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Identifying druggable sites in the pain-sensing TRPA1 ion channel

Abstract

Transient receptor potential (TRP) channels, found in all eukaryotes, are a family of
cation channels vital for critical physiological processes, such as mediating the sensation of
unanticipated pain. Most TRP channel activities are modulated by a diverse set of exogenous and
endogenous ligands, several of which are important for human life. For example, general
anesthetics, which are widely used in surgical procedures, have undesired effects by activating
TRPA1, which functions as a pain-sensing ion channel. Upon administration, several noxious
general anesthetics stimulate peripheral sensory neurons, which transduce pain and inflammation
elicited by these widely used drugs. Although evidence points to TRPA1 as the major player in
this pain pathway, where propofol binds in the channel is unclear. Here I present the first
photocrosslinking strategy to identify the propofol binding sites in TRPAI.

I designed synthetically expedient routes to three crosslinkable analogues of propofol,
two of which are also functionalized with an alkyne affinity handle for bioorthogonal chemistry.
Using mouse TRPA1 heterologously expressed in insect cells and fluorescence-based functional
assays to compare propofol and the synthesized analogues, I determined that ortho-substitution,
relative to the hydroxyl group, still allows for TRPA1 activation. Using the same activity assay, |
conducted small molecule structure-function studies, introducing substituents replacing the
phenolic hydroxyl group of propofol as well as adding or replacing substituents at the ortho and
para positions. My results demonstrate the importance of hydrogen bonding in propofol
activation of TRPA1 and provide evidence that halogen substitution can affect channel function.

Photoaffinity labeling with a well-characterized propofol analogue, AziPm, which demonstrates
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the same dose-dependent and bimodal TRPA1 activation profile as propofol, identified two
crosslinked residues in TRPA1. Both residues lie on the S6 helix, which, together with S5, forms
the channel pore and gate of TRPA1. V954 faces a pocket previously identified as the A-
9607079 antagonist binding site, while E969 lies near the intracellular mouth of the pore at the
junction of S6 and the “TRP-domain” a-helix, which is important for channel gating. These
results provide the first direct identification of general anesthetic binding sites leading to TRPAI

activation.
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Chapter 1

Introduction: TRPA1 mediates sensation to reactive and non-electrophilic chemicals



Nociception is a fundamental sensation for all animals

Ion channels form pores in membranes, regulating ion permeability to serve as cellular
messengers. lon channels play crucial roles in many physiological processes and modifications
in channel function often lead to pathological conditions (1). Although ion channels remain
underexploited in the pharmaceutical industry, ~13% of marketed drugs act on ion channels,
making them the second largest receptor target class (2-3). The transient receptor potential (TRP)
channel superfamily is among the largest family of ion channels, consisting of at least 28
mammalian members. TRP channels, expressed by all eukaryotic organisms, are a superfamily
of non-selective cation channels, implicated in all aspects of sensation, including a wide range of
chemical, mechanical, and thermal stimuli (4). TRP channels are expressed in most, if not all cell
types (4). The TRP subfamilies, grouped by amino acid sequence similarity, include TRPA
(ankyrin), TRPC (canonical), TRPM (melastatin), TRPML, (mucolipin), TRPP (polycystin), and
TRPV (vanilloid). All members of the TRP family are thought to share a tetrameric assembly in
which each monomer consists of N-and C-terminal cytoplasmic domains and six transmembrane
segments (S1-S6) with S1-S4 as the peripheral domain and the S5-S6 region as the pore-forming
region, reminiscent of the distantly-related voltage-gated channels (Figure 1.1) (5,6). Non-
domain-swapped transmembrane architecture is observed in channels such as hyperpolarization-
activated cyclic nucleotide-regulated (HCN) and the voltage-gated K* channel Eagl (7,8).

TRP channels serve as polymodal sensors that allow individual cells and whole
organisms to detect and respond to potentially damaging stimuli (9). Among TRP channels,
TRPAL, the sole member of the TRPA subfamily in mammals, serves as a sensor of painful

stimuli by perceiving noxious chemicals and temperatures (10-13). TRPA1-expressing



Figure 1.1 Intertwined subunit organization of most six-transmembrane (6-TM) channels
Viewed from the extracellular side, the S1-S4 bundles form the periphery of the channel while
the S5-S6 bundles form the central ion conduction pore. The S4 helix of one subunit interacts
with the S5-S6 helices on the adjacent subunit. Despite low sequence similarity between TRPs
and voltage-gated ion channels (VGICs), an interlaced tetrameric assembly of the

transmembrane domains is consistent with the architecture of most VGICs.



nociceptors can secrete inflammation-promoting agents locally. Thus, it is unsurprising that
molecules such as 4-hydroxynonenal (HNE) and lipopolysaccharides (LPS), released during
lipid peroxidation and bacterial lysis, respectively, activate TRPA1 (14,15). In sensory neurons,
TRPA1 shows considerable expression overlap with TRPV 1, another temperature and chemical
sensor, implicating TRPA1 as a mediator of the inflammatory actions of noxious chemicals (16).
TRPA1 and TRPV1 are nociceptive TRP channels that are well-established as cellular pain
sensors, based upon knockout studies in pain models (17-19).

Paradoxically, individuals who cannot sense pain are unfortunate as this noxious
sensation is not only a critical component of survival but also actively sought for pleasure. For
example, in the case of satisfaction, humans are the only species that deliberately seek spicy
foods, whereas most animals are repelled by the irritating sensation (20). While capsaicin, the
active component in chili peppers, elicits a spiciness enjoyed by humans worldwide, it also
serves to deter herbivores (21,22). Specific amino acids in avians, which are insensitive to the
pain-producing effects of capsaicin, are thought to allow seed ingestion for wider dispersal (23-
25). Similarly, TRPA1, also known as the wasabi receptor, is also activated by products of plant
defense (26-28). Allyl isothiocyanate (AITC), the reactive electrophile in the wasabi delicacy,
activates TRPA1, serving as an insecticide and a component of the plant defense system.
Electrophiles such as AITC and acrolein (found in cigarette smoke) cause pain by covalently
modifying TRPA1 (10, 29). TRPA1’s ability to detect irritants goes back as far as
choanoflagellates (30,31). The atomic resolution structures of TRPA1 and TRPV1 shed light on

the domains important for channel gating (32-34).

Structural basis of modulation by noncovalent agonists in TRPA1



Apart from the conserved transmembrane core across TRP channels, TRPA1 exhibits
distinctive features, particularly within the large cytoplasmic domains that comprise ~80% of the
channel by mass (Figure 1.2). TRPAI is aptly named due to the large number of N-terminal
ankyrin repeats, which are 33-residue motifs consisting of two a-helices followed by a —
hairpin loop. These repeats stack on top of each other with an overall helical twist (Figure 1.3)
(35). Conserved cysteines in the C-terminal ankyrin repeat and the linker preceding S1 are
important for activation by membrane-permeable electrophiles (36, 37). These cysteines are
solvent-accessible and proximal to the TRP box helix, suggesting a link between covalent
modification of cysteines and channel gating (38). Due to similar transmembrane topology,
parallels may be drawn between TRPV1 and TRPAL1. Resiniferatoxin (RTX), a potent TRPV 1
vanilloid agonist, binds in a pocket deep in the transmembrane domain, consisting of the S4-S5
linker helix, the S1-S4 bundle, and the pore (33). Although an electron density much smaller
than the chemical structure of capsaicin was observed, capsaicin is likely in a similar orientation
as RTX (39). The analogous pocket in TRPA1 may serve as a binding site for nonelectrophilic
compounds with modulatory activity, which likely bind in the transmembrane core due to their
lipophilic nature. For example, terpenes, the largest class of natural products, contribute to
human life as natural medicines and spices through TRPA1 (40, 41). Mutagenesis and chimeric
studies point to S873/T874 in S5 and M912/M953 in pore helix 1 and S6, respectively, as critical
for activation by noncovalent TRPA1 modulators, which are less well characterized than the
activation mechanisms by electrophiles (Table 1.1) (40, 43-46). The TRPA1 cryoEM structure,
solved in complex with an antagonist, reveals a binding site between pore helix 1 and S5 for A-

967079, one of the most potent mammalian TRPA1 antagonists (32,42). The binding site for
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Coiled-coil

Figure 1.2 Primary structure organization of a TRPA1 subunit with major domains The
schematic follows the color scheme from N- to C-terminus: ankyrin repeats, turquoise; linker,
orange; pre-S1 (grey); S1-S4 (magenta); S4-S5 linker - S6 (blue); TRP-like domain helix (red);

coiled-coil (forest green).
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Figure 1.3 CryoEM structure of TRPA1 The cartoon representation follows the color scheme
from N- to C-terminus: ankyrin repeats, turquoise; linker, orange; pre-S1 (grey); S1-S4
(magenta); S4-S5 linker - S6 (blue); TRP-like domain helix (red); coiled-coil (forest green).

Figure adapted from Brewster and Gaudet (38).



Table 1.1 Residues important for TRPA1 sensitivity to noncovalent modulators.

Terpenes Residues important References
for TRPA1 activity
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HC-030031, another potent TRPA1 antagonist, was not resolved in the TRPA1 cryoEM structure
(32). Mutagenesis and chimeric studies suggest that the binding site for general anesthetics
overlaps with that of A-967079 (45).

As the vanilloid binding site in TRPV1 and the A-967079 binding site in TRPA1 are
topologically distinct, one hypothesis is that noncovalent TRPAT1 agonists influence the channel
through one binding site whereas antagonists share a separate binding site in TRPA1.
Mutagenesis studies alone cannot distinguish between these two hypotheses due to their caveats:
it is unclear whether the observed effects are due to a direct impairment of the ligand interaction
or, alternatively, to a steric interference of the ligand access pathway (an allosteric effect) or an
indirect effect on channel gating. For example, if a reduced TRPA1 response to a ligand
coincides with a small AITC-evoked response, it suggests that multiple gating pathways are
affected (a change in gating rather than ligand binding) or that channel expression levels are
reduced; it is difficult to rule out these confounding factors. Thus, it remains unclear which
residues directly contribute to a binding pocket for noncovalent TRPA1 agonists. What other
structural and chemical biology techniques would lead to a direct identification of how
nonelectrophilic agonists and antagonists interact with TRPA1? Solving a structure of TRPAI in
complex with a noncovalent agonist would lead to a direct answer but many of these structurally
simple modulators undergo transient, low-affinity interactions with TRPA1, complicating the use
of structural techniques. An alternative and direct method of identifying a ligand binding site is
to use an analogue bearing a photoaffinity group whose activation by light results in irreversible
covalent binding. Indeed, photocrosslinking has been used to identify propofol binding sites in
several channels, including the GABAA receptor, which is responsible for propofol’s anesthetic

effect (47, 48).



Propofol as a chemical tool to identify druggable pockets in TRPA1

General anesthetics, employed in millions of surgeries worldwide, exert both beneficial
and undesirable effects. Some general anesthetics stimulate peripheral nociceptors, eliciting a
noxious pain upon injection (49, 50). Recently, TRPA1 has been found to be the major
nociceptive channel in the anesthetic-induced pain pathway. Propofol, the most widely used
intravenous anesthetic, activates TRPA1; the incidence of pain upon injection has been reported
to be in 28-90% of patients (51). Understanding how propofol causes pain through TRPA1
requires identification of its binding site(s) in TRPA1. Such site(s) could overlap with the
binding pocket(s) for other noxious noncovalent TRP channel agonists or antagonists, facilitating
the detection of druggable pockets to rationally design novel TRPA1-targeting analgesic and
anti-inflammatory drugs.

Propofol is an intriguing chemical tool to understand how nonelectrophilic modulators
interact with TRPA1. For one, propofol shares a similar pharmacophore with other TRPA 1
agonists, such as menthol and thymol (Table 1.1). Also, propofol, with its simple chemical
structure and strongly activating hydroxyl group, is amenable to chemical manipulation to
introduce functional groups, such as photoreactive moieties for photoaffinity labeling. In
addition, a bimodal action on mouse TRPA1 (mTRPA1), consisting of activation at lower
concentrations and inhibition at high concentrations, has been observed for both propofol and
menthol (49, 50, 52). It is unclear whether this induced block at high concentrations is due to an
agonist-dependent desensitization or direct inhibition of the channel through a second, lower
affinity site, possibly through a direct block of the TRPA1 pore. TRPA1 inhibition and
desensitization are attractive therapies for pain relief as mice with a genetic deletion of TRPAI

display significantly reduced nociceptive behaviors in preclinical pain models (17, 18).
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It is imperative to develop more patient-friendly anesthetics, especially as no novel class
of anesthetics has been developed for almost half a century and many anesthetics still suffer from
patient drawbacks (53, 54). Thus, understanding where propofol binds in TRPA1 has profound
implications in both basic and translational research. This thesis focuses on the utility of
crosslinkable analogues, combined with small molecule structure-function studies, to directly
identify the binding-site residues of propofol in TRPA1. Although there are no crosslinking
studies to date to probe a TRP channel, several photoreactive analogs of propofol have been
applied to photolabel pentameric ligand-gated ion channels and other biological targets (Figure

1.4) (47, 55-57).

Design of photoaffinity probes to label propofol binding-site residues in TRPA1

Generally, proteins realize their biological functions through direct interactions with
other molecules such as ligands. There are many methods to investigate protein-ligand
interactions, each replete with their own pros and cons. For example, the structure of protein-
ligand complexes at atomic resolution provides global data on the protein and the ligand-binding
site, but this technique is particularly difficult for large membrane proteins and ligands with low
affinity for their targets. Currently, propofol-binding sites have only been directly identified,
through X-ray crystallography, in three proteins: the Gloeobacter Ligand-gated Ion Channel
(GLIC), a bacterial homolog of vertebrate Cys-loop ligand-gated ion channels, apoferritin and
human serum albumin (HSA) (58-60). But these proteins are an exception and not the norm in
terms of ease of handling. For one, apoferritin and HSA are commercially available. Second,
prokaryotic pentameric ligand-gated ion channels (pLGICs), such as GLIC, provide an

opportunity for probing ligand interactions due to their relative ease of expression in bacterial
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p-4-AziC5-Pro  Ortho-propofol diazirine AziPm AziPm-click
OH OH N OH OH

N
CFa Soo
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Figure 1.4 Chemical structures of photoreactive analogues of propofol (47, 55-57).
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systems and their propensity to yield X-ray diffraction data (61). Also, GLIC, a homolog of
nicotinic acetylcholine receptors, is inhibited by propofol, thus the relationship between the
binding site and the potentiating site in mammalian channels is still a mystery (47). Propofol
binds many large membrane proteins, such as GABAa and TRPA1, whose structures have only
been recently solved (32,62). Thus, it is imperative to explore additional methods to identify
ligand-binding sites to gain a complete picture of propofol activation in its targets.

