 A 25 cm x 4.6 mm column. LCMS analysis was performed
on an Agilent 6230 electrospray ionization—time-of-flight (ESI-TOF) MS coupled to an Agilent
1260 HPLC equipped with a Zorbax Rx-Sil normal phase silica column (2.1 x 50 mm, 1.8 pm).
Dulbecco’s modified Eagle medium (DMEM), phosphate-buffered saline (PBS), fetal bovine
serum (FBS), and 0.05% trypsin-EDTA were purchased from Corning. ER-Tracker Red,
CellMask™ Deep Red Plasma Membrane Stain, and Lipofectamine 2000 were purchased from
Thermo Fisher. For all imaging experiments except those in Fig. 2.16, confocal imaging was
performed on a Zeiss LSM 800 confocal laser scanning microscope equipped with 20X 0.8 NA
and 40X 1.4 NA Plan Apochromat objectives, 405, 488, 561, and 640 nm solid-state lasers, and
two GaAsP PMT detectors, using the Zen Blue 2.3 software. For Fig. 2.16, super-resolution
structured illumination microscopy (SR-SIM) was performed on a Zeiss Elyra super-resolution
microscope, and image reconstruction was performed using default parameters in the Zeiss Zen
Black software. All other image analysis was performed using FlJI/ImageJ. Flow cytometry
was performed on a BD Accuri C6 flow cytometer, and analysis was performed using the BD
Accuri C6 analysis software. For measurements of half-life of lipid trafficking, the values of

Pearson correlation coefficients were fitted in Origin Pro 8 by mono-exponential regressions.
Cell culture

HeLa cells and NIH 3T3 cells were grown in DMEM (Dulbecco’s modified Eagle
medium) supplemented with 10% FBS and 1% penicillin/streptomycin and were maintained in
a 5% CO., moisture-saturated atmosphere at 37 °C. HEK 293 TN cells were grown as above and
additionally supplemented with 1 mM sodium pyruvate. Cell densities were maintained

between 10° and 1.6 x 10° cells/mL. For cell labeling experiments, all buffers or media were
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warmed to 37 °C or room temperature prior to addition to cells unless otherwise noted, and

incubations were done at 37 °C unless otherwise specified.

Plasmids

Plasmids were obtained from the following sources. STIMI-mRFP: Barbara Baird
(Cornell  University). mCherry-P4M-SidM (a2 marker of structures positive in
phosphatidylinositol 4-phosphate, principally the Golgi apparatus and the plasma membrane):
Addgene # 51471. EEA1-mRFP, OMP25(transmembrane domain)-mCherry, PM-mRFP, and
LAMPI1-mRFP: Pietro De Camilli (Yale University). PLDs were tagged with mScarlet-i by
subcloning of mScarlet-i (from pmScarlet-i-C1 (Addgene # 85044)) in place of GFP in GFP-
PLDI1, GFP-PLDI1* (K898R), GFP-PLD2, and GFP-PLD2* (K758R) (obtained from Mike

Frohman, Stony Brook University) using SnaBI and BspEI.

In vitro PLD transphosphatidylation reactions

To a 1.5 mL Eppendorf tube containing was added the desired TCO-alcohol (2 pmol,
neat) and DOPC (10 puL of an 8 mg/mL solution in chloroform). The chloroform was evaporated
under a stream of nitrogen. The tube was then charged with SDS (1.5 pL of a 50 mM aqueous
solution), sodium acetate (3 pL of a 1 M, pH 5.6, aqueous solution), and deionized water (19.5
uL), and the solution was vortexed and centrifuged briefly. Subsequently, calcium chloride (3
uL of a 500 mM aqueous solution) and 2 uL of DI water were added and the solution was
vortexed and centrifuged again. Lastly, a freshly made solution of Streptomyces sp. PMF PLD
(1 U/uL in water, 2 uL) was added and the mixture was heated to 30 °C for 1.5 h. The mixture
was then diluted with PBS (70 uL, pH 7.4), methanol (250 pL), chloroform (250 pL), and 20

mM aqueous acetic acid (125 pL). The two-phase mixture was vortexed for 1 min and then
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centrifuged for 2 min at 16,000 x g. The organic layer was then transferred to a new Eppendorf
tube and another fresh 250 pL of chloroform was added to the remaining aqueous layer. The
mixture was vortexed and centrifuged as before. The two organic layers were then combined,
dried under a stream of nitrogen and either stored at —80 °C or further tagged via IEDDA click
chemistry tagging. The lipid residue stored in a 1.5 mL Eppendorf tube was dissolved in 100
uL of a 2:1 v/v chloroform:methanol solution, charged with 2.5 nmol of TZ—BODIPY (1.94 uL,
1.3 mM stock in DMSO), reacted for 5 min at 37 °C and then filtered (0.45 wm) prior to HPLC
analysis. Samples were analyzed by normal phase HPLC with a binary gradient elution system
where solvent A was chloroform:methanol:ammonium hydroxide (95:7:0.5) and solvent B was
chloroform:methanol:water:ammonium hydroxide (60:34:5:0.5). Separation was achieved
using linear gradients from 100% A to 100% B over 45 min. Method: 0-5 min: 0% B; 5-21 min:
0-75% B; 21-22 min: 75-100% B; 22-27 min: 100% B; 27-29 min: 100-0% B; 29-45 min: 0%

B. Detection wavelengths: 495 nm (excitation) and 510 nm (emission).

Detection of endogenous mammalian PLD activity by HPLC

HeLa cells (500,000 cells) were seeded on a 60-mm dish 24 h before experiment. On
the day of the experiment, the cells were first treated with the indicated PLD inhibitor (PLDi
(FIPI), 750 nM; PLD1i (VU0359595), 250 nM; PLD2i (VU0364739), 350 nM) from 1000X
DMSO stock solutions or the appropriate amount of DMSO for 30 min in DMEM (1 mL). PMA
(100 uM, or 1000X, stock solution in DMSO) was then added to the DMEM solution to achieve
a final concentration of 100 nM, and the cells were incubated for a further 20 min. The media
was aspirated and replaced with the desired freshly-prepared TCO-alcohol (3—10 mM) in the

continued presence of PMA (100 nM) in DMEM (500 pL). The cells were incubated for an
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additional 20 min at 37 °C (during which the dish was swirled every 5 min to cover the entire
surface due to the use of a minimal volume of labeling solution) before the treatment buffer was
aspirated. The cells were rinsed with DMEM for 3 min at 37 °C, followed by a brief rinse with
PBS at 4 °C (1 mL). The PBS was aspirated, and the cells were then subjected to a modified
Bligh-Dyer extraction. In brief. Using solutions at 4 °C, 100 uL of cold PBS, 125 uL of cold
acetic acid (20 mM, aqueous), and cold methanol (250 uL) were added to the aspirated dish.
The cells were then scraped off the dish and transferred to 1.5 mL conical tubes. Chloroform
(250 pL) was then added to the suspension. The mixture was then vortexed for 1 min and
centrifuged at 16,000 x g for 2 min. The organic layer (bottom) was removed and placed in a
separate conical tube, and an additional 250 pL chloroform was added to the remaining aqueous
layer. The vortexing and centrifugation steps were repeated, and the two organic layers were
combined, dried under a stream of nitrogen and stored at —80 °C or tagged by IEDDA with Tz—

BODIPY and analyzed by HPLC as described above.

Identification of 0x0TCO-containing phosphatidyl alcohols by LC-MS

HeLa cells were labeled with (S)-0oxoTCO-C1 (5 mM) under PMA stimulation as
described in the previous section. After isolation of cellular lipidomes, the extracts were
derivatized with methyltetrazine-amine (0.01 mg, 10 mg/mL stock in DMSO) for 5 min at room
temperature and then filtered (0.45 pm). LC-MS analysis was performed using normal phase
HPLC with a binary gradient elution system where solvent A  was
chloroform:methanol:ammonium  hydroxide  (85:15:0.5) and solvent B  was
chloroform:methanol:water:ammonium hydroxide (60:34:5:0.5). Separation was achieved

using a linear gradient from 0% to 100% B over 8.5 min with a flow rate of 0.5 mL/min.

81



Phosphatidyl alcohol species were detected using a dual ESI source operating in positive mode,
acquiring in extended dynamic range from m/z 100—1700 at one spectrum per second; gas

temperature: 325 °C; drying gas 10 L/min; nebulizer: 20 psig; fragmentor 300 V.

Generation of PLD1/2 knockout cell lines

Single and double knockout cells for PLD1 and/or PLD2 (1KO, PLD1 knockout; 2KO,
PLD2 knockout; DKO, PLD1/2 double knockout) were generated in HeLa cells using the
LentiCRISPR v2 system. The LentiCRIPSR plasmid for PLD1 knockout was made by cloning
the sgRNA (GTGAGCCCACAAATAGACGG) into the LentiCRISPRv2-Puro vector
(Addgene # 52961), and the LentiCRISPR plasmid for PLD2 knockout was made by cloning
the sgRNA (GGCACCGAAAGATATACCAG) into the LentiCRISPRv2-Blast vector
(Addgene # 83480). The appropriate LentiCRISPR plasmid (7.5 pg) was co-transfected with
packaging plasmids (5.6 pg Gag and 1.8 pg Env) into HEK 293 TN cells seeded on a 10 cm dish
using Lipofectamine 2000. The virus-containing medium was collected 48 h and 72 h after
transfection, and cell debris were removed by passing through 0.45 pm filter. For lentiviral
transduction, wild-type HeLa cells seeded on a 6-well plate were treated with transduction
medium (freshly prepared by mixing 1.5 mL virus-containing medium, 0.5 mL DMEM media
and polybrene (8 pg/mL) for 48 h. During transduction, transduction medium was replaced
every 12 h. After transduction, cells were placed in regular media for 24 h and then re-seeded
on a 10-cm dish in media containing 1 pg/mL puromycin (for PLD1 knockout, or 1KO) or 5
pug/mL blasticidin (for PLD2 knockout, or 2KO). The cells were kept in the selective medium
for 3—5 days until all of the cells on a plate seeded in parallel of non-transduced cells were dead.

To eliminate remaining unedited cells in the PLD1 knockout population, the 1KO cells
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generated as above were labeled with SPAAC-based IMPACT * for fluorescence-activated cell
sorting (FACS) based on PLD activity. Briefly, cells were treated with azidopropanol (1 mM)
and PMA (100 nM) in Tyrode’s-HEPES buffer for 30 min at 37 °C. After three rinses with PBS,
cells were treated with BODIPY-bicyclononane (1 pM) for 10 min at 37 °C. Cells were rinsed
again three times with PBS and incubated in Tyrode’s-HEPES buffer (135 mM NaCl, 5 mM
KCl, 1.8 mM CaCl,, 1| mM MgCl,, 1 mg/mL glucose, 1 mg/mL bovine serum albumin, 20 mM
HEPES, pH 7.4) for 10 min at 37 °C to further rinse out unreacted fluorophore. The cells were
then lifted with trypsin, and FACS was used to exclude the minority of cells with residual
IMPACT labeling (i.e., the collected cells were those whose IMPACT fluorescence was
comparable to negative controls wherein azidopropanol labeling was performed in the presence
of PLDi (FIPI)). To generate PLD1/2 double knockout cells (DKO), the sorted PLD1 knockout
cells (1KO) cells were transduced with the PLD2 sgRNA-containing LentiCRISPR virus-

containing media, followed by blasticidin selection.
IMPACT labeling with 0xoTCO alcohols for live-cell imaging and flow cytometry analysis

HeLa cells (150,000) or NIH 3T3 cells (250,000) were seeded on 35 mm glass-bottom
imaging dishes (MatTek) for 24 h prior to experiments. For PDGF-stimulation in NIH 3T3
cells, cells were serum-starved by incubation in DMEM + 1% penicillin/streptomycin without
serum for 18 h up to and including the transphosphatidylation step of the experiment. Rinses
after transphosphatidylation were performed in full media. Where indicated, the cells were then
transfected with the indicated plasmid using Lipofectamine 2000 as per the manufacturer’s
instructions. One day after seeding (or transfection, if any), cells were first treated with the

indicated PLD inhibitor or DMSO in media for 30 min. The working concentrations of the
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stimuli were the following: PDGF-BB (50 ng/mL), oxo-M (10 uM), PMA (100 nM). The
appropriate stimulus was then added to the media for the indicated period of time (0—60 min).
Subsequently, freshly prepared (5)-oxoTCO—C1 (or the indicated oxoTCO alcohol) (3 mM)
together with the respective stimulus and PLD inhibitor/DMSO in media (100 pL) were

carefully added to cover the central glass well. Cautionary note: oxoTCOs are reported to have

limited water stability >°. Therefore, all aqueous oxoTCO solutions (e.g., those in DMEM-
containing media) were used within 20 min of their generation. For example, we dissolved
0xoTCO in 200 uL of DMEM with PLD inhibitor/DMSO and respective stimulus and used it
only for two consecutive replicates rather than make a single stock solution for an entire day
of experiments at the beginning of the day. The dish was incubated for 5 min, the treatment
media was aspirated, the cells were rinsed with PBS (1 mL) briefly, and the cells were then
incubated in media (500 pL) for 1 min at 37 °C. The media was replaced with Tz—BODIPY
(0.33 uM) in PBS (100 pL) for 1 min, aspirated and replaced with 100 uL Tyrode’s-HEPES
buffer. Cells were imaged immediately afterwards. Multicolor images were obtained in two-
channel, line-switching mode. Z stacks were taken with 0.45 pm sectioning. For flow cytometry
analysis, cells were instead seeded in 24 well-plates (125,000 cells/well) and labeled as
described above. Following the final aspiration of Tz—BODIPY, cells were lifted with trypsin,
transferred to 96-well plates, rinse twice with cold PBS + 0.5% FBS by centrifugation at 500 x
g, and analyzed by flow cytometry. At least 10,000 live cells were analyzed for each well, as

determined by forward/side scatter analysis.

Real-time IMPACT imaging of PLD activity
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For RT-IMPACT, i.e., time-lapse imaging, cells were labeled with (5)-oxoTCO-C1 and
the appropriate stimulus as described in the previous section. Following the
transphosphatidylation step and 1 min rinse with media (500 pL), the media was aspirated and
replaced with 200 pL Tyrode’s-HEPES buffer onto the center of the glass well. The dish was
then immediately put onto the microscope stage, and a time-lapse movie was initiated with
Definite Focus engaged to maintain the correct focal plane for the duration of the movie (3 s
interval in between frames for a total of 3 min). Between the 2" and 3™ frame of the movie,
Tz—BODIPY (1 uM) in PBS (100 pL) was added. All time-lapse experiments were performed
with at least 3 replicates. Image analysis for the localization of the RT-IMPACT signal was
performed by exporting the 3™ frame (9 s timepoint) as image files. All images were blinded,
and categorization of the IMPACT fluorescence as “PM” (predominantly plasma membrane),
“Intra” (predominantly intracellular), or “Mix” (combination of plasma membrane and
intracellular) was carried out by an individual other than the individual who performed the
image acquisition. Each image had approximately 15-20 cells in view and was treated as a
single biological replicate; each condition was repeated for the indicated number of biological
replicates in the appropriate figure legend (n=3—-8). The final categorization was assembled into

stacked bar graphs for data visualization.
Quantification of PM-to-ER trafficking of fluorescently tagged lipids

This experiment was performed in a similar fashion compared to the RT-IMPACT time-
lapse imaging described in the previous section, except that ER-Tracker Red and CellMask
Deep Red Plasma Membrane Stain were added to the ($5)-oxoTCO-C1 solution for the

transphosphatidylation step. Following the rinse, IEDDA using Tz-BODIPY was carried out
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during a time-lapse movie acquisition as described in the previous section, with the following
microscope settings: frames were acquired in a three-channel, two-track, frame-switching mode
(Track 1: 488 nm and 640 nm; Track 2: 561 nm) at an interval of 8 s per timepoint (4 min total
length of acquisition). The Pearson correlation coefficients between the 488 nm (IMPACT) and
561 nm (ER Tracker Red) channels were calculated for each time point, plotted against time,
and a mono-exponential regression fit was generated in Origin Pro 8 to give half-life (ti2) of

trafficking kinetics from the PM to the ER.
Statistics and reproducibility

All imaging experiments show representative images from experiments performed in at
least three biological replicates on different days. Exact numbers of replicate experiments and
sample sizes are provided in each figure legend. For experiments involving quantification of
comparisons between more than two independent groups (Figs. 2.12B-D, 2.19A, 2.20A, 2.20B,
2.21A, 2.21C and 2.22A) significance was calculated using one-way ANOVA, followed by
Games-Howell post-hoc test (for samples of unequal variance). For experiments involving
quantification of comparisons between groups with fractional data (i.e., fraction of PM, intra,
and mix cells, which by definition sum to 1) (Figs. 2.17F, 2.19C, 2.20C, 2.21B and 2.22C),

significance was calculated using chi-squared test for independence.
Synthetic Procedures
Compound characterizations by 'H and '*C NMR spectra are included in the Appendix.

General synthetic methods. All reactions used ACS-grade solvents and reagents from
commercial sources without further purifications. Silica gel (60 A) was purchased from

Silicycle. For '*C NMR of final oxoTCO products, multiplicities were distinguished using an
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APT pulse sequence: typical methylene and quaternary carbons appear ‘up’ (u); methine and

methyl carbons ‘down’ (dn).

General procedure for cis-to-trans photoisomerization of cyclooctenes. This general
procedure for flow chemistry-based photoisomerization was adapted from work by Lambert et
al . Reactions were done in a quartz flask (Chemglass) in close proximity to a Honeywell
Ultraviolet Air Treatment System UV lamp (Model # RUVLAMP1, 18W bulb # UC100A 1005,
254 nm) in place of the photoreactor. All other parts were purchased and connected as described
in Lambert et al °°. A Biotage SNAP cartridge (KP-Sil 10g, Part # FSK0-1107-0010) was used
to host regular silica gel and silver-impregnated silica gel. For every 1.4 mmol cyclooctene, the
cartridge that contained a bed of regular silica gel (~1 in.) was topped with 5.4 g of silver-
impregnated silica (2.3 eq silver). Any remaining space in the cartridge was filled with cotton
balls. Methyl benzoate (2 eq) was added to a solution of cis-cyclooctene in the specified
percentage of diethyl ether in hexanes within the quartz reaction flask. The final concentration
of cyclooctene was 0.01-0.02 M. The solution was equilibrated for 10 min through the
continuous flow system at a 100 mL/min flow rate. The solution in the quartz flask was then
irradiated (254 nm) under continuous flow conditions (100 mL/min) for indicated period of
time (typically 16—24 h). The SNAP cartridge was flushed with ~500 mL of 1:1 ether/hexanes
and then dried with compressed air. The dried silica gel was transferred to an Erlenmeyer flask.
Concentrated aqueous ammonium hydroxide (100 mL) and dichloromethane (100 mL) were
sequentially added to the flask. The resulting biphasic mixture was stirred vigorously for 15
min, and then filtered. The filter cake was washed with additional DCM (25 mL) and
ammonium hydroxide (25 mL). This rinse was repeated three times. The combined filtrates

were partitioned, and the aqueous phase was extracted with DCM (3 x 25 mL). The combined
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organic layers were dried over sodium sulfate, filtered, and concentrated under reduced pressure.
The crude material was purified by flash column chromatography to yield the desired trans-

cyclooctene (TCO or 0xoTCO) as an inseparable mixture of axial and equatorial diastereomers.
Synthesis of new compounds
Cyclooct-4-enol (8) has been reported previously 7.

