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Abstract

Nociception is the sensory nervous system that detects harmful stimuli
including excessive heat, cold, toxic chemicals, and noxious mechanical
stimulations. Transient receptor potential (TRP) channels are a group of
evolutionarily conserved ion channels consisting of 4 subunits, each with 6
transmembrane spans, and detect a variety of external and internal nociceptive
stimuli. Due to their critical roles in nociception, it is essential to understand the
mechanisms that regulate TRP channels and subsequent nociception. Here, |
investigated two distinct types of regulation of Drosophila transient receptor
potential cation channel A1 (TrpA1): regulation via the expression of different
TrpA1 isoforms, and via its binding with associated proteins. | found that one of
the TrpA1 isoforms, TrpA1(E), inhibits the thermal responses of other TrpA1
isoforms in vitro. | also identified potential TrpA1 binding partners through Co-
immunoprecipitation (Co-IP) and mass spectrometry analysis. These binding
partners need further validation and characterization through biochemical,
cellular, and behavioral assays to illustrate their roles in nociception, and may

serve as potential drug targets for chronic pain.
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Chapter |
GENERAL INTRODUCTION
1.1 Nociception and its physiological basis

Animals sense and respond to harmful cues to protect themselves and to
survive potential dangerous environments. During evolution, animals developed
robust peripheral and central components in their nervous systems to fulfill this
function. In mammals, a group of specialized peripheral neurons called
nociceptors first detect harmful stimuli. These neurons innervate a large portion
of the skin and internal organs to detect dangerous signals and send alarms
efficiently. The cell bodies of these neurons are mostly clustered in the dorsal
root ganglia (DRG), and they send axons to the spinal cord to relay alarm signals
to the central nervous system to cause subjective pain (Berta et al., 2017).
Several brain areas are activated in pain conditions, including the secondary
somatosensory cortex, insula, midcingulate cortex, and thalamus (Xu et al.,
2020). However, their roles in cognitive, emotional, and sensory components of
pain are not clear yet (Xu et al., 2020).

In the peripheral nervous system, nociceptors need to first convert noxious
stimuli, including heat, cold, chemical, or mechanic stimuli, into electrical signals.
In the last two decades, researchers identified TRP channels as pivotal
transducers of harmful stimuli (Julius, 2013). Mammalian TRPV1 was the first
TRP channel to be related to nociception (Caterina et al., 1997). It is expressed

in the heat-sensitive nociceptors, activated by the noxious heat temperature of



~43°C and by pungent chemical capsaicin, and transduces noxious stimuli into
electrical signals (Caterina et al., 1997). Meanwhile, mice lacking TRPV1 showed
behavioral defects in response to the heat plate and capsaicin (Caterina et al.,
2000). Later TRPM8 was identified as a cold and menthol sensor (McKemy et al.,
2002; Peier et al., 2002) and TRPA1 is a sensor for several noxious chemicals
and reactive oxygen species (Bandell et al., 2004; Jordt et al., 2004; Sawada et
al., 2008). The sensor for mechanical nociception is still elusive. DEG/ENaC
channels, TRP channels, Piezo channels, and KCNK channels were proposed to
be the candidates for mechanical nociception (Basbaum et al., 2009; Zhang et
al., 2019). After the initial transition of the external stimuli into electrical signals,
the signals need to be further amplified and transmitted in the nociceptor, which
requires other channels, including voltage-gated sodium channels and voltage-
gated calcium channels. Individuals with mutations in Nav1.7, a voltage-gated

sodium channel, have a severe loss of pain perception (Goldberg et al., 2007).

1.2 Chronic pain, its mechanisms and the current treatments for it

In certain conditions, people can suffer from maladaptive nociception. For
example, chronic pain, which usually means pain persisting for more than three
months, is a common problem (Crofford, 2015). About 1 in 5 Americans had or
are experiencing chronic pain (Crofford, 2015). Depending on the cause of
chronic pain, it can be classified into four different types--nociceptive pain,

inflammatory pain, neuropathic pain and dysfunctional pain (Woolf, 2020).



Normal nociceptive pain can last for a long time if noxious stimuli are continually
present, for instance, in the case of a damaged joint where joint movements
produce excessive pressure every time and activate nociceptors. Inflammatory
pain occurs when there are tissue injury and active inflammation. Immune cells,
nociceptors, and damaged cells release various factors, collectively called the
inflammatory soup, and those factors act on the nociceptors to make them more
sensitized towards stimuli. Neuropathic pain is caused by damage or disease in
the sensory nervous system, such as nerve trauma, stroke, or diabetic- or
chemotherapy-induced neuropathy. Patients with this condition often experience
spontaneous pain without an identifiable external stimulus. Dysfunctional pain is
pain in the absence of detectable pathology. It may result from psychosomatic
factors or plastic changes in the central nervous system (Woolf, 2020).

Nervous system changes induced by injury or damage mentioned above can
happen in both peripheral and central regions, representing two main
mechanisms for chronic pain--peripheral sensitization and central sensitization.
In peripheral sensitization, ion channels in nociceptors are often the molecular
targets of modulation. For example, nerve growth factor (NGF) is released in the
inflammatory site, and it increases the expression level of TRPV1, causing the
nociceptors to become more sensitive towards pain (Ji et al., 2002). In
neuropathic pain, the downregulation of potassium channels and the
upregulation of sodium channels change the membrane potential and electrical

properties of nociceptors, which contributes to the spontaneous firing of



nociceptors and hence, spontaneous pain (Costigan et al., 2010; Costigan et al.,
2009; Tulleuda et al., 2011). Central sensitization can happen after a direct injury
in the central nervous system, or after a prolonged exposure to pain which leads
to central circuit changes and is regarded as secondary effects in chronic pain.
Several mechanisms were proposed to explain central sensitization, such as
activation of glutamate/NMDA receptor and synapse potentiation, spinal inhibitory
interneuron degeneration, and recruitments of central immune cells (Basbaum et
al., 2009; Vardeh et al., 2016).

Although the understanding of nociception and nociceptive sensitization
advanced tremendously in the last two decades, the application of this
knowledge in clinical practice was not very successful. Most analgesic drugs
were found in a serendipitous way, usually long before the drug target was
identified (Woolf, 2020). Controversial opioids are known for pain-relieving effects
and right now are still frequently used to treat moderate and severe pain, though
their usage brings a lot of other problems, including drug addiction, tolerance and
overdose. Anti-inflammatory drugs such as aspirin or ibuprofen are also often
prescribed as painkillers, which most likely function through inhibiting factors in
the inflammatory soup. Recently new drug targets and specific treatments have
emerged for different pain syndromes. One successful translational example is
the remarkable pain-preventing effect of recently approved migraine drugs
targeting calcitonin gene-related peptide (CGRP), a neurotransmitter released

during migraine attacks (Goadsby and Edvinsson, 1993). Several clinical trials



are also evaluating other targets such as NGF and its receptors, sodium
channels, and TRP channels (Vardeh et al., 2016; Woolf, 2020). We argue that
we need to investigate these existing targets in detail and gain deep
understanding of them, which might improve our successful rate of translational
attempts. We also need to identify and characterize more novel therapeutic
targets in nociception and nociceptive sensitization process for future drug

developments.