Cysteine accessibility is another commonly used technique to not only define the
topology of transmembrane proteins but also assess protein conformational change mechanisms
and probe ligand-binding sites (63). This method was used to define a propofol-binding site in
GABAA (64). In this experiment, researchers investigated if propofol protects cysteine residues,
which have been substituted for the potential propofol-binding residues, from covalent
modification by sulthydryl-reactive reagents. However, propofol binding induces a
conformational change in the GABAA receptor that affects reaction rates with the engineered
cysteine (65). Thus, defining a reference state of the receptor that allows comparison of
sulthydryl reaction rates in the absence and presence of propofol is an issue. In addition, it is
difficult to uncouple direct propofol interaction with the residue from allosteric conformational
changes. For example, the protection could be due to an allosteric effect, as propofol-induced
conformational changes may reduce the accessibility at the engineered positon. Thus, alternative
methods that directly identify a drug’s binding site would be beneficial.

Photoaffinity labeling is a complementary technique to directly probe the location of drug
binding sites (66). Frank Westheimer and colleagues first introduced the concept of photoaffinity
labeling over 50 years ago and it is now becoming an in important method in medicinal

chemistry and drug discovery (67,68). In this technique, a photoreactive moiety is introduced

13



into an otherwise reversibly binding chemical probe (69,70). Upon light activation, the
photoreactive group forms a reactive intermediate that rapidly reacts with and binds to nearby
molecules. Thus, photoaffinity labeling is a direct method that results in irreversible covalent
binding between a ligand and protein. The ideal traits of a photoaffinity probe include similarity
to parent compound with comparable activity, little steric interference with binding, propensity
to undergo intermolecular crosslinking over intramolecular crosslinking, and stability in the dark
across a wide pH range (71). The probe should also be activated at a wavelength that limits
damage to the protein of interest but still generates highly reactive intermediates capable of
forming covalent adducts. In many cases, photoaffinity probes do not simultaneously exhibit
each of these characteristics. The effort required in optimizing the probe may be comparable to
that in optimizing an early drug lead (70-72). Thus, synthesizing a library of photoaffinity probes
increases the probability of generating probes that retain many of these features. In Chapter 2, I
will describe the synthesis of three compounds that are photoreactive derivatives of propofol.

A small library of crosslinkable analogues of propofol exists (Table 1.2). However, one
metric to improve on is the number of synthetic steps to generate the crosslinkable analogue.
Using a minimal number of synthetic steps is efficient, in terms of process chemistry, and
generally cuts costs and waste. In addition, Figure 1.4 illustrates that few photoreactive propofol
analogues contain its parent structure with two isopropyl ortho substituents, which are important
for propofol activation as slight modifications to the core of alkyl phenols reduce TRPA1
activation (73). Thus, improving this attribute not only increases the likelihood of retaining
channel activation but also downstream detection of crosslinked peptides that are spatially

proximal to the native binding site. Furthermore, it is advantageous to expand the probe library
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Table 1.2 Predicted physicochemical properties and synthesis comparison of crosslinkable

probes. Calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02.

IW Mass Density cLogP # of synthetic
(Da) (g/mL) steps

Propofol 178 0.95 3.6 - I

p-4-AziC5-Pro 274 1.10 4.9 8

Ortho-propofol diazirine 244 1.38 29 7

AziPm 244 1.38 3.8 12

AziPm-click I 270 1.35 16 /

15




because photolabeling moieties may abrogate the ability of the compounds to modulate channel
function, and none of the existing photoreactive propofol analogs have yet been tested to
determine whether they activate TRPAI.

This thesis highlights a goal of chemical biology: using small molecules to answer
biological questions by directly probing living systems. In Chapter 2, I demonstrate relatively
simple synthetic strategies towards three photoreactive propofol analogues, two of which are also
functionalized with alkyne handles for biorthogonal reactions (i.e. click chemistry). In Chapter 3,
[ use a fluorescence-based assay to determine which probes retain activation of TRPAL. In
addition, a minimal structure-activity relationship (SAR) demonstrates the effects of modifying
the propofol pharmacophore on TRPA1 activation. In Chapter 4, in collaboration with Kellie
Woll from Roderic Eckenhoff’s laboratory, I used a photoreactive analogue of propofol to
photolabel TRPA1-expressing membranes. Upon pulldown of crosslinked complex, digestion of
photolabeled TRPA1 peptides and mass spectrometry, two crosslinked residues were directly

identified in TRPAL, the first ligand photocrosslinking study applied to a TRP channel.
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Chapter 2

Design, synthesis, and characterization of propofol photoaffinity probes



Abstract

Propofol is a widely used general anesthetic that activates the nociceptive TRPA1 ion
channel. A complete picture of how propofol acts requires knowledge of where it binds on
TRPAI. Photocrosslinking is a strategy to address this outstanding question. Here, I present a
strategy for the facile synthesis under mild conditions of three photoreactive probes of propofol.
In each analogue, I introduced a photoreactive diazirine group, and two of these analogues bear
alkyne groups, enabling bioorthogonal chemistry with azide-containing partners. These synthetic
schemes can also be applied to other molecules, including other noncovalent agonists of TRPAT,

further broadening the utility of the methods described in this chapter.

Introduction

TRPALI has only recently been suggested as the mediator of propofol-induced pain (1,2).
Identifying the binding-site location is an important step to design new TRPAT inhibitors and
other modulators that inhibit the channel at the propofol-binding site, reducing pain during
propofol administration. This chapter describes the synthesis of photoaffinity probes for this
purpose of identifying propofol’s binding sites. Although several photoaffinity analogues of
propofol have been published (Figure 1.4), expanding the library of crosslinkable analogues
provides more tools to understand how propofol interacts with TRPA1 as well as other
physiological targets (3-6). In addition, as of this writing, there are no published studies on the
functional activity of any photoaffinity analogs of propofol on TRPAI.

The main photoreactive groups used in photoaffinity labeling are diazirines, azides, and
benzophenones. Although azides are frequently used due to ease of synthesis, they require

shorter wavelengths for excitation that may damage biological molecules (7). The benzophenone

26



group is bulky, which can hinder binding to the target protein and increase nonspecific labeling.
(8). Aryldiazirines are the most commonly used photoaftinity group due to their chemical
stability, longer wavelength activation (~350 nm) and the short half-life of the reactive carbene
intermediate (8). However, aryldiazirines often require the incorporation of
trifluoromethyldiazirine groups, which typically add more synthetic steps than alkyl diazirines,
to stabilize the carbene to favor intermolecular crosslinking. I chose to link the propofol core
with a nonpolar spacer to separate the diazirine moiety from the aryl ring. More specifically, the
synthetic route I designed first generated alkyl ketones, the synthetically expedient precursors to
diazirines (3).

To facilitate the detection and/or isolation of photolabeled protein, radioactive or
fluorescent reporter tags are often incorporated into the photoaffinity probe, either during probe
synthesis or after photocrosslinking. For example, biotin/epitope tags on the crosslinking
molecule can be exploited in affinity purification. On the other hand, alkynes provide even more
flexibility: through their click chemistry reactions with azides, alkynes can be used for both
detection and isolation of molecule of interest crosslinked to protein (9). That is, the click
reaction is a convenient post-crosslinking method to incorporate an azide-containing biotin or
fluorescent tag into the photoprobe. This chapter describes the design of two propofol probes
with this dual functionality of crosslinking ability and ability to click with azide-containing
molecules.

I present the synthesis of a novel set of three photoreactive propofol analogues: XPRO, o-
XPRO-Click and p-XPRO-Click. Each molecule contains a diazirine group separated by a short
nonpolar linker in the para position. I separated the alkyl diazirine moiety from the phenyl ring

via a short nonpolar linker to facilitate synthetic expediency and to avoid a potential source of
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instability. o-XPRO-Click and p-XPRO-Click also contain alkyne groups in the ortho and para
positions (relative to the phenolic hydroxyl group), respectively. Through this derivatization,
these molecules have potential utility in not only crosslinking to TRPA1 but also detecting or
isolating photolabeled TRPAT1 or other propofol targets. The schemes designed in this study are

also applicable to the synthesis of photoreactive probes of other noncovalent TRPA1 ligands.

Materials and Methods

General synthetic procedures

Hexamethylenetetramine was purchased from TCI America (Portland, OR). Ruthenium
Dichlorobis(p-methanethioato)bis(pentamethylcyclopentadienyl)diruthenium(III) was purchased
from Strem Pharmaceuticals (Newburyport, MA). All other chemicals were purchased from
Sigma-Aldrich (St. Louis, MO). Chemicals were used as received from commercial vendors
unless otherwise noted. All reactions were run under an atmosphere of dry nitrogen and
monitored by thin layer chromatography (TLC) on Merck silica glass plates. Crude products
were chromatographed on a Teledyne Isco CombiFlash system (Lincoln, NE). 'H and '3C
nuclear magnetic resonance (NMR) spectra were recorded on an Inova 500 MHz nuclear
spectrometer in the Harvard Chemistry & Chemical Biology (CCB) facility. Mass spectra of
synthesized compounds were acquired on an Agilent 6220 LC-TOF (Santa Clara, CA) in the

Harvard Bauer Core.

XPRO absorbance spectrum

UV spectrum data were acquired at a 10-nm wavelength step on a FlexStation 3 Plate

Reader (Molecular Devices; Sunny Vale, CA).
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Exposure of XPRO in methanol to ultraviolet (UV) light

The photochemical properties of XPRO were examined over time using a FlexStation
plate reader. 1.7 uM XPRO was prepared in methanol and absorbance was measured with a
cuvette at 348 nm after exposure to 365 nm UV light with a I00W UVP Blak-Ray B100AP

(Upland, CA).

Click reaction with o-XPRO-Click and 3-Azido-7-hydroxycoumarin

0.5 mM o0-XPRO-Click was mixed with 1 mM 3-Azido-7-hydroxycoumarin in 100 mM
phosphate buffer, pH 7.5 and 150 mM NaCl. A premixed solution of 0.1 mM CuSOa4 and 0.5
TBTA was added, followed by addition of 5 mM sodium ascorbate. The reaction proceeded at
37°C for 1 hour and the sample was excited at 404 nm while emission was measured with the

SpectraMax i3 plate reader (Sunnyvale, CA).

Click reaction with p-XPRO-Click and 3-Azido-7-hydroxycoumarin

0.5 mM p-XPRO-Click was mixed with 0-3 mM 3-Azido-7-hydroxycoumarin in
phosphate-buffered saline. A premixed solution of 0.1 mM CuSO4 and 0.5 mM TBTA was
added, followed by addition of 5 mM sodium ascorbate. The reaction proceeded at 37°C for 1
hour and the sample was excited at 404 nm and emission at 480 nm was measured with

increasing concentration of 3-Azido-7-hydroxycoumarin using the SpectraMax 13 plate reader.

Preparation of XPRO

4-(4-hydroxy-3,5-diisopropylphenyl)butan-2-one (1)
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A similar procedure was adapted with minor modifications from Bunce et al. (10) to
synthesize 1. To a 5-mL toluene solution of 2,6-diisopropylphenol (2.83 mL, 15.3 mmol) was
added 326 mg of Amberlyst-15. The slurry was stirred at room temperature while a 1-mL toluene
solution of methyl vinyl ketone (0.415 mL, 5.1 mmol) was added dropwise. The vessel was
heated to 50°C and allowed to proceed for 6 hours, upon which the reaction was partitioned
between water and ether. The ether solution was washed with water, brine, and dried over
Na2S04 and concentrated in vacuo. The residue was purified by column chromatography with
increasing concentration of dichloromethane (DCM). The product eluted at 100% DCM/hexanes.

The appropriate fractions were combined and concentrated to yield 1 g (80%) of title compound.

'H NMR (500 MHz, CDCL):  6.88 (s, 2H, Harom), 4.69 (s, 1H, ArOH), 3.15 (sept, 2H, J=6.9
Hz, CH-i-Pr), 2.88-2.79 (m, 2H, CH2), 2.79-2.71 (m, 2H, CH>), 2.16 (s, 3H, H3C-C=0), 1.27 (d,
12H, J=6.9 Hz, HsC-i-Pr).

13C NMR (125 MHz, CDCL): & 208.7 (C=0), 1483, 133.8, 132.7, 123.2 (CHarom), 45.8, 30.1,
29.7,27.2,22.8.

HRMS cale’d for Ci6H2402: [M + H] 249.1855. Found: 249.1842.

4-(4-((tert-butyldimethylsilyl)oxy)-3,5-diisopropylphenyl)butan-2-one (2)

1.7 mL of dimethylformamide (DMF) was added to 1 (385 mg, 1.55 mmol) with stirring
at room temperature, followed by addition of imidazole (369 mg, 5.425 mmol). Once imidazole
was in solution, tert-butyldimethylsilyl chloride (TBSCI; 701 mg, 4.65 mmol) was added. After
proceeding overnight at room temperature, the reaction was partitioned between hexanes and

water. The organic layer was washed with water and saturated NaHCO3, dried over Na2SO4, and
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concentrated in vacuo. Following column chromatography on silica (15% ethyl acetate in
hexanes as eluent), the appropriate fractions were combined and concentrated to yield 446 mg

(79%) of 2 as an orange oil.

"H NMR (500 MHz, CDCls): & 6.85 (s, 2H, Harom), 3.28 (sept, 2H, J=6.8 Hz, CH-i-Pr), 2.87-2.79
(m, 2H, CH>), 2.79-2.71 (m, 2H, CH>»), 2.16 (s, 3H, H3C-C=0), 1.16 (d, 12H, J=6.8 Hz, H3C-i-
Pr), 1.03 (s, 9H, tert-butyl), 0.18 (s, 6H, Si-CH3).

3C NMR (125 MHz, CDCL): & 208.7 (C=0), 147.4, 139.0, 133.7, 123.1 (CHarom), 45.7, 30.1,
29.8, 26.5, 26.1, 23.4, 18.9, -3.3 (H3C-Si).

HRMS calc’d for C22H3802S1: [M + H] 363.2719. Found: 363.2719.