Allyl ether 9. Sodium hydride (0.476 g, 60 wt%, 11.9 mmol) was added into a flame-
dried 100 mL two-neck round-bottom flask filled with nitrogen. Hexanes (7 mL) was added to
thoroughly rinse the hydride then decanted to give white-colored solid. THF (9 mL) was added
to the flask, followed by secondary alcohol 8 (0.5 g, 3.96 mmol) dissolved in 6 mL THF. The
resulting suspension was heated to reflux for 1 h and then cooled to room temperature before
addition of allyl bromide (0.34 mL, 3.96 mmol) in THF (15 mL). The mixture was heated to
reflux overnight and then cooled to room temperature. THF was removed under reduced
pressure, and water was slowly added to the ice-cooled flask until bubbling ceased. The mixture
was then acidified to pH 3 with 3 M HCI and extracted with ether (3 < 15 mL). The ether layers
were combined and dried with MgSO4 before rotary evaporation. The crude material was
obtained as a yellow oil (650 mg, 99%) and used for next step without further purification. 'H
NMR (CDCl3, 500 MHz) 8 5.86-5.94 (ddt, J = 16.3 Hz, 10.6 Hz, 5.4 Hz, 1H), 5.69-5.56 (m,
2H), 5.28-5.24 (m, 1H), 5.15-5.13 (m, 1H), 3.99-3.89 (m, 2H), 3.41-3.37 (m, 1H), 2.39-2.31
(m, 1H), 2.20-2.09 (m, 2H), 2.08-2.01 (m, 1H), 1.98-1.91 (m, 1H), 1.85-1.65 (m, 3H), 1.55-
1.48 (m, 1H), 1.44-1.35 (m, 1H). *C NMR (CDCls, 126 MHz) § 135.65, 130.22, 129.60,
116.47, 80.04, 69.38, 34.35, 33.52, 25.96, 25.74, 22.83. HRMS (DART) m/z: [M+H]" calcd.

for C11H190" 167.1430; found 167.1425.
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Ether alcohol 10. Compound 9 (0.34 g, 2.04 mmol) was added to an oven-dried 100 mL
2-neck round-bottom flask and dissolved in THF (6 mL) under a nitrogen atmosphere. A
solution of 9-BBN (0.5 M in THF, 4.1 mL, 2.04 mmol) was added slowly. The resulting mixture
was heated to reflux for 2 h before cooling to room temperature, when NaOH (aq, 3 M, 0.6 mL)
and H>02 (30%, 0.6 mL) was added. The mixture was heated to 50 °C for 1 h and then cooled
to room temperature. Excess KoCOs (s) was added to saturate the aqueous layer, and the organic
layer was separated. The aqueous layer was extracted with pentane (3 x 15 mL). The organic
layers were combined, and solvents were removed under reduced pressure. The crude was
purified by flash column chromatography (50% ether in hexanes) to give 170 mg of compound
10 (77% with 141 mg compound 9 recovered) as a colorless oil. 'H NMR (CDCls, 500 MHz) &
5.67-5.51 (m, 2H), 3.70-3.68 (m, 2H), 3.59-3.55 (m, 1H), 3.50-3.46 (m, 1H), 3.28-3.32 (m, 1H),
2.95 (br, s, 1H), 2.33-2.25 (m, 1H), 2.15-2.04 (m, 2H), 2.03-1.96 (m, 1H), 1.91-1.85 (m, 1H),
1.76-1.61 (m, 5H), 1.48-1.30 (m, 2H). '*C NMR (CDCls, 126 MHz) § 130.01, 129.45, 80.97,
67.65, 62.10, 34.18, 33.23, 32.26, 25.81, 25.61, 22.60. HRMS (DART) m/z: [M+H]" calcd. for

C11H210," 185.1536; found 185.1538.

(£)-TCO-ether—C3 (2). The general photoisomerization procedure described above was
used. 0.77 g of compound 10 in 1:1 ether/hexanes yielded compound 2 (0.36 g, 47%) as a ~2.3:1
mixture of equatorial and axial isomers after 19 h of irradiation. '"H NMR (CDCls, 500 MHz) §
5.57-5.31 (m, 2H), 4.68 (br, s, 1H), 3.79-3.76 and 3.71-3.68 (q, J = 5.5 Hz, 2H), 3.61-3.39 (m,
3H), 2.93-2.76 (m, 2H), 2.37-2.26 (m, 1H), 2.25-2.11 (m, 2H), 2.05-1.85 (m, 2H), 1.85-1.70
(m, 4H), 1.51-1.42 (m, 1H) '3C NMR (CDCl;, 126 MHz) Peaks due to major diastereomer: &

135.29, 132.22, 86.17, 67.51, 62.16, 40.94, 37.90, 34.55, 33.04, 32.23, 31.77. Peaks due to
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minor diastereomer: & 135.23, 131.06, 75.41, 68.44, 62.42, 40.20, 34.56, 32.76, 32.20, 29.92,

27.84. HRMS (DART) m/z: [M+H]" calcd. for C11H2:10," 185.1536; found 185.1532.
Ether acid 11 has been reported previously 6.

Ether alcohol 12. Compound 11 (0.37 g, 2.01 mmol) was dissolved in THF (3 mL) in a
flame-dried 50 mL 2-neck round bottom flask under a nitrogen atmosphere. The solution was
cooled on ice before lithium aluminum hydride (1 M in THF, 6.03 mL, 6.03 mmol) was added
slowly. The mixture was heated to reflux for 4 h before cooling to 0 °C. Water (0.229 mL),
NaOH (aq, 15 wt%, 0.229 mL) and water (0.687 mL) were added sequentially and slowly. The
mixture was stirred vigorously for 1 h at room temperature until a large amount of white gel-
like precipitate formed. The solids were filtered and washed with THF (3 x 15 mL). The filtrate
was evaporated under reduced pressure to give compound 12 (0.32g, 92%) as a colorless oil.
The product was used for photoisomerization without further purification. "H NMR agreed with

previous literature 3.
(£)-TCO-ether—C2 (1) has been reported previously .

Carbonate 13. Compound 8 (0.72 g, 5.71 mmol) was dissolved in DCM (32 mL) in a
100 mL 2-neck round bottom flask under a nitrogen atmosphere. Pyridine (1.15 mL, 14.3 mmol)
was added, followed by p-nitrophenyl chloroformate (1.27 g, 6.28 mmol) in DCM (8 mL). The
solution was stirred at room temperature for 30 min before addition of saturated NH4Cl (aq, 40
mL). The organic layer was separated and the aqueous layer was washed with DCM (2 x 15
mL). The organic layers were combined, dried over MgSQOs, and concentrated under reduced
pressure. The crude material was purified by flash column chromatography (5-10% ethyl

acetate in hexanes) to give compound 13 (1.4 g, 84%) as a white solid. 'H NMR (CDCls, 500
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MHz) 5 8.29-8.25 (m, 2H), 7.40-7.25 (m, 2H), 5.74-5.64 (m, 2H), 4.86-4.81 (ddd, J = 10.5 Hz,
9.3 Hz, 4.6Hz, 1H), 2.45-2.37 (m, 1H), 2.21-1.90 (m, 6H), 1.80-1.68 (m, 2H), 1.64-1.57 (m,
1H). 3C NMR (CDCL, 126 MHz) § 155.69, 151.96, 145.26, 129.99, 129.27, 125.26, 121.79,
80.27, 33.64, 33.45, 25.55, 24.81, 22.04. HRMS (DART) m/z: [M+H]" calcd. for C1sHsNOs*

292.1179; found 292.1182.

Carbamate alcohol 14a. Compound 13 (0.68 g, 2.33 mmol) was dissolved in anhydrous
DMF (10 mL) in a flame-dried scintillation vial under a nitrogen atmosphere. Triethylamine
(0.65 mL, 4.67 mmol) and ethanolamine (0.21 mL, 3.5 mmol) were added to the solution. The
mixture was stirred at room temperature for 22 h before acidification with 1 M HCI until the
yellow color was gone. The mixture was extracted with DCM (3 x 40 mL). The organic layers
were combined, dried over MgSQs4, and concentrated under high vacuum. The crude product
was purified by column chromatography (0—-3% MeOH in DCM) to give the compound 14a as
a colorless oil (0.5 g, quant.). '"H NMR (CDCls, 500 MHz) § 5.65-5.53 (m, 2H), 5.49-5.31 (br,
s, 1H), 4.71-4.59 (br, s, 1H), 3.63-3.56 (m, 3H), 3.27-3.19 (m, 2H), 2.30-2.22 (m, 1H), 2.10 (q,
J = 6.8 Hz, 2H), 2.06-2.00 (m, 1H), 1.88-1.66 (m, 3H), 1.60-1.46 (m, 3H). *C NMR (CDCls,
126 MHz) ¢ 157.07, 129.62, 129.52, 76.32, 61.94, 43.35, 33.99, 33.74, 25.54, 24.75, 22.32.

HRMS (DART) m/z: [M+H]" calcd. for C11H20NO3" 214.1438; found 214.1441.

Carbamate alcohol 14b. Compound 13 (0.16 g, 0.55 mmol) was dissolved in anhydrous
DMF (3 mL) in a flame-dried scintillation vial under a nitrogen atmosphere. Triethylamine
(0.15 mL, 1.1 mmol) and 4-amino-1-butanol (76 pL, 0.824 mmol) was added to the solution.
The mixture was stirred at room temperature for 22 h before acidification with 1 M HCI until

yellow color was gone. The mixture was extracted with DCM (3 x 20 mL). The organic layers

91



were combined, dried over MgSOs4, and concentrated under high vacuum. The crude product
was purified by column chromatography (0-3% MeOH in DCM) to give compound 14b as a
colorless oil (0.12 g, 91%). 'H NMR (CDCls, 500 MHz) & 5.69-5.57 (m, 2H), 4.80-4.66 (m,
2H), 3.67-3.62 (m, 2H), 3.22-3.13 (m, 2H), 2.34-2.26 (m, 1H), 2.20-2.05 (m, 3H), 1.94-1.69
(m, 4H), 1.63-1.51 (m, 7H). *C NMR (CDCl3, 126 MHz) & 156.58, 129.85, 129.76, 76.11,
62.49, 40.72, 34.19, 33.99, 29.78, 26.72, 25.68, 24.89, 22.49. HRMS (DART) m/z: [M+H]"

caled. for C13H24NO3™ 242.1751; found 242.1753.

(£)-TCO-carb—C2 (4a). The general photoisomerization procedure described above was
used. 0.5 g of compound 14a in 1:1 ether/hexanes generated compound 2 (0.128 g, 26%) as a
~1.5:1 mixture of equatorial and axial isomers after 20 h of irradiation. '"H NMR (CDCls, 500
MHz) 6 5.61-5.32 (m, 3H), 4.93-4.80 and 4.32-4.23 (m, 1H), 3.70-3.55 (m, 3H), 3.35-3.12 (m,
2H), 2.86 (s, 1H), 2.34-2.17 (m, 3H), 2.12-1.56 (m, 5H), 1.56-1.43 (m, 1H). '*C NMR (CDCl;,
126 MHz) Peaks due to major diastereomer: o 157.05, 134.82, 132.89, 80.83, 70.29, 61.90,
41.11, 38.57, 34.25, 32.49, 30.94. Peaks due to minor diastereomer: 6 157.05, 134.82, 131.13,
61.93,43.37,43.31, 41.06, 34.34, 32.62,29.94, 27.95. HRMS (DART) m/z: [M+H]" calcd. for

C11H20NO3" 214.1438; found 214.1435.

(£)-TCO-carb—C4 (4b). The general photoisomerization procedure described above was
used. 0.12 g of compound 10 in 1:1 ether/hexanes generated compound 2 (0.061 g, 51%) as a
~2.4:1 mixture of equatorial and axial isomers after 17 h of irradiation. '"H NMR (CDCls, 500
MHz) § 5.60-5.44 (m, 2H), 5.03-4.71 and 4.33-4.24 (m, 2H), 3.67-3.59 (m, 2H), 3.25-3.10 (m,
2H), 2.38-2.18 (m, 4H), 2.18-2.03 (m, 1H), 2.02-1.83 (m, 2H), 1.80-1.64 (m, 2H), 1.64-1.47

and 1.27-1.11 (m, 6H). 3C NMR (CDCls, 126 MHz) Peaks due to major diastereomer: § 156.53,
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134.99, 133.06, 80.55, 70.13, 62.33, 41.24, 38.74, 34.37, 32.60, 31.02, 29.74, 26.66. Peaks due
to minor diastereomer: & 156.49, 135.41, 131.84, 41.16, 40.78, 40.71, 34.39, 32.75, 30.05,

28.07, 26.69. HRMS (DART) m/z: [M+H]" caled. for C13H24NO3" 242.1751; found 242.1748.

Amide alcohol 15a. Compound 11 (0.24 g, 1.28 mmol), EDC (0.4 g, 2.56 mmol), and
HOBt (0.39 g, 2.56 mmol) were dissolved in DCM (13 mL) under a nitrogen atmosphere. The
mixture was cooled to 0 °C before addition of ethanolamine (0.12 mL, 1.92 mmol) and
triethylamine (1.06 mL, 7.68 mmol). The reaction was stirred under room temperature
overnight and diluted with DCM (100 mL). The organic layer was washed with 1 M HCI,
saturated NaHCO3 (aq), and brine (50 mL each). The organic layer was dried over MgSQO4 and
concentrated under reduced pressure. The crude material was purified by flash column
chromatography (2:1 ethyl acetate:hexanes to 100% ethyl acetate) to give the title product as a
yellow oil (0.26 g, 90%). '"H NMR (CDCls, 500 MHz) § 7.07-6.95 (br, s, 1H), 5.69-5.55 (m,
2H), 3.95-3.87 (m, 2H), 3.75-3.70 (m, 2H), 3.47-3.41 (m, 3H), 2.97-2.86 (br, s, 1H), 2.39-2.30
(m, 1H), 2.19-2.00 (m, 3H), 1.98-1.89 (m, 1H), 1.89-1.75 (m, 3H), 1.57-1.49 (m, 1H), 1.45-
1.35 (m, 1H). 3C NMR (CDCls, 126 MHz) § 171.76, 129.87, 129.72, 82.02, 67.94, 62.48,
42.09, 34.13, 33.35, 25.82, 25.52, 22.52. HRMS (DART) m/z: [M+H]" caled. for C12H22NO3"

228.1594; found 228.1597.

Amide alcohol 15b. Compound 11 (0.56 g, 3.05 mmol), EDC (0.95 g, 6.1 mmol), and
HOBt (0.93 g, 6.1 mmol) were dissolved in DCM (26 mL) under a nitrogen atmosphere. The
mixture was cooled to 0 °C before addition of 4-amino-1-butanol (0.42 mL, 4.58 mmol) and

triethylamine (2.5 mL, 18.3 mmol). The reaction was stirred under room temperature overnight

and diluted with DCM (200 mL). The organic layer was washed with 1 M HCI, saturated
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NaHCOs (aq), and brine (100 mL each). The organic layer was dried over MgSOs and
concentrated under reduced pressure. The crude material was purified by flash column
chromatography (3% MeOH in DCM) to give the title product as a yellow oil (0.62 g, 81%).
"HNMR (CDCls, 500 MHz) § 6.77-6.61 (br, s, 1H), 5.69-5.55 (m, 2H), 3.93-3.84 (m, 2H), 3.68
(q,J=5.5 Hz, 2H), 3.42 (dq, J = 9.2 Hz, 4.3 Hz, 1H), 3.33 (q, J = 6.4 Hz, 2H), 2.40-2.30 (m,
1H), 2.18-2.01 (m, 3H), 1.97-1.89 (m, 1H), 1.81-1.49 (m, 9H), 1.45-1.35 (m, 1H). 3C NMR
(CDCl3, 126 MHz) 6 170.55, 129.90, 129.74, 81.93, 68.04, 62.54, 38.64, 34.21, 33.36, 29.85,
26.41, 25.84, 25.55, 22.54. HRMS (DART) m/z: [M+H]" calcd. for Ci4H26NO3" 256.1907;

found 256.1910.

(+)-TCO-amide—C2 (3a). The general photoisomerization procedure described above
was used. 0.68 g of compound 15a in 1:1 ether/hexanes generated compound 3a (0.32 g, 47%)
as a ~1.5:1 mixture of equatorial and axial isomers after 19 h of irradiation. '"H NMR (CDCl;,
500 MHz) 6 7.18-6.81 (br, s, 1H), 5.68-5.32 (m, 2H), 4.01-3.03 (m, 7H), 2.82-2.59 (m, 1H),
2.44-1.18 (m, 10H). *C NMR (CDCls, 126 MHz) Peaks due to major diastereomer: & 171.66,
135.25, 132.55, 86.98, 67.81, 62.57, 42.15, 40.75, 37.85, 34.53, 32.94, 31.69. Peaks due to
minor diastereomer: 6 171.52, 135.69, 131.59, 76.19, 68.42, 62.47, 41.99, 40.24, 34.47, 32.71,

29.96, 28.08. HRMS (DART) m/z: [M+H]" calcd. for Ci12H22NOs3" 228.1594; found 228.1592.

(+)-TCO-amide—C4 (3b). The general photoisomerization procedure described above
was used. 0.62 g of compound 15b in 1:1 ether/hexanes generated compound 3b (0.13 g, 21%)
as a ~1.8:1 mixture of equatorial and axial isomers after 20 h of irradiation. '"H NMR (CDCl;,
500 MHz) 3 6.79-6.56 (s, 1H), 5.61-5.33 (m, 2H), 3.97-3.76 (m, 2H), 3.74-3.01 (m, 5H), 2.43-

1.44 (m, 15H). 3C NMR (CDCls, 126 MHz). Peaks due to major diastereomer: § 170.43,
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135.20, 132.50, 86.91, 67.90, 62.56, 40.81, 38.66, 37.86, 34.55, 32.96, 31.70, 29.84, 26.40.
Peaks due to minor diastereomer: 6 170.13, 135.31, 131.31, 75.97, 68.49, 62.53, 40.29, 38.69,
38.67, 34.49, 32.67, 30.01, 28.08, 26.47. HRMS (DART) m/z: [M+H]" caled. for C14H26NO5"

256.1907; found 256.1904.