1.3 TRP channel modulation in pathological pain

As mentioned above, TRP channels function as pivotal transducers in
nociception. During pathological conditions, the expression, trafficking,
subcellular distribution, ubiquitination, as well as functional regulation of TRP
channels could be modified, which contributes to pathological pain states
(Patapoutian et al., 2009). In inflammation, released NGF boosts TRPV1
expression on nociceptors (Ji et al., 2002). Kinases such as PKA and PKC,
which are often activated during inflammation, were shown to phosphorylate TRP
channels, leading to channel functional sensitization or subcellular translocation
to the plasma membrane (Bhave et al., 2003; Schmidt et al., 2009; Wang et al.,
2008). The lipid environment around TRP channels also affects channel
sensitivity. Activation of phospholipase C (PLC) changes the concentration of
phosphatidylinositol-4,5-biphosphate (PIP2) and subsequently modulates TRP

channel activity (Nilius et al., 2008). In neuropathic pain, TRPV1 expression is



increased and TRPV1 antagonists reverse pain sensitization caused by nerve
injury (Kanai et al., 2005; Urano et al., 2012; Vilceanu et al., 2010).

Although many studies tried to find regulatory mechanisms of TRP channels
during pain, data are sometimes contradictory due to the difference of pain
models, mice strains, and stimulus types (Hatcher and Chessell, 2006; Lukacs et
al., 2007). Besides, evidence for the in vivo roles of these regulations is limited

(Nilius et al., 2008; Schmidt et al., 2009).

1.4 Animal models for chronic pain study

In order to investigate mechanisms of chronic pain, researchers developed
various animal models with different advantages and limitations. Since pain is a
subjective feeling, the report from patients on a questionnaire is the most
straightforward way to evaluate pain. Combined with GWAS or family lineage
study, it provided valuable insights into pain-relevant genes (Goldberg et al.,
2007; Kremeyer et al., 2010; Mahajan et al., 2018). It used to be hard to perform
further mechanistic studies in humans on those pain-relevant genes. Recently,
however, researchers developed iPSC-derived nociceptors from chronic pain
patients, which overcame some of these hindrances and revealed mechanisms
for pain-causing Nav1.7 mutations (McDermott et al., 2019; Mis et al., 2019).

Pain studies in mice and rodents provided a foundation for our understanding
of pain. Conventional methods to induce pathological pain in these animals

include nerve injuries, irritative chemical injections, transgenic mice with gene



mutation causing pain or disease, and feeding of pharmacological agents (Bravo
et al., 2020). The most frequently used method to evaluate pain response in
these models is measuring reflex withdrawal thresholds induced by thermal or
mechanical stimuli (Bravo et al., 2020). While studies in these pain models
produced fruitful insights, recent failures in translating preclinical findings in
rodent models into positive clinical outcomes prompted researchers to examine
these models more carefully (Hill, 2000; Huggins et al., 2012; Yekkirala et al.,
2017). The reflex withdrawal response might have little correspondence to the
clinical spontaneous pain and constant discomfort. Therefore, assays evaluating
affective and cognitive components of pain were proposed, including open field
test or burrowing behaviors (Bravo et al., 2020; Calvo et al., 2019). Models to
mimic and phenocopy chronic widespread pain such as low back pain are also
urgently needed. Alternatively, researchers have begun to test non-human
primates as pain models, arguing that it will produce results more translational to
humans (Hama et al., 2018).

Although it is difficult to assign the subjective feeling of pain to invertebrate
animals, researchers still use them to study nociception or nociceptive
sensitization. For example, conducting a genetic screen is much easier in
invertebrates than in mice or rodents, and it provides important insights into
mammalian pain studies. Drosophila is an excellent example to highlight the
importance of invertebrate pain models. Fly larvae were firstly used to screen the

genes that are important to nociception (Tracey et al., 2003). Later, a large-scale



screen on adult fruit flies identified a set of genes that affect thermal nociception.
Among them, the calcium channel subunit 0283 was found to have conserved
nociceptive function from flies to mice and humans (Neely et al., 2010). To study
nociceptive sensitization, an UVC-injured fly larvae model was developed, which
shows hypersensitivity towards thermal stimuli and shares some key signaling
pathways with mammal pain sensitization, including tumor necrosis factor a and
substance P (Babcock et al., 2009; Im et al., 2015). A leg removal model in adult
flies was developed to mimic neuropathic pain. In this model the peripheral injury
induced GABAergic cell death in the central nervous system, while blocking the
GABAergic cell death alleviated the nociceptive sensitization (Khuong et al.,

2019).

1.5 Thesis overview

Although evidence indicates that TRP channels and their modulation are
essential to pain sensitization, the in vivo mechanisms through which they are
involved are still controversial (Julius, 2013; Patapoutian et al., 2009). We used
Drosophila as a model organism to study nociception and nociceptive
sensitization. With its powerful genetic tools, we can dissect the detailed
mechanisms on the molecular, cellular and behavioral levels. Contrary to its
homologs in mammals, Drosophila TRPV subfamily is not involved in nociception
(Fowler and Montell, 2013). TrpA1 is thought to be the critical nociceptive TRP

channel in Drosophila (Im et al., 2015; Viswanath et al., 2003), which | chose as



the main subject in this thesis. The first part of this thesis tested the effect of the
interaction between TrpA1 isoforms, a topic rarely touched in previous studies.
The in vivo significance of TrpA1 isoform expression and interaction is also
explored. The second part of this thesis aimed to identify the in vivo TrpA1
interactome through Co-IP and mass spectrometry analysis, using an unbiased
method to reveal novel molecules in nociception and nociceptive sensitization.
Those molecules could provide hints for mechanisms through which TrpA1 is
involved in these processes, and may serve as potential therapeutic targets for

pain treatment.
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Chapter Il
The roles of TrpA1 isoforms in nociception
and nociceptive sensitization
2.1 Abstract
Proteins are regulated in different ways during their synthesis in order to fulfill
their functions. While many researchers focused on expression regulation and
post-translational modifications of TRP channels, the effect of their isoform
regulation on nociception or nociceptive sensitization is rarely known. Drosophila
TrpA1 has five different isoforms. Here | expressed the five isoforms in HEK 293
cells and tested their thermal responses through calcium imaging. Contrary to a
previous study, one isoform, which was thought to be heat-insensitive, showed
thermal response in our hands. In addition, since several isoforms are co-
expressed in larval nociceptors called C4da neurons that innervate larval skins, |
also co-transfected isoforms in HEK 293 cells and tested the effect of isoform
interaction. | found that one isoform has a dominant-negative impact on the
thermal responses of other isoforms. Although the following behavioral studies
suggested that this isoform is not involved in the nociception or UVC-induced
nociceptive sensitization models in vivo, it provided insights into how a channel

could be functionally regulated by its isoform expression and interaction.