4-(4-((tert-butyldimethylsilyl)oxy)-3,5-diisopropylphenyl)-3-methyl-3 H-diazirine (3)
Under an atmosphere of N2, 2 (446 mg, 1.23 mmol) was dissolved in a mixture of
methanol (MeOH)-ether (1:1, 4.5 mL) and cooled to -40°C. A solution of 2.0 M NH3 in MeOH
(31 mL) was added dropwise with stirring. The reaction was allowed to proceed for 6 hours at -
40°C. A solution of hydroxylamine-O-sulfonic acid (NH20SOs3H,; 208 mg, 1.845 mmol) in 3.6
mL of methanol was added dropwise. After 1 hour, the flask was kept at -20°C for 3 days with
occasional stirring. After completion, the mixture was filtered, dried with Na>SO4, concentrated
in vacuo, dissolved in a mixture of methanol (18 mL) and triethylamine (TEA; 0.515 mL, 3.69
mmol), and cooled to -10°C. A solution of iodine (I2; 312 mg, 1.23 mmol) in DCM (9 mL) was
added dropwise while stirring. Once the solution remained persistently brown in color, the
excess iodine was quenched with a 5% solution of Na2S203 (4.5 mL), which turned the reaction

orange. The mixture was diluted with water and extracted with ether. The combined organic
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phases were washed with water and dried over Na2SO4. Concentration and column
chromatography on silica using 3% ethyl acetate in hexanes yielded 205 mg (45%) of diazirine 3

as an orange oil.

'H NMR (500 MHz, CDCL): & 6.83 (s, 2H, Harom), 3.27 (sept, 2H, J=6.9 Hz, HC-i-Pr), 2.43 (m,
2H, CH»), 1.65 (m, 2H, CH>), 1.16 (d, 12H, J=6.9 Hz, H3C-i-Pr), 1.03 (s, 9H, fert-butyl), 1.00 (s,
3H, a-azi-CH3) 0.18 (s, 6H, Si-CH3).

3C NMR (125 MHz, CDCl3): & 147.3, 139.0, 133.6, 123.1 (CHarom), 36.7, 29.8, 26.5, 26.1, 25.7,
23.4,19.9, 18.8, -3.3 (H3C-Si).

HRMS calc’d for C22H39N208Si1: [M + H] 375.2832. Found: 375.2841.

2,6-diisopropyl-4-(2-(3-methyl-3 H-diazirin-3-yl)ethyl)phenol (4)

Under an atmosphere of N2, 3 (32 mg, 0.0855 mmol) was deprotected with dropwise
addition of tetra-n-butylammonium fluoride (TBAF)-acetic acid (1:2 molar ratio, 1 M TBAF in
tetrahydrofuran + neat acetic acid, 0.43 mL) on ice and the reaction was allowed to warm to
room temperature overnight to obtain crude product. Column chromatography on silica (5%

ethyl acetate in hexanes) yielded 17 mg (76%) of pure 4 as an orange oil after concentration.

'"H NMR (500 MHz, CDCl): d 6.84 (s, 2H, Harom), 4.66 (s, 1H, ArOH), 3.14 (sept, 2H, J=6.9
Hz, HC-i-Pr), 2.43 (m, 2H, CH>), 1.65 (m, 2H, CH>2), 1.27 (d, 12H, J=6.9 Hz, H3C-i-Pr), 1.03 (s,
3H, a-azi-CH3).

13C NMR (125 MHz, CDCl): & 148.2, 133.7, 132.6, 123.2 (CHarom), 36.9, 29.9, 27.2, 25.9,

22.8,20.0.
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HRMS calc’d for Ci6H24N20: [M + H] 261.1967. Found: 261.1964.
Preparation of 0o-XPRO-Click
4-(4-hydroxy-3-isopropylphenyl)butan-2-one (5)

2-isopropylphenol (3 mL, 22.3 mmol, 3.0 eq) and 3 mL of toluene were stirred in an ice-
cold flask under an atmosphere of N2. Then, Amberlyst-15 (475 mg) was added. Methyl vinyl
ketone (0.45 mL, 7.43 mmol, 1.0 eq) in 2 mL of toluene was added dropwise. The reaction was
warmed to 40°C for 8 hours, then partitioned between ether and water. The ether solution as
washed with water, brine, dried over Na>2SO4 and concentrated under vacuum. Column
chromatography on silica (30% ethyl acetate in hexanes as eluent) yielded 2 g (44%) of S5 as a

pale-yellow oil.

'H NMR (500 MHz, CDCL3): & 7.01 (s, 1H), 6.88 (dd, J = 8.1, 2.3 Hz, 1H), 6.68 (d, J = 8.0 Hz,
1H), 4.77 (bs, 1H), 3.20 (sept, J = 7.0 Hz, 1H), 2.94- 2.80 (m, 2H), 2.80 — 2.68 (m, 2H), 2.16 (s,
3H), 1.26 (d, J = 6.9 Hz, 6H).

13C NMR: (125 MHz, CDCL): § 208.8, 151.2, 134.5, 133.1, 126.3, 126.2, 115.3, 110, 45.7, 30.1,
293,27, 22.6.

HRMS calc’d for Ci3H18O2: [M + Na] 229.1204. Found: 229.1222.

4-(3-bromo-4-hydroxy-5-isopropylphenyl)butan-2-one (6)

Under an atmosphere of N2, 5 (393 mg, 1.905 mmol, 1.0 eq) was stirred in DCM (12
mL). N-bromosuccinimide (NBS; 373 mg, 2.1 mmol, 1.1 eq) was dissolved in 1.4 mL of DMF
and added dropwise to the mixture. The reaction proceeded overnight at room temperature. The

mixture was then diluted with DCM, washed with water, dried over Na>SOs4, and concentrated in
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vacuo. Column chromatography on silica (15% ethyl acetate in hexanes as eluent) yielded 300

mg (54%) of a pale-yellow oil.

'H NMR (500 MHz, CDCL3): & 7.14 (s, 1H), 6.96 (dd, J = 8.1, 2.3 Hz, 1H), 6.68 (d, J = 8.0 Hz,
1H), 4.77 (bs, 1H), 3.20 (sept, J = 7.0 Hz, 1H), 2.94- 2.80 (m, 2H), 2.80 — 2.68 (m, 2H), 2.16 (s,
3H), 1.26 (d, J = 6.9 Hz, 6H).

13C NMR: (125 MHz, CDCl): § 208.8, 151.2, 134.5, 133.1, 126.3, 126.2, 115.3, 110, 45.7, 30.1,
293,27, 22.6.

HRMS calc’d for Ci3H17BrO2: [M + H] 285.0485. Found: 285.0471.

4-(4-hydroxy-3-isopropyl-5-((trimethylsilyl)ethynyl)phenyl)butan-2-one (7)

A dry flask containing 6 (1g, 3.5 mmol, 1.0 eq), triphenylphosphine (PPhs; 92 mg, 0.35
mmol, 0.1 eq), bis(triphenylphosphine)palladium(Il)dichloride (PdCI2(PPhs)2; 153 mg, 0.22
mmol, 0.06 eq), copper (I) iodide (Cul; 239 mg, 1.26 mmol, 0.36 eq) and ethynyltrimethylsilane
(1 mL, 10.5 mmol, 3.0 eq), and triethylamine (23 mL) was charged with argon. A flow of argon
was bubbled through the reaction mixture for 15 minutes. The reaction proceeded overnight at
room temperature. The mixture was then diluted with water and DCM. The layers were separated
and the aqueous phase was extracted with DCM. The combined organic phases were dried over
Na2S0s4, and concentrated in vacuo. Column chromatography on silica (15% ethyl acetate in

hexanes as eluent) yielded 630 mg (59%) of a light brown oil.
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'H NMR (500 MHz, CDCL): § 7.02 (s, 1H), 6.99 (s, 1H), 5.87 (s, 1H), 3.25 (sept, J = 6.9 Hz,
1H), 2.79 (ddd J = 8.5, 6.8, 1.7 Hz, 2H), 2.72 (ddd, J = 8.5, 7.0, 1.7 Hz, 2H), 2.15 (s, 3H), 1.23
(d, J= 6.8 Hz, 6H).
13C NMR: (125 MHz, CDCL): & 208, 152.8, 134.2, 132.4, 127.8, 109, 101.9, 99.6, 45.4, 30.1,
29,27.5,22.4,22.3.

HRMS calc’d for C1sH2602Si: [M + H] 303.1775. Found: 303.1656.

4-(4-((tert-butyldimethylsilyl)oxy)-3-isopropyl-5-((trimethylsilyl)ethynyl)butan-2-one (8)
Under an atmosphere of N2, 0.75 mL of DMF was added to 7 (100 mg, 0.331 mmol, 1.0
eq) with stirring. Then imidazole (85 mg, 1.34 mmol, 3.75 eq) and fert-butyldimethylsilyl
chloride (137 mg, 0.91 mmol, 2.75 eq) were added. After proceeding overnight at room
temperature, the reaction was partitioned between hexanes and water. The aqueous layer was
extracted with hexanes. The combined organic layers were washed with water and saturated
NaHCO3, dried over Na2SOa, and concentrated in vacuo. Following column chromatography on
silica (20% ethyl acetate in hexanes as eluent), the appropriate fractions were combined and

concentrated to yield 113 mg (82%) of 4 as a light brown oil.

'H NMR (500 MHz, CDCls): § 7.08 (s, 1H), 6.98 (s, 1H), 3.28 (sept, ] = 11.4, 8.2, 5.4 Hz, 1H),
2.88 —2.76 (m, 2H), 2.73 (ddd, J = 9.0, 5.1, 1.9 Hz, 2H), 2.15 (s, 1H), 1.14 (dd, J = 7.1, 2.6 Hz,
6H), 1.05 (s, 9H), 0.24 (d, J = 3.6 Hz, 6H).

13C NMR (125 MHz, CDCL): § 208, 151.5, 140, 133.7, 131.5, 127.1, 115.1, 101.1, 97.4, 45.3,

30.1, 29, 26.3, 26.1, 23.1, 18.7, 0, -3.

HRMS calc’d for C24H4002S12: [M + H] 417.2640. Found: 417.2529.
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4-(4-((tert-butyldimethylsilyl)oxy)-3-isopropyl-5-((trimethylsilyl)ethynyl)phenethyl)-3-
methyl-3H-diazirine (9)

Under an atmosphere of N2, 8 (61 mg, 0.146 mmol, 1.0 eq) was dissolved in a mixture of
methanol-ether (1:1, 0.6 mL) and cooled to -40°C. A solution of 2.0 M NH3 in MeOH (8 mL)
was added dropwise with stirring over 6 hours. A solution of hydroxylamine-O-sulfonic acid (25
mg, 0.220 mmol, 1.5 eq) in 0.5 mL of methanol was added dropwise with stirring. After 1 hour,
the flask was kept at -20°C for 2 days with occasional stirring. The mixture was filtered, dried
with Na2SOus, concentrated in vacuo, dissolved in a mixture of methanol (2.4 mL) and
triethylamine (0.062 mL, 0.442 mmol, 3.01 eq.), and cooled to -10°C. The reaction with
trimethylamine stirred for 15 minutes at room temperature. A solution of iodine (37 mg, 0.146
mmol, 1.0 eq) in DCM (1.2 mL) was added dropwise while stirring. Once the solution remained
persistently brown in color, the excess iodine was quenched with a 5% solution of Na2S203 (0.7
mL), which turned the reaction yellow. The mixture was diluted with water and the aqueous
layer was extracted with ether. The combined organic phases were washed with water and dried
over Na2SOa4. Concentration and column chromatography on silica (20% ethyl acetate in hexanes

as eluent) yielded 20 mg (32%) of diazirine 9 as a yellow oil.

'H NMR (500 MHz, CDCL): 8 7.06 (s, 1H), 6.97 (s, 1H), 3.29 (sept, J = 6.9 Hz, 1H), 2.53 —2.26
(m, 2H), 1.80 — 1.59 (m, 2H), 1.15 (d, J = 6.9 Hz, 6H), 1.05 (s, 9H), 1.01 (s, 3H), 0.41-0.20 (m,
6H), 0.10 (s, 9H).

13C NMR (125 MHz, CDCl): § 151.5, 139.9, 133.5, 131.5, 127.1, 127, 115.1, 104.1, 97.4, 36.5,
29.3,26.3,26.1,25.7,23.1, 20, 18.7, 0.01, -2.9.

HRMS calc’d for C24H40N20S12: [M + H] 429.2752. Found: 429.2750.
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2-ethynyl-6-isopropyl-4-(2-(3-methyl-3H-diazirin-3-yl)ethyl)phenol (10)

Under an atmosphere of N2, 9 (20 mg, 0.046 mmol, 1.0 eq) from the previous step was
deprotected with dropwise addition of TBAF-acetic acid (0.014 mL of 1.0 M in THF + 0.040 mL
THF) on ice and the reaction was allowed to warm to room temperature overnight to obtain
crude 10. Column chromatography on silica (10% ethyl acetate in hexanes) yielded 12 mg (53%)

of pure 10 as a yellow oil after concentration.

'H NMR (500 MHz, CDCls): 7.03 (s, 1H), 7.00 (s, 1H), 5.79 (s, 1H), 3.46 (s, 1H), 3.28 (sept, J
= 6.9 Hz, 1H), 2.39 (m, 2H), 1.63 (m, 2H), 1.24 (d, J = 6.9 Hz, 6H), 1.02 (s, 3H).
13C NMR: (125 MHz, CDCL): § 153, 135, 132, 129, 128, 108, 84, 79, 37, 29, 27, 26, 22, 20.

HRMS calc’d for C1sH1sN20: [M + H] 243.1497. Found: 243.1502.

Preparation of p-XPRO-Click
4-hydroxy-3,5-diisopropylbenzaldehyde (11)

11 was synthesized as described in Lopez ef al. (11). A solution of 2,6-diisopropylphenol
(2.0 g, 11.2 mmol, 1.0 eq), hexamethylenetetramine (3.15 g, 22.4 mmol, 2.0 eq) and 11 mL of
trifluoroacetic acid (F3CCO2H) were mixed in a round bottom flask and heated under reflux
(90°C) overnight. The reaction mixture was cooled to room temperature and neutralized with
NaHCOs. The aqueous layer was extracted with ethyl acetate (EtOAc) and the combined organic
layers were concentrated. 3.0 M hydrochloric acid (HCI) was added to the crude product and the
mixture was stirred under reflux (80°C) for 3 hours. The precipitate was filtered, washed with

water and purified by elution with hexanes/EtOAc (4:1) to yield 2 g of a white solid (90%).
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'H NMR (500 MHz, CDCl): & 9.88 (s, 1H), 7.64 (s, 2H), 5.41 (s, 1H), 3.19 (sept, J = 6.9 Hz,
2H), 1.33 (d, 12H).
13C NMR: (125 MHz, CDCl3): § 192.9, 156.9, 134.8, 129.1, 126.7, 27, 22.5.