Synthesis of compounds 17-22 and (S)-oxoTCO—C1 (5) were adapted from routes for
synthesis of (R)-oxoTCO (6) by Lambert et al *° with some modifications, see below. The
difference was the configuration of the initial glycidol starting material. (R)-glycidol was used
for synthesis of ($)-oxoTCO-C1 (5), whereas (S)-glycidol was used for synthesis of (R)-
ox0oTCO (6). The intermediates for synthesis of 5 are enantiomers of corresponding
intermediates for 6 and the spectra of intermediates for 5 matched those for 6 reported in the
literature *°. The synthetic routes adapted for 6 in this work had the same modifications as below

for (8)-oxoTCO-C1 (5).
Modifications to Lambert et al *° for the synthesis of (5)-0xoTCO-C1 (5):
a) For the synthesis of compound 17, DCM was used as the solvent instead of DMF.

b) For the synthesis of compound 18, 1.75 equivalents of allylmagnesium chloride was

used instead of 1.2 equivalents.

c¢) For the synthesis of compound 19, 3 equivalents of chloromethyl methyl ether was

used instead of 2 equivalents and 10 mol% of 4-DMAP was used instead of 1 mol%.

d) For the synthesis of compound 20, 0.5 equivalents of tin (IV) chloride was used

instead of 5-6 equivalents.
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e) For the synthesis of compound 21, the complete removal of Ru metal from the product

proved to be difficult; therefore, a two-step yield for synthesis of compound 22 was reported.

f) For the synthesis of compound 5, the general photoisomerization procedure described
above was used. 0.286 g of compound 22 in 1:1 ether/hexanes generated compound 5 (0.194 g,

68%) as a ~2.5:1 mixture of equatorial and axial isomers after 18 h of irradiation.
Compounds 23a 7 and 23b 7® have been reported previously.

Secondary alcohol 24a. Compound 23a (2.45 g, 7.50 mmol) and dilithium
tetrachlorocuprate(Il) (0.1 M in THF, 7.5 mL, 7.5 mmol) were dissolved in anhydrous THF (12
mL) under a nitrogen atmosphere. The solution was cooled to —30 °C. Allylmagnesium chloride
(1.7 M in THF, 7.5 mL, 12.8 mmol) was then added dropwise over 30 min. The reaction was
stirred for an additional 30 min at —30 °C before being allowed to warm to room temperature.
The solution was diluted with ether (70 mL) and then quenched with saturated NH4Cl (aq., 70
mL) slowly. The layers were separated and extracted with ether (3 x 70 mL). The organic layers
were combined and washed with water and brine (100 mL each). The ether layer was dried with
MgSO4 and concentrated under reduced pressure. The crude material was purified by flash
column chromatography (6—7% ethyl acetate in hexanes) to give compound 24a as a colorless
oil. 'TH NMR (CDCls, 500 MHz) § 7.70-7.66 (m, 4H), 7.47-7.38 (m, 6H), 5.85 (ddt, J = 17.0
Hz, 10.2 Hz, 6.7 Hz, 1H), 5.05 (dq, /= 17.2 Hz, 1.7 Hz, 1H), 4.99-4.95 (m, 1H), 3.95-3.82 (m,
3H), 3.22 (d, J = 2.8 Hz, 1H), 2.27-2.09 (m, 2H), 1.77-1.49 (m, 4H), 1.06 (s, 9H). 3*C NMR
(CDCl3, 126 MHz) 6 138.77, [135.72, 135.70]*, [133.17, 133.08]*, [130.00, 129.97]*, 127.93,
114.72, 71.39, 63.67, 38.47, 36.76, 30.03, 26.96, 19.18. * indicates diastereotopic carbons.

HRMS (DART) m/z: [M+H]" caled. for C23H33Si02" 369.2244; found 369.2230.
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Secondary alcohol 24b. This compound was prepared analogously to 24a. Epoxide 23b
(5.2 g, 15.3 mmol) generated 6.0 g (quant.) of compound 24b as a colorless oil. 'H NMR
(CDCl3, 500 MHz) 6 7.69-7.65 (m, 4H), 7.45-7.36 (m, 6H), 5.85 (ddt, /=16.9 Hz, 10.1 Hz, 6.8
Hz, 1H), 5.05 (dq, J = 17.0 Hz, 1.7 Hz, 1H), 4.99-4.95 (m, 1H), 3.71-3.62 (m, 3H), 2.26-2.09
(m, 2H), 2.07-1.80 (br, s, 1H), 1.70-1.59 (m, 3H), 1.58-1.46 (m, 3H), 1.05 (s, 9H). *C NMR
(CDCl3, 126 MHz) 6 138.85, [135.74, 135.72]*, 133.80, 129.79, 127.81, 114.81, 71.22, 64.35,
36.62, 34.51, 30.28, 28.89, 26.98, 19.32. * indicates diastereotopic carbons. HRMS (DART)

m/z: [M+H]" caled. for C24H35S10," 383.2401; found 383.2404.

Acetal 25a. To an oven-dried scintillation vial, 4-dimethylaminopyridine (5 mg, 10
mol%), compound 24a (146 mg, 0.40 mmol), DCM (1.5 mL), and DIEA (0.21 mL, 1.19 mmol)
were added. The solution was cooled to 0 °C, and chloromethyl methyl ether (90 pL, 1.19 mmol)
was added dropwise. The reaction mixture was allowed to warm to room temperature and stirred
for 20 h before dilution with DCM (6 mL) and quenching with water (6 mL). The layers were
separated, and the aqueous layer was further extracted with DCM (2 x 6 mL). The organic
layers were combined, washed with brine (10 mL), dried over MgSOs4, and concentrated under
reduced pressure. The crude material was purified by flash column chromatography (6—7%
ethyl acetate in hexanes) to give compound 25a as a colorless oil (165 mg, quant.). '"H NMR
(CDCl3, 500 MHz) & 7.69-7.64 (m, 4H), 7.45-7.36 (m, 6H), 5.81 (ddt,J=16.9 Hz, 10.3 Hz, 6.6
Hz, 1H), 5.02 (dq, /= 17.3 Hz, 1.7 Hz, 1H), 4.98-4.94 (m, 1H), 4.62 (q, J = 6.9 Hz, 2H), 3.82-
3.71 (m, 3H), 3.32 (s, 3H), 2.18-2.04 (m, 2H), 1.75 (q, J = 6.3 Hz, 2H), 1.65-1.57 (m, 2H), 1.05
(s, 9H). *C NMR (CDCls, 126 MHz) & 138.65, 135.71, 134.02, 129.73, 127.77, 114.72, 95.92,
74.57, 60.67, 55.66, 37.49, 34.13, 29.66, 27.01, 19.33. HRMS (DART) m/z: [M+H]" calcd. for

C25H37Si03" 413.2506; found 413.2516.
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Acetal 25b. This compound was prepared analogously to 25a. Secondary alcohol 24b
(2.2 g, 5.75 mmol) generated 2.13 g (87%) of compound 25b as a colorless oil. 'H NMR
(CDCl3, 500 MHz) 6 7.69-7.65 (m, 4H), 7.44-7.35 (m, 6H), 5.82 (ddt, /= 16.8 Hz, 10.1 Hz, 6.5
Hz, 1H), 5.03 (dq, J=17.1 Hz, 1.7 Hz, 1H), 4.98-4.94 (m, 1H), 4.63 (d, /= 1.0 Hz, 2H), 3.67
(t,J=5.0 Hz, 2H), 3.57 (tt, J= 5.6 Hz, 5.5Hz, 1H), 3.36 (s, 3H), 2.19-2.04 (m, 2H), 1.66-1.51
(m, 6H), 1.05 (s, 9H). 3C NMR (CDCls, 126 MHz) § 138.72, 135.72, 134.15, 129.68, 127.75,
114.71, 95.60, 76.95, 64.08, 55.68, 33.66, 30.56, 29.74, 28.35, 27.01, 19.36. HRMS (DART)

m/z: [M+H]" caled. for C26H39S103" 427.2663; found 427.2663.

Ether diene 26a. Compound 25a (0.25 g, 0.61 mmol) and allyltrimethylsilane (0.192
mL, 1.21 mmol) were dissolved in anhydrous DCM (2.5 mL) under a nitrogen atmosphere. The
solution was cooled to 0 °C before dropwise addition of tin (IV) chloride (1 M in DCM, 0.30
mL, 0.30 mmol). The mixture was allowed to warm to room temperature and stirred for 2 h.
The reaction was cooled to 0 °C, diluted with DCM (10 mL), and quenched with saturated
NaHCOs (aq) slowly. The layers were separated, and the aqueous layer was extracted with
DCM (2 x 15 mL). The organic layers were combined, dried over MgSOs, and concentrated
under reduced pressure. The crude material was purified by flash column chromatography (6—
7% ethyl acetate in hexanes) to give the title compound as a colorless oil (0.248 g, 97%). 'H
NMR (CDCls, 500 MHz) & 7.71-7.64 (m, 4H), 7.45-7.36 (m, 6H), 5.80 (dtt, /= 17.0 Hz, 10.4
Hz, 6.6 Hz, 2H), 5.04 (ddq, J = 22.8 Hz, 17.1 Hz, 1.6 Hz, 2H), 5.02-4.93 (m, 2H), 3.82-3.69
(m, 2H), 3.53-3.40 (m, 3H), 2.27 (qt, J = 6.7 Hz, 1.30 Hz, 2H), 2.17-2.03 (m, 2H), 1.77-1.66
(m, 2H), 1.62-1.49 (m, 2H), 1.05 (s, 9H). *C NMR (CDCls, 126 MHz) & 138.86, 135.71,
135.66, 134.08, 129.71, 127.76, 116.29, 114.60, 75.91, 68.62, 60.73, 37.28, 34.77,33.65, 29.80,

27.02, 19.35. HRMS (DART) m/z: [M+H]" calcd. for C27H30Si02" 423.2714; found 423.2719.
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Ether diene 26b. This compound was prepared analogously to 26a. Acetal 25b (2.13 g,
5.00 mmol) generated 1.96 g (90%) of compound 26b as a colorless oil. 'H NMR (CDCls, 500
MHz) 6 7.70-7.65 (m, 4H), 7.45-7.35 (m, 6H), 5.80 (ddtd, /= 17.3 Hz, 10.1 Hz, 6.6 Hz, 1.3 Hz,
2H), 5.18 (ddq, /= 30.8 Hz, 17.3 Hz, 1.6 Hz, 2H), 5.05-4.93 (m, 2H), 3.69-3.65 (m, 2H), 3.49-
3.40 (m, 2H), 3.26 (quint, J = 5.7 Hz, 1H), 2.30 (qt, J = 6.7 Hz, 1.50 Hz, 2H), 2.24-2.02 (m,
2H), 1.64-1.51 (m, 6H), 1.05 (s, 9H). *C NMR (CDCls, 126 MHz) & 138.96, 135.72, 135.70,
134.20, 129.67, 127.74, 116.30, 114.56, 78.79, 68.36, 64.14, 34.82, 33.37, 30.13, 29.88, 28.45,

27.02, 19.37. HRMS (DART) m/z: [M+H]" calcd. for C2sH41SiO2" 437.2870; found 437.2878.

Oxo-cyclooctene 27a. Compound 26a (1.45 g, 3.43 mmol) was dissolved in DCM (650
mL) and the solution was heated to reflux before addition of Grubb’s I catalyst (0.282 g, 0.343
mmol) in one portion. The mixture was stirred for 2.5 h under reflux before removal of DCM
by rotary evaporation. The crude material was partially purified by flash column
chromatography (6—7% ethyl acetate in hexanes to give the title compound as a brownish oil
(1.40 g, containing Ru metal). The partially purified compound was used for the next

deprotection step immediately.

Oxo-cyclooctene 27b. This compound was prepared analogously to 27a. Ether diene
26b (1.38 g, 3.16 mmol) generated 1.22 g of compound 27b (containing Ru metal) as a
brownish oil. The partially purified compound was used for the next deprotection step

immediately.

Oxo-cyclooctene primary alcohol 28a. Tetrabutylammonium fluoride (1 M in THF,
10.3 mL, 10.3 mmol) was added to compound 27a (1.40 g, containing Ru) at 0 °C. The solution

was allowed to warm to room temperature and stirred overnight. The reaction mixture was
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diluted with ether (20 mL) and quenched slowly with saturated NH4Cl (aq., 20 mL). The layers
were separated, and the aqueous layer was extracted with ether (3 X 20 mL). The organic layers
were combined, washed with brine (50 mL), dried over MgS0O4, and concentrated under reduced
pressure. The crude material was purified by flash column chromatography (6—7% ethyl acetate
in hexanes) to give the title compound as a colorless o0il (0.297 g, 56% over two steps). 'H NMR
(CDCl3, 500 MHz) 8 5.83-5.72 (m, 2H), 3.99-3.92 (m, 1H), 3.82-3.72 (m, 2H), 3.67-3.61 (m,
1H), 3.46-3.40 (m, 1H), 2.51-2.36 (m, 2H), 2.22-2.10 (m, 2H), 2.07-2.00 (m, 1H), 1.75-1.59
(m, 3H), 1.56-1.48 (m, 1H). *C NMR (CDCls, 126 MHz) & 131.72, 128.59, 78.64 (app d),
71.45, 60.75 (app d), 38.90 (app d), 36.02, 29.35, 23.79. HRMS (DART) m/z: [M+H]" calcd.

for CoH170," 157.1223; found 157.1220.

Oxo-cyclooctene primary alcohol 28b. This compound was prepared analogously to
28a. Ether diene 27b (1.22 g, containing Ru) generated 0.37 g of compound 28b (69% over two
steps) as a colorless oil. "H NMR (CDCl;, 500 MHz) § 5.82-5.70 (m, 2H), 3.99-3.92 (m, 1H),
3.68-3.59 (m, 2H), 3.41-3.31 (m, 2H), 2.52-2.36 (m, 2H), 2.14-1.97 (m, 2H), 1.94-1.79 (br, s,
1H), 1.76-1.22 (m, 6H). '*C NMR (CDCls, 126 MHz) § 131.75, 128.61, 79.81, 71.58, 63.21,
36.01,33.56,29.53,29.15, 23.84. HRMS (DART) m/z: [M+H]" calcd. for C10H1902" 171.1380;

found 171.1383.

(£)-0xoTCO-C2 (7a). The general photoisomerization procedure described above was
used. 0.315 g compound 28a in 1:1 ether/hexanes generated compound 7a (0.088 g, 28%) as a
~2.9:1 mixture of equatorial and axial isomers after 17 h of irradiation. 'H NMR (CeDs, 500
MHz) & 5.82-5.68, 5.53-5.44 and 5.21-5.12 (m, 2H), 3.82-3.76 (m, 1H), 3.67-3.27 (m, 2H,

mixed with peaks from minor isomer), 2.91-2.83 (m, 2H), 2.30-2.19 (m, 2H), 2.03-1.25 (m,
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7H). 3C NMR (C¢Ds, 126 MHz) Peaks due to major diastereomer: § 140.64 (dn), 126.41 (dn),
82.88 (dn), 73.26 (), 59.08 (u), 40.94 (u), 39.16 (u), 37.98 (u), 34.29 (u). Peaks due to minor
diastereomer: 6 137.07 (dn), 132.69 (dn), 80.69 (dn), 72.92 (u), 60.00 (u), 42.61 (u), 33.07 (u),
27.95 (u), 27.67 (u). HRMS (DART) m/z: [M+H]" caled. for CoHi702" 157.1223; found

157.1236.

(£)-0xoTCO-C3 (7b). The general photoisomerization procedure described above was
used. 0.37 g compound 28b in 1:1 ether/hexanes generated compound 7b (0.251 g, 68%) as a
~2.7:1 mixture of equatorial and axial isomers after 17 h of irradiation. 'H NMR (CeDs, 500
MHz) 6 5.83-5.72, 5.50-5.40 and 5.20-5.12 (m, 2H), 3.86-3.79 (m, 1H), 3.59-3.33 (m, 2H,
mixed with peaks from minor isomer), 2.77-2.70 (m, 1H), 2.62-2.55 (m, 1H), 2.32-1.68 (m,
5H), 1.55-1.18 (m, 6H). '3C NMR (CD¢, 126 MHz) Peaks due to major diastereomer: § 140.75
(dn), 126.33 (dn), 84.84 (dn), 73.35 (u), 62.65 (u), 40.93 (u), 38.08 (u), 34.43 (u), 33.82 (u),
28.49 (u). Peaks due to minor diastereomer: 6 137.77 (dn), 131.66 (dn), 81.18 (dn), 71.20 (u),
62.28 (u), 42.32 (u), 34.31 (u), 30.96 (u), 29.44 (u), 28.26 (u). HRMS (DART) m/z: [M+H]"

calcd. for C10H1902" 171.1380; found 171.1393.
Synthesis of the fluorogenic Tz-BODIPY has been reported previously ..

BODIPY -alkyl-Tz. BODIPY -succinate (29) was synthesized as previously described ”°.
Compound 29 (14 mg, 39 umol), methyltetrazine-amine (Click Chemistry Tools, 9 mg, 39
umol), EDC-HCI (15 mg, 77 umol), and HOBt (12 mg, 77 umol) were added into a flame-dried
scintillation vial equipped with a stir bar under a nitrogen atmosphere. Dichloromethane (3 mL)
and Hunig’s base (40 puL) were then added to the vial. The solution was stirred overnight at

room temperature before dilution with dichloromethane. The mixture was washed with 1 M
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HCI, neutralized with NaHCO3 (aq., saturated), and washed with brine. The organic layer was
dried with MgSO4 before concentration. The crude was purified with column chromatography
(0-5% v/v MeOH in DCM) and subsequent normal-phase HPLC to give BODIPY-alkyl-Tz (14
mg, 67%) as a red solid. 'H NMR (CDCls, 500 MHz) & 8.50 (d, 2H, J = 8.0 Hz), 7.57 (s, 1H),
7.47 (d, 2H, J= 8.1 Hz), 7.09 (d, 1H, J = 4.3 Hz), 6.48 (t, IH, J= 5.9 Hz), 6.44-6.41 (m, 1H),
6.34 (t, I1H, J= 6.2 Hz), 6.16 (s, 1H), 4.52 (d, 2H, J= 5.9 Hz), 3.48 (q, 2H, J = 7.0 Hz), 3.10-
3.05 (m, 5H), 2.59-2.49 (m, 7H), 2.44 (s, 3H). 3C NMR (CDCls, 126 MHz) § 172.64, 172.25,
167.43, 163.84, 161.36, 145.29, 143.23, 142.49, 138.30, 134.17, 131.14, 128.49, 128.36,
124.26,123.96,116.18,56.12,43.47,41.47,31.69,31.61,21.31, 16.35, 15.17. The product was
further characterized on reverse-phase HPLC (see chromatogram below) on Shimadzu LC-
20AR HPLC equipped with an SPD20AV UV/Vis detector. Column: Epic Polar 5u 120 A, 25
cm X 4.6 mm, Catalog # 155291-EPO, Serial #271-15-84620. Channels: 495 nm and 553 nm.
Solvent A: Water. Solvent B: Acetonitrile. Flow rate: 1 mL/min. The percent of solvent B is

indicated by the red line.
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Figure 2.23: reverse-phase HPLC chromatogram of BODIPY -alkyl-Tz.
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CHAPTER 3: Activity-based, bioorthogonal imaging of phospholipase D reveals

spatiotemporal dynamics of GPCR-Gq signaling'

Abstract

Canonically, GPCR signaling is transient and confined to the plasma membrane (PM).
Deviating from this paradigm, the parathyroid hormone receptor (PTHR1) stimulates sustained
G; signaling at endosomes. In addition to Gs, PTHR1 also activates Gq signaling. In contrast to
the PTHR1-Gs pathway, the spatiotemporal dynamics of the G4 branch of PTHRI1 signaling,
and its relationship to Gs signaling, remain largely ill-defined. Recognizing that a downstream
consequence of Gq signaling is the activation of phospholipase D (PLD) enzymes, we leveraged
activity-based, bioorthogonal imaging tools for PLD signaling to specifically visualize and
quantify the Gq branch of PTHR1 signaling. We established that PTHR 1-Gg signaling is short-
lived, exclusively at the PM, and antagonized by PTHR 1 endocytosis. Our data support a model
wherein Gq and Gs compete for ligand-bound receptors at the PM and more broadly highlight

the utility of bioorthogonal tools for imaging PLDs as probes to visualize GPCR—-Gq signaling.