2.2 Introduction
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Protein isoforms generated by alternative splicing of pre-mRNA are
considered as an important source for their functional diversity. TRP channels
also utilize this mechanism to detect various noxious stimuli. A study on vampire
bats showed that this animal expresses a low-temperature threshold TRPV1
isoform in heat-sensitive neurons that innervate a specialized pit organ around
the nose and detect infrared signals (Gracheva et al., 2011). Similarly, a short
and truncated TrpM8 isoform is expressed specifically in mammalian
keratinocytes and regulates proliferation and differentiation of keratinocytes when
it is activated by mild cold (Bidaux et al., 2015). Mouse TRPA1 also generates a
short isoform which modulates the activity of full length TRPA1 isoform by
upregulating its membrane expression (Zhou et al., 2013). Many other splice
variants of mammalian TRP channels were identified, but not functionally tested
(Ramsey et al., 2006; Vazquez and Valverde, 2006). Drosophila TrpA1 has five
different isoforms that were named as TrpA1(A)-(E). These isoforms are
generated through alternative promoter usage and alternative splicing (Figure
2.1A). Previous studies showed that these isoforms have different expression
patterns and respond differently to noxious stimuli (Guntur et al., 2015; Kang et
al., 2011; Zhong et al., 2012). One puzzle left from the previous studies is that
while the TrpA1(C) isoform was shown to be heat-insensitive, the overexpression
of this isoform in larval nociceptors rescued thermal behavioral defects in the
TrpA1 mutant (Zhong et al., 2012). This leads to the question of whether TrpA1 is

the direct heat sensor in nociceptors (Fowler and Montell, 2013). Besides, the
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role of TrpA1 isoforms in nociceptive sensitization is not well understood. Our lab
generated a series of TrpA1 isoform-specific knock-in lines (Gu et al., 2019),

which puts us in a unique position to answer these questions.

2.3 Results
Thermal response profiling of TrpA1 isoforms in a heterologous system

To test the function of TrpA1 isoforms, we first cloned TrpA1 cDNAs from
w778 wild-type flies. All five isoforms were retrieved from our RT-PCR
experiments and were sequenced to confirm that they do not contain any
mutations compared to the sequences in Flybase (data not shown). | transiently
transfected the different TrpA1 isoforms and GCaMP6s, a genetically encoded
calcium indicator, into HEK 293 cells. After 24 hours of transfection, the glasses
with the cells were placed onto a silicone chamber and heated external saline
solution was perfused through the chamber (Figure 2.1B). When the channel is
activated by heat, calcium ion will pass through TrpA1 from the external saline
solution to the cytosol and bind to GCaMP6s which releases fluorescent signals
and is recorded by a confocal microscopy (Figure 2.1B). | found that four TrpA1
isoforms, TrpA1(A)-(D), are activated by a temperature increase (Figure 2.1C-E).
Interestingly, | found that the TrpA1(C) isoform is also heat sensitive, compared
to control vectors or non-responsive TrpA1(E). This may explain why, when
overexpressed in nociceptors, it rescued the thermal defect in TrpA1 mutant flies

(Zhong et al., 2012). The TrpA1(B) isoform, which had never been tested before,
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Figure 2.1 TrpA1 isoform thermal responses in HEK 293 cells.

A, The schematic of five TrpA1 isoforms. Orange boxes are exons and black
lines are introns in the genomic locus. Domains corresponding to the TrpA1
exons were labelled by color lines. TAC, TRP ankyrin cap; TM, transmembrane
domain. B, Custom-made chambers for calcium imaging of HEK 293 cells. HEK
293 cells were grown on the cover glasses and transiently transfected with TrpA1
plasmids. Heated saline flowed through the chamber, and the temperature and
fluorescent signals were simultaneously recorded by the thermometer and
confocal microscopy respectively. C, Calcium imaging of TrpA1 isoform activity
induced by perfusion of hot saline solution. The transfection amount was 1ug for
each isoform’s plasmid. GCaMP6s background signals were affected by the
increasing temperature, showing a dropping baseline in the control group. D, The
responses of the five TRPA1 isoforms at 44°C, which was the temperature used
in our nociception behavioral assay. Different isoforms were compared to the
mCherry control group (n>6). One-way ANOVA with Bonferroni’'s multiple
comparisons test. n.s, *,**, ** represent p > 0.05, p < 0.05, p < 0.001, p <
0.0001. E, The responses of the TrpA1 isoforms with different transfection
amounts. F, The responses of the TrpA1 isoforms with different transfection
amounts at 44°C (n>6). One-way ANOVA with Bonferroni’s multiple comparisons
test. No significant difference was detected among different transfection

amounts.
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is also highly sensitive to a mild temperature increase (Figure 2.1C). To test
whether the expression level affects the thermal responses, | varied the amount
of plasmid transfected. The overall channel activity patterns remained mostly
unchanged (Figure 2.1E). Calcium signal amplitudes were not correlated with
plasmid quantities, mainly due to a narrow dynamic range of the calcium imaging
(maximal AF/F around 4) (Figure 2.1F). | also tested the responses of the five
TRPA1 isoforms in Drosophila S2 cells, observing similar thermal responses
(data not shown). Lastly, we also used whole-cell patch clamp to more precisely
examine ion channel activation parameters for each isoform, including activation
temperature threshold and temperature coefficient Q10 that evaluates channels’
activity dependency on temperature (Gu et al., 2019).
TrpA1(E) dominant negatively regulates the thermal responses of other
isoforms in a heterologous expression system

We generated TrpA1 isoform-specific reporter lines which showed the
expression pattern of each isoform (Gu et al., 2019). We found that TrpA1(C),
TrpA1(D), TrpA1(E) are co-expressed in fly larval C4da nociceptors. One
question that arose from this observation is whether these isoforms interact with
each other in the nociceptor to modulate overall channel activity. We were
particularly interested in the TrpA1(E) isoform since it was not investigated in
previous studies and did not seem to respond to classic TrpA1 specific stimuli.
We wondered whether it would play a regulatory role in the nociceptors. To test

this possibility, | transfected TrpA1(E) together with TrpA1(C) or TrpA1(D).
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Interestingly, | found that TrpA1(E) inhibits the thermal responses of the other
two isoforms (Figure 2.2A-D). This inhibition effect is enhanced when the ratio of
TrpA1(E) to TrpA1(D) is increased (Figure 2.2C-D). These data suggested that
TrpA1(E) have an inhibitory regulatory effect.