HRMS calc’d for Ci3H1sO2: [M + Na] 229.1204. Found: 229.1222.

4-(tert-butyldimethylsilyl)oxy)-3,5-diisopropylbenzaldehyde (12)

Under an atmosphere of nitrogen, 11 (204 mg, 0.989 mmol, 1.0 eq) was dissolved in
DCM (10 mL) and then triethylamine (0.69 mL, 4.944 mmol, 5.0 eq) and fert-butyldimethylsilyl
chloride (179 mg, 1.1867 mmol, 1.2 eq) were added. The mixture stirred at room temperature
overnight. The mixture was partitioned between hexanes and EtOAc, dried over Na2SO4, and

chromatographed on silica (eluted in hexanes) to yield 200 mg of a yellow oil (63%).

'H NMR (500 MHz, CDCL): § 9.95 (s, 1H), 7.63 (s, 2H), 3.33 (sept, J = 6.9 Hz, 2H), 1.22 (d,
12H), 1.04 (d, J = 2.4 Hz, 9H), 0.25 (s, 6H).
13C NMR: (125 MHz, CDCL): & 191.8, 155.4, 140.2, 130.8, 125.9, 26.8, 26, 23.1, 19, -3.2.

HRMS calc’d for C19H3202S1[M + H]: 321.2250. Found: 321.2280.

1-4-((tert-butyldimethylsilyl)oxy)-3,5-diisopropylphenyl)prop-2-yn-1-ol (13)

Under an atmosphere of nitrogen, 12 (680 mg, 2.12 mmol, 1.0 eq) was cooled via a dry
ice-acetone bath (78°C). To a solution of 12 in 2 mL of anhydrous THF was added dropwise 7
mL of 0.5 M ethynylmagnesium bromide (HCCMgBr) solution in THF. The reaction mixture
was allowed to slowly warm to room temperature. After stirring for 3 hours at room temperature,
the reaction was quenched with saturated ammonium chloride (NH4Cl), and the mixture was

partitioned between DCM and water, and the two layers were separated. The organic layer was
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washed with water and dried over Na2SOa. Solvent was evaporated off and material was purified

with 15% EtOAc/hexanes to give 0.570 g (83 %) as a brownish oil.

'H NMR (500 MHz, CDCL): § 7.28 (s, 2H), §5.58 — 5.33 (m, 1H), 3.32 (sept, J = 6.9 Hz, 2H),
2.76-2.63 (m, 2H), 1.19 (d, 12H), 1.05 (s, 9H), 0.21 (s, 6H).

13C NMR: (125 MHz, CDCLy): & 149.6, 139.4, 133, 122.1, 83.9, 74.5, 64.8, 26.8, 26.1, 23.3,
18.9, -3.29.

HRMS calc’d for C21H3402S1 [M + Na]: 369.2226. Found: 369.2229.

4-(4-((tert-butyldimethylsilyl)oxy)-3,5-diisopropylphenyl)hex-5-yn-2-one (14)

14 was synthesized according to Nishibayashi et al. (12). Under an atmosphere of N2,
ammonium tetrafluoroborate (NH4BF4; 7 mg, 0.066 mmol, 0.1 eq) and [Cp*RuCl(p2-
SMe)2RuCp*Cl] (21 mg, 0.033 mmol, 0.05 eq) were placed in a round-bottomed flask.
Anhydrous acetone (40 mL) was added, and then the mixture was stirred at room temperature.
After addition of 13 (230 mg, 0.66 mmol, 1.0 eq), the reaction flask was kept at reflux
temperature for 5 hours. The reaction mixture was treated with brine (20 mL) and extracted with
diethyl ether (20 ml x 3). The ether layer was dried over anhydrous Na>SOs4. The extract was
concentrated under reduced pressure and purified over SiO2 with EtOAc-n-hexane (1/9) to give

14 as a light brown oil (83% yield).

'H NMR (500 MHz, CDCls): § 7.04 (s, 2H), § 4.13 (ddd, J=9.2, 5.5, 2.4 Hz, 1H), 3.29 (hept, J =

6.9 Hz, 2H), 2.98 (dd, J = 16.1, 9.1 Hz, 1H) 2.78 (dd, J = 16.2, 5.5 Hz, 1H), 2.28 (s, 1H), 2.16 (s,

3H), 1.17 (d, 12H), 1.03 (s, 9H), 0.19 (s, 6H).
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BC NMR: (125 MHz, CDCl3): § 206.2 148.2, 139.3, 132.9, 130.9, 128.8, 122.2, 85.5, 70.9, 52.1,
38.7,32.7,30.7, 29, 26.7, 26.1, 23.4, 23, 18.9, -3.3.

HRMS calc’d for C24H3802S1 [M + H]: 387.2719. Found: 387.2787.

3-(2-(4-((tert-butyldimethylsilyl)oxy)-3,5-diisopropylphenyl)but-3-yn-1-yl)-3-methyl-3 H-
diazirine (15)

The ketone 14 (160 mg, 0.425 mmol) was dissolved in methanol (1.5 mL) and cooled to -
40°C with dry ice/acetonitrile bath. A solution of 2.0 M ammonia in methanol (11 mL) was
added dropwise with stirring. The reaction mixture was warmed up to -30°C and stirred at this
temperature for 6 hours. A solution of hydroxylamine-O-sulfonic acid (74 mg, 0.64 mmol) in 1.2
mL of methanol was added dropwise and the solution was stirred at -20°C for 2 days. After
completion, the reaction mixture was evaporated under reduced pressure and dissolved in a
mixture of methanol (6.4 mL) and trimethylamine (0.192 mL, 1.28 mmol) and cooled to -10°C.
A saturated solution of iodine (109 mg, 0.425 mmol) in dichloromethane (3.2 mL) was added
dropwise until the mixture remained light-brown in color. The excess iodine was quenched with
5% solution of Na2S203 (1.5 mL). The mixture was partitioned between water and ether. The
organic phase was collected and washed with water and brine (20 mL each) and dried over
Na2S0s. Rotary evaporation and chromatography using 1% ethyl acetate afforded 15 as a light

brown oil (80 mg, 52 %).

'H NMR (500 MHz, CDCL): § 7.05 (s, 2H), & 3.50 (ddd, J=8.9, 6.5, 2.5 Hz, 1H), 3.29 (hept, J =
13.8, 6.9 Hz, 2H), 1.17 (d, 12H), 1.04 (s, 9H), 0.97 (s, 3H), 0.19 (s, 6H).
13C NMR: (125 MHz, CDCl): § 148.2, 139.3, 132.9, 130.9, 122.3, 71.3.5, 44.3, 32.5, 26.7, 26.1,

23.4,20.3,18.9, -3.3.
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HRMS calc’d for C24H3sN20Si [M + H]: 399.2832. Found: 399.2830.

2,6-diisopropyl-4-(1-(3-methyl-3H-diazirin-3-yl)but-3-yn-2-yl)phenol (16)

Under an atmosphere of N2, 15 (30 mg, 0.075 mmol, 1.0 eq) was placed in a flask and
then 0.113 mL of TBAF (1.0 M in THF) and 0.013 mL of acetic acid were added while stirring.
The reaction proceeded overnight and was purified via SiO2 with EtOAc/hexanes) to yield 16 in

55% yield.

'H NMR (500 MHz, CDCL3): 8 7.04 (s, 2H), 8 4.73 (s, 1H), 3.50 (ddd, J = 9.0, 6.5, 2.5 Hz, 1H),
3.15 (hept, J = 6.9 Hz, 2H), 1.89-1.68 (m, 2H), 1.28 (d, J = 6.8 Hz, 12H), 1.03 (s, 3H).
13C NMR: (125 MHz, CDCL): § 149.0, 133.9, 132.0, 122.4, 85.5, 71.4, 44.2, 32.5, 27.3, 24.8,

22.7,20.4.

HRMS calc’d for Ci1sH24N20 [M + H]: 285.1967. Found: 285.1981.

Results
Below, I describe the synthetic schemes for XPRO, o-XPRO-Click, and p-XPRO-Click
with corresponding 'H spectra. 'H and '*C NMR spectra for XPRO, 0-XPRO-Click, and p-

XPRO-Click intermediates are listed in the appendix.

Propofol is a synthetic precursor to XPRO
One of the ideal traits of a photoaffinity label is chemical similarity to the parent probe.
Studies have shown that Amberlyst-15, a heterogeneous acid catalyst, promotes reactions

between alkyl phenols and o-f-unsaturated ketones (10). Since alkyl ketones serve as
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synthetically expedient precursors to alkyl diazirines, I chose to incorporate them into the parent
propofol molecule using this mild method. Thus, I adapted this strategy to generate a
photoreactive derivative of propofol (XPRO) that retains the propofol core structure.
Heterogeneous acid catalysis is very important in many areas of chemical and energy
industries. Amberlyst-15 ion exchange resin, a source of sulfonic acid, catalyzes the addition of
phenols to a,B-unsaturated ketones under mild conditions (i, Figure 2.1A). I initially used
concentrated sulfuric acid as a reagent for the addition, but Amberlyst-15 is easy to measure, safe
to use, and easily removed after reaction completion, upon which it can be regenerated. The
remaining steps for the synthesis of XPRO include standard protection of the phenolic hydroxyl
group (ii, Figure 2.1A), diazirination (iii, Figure 2.1A), and deprotection of the silyl ether (iv,
Figure 2.1A), yielding XPRO, a photoreactive derivative that retains the propofol core (Figure
2.1). 'H NMR corresponds to the chemical structure of XPRO (Figure 2.2). Taken together, the
results demonstrate that Amberlyst-15 is an effective catalyst for promoting the addition of
propofol to a,B-unsaturated ketones under mild conditions, with high yield and minimal
laboratory operations. Armed with this useful reagent, I applied Amberlyst-15 to the synthesis of

another propofol photolabel with added functionality.

0-XPRO-Click is functionalized with a diazirine moiety and an ortho-alkyne group in 6 steps
Alkynes are useful affinity handles for biorthogonal chemistry, thus I designed synthetic

schemes to further functionalize diazirine-bearing probes of propofol (Figures 2.1 B and C). I

exploited a useful property of Amberlyst-15: it catalyzes the regioselective addition of alkyl

phenols, with addition occurring preferentially at the para position (10). Starting from 2-
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Figure 2.1 Synthetic scheme of XPRO, 0 and p-XPRO-Click (A) XPRO synthetic scheme. i:

oy

Methyl vinyl ketone, Amberlyst-15, ii: TBSCI, imidazole iii: (a) NH3, MeOH, NH20SO3H, (b)
I, TEA iv: TBAF-acetic acid. (B) 0o-XPRO-Click synthetic scheme. i: Methyl vinyl ketone,
Amberlyst-15 ii: NBS, iii: TBSCI, imidazole iv: PdCl2(PPhs)2, PPhs, TEA, Cul,
Trimethylsilylacetylene v: (a) NH3, MeOH, NH20SO:H (b) Iz, TEA vi: TBAF-acetic acid. (C)
p-XPRO-Click synthetic scheme. i: F3CCO:2H, hexamethylenetetramine, HCl ii: TEA, TBSCI,
imidazole iii: HCCMgBr, THF, NH4Cl iv: cat. Cp*RuCl(p2-SMe)2RuCp*Cl, NH4BF4, acetone

v: (a) NH3, MeOH, NH20SO0:H, (b) I, TEA vi: TBAF-acetic acid.
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as 2-isopropylphenol, the reagent in isopropylphenol, I employed Amberlyst-15 to facilitate
addition of the phenol to methyl vinyl ketone, generating the alkyl ketone (i, Figure 2.1B), the
synthetically expedient precursor to the alkyl diazirine group. Amberlyst-15 was particularly
useful in the synthesis of 0-XPRO-Click, as 2-isopropylphenol is amenable to undesirable
polysubstitution reactions, due to the absence of an alkyl group in the ortho position.

After installation of the alkyl ketone, I incorporated a bromine at the ortho position (i,
Figure 2.1B), relative to the phenolic hydroxyl group; aryl halides are widely used as substrates
in coupling with terminal alkynes to form aryl alkynes (13,14). I employed Sonogashira coupling
to provide the alkyne moiety using a palladium catalyst, a copper catalyst, and a base (iii, Figure
2.1B). Standard diazirine synthesis conditions consisting of phenol protection (iv, Figure 2.1B),
diazirination (v, Figure 2.1B) and deprotection (vi, Figure 2.1B) result in o-XPRO-Click; 'H

NMR conforms to the structure of 0-XPRO-Click (Figure 2.3).

p-XPRO-Click is functionalized with a diazirine moiety and a para-alkyne group in six steps

I reasoned that the propofol core may be important for propofol activation of TRPA1.
Thus, to retain the propofol core in a clickable photoreactive analogue, I also synthesized p-
XPRO-Click as an alternative to o-XPRO-Click. However, they were synthesized by different
means. In the case of p-XPRO-Click, Duff formylation generated the aldehyde (i, Figure 2.1C),
which, after phenol protection (ii, Figure 2.1C), engaged in a Grignard reaction with ethynyl
magnesium bromide (iii, Figure 2.1C), producing a secondary alcohol bearing an alkyne group.
Propargylic alkylation proceeded under very mild and neutral reaction conditions (iv, Figure
2.1C). Diazirination (v, Figure 2.1C) and deprotection (vi, Figure 2.1C) resulted in p-XPRO-

Click. "H NMR conforms to the structure of p-XPRO-Click (Figure 2.4).
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Characterization of functional properties of XPRO, o-XPRO-Click, and p-XPRO-Click

I first tested the ability of the diazirine moiety to undergo crosslinking in solution. XPRO
contains a diazirine moiety that absorbs UV light at ~ 350 nm (Figure 2.5A), consistent with
prior studies of diazirine-containing compounds (15). Upon UV exposure, the absorbance of the
solution containing XPRO decreases approximately exponentially. I interpret this result as the
diazirine moiety reacting with neighboring molecules of methanol. Mass spectrometry of the
solution at the final time point corresponds to the molecular weight of XPRO-methanol adduct,
which is consistent with my proposed mechanism (Figure 2.5B).