! Currently in press as a brief communication by Dongjun Liang, Ross W. Cheloha, Tomoyuki Watanabe,

Thomas J. Gardella, Jeremy M. Baskin in Cell Chemical Biology.
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Introduction

The traditional paradigm for GPCR signaling involves transient, agonist-induced
activation of heterotrimeric G proteins and second messenger production at the plasma
membrane (PM), which terminates upon receptor internalization '. Classically, different
second messengers are produced at the PM depending on the Ga subtype that is activated. For
example, Gs activates adenylyl cyclase, producing cyclic AMP (cAMP), leading to protein
kinase A signaling, whereas Gy11 stimulates phospholipase Cf3 (PLCB) enzymes, inducing
PI(4,5)P> hydrolysis to produce diacylglycerol (DAG) and inositol trisphosphate (IP3), leading
to protein kinase C (PKC) and Ca®" signaling. Both Gs and Gq are primarily found in the
cytosolic leaflet of the PM, though they can also be found at intracellular locations, along with

downstream signaling proteins and second messengers *>.

Notably, recent work has identified that certain GPCRs, including opioid receptors ©,
the p2-adrenergic receptor (B2AR) 7, and the parathyroid hormone receptor 1 (PTHR1) 310, also
signal, via Gs, from intracellular membranes after receptor-mediated endocytosis. In the case of
PTHRI, such signaling occurs on endosomes following B-arrestin-induced, clathrin-mediated
endocytosis of the ligand-bound GPCR !!. This non-classical, endosomal signaling persists until
V-ATPase-mediated endosomal acidification causes ligand dissociation, and subsequent
receptor binding to the retromer complex enables eventual recycling to the PM 2715, Recent
efforts to characterize whether GPCRs remain signaling-competent after internalization have
used single-domain antibodies that bind to the receptor in its active conformation as biosensors

16 Although this approach reveals the subcellular localizations of GPCRs in their active
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conformations, it does not elucidate whether these GPCRs maintain the ability to signal via

different pathways following internalization.

Sustained endosomal Gs signaling by both f2AR and PTHR1 has proven physiologically
significant for regulating distinct outcomes compared to when confined at the PM 718,
However, PTHR1, which has numerous functions in physiology of bone, kidney, and other
tissues, has a more complex signaling landscape '>*. In addition to both PM and endosome-
localized Gs—cAMP signaling, PTHR1 also activates the Gi—PLC axis, and such signaling is
also physiologically relevant 22, A longstanding question has been the extent of interplay
between the G4 and G branches of PTHR 1 signaling, which is fundamental to the understanding
of diverse physiological functions under the control of PTHR1. Some evidence suggests that
regulation of PTHR 1-Gg signaling occurs within the kidney 2. A recent study revealed that Gq
signaling was required for subsequent prolonged, intracellular Gs-signaling, via a mechanism

implicating GPy intracellular translocation and activation of PI3Kb .

Nevertheless, the spatiotemporal dynamics of PTHRI-Gq signaling and its full
relationship to the Gs pathway remain incompletely understood. Here, we establish a chemical
toolset for visualizing the Gq branch of GPCR signaling and apply it to elucidate the
spatiotemporal dynamics of PTHR1-Gq signaling and clarify its relationship to Gs signaling.
Our approach capitalizes upon the recognition that G¢/PLC signaling — via production of DAG
and IP3 to activate conventional PKCs — leads to stimulation of phospholipase D (PLD)
enzymes (Fig. 3.1A). PLDs in turn produce phosphatidic acid (PA), a lipid second messenger
that engages several effectors to influence membrane trafficking, cytoskeletal dynamics, and

signaling 236,
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Figure 3.1: RT-IMPACT is a tool to quantify phospholipase D (PLD) activity elicited by

PTHR1-Ggq but not PTHR1-G; signaling. (A) Schematic of PTHR1 signaling, illustrating how
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RT-IMPACT could report on PTHR-dependent Gq signaling. (B—C) Schematic of (B) and
chemical structures for (C) RT-IMPACT, a tool to visualize endogenous PLD signaling. (D-E)
Flow cytometry of HEK 293 cells indicating the RT-IMPACT labeling depends upon PTHR 1—
Gq signaling. (D) HEK 293 cells stably expressing PTHR1 (hPTHR 1-293) were incubated with
0x0TCO and the indicated PTHR1 ligand for 5 min prior to a rinse and addition of Tz-BODIPY
for 1 min, rinse, and flow cytometry analysis. Shown: mean BODIPY fluorescence (AU,
arbitrary units). Where indicated, cells were treated with the Gq inhibitor YM-254890 (YM) or
DMSO vehicle for 15 min prior to and during oxoTCO and PTHRI1 activation step. PTH:
PTH(1-34); Trp (Gs-selective agonist): PTH-Trp. (E) Gs knockout (KO) cells transfected with
hPTHR1-HA were stained with AF647-conjugated a-PTHR1 antibody to identify transfected
cells. Cells were labeled via RT-IMPACT as in (D). Flow cytometry was performed, gating on
PTHR I-positive or -negative cells (left). Shown: mean BODIPY fluorescence. hPTHR1-293
cells (Gs WT) were analyzed concurrently (right). Asterisks above data denote significance
compared to PTH without inhibitors. Asterisks above lines denote significance comparing the
indicated groups. Error bars represent standard deviation. One-way ANOVA, Games-Howell
post-hoc test: *P < 0.05, **P <0.01 and ***P < 0.001; ns, not significant; n=3 for (D) and (E).

See also Fig. 3.2.

We have developed bioorthogonal chemical tools to visualize and quantify PLD activity
with organelle-level resolution 2", These approaches harness the ability of PLD enzymes,
which normally catalyze phosphatidylcholine hydrolysis to produce PA, to also produce
phosphatidyl alcohol lipids via transphosphatidylation with exogenous primary alcohols °. Our

tools, termed Imaging Phospholipase D Activity with Clickable Alcohols via
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Transphosphatidylation =~ (IMPACT), use bioorthogonally labeled alcohols as
transphosphatidylation substrates, followed by click chemistry tagging of the resultant lipids in

live cells with fluorescent groups (Fig. 3.1B) ’.

By using an alcohol and click chemistry partner capable of undergoing a rapid and
fluorogenic inverse electron-demand Diels-Alder (IEDDA) cycloaddition, such labeling can be
performed in real time (RT-IMPACT) 2”2, In RT-IMPACT, the IEDDA-tagged lipids, prior to
their trafficking to other organelle membranes, report on the localizations of endogenous PLD
activity 27. Because of the specific connection between G¢/PLC signaling and PLD activation,
we reasoned that RT-IMPACT would enable us to visualize localizations and quantify the
extent of PLD activity downstream of PTHR1-Gq signaling, reporting on the spatiotemporal

dynamics of this branch of PTHR1 signaling.

Here, we first establish that RT-IMPACT is a selective reporter for PTHR1-Gq
signaling, and we show that PTHR 1-Gq signaling specifically activates the PLD1 isoform. We
then reveal that PLD1 signaling downstream of PTHR 1-Ggq is transient and occurs exclusively
at the PM. The timescale of this signaling matched that of the PM residence of the ligand-bound
GPCR, and inhibition of endocytosis prolonged Gq and suppressed Gs signaling. These data
suggest that G and Gs compete for PTHR 1-mediated signaling upon ligand binding at the PM,
hence giving rise to maximal levels of cAMP production after the termination of Gq signaling
by receptor endocytosis. This work reveals insights into spatiotemporal control of signaling via
different Ga subunits from the same GPCR and highlights how bioorthogonal tools to visualize

PLD signaling can act as selective reporters of Gq signaling.
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Results and Discussion
Gg, but not G, is required for PLD activation downstream of PTHR1

We began by determining the specificity of RT-IMPACT as a reporter for Gg-signaling
downstream of PTHR1. During PTHR1 stimulation, we treated cells with a trans-cyclooctene
alcohol (0oxoTCO, Fig. 3.1C), in the presence or absence of PTHRI1 ligands, to generate
0x0TCO-containing lipids as transphosphatidylation products. After a rinse and IEDDA tagging
with a fluorogenic tetrazine-BODIPY (Tz-BODIPY, Fig. 3.1C), cellular fluorescence was
quantified by flow cytometry. To stimulate PTHR1, we first used PTH(1-34), comprising the
N-terminal fragment of the parathyroid hormone (PTH), which strongly activates all
downstream PTHR1-coupled Ga pathways. We found substantial PTH(1-34)-dependent RT-

IMPACT labeling (Fig. 3.1D).

To determine whether RT-IMPACT reports on Gq versus Gs signaling, we treated HEK
293 cells stably expressing PTHR1 with PTH(1-34)-Trpl, a Gs-biased ligand that induces
binding of the receptor exclusively to Gs *, and found that this ligand exhibited only a very
minimal activation of PLDs (Fig. 3.1D). Alternatively, we applied PTH(1-34) with YM-254890
3132 a Gg-selective inhibitor, and found no detectable PLD activity (Fig. 3.1D). These results
are consistent with our previous work using these probes to distinguish PTHR1-dependent Gq
vs. Gs signaling using fluorescence-based Ca®>" measurements as a readout 23, To selectively
activate Gq, we expressed PTHR1 in Gs knockout cells, and upon PTH stimulation, found a
comparable level of PLD activity to that from PTH-stimulated, PTHR 1-expressing wild-type

cells (Figs. 3.1E and 3.2). These data indicate that Gg, and not Gs, is responsible for the
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activation of PLDs downstream of PTH-PTHRI1 signaling, likely via PLCP enzymes, which

hydrolyze P1(4,5)P: to generate DAG and IPs to activate PKCs, which upregulate PLDs.
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Figure 3.2: Gating strategy for two-color flow cytometry, related to Fig. 3.1. Gs KO HEK 293
cells were transfected with hPTHR1-HA, and after 24 h, cells were stained with Alexa Fluor
647-tagged anti-PTHR1 antibody (100 nM, 30 min at 4 °C). Cells were incubated with PTH
and/or YM-254890 (YM), and RT-IMPACT labeling was performed as described in the legend
for Fig. 3.1. (A) Live cells were identified using the indicated gate, comparing forward scatter
(FSC) and side scatter (SSC) analysis. Singlets were also gated for further analysis. (B and C)
Identification of cells expressing PTHR1 (647+) and those not expressing PTHR1 (647—) from
two-color scatter plots of Alexa Fluor 647 (hPTHR1) and BODIPY (RT-IMPACT) indicated
gates in the +PTH/~YM (B) and +PTH/+YM (C) samples. Data shown in Fig. 3.1E (left) are

BODIPY mean fluorescence intensities for the 647+ and 647— populations.
PTHRI1 predominantly activates the PLD1 isoform at the PM

To characterize the nature of the PTHR1-Gg-induced PLD signaling, we used isoform-
selective PLD inhibitors to determine which of the two PLD isoforms that generate PA via PC

hydrolysis, PLD1 and PLD?2, is responsible for PLD activity downstream of PTHR1. Using RT-
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IMPACT followed by flow cytometry, we found that a PLD1-selective inhibitor (VU0359595,
ICso(PLD1) = 3.7 nM; 1ICso(PLD2) = 6.4 uM) abrogated nearly all of the PTH-induced PLD
activity, equivalent to a pan-PLD inhibitor (Fig. 3.3A). By contrast, a PLD2-selective inhibitor
(VU0364739, 1Cso(PLD1) = 1.5 uM; ICso(PLD2) = 20 nM) had only a modest effect (Fig.
3.3A). Thus, PLDI is responsible for the bulk of the PLD activity downstream of PTHRI1,

consistent with the established role of PLD1 as inducible by activated PKCs 24,
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Figure 3.3: PTHR—Gg-induced PLD signaling is due predominantly to the PLD1 isoform and is
localized at the PM. (A). Flow cytometry of PLD activity of hPTHR1-293 cells stimulated by
PTH in the presence of pan- or isoform-selective PLD inhibitors. Cells were incubated with the
indicated inhibitors (PLD1i, PLDIl-selective VU0359595; PLD2i, PLD2-selective
VU0364739; PLDi, pan-inhibitor FIPI) or DMSO for 30 min. PTH and oxoTCO were added
for 5 min before rinsing, Tz-BODIPY addition, and flow cytometry analysis. Asterisks above
lines denote significance comparing the indicated groups. Error bars represent standard
deviation. One-way ANOVA, Games-Howell post-hoc test: *P < 0.05, **P <0.01 and ***P <

0.001; ns, not significant; n=3. (B) Rea-time confocal microscopy of hPTHR1-293 cells
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stimulated with PTH and labeled via RT-IMPACT to reveal localization of PTHR1-derived
PLD signaling, showing 9 s post-addition of Tz-BODIPY. Experiments were performed

similarly as previously described in Figs. 2.19B and 2.22B. Scale bar: 20 pm. See also Fig. 3.4.

We next sought to use RT-IMPACT to reveal the subcellular localization of the PTHR1—
Gg-induced PLD signaling. Here, we performed a similar RT-IMPACT labeling with oxoTCO
during PTH stimulation, rinsing, and then visualization of the fluorogenic IEDDA tagging
reaction in real-time by time-lapse confocal microscopy. Because of the rapid kinetics of this
IEDDA reaction, we could detect its fluorescent lipid products within seconds of administering
Tz-BODIPY to cells, and such images reveal the localization of PLD-generated lipids prior to
their subsequent trafficking. Using this technique, we found that PTHR1-induced PLD activity

is exclusively at the PM (Figs. 3.3B and 3.4).
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Figure 3.4: RT-IMPACT imaging reveals that PLD activity induced by PTH(1-34) and PTH-
TMR is localized at plasma membrane, related to Fig. 3.3. hPTHR1-293 cells were stimulated
with PTH(1-34) (A) or PTH-TMR (B—C) for the indicated periods of time (1-5 min) at 37 °C
before being labeled via RT-IMPACT to reveal the subcellular localization of PTHR1-derived
PLD signaling. Where indicated, cells were treated with the pan-PLD inhibitor PLDi (FIPI, 750
nM) or DMSO vehicle for 30 min prior to and during the PTH and oxoTCO incubation step.
Images showing RT-IMPACT fluorescence are at t = 9 s post-addition of Tz-BODIPY. All
images in (A) and in (B—C) were acquired with the same microscope settings. For (A), images
in the top row are processed identically, and in the bottom row, the 5 min and FIPI images are
additionally shown at higher brightness levels to facilitate better visual assessment of the signal
and background (due to the lower extent of RT-IMPACT labeling at the 5 min timepoint).
Similarly, in (B—C), Images in (B) are all shown at the same brightness levels, and images in

(C) are shown at higher brightness in the RT-IMPACT channel. Scale bars: 30 pm.

We have previously shown that platelet-derived growth factor receptor signaling
induced PLD activity at intracellular membranes using RT-IMPACT ?’. Therefore, a lack of
similar intracellular fluorescence following PTHR1 activation provides strong evidence of a
restricted subcellular localization of PLD1 activation in this context. Though PLD1 localizes to
many intracellular sites, it can translocate to the PM upon certain stimuli. In this setting,
PTHR1-Gq signaling, which activates PLCP to generate the PKC agonist diacylglycerol, would

be expected to stimulate the activity of PLDs in this membrane.

RT-IMPACT reveals that PTHR1-Gq activation of PLDs is transient
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In addition to the spatial aspects of PTHR1-Ggq signaling, we also sought to use RT-
IMPACT to elucidate the temporal dynamics of this pathway. The temporal resolution of RT-
IMPACT is roughly 5 min, encompassing transphosphatidylation, rinsing, and IEDDA reaction.
To quantify PTHR1-Gq signaling elicited by PTH agonism over time, we varied the time after
PTH addition prior to oxoTCO addition by 5-min intervals. Flow cytometry of cells labeled via
RT-IMPACT in this manner revealed that PLD activity downstream of PTHR1-Gq signaling
was transient, peaking within the first five minutes and rapidly returned to basal levels within
10 min of exposure to PTH (Figs. 3.5A and 3.6). This finding aligns with previous work

showing that PTHR1-Gq signaling induces a transient release of calcium into the cytoplasm

that reverts to basal levels within a few minutes 2.
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Figure 3.5: PLD activation downstream of PTHR1-Gq signaling is transient, in contrast to
persistent PTHR 1-G; signaling. (A) Flow cytometry of hPTHR1-293 cells, showing extent of
PLD activity following PTH addition. hAPTHR1-293 cells were stimulated with PTH for 0-20
min, followed by oxoTCO addition for 5 min, rinsing, Tz-BODIPY addition, and flow
cytometry. Gray: background fluorescence in the absence of PTH. (B) Levels of cAMP from

hPTHR1-293 cells stably expressing cAMP GloSensor after addition of PTH (solid line; circles)
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or control (dashed line; triangles). In (A), asterisks above lines denote significance comparing
the indicated groups. In (B), asterisks above groups represent significance comparing the +/—
PTH conditions at each timepoint. Error bars represent standard deviation. One-way ANOVA,
Games-Howell post-hoc test: *P < 0.05, **P <0.01 and ***P < 0.001; ns, not significant; n=3

for (A) and n=4 for (B). See also Fig. 3.6.
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Figure 3.6: Flow cytometry analysis using RT-IMPACT reagents reveals desensitization of
PLD activities downstream of PTHRI1-Gq, related to Fig. 3.5. Flow cytometry analysis of
hPTHR1-293 cells, showing extent of PLD activity in the 10 min following the addition of
PTH. hPTHR1-293 cells were stimulated with PTH for the indicated period of time (0—10 min),
followed by RT-IMPACT labeling by addition of 0xoTCO for 5 min in the continued presence
of PTH, rinsing, addition of Tz-BODIPY, and analysis by flow cytometry. Shown is the

BODIPY mean fluorescence intensity (AU, arbitrary units). Where indicated, cells were treated
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with the pan-PLD inhibitor PLDi (FIPI, 750 nM) or DMSO vehicle for 30 min prior to and
during oxoTCO and PTHR1 activation step. NoAlc: negative control with no 0xoTCO present
throughout experiment. Asterisks directly above data groups denote statistical significance
compared to PTH without the presence of inhibitors. Asterisks above horizontal lines denote
statistical significance comparing the indicated data groups, and error bars represent standard
deviation. One-way ANOVA with Games-Howell post-hoc test: *P < 0.05, **P < 0.01 and

%P <0.001; ns, not significant; n=3.
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Figure 3.7: Inhibition of PTHR1 endocytosis prolongs PLD activation through G4 and reduces
Gs/cAMP signaling. (A) Confocal microscopy of hPTHR1-293 cells treated with rhodamine-
PTH (PTH-TMR) for 5-10 min. Cells were treated with Dyngo-4a or DMSO vehicle 15 min
prior to and during ligand addition. Scale bar: 30 pm. (B) Flow cytometry of hPTHR1-293 cells,

showing extent of PLD activity over 20 min after the PTH addition +/— Dyngo addition.
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hPTHR1-293 cells were incubated with Dyngo or vehicle for 15 min, stimulated with PTH for
0-20 min in the presence of Dyngo or vehicle, followed by addition of 0xoTCO (5 min) in the
presence of PTH and Dyngo or vehicle, rinsing, addition of Tz-BODIPY, and flow cytometry.
Shown: mean BODIPY fluorescence. Gray: background fluorescence in the absence of PTH.
(C) Timecourse of cAMP levels in hPTHR1-293 cells stably expressing cAMP GloSensor.
Dyngo or vehicle was added 15 min prior to and during the PTH labeling step. (D) Model
indicating competition between Gq and Gs signaling downstream of PTHR1. In (B—C), asterisks
above data denote significance comparing blue and red data points (+ vs. — Dyngo in the
presence of PTH). Error bars represent standard deviation. One-way ANOVA, Games-Howell
post-hoc test: *P < 0.05; **P <0.01; ***P < 0.001; ns, not significant; n=3 for (B) and n=4 for

(C). See also Fig. 3.8.