TrpA1(E) is not involved in nociceptive rolling behavior or UVC-induced
nociceptive sensitization.

To test whether the inhibitory effect of TrpA1(E) plays a role in regulating
animal nociception and nociceptive sensitization, we used two established
behavioral assays. Fly larvae show a typical rolling behavior when stimulated
with a heat probe (Tracey et al., 2003), which can be used to evaluate thermal
nociception. Also, when they are injured by UVC light, their rolling behavior
become more sensitive, and they respond to the heat probe at a lower
temperature (Babcock et al., 2009), which can be used to evaluate nociceptive
sensitization. We tested the behavioral assays of TrpA1(E) isoform-specific
knock-out larvae, with only TrpA1(E) in a wrong reading frame while the four
other isoforms are in the correct reading frame (Gu et al., 2019). We found that
TprA1(E) specific knock-out did not affect larval nociception or nociceptive
sensitization (Figure 2.3A-B). As a positive control, TrpA1 whole-gene knock-out
larvae showed severe defects in these two behavioral assays (Figure 2.3A-B).
This suggested that the inhibitory effect of the TrpA1(E) isoform does not
participate in the regulatory process of nociceptive rolling behavior or UVC-

injured nociceptive sensitization.
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Figure 2.2 TrpA1(E) has a dominant-negative impact on the thermal

responses of TrpA1(C) and TrpA1(D)

A-B, The thermal response resulting from TrpA1(C) and TrpA1(E) co-expression

in HEK 293. Calcium imaging was recorded (A) and statistical analysis was

performed at 44°C (B). C-D, The thermal response resulting from TrpA1(D) and

TrpA1(E) co-expression. One-way ANOVA with Bonferroni’s multiple

comparisons test (B,D). Bars with different superscript (a, b, and c) are

significantly different from each other (p < 0.05)
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Figure 2.3 TrpA1(E) does not regulate nociceptive rolling behavior and
UVC-induced nociceptive sensitization

A-B, Rolling behavior responses of larvae to heat stimulation at 44°C (A), or at
40°C after UVC injury (B). Results were displayed in both “non-categorial”
accumulated curve and “categorial” bar graphs. Accumulated curve showed
percentage of larvae exhibiting rolling behavior. “Categorial” bar graphs divided

rolling behavior into three categories, fast (<5 s), slow (>5 but <20 s), and no



rolling (>20 s), and the numbers of larvae in each category were counted. At
least 60 larvae were tested for each group. Log-rank test was performed to
compare the datasets displayed in accumulated response curves. For clarity,
results of statistical analysis were actually marked in the accompanying bar

graphs. n.s., no significant difference. *+**p < 0.0001.
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2.4Discussion

Many proteins including TRP channels undergo alternative splicing. The
effect of expressing multiple TRP isoforms on channel functionality is not clear,
and the in vivo effect of isoform expression on nociception is also mostly
unknown. In this chapter, we tested TrpA1 isoform function in an in vitro cell
system and tested the TrpA1(E) isoform’s regulatory roles in both cells and in
vivo animal models. Interestingly, we found that TrpA1(C), which was thought to
be heat-insensitive, actually responds to the temperature increase. One possible
reason for the discrepancy between our results and the previous data could be
that the plasmids we used are different. We sequenced the plasmids used in the
previous publication (Zhong et al., 2012), and found that compared to the fly
genome in the database, the plasmid of TrpA1(C) that the authors used contains
two mutations (E699Q, and A709T). These two mutations are located near the
TAC domain that connects the cytoplasmic ankyrin repeats and the
transmembrane helixes (Figure 2.1A). The TrpA1(E) isoform, which lacks the
TAC domain compared to TrpA1(C) or TrpA1(D), also lacks heat sensitivity,
suggesting an indispensable role of this domain in heat sensation. Therefore,
these two mutations near the TAC domain might comprise the TrpA1(C) thermal
response and cause the data discrepancy. Retesting the thermal response of
TrpA1 containing these two mutations in our settings will determine whether
these mutations indeed affect channel functionality. Differences in the rate of

temperature increase, which has been shown to affect TrpA1 thermal responses
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(Luo et al., 2017), could also explain the different outcomes in our and previous
studies.

Meanwhile, the mechanisms for the thermal activation of TRP channels
remain largely unknown. Previous research proposed that a PIP2 interaction
domain in the C-terminal domain of TRPV1 regulates its thermal response
(Prescott and Julius, 2003). Here we determined the distinct thermal profiles of
five TrpA1 isoforms. A detailed structural analysis of these isoforms before and
after thermal activation would provide insights into the biophysical basis of the
channel’s thermal sensitivity.

Another interesting finding from our in vitro cell assays is that when we co-
expressed the TrpA1-C/D isoforms together with TrpA1(E), the latter dominant
negatively inhibited the other isoforms’ thermal responses. This observation
suggested that isoform regulation could be a source of channel functionality
modulation. Most mammalian TRP channels have splice variants, and some
isoforms were also proposed to have dominant negative effects, suggesting that
the phenomenon we observed could be conserved in mammals (Vazquez and
Valverde, 2006). Future mechanistic studies could determine whether different
isoforms form homo- or heteromeric TRP channels, and whether the expression
of TrpA1(E) affects the biophysical properties or the membrane expression of the
channels. Moreover, in vivo evidence for a dominant-negative effect of specific
TRP channel isoforms is lacking. By utilizing the powerful genetic tools in

Drosophila, we generated TrpA1(E) isoform-specific knock-out flies and
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attempted to answer this question. Surprisingly, TrpA1(E) inhibitory regulation
did not appear to affect sensitivity or sensitization in the behavioral assays we
established in the lab. This could be due to the low expression of the TrpA1(E)
isoform in larval nociceptors (Gu et al., 2019). TrpA1(E) is also expressed in the
central nervous system (Gu et al., 2019). Behavioral assays that involved TrpA1
positive cells in the central nervous system could be used to test the function of
TrpA1(E) (Rosenzweig et al., 2005). The differences between the in vitro assays
and in vivo knock-out experiments also indicated the importance of testing TRP
channel regulatory mechanisms in animal models. Although TrpA1(E) specific
knock-out did not have any effect in our behavioral assays, TrpA1(E)
overexpression in C4da nociceptors indeed inhibited nociceptive rolling behavior
in vivo (Gu et al., 2019), consistent with the in vitro data. One way to further
investigate TrpA1(E) function is to find situations in which TrpA1(E) is modulated,
and to investigate the role of TrpA1(E) in these situations. For example, TrpA1(E)
expression in pathological pain models such as the leg removal model could be
examined to check whether its expression gets reduced, and the impact of loss
of TrpA1(E) determined. (Khuong et al., 2019). Another way is to screen for
genes that specifically upregulate TrpA1(E) expression, and test the roles of
these genes in nociception. This could lead to the identification of novel
nociceptive genes.