I then tested whether o-and p-XPRO-Click conjugate with azide-bearing moieties such as
3-azido-7-hydroxycoumarin (coumarin azide), whose fluorescence increases upon a successful
click reaction with an alkyne partner (16). In this way, coumarin azide is used as a model to
assay click chemistry conditions with alkyne-containing chemicals and biomolecules. Thus, I
used coumarin azide as a model for the “clickability” of o-and p-XPRO-Click. Although some
background fluorescence is observed for coumarin azide (dotted line), little background
fluorescence at the excitation wavelength of coumarin azide is observed for o-XPRO-Click
(dashed line). The click-reaction with 0-XPRO-Click and coumarin azide results in the highest
increase in fluorescence after 1 hour of copper-catalyzed click chemistry (Figure 2.6A).
Similarly, p-XPRO-Click reacts with coumarin azide over a range of concentrations, resulting in
an increase in fluorescence due to formation of azide-alkyne product (Figure 2.6B). The ratio of
the concentration of p-XPRO-Click: coumarin azide to elicit a successful click reaction, 1:2, is

consistent with previous studies (16).

48



A B
2 DOH Y oH oM
_ e St 1201 L LT 1
- oy B T E &
5 L § [ |
S - - L L
b=t N o L] re ] ' oo
§ {fﬂ G? . . ‘f%‘ql' S
© A
_E -
g L ]
0 L .
=T * %S s a®sanaeoe
0 r r 0.2 . v .
250 300 350 400 450 0 200 400 600
Wavelength (nm) Time (s)

Figure 2.5 Characterization of XPRO crosslinking (A) XPRO UV spectrum plotting

absorbance as a function of wavelength. The absorption in the 300-350 nm region is due to the

diazirine moiety. (B) Proposed XPRO crosslinking reaction in a methanolic solution. Upon UV

exposure, the absorbance of the diazirine moiety at 348 nm (Az4s) decreases in a methanolic

solution of XPRO. Mass spectrometry identified a peak that corresponds to a XPRO-methanol

adduct, suggesting diazirine insertion into methanol solvent.
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Figure 2.6 Characterization of 0 and p-XPRO-Click clickability (A) o-XPRO-Click
conjugates with coumarin azide, a chromophore whose fluorescence increases upon successful
click reaction. Upon excitation at 404 nm, clicked coumarin azide exhibits a fluorescence
increase. Dashed lines: 0-XPRO-Click; dotted line: coumarin azide; solid line: p-XPRO-Click
incubated with coumarin azide under copper-catalyzed conditions. (B) p-XPRO-Click (0.5 mM)

reacts with coumarin azide, resulting in an increase in fluorescence upon click reaction.
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Discussion

Designing direct and practical chemical syntheses that are cost-effective and is a major
challenge in research and development (17). In the synthetic strategies I developed for XPRO, o-
XPRO-Click, and p-XPRO-Click, I strived to adhere to these principles.

One of the principles of green chemistry is the use of selective catalytic reagents (18-20).
In the synthesis of XPRO, I adapted a procedure that uses Amberlyst-15 to promote addition at
the para position of alkyl phenols to a-B-unsaturated ketones as precursors to chemicals used in
the flavoring and fragrance industry (10). Amberlyst-15 is a useful heterogeneous acid catalyst
because it is safe to use and easy to handle, facilitating recovery and separation after reaction
completion. The ability to catalyze regioselective additions to phenols will also be useful in
synthesizing crosslinkable analogues of propofol and other alkyl phenols that do not have both
ortho positions blocked off. This is the case for several nonelectrophilic TRPA1 agonists, such as
thymol, menthol, and other terpenes (Table 1.1).

In addition to functionalizing the molecules with diazirines, I installed alkyne groups in
two of the three compounds, for click chemistry reactions with azide-containing partners.
Analogues containing an alkyne group can be used to identify new biological targets or in
detection/isolation of photolabeled protein of interest, using azide-containing reporters. In step iv
of p-XPRO-Click synthesis (Figure 2.1C), I used a regioselective, ruthenium-catalyzed C-C bond
formation that occurs under very mild conditions to provide the p-XPRO-Click precursor.
Although diazirines and alkynes present diverse applications with the propofol core, it is
imperative to test activation of TRPA1 by these photoreactive derivatives. For example, the

switching an isopropyl group for an alkyne in the ortho position may result in reduced activation
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of TRPAI. Thus, in the next chapter I present my work to test this hypothesis and whether the
molecules I synthesized retain TRPA1 activation. In addition, I conducted a structure-activity
analysis with propofol analogues that have modified chemical groups substituted for the propofol
head group and the ortho and para positions. These results provide insight into the structural
determinant for activation of TRPA1 by propofol and its analogues, and into the advantages and
disadvantages, in terms of TRPAI structure-function studies, of the three photoreactive propofol

compounds I described in the chapter 2.
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Chapter 3

Biological evaluation of propofol analogues as TRPA1 modulators



Abstract

It is difficult to predict a priori whether photo-affinity probes retain biological activity
that is similar to that of the parent compound. Thus, it is important to validate the biological
activity of the photo-affinity compounds synthesized in this study. [ used a calcium flux assay,
which is widely applied in functional assays of ion channels. I conducted small molecule
structure-function studies by varying the propofol head group and the ortho and para positions on
the ring. I demonstrate that polar substituents in the position ortho to the phenolic hydroxyl
group and halogenated propofol analogues can affect TRPA1 activation. I also demonstrate that
AziPm, a published crosslinkable analogue, activates TRPA1 in a bimodal fashion, inhibiting the
channel at higher concentrations. These data identify structural and chemical features important
for propofol activation of TRPA1, and provide the first evidence of TRPA1 activation by

crosslinkable propofol analogues.

Introduction

Photoaffinity analogues of propofol have been used to probe its protein targets (1-4).
However, no crosslinking studies have been applied to TRPA1. Thus, it remains unclear whether
these molecules activate TRPA1. In the best-case scenario, the analogue contains the parent
molecule core backbone to mimic physiological interactions and retains a potency similar to that
of the parent molecule at the target receptor. These considerations are rarely achieved in practice
as synthetic drugs, generally, can tolerate few structural modifications without affecting channel
activity (4,5). Thus, it is advantageous to expand the limited library of crosslinkable analogues of
propofol and test multiple molecules in functional assays to determine the most promising

candidates for crosslinking to TRPAL.
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TRPAI activation is measured in several ways. TRPA1, which is part of the same
channel superfamily as the voltage and ligand-gated potassium channels, exhibits voltage-
dependent properties (6-8). Thus, voltage clamp electrophysiological methods, in which the
voltage across the membrane is maintained at a desired value to permit the measurement of ionic
current across the cell membrane at a given voltage, are ways to measure TRPA1 activation
(9,10). Although patch-clamp electrophysiology is considered the gold standard to directly
record ion channel activity at the single cell or single channel level, it is usually a low-
throughput, labor-intensive technique (11). Although fluorescence-based assays do not directly
measure ionic current, they can be used to measure intracellular ionic concentrations. Since
TRPAL is a calcium-permeable channel, calcium-binding dyes are widely used to measure the
increase in intracellular calcium resulting from TRPAT activation (12-14). In addition, these dyes
are often used with fluorescence plate readers, facilitating high-throughput screening.

TRPALI is activated by a diverse range of noncovalent agonists that are structurally
similar such as propofol, menthol, thymol and other alkyl phenols (15-17). A bimodal sensitivity
of mouse and rat TRPA1, with activation at lower concentrations (low micromolar range) and
channel block at higher concentrations, has been reported for menthol, propofol, and thymol (15-
18). It has been suggested that menthol-induced block of TRPAL is related to menthol’s
analgesic property (19,20). Species-specific differences exist for menthol and propofol-induced
activation of TRPA1. Studies show that menthol activates, but does not inhibit, human TRPA1
(15,16). In addition, resurging currents were observed for rat TRPAT1 after termination of
propofol in concentrations above 10 uM but not for human TRPA1, even with 300 pM propofol
(17). Mouse-human chimeras and chimeras between menthol/propofol-insensitive species and

mammalian TRPA1 point to residues in the fifth transmembrane segment that are important for
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TRPAL activation (16,21). Structure-activity relationship studies of alkyl phenols have also
revealed the effect of bulkiness and hydrophobicity in the ortho position, adjacent to the phenolic
hydroxyl group of propofol and thymol, on TRPA1 activation (22). Using commercially
available alkyl phenols, researchers found a positive correlation between calculated LogP
(cLogP) value and TRPAT activation (22). However, few studies have demonstrated the effect of
substituting the propofol head group and the adjacent ortho position with polar chemical groups.
I performed functional assays, using calcium influx and binding to a fluorescent indicator
as a measure of TRPA1 activation, with XPRO, 0-XPRO-Click, and p-XPRO-Click to determine
their promise in future crosslinking experiments. The results, described below, enable me to
prioritize probes that mimic the potency of TRPA1 activation by propofol. In addition, I
conducted small molecule structure-function studies to provide insights into the structural
determinants for propofol activation. I modified the propofol head group or the ortho and para
positions to assay their effect on TRPAT1 activation. These results provide the first evidence of
TRPA1 activation by crosslinkable propofol analogues, reveal that the polar head group is
critical for propofol activation of TRPA1, that substitution of an isopropyl group for an alkyne
reduces TRPAI activation, and that derivatization of propofol with bromine in the para position

reduces its activation of TRPA1.

Materials and Methods

Cloning and Expression
Silent mutations a660c and t2163¢ were introduced into the mouse TRPMS8 cDNA
(provided by Ardem Patapoutian) to remove two Ndel sites. Full-length TRPA1 was amplified

by PCR and ligated between the Ndel and Notl sites of a modified pFastBacl vector encoding a
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C-terminal FLAG-tag, pFastBac-CFlag. Rat TRPV1 baculovirus (23) stock was obtained from
Sze-Yi Lau. Cloning and generation of the Bacmid DNA were performed by David Sola Del
Valle and Christopher Phelps. Mutants were generated by Quikchange mutagenesis protocol
(Stratagene) and all clones were verified by DNA sequencing.

Human TRPAT (hTRPAT) in pcDNA3-cFLAG (provided by Monique Brewster) was
cloned into pFastBacl-CFLAG vector. The vector was digested with Ndel and Notl and treated
with calf intestinal alkaline phosphatase. PCR of hTRPA1-FLAG consisted of the annealing
region of the forward primer binding to the Ndel restriction site flanking hTRPA1-cFLAG open
reading frame (ORF) as well as the 21 base pairs 3 of this site. The overhang includes 24 base
pairs that are homologous to the sequence 5’ of the Ndel site in pFB-CFLAG. The reverse
primer binds to the last 29 base pairs of the hTRPA1-cFLAG ORF. This includes all of the
FLAG tag and 4 base pairs of the Notl restriction site found immediately 5° of the FLAG tag.
This sequence is homologous to pFB-CFLAG immediately 3’ of the NotlI site.

Forward primer (sequence format is overhang in bold and annealing in unbolded text):
CGTCCCACCATCGGGCGCGGATCTCATATGAAGCGCAGCCTGAGGAAGATG
(annealing temperature: 74°C). Reverse primer: CTTATCGTCGTCATCCTTGTAATCAGCGG
(annealing temperature: 73°C). Agarose gel electrophoresis of restriction digests and PCR
reactions were then followed by gel extraction of bands of the expected sizes. Gibson assembly
(24) was used to ligate DNA fragments. Plasmid was transformed into E. coli DH5a and correct
clones were identified by sequencing of isolated plasmid.

Bacmid DNA was produced by transformation of the resulting vector into DH10Bac cells

and then transfected into Sf21 cells using standard protocols to produce baculovirus. Sf21 cells
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were grown and maintained at 27°C in Hink’s TNM-FH medium (Mediatech, Manassas, VA)

supplemented with 10% fetal bovine serum and 10 pg/mL gentamicin.

HEK?293 cell culture

HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, 100 units/mL penicillin, 100 pg/mL streptomycin
and 10 pg/mL gentamicin. Cells were grown in an incubator at 37°C with humidified 5% CO2

and 95% air.

HEK?293 cell transfection

4.5 pg of hTRPA1-cFLAG pcDNA was added to a 1.5 mL Eppendorf tube and 0.67 mL
of 250 mM calcium chloride (CaClz) was added dropwise. The media was aspirated and cells
were washed with 2 mL of phosphate-buffered saline. I mL of trypsin was added and cells were
resuspended in 9 mL of DMEM. Cells were spun down for 2 minutes at 700 RPM. Media was
aspirated and cells were resuspended in 10 mL of fresh DMEM media. CaClo/DNA was added
dropwise to HEPES-buffered sodium phosphate and this mixture was added to cells (1.1 x 10°
cells/mL). Cells were seeded in poly-lysine coated plates and placed in a 37°C incubator. The
media was gently aspirated and replaced with 0.2 mL/well on the following day. Cells were then

moved to a 30°C incubator prior to calcium influx assays.

Sf21 cell calcium-influx assay

Sf21 cells (0.4 x 10° cells in 100 pL) were seeded into each well of a 96-well plate,

infected with baculovirus and incubated 44-48 h at 27°C. I replaced the medium with 50 uL bath
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solution containing (in mM): 150 sodium gluconate, 10 HEPES, 2 CaClz, 10 NaCl, and 10 D-
glucose, 0.02% Pluronic F-127, pH 7.2) containing 5 pM Fura-2-AM. After 45 min, unabsorbed
dye was washed away with 180 pL bath solution, replacing with 50 puL of fresh bath solution
after 1 h. Experiments were conducted on a Flexstation III (Molecular Devices, Sunnyvale, CA)
with excitation at 340/380 nm and emission measured at 510 nm. Test agonists were added at 60
s and 1 mM AITC was added at 180 s as a positive control for TRPA1 expression. 75 nM
capsaicin or 1% Triton X-100 was used as a positive control for TRPV1 or Fura-2 loaded cells.
Expression while Compound stocks of tested agonists were made in DMSO and diluted 1:1000
in bath solution immediately before assay measurement. The net change in Fura-2 340/380
fluorescence ratio (ARatio) was calculated as the Fura-2 340/380 fluorescence ratio minus the
340/380 ratio of the baseline prior to ligand addition (0-60 s). Data were then averaged after

baseline subtraction was performed for each individual trace.