By contrast, PTHR1-G;s signaling was, as expected, delayed and sustained, peaking at
15 min post-PTH application and persisting for at least 60 min, as measured by a cAMP-based
biosensor assay (Fig. 3.5B) *°. This short-lived Gq activation is in line with the classical model
of GPCR signaling, wherein ligand-bound receptors are rapidly phosphorylated and internalized
via binding to B-arrestins, which terminates most GPCR signaling processes but prolongs Gs

signaling in the case of PTHRI.

Despite such rapid deactivation of PTHR1-Gq signaling within 10 min of PTH
stimulation, the observed PLD activity at various timepoints (1, 2, and 5 min) post-addition of
either PTH or rhodamine-tagged PTH (PTH-TMR), to visualize PTH-PTHR1 complexes, was
predominantly at the PM even before complete desensitization (Fig. 3.4), suggesting that Gq

activation of PLD was confined to the PM in this context. Importantly, our findings reinforce
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and are complementary to a recent report that Gq activation is critical for prolonged endosomal

G; signaling through the recruitment of B-arrestins 2,
Receptor endocytosis antagonizes PTHR1-Ggq-elicited PLD activity

The above data reveal a stark contrast between the spatiotemporal dynamics of PTHR1-
induced Gq and Gs signaling, with the former transient and at the PM and the latter being
sustained and largely from endosomes '*. Typically, ligand-bound GPCRs are internalized via
interaction with B-arrestin and subsequent clathrin-mediated endocytosis *”**. We hypothesized
that receptor-mediated endocytosis might act as a key control point for the switch from Gq to
Gs signaling *. To test this idea, we perturbed the endocytosis of PTHR1 and investigated

effects on the amplitudes and kinetics of G4 and Gs signaling.

First, we tested the effects of blocking endocytosis by treating cells with Dyngo-4a, an

inhibitor of dynamin 17,39,40

, a GTPase required for clathrin-mediated endocytosis. We
established conditions under which Dyngo-4a reduced the endocytosis of PTHRI, by
visualizing PTH-PTHR1 complexes by confocal microscopy in cells treated with PTH-TMR.
At 5-10 min after PTH-TMR addition, we found that Dyngo-4a led to substantially reduced
internalization of PTHRI-PTH-TMR complexes (Fig. 3.7A). We then found that Dyngo-4a
treatment led to prolonged Ggq activation compared to control, as assessed by flow cytometry of
RT-IMPACT-labeled cells (Fig. 3.7B). By contrast, under these same conditions, the magnitude
of PTHR1-G;s signaling was significantly reduced (Fig. 3.7C). Moreover, the same inhibitory
effect of Dyngo-4a on G signaling was confirmed in human osteosarcoma cells, which express

physiological levels of PTHR1 (Fig. 3.8A), although we were unable to detect Ca** responses

by fura-2 or PLD activity by IMPACT, following PTH stimulation in these cells, speaking to a
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possible combination of factors, including a limited sensitivity of the method, low levels of
PTHRI1 expression, and a more modest stimulation of Gq, compared to Gs, by PTHR1 *! (Fig.

3.8B and 3.8C).
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Figure 3.8: Effects of endocytosis perturbation on PTHR1 signaling in various cell lines, related
to Figure 4. (A) Quantification of cAMP production in SGS-72 cells (SaOS-2 human
osteosarcoma cells engineered to express the split luciferase-based GloSensor) at various
timepoints post-addition of PTH or control. Dyngo-4a (30 uM) or vehicle (DMSO) was added
15 min prior to and during the PTH labeling step. cAMP levels were measured using the
GloSensor assay. Asterisks directly above data points denote statistical significance comparing
the black and red data points (+Dyngo vs. —Dyngo in the presence of PTH). (B) Flow cytometry
analysis of PLD activities of SaOS-2 cells under stimulation of PTH(1-34) or phorbol 12-
myristate 13-acetate (PMA). Cells were stimulated with PTH(1-34) for the indicated amount of
time and then labeled by IMPACT via addition of azidopropanol in the continued presence of
PTH for 5 min, addition of BCN-BODIPY, rinsing, and analysis by flow cytometry 2%. Where
indicated, PMA (100 nM) was added to the cells together with azidopropanol as a positive
control for IMPACT and to verify expression of PLDs in these cells. Plotted are mean
fluorescence intensities of BODIPY fluorescence. (C) Flow cytometry analysis of PLD
activities of UMR-106 rat osteosarcoma cells and UGS-56 cells (UMR-106 cells stably
expressing CAMP GloSensor) stimulated by either PTH(1-34) or PMA. Cells were labeled as
described in (B). Asterisks directly above data groups denote statistical significance compared
to 0 min within the same group (+DMSO or +Barbadin). Asterisks above horizontal lines denote
statistical significance comparing the indicated two data groups. Error bars represent standard
deviation. One-way ANOVA with Games-Howell post-hoc test: *P < 0.05 and **P < 0.01; ns,
not significant; n=4 for (A) and n=3 for (B) and (C). (D-E) Bafilomycin A1 attenuates PTHR1
endocytosis and prolongs PLD activity downstream of PTHR1-Gq signaling. (D) Shown is

flow cytometry analysis of hPTHR1-293 cells treated with Bafilomycin A1 or DMSO vehicle
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for 16 h and then stimulated with PTH for the indicated amount of time prior to RT-IMPACT.
Cells were then labeled by RT-IMPACT by addition of 0xoTCO in the continued presence of
PTH for 5 min, rinsing, addition of Tz-BODIPY, and analysis by flow cytometry. Plotted are
mean fluorescence intensities of BODIPY fluorescence. Asterisks above horizontal lines denote
statistical significance comparing the indicated two points. (In particular, note significant
differences between (i) Bafilomycin 10 min and Bafilomycin 20 min and (ii) Bafilomycin 10
min and DMSO 10 min.) Error bars represent standard deviation. One-way ANOVA with
Games-Howell post-hoc test: *P < 0.05; ns, not significant; n=3. (E) Confocal microscopy
analysis of hPTHR1-293 cells treated with PTH-TMR for 2, 5, or 10 min. As indicated, cells
were treated with DMSO vehicle (top) or Bafilomycin Al (bottom) 16 h prior to and during
ligand addition. PTH-TMR was added to the cells for 20 s, followed by two quick rinses with
PBS and confocal microscopy analysis of cells kept at 37 °C, with images acquired at 2, 5, and
10 min timepoints. Scale bar: 20 um. (F) The B-arrestin inhibitor Barbadin prolongs PLD
activity downstream of PTHR1-Gq signaling. Shown is flow cytometry analysis of hPTHR1-
293 cells treated with Barbadin or DMSO vehicle for 30 min and then stimulated with PTH for
the indicated periods of time prior to IMPACT. Cells were then labeled by addition of
azidopropanol in the continued presence of PTH for 5 min, addition of BCN-BODIPY, rinsing
and analysis by flow cytometry 28, Plotted are mean fluorescence intensities of BODIPY
fluorescence. Asterisks directly above data groups denote statistical significance compared to 0
min within the same group (+DMSO or +Barbadin). Asterisks above horizontal lines denote
statistical significance comparing the indicated two data groups. Error bars represent standard
deviation. One-way ANOVA with Games-Howell post-hoc test: *P < 0.05 and **P < 0.01; ns,

not significant; n=3.
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424 we corroborated these

To account for any potential off-target effects of Dyngo-4a
findings by perturbing endocytosis using two independent methods. First, we treated cells with
Bafilomycin A1 (BafAl), an inhibitor of the V-ATPase responsible for endosomal acidification.
Prolonged BafAl treatment, by preventing endosomal maturation to lysosomes, has the ultimate
effect of diminishing endocytosis '>*. Similar to Dyngo-4a, BafAl potentiated Gq-induced
PLD signaling (Fig. 3.8D and 3.8E). Alternatively, we perturbed clathrin-mediated endocytosis
through acute inhibition of B-arrestins by the pharmacological inhibitor Barbadin, which blocks
interactions between B-arrestin and the clathrin adaptor protein AP2 to prevent endocytosis of

B2AR #°. Consistent with the Dyngo-4a and BafA1 experiments, Barbadin treatment prolonged

PTHR1-depedent PLD activation (Fig. 3.8F).

Collectively, these results support a model wherein the PTHR 1-Gq pathway is restricted
to the PM. Under physiological conditions, this branch of PTHR1 signaling is short-lived and
is terminated upon endocytosis of PTHR1, within 5-10 min of ligand binding. By contrast, the
Gs-cAMP pathway occurs on both membranes. At the PM, a brief burst of Gs signaling,
immediately following PTHR1 activation, has been reported, but the bulk of Gs signaling is
now appreciated to occur at early endosomes, peaking at ~15 min and lasting for more than 1

hour.

These observations can be explained by a model wherein G4 and Gs compete for binding
to PTH-bound PTHRI1 receptors at the PM, where both pathways are active upon initial ligand
binding (Fig. 3.7D). Phosphorylation and subsequent B-arrestin-mediated endocytosis of
PTHRI1 terminates PTHR 1-Gg signaling, leading ultimately to PTHR1 signaling at endosomes

via the Gs-cAMP pathway, such that maximal cAMP levels correlate with the termination of
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Gg-induced PLD signaling. The pharmacological perturbations of receptor endocytosis, which
enhance Gq signaling and attenuate Gs signaling, further supports this model of a competitive

relationship between Gq and Gs signaling in this system.

Conclusion

We have established that RT-IMPACT, an activity-based, bioorthogonal method for
visualizing PLD signaling, can be used to selectively image and quantify GPCR—-Gg signaling.
We applied RT-IMPACT to elucidate the spatiotemporal dynamics of G4 signaling downstream
of PTHR1, an important GPCR in physiology and disease that signals through multiple Ga
proteins at diverse subcellular locations. Following PTH binding, PLD activity downstream of
PTHR1-Gq signaling occurs transiently and exclusively at the PM. Perturbations of receptor
endocytosis prolonged such Gq signaling and reduced Gs signaling, which predominantly occurs
on endosomes, supporting a model for competition between Gq and Gs for binding to the
activated receptor. These data reinforce that Gq and Gs signaling downstream of PTHRI1
activation exhibit vastly different spatiotemporal behavior, and such dynamics may be critical
for the distinct physiological outcomes of these signaling pathways. More generally, our study
underscores the value of applying bioorthogonal imaging methods for tracking PLD activity to

understand the regulation of diverse signaling pathways that intersect with PLD signaling.
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Methods and materials

Key resources table

REAGENT or RESOURCE | SOURCE

IDENTIFIER

Antibodies

Anti-PTHR1-Alexa Fluor
647 nanobody

Laboratory of Ross

Cheloha

VHHpTHR, described in 35

Chemicals, Peptides, and Re

combinant Proteins

Bafilomycin A1

Cayman Chemical

Cat# 11038

Barbadin MedChem Express Cat# HY-119706
D-luciferin Gold Bio Cat# L-123-250
Dyngo-4a Selleck Chem Cat# S7163

FIPI Cayman Chemical Cat# 13563
PLD1i Laboratory of Alex Brown | VU0359595
PLD2i Laboratory of Alex Brown | VU0364739

Phorbol 12-myristate 13-
acetate (PMA)

Santa Cruz Biotechnology

Cat# sc-3576

PTH(1-34) (PTH)

GenScript

Cat# RP01001

PTH(1-34) Trp1 (PTH-Trp)

Massachusetts General
Hospital Peptide/Protein
Core Facility

Sequence:
WVSEIQLMHNLGKHLNSMERVE
WLRKKLQDVHNF-CO2H

PTH-K13-TMR (PTH-TMR)

Massachusetts General
Hospital Peptide/Protein
Core Facility

Sequence: SVSEIQLMHNLGK(5-
carboxytetramethylrhodamine)HLN

SMERVEWLRKKLQDVHNF-CO2zH
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YM-254890

Focus Biomolecules

Cat# 10-1590-0100

Critical Commercial Assays

GloSensor cAMP

responsive luciferase stably

expressed in HEK 293

Promega

pGloSensor™-22F, # E2301,

described in 3¢

Experimental Models: Cell Lines

hPTHR1-HEK 293

containing GloSensor (293-

PTHR1)

ATCC

CRL-11268 base cell line (HEK
293). Stable hPTHR1-HEK 293
expressing GloSensor plasmid

originally described in 46

Gs KO-HEK 293

Gs knockout achieved

using CRISPR-Cas9

Described in 47

Sa0S-2 ATCC HTB-85, human osteosarcoma

SGS-72 ATCC Sa0S-2 cells stably expressing
GloSensor 48

UMR-106 ATCC CRL-1661, Rat osteosarcoma

UGS-56 ATCC UMR-106 cells stably expressing

GloSensor 4°

Recombinant DNA

hPTHR1-HA plasmid

Gardella Lab, custom
plasmid (VectorBuilder).

HA inserted into exon 2

Gardella lab plasmid #906

Software and Algorithms

ImagedJ

NIH

https://imagej.nih.gov/ij/
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General materials and methods

See Key Resources Table for sources for reagents, cell lines, etc. All imaging
experiments were performed on a Zeiss LSM 800 confocal laser scanning microscope equipped
with 40X 1.4 NA Plan Apochromat objectives, 405, 488, 561, and 640 nm solid-state lasers,
and two GaAsP PMT detectors, using the Zeiss Zen Blue 2.3 software. All image analysis was
performed using F1JI/ImageJ. Flow cytometry experiments, except for Figs. 3.1E and 3.2, was
performed on a BD Accuri C6 flow cytometer, and analysis was performed using the BD Accuri
C6 analysis software. Flow cytometry experiment for Figs. 3.1E and 3.2 was performed on a
Thermo Fisher Attune NxT Flow Cytometer equipped with 405, 488, 561, 637 nm lasers using
480 and 647 dual lasers. Luminescence measurements were performed using a Tecan Infinite

M1000 Microplate Reader (cat # 30034301).
Cell culture

HEK 293 cells that stably express human PTHR1 and cAMP GloSensor (293-PTHR1
cells) and HEK 293 Gs knockout cells that stably express GloSensor (i.e. Gs KO cells),
Osteosarcoma cells UMR-106 and SaOS-2, and corresponding cells that stably express cAMP
GloSensor UGS-56 (for UMR-106) and SGS-72 (for SaOS-2) were grown in DMEM
(Dulbecco’s modified Eagle medium) supplemented with 10% FBS and 1%
penicillin/streptomycin and were maintained in a 5% CO2, moisture-saturated atmosphere at 37
°C. Cell densities were maintained between 10° and 1.6 x 10° cells/mL. For cell labeling
experiments, all buffers or media were warmed to 37 °C or room temperature prior to addition

to cells unless otherwise noted, and incubations were done at 37 °C unless otherwise specified.
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RT-IMPACT labeling with 0xoTCO for live-cell imaging and flow cytometry analysis

HEK 293-PTHRI1 cells or Gs KO cells (150,000 cells) were seeded on 35-mm glass-
bottom imaging dishes (MatTek) for 24 h prior to experiments. Rinses after oxoTCO incubation
were performed in DMEM supplemented with FBS and P/S. Where indicated, the cells were
then transfected with the indicated plasmid using Lipofectamine 2000 as per the manufacturer’s
instructions. One day after seeding (or transfection, if any), cells were first treated with the
indicated PLD inhibitor (PLDi [FIPI], 750 nM; PLDI1i [VU0359595], 250 nM; PLD2i
[VU0364739], 350 nM; 30 min), YM-254890 (1 uM, 15 min), Dyngo-4a (30 uM, 15 min,
serum-free), or corresponding DMSO vehicle in media at 37 °C. The working concentrations of
PTH(1-34) (PTH), PTH-Trp (Trp) and PTH-TMR were 50 nM and that of PMA was 100 nM.
The appropriate stimulus was then added to the media for the indicated periods of time (0-20
min). Subsequently, freshly prepared oxoTCO (3 mM) together with the respective stimulus
and PLD inhibitor/DMSO in media (100 pL) were carefully added to cover the central glass

well. Cautionary note: oxoTCOs are reported to have limited water stability . Therefore, all

aqueous oxoTCO solutions (e.g., those in DMEM-containing media) were used within 20 min
of their generation. For example, we dissolved oxoTCO in 200 uL of DMEM with PLD
inhibitor/DMSO and respective stimulus and used it only for two consecutive replicates rather
than make a single stock solution for an entire day of experiments at the beginning of the day.
The dish was incubated for 5 min, the treatment media was aspirated, the cells were rinsed with
PBS (1 mL) briefly, and the cells were then rinsed in DMEM (500 uL) for 1 min at 37 °C. The
media was aspirated and replaced with Tz—BODIPY (0.33 uM) in PBS (100 pL) for 1 min,

which was further aspirated and replaced with 100 pL Tyrode’s-HEPES buffer. Cells were
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imaged immediately afterwards. Multicolor images were obtained in two-channel, line-
switching mode. Z stacks were taken with 0.45 um sectioning. For flow cytometry analysis,
cells were instead seeded in 24 well-plates (125,000 cells/well) and labeled as described above.
Following the final aspiration of Tz-BODIPY, cells were lifted with trypsin, transferred to 96-
well plates, rinse twice with cold PBS + 0.5% FBS by centrifugation at 500 x g, and analyzed
by flow cytometry. For the experiment shown in Fig. 3.1E, an extra step of incubation of anti-
PTHR1-Alexa Fluor 647 nanobodies (100 nM) at 4 °C in the dark for 30 min before oxoTCO
incubation steps. At least 10,000 live cells were analyzed for each well in all flow cytometry
experiments, as determined by forward/side scatter analysis for all experiments and additional

gating for the experiment shown in Fig. 3.1E (see Fig. 3.2).