TRP channels sense various noxious stimuli in the environment. Alternative

isoforms and the interaction among isoforms provide multiple layers of
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complexities for TRP channels to achieve and fine-tune their versatile detection
abilities, and will deserve further attention (Vazquez and Valverde, 2006). The
present study is an exciting exploration of TRP channel regulation through the
generation of multiple isoforms, and of the isoform’s in vivo function that had

rarely been examined before.

2.5 Materials and methods

Generation of TrpA1 isoform expression plasmids

Full-length cDNAs of five Drosophila TrpA1 isoforms were cloned from the total
RNA extracted from w’?78 larvae by RT-PCR, using SuperScript Il (Invitrogen)
and PrimeStar GXL DNA polymerase (Takara). The translated amino acids
corresponding to each of the five alternative isoforms were identical to the
Flybase annotation. Each of the five TrpA1 cDNAs was then cloned into the
vector pcDNA3.1(+). A Kozak consensus sequence (GCCACC) was introduced
immediately before ATG translational start site. For the cloning of full-length
cDNAs of TrpA1-A/B and TrpA1-C/D/E, primer sets TrpA1-AF/TrpA1-R and
TrpA1-DF/TrpA1-R were used, respectively.

TrpA1-AF: gGAATTCgccaccATGACTTCGGGCGACAAGGAGACT.

TrpA1-DF: gGAATTCgccaccATGCCCAAGCTCTACAACGGAG

TrpA1-R: ataagaatGCGGCCGCctaCATGCTCTTATTGAAGCTCAGGG

HEK293 cell culture and transfection
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HEK cells were grown on gelatin coated cover glasses in 3.5-cm culture dishes
with DMEM supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100
U/mL penicillin, and 100 pug/mL streptomycin and transfected with TrpA1 isoform
plasmids as indicated in each assays, 1 uyg of GCaMP6s plasmids and 5 ug of
polyethylenimine. The total amount of transfected plasmids was equilibrated to

be 2ug with empty vector plasmids.

Perfusion of heated solution and calcium imaging

The saline solution (pH 7.2) contained the following ingredients: 130 mM NacCl, 3
mM KCI, 0.6 mM MgClz, 1.2 mM NaHCOs, 10 mM glucose, 10 mM HEPES, and
1 mM CaClz. HEK cells in cover glasses were placed in a custom-made
chamber. Additional saline solution went through a condenser with pre-heated
water around the pipe and then mixed with the saline solution in the chamber.
The temperature of the saline solution in the chamber rose from 25°C to 50°C in
~80 s. A temperature probe (IT- 24P) was positioned adjacent to recorded cells,
and the temperature was measured by a Physitemp BAT-10 thermometer
(Physitemp Instruments). Temperature values were recorded by Clampex
simultaneously with calcium imaging. Calcium imaging data were collected by
Zeiss LSM700 confocal system. The basal fluorescent intensities of transfected
cells without heat stimuli were around 800 A.U.(arbitrary unit), while the maximal
attainable value in the microscopy system was 4096 A.U. The maximal AF/F is

thus around 4. The average peak response was calculated with Zeiss Zen



25

software. At least 7 cells in 1 cover glass were measured and each data point

contains at least 6 biological repeats of cover glasses.

Generation of TrpA1 isoform-specific lines

Drosophila TrpA1 gene knockout procedure was performed as previously
described (Huang et al., 2009; Huang et al., 2008; Zhou et al., 2012). Briefly,
about four kilobases homolog arms of the TrpA1 gene were cloned and inserted
into P element-based transforming vector pGX-attP-WN. This targeting vector
was inserted into the fly genome by a standard transgenic procedure to generate
transgenic donor fly stocks.

Targeting crosses. A line with transgenic donor DNA on the 2nd chromosome
was chosen for targeting cross to delete the entire TrpA71 gene of ~10kb. In the
targeting cross, 40 vials of crosses were set up. Each vial contained 20 virgin
females of transgenic donor flies mated with 20 6934-hid males (BL#25680).
Crosses were maintained at room temperature and flies were transferred to new
vials every 24 h. Eggs in vials were maintained on 0.2 mg/mL G418-containing
food at 25°C, and were heat-shocked at both 48 h and 72 h after egg-laying.
Heat shock was carried out at 38°C for 90 min in a water bath.

Screening crosses. Ten virgin females from the targeting crosses were mated
with ten GAL477[w-] (w; GAL477[w-]; TM2/TM6b) males in each vial. Flies were

transferred to fresh vials every two days at 25°C with a total of five transfers.
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Preliminary targeting candidates from targeting crosses were screened based on
eye color.

Mapping crosses. A single male candidate was crossed with double balancer
virgin females (w; sp/CyO,Wee-P; TM2/TM6b). Targeting candidates with white
selection marker on the 3rd chromosome were selected for further genotyping.
TrpA1 full gene knockout flies were established and confirmed by genotyping and
RT-PCR. To remove the white selection marker and vector backbone, these
white+ lines were crossed with Cre recombinase line (BL#851). A single male
progeny with white eyes was selected and further balanced to remove Cre. Next,
we backcrossed these lines to change their X and 2nd chromosomes into w''"®
background, to establish the final TrpA71-KO founder line.

The following primers were used in genotyping of TrpA71-KO founder line.
Mcm?7-F: CAGGATCGTACAGCCATTC Mcm7-R: CTTAGACATCTCCAGCAGAC
mfr-F: ATCAAGCAGAGCAACTACAT mfr-R: CATTAGAAGACGACCAACATAG
TrpA1(5’)-F: CGACTTCAAGCGACTCTTC TrpA1(5)-R:
CGATGACATTGCGGTACTG

TrpA1(3’)-F: GATAATACTTGGCAACTTGGT TrpA1(3’)-R:
TTAGCTTCGATGGAATGAG

To generate TrpA1 isoform-specific knock-in or knockout flies, a full length
Drosophila TrpA1 genome fragment (-10 kb) was cloned from bacterial artificial
chromosome (Pacman BAC Ch322-152123, BACPAC Resources Center,

Children’s Hospital Oakland Research Institute) and was inserted into pGE-attB-
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GMR vector (Huang et al., 2009). Wild-type TrpA1 allele on pGE-attB-GMR
vector was modified in vitro. DNA fragments, amplified by PCR with primers
containing designated mutations, were merged together by In-Fusion HD cloning
kit (Cat#638909, Takara). Vectors with modified TrpA71 genome were injected
into TrpA1-KO founder line embryos to insert at the native TrpA17 locus, by
phiC31 mediated attB-attP recombination. Integration events were scored by the
white selection marker. These lines were then balanced to confirm that modified
TrpA1 was inserted on the 3rd chromosome. To remove unnecessary vector
backbone sequences and selection markers, single male of these lines was
crossed with flies bearing Cre recombinase strain (BL#851). A single male
offspring with white eyes was selected and further balanced to remove Cre. Next,
we backcrossed these lines to change their X and 2nd chromosomes into w778
background, to establish final TrpA71-isoform-KI/KO alleles.