Results
Functional assay setup and validation

As a first step in obtaining functional data, I explored different TRPA1 homologs and
different expression systems. I transfected insect cells with either human or mouse TRPAI,
however, only mouse TRPA1 was functional in my hands. Thus, I expressed mouse TRPA1 in
all subsequent functional assays. In addition, I expressed functional human TRPA1 by transient
transfection in human embryonic kidney cells (HEK) 293 cells. However, I settled on the
baculovirus expression system in insect cells for several reasons, described below.

Our lab has previously shown that insect cells are suitable for functional TRP channel

expression (25, 26). Insect cells offer abundant protein expression with posttranslational
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modifications analogous to those of mammalian cells and they are amenable to both adherent and
suspension cultures (27,28). Also, insect cells are easier and cheaper to handle than adherent
cells such as HEK 293 cells, which is important for scale-up (29). Thus, baculovirus expression
systems are powerful systems to yield high protein levels in insect cells. The benefits of this
system include ease of baculovirus infection and high rates of infectivity, which allows for more
consistent and robust protein expression across experiments. In addition, baculoviruses are not
pathogenic to humans (30). This expression system is also easily adaptable to 96-well plates,
facilitating high-throughput screening. The baculovirus expression system in insect cells is the
principal heterologous expression system for eukaryotic integral membrane production and has
so far yielded the largest number of eukaryotic integral membrane proteins, which are
notoriously difficult to express in large quantities (31,32). In addition, TRPV1 in Sf21 insect
cells was validated previously in the Gaudet lab (23). I also show that TRPA1 expression for
both the human and mouse homologs is robust in baculovirus-infected insect cells (Figure 3.1).
To enable high-throughput measurements of TRPA1 activation, I adapted a well-known
fluorescence-based calcium assay. I chose to use Fura-2AM, a ratiometric fluorescent Ca®*-
binding indicator (33). After Fura-2AM is applied to cells, it readily crosses the plasma
membrane. Endogenous intracellular esterases remove the acetoxymethyl (AM) groups,
generating the negatively-charged Fura-2 indicator that is now trapped inside the cell. Upon
ligand binding and activation, TRPA1 allows calcium to flow down its concentration gradient
into the cell, binding Fura-2 and resulting in an absorption shift: the Ca**-bound and unbound
forms of Fura-2 are excited at 340 nm and 380 nm, respectively. The emitted light is measured at

510 nm. The Fura-2 340/380 nm excitation ratio permits measurement of the intracellular Ca®*

63



EV mA1 rV1

Figure 3.1 Robust TRPA1 expression in baculovirus-infected insect cells ao—-FLAG western
blot of baculovirus-infected insect cells expressing human TRPA1 (hTRPAT), mouse TRPA1
(mTRPA1), and rat TRPV1 (rTRPV1). 0.6 x 10° insect cells (0.5 mL) were infected in a 24 well
plate with 1,5, 10, 20, 50, and 100 pL of hTRPA1-encoding baculovirus or 15 pL of mock
baculovirus, mTRPA1-encoding baculovirus or rat TRPV 1-encoding baculovirus. The molecular
weights of TRPA1 and TRPV1 are ~ 120 kDa and ~95 kDa, respectively. TRPA1 and TRPV1

bands were not observed in empty vector-infected insect cells.
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concentration, it increases with increasing intracellular Ca*. Thus, Fura-2 is a ratiometric dye,
minimizing confounding variables across samples such as differences in cell thickness or uneven
dye loading, as both parts of the ratio would be affected. In this assay, I use activation as a proxy
for ligand binding; that is, if a compound specifically activates TRPA1, I infer that it binds the
channels. The caveat is that binding of compounds that do not activate TRPA1 will go
undetected.

To validate that the assay is working, I conduct a time course of the 340/380 fluorescence
ratio. In the assay, there are three distinct stages: 0-60 s, 60 s, and 180 s correspond to basal
conditions, addition of test agonist, and addition of TRPA1/TRPV1 agonist as a positive control
for protein expression, respectively. For example, addition of 40 uM propofol at 60 s elicits a
greater rise in [Ca?"]; than 0-XPRO-Click in mouse TRPA 1-expressing insect cells, resulting in
an increase in the 340/380 ratio of the Fura-2 dye. Expression of TRPA1 in all samples was
confirmed by activation with 1 mM AITC, an electrophilic TRPAT1 agonist, added at 180 s
(Figure 3.2A). However, neither propofol nor XPRO-Click activates rat TRPV1, as addition of
propofol or XPRO-Click at 60 s did not elicit a rise in [Ca®*]; in rTRPV 1-expressing insect cells.
Capsaicin, a TRPV 1-specific agonist added at 180 s, did elicit a rise in [Ca®'];, thus confirming
TRPV1 expression in all samples. (Figure 3.2B). Propofol activates TRPA1 to a greater degree
than XPRO-Click across all tested concentrations; the overall dose-response behavior of

propofol is consistent with published data (Figure 3.2C) (17,18).

Propofol, XPRO, and p-XPRO-Click elicit higher TRPAI activation than o-XPRO-Click

I next tested the ability of the two other crosslinkable molecules that I synthesized,

XPRO and p-XPRO-Click, to activate TRPA1. These molecules have similar chemical
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Figure 3.2 Propofol is a stronger TRPA1 agonist than 0-XPRO-Click Propofol corresponds

to the yellow traces and 0-XPRO-Click corresponds to brown traces. (A) Time course of the

340/380 fluorescence ratio. Fluorescence levels increase upon addition of propofol and 0-XPRO-

Click. AITC is added at 180 s to confirm mouse TRPA1 (mTRPA1) expression. Data represent

mean +/- SEM for n=11-14. (B) Propofol or 0-XPRO-Click did not activate rat TRPV1

(rTRPV1) while capsaicin, a TRPV 1-selective agonist activates TRPV 1. Data represent mean +/-

SEM for n=6-7. (C) Histogram depicts the maximal response to tested ligand concentrations.

Data represent mean +/- SEM for n=10-14. The net change in Fura-2 340/380 fluorescence ratio

(ARatio) was calculated as the Fura-2 340/380 fluorescence ratio minus the 340/380 ratio of the

baseline prior to ligand addition (0-60 s).
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structures and physicochemical properties; both molecules contain the parent propofol core.

Addition of 60 pM XPRO at 60 s elicited a greater rise in [Ca®']; than propofol in
TRPA1-expressing insect cells. Expression of TRPATI in all samples was confirmed by
activation with AITC added at 180 s. (Figure 3.3A). Neither propofol nor XPRO activated
TRPV1 while capsaicin, which serves as s positive control for TRPV1 expression, was a potent
TRPV1 agonist (Figure 3.3B). XPRO activated TRPA1 at least as well as propofol across all
tested concentrations, with 100 pM XPRO eliciting the highest 340/380 response (Figure 3.3C).

p-XPRO-Click also activated TRPA1 at least as well as propofol (Figure 3.4). Addition
of 60 uM p-XPRO-Click at 60 s elicited a greater rise in [Ca®*]; than propofol in TRPA1-
expressing insect cells. Expression of TRPALI in all samples was confirmed by activation with
AITC added at 180 s (Figure 3.4A). p-XPRO-Click did not activate TRPV1 while capsaicin did
activate TRPV1 (Figure 3.4B). p-XPRO-Click activated TRPA1 at least as well as propofol
across most of the tested concentrations (Figure 3.4C).

Taken together, Ca?*-influx assays demonstrate that XPRO and p-XPRO-Click retain

TRPAI activation that is similar to that of propofol while 0-XPRO-Click is less effective than

propofol in activating TRPAI.

AziPm and propofol produce similar calcium-influx responses in TRPAI

I next tested the ability of a published crosslinkable analogue of propofol to activate
TRPAI. AziPm (gift from Roderic Eckenhoff at the University of Pennsylvania) has been used
to photolabel ion channels such as GABAA (34,35). I tested whether AziPm activates TRPA1
with the goal of expanding the library of crosslinkable propofol analogues that activate TRPAT.

Upon addition at 60 s, AziPm and propofol produced similar response profiles in TRPA1
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Figure 3.3 XPRO and propofol share similar TRPA1 potency Propofol corresponds to the

yellow traces and XPRO corresponds to the blue traces. (A) Time course of the 340/380

fluorescence ratio. Fluorescence levels increase upon addition of propofol and XPRO-Click.

AITC is added at 180s to confirm TRPAT1 expression. Data represent mean +/- SEM for n=4-12.

(B) Neither XPRO nor propofol activates rat TRPV 1. Addition of propofol and XPRO at 60 s did

not elicit a rise in [Ca®*]; in rTRPV 1-expressing insect cells. Capsaicin, a TRPV 1-specific

agonist added at 180 s did not elicit a rise in [Ca®*];, thus confirming TRPV1 expression in all

samples. Data represent mean +/- SEM for n=3-5. (C) Histogram depicts the maximal response

to tested ligand concretions. XPRO activates TRPA1 to a greater degree than propofol. Data

represent mean +/- SEM for n=4-12.
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Figure 3.4 p-XPRO-Click and propofol share similar TRPA1 potency Propofol corresponds
to the yellow traces and p-XPRO-Click corresponds to the green traces. (A) Addition of 60 uM
p-XPRO-Click at 60 s elicited a greater rise in [Ca?*]; than propofol in TRPA1-expressing insect
cells. Expression of TRPAL in all samples was confirmed by activation with AITC added at 180
s. Data represent mean +/- SEM for n=6. (B) Neither p-XPRO-Click nor propofol activated rat
TRPV1. Addition of p-XPRO-Click and propofol at 60 s did not elicit a rise in [Ca*']; in

rTRPV 1-expressing insect cells. Capsaicin, added at 180 s, did elicit a rise in [Ca?*];, thus
confirming TRPV1 expression in all samples. Data represent mean +/- SEM for n=12 (C) p-
XPRO-Click activates TRPAL to a greater degree than propofol. Data represent mean +/- SEM

for n=9.
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(Figure 3.5A). AziPm and propofol also exhibited bimodal action on TRPA1 (Figure 3.5B).
AziPm and propofol-induced calcium flux was specific for TRPA1 as evidenced by the lack of
response observed for empty-vector (Figure 3.5C) and TRPV 1-infected cells (Figure 3.5D).
These data demonstrate the potential of AziPm as a probe that mimics propofol activation of
TRPAL.

From the reduced TRPA1 activation observed with 0o-XPRO-Click, I surmised that
modification of the ortho position, adjacent to the phenolic hydroxyl group, influences TRPA1
activation. After obtaining TRPA1 functional data with four photoreactive analogues of
propofol, I then conducted small molecule structure-function studies by varying the chemical
groups on the aromatic ring, including substitutions of the phenolic hydroxyl group and the ortho
and para positions on the propofol core. This minimal structure-activity relationship study is

addressed below.

The phenolic head group is critical for TRPAI activation

Studies suggest that the propofol hydroxyl group is important for ligand activation, as
fospropofol, a water-soluble analogue that has a charged phosphate group substituted for the
hydroxyl, does not evoke depolarizing currents in TRPA1-positive neurons but retains the ability
to induce anesthesia (36,37). To this end, I tested the ability of 2,6-diisopropyls, in which an
amine or a fluorine replaces the phenolic head group of propofol, to activate TRPA1. 2,6-
diisopropylaniline, which contains an amine in place of the hydroxyl, produced higher calcium
influx in TRPAT1-infected cells than propofol (Figure 3.6A and C). No activation was observed
with TRPV 1-infected cells (Figure 3.6B). However, fropofol (a gift from the Eckenhoff lab),

which contains a fluorine in place of the hydroxyl, did not activate TRPA1 (Figure 3.7A and B).
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Figure 3.5 AziPm activates TRPA1 similarly to propofol AziPm corresponds to the black
traces and propofol corresponds to the yellow traces (A) Addition of 60 uM AziPm and propofol
at 60 s elicited a rise in [Ca®']i in TRPA1-expressing insect cells. Expression of TRPALI in all
samples was confirmed by activation with AITC added at 180 s. Data represent mean +/- SEM
for n=12. (B) AziPm and propofol exhibit bimodal TRPA1 activity. Data represent mean +/-
SEM for n=12. (C) AziPm and propofol do not cause non-specific calcium fluxes. Addition of
AziPm and propofol and vehicle (orange) at 60 s did not elicit a rise in [Ca?*]i in empty vector-
infected insect cells. Additional Triton X-100 detergent at 1% at 180 s did cause large increases
in the 340/380 ratio, confirming cells were effectively loaded with Fura-2. Data represent mean
+/- SEM for n=6. (D) Neither AziPm, propofol nor vehicle activate TRPV1. Addition of AziPm
and propofol and vehicle (orange) at 60 s did not elicit a rise in [Ca?']; in TRPV 1-expressing
cells. Capsaicin added at 180 s did elicit a rise in [Ca®*]1 thus confirming TRPV1 expression in

all samples. Data represent mean +/- SEM for n=6.
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Figure 3.6 2,6-diisopropylaniline is a stronger TRPA1 agonist than propofol 2,6-
diisopropylamine corresponds to purple traces and propofol corresponds to yellow traces. (A)
Addition of 30 uM 2,6-Diisopropylaniline at 60 s elicited a greater rise in [Ca**]; than propofol
in TRPA1-expressing insect cells. Expression of TRPAT1 in all samples was confirmed by
activation with AITC added at 180 s. Data represent mean +/- SEM for n=13. (B) Neither 2,6-

Diisopropylaniline nor propofol activates TRPV1.
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Figure 3.7 Fropofol does not activate TRPA1 Propofol corresponds to the yellow traces,
fropofol corresponds to the grey traces, and vehicle control corresponds to the orange trace. (A)
Addition of 60 uM fropofol (grey) or vehicle (orange) at 60 s did not elicit a rise in [Ca®*]; in
TRPA1-expressing insect cells. Expression of TRPA1 in all samples was confirmed by
activation with AITC added at 180 s. Data represent mean +/- SEM for n=9. (B) Fropofol did not
elicit a rise in [Ca®*]; across all tested concentrations. Data represent mean +/- SEM for n=12.
The propofol data are reproduced from Figure 3.6 for ease of comparison. The net change in
Fura-2 340/380 fluorescence ratio (ARatio) was calculated as the Fura-2 340/380 fluorescence
ratio minus the 340/380 ratio of the baseline prior to ligand addition (0-60 s). Data were then
averaged after baseline subtraction was performed for each individual trace. This was done to

permit easier visualization of the difference in response upon ligand addition at 60 s.
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Taken together, these results suggest that a polar head group is critical for propofol
activation of TRPA1. I next tested activation of TRPA1 by an isomer of propofol, 2,4-
diisopropylphenol since it is structurally similar to propofol and other noncovalent TRPA1

agonists such as thymol and menthol.