For Fig. 3.8B-D, azidopropanol (10 mM) and BCN-BODIPY (1 mM) was used in place
of 0xoTCO in place of Tz-BODIPY, respectively. Detailed procedures can be found elsewhere
28 PMA (100 nM), where indicated, was added to the cells together with azidopropanol with
no prior incubation. Barbadin (100 uM, serum-free), where indicated, was present 30 min
before experiment. The incubation of BCN-BODIPY was performed at 37 °C for 10 min
followed by rinsing in Tyrode’s-HEPES buffer at 37 °C for 10 min and triple rinses in PBS

prior to trypsinization.
Luciferase assays of cAMP production

Procedures were adopted from previously published protocols >!. Monolayers of HEK
293 cells stably expressing PTHR1 were seeded on a 96-well plate 24 h before experiments.
Dyngo-4a (30 uM) or corresponding DMSO vehicle, where indicated, was incubated with the

cells in serum-free media for 15 min at 37 °C prior to the experiment. The cells were incubated
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with D-luciferin (0.5 mM) for 30 min at room temperature until the luminescence achieved a
steady baseline. PTH ligands (50 nM) were then added to the wells and luminescence recorded

by a Tecan Infinite M1000 Microplate Reader at the indicated time points.
Imaging of PTH-TMR to visualize PTHR1 endocytosis

293-PTHRI1 cells (150,000 cells) were seeded on 35-mm glass-bottom imaging dishes
(MatTek) for 24 h prior to experiments. Dyngo-4a (30 uM), where indicated, was incubated
with the cells in serum-free media for 15 min at 37 °C prior to the experiment. PTH-TMR (50
nM) was added to cells for 20 s, followed by three PBS rinses and imaging, with excitation by

the 561 nm laser.
RT-IMPACT imaging of the localization of PLD activity

Real-time IMPACT using 0xoTCO ((5)-0xoTCO-C1) and Tz-BODIPY was performed
as described previously 2”?. Briefly, freshly prepared oxoTCO (3 mM) together with the
PTH(1-34) or PTH-TMR (50 nM) in media (100 pL) were carefully added to cover the central
glass well. The dish was incubated for 5 min, the treatment media was aspirated, the cells were
rinsed with PBS (1 mL) briefly, and the cells were then rinsed in DMEM (500 pL) for 1 min at
37 °C. The media was replaced with 100 puL of Tyrode’s-HEPES buffer to cover the center of
the glass bottom and the dish was mounted on the microscope. The cells to be imaged were
quickly located and time-lapse imaging with an interval of 3 s (488 nm, for PTH(1-34) or 6 s
(488 nm and 561 nm, for PTH-TMR) and duration of 3 min begun. Tz-BODIPY (100 uL, 1 uM

in PBS) was added dropwise but quickly to the center of the dish during acquisition. The image
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shown in Fig. 3.3B represents the 9-s timepoint post-addition of Tz-BODIPY. The RT-

IMPACT experiment was repeated four times, yielding similar localizations.

Statistics and reproducibility

All imaging experiments show representative images from experiments performed in at
least three biological replicates on different days, where each replicate refers to a single dish of
cells with approximately 15 cells in the field of view, whose parameters were all determined
and averaged for the data point for that dish. Exact numbers of replicate experiments and sample
sizes are provided in each figure legend. For experiments involving quantification of
comparisons between more than two independent groups, significance was calculated using

one-way ANOVA, followed by Games-Howell post-hoc test (for samples of unequal variance).
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CHAPTER 4: Direct visualization of plasma membrane-to-ER phospholipid trafficking

mediated by extended synaptotagmins using bioorthogonally tagged fluorescent lipids

Abstract

It has long been known that different organelles consist of distinctive lipid
compositions. The relative stability of lipid compositions for specific organelle membranes, or
lipid homeostasis, is tightly regulated in a healthy cell. The dynamic process of lipid
homeostasis is crucial for maintaining both membrane integrity and proper organelle functions
and is achieved via the classical vesicular pathways as well as the emerging, non-vesicular
pathways. However, the mechanisms of many non-vesicular pathways mediated by lipid
transfer proteins acting at membrane contact sites remain poorly understood. Here, we utilized
RT-IMPACT, a bioorthogonal toolset for imaging phospholipase D activities, to install
unnatural fluorescent lipids on the plasma membrane and examined the effects of expression of
specific lipid transfer proteins on the trafficking events from plasma membrane (PM) to
endoplasmic reticulum (ER). Specifically, we found that RNAi-based knockdown of extended
synaptotagmin family proteins (ESyt1/2/3) located at PM-ER contact sites reduce trafficking
rates of fluorescent lipids from PM to ER. Furthermore, such effects can be fully rescued by
expressing RNAi-resistant ESytl constructs, indicating that the expression of ESyt1/2/3 is
important for non-vesicular trafficking from PM to ER. In addition, we designed an ESytl-
OMP25 chimeric construct and found that it led to a substantial increase in lipid trafficking

towards mitochondria. Moreover, mutations in the lipid transfer domain of ESytl completely
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abrogated such effects, suggesting that the functional lipid transfer domain of ESyt1 is essential
for the fluorescent lipids to be transported to the mitochondria. Taken together, these data reveal
that the extended synaptotagmins are responsible for non-vesicular trafficking events of
unnatural, RT-IMPACT-derived lipids mediated at PM-ER contact sites. We expect this study
to have broader implications on the non-specificity of lipid-binding in ESyts and potentially
other SMP-domain containing proteins and their general role as gatekeeper for lipid
homeostasis. Finally, it highlights an unanticipated application of RT-IMPACT beyond
visualization of PLD signaling pathways, to directly visualize the spatiotemporal dynamics of

intracellular bulk phospholipid transport.
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Introduction

Membrane partitioning is a defining feature of eukaryotic cells. Subcellular membranes
form compartmentalized regions within the cells, or organelles, to facilitate certain biochemical
pathways. All organelle membranes are primarily composed of lipids. Different organelle
membranes have distinctive lipid compositions. In a healthy cell, this differential distribution
of lipid compositions is dynamically maintained, and disruptions are constantly restored. Cells
maintain such dynamic lipid homeostasis for essential organelle functions and proper
membrane signaling events. It has long been known that the differential lipid compositions can
be maintained by two broad mechanisms, namely local lipid metabolism, which degrades or
converts starting lipids to other products, and lipid trafficking, which transfers lipids from the

place of biosynthesis to the membrane of destination.

Lipid trafficking can be divided into two categories, vesicular and non-vesicular
trafficking. Vesicular trafficking is mediated by membrane invagination and fusion events, such
as clathrin-mediated endocytosis. Non-vesicular trafficking is achieved by lipid transfer
proteins (LTPs) acting at membrane contact sites (MCSs) where the two membranes of different
organelles (heterotypic) or the same organelle (homotypic) form areas of close appositions.
MCSs have been known in the literature for many decades !, but the molecular identities of
many that tether and maintain two membranes in close appositions have only been revealed in

recent years 2.

Heterotypic MCSs that have been well characterized frequently involves the ER, which
forms extensive contacts with virtually all organelles in the cell, including ER-mitochondria,

ER-PM, ER-Golgi, etc *. Because the ER is the primary the site of synthesis for many lipids
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and intermediary organelle for lysosomal degradation, ER-associated MCSs are crucial for non-
vesicular lipid trafficking events in and out of the ER. Among these, PM-ER contact sites have

been shown to be especially important for calcium uptake > and lipid homeostasis on the PM ¢,

Extended synaptotagmins (EStyts) are newly characterized ER-PM tethering proteins
that facilitate formation of ER-PM contacts . In addition to their tethering function, ESyts are
also lipid transfer proteins that help to maintain lipid homeostasis at the PM '°. There are three
members of ESyt protein family, ESytl, ESyt2 and ESyt3. They are all ER-resident proteins
and can form homo- or heterodimers that mediate ER-PM contacts. All three proteins consist
of an N-terminal hydrophobic stretch that inserts into the ER, a cytosolic synaptotagmin-like
mitochondrial lipid binding protein (SMP) domain followed by multiple C2 domains '!. The
SMP domain is a lipid-binding module that are responsible for lipid exchange between the two
membranes at PM-ER contact sites’. The multiple C2 domains serve as Ca’*-sensing switch for
the lipid-binding activities of SMP domain and they are also responsible for P1(4,5)P> binding
in the PM !°. In cells, knockdown/knockout of ESyts results in a substantial decrease in the
number of ER-PM contacts as well as defects in diacylglycerol (DAG) removal from the plasma

membrane, suggesting that they are important for maintaining lipid homeostasis on the PM 1°.

The lipid transfer activities of ESyts have been extensively characterized by in vitro
liposomal assays, which showed broad selectivity of the SMP domains towards many lipids,
including unnatural fluorophore-tagged lipids '°. Nevertheless, it remains unclear whether the
non-specific lipid transfer activity is pertinent to removal of unnatural lipids from the plasma
membrane in cells. With the RT-IMPACT method established and characterized in the previous

chapters, we then devoted our efforts towards understanding such lipid trafficking events that
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we observed in real-time imaging in Chapter 2. To test whether ESyts are responsible for this
process, we utilized RT-IMPACT, which selectively attaches fluorophores to lipid products
produced by endogenous phospholipase D enzymes, to generate unnatural fluorescent lipids at
the PM in live cells. We then used time-lapse imaging and fluorescence colocalization to
quantitatively analyze the effects of ESyts on the trafficking of these reporter lipids towards the
ER. We found that knockdown of expressions of ESyts by RNAi dramatically reduced the
trafficking rates of reporter lipids, and such effects could be fully rescued by expressing RNAIi-
resistant ESytl construct. Furthermore, expression of a protein chimera composed of the SMP
domain of ESytl and mitochondria-targeting sequence OMP25 led to substantial trafficking of
the reporter lipids towards mitochondria. Such trafficking events are much less pronounced in
cells transfected with mutant chimera where the SMP domains are unable to bind to lipids. In
sum, these data implicate important functions of ESyts in non-vesicular lipid trafficking events
at PM-ER contact sites in response to unnatural perturbations and the broad scope of lipid

recognition that characterizes such processes.
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Results and Discussion
Knockdown of ESyts reduces trafficking rates of fluorescent lipids from PM to ER

We have demonstrated in the previous two chapters, RT-IMPACT resolves PLD
activities in real-time under live-cell conditions by virtue of the fast chemical kinetics and
fluorogenic behavior. On that note, it can also visualize the otherwise elusive non-vesicular
lipid trafficking from PM to ER with high temporal resolution. Therefore, we proposed to use
PM-to-ER trafficking half-lives of unnatural fluorescent lipids generated by RT-IMPACT as
the readout to verify whether the potential candidate LTPs are responsible for non-vesicular
trafficking events recorded in real-time. We selected ESyts as the prime candidate for their
potential role in facilitating lipid trafficking at PM-ER contacts because of their reported lipid

transfer activities and the non-selective lipid-binding affinity reported previously 2.

We first tested RNAi-based knockdown (KD) to examine whether the expression of
ESyts can have a significant effect on lipid trafficking. We obtained RNA1 oligos for all three
members of the ESyt family and tested the efficiency of RNAi-KD by western blot (Figure
4.1A). Because ESyt3 is minimally expressed under physiological conditions, ESyt1/2 double
KD is usually as effective as ESyt1/2/3 triple KD 6. Figure 4.1A shows that RNAi-KDs of ESyt1

and ESyt2 were highly effective, which can then be used for analysis by real-time imaging.
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Figure 4.1. Knockdown of expressions of ESyts increase apparent trafficking half-lives of RT-
IMPACT derived lipids from PM to ER. (A) Western blot analysis showing efficiency of
ESyt1/2/3 RNAIi on the expression levels of ESytl and ESyt2. HEK 293 cells were harvested
72 h after RNAI. (B) Plot of trafficking half-lives of RT-IMPACT-derived lipids from PM to
ER in HEK 293 cells treated with either control or ESyt1/2/3 RNAi. HEK 293 cells were first
treated with ESyt1/2/3 RNAi (TKD) or negative control RNAi (NCI1) for 72 h before
experiments. Cells were then treated with PMA, (S)-oxoTCO-C1 and ER-tracker Red at 37 °C
for 5 min and rinsed for 1 min prior to time-lapse imaging. PM-to-ER trafficking half-lives
were measured by real-time imaging as described in Figure 2.18. Dotted lines indicate pairing

of data points. Student’s t-test (paired two-tailed distribution): * p < 0.05.

Next, we used RT-IMPACT coupled with PMA to stimulate PLD activities to
synthesize unnatural fluorescent lipids in live cells and measured trafficking rates with or
without ESyt1/2/3 triple KD by RNAi. As reported in Chapter 2, PMA results in major
translocation of PLD enzymes towards PM, where PLDs are activated and the lipid products

tagged by RT-IMPACT reagents. Therefore, under such conditions, a substantial amount of
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fluorescently tagged lipids will be exclusively generated at the plasma membrane. Afterwards,
as observed in Fig. 2.17B, these lipids are quickly internalized over time through non-vesicular
pathways presumably acting at PM-ER contact sites. With co-staining of an ER-marker, such
trafficking events can be recorded in a time-lapse movie and further characterized by mono-
exponential half-lives measuring the change of fluorescence colocalization of reporter lipids

with ER over time.

Under ESyt1/2/3 triple KD conditions, we found that the trafficking half-lives in HEK
293 cells showed a significant increase to an average of ~30 s for KD, as compared to ~16 s for
cells treated with control RNAi (Figs 4.1A and 4.6, left two lanes), indicating a significant
decrease in trafficking rates upon KD of ESyts. This result is consistent with previous reports
that ESyts facilitate lipid transfer between PM and ER membranes and KD of ESyts inhibit the
removal of DAG from PM to the ER. The incomplete inhibition of non-vesicular trafficking by
RNAi-based knockdown could be due to residual amounts of ESyts present after RNAi
treatment, or due to other lipid transfer proteins acting at ER-PM contacts that have similar
functions as ESyts. It is also worth noting that these rapid trafficking rates are typical for non-

13,14

vesicular lipid trafficking ">'“, as the vesicular pathway is usually much slower.

Re-expressing ESyt1 fully rescues the trafficking defects

We then further tested whether such trafficking defects can be rescued by reintroducing
ESyts into RNAi-treated cells. To test this idea, we engineered a miRFP-ESyt1 plasmid that is
RNAi-resistant, as verified by western blot (Fig. 4.2). ESytl is an ER-resident protein and is
reported to form homodimers at ER-PM contacts. When we co-expressed miRFP-ESytl with

the ER-marker Sec61p3-mRFP in RNAi-treated cells, we indeed observed strong colocalization

157



of ESytl with the ER-marker. Furthermore, the ER-marker showed enhanced localization at
cortical ER (Fig. 4.5), where the ER membrane is in close proximity with the PM to form
contact sites. This finding agreed with the literature that overexpression of ESytl favors

formation of cortical ER as well as significant translocation of ER-markers towards cortical ER

7
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Fig. 4.2: Western blot analysis of expression level of ESyts with RN Ai-knockdown and rescue.
HEK 293 cells were harvested 72 h after RNAi (24 h after plasmid transfection/rescue) for

western blot analysis.

Under these conditions, the ESyt-RNAi-treated cells that were rescued with miRFP-
ESyt1 (Fig. 4.5) construct showed enhanced trafficking rates than those transfected with miRFP
empty vector (Fig. 4.4). Moreover, the average trafficking half-life of rescued cells (~14 s)

resembles that of control-RNAI1 treated cells (~17 s) (Figs. 4.3, 4.5 and 4.6). Taken together,
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these data indicate that the trafficking rates of unnatural fluorescent reporter lipids derived from

RT-IMPACT are strongly correlated with expression levels of ESyts.
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Figure 4.3: Representative real-time imaging measurements of trafficking half-lives of control
RNAi-treated cells (NC1). HEK 293 cells were treated with control RNAi1 (NC1) 72 h before
experiment and transfected with Sec61B-mRFP (ER-marker) and miRFP 24 h before
experiment. Cells were treated with PMA and (S)-oxoTCO-C1 at 37 °C for 5 min and rinsed
for 1 min prior to time-lapse imaging. (A) Representative images of a 3-color time-lapse movie
at indicated time points after addition of Tz-BODIPY. Merge of IMPACT (green) and ER
marker (magenta) was shown, where colocalization appears as white color. Ratios of IMPACT-
derived fluorescence that overlaps with ER (Fgr) over total IMPACT fluorescence (Fivpact)
were calculated for each time point. (B) Exponential fitting of kinetics of PM-to-ER trafficking.
Fer/Fimpact was plotted against time. Circles are raw data points, and the curve indicates an
exponential fit. Filled circles correspond to Fer/Fivpact ratios for the images shown in (A). R?
indicates the coefficient of determination of the fit and ti» indicates average half-life of

internalization. Scale bar: 10 pm.
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Figure 4.4: Representative real-time imaging measurements of trafficking half-lives of
ESyt1/2/3 RNAi-treated cells (TKD). HEK 293 cells were treated with ESyt1/2/3 RNAi (TKD)
72 h before experiment and transfected with Sec61B-mRFP (ER-marker) and miRFP 24 h
before experiment. Cells were treated with PMA and (S)-oxoTCO-C1 at 37 °C for 5 min and
rinsed for 1 min prior to time-lapse imaging. (A) Representative images of a 3-color time-lapse
movie at indicated time points after addition of Tz-BODIPY. Merge of IMPACT (green) and
ER marker (magenta) was shown, where colocalization appears as white color. Ratios of
IMPACT-derived fluorescence that overlaps with ER (Frr) over total IMPACT fluorescence
(Fivpact) were calculated for each time point. (B) Exponential fitting of kinetics of PM-to-ER
trafficking. Fer/Fimpact was plotted against time. Circles are raw data points, and the curve
indicates an exponential fit. Filled circles correspond to Fer/Fimpactratios for the images shown
in (A). R? indicates the coefficient of determination of the fit and t12 indicates average half-life

of internalization. Scale bar: 10 pm.
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Figure 4.5: Representative real-time imaging measurements of trafficking half-lives of
ESyt1/2/3 RNAi-treated cells rescued with miRFP-ESyt1 (Rescue). HEK 293 cells were treated
with ESyt1/2/3 RNAi1 (TKD) 72 h before experiment and transfected with Sec61B-mRFP (ER-
marker) and miRFP-ESyt]l 24 h before experiment. Cells were treated with PMA and (S)-
0x0TCO-C1 for 5 min at 37 °C and rinsed for 1 min prior to time-lapse imaging. (A)
Representative images of a 3-color time-lapse movie at indicated time points after addition of
Tz-BODIPY. Merge of IMPACT (green) and ER marker (magenta) was shown, where
colocalization appears as white color. Ratios of IMPACT-derived fluorescence that overlaps
with ER (Fgr) over total IMPACT fluorescence (Fivpact) were calculated for each time point.
(B) Exponential fitting of kinetics of PM-to-ER trafficking. Frr/Fimpact was plotted against
time. Circles are raw data points, and the curve indicates an exponential fit. Filled circles
correspond to Fer/Fivpact ratios for the images shown in (A). R? indicates the coefficient of

determination of the fit and ti> indicates average half-life of internalization. Scale bar: 10 pm.
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Figure 4.6: PM-to-ER trafficking half-lives are highly dependent on expression levels of ESyts.
Scatter plot shows quantification of half-lives for individual transfected cells measured in same
ways as in Figs. 4.3 to 4.6. Data points of each group were obtained from at least three biological
replicates on different days, with each replicate referring to an imaging dish with 15-30 cells in
focus and 2-10 transfected HEK 293 cells. Each data point refers to quantification of an
individual transfected cell. Mean (middle bar) + standard deviation (error bars) was shown for
each group of data. One-way ANOVA, Games-Howell post hoc test: *p <0.05, **p <0.01, and

***p < 0.001; ns, not significant. Asterisks above lines denote significance comparing the

indicated groups.