The following RT-PCR primers were used in detection of TrpA1 alternative
transcripts.

TrpA1-Ex1,2-F: GCCGGAACAGCAAGTATT
TrpA1-Ex3,4-F:GTGGACTATCTGGAGGCG

TrpA1-Ex4,5-R: TATCCTTCGCATTAA AGTCGC

Rpl-F: CGGATCGATATGCTAAGCTGT

Rpl-R: GCGCTTGTTCGATCCGTA

TrpA1-Ex10,11-F: GGTGGAC AAGGATGGGAACA

TrpA1-Ex14,15-R: TCAGCTGCTCCCATCCCA
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Behavioral assays

Thermal nociception assay was performed as previously described (Babcock et
al., 2009). A custom-made heat probe with a proportional-integral—derivative
(PID) control unit was used to deliver heat stimulation. An early 3rd instar larva
was rinsed with distilled water and stimulated along with the segment A4-6. One
larva was only stimulated once and the positive response behavior was defined
as at least one 360° roll. The response latency to each stimulus was recorded up
to a 20 s cutoff. According to the responding time, the behavioral responses were
divided into 3 categories, fast rolling (<=5 s), slow rolling (> 5 but <=20 s) and no
rolling (> 20 s). The assay was conducted at room temperature under a
dissection scope (Nikon SMZ800) and a light source (Fostec ACE).
UVC-induced nociceptive sensitization behavioral assay was performed as
previously described (Babcock et al., 2009). Early 3rd instar larvae were rinsed
with distilled water and lightly anesthetized with ether. Larvae were placed in a
Petri dish, put inside a UVC crosslinker (254 nm, Spectorlinker XL-1000) and
exposed to UVC radiation of 20 mJ/cm?. UVC intensity (5 mW/cm2) was
measured by a hand-held UV spectrophotometer (AccuMAX XS-254,
Spectroline). After treatment, larvae were returned to fly food at 25°C for 24h and

then rolling assay was performed as thermal nociception assay.

Quantification and statistical analysis
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Statistical analysis was performed using Graphpad Prism software. GCaMP6s
imaging of HEK 293 cells were analyzed using one-way ANOVA with
Bonferroni’s multiple comparisons test. Latency of rolling behavior under
stimulation were analyzed using the Log-rank (Mantel-Cox) test. Error bars are

standard errors of the mean (SEM).
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Chapter lll
Proteomic analysis of TrpA1 to interrogate nociception

3.1 Abstract

lon channels frequently bind to other proteins to form complexes and fulfill
their functions. Understanding the molecular and cell biology of TRP channels’
interactomes should prove important to develop next-generation mechanism-
based analgesics. However, very little is known about the identity of in vivo TRP
channel binding partners and how they regulate TRP channel physiology and
subsequently nociception, partially due to the extremely low endogenous
expression of TRP channels. To tackle this problem, we employed a CRISPR-
based genome editing technique to knock-in FLAG-tagged TrpA1, followed by
mass spectrometry-based interactome analysis in Drosophila. So far, we have
successfully identified the interactome of TrpA1. Follow-up experiments at the
molecular, cellular, and behavioral levels are needed to reveal the roles of these

hits on nociception or sensitization.

3.2 Introduction

The function of TRP channels is not only determined by core channel
proteins but is also regulated by accessory proteins including scaffolds, adaptors,
and regulators. Drosophila transient receptor potential (trp), the founding member
of TRP channels, interacts with INAD, a PDZ domain scaffold protein, and forms

a macromolecular complex to achieve light sensation function (Shieh and Zhu,
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1996; Tsunoda et al., 1997). Later, research in mammalian TRP channels
revealed more protein-protein interactions that regulate TRP channel function.
For example, an interactome analysis identified GABAB1 receptors as a TRPV1
binding partner, and its activation inhibited TRPV1-related pathological pain
(Hanack et al., 2015). TRPV1 also interacts with other TRP channels including
TRPA1 and forms assembly (Staruschenko et al., 2010; Weng et al., 2015).
About 700 potential mammalian TRP channel interactions were summarized in a
network database (http://www.trpchannel.org/), though many of the interactions
lacked in vivo data or functional outcomes (Shin et al., 2012). Meanwhile, while
TRPA1 is an important ion channel in nociception, little is known about its binding
partners (Shin et al., 2012). Here | conducted an in vivo TrpA1 interactome study

using Co-IP and mass spectrometry analysis.

3.3 Results
Detect endogenous TrpA1 from TrpA1-FLAG knock-in flies through western
blots

TrpA1 is expressed at an extremely low level in flies, and the available anti-
TrpA1 antibody is not good enough to detect or purify endogenous TrpA1
(Rosenzweig et al., 2005). In order to perform biochemical analysis of TrpA1, we
generated FLAG-tagged TrpA1 knock-in lines (Gu et al., 2019). TrpA1-FLAG fly
larvae showed normal rolling behavior compared to wild-type larvae, suggesting

that the FLAG tag does not affect TrpA1 function (Gu et al., 2019). Even with the
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well-developed FLAG tag and anti-FLAG antibodies, TrpA1 was still undetectable
in western blot using larval skins containing C4da nociceptors (data not shown).
After comparing the TrpA1 expression level in different fly tissues, | chose adult
fly heads for the following biochemical analysis because fly heads have a
relatively high expression of TrpA1 and it is easier to collect a large number of
adult heads. To enrich TrpA1 in western blot samples, | used
immunoprecipitation (IP) with anti-FLAG beads followed by western blot. With
SDS denaturing gel, TrpA1 bands were observed at the size of ~120kD, which is
around the estimated size of a TrpA1 monomer (Figure 3.1A). With native gel
which preserves protein-protein interactions, a relatively homogeneous TrpA1
complex band at around 1100kD was observed (Figure 3.1B). According to the
band intensities and homogeneity, the western blot analysis provided tools to
evaluate and optimize the following Co-IP procedures in aspects of the
enrichment efficiency and the complex stability.
Identify TrpA1 interactome through Co-IP and mass spectrometry analysis
The Co-IP and mass spectrometry procedure was briefly described (Figure
3.2A). TrpA1-FLAG, along with its binding proteins, were purified from solubilized
membrane fractions prepared from adult fly heads. Then, the sample was run on
the gel and sent to the mass spectrometry facility for protein identification. Two
repeats were performed and the results were summarized in a volcano plot
(Figure 3.2B) and Table 3.1. TrpA1 was only detected in the TrpA1-FLAG

samples (32 and 14 peptides in two repeats, respectively), but not in wild-type
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Figure 3.1 Western blots of TrpA1 monomer and TrpA1 complexes

A, Western blot of TrpA1 monomers after electrophoresis in SDS PAGE. W78

wild-type flies were used as a negative control. Co-IP was performed before

western blot to enrich TrpA1 concentration in the samples. The identity of

smearing bands higher than 245kD is unknown. The western blot was repeated

three times. B, Western blot of TrpA1 complexes after electrophoresis in native

PAGE. Similar conditions were used as in (A) except no boiling or denaturing

reagents were used during sample preparation or electrophoresis. The western

blot was repeated three times.
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Figure 3.2 Proteomic analysis of TrpA1.