2,4-diisopropylphenol, an isomer of propofol, exhibits bimodal TRPAI activation

I tested the effect of varying one of propofol’s isopropyl groups. Studies with alkyl
phenols such as propofol and thymol have shown that the presence of hydrophobic groups in the
ortho and meta positions are important for TRPA1 activation (22). However, this study did not
assay TRPAT1 activation with compounds that have branched hydrophobic groups in the para
position. I first tested 2,4-diisopropylphenol, an isomer of propofol. As discussed previously,
several molecules that are structurally similar noncovalent TRPA1 agonists activate mTRPAI in
a bimodal fashion (15-18). Thus, I tested if the bimodal activation could be recapitulated in an
isomer of propofol called 2,4-diisopropylphenol. I hypothesized that bimodal activation would
occur for this isomer as it does for structurally similar alkyl phenols. Indeed, upon addition at 60
s, 2,4-diisopropylphenol not only activated TRPA1 (Figure 3.8A) but also induced lower
340/380 responses at higher concentrations (Figure 3.8B). This bimodal activation has been
observed for several nonelectrophilic agonists such as propofol and menthol (16-18). These
results demonstrate that 2,4-diisopropylphenol activates mouse TRPA1 in a bimodal fashion,
which is consistent with activation of mouse TRPA1 by alkyl phenols such as propofol and

menthol.

4-bromopropofol does not activate TRPAI
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Figure 3.8 2,4-diisopropylphenol activates TRPA1 in a bimodal fashion (A) Addition of 30
uM 2,4-diisopropylphenol at 60 s elicited a rise in [Ca?*]; in TRPA1-expressing insect cells Data
represent mean +/- SEM for n=4. (B) 2,4-diisopropylphenol exhibited bimodal TRPAT1 activation
consisting of activation at lower concentrations and a reduced response at higher concentrations.

Data represent mean +/- SEM for n=4.
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I then tested the influence on TRPA1 activation of substituting a halogen into the para
position of propofol. Halogenated propofol analogues have recently come to attention as
analgesics due to their block of voltage-operated sodium channels (38). A derivative of propofol,
4-bromopropofol, is being pursued for potential treatment of lower back pain (39,40). I
synthesized 4-bromopropofol starting from propofol using N-bromosuccinimide. Addition of 10
uM propofol elicited a higher 340/380 response than 4-bromopropofol (Figure 3.9A). Up until
the predicted aqueous solubility limit of 4-bromopropofol, propofol elicited higher calcium
influx than 4-bromopropofol (Figure 3.9B). These data suggest that derivatization of propofol

with bromine reduces TRPA1 activation.

Discussion

In Chapter 3, the small molecule structure-function study shed light on differences in
TRPA1 activation among photoreactive propofol derivatives, thus highlighting promising probes
to move forward in crosslinking studies. Through TRPA1 functional assays, I demonstrate that
three crosslinkable analogues of propofol effectively activate mouse TRPA1. Second, a bimodal
activation profile of TRPA1 by alkyl phenols was observed.

A first observation from my structure-function studies is that XPRO and p-XPRO-Click
yield greater TRPA1 activation than propofol. It would be interesting to test TRPA1 activation as
a function of chain length. By increasing the length of the para-linker, one may gain insight into
the nature of the binding pocket, including size and orientation of propofol. The synthetic
schemes I developed are amenable to not only increasing the chain length, but also installing
alkyl ketones into the chain. A second observation is that XPRO and p-XPRO-Click share a

different TRPA1 dose-response relationship than propofol, AziPm and 2,4-disopropylphenol.
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Figure 3.9 4-bromopropofol does not activate TRPA1 4-bromopropofol corresponds to the red

trace while propofol corresponds to the yellow trace. (A) Addition of 10 uM propofol (yellow) at

60 s elicited a greater rise in [Ca®']i in TRPA1-expressing insect cells than 4-bromopropofol.

Expression of TRPA1 in all samples was confirmed by activation with AITC added at 180 s.

Data represent mean +/- SEM for n=9-12. (B) Propofol was a more potent TRPA1 agonist than

4-bromopropofol up until 10 uM. Data represent mean +/- SEM for n=9-12.
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While the crosslinkable analogues elicited higher intracellular calcium levels with
increasing concentration of probe, propofol and its analogues, which are devoid of a nonpolar
spacer, exhibited bimodal activation of mouse TRPA1. A similar bimodal activation profile has
been reported for other nonelectrophilic agonists such as menthol and thymol (15-17).

The functional assays presented in Chapter 3 present the first TRPA1 evaluation of
crosslinkable propofol analogues. These results highlight the promise of these probes in labeling
propofol-binding sites in TRPA1. With a small library of photoactive probes that retain TRPA1
activation, I am now positioned for crosslinking studies. In Chapter 4 I discuss the use of a

photoreactive derivative of propofol that modified residues in TRPAI.
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Chapter 4

Towards a model of propofol-induced activation of TRPA1

Most of the work presented in this chapter represents a collaboration with Kellie Woll, a
postdoctoral fellow in Roderic Eckenhoff’s lab at the University of Pennsylvania. I conducted
initial mass spectrometry trials testing mouse TRPA1-FLAG coverage of peptides generated by
protease digestion. Ertugrul Cansizoglu, a postdoctoral fellow in Judith Steen’s lab (Harvard
Medical School), performed mass spectrometry analysis to detect TRPA1 digested peptides. For
photolabeling studies with AziPm, I expressed mouse TRPA-FLAG in insect cells and isolated
insect cell membranes. Kellie Woll performed photoaffinity labeling studies with AziPm and
TRPA1-rich membranes and conducted mass spectrometry analysis of photolabeled TRPA1

peptides.



Abstract

A complete picture of how the general anesthetic propofol induces a painful sensation
requires identification of where it binds in TRPA1. Mutagenesis studies suggest a role for the
pocket that is shared by the antagonist A-967079, comprising residues in the S5, S6, and first
pore helix in TRPA1. However, the inherent caveats associated with mutagenesis experiments
necessitate complementary studies to further elucidate physiological binding sites and
mechanisms. In addition, if anesthetics and antagonists share an overlapping binding site, it
becomes important to investigate how these molecules produce opposite functional effects on
TRPAI gating. Thus, the aim of this chapter is to explore the location of photolabeled residues in
the structure of the TRPA1 channel. Photoaffinity labeling TRPA1-containing membranes with
AziPm, a photoactive derivative of propofol, directly identified two modified residues on the S6
helix of TRPAL, likely corresponding to two different binding sites. V954 overlaps with the A-
967079 antagonist binding site while E969 lies at the nexus of the end of S6 and the TRP box
helix in TRPA1. The identification of propofol binding sites will not only drive drug design
efforts to hinder anesthetic-induced activation of TRPA1 but also help elucidate the molecular
mechanisms of noncovalent TRPA1 agonists and highlight conserved structural gating elements

in TRP channels.

Introduction
Although TRPAI is a major contributor to propofol-induced pain, where propofol binds
to TRPA1 and how this binding translates to channel opening and Ca?* influx is not clear (1,2).

A complete picture of propofol’s mechanism of action requires identification of where it binds to
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TRPAI. By using an analogue of the test drug that forms an irreversible covalent bond upon
light exposure, photocrosslinking is a direct method of identifying a drug’s binding site(s) (3,4).

We chose AziPm for initial crosslinking studies because it has been studied and validated
with other propofol protein targets and it resembles the propofol in chemical structure and
TRPA1 activation, suggesting AziPm will bind in the same location as the parent compound
(5,6). AziPm contains a trifluoromethyl diazirine group, which promotes formation of the
carbene over the long-lived diazo intermediate, which can dissociate from the binding pocket and
react non-specifically with the protein target (7). Also, photoinsertion of the carbene into
proteins can proceed in high yield (8). Finally, the structure-activity studies in Chapter 3
demonstrated that compounds with just one isopropyl group that is ortho to the phenolic
hydroxyl group, AziPm and 2,4-diisopropylphenol, activate TRPA1 similarly to propofol. AziPm
is thus a promising tool for at least the initial characterization of propofol binding sites in
TRPAL.

Previous studies identified two distinct domains in TRPA1 that are important for
activation by reactive electrophiles and nonelectrophilic agonists. Electrophilic TRPA1
activators, such as allyl isothiocyante (AITC) from wasabi, covalently modify N-terminal
cysteines located intracellularly in TRPAT1 (9,10). However, nonelectrophilic agonists such as
propofol, menthol, thymol, and B-eudesmol, and cannabinoids are hydrophobic and likely bind
within the TRPA1 transmembrane domain (11-14). Mutational and chimeric studies suggest that
the S5 and S6 segments, which surround the ion-conducting pore, are important for activation by
nonreactive chemicals, such as menthol and propofol (11,15). To circumvent the known
limitations in mutagenesis, complementary studies are necessary for a more complete

understanding of how noncovalent TRPA1 agonists bind and gate TRPAT.
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Photoaffinity labeling is a useful strategy to generate reactive chemical species that
covalently crosslink nonelectrophilic agonists to TRPA1. Through photolabeling, this study
directly identified two modified residues on the S6 helix of TRPA1, likely corresponding to two
distinct binding sites. One residue overlaps with the site identified in the cryoEM structure of
antagonist-bound TRPA1 while the other lies at the nexus of the end of the S6 helix and the
beginning of the TRP box helix, a region important for TRP channel gating (16-19). As general
anesthetic-induced activation of TRPA1 elicits a pain response in many patients, identifying
propofol-binding sites will facilitate the development of drugs that block this deleterious effect,
shed light on the molecular mechanisms of noncovalent TRPA1 agonists, and underscore

conserved gating elements in TRP channels.

Materials and Methods

General immunoprecipitation of mouse TRPAI (mTRPAI) from whole cell lysates of
baculovirus-infected insect cells

A 13-mL culture of Sf21 insect cells (at a density of 1-1.5 x 10° cells/mL) was infected
with 130 uL of mTRPAT1-FLAG baculovirus (or appropriate FLAG-tagged construct) and
harvested 48 h post-infection via centrifugation at 3000 rpm, frozen in liquid nitrogen and stored
at -80°C. Cell pellets were resuspended in 0.75 mL of lysis buffer (50 mM Tris-HCI, pH 7.5, 150
mM NaCl, ImM EDTA, pH 8.0, 1 mM PMSF, 1X Complete protease inhibitor tablets and 1% n-
Dodecyl-p-D-Maltoside (DDM) and incubated for 2 hours with rocking at 4°C. While samples
were incubating, M2 Anti-FLAG agarose beads (Sigma; 50 uL of a 50% slurry per pull down
sample) were resuspended by gentle inversion and washed 2X with 1 mL stock buffer (50 mM

Tris-HCI, pH 7.5, 150 mM NaCl, and 1 mM EDTA, pH 8.0). The cell lysate was centrifuged for
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20 minutes at 4°C and the supernatant was transferred to a tube containing beads, rocked for 1
hour at 4°C, then centrifuged for 2 minutes at 1000 rpm. The supernatant was saved as “flow-
through”. The beads were washed 3-5X with wash buffer (stock buffer + 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1X Complete protease inhibitor tablet, and 0.03%
DDM). The wash buffer was discarded and the protein was eluted by adding 80 uL of 2X SDS
sample buffer (200 mM Tris-HCI, pH 6.8, 8% sodium dodecyl sulfate (SDS), 0.04%
Bromophenol blue, 40% glycerol). Samples were then spun down before loading onto sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel.

Preparation of mTRPAI-containing membranes

Sf21 cells (66 mL at 1.25 x 10° cells/mL) were infected with mTRPA1-FLAG
baculovirus and harvested 48 h post-infection, frozen in liquid nitrogen and stored at -80°C.
Membranes were prepared at 4°C. Cells were resuspended and homogenized in 3.5 mL lysis
buffer (20 mM HEPES, pH 7.2, protease inhibitor cocktail containing 1 mM 4-(2-
aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF), 800 nM Aprotinin, 50 pM
Bestatin, 15 uM E64, 20 uM Leupeptin, 10 uM Pepstatin A, 5 mM ethylenediaminetetraacetic
acid (EDTA), and 1 mM PMSF). This was a commercial Halt Protease Inhibitor Cocktail-100X
(Thermo Scientific, Waltham, MA). Successful lysis was confirmed by visualizing cells under
light microscope using Trypan Blue. The homogenate was centrifuged 15 min at 1000 g. The
cleared supernatant was centrifuged at 55,000 rpm in a Ti90 rotor (Beckman-Coulter, Brea, CA)
for 45 min at 4°C, and the resulting membrane pellets resuspended at 1 mg/mL total protein in

lysis buffer and stored in 50 pL aliquots at -80°C.

SDS-PAGE and western blot of mTRPAI-FLAG
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15 pL of sample was loaded per lane of a 12% SDS-PAGE gel. Samples were separated
at 200 volts over 1 hour. While samples were electrophoresed, the polyvinylidene fluoride
(PVDF) membrane was washed with methanol and submerged in 1X transfer buffer with six
filter papers. Three filter papers were placed on the electroblotting apparatus, followed by the
gel, membrane, and three filter papers. The proteins were transferred to the PVDF membrane at a
current of 200 mA for 1 hour. The membrane was rinsed with TBS-T (TBS + 0.1% Tween-20).
The membrane was blocked with 3% bovine serum albumin (BSA)/tris-buffered saline-tween 20
(TBS-T) for 1 hour and then incubated with M2 Anti-FLAG antibody conjugated with alkaline
phosphatase diluted 1:1000 with TBS-T for 1 hour. The membrane was rinsed with TBS-T and
washed 3X with TBS-T. Two mL of 1-Step nitro-blue tetrazolium chloride (NBT)/5-bromo-4-
chloro-3-indolylphosphate toluidine salt (BCIP) (Thermos Scientific, Waltham, MA) was placed
on the membrane to initiate the staining. After ~ 10 minutes of gentle swirling, the membrane

was rinsed with water.