ESyt1-OMP2S5 construct is an artificial tether for ER-mitochondria contacts
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Because ESyts are both tethers and LTPs functioning at PM-ER contacts, it may be
difficult to attribute the effects of expression on trafficking rates to their lipid transfer activities
or tethering functions which promote the formation of contacts. We sought to further dissect
these two possibilities by reconstituting the transfer activities with a different organelle

membrane.

In Chapter 2, fluorescent reporter lipids derived from RT-IMPACT showed strong
colocalizations with many organelles, especially ER and Golgi. However, these reporter lipids
did not show extensive colocalization with mitochondria through extended periods of time.
Therefore, we proposed to engineer an ESyt-based artificial tether at ER-mitochondria contact
sites to examine whether the lipid trafficking can be reconstituted towards mitochondria.
Because the C2C, C2D and C2E domains of ESyt1 are responsible for P1(4,5)P2-binding on the
plasma membrane !!, only these domains need to be swapped with a mitochondria-targeting

sequence (Fig. 4.7A, top).
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Figure 4.7: Protein engineering ESyt1 allows construction of a chimera tethering protein at ER-
mitochondria contacts. (A) Domain maps of WT-ESytl and designed artificial ER-
mitochondria WT- and Mutant-tethers ESyt1-OMP25. Asterisks indicate V169W and L308W
point mutations introduced in the SMP domain for Mutant-tether. (B) Fluorescence microscopy
analysis showing localizations of WT-tether at ER-mitochondria contacts. HeLa cells were

transfected with Halo-ESyt1-OMP25 (WT-tether) 24 h before experiments. Cells were then
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treated with HaloTag-JF635, ER-tracker Green and Mitoview 405 for 5 min at 37 °C and rinsed
for 1 min before imaging. Merged image on the left was an overlay of ER-tracker (green) and
WT-tether (magenta), while on the right was of Mitoview 405 (green) and WT-tether (magenta).

Colocalizations in merge appear as white color. Scale bar: 10 pm.

It follows that the design of artificial tether consists of the bulk ESyt1 protein including
the N-terminal ER insertion sequence of ESytl, the SMP domain as well as C2A and C2B
domains, followed by the OMP25 transmembrane helix, a short mitochondrial targeting
sequence at the C-terminus. As a result, this tether is cloned with HaloTag on the N-terminus
and named Halo-ESyt1-OMP25 (WT-tether) (Fig. 4.7A, middle). As a negative control, we also
cloned the mutant tether, Halo-ESyt1*-OMP25 (Mutant-tether) (Fig. 4.7A, bottom) with two
point mutations in the SMP domain (V169W and L308W) of ESytl that eliminates its lipid-
binding activities ®. We then expressed the construct in HeLa cells and observed that the tether,
without much disruption of membrane morphology, indeed colocalized with both ER and
mitochondria, with stronger colocalization with the latter (Fig. 4.7B). These data indicate that

the WT-tether is highly enriched in ER-mitochondria contact sites.

Expression of ESyt1-OMP25 leads to substantial fluorescent lipid trafficking towards

mitochondria

Next, we tested whether the expression of tether could reconstitute transfer activities of
unnatural lipids between ER and mitochondria membranes. Fluorescence colocalization
analysis showed that cells transfected with WT-tether showed stronger colocalizations between
reporter lipids and mitochondria than those transfected with Mutant-tether, which have similar

extent of colocalization with non-transfected cells (Fig. 4.8A). We further tested whether the
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tether would increase the apparent trafficking rates of fluorescent lipids towards ER and
mitochondrial membranes using their respective markers. We found that although the extent of
colocalization was stronger for WT-tether-expressing cells overall (Figs 4.8 and 4.9), the
trafficking half-lives were unaltered by the tether (Figs. 4.10, 4.11 and 4.12). This result shows
that the analysis of ER to mitochondria trafficking by measurements of half-lives (Fig. 4.12)
might not fully reflect the lipid-trafficking activities by the tethers, as revealed by measurements
of absolute values of Pearson’s coefficients (Fig. 4.9). The limitations of half-life measurements
could reveal the limitation of measuring kinetics with diffraction-limited confocal for assessing
ER-to-mitochondria trafficking of fluorescent lipids. Nevertheless, these data hint at
correlations between the integrity of SMP domain and observed lipid transfer activities of

ESytl-derived tether at ER-mitochondria contacts.
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Mutant

Figure 4.8: ESytl-based artificial tether increases trafficking of RT-IMPACT derived lipids
towards mitochondria. (A) Fluorescence microscopy analysis showing colocalizations between
RT-IMPACT-derived lipids and mitochondria. HeLa cells were transfected with WT- (WT,

top) or Mutant-tether (Mutant, middle), compared to no transfection (bottom) 24 h before
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experiments. Cells were then treated with PMA, (S)-oxoTCO-C1, HaloTag-JF635, and
Mitoview 405 at 37 °C for 5 min and rinsed for 1 min prior to tagging with Tz-BODIPY for 1
min, followed by immediate imaging. Merged images show overlay of RT-IMPACT (green)
and Mitoview 405 (magenta), where colocalizations appear as white color. Pearson’s
correlation coefficient (R?) were calculated for the two channels in Merge. Dimensions of
squares of zoom-in images: 5 x 5 pm?. Scale bars: 10 pm. (B) Fluorescence microscopy analysis
showing localizations of WT-tether and Mutant-tether at ER-mitochondria contacts and
specificity of RT-IMPACT-derived lipids by PLD activities. HeLa cells were transfected with
WT- (WT, top) or Mutant-tether (Mutant, bottom) 24 h before experiments. Cells were then
treated with FIPI (pan-PLD inhibitor) in DMSO for 30 min, followed by incubation with PMA,
(S)-0xoTCO—C1, HaloTag-JF635, and Mitoview 405 at 37 °C for 5 min and rinsed for 1 min
prior to tagging with Tz-BODIPY for 1 min before imaging. Merged image was an overlay of
IMPACT (green) and Mitoview 405 (magenta). Colocalizations in merge appear as white color.

Scale bars: 10 um.
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Figure 4.9: Expression of WT-tether leads to trafficking of RT-IMPACT-derived lipid towards
mitochondria. Scatter-plot quantification of effects of WT- and Mutant-tether on trafficking of
RT-IMPACT-derived fluorescent lipids towards mitochondria. Scatter plot shows
quantification of Pearson’s coefficient for individual transfected HeLa cells measured in same
ways as in Fig. 4.8 A. Data points of WT and Mutant were obtained from at least three biological
replicates on different days, with each replicate referring to an imaging dish with 15-30 cells in
focus and 2-10 transfected cells. Each data point refers to quantification of an individual
transfected cell. For Non-transfected group, each data point represents a biological replicate
(one imaging dish) with 15-30 cells in focus and the parameters for all cells were averaged and
recorded as one data point. Mean (middle bar) + standard deviation (error bars) was shown for
each group of data. One-way ANOVA, Games-Howell post hoc test: *p <0.05, **p <0.01, and
***p < 0.001; ns, not significant. Asterisks above lines denote significance comparing the

indicated groups.
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Figure 4.10: WT-tether increases extent of trafficking of RT-IMPACT-derived lipids towards
mitochondria. Representative real-time imaging measurements of colocalization coefficients of
WT-tether (WT)-transfected cells. HeLa cells were transfected with WT-tether 24 h before
experiment. Cells were treated with Mitoview 405, ER-tracker Red, PMA and (S)-oxoTCO-
C1 at 37 °C for 5 min and rinsed for 1 min prior to time-lapse imaging. Representative images
of a 3-color time-lapse movie were shown at indicated time points after addition of Tz-
BODIPY. Merge of IMPACT (green) and Mitoview 405 (magenta) was shown, where
colocalization appears as white color. Pearson’s correlation coefficients between IMPACT and

Mitoview 405 were calculated at indicated time points. Scale bar: 10 um.
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Figure 4.11: Mutant-tether barely increases extent of trafficking of RT-IMPACT-derived lipids
towards mitochondria. Representative real-time imaging measurements of colocalization
coefficients of Mutant-tether (Mutant)-transfected cells. HeLa cells were transfected with
Mutant-tether 24 h before experiment. Cells were treated with Mitoview 405, ER-tracker Red,
PMA and (S)-oxoTCO-C1 at 37 °C for 5 min and rinsed for 1 min prior to time-lapse imaging.
Representative images of a 3-color time-lapse movie were shown at indicated time points after
addition of Tz-BODIPY. Merge of IMPACT (green) and Mitoview 405 (magenta) was shown,
where colocalization appears as white color. Pearson’s correlation coefficients between

IMPACT and Mitoview 405 were calculated at indicated time points. Scale bar: 10 um.

ns
100
4 o
80 . . e Mutant-ER
- . ¢ & o Mutant-Mito
~— o »* %} A
g o e A + WT-ER
= & i o WT-Mito
I: s + iRFP-ER
o &8 a s  iRFP-Mito
o - o
0 T T T T T T
) 0 L 0
F & F & F N
& & T ¢

Figure 4.12: Expression of artificial ER-mitochondria tethers does not affect trafficking half-
lives towards ER or mitochondria. WT, Mutant and iRFP: Cells were transfected with WT-
(WT), Mutant-tether (Mutant) or miRFP (iRFP) 24 h before experiments. ER and Mito:

Trafficking half-lives for individual transfected cells were measured in similar ways as in Figs.
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4.3 to 4.6, plotting Fer/Fimpact with ER-marker (ER) or Fumitw/Fivpact with Mitoview (Mito)
against time. The data were then fitted with a mono-exponential decay curve to give trafficking
half-lives towards ER (ER) or mitochondria (Mito), plotted in this scatter plot. Data points of
each group were obtained from at least three biological replicates on different days, with each
replicate referring to an imaging dish with 15-30 cells in focus and 2-10 transfected HeLa cells.
Each data point refers to quantification of an individual transfected cell. Mean (middle bar) +
standard deviation (error bars) was shown for each group of data. One-way ANOVA, Games-
Howell post hoc test: *p < 0.05, **p < 0.01, and ***p < 0.001; ns, not significant. Asterisks

above lines denote significance comparing the indicated groups.

Taken together, these data strongly suggest that the ESytl-based artificial tether
localizes at ER-mitochondria contacts and that the tether is sufficient for establishing lipid
transfer activities between the ER and mitochondria. Moreover, because the lipid transfer
activity of the tether is dependent on the integrity of the SMP domain, it can be inferred that, in
addition to its tethering functions, lipid transfer functions of ESyt1 at respective ER-PM or ER-
mitochondria contacts are major contributors to the enhanced lipid transfer behavior of

unnatural fluorescent lipids between organelles in cellulo.

In summary, we have demonstrated that the extended synaptotagmins (ESyts) are ER-
PM tethering proteins with lipid transfer activities acting at contact sites. The lipid transfer
activities of ESyts not only serve as a means to remove specific lipids (e.g., DAG) from the
plasma membrane, but also have broader implications in maintaining lipid homeostasis for cells
to cope with unnatural perturbations, such as doping PM with unnatural fluorescent lipids

derived from RT-IMPACT labeling. Using RNAi-KD and rescue experiments, we have shown
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that cells react to these unnatural reporter lipids by trafficking them from PM to ER, in part, via
ESyts that are both tethers and LTPs acting at ER-PM contacts. Further, expression of an
artificial tether made from ESyts with an altered localization at ER-mitochondria contacts leads
to enhanced trafficking of unnatural lipids towards mitochondria, and such trafficking is
dependent on lipid-transfer activities of the SMP domain. Taken together, these data indicate
that ESyts are both tethers and non-specific LPTs at PM-ER contacts that can remove unnatural
fluorescent lipids from PM to ER, with the SMP domain essential for their lipid transfer
activities. We expect our findings to shed light on the physiological significance of the non-
specificity of lipid recognition of ESyts and certain other lipid transfer proteins. We also foresee
RT-IMPACT to find applications in installing fluorescent reporter lipids on targeted
membranes in general, possibly in combination with engineered, optogenetic PLDs '°, as well
as searching for new candidates of lipid transfer proteins and quantifying their activities in

living cells.
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Methods and materials
Reagents and resources

RNAI for ESytl were purchased from Dharmacon (Cat # J-010652-06-0010). Anti-
ESyt1 antibody was purchased from Sigma-Aldrich (Cat # HPA016858). RNAI for ESyt2 was
purchased from Integrated DNA Technologies (Cat # HSC.RNALN020728.12.5). Anti-ESyt2
antibody was purchased from Sigma-Aldrich (Cat # HPA002132). RNAi for ESyt3 was
purchased from Integrated DNA Technologies (Cat # HSC.RNALNO031913.12.6). Anti-ESyt3
antibody was purchased from Sigma-Aldrich (Cat # HPA039200). Lipofectamine 2000 (Cat #
11668019) and Lipofectamine RNAIMAX (Cat # 13778150) were purchased from
ThermoFisher. FIPI was purchased from Cayman Chemical (Cat # 13563). Phorbol 12-
myristate 13-acetate (PMA) was purchased from ChemCruz (Cat # SC-3576). Mitoview 405
was purchased from Biotium (Cat # 70070). ER-tracker green (Cat # E34251) and ER-tracker
red (Cat # E34250) were purchased from ThermoFisher. HaloTag-JF635 was synthesized

according to previous protocols '°.
General imaging methods

All imaging experiments were performed on a Zeiss LSM 800 confocal laser scanning
microscope equipped with 40X 1.4 NA Plan Apochromat objectives, 405, 488, 561, and 640
nm solid-state lasers, and two GaAsP PMT detectors, using the Zeiss Zen Blue 2.3 software.

All image analysis was performed using FIJI/Image].

Fluorescence colocalization imaging with RT-IMPACT reagents using oxoTCO ((S)-

0x0TCO-C1) and Tz-BODIPY (Figs. 4.8 and 4.9)
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Briefly, HeLa or HEK cells (150,000 cells) were seeded on 35-mm glass-bottom
imaging dishes (MatTek) for 24 h prior to experiments. Where indicated, the cells were then
transfected with RNAi coupled with Lipofectamine RNAIMAX (24 h after seeding), and/or the
indicated plasmid with Lipofectamine 2000 (24 h after RNAi or 24 h before
imaging/harvesting) as per the manufacturer’s instructions. 72 h after RNAi (or 24 h after
plasmid transfection, if any), cells were first treated with the indicated PLD inhibitor PLDi
(FIPI) at 750 nM, or corresponding DMSO vehicle in media at 37 °C. (Cells for Western blot
analysis were also harvested after 72 h of RNAi.) Subsequently, freshly prepared oxoTCO (3
mM) together with PMA (100 nM) and PLD inhibitor/DMSO in media (100 nL) were carefully

added to cover the central glass well.

Cautionary note: 0xoTCOs are reported to have limited water stability !’. Therefore, all
aqueous 0xoTCO solutions (e.g., those in DMEM-containing media) were used within 20 min
of their generation. For example, we dissolved oxoTCO in 200 pL of DMEM with PLD
inhibitor/DMSO and respective stimulus and used it only for two consecutive replicates rather

than make a single stock solution for an entire day of experiments at the beginning of the day.

The dish was incubated for 5 min, the treatment media was aspirated, the cells were
rinsed with PBS (1 mL) briefly, and the cells were then rinsed in DMEM (500 pL) for 1 min at
37 °C. (Rinses after oxoTCO incubation were performed in DMEM supplemented with 10%
FBS and 1% P/S (media).) The media was aspirated and replaced with 100 pL Tyrode’s-HEPES
buffer. Cells were imaged immediately afterwards. Multicolor images were obtained in two-

channel, line-switching mode. Z stacks were taken with 0.45 pm sectioning.

Real-time imaging of trafficking half-lives with RT-IMPACT reagents
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Real-time IMPACT using oxoTCO ((S)-oxoTCO-C1) and Tz-BODIPY and was
performed as described previously *2°. Briefly, freshly prepared oxoTCO (3 mM) together
with PMA (100 nM) in media (100 uL) were carefully added to cover the central glass well of
the imaging dish. The dish was incubated for 5 min, the treatment media was aspirated, the cells
were rinsed with PBS (1 mL) briefly, and the cells were then rinsed in media (500 pL) for 1
min at 37 °C. The media was replaced with 100 uL. of PBS buffer to cover the center of the
glass bottom and the dish was mounted on the microscope. The cells to be imaged were quickly
located and time-lapse imaging with an interval of 8 s (Figs. 4.1B, 4.3 t0 4.6), or 10 s (Fig. 4.10
to 4.12), and duration of 4 min begun. Tz-BODIPY (100 pL, 1 uM in PBS) was added dropwise
but quickly to the center of the dish during acquisition. The percentage of total IMPACT
fluorescence (488 channel) that colocalizes with a mask of ER-marker (561 nm) channel
(Fer/Fivpact) were measured in Image] for each time point. For Figs. 4.1B, 4.3 to 4.6,
Fer/Fimpact vs. time was then fitted with a mono-exponential decay function [y = A1 * exp(-
x/t1) + yo] using Origin Pro 8, with the half-life equal to [In(2) * t1]. For Figs. 4.8 to 4.12,
Pearson correlation coefficients between IMPACT/ER and/or IMPACT/Mitochondria channels
were measured by ImagelJ. The collections of half-lives and Pearson coefficients were plotted

as scatter plots (Figs 4.6, 4.9 and 4.12) using GraphPad Prism 8.
Cell culture

HEK 293 and HeLa cells were grown in DMEM (Dulbecco’s modified Eagle medium)
supplemented with 10% FBS, 1% penicillin/streptomycin (HEK 293 cells were additionally
supplemented with 1 mM sodium pyruvate) were maintained in a 5% CO2, moisture-saturated

atmosphere at 37 °C. Cell densities were maintained between 10° and 1.6 x 10° cells/mL. For
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cell labeling experiments, all buffers or media were warmed to 37 °C or room temperature prior

to addition to cells, and incubations were done at 37 °C.
Primers and cloning

EGFP-ESytl1 plasmid 7 was obtained from De Camilli lab at Yale University. In all PCR
reactions, Phusion High-Fidelity DNA Polymerase (New England Biolabs, Cat # M0530S) was
used for amplifying fragments. PfuUltra High-fidelity DNA Polymerase (Agilent Technologies,
Cat # 600382) was used for site-directed mutagenesis. Gibson assembly was performed using

Gibson Assembly HiFi 1 Step Starter Kit (Synthetic Genomics, Cat # GA1100-S).

miRFP-ESytl was cloned by PCR and ligated by 3-component Gibson assembly.
miRFP fragment was amplified from pmiRFP-N1 vector (Addgene Cat # 79987) by Gib-
miRFP-F (taagcttggtaccgagctcgATGGTAGCAGGTCATGCCTC) and Gib-miRFP-Agel-
(ESyt1)-R (atcgctccataccggtGCTCTCAAGCGCGGTGATC). ESytl fragment was amplified
from EGFP-ESytl plasmid by Gib-Agel-ESyt1-(miRFP)-F
(ccgegcttgagagecaccggt ATGGAGCGATCTCCAGGAGQG) and Gib-ESyt1-R
(tccaccacactggactagtgCTAGGAGCTGCCCTTGTC). pcDNAS-FRT-TO (ThermoFisher Cat #
V652020) was digested by BamHI. The digested plasmid was then ligated with miRFP and

ESytl fragments by Gibson assembly.