A, Schematic illustration of Co-IP and mass spectrometry process. Adult fly
heads were homogenized, and membrane components were dissolved in 1%
NP-40 lysis buffer. The lysate was incubated with beads conjugated with anti-
FLAG antibody. Binding proteins to the beads were eluted and run on a short gel,
which was cut and analyzed by mass spectrometry. B, in vivo binding proteins of
TrpA1. Two independent biological replicates were performed. TrpA1 binding hits
were labeled in the figure. Volcano plot showed enrichment of proteins in TrpA1-
FLAG samples versus wild-type controls. TrpA1 was highlighted in cyan, which
only exists in TrpA1-FLAG samples showing specificity. Binding hits were
selected by (i) the enrichment folds for each protein, and (ii) the statistical
significance comparing two replicate experiments. t-test with Benjamini-Hochberg

correction.



Table 3.1 Summary of identified hits in TrpA1 complexes.
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Gene Molecular Enrichment | Mammalian | Subcellular
name weight p-value | fold homolog localization
TrpA1 135 kDa 0.098 | INF Y membrane
CG16826 | 38 kDa 0.0092 | INF N
mitochondrial
Neb-cGP | 5 kDa 0.029 | INF Y membrane
ER or
mitochondria
Cyp6a2 59 kDa 0.038 | INF Y membrane
ER or
mitochondria
Cyp4e3 61 kDa 0.057 | INF Y membrane
plasma
Patj 93 kDa 0.08 | INF Y membrane
CG13887 | 26 kDa 0.1 | INF Y membrane
ER or
mitochondria
Cyp309a1 | 57 kDa 0.1 | INF Y membrane
AhcyL1 57 kDa 0.21 | INF Y cytosol
CAH1 30 kDa 0.23 | INF Y cytoplasm
copia 48 kDa 0.00039 | 56 N cytosol
CG42613 | 93 kDa 0.0026 41| N
extracellular
LanB1 198 kDa 0.0099 32|Y matrix
membrane-
bounded
Ugt49C1 61 kDa 0.0018 27| Y organelle
Lsp1B 96 kDa 0.15 21| N extracellular
mitochondrial
outer
CG5676 17 kDa 0.082 13|1Y membrane
polytene
Hcs 117 kDa 0.26 101]Y chromosome
Lspa 99 kDa 0.13 7.2 | N extracellular
PPO2 79 kDa 0.13 71| N extracellular
CG7272 25 kDa 0.033 6.9|Y membrane
Egm 71 kDa 0.18 6.2|Y Extracellular




ER or

mitochondria

Cyp6a23 | 47 kDa 0.15 5|Y membrane
Tomosyn | 158 kDa 0.038 46 |Y membrane
Jwa 28 kDa 0.0019 42 |Y membrane
Aldh7A1 58 kDa 0.11 3.8|Y
CG45002 | 110 kDa 0.076 3.71Y membrane
CG9512 69 kDa 0.005 36|Y
extracellular
LanA 411 kDa 0.044 35|Y matrix
SPoCk 114 kDa 0.15 3.3|Y membrane
CCT6 58 kDa < 0.0001 3.3|Y cytosol
plasma
MRP 173 kDa 0.13 3.2|Y membrane
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flies (0O and O peptides, respectively), showing the specificity of the sample
preparation (Figure 3.2B). Due to the limited number of replications and the
considerate quantitative variances in the two replicates, p-values for TrpA1
(p=0.098) and many other identified proteins are high. Considering the high p-
value of our bait protein TrpA1, we were concerned that some of the authentic
TrpA1 binding partners might also have high a p-value. To avoid excluding these
binding partners from our follow-up analysis, we set an arbitrary p-value of 0.3
and an enrichment fold of 3 as cutoffs for our hits. (Figure 3.2B, Table 1). The
list retrieved different components in protein complexes, such as LanA, LanB1 in
laminin complex and Lspa, Lsp1p in larval serum protein complex, suggesting
that the conditions we used are mild enough to keep the complexes intact. Most
hits are membrane proteins, which are presumably good candidates as TrpA1
binding partners (Table 1). Some hits are proteins located in the extracellular
space, including LanA, LanB1, Lspa, and Lsp1, which could interact with the
extracellular part of TrpA1 and regulate its function. About 80% of hits have
mammalian homologs, indicating that the interaction we found might be

conserved in mammals.

3.4 Discussion
TRP channels play critical roles in nociception. However, it remains unsolved
whether and how they function in a complex to participate in pain sensation. In

this chapter, | provided an in vivo TrpA1 interactome analysis through Co-IP and
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mass spectrometry. Compared with strategies using overexpressed tagged-
proteins, our endogenous knock-in strategy was more likely to detect real and
biologically relevant interactions. TrpA1 is expressed at a very low level. We first
generated genetically tagged knock-in flies. Then we developed western blots for
TrpA1 and used them as readouts to optimize the Co-IP and mass spectrometry
procedures. This genetic-proteomic approach could be adopted to identify in vivo
interactome of other low expression TRP channels. Western blot of TrpA1 could
also be used as a tool to investigate other aspects of TrpA1 such as post-
translational modification in in vivo conditions.

To further validate that the TrpA1 binding partners we found are authentic in
vivo and are not artifacts caused by tissue homogenization, biochemical assays
including co-immuonstaining of TrpA1 and binding proteins in fly tissues are
needed. Binding domain analysis between two proteins is also needed to reveal
the interaction mechanism of those proteins.

Certain proteins in our hits are known to form complexes, including LanA,
LanB1 in laminin complex and Lspa, Lsp1p in larval serum protein complex.
Laminin complex and larval serum protein complex are all components in the
extracellular matrix. Laminins were found in all basement membranes which
covers the basal side of most animal tissues including peripheral nerves (Urbano
et al., 2009). The proximity between basement membranes and neurons makes it
possible for laminins to interact with the extracellular part of TrpA1 and regulate

its function. Laminins are conserved among different species. The interaction
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between mammalian laminins and TRP channels deserves further investigation.
Larval serum proteins are one of the most abundant serum proteins in fly larval
hemolymph, and were regarded as storage proteins during fly development
(Roberts et al., 1991). The detailed function of these proteins in nociception
requires further examinations.