In-gel digestion of mTRPA1-containing bands

The SDS-polyacrylamide gel was stained with Coomassie Blue to visualize the protein
bands and washed with water to remove excess background stain. The TRPA1-containing bands
were excised from the gel and cut into cubes and destained with 50 mM ammonium bicarbonate
(NH4CO3) and 50% acetonitrile. Acetonitrile (0.5 mL) was added until the gel pieces shrunk.
Acetonitrile and 100 mM NH4HCOs3 were used 3X alternatively to dehydrate and rehydrate the
gel pieces. 10 mM dithiothreitol (DTT) was added to reduce disulfide bonds and 55 mM
iodoacetamide (IAA) was used to alkylate free cysteine residues. Gel slices were spun down and

dried in a Speedvac and then proteins were digested with 50 pL of freshly prepared 20 ng/pL
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chymotrypsin (Roche applied science sequencing grade) and/or trypsin (Promega sequencing
grade modified). In the case of the combination of trypsin and chymotrypsin in 25 mM
NH4HCO3 for 24-48 hours at 37°C. Digested peptides were extracted with 50 uL of 60%
acetonitrile and 30 mM NH4HCO:sand samples were resuspended in mass spectrometry (MS)
loading buffer (5% acetonitrile and 0.1% formic acid). Mass spectrometry analysis, using a Q
Exactive mass spectrometer (Thermo Fisher Scientific) coupled with Eksigent LC system (AB
Sciex, Framingham, MA) over a 120-minute gradient to obtain protease-digested TRPA1

peptides, was conducted in Judith Steen’s lab (Harvard Medical School).

Results
In-gel protease digestion of TRPAI-FLAG yields peptides that are detected by mass
spectrometry

I expressed mouse TRPAI, carrying a C-terminal FLAG tag, in Sf21 insect cells and
lysed whole cells, releasing membranes containing TRPA1-FLAG. I performed
immunoprecipitation of TRPA1-FLAG, performed SDS-PAGE, excised the TRPA1-containing
band and tested three protease digestion conditions (trypsin, chymotrypsin, and a double digest
with both proteases) to determine which conditions provide not only the highest protein coverage
but particularly provide high coverage of the hydrophobic peptides that are in the transmembrane
domain, which is likely where the lipophilic propofol binds.

In my hands, 100% sequence coverage of TRPA1 was obtained with the sequential
digestion of chymotrypsin and trypsin while single digestion with chymotrypsin or trypsin
yielded 98% and 88% sequence coverage, respectively (Figure 4.1). In the trypsin digestion,

most of the residues in the cytoplasmic domains were detected, however, there was a paucity of
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Figure 4.1 TRPAT1 peptides detected via MS projected onto mTRPA1 topology. Dark blue,
sky blue, and teal correspond to detected peptides with relative high, medium, and low
abundance, respectively. White circles correspond to undetected peptides and bolded circles
correspond to predicted protease cleavage sites. Two-dimensional projections of TRPA1 were
generated using the web-accessible Protter software. (Top) Mass spectrometry of TRPA1
subjected to trypsin digestion yields 88% sequence coverage of TRPA1 (Middle) Mass
spectrometry of TRPA1 subjected to chymotrypsin digestion yields 98% sequence coverage of
TRPAI1 (Bottom) Mass spectrometry of TRPA1 subjected to sequential digestion of trypsin and

chymotrypsin yields full sequence coverage of TRPAI.
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peptides detected in the transmembrane domain (Figure 4.1). Chymotrypsin digestion yielded
98% total protein coverage with complete transmembrane domain detection (Figure 4.1).
Sequential digestion with both chymotrypsin and trypsin not only allowed for detection of all
TRPAI residues but also increased peptide detection in the S1, S4, and S6 transmembrane

domains (Figure 4.1).

Photolabeled residues projected onto TRPAI cryoEM structure

With MS conditions facilitating complete detection of TRPA1-digested peptide and a
functional assay that revealed three crosslinkable analogues of propofol share similar TRPA1
activation, I initiated a collaboration with a laboratory that uses photoaffinity labeling in proteins
and peptide models.

I, along with Kellie Woll, a postdoctoral fellow in the lab of Roderic Eckenhoff
(University of Pennsylvania) chose AziPm, a photoactive derivative of propofol) for initial
crosslinking studies because it has been characterized in GABA and ion channels. (5,6). |
expressed mouse TRPA1-FLAG in baculovirus-infected insect cells and isolated TRPA1-rich
membranes. Kellie performed photoaffinity labeling with AziPm and mass spectrometry
analyses.

Although one strategy is to photolabel in intact insect cells, TRPA1 may be in a more
native confirmation in the membrane than in the artificial detergent environment. Thus,
photolabeling was performed in intact insect cell membranes. Photoaffinity labeling with 3 uM
AziPm identified two residues, V954 and E969 (mouse TRPA1 numbering), located within the
S6 helix of TRPA1 (Figure 4.2). V954 lies in the middle of S6 within the transmembrane

domain while E969 is surface-exposed and closer to the cytoplasmic side (Figure 4.2).
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Figure 4.2 CryoEM structure of TRPA1 with residues modified by AziPm Residue
numbering refers to human TRPAT; V951 and E966 are colored by element. (Left) Membrane
view of human TRPA1 (PDB: 3J9P) with photolabeled residues V951 (sky blue spheres; V954
in mouse) and E966 (magenta spheres; E969 in mouse) shown on each subunit. (Right) Surface

view of solvent-exposed E966 (magenta sphere).
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V954 forms a pocket with the antagonist binding site in TRPA

The cryoEM structure of TRPA1 revealed an antagonist binding site with A-967079 (19).
AziPm photolabeled V954 (V951 in human TRPA1), which overlaps with the A-967079
antagonist-binding site (Figure 4.3A). S876 and T877, which lie at the kink connecting the S4-
S5 linker and the S5 helix are important for TRPAT1 activation by nonelectrophilic agonists such

as menthol and eudesmol, are also a part of this pocket (11,13,15).

E969 lies at the bottom of the pore near the TRP-domain helix

In the human TRPAT1 structure, E966 (corresponding to E969 in mouse) lies beneath the
S4-S5 linker at the junction consisting of the end of the S6 helix and the start of the TRP box
helix, which is important for gating in TRP channels (Figure 4.3B) (16-19). As the TRP-domain
helix makes several important contacts with other intracellular, it may represent an important

link between these TRPA1 domains and the channel gate.

Discussion

General anesthetics are widely used drugs that suppress the central nervous system (CNS)
and induce a reversible state of unconsciousness. In addition to activating the channels
responsible for this immensely useful property, general anesthetics such as propofol also activate
TRPAI in peripheral sensory neurons, eliciting a pain upon injection that many patients
experience (1,2). In this chapter, we directly identified two modified residues on the S6 helix of
TRPAI by photoaffinity labeling TRPA1-containing membranes with AziPm, a photoactive

derivative of propofol. It is important to obtain sufficient coverage of digested peptides to detect
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Figure 4.3 Close-up view of V954 and E969 Both panels follow the following color scheme
from N-to C-terminus: S1-S4, lilac; S5-S6, blue; V951, sky blue; E966, magenta; TRP-domain
helix, fire red). Residue numbering refers to human TRPA1. Residues are colored by element.
S6’ refers to S6 helix on the adjacent subunit. (A) V951 (sky blue spheres) on the S6 helix of one
subunit projects into a pocket formed by S4, the S4-S5 linker and F909 (orange sphere on pore
helix 1) on the adjacent subunit. S873 and T874 are proposed to interact with the hydroxyl group
of the A-967079 antagonists. All other helices have been colored grey for clarification of the
binding pocket. Inset box demarcates close-up view in panel B. (B) E966 lies at the nexus of the

end of S6 and the TRP box helix in TRPAL.
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as many peptides as possible that may be crosslinked. As predicted, the combination of both
chymotrypsin and trypsin provided the most complete TRPA1 coverage. Chymotrypsin, which
cleaves peptide amide bonds where the carboxyl side of large hydrophobic amino acid residues,
was a protease of choice to get good coverage for the transmembrane regions, due to the
abundance of aromatic residues in the TRPA1 transmembrane domain.

We identified two residues through photolabeling TRPA1 with AziPm. V954 projects
into the S6-pore pocket on the adjacent subunit. The S4-S5 linker transduces activation
conformational changes not only in TRP channels but also in voltage-gated channels (20-23).
Several residues near the TRPA1 pore pocket, particularly S876 and T877, which are at the kink
between the S4-S5 linker and S5 near the lipid-water interface and are conserved in mammals,
are important for the response to several molecules that are structurally similar to propofol. S876
is important not only for TRPAT1 response to eudesmol but also monoterpenes (13,24). T877,
which points toward S6 of the adjacent TRP A 1subunit, is also important for activation by
monoterpenes such as borneol, 2-methylisoborneol, and fenchyl alcohol (24). The S4-S5 linker is
also important for TRPV1 activation. The cryoEM structure of TRPV1 and site-specific
mutagenesis combined with functional assays revealed that the capsaicin ‘head’ binds residues in
the S4-S5 linker, which transduces activation conformational changes (25,26). Taken together,
the S4-S5 linker, which joins the S1-S4 sensor domain and pore, serves as a signal integrator for
TRP channels.

Interestingly, the TRP box helix, which is important for channel gating, is located near
the second photolabeled residue. E969, at the bottom of S6, makes contacts with the TRP box
helix in TRPA1. The TRP box, a hydrophobic a-helix conserved in various TRP channels, is just

C-terminal of the S6 helix. Although TRPA1 lacks a canonical ‘TRP box’ motif the cryoEM
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structure of TRPAI revealed a TRP box helix structurally analogous to the TRP box helix in
TRPV1 (19), providing further evidence for TRP-domain helices as important sites for TRPA1
regulation. The TRP box helix in TRPA1 makes extensive hydrophobic contacts with the S4-S5
linker as well. In other TRP channels, the TRP box is thought to stabilize the closed state of
TRPV4 (27). The TRP box helix interacts with several intracellular domains, allowing it to serve
as an essential gate for channel function.

A recent study using chimeric channels and mutagenesis identified residues important for
TRPA1 activation by propofol and isoflurane, two general anesthetics (15). In this study,
researchers generated chimeras in which mouse TRPA1 contains the S5 domain of Drosophila
TRPAI, which is not activated by propofol or menthol, and tested for activation by propofol and
isoflurane (2,11). Substituting S876 in mouse TRPA1 for V933, the corresponding residue in
Drosophila, hindered activation by isoflurane. This finding is consistent with previous studies
that S876 is critical for activation by nonelectrophilic agonists (11). In addition to testing the
effect of S§76 on TRPAL1 activation by propofol and isoflurane, they also introduced mutations
at amino acid residues that define the A-967079-binding pocket in the cryoEM structure of
TRPA1. Substituting four amino acid residues onto Drosophila TRPA1 conferred some
antagonism, as measured by percent inhibition of AITC-evoked response. Molecular modeling
predicted an important role for two methionines within the A-967079-binding site. The results
presented in this chapter are consistent with their results in pointing to a shared binding site
consisting of S5, S6 and pore helix 1, which form a binding pocket for A-967079. We
photolabeled a second, previously unidentified site in TRPA1 that is on the S6 helix near the

TRP-box helix. However, mutagenesis experiments still need to be performed to determine if
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these residues affect channel function. In addition, competition experiments with propofol will
help pinpoint which residues comprise the propofol-binding site.

Noncovalent TRPAT agonists are an important class of molecules with uses in medicine
and other industries but their molecular mechanisms remain unclear. The fact that many of these
molecules engage in low-affinity interactions with TRPA1 further complicates this pressing
issue. As discussed above, photoaffinity labeling is a powerful technique to capture transient
ligand interactions with proteins. It also provides a complementary technique to mutagenesis,
which has inherent caveats such as the difficulty in ascertaining whether changes in channel
function are due to direct binding or are a consequence of an allosteric effect. The results in this
chapter highlight the potential “druggability” of the S6-pore pocket in TRPAI, as this site is
shared by both TRPA1 agonists and antagonists. In addition, the proximity of E969, identified by
photolabeling with a photoreactive analogue of propofol, to the TRP box helix warrants follow-
up studies of this result, which may shed light on this important structural element that plays a

role in general TRP channel gating.
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Chapter 5

Discussion



Despite over 150 years of use, the molecular mechanisms of general anesthetics remain
poorly understood. Thus, it is not surprising that TRPA1 has only recently emerged as the major
player in the propofol-induced pain pathway (1, 2). In this thesis, I set out to identify the
structural determinants for propofol binding in TRPA1. I will discuss the three major themes of
this project - design and synthesis of probes, small molecule structure-function studies, and the
propofol binding-site residues revealed through crosslinking - in terms of contributions to the
TRP channel field and future experiments.

Propofol binds various ligand-gated and voltage-gated ion channels (3). In addition to
TRPAI, evidence suggests propofol interacts with voltage-gated Kv1.5 channels, cardiac Nav1.5
sodium channels, and acid-sensing ion channels, further demonstrating the need for a diverse,
readily available library of crosslinkable analogues of propofol (4-7). Mutations in the Kv1.5
gene are associated with atrial fibrillation, the most arrhythmia encountered during operating
procedures that use anesthesia; adverse cardiovascular effects due to propofol are also related to
voltage-gated sodium-channels (8). Thus, XPRO, 0-XPRO-Click, and p-XPRO-Click should be
used to identify propofol-binding sites in these ion channels as well. Also, the design of XPRO,
0-XPRO-Click, and p-XPRO-Click is readily adaptable to that of alkyl phenols that are
structurally analogous to propofol, such as thymol and carvacrol, which are TRP channel
agonists used as flavor enhancers and analgesics (9-11). Moreover, the diazirine synthetic
strategies described here could also be applied to other TRPA1/TRPV1 agonists such as
zingerone, which contains a 4-carbon linker similar to that of the three XPROs. Zingerone is a
vanilloid, like capsaicin and RTX, which are used therapeutically to treat pain (12,13). Thus, the
zingerone binding-site location in TRPV1 and TRPAT1 could point to shared or disparate binding

pockets for the vanillyl moiety.
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In addition to the diazirine functionality, the alkynes in 0-XPRO-Click and p-XPRO-
Click can serve as handles to generate novel TRPA1 modulators. For example, studies show that
replacement of the benzylamide group in capsaicinoids with a tetrazole moiety, the product of
the azide-alkyne cycloaddition, creates molecules that activate TRPA1 better than TRPV 1
(14,15). This method is analogous to fragment self-assembly, which involves the fusion of two
chemical fragments into a larger molecule