The RNAi-resistance of miRFP-ESytl was further achieved by introducing 6 silent
point mutations in the region targeted by the RNAi oligos using site-directed mutagenesis and
the following primers (targeted nucleotides are shown in uppercase: ESytl siRNA-res S,
ctgggccaggtgaaactgactctgtggtaTtaT TCCgaGgagegaaagetggtcageattgtte; ESytl siRNA-

res_AS, gaacaatgctgaccagetttcgetcCtcGGA AtaAtaccacagagtcagtttcacctggeccag) /.
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Halo-ESyt1 was cloned by PCR and ligated by two-component Gibson assembly. The
Halo-TEV fragment was amplified from HaloTag-TEVsite pcDNAS.FRT Plasmid (obtained
from Hollopeter lab at Cornell University) by (Agel)-GFP-C1-Agel-Halo-F
(cgtcagatccgctagegetaaccggtgccaccatggeagaaateggtactg) and  (Sall)-GFPC1-GGSG-Halo-R
(ctcctggagatcgcetccatgectgatccaccgttatcgetctgaaagtacag). EGFP-ESytl plasmid was digested
using Agel and Sall. The digested plasmid was then ligated together with the Halo-TEV

fragment using Gibson assembly.

Halo-ESyt1-OMP25 was cloned by PCR and ligated by two-component Gibson
assembly. GGS-OMP25-MCS fragment was amplified from mCherry-OMP25 plasmid
(obtained from De Camilli lab at Yale University) using OMP25-MCS fwd
(gccecacctegacccagatctcgagcetcaaggtg) and OMP25-MCS rev
(tttgtgaaatttgtgatgctattgctttatttgtaaccattataage). Agel-ESyt1-C2AB fragment was amplified
from Halo-ESytl plasmid using Agel-E1-C2AB_F (gcatcacaaatttcacaaataaagcatttttttc) and
Agel-E1-C2AB R (gggtcgaggtggggcatc). These two fragments were then ligated together by

using Gibson assembly.

Halo-ESyt1*-OMP25 was further cloned by site-directed mutagenesis using primer sets
E-Sytl L308W_MF (tgccttcctegtgttgeccaaccgatggetggtgccecttgtgectgaccttcaagatgt), E-Sytl
L308W MR (acatcttgaaggtcaggcacaaggggcaccagccatcggttgggcaacacgaggaaggea), E-
Sytl V169W_MF (tctggctgaaactgtggctccggcttggaggggatctaacceccatctgeaaacatttac) and E-

Sytl_V169W_ MR (gtaaatgtttgcagatgggggttagatccectccaagecggagecacagtttcagecaga) ©.

Statistics and reproducibility
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All imaging experiments show representative images from experiments performed in at
least three biological replicates on different days, where each replicate refers to a dish of cells
with approximately 15-30 cells in total and 2-10 transfected cells in the field of view. For
imaging with transfected cells, measurements were made on individual transfected cells, with
each transfected cell being a data point in Figs. 4.6, 4.9 (left two lanes) and 4.12. For imaging
experiments with non-transfected cells, each dish contains approximately 15-30 cells in total
and the parameters for all cells were averaged and recorded as one data point for Figs. 4.1B and
4.9 (right lane). Exact numbers of replicate experiments and sample sizes are provided in each
figure legend. For experiments involving quantification of comparisons between two
independent groups (Fig. 4.1B), student’s t-test (paired two-tailed distribution) with unequal
variance was used to calculated p-values. For experiments involving quantification of
comparisons between more than two independent groups (Figs. 4.6, 4.9 and 4.12), p-values
were calculated using one-way ANOVA, followed by Games-Howell post-hoc test (for samples

of unequal variance).
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CHAPTER 5: Concluding remarks and outlook

Epilogue

Cells synthesize specific signaling molecules at precise subcellular locations to
regulate cellular behaviors. It is therefore of utter importance to visualize the production of
these signaling agents with high spatiotemporal resolution to understand the physiological
consequences of these molecules. Phosphatidic acid (PA) is a pleiotropic signaling lipid that
are responsible for cell migration, proliferation, inflammatory responses, and many other
cellular behaviors. Overall, it is a strong signal for cell survival. Therefore, cancer cells
frequently upregulate the production of PA for their aggressive division and metastatic
behaviors. Among major biosynthetic pathways of PA, excessive production through
phospholipase D (PLD) enzymes is commonly associated with cancer cell growth. However,
the lack of faithful toolsets to image PLD activities in live cells has been a bottleneck that has
limited our understanding of PA biosynthesis and signaling. For example, traditional
biochemical methods to quantify PLD activities cannot report with single-cell resolution. In
addition, tagging fluorescent proteins to PLDs does not necessarily reflect on their enzymatic
activities. Lastly, even the most faithful PA biosensors developed to date rely on coincidence
detection, limiting their reliability, and these biosensors cannot differentiate nascent PA
molecules made specifically from a particular pathway. Having considered the limitations of
exciting biochemical assays, we therefore turned our perspective to chemical biology tools to

develop faithful reporters for PLD-mediated PA biosynthesis.
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In Chapter 2, the author discusses the design, synthesis and validation of a
bioorthogonal chemistry-based imaging approach, termed RT-IMPACT, to visualize PLD
activities in real-time under live-cell conditions. It is demonstrated that RT-IMPACT is a
highly faithful and sensitive reporter for PLD activities through fluorescence detection. Next,
we show that virtues of fast chemical kinetics and fluorogenic behaviors of the fluorophore
enable a real-time imaging method of endogenous PLD enzymes. Further, the utilities of RT-
IMPACT probes are showcased by revealing real-time localizations of PLD activities
downstream of various stimuli such as phorbol esters, G protein-coupled receptors and
receptor tyrosine kinases. Lastly, the trafficking process of reporter lipids from plasma
membrane to ER membrane happening during real-time imaging are characterized with short

half-lives that are typical for non-vesicular pathways.

In Chapter 3, the author applies RT-IMPACT probes to analyze parathyroid hormone
receptor signaling. Specifically, PLD activities, as measured by RT-IMPACT derived
fluorescence, is directly downstream of Gq signaling pathway. Further, although the Gs
pathway follows a non-canonical persistent signaling regime at endosomes, the Gq pathway is
confined to the plasma membrane and is transient in nature. Lastly, pharmacological
inhibition of endocytosis of receptors enhances Gq signaling and largely attenuates the Gs

pathway, indicating a competitive relationship between these signaling pathways.

In Chapter 4, the author characterizes the activities of a family of lipid transfer
proteins, namely the extended synaptotagmins (ESyts). The experimental design capitalizes
on the ability of RT-IMPACT to generate PLD-derived fluorescent lipids on the plasma

membrane (PM) and quantify trafficking dynamics towards intracellular membranes with
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high temporal resolution. With RNAi-based knockdown and rescue experiments, a positive
correlation between expression of ESyts and PM-to-ER trafficking rates is established. Next,
the trafficking activities are reconstituted between the ER-Mitochondrial membranes with
lipid transfer domain (SMP) of ESyt1 fused to a mitochondria-targeting sequence. These
results demonstrate that the SMP domains of ESyts are responsible for removal of unnatural
fluorescent lipids from the PM and may have broader implications in its role in maintaining

lipid homeostasis in general.

Finally, in this concluding chapter, the author summarizes the significance of this
work, highlights the outstanding questions in the field and provides potential directions for

future research.

Potential improvement of real-time IMPACT toolset

Chapter 2 describes the limitations of the original IMPACT strategy being the low
temporal resolution, which renders the localizations of PLD-derived fluorescent lipids unable
to reflect original locations of PLD activities due to lipid trafficking events. Such drawbacks
motivated the author to develop a real-time variant of IMPACT (RT-IMPACT) to visualize
PLD activities with significantly improved spatiotemporal resolutions. The RT-IMPACT
strategy is largely enabled by 1. The fast tetrazine ligation between trans-Cyclooctenes
(TCOs) and fluorogenic tetrazines (Tz) and 2. The hydrophilicity of oxoTCOs compared to
traditional carbocyclic TCOs. Despite these desirable properties, RT-IMPACT still has some
limitations, including difficult synthetic procedures for oxoTCO, lower sensitivity and lower
aqueous stability compared to original IMPACT, fast but suboptimal chemical kinetics as

compared to lipid trafficking. Therefore, chemists could potentially optimize the RT-
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IMPACT strategy even further by designing more hydrophilic variants of TCOs, faster-
reacting, diversely-emitting and even caged/latent Tz that can be activated upon
photoirradiation to allow for better visualization of PLD enzyme activities with enhanced

signal-to-background and lipid trafficking events in real-time.

In addition to oxoTCO, another recently developed hydrophilic derivative of TCO-
based clickable handle is aTCO !, with a tertiary alcohol group appended at axial position of
the quaternary carbon of the eight-membered ring, where the alkyl chain that sits on the
equatorial position can be highly variable and further derivatized. The advantage of using
aTCO-derived primary alcohol as potential PLD substrates for RT-IMPACT is that the
synthetic procedures can be reduced to 4 steps as compared to 7 steps for oxoTCOs.
Furthermore, the alkyl handle of aTCO can be more easily functionalized with different types
of linkages between the primary alcohol group and the aTCO ring, as compared to a short
methylene linkage in the (S)-oxoTCO—C1 molecule. This flexibility allows for screening of
optimal linkages that results in higher aqueous stability of the molecule and better substrate

recognition by PLD enzymes.

Besides, optimizations of Tz-fluorophore conjugate are also feasible, in light of recent
advances of synthetic efforts. Improvement of chemical kinetics of tetrazine ligation can be
achieved by replacing the methyl group that is para-to the fluorophore group with electron
withdrawing groups (EWGs), such as 2-pyridyl-group or even a hydrogen atom (H), can
increase the rate of tetrazine ligation >*. Therefore, a potential future direction to optimize the
reactivities of tetrazine is design, synthesis and characterization of H- and other EWG-

substituted Tz-fluorophore conjugate . However, the improvement on reactivity/chemical
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kinetics could sacrifice the stability of tetrazines further, especially in cellular context *°.

Fortunately, recent computationally guided design yielded a highly reactive yet stable DHP-
substituted tetrazine with >90% retained over 10 h at 37 °C in cellular media ®. This type of
design would allow researchers to generate highly stable yet reactive Tz-fluorophore

conjugates for prolonged applications.

Furthermore, an even better approach to overcome the issue of stabilities for tetrazine is
perhaps to take advantage of newly developed caged/latent tetrazines that can be activated
with exogenous control such as photoirradiation. /n situ photocatalytic oxidation of
dihydrotetrazines — the precursor for reactive tetrazines — with far-red light has been reported
to enable selective conjugation with TCOs with deep tissue penetration in in vivo settings %,
In addition, visible light-activated photouncaging of dihydrotetrazines has been described
recently, allowing for selective photopharmacology and precision medicine at single-cell
levels °. These caged/latent strategies for designing tetrazine-fluorophore conjugate should
enable applications requiring prolonged incubation of tetrazines in cellular conditions for
imaging PLD activities in real-time. The in sifu generation of reactive tetrazines will also
overcome the potential issue of slow fluorophore diffusion across clusters of cells with a
simple step of pre-incubation of caged tetrazines. The enhanced stability and selective
uncaging will also allow 3D-organoid imaging through multiple layers of cells in real-time,

with relevance to in vivo context.

Another way to boost the utilities of tetrazines in biological contexts is to utilize the full

spectrum of fluorophores coupled to tetrazines to enable multiplexed imaging with other

d- 12,13

fluorescent outputs. For example, blue- ', red- ''and far-re emitting fluorogenic
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tetrazines have been reported. These tetrazines could be applied to multicolor RT-IMPACT
imaging where the green channel is occupied by another fluorophore, or to label PLD

activities downstream of multiple stimuli at the same time.
CRISPR-Cas9-based high-throughput screening of activators of PLD enzymes

PLD enzymes intersect with many important signaling pathways and are regulated by
many different protein interacting partners, many of which are well-characterized through
detailed mechanistic studies, such as mMTORC signaling. Whereas traditional biochemical
assays are capable of characterizing specific biochemical pathways, systematic profiling of
regulators for proteins of interests (POIs) can be hard to achieve. The CRISPR-Cas9 system
has received tremendous attention as a versatile tool for gene editing and expression control
since its first discovery as a bacterial immune system 4!, One major advantage of CRISPR-
Cas9 is its high-throughput capacity to discover novel candidates as regulators for POIs. With
properly designed single-guide (sg) RNAs, potential activators/inhibitors of POIs can be

17,18

identified with appropriate phenotypic readouts such as fluorescence '7-'% cell proliferation *°

and survival 202!,

Therefore, one potential future direction for understanding the PLD signaling network
is to utilize CRISPR-Cas9-based high-throughput screening coupled with the IMPACT
strategy as a fluorescent readout. Cells expressing with CRISPR-Cas9 constructs can be
subjected to transfections with sgRNA libraries, followed by treatments of IMPACT probes to
fluorescently tag PLD activities. These labeled cells can then be sorted by fluorescence-
activated cell sorting (FACS) for separation of cells that display either highly active or

inactive PLD activities. Through next-generation sequencing and comparison of sgRNA
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abundances in different populations of sorted and unsorted cells, potential regulators of PLDs

can then be identified '%2.

As a cautionary note, although RT-IMPACT can faithfully report localizations of
PLD-dependent activities in living cells, it is worth noting that significant synthetic
capabilities and efforts are needed to access the RT-IMPACT reagents. Furthermore, the
relatively low stability and substrate efficiency of oxoTCOs 23, as compared to azidopropanol
in original IMPACT strategy, render RT-IMPACT inapplicable towards long-term treatment
in cellular assays. Due to these limiting factors, the original IMPACT based on azidopropanol
as PLD substrates is a better candidate for high-throughput screening of novel
activators/inhibitors for PLD enzymes in a cellular context. Consequently, RT-IMPACT is
more suitable for detailed, mechanistic analyses of real-time localizations of PLD activities in

a low-throughput manner for validation of target gene hits from CRISPR screens.
Investigation of G, signaling pathways in the context of non-canonical Gs-signaling

The primary motivation for the work in Chapter 3 was that the Gg-signaling pathway
under PTHR1 activation was understudied, due to lack of available activity-based tools, as
compared to heavy research efforts spent on understanding non-canonical Gs signaling using
faithful biosensors for cAMP production. The author took initiative to study the Gq pathway
using the novel chemical tools described in Chapter 2, RT-IMPACT, to unveil a competitive

relationship between the G4 and G pathways.

With the recently characterized interactions between 148 GPCRs and all 11 unique Ga
protein subunits 24, researchers could explore space of many other receptors that activate both

G; and Gq, where the G; follows the non-canonical signaling at endosomes and the Gq
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pathway remains largely unexplored. Among them, dopamine D1 receptor (D1R) 2, B2-
adrenergic receptor (B2AR) 2, and Pituitary adenylate cyclase 1 receptor (PACIR) 7 are all
promising candidates reported to follow the non-canonical signaling for Gs and on the other
hand show considerable binding affinity towards Gg. Therefore, a potential future research
direction would be to investigate the role of Gq signaling and its relationship with Gs pathway

downstream of these receptors, in a spatiotemporally resolved manner similar to Chapter 3.
Further characterizations of lipid transfer proteins at membrane contact sites

In Chapter 4, extended synaptotagmins (ESyts) are characterized by its contribution
towards lipid trafficking events of unnatural reporter lipids from PM to ER in live cells.
However, future experiments characterizing in vitro lipid transfer activities of ESyts could be
performed to consolidate such findings. For example, De Camilli and coworkers have
reported purification of a large fraction of ESytl (93-1104 out of 1104 amino acid sequence)
28 and lipid-binding and lipid-transfer activities have been extensively characterized with
NBD-tagged PE as the fluorescent reporter. With in vitro liposome tethering assays, the
transfer activities of ESyt1 can be characterized quantitatively. As an alternative assay,
native-gel electrophoresis can be used to visualize protein-binding to fluorescent lipids under
native conditions. Future research efforts could execute similar experiments to further confirm
the lipid-binding and transferring activities of ESyts under in vitro conditions, serving as

complementary evidence for real-time lipid trafficking data in live cells.

In Chapter 4, knockdown of expression of ESyts only results in partial inhibition of
the observed transport of unnatural fluorescent lipids from PM to ER. It follows that another

potential application of RT-IMPACT includes the identification and characterization of other

196



lipid transfer proteins that contribute to such processes. In principle, any proteins that
influence PM-to-ER trafficking half-lives can be identified by targeted RNAi-based screening
based on time-lapse imaging, similar to the rationale described in Chapter 4. Automated
adaptions could in principle be made to achieve high-throughput efficiency for data analysis
and target identifications of this process >°!. Consequently, with more and more lipid
transfer proteins and their activities characterized by RT-IMPACT, researchers can gradually

build a holistic profile of them acting at PM-to-ER contacts.

Furthermore, with the recently developed optogenetic control of PLD enzyme
activities 32, selective organelle-targeted synthesis of PLD-derived fluorescent lipids can be
achieved. Therefore, the optogenetic toolset should greatly extend possibilities of studying
lipid-trafficking events originating from various organelle membranes of choice, including
PM, lysosomes, ER and Golgi, without being limited to lipid transports at PM-to-ER contacts
as achieved by phorbol ester stimulation of PLDs. Potential lipid-transfer activities acting at
understudied membrane contacts can then be selectively visualized under the microscope, in

ways similar to real-time imaging performed in Chapter 4.
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