Since TrpA1 is essential for nociception, we expect that the hits we got could
also affect nociception through regulating TrpA1. We will use mutants or RNAI to
test the gene function through behavioral assays and nociceptor cellular
response assays. If the protein affects nociception or cellular function of
nociceptors, further mutation analysis on the binding domain of that protein could
be performed to test whether the binding with TrpA1 is required in this process.
To investigate the mechanisms of binding partners regulating TrpA1, we can co-
express TrpA1 and binding proteins in cell systems in vitro to test whether the
hits affect TrpA1 channel expression, trafficking or functionality. TRP channels
get modulated by multiple signaling pathways, including growth factors such as
NGF and inflammatory signals (Dai et al., 2007; Diogenes et al., 2007; Wang et
al., 2008). The role of binding proteins in those signaling pathways could also be
an interesting topic.

Chronic inflammatory pain is accompanied with orchestrated interaction
between ion channels and their binding proteins (Liu et al., 2008; Tappe et al.,
2006). Further investigation of the TrpA1 interactome could be performed in

different pathological models, and the binding partners could be compared with
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those in healthy condition. The differentially regulated hits could be critical
molecules that are responsible for the channel functionality modulation and
nociceptive sensitization.

One important goal of identifying TRP channel interactomes is to find novel
therapeutic targets. Drugs directly targeting TRP channels seem to provide only
limited benefits, mainly due to side effects (Kaneko and Szallasi, 2014). For
example, due to the central role of TRPV1 in thermal sensation, TRPV1
antagonists cause hyperthermia, which is the main reason for their clinical
failures (Brederson et al., 2013). Targeting specific protein interactions could
potentially minimize these side effects. Our study provided clues for future

TrpA1-interaction studies and drug developments.

3.5 Materials and methods

Generation of TrpA1-FLAG lines

Same procedures were performed as the generation of TrpA1 isoform-specific
lines in Chapter Il except that the TrpA71 genome fragment in pGE-attB-GMR
vector was modified to add the 3xFLAG tag to the TrpA1 C-terminal.
Following oligo nucleotide of 3xFLAG was added before stop codon:

cctagggactataaggaccacgacggagactacaaggatcatgatattgattacaaagacgatgacgataag

Co-IP of TrpA1
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Pierce™ Co-Immunoprecipitation Kit (Thermo Fisher, 26149) was used for Co-IP
and the protocol was modified from the manufacturer's manuals. About 20 Trays
of large bottles of W8 or TrpA1-FLAG adult flies were raised, collected in 50ml
centrifuge tubes, frozen in -80°C refrigerator overnight, and then vortexed. All of
the following procedures were carried out at 4°C. Parts of bodies were separated
with metal sieves (DUAL MFG. CO., US2.5-25S and US2.5-40S) to get heads.
6g heads were homogenized in 100ml PBS with 2 tablets of protease inhibitor
(Sigma, 11697498001) using a 50ml glass homogenizer on ice. The lysate was
centrifuged twice at 500xg for 5mins. Discard precipitation of nuclear fraction and
cell debris after each centrifugation was done. The supernatant was then
centrifuged in ultracentrifuges (Beckman Coulter Optima XL-100k, SW-28) at
28000rpm for 1.5h and the crude membrane fraction in the precipitation was
collected. The membrane pellet was solubilized in 30ml lysis buffer (0.025M Tris,
0.15M NacCl, 0.001M EDTA, 1% NP-40, 5% glycerol; pH7.4) with protease
inhibitor in a 4°C cold room for 0.5h, centrifuged at 10000rpm for 10mins and the
supernatant was kept. Beads (Thermo Fisher, 26149) conjugated with anti-FLAG
M2 antibody (Sigma, F1804) were prepared according to Co-IP kit manuals. 25l
beads conjugated with 75ug antibodies were added to the supernatant and were
incubated in a 4°C cold room for 6h. The beads were collected by centrifugation
at 1000xg for 10mins, washed 2 times with 300yl lysis buffer, and incubated with
elution buffer (30pl lysis buffer with 150ng/ul FLAG peptides (Sigma, F4799)) for

20mins.
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Western blots with SDS PAGE or native PAGE

5ul elution sample from Co-IP was used for western blots. For denaturing SDS
PAGE, protein samples were mixed with Laemmli sample buffer (6x) and 3-
mercaptoethanol, boiled at 95°C for 5mins, and loaded in 4-20% Mini-Protean
TGX precast SDS gel (Bio-Rad) in Mini-PROTEAN Tetra Vertical Electrophoresis
Cell (Bio-Rad). Blotting was performed according to LI-COR fluorescence
western blot protocol. Immobilon-FL PVDF Membrane (Millipore, IPFLO0010)
was blocked with Odyssey Blocking Buffer (LI-COR, P/N 927-40000) and
subsequently incubated with anti-FLAG M2 antibody (Sigma, F1804, 1:500) at
4°C overnight. Following three washing steps with PBS with 0.1% Triton, the
membranes were incubated with IRDye® 800CW Goat anti-Mouse antibody (LI-
COR, 925-32210 , 1:10000) for 2hr at RT. After incubation, membranes were
washed and imaged on LI-COR ODYSSEY CLx. Native PAGE electrophoresis
was performed according to NativePAGE™ Novex® Bis-Tris Gel System
protocol, protein samples were mixed with NativePAGE™ Sample Buffer (4X)
(Thermo Fisher, BN2003) and 0.1% NativePAGE™ G-250 Sample Additive
(Thermo Fisher, BN2004), and loaded in 3-12% NativePAGE™ Novex® Bis-Tris
Gel in XCell™ SureLock™ Mini-Cell (Thermo Fisher). NativeMark™ Unstained
Protein Standard (Thermo Fisher, LC0725) was used as a marker. After

electrophoresis, blotting was performed as in SDS-PAGE.

Mass spectrometry analysis and quantification
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25l elution sample from Co-IP was used for mass spectrometry. Samples were
run in a SDS-PAGE gel as mentioned above, but as short gels which only run to
2cm below the bottom of the well. The short gels containing the proteins were
then cut and sent to University of Massachusetts Medical School Mass
Spectrometry Core for downstream LC/MS/MS analysis. The results were
visualized and analyzed by Scaffold 4 (Proteome Software, Portland, OR).
Normalized iBAQ was used to calculate enrichment fold. t-test with Benjamini-

Hochberg correction was used to calculate p-value.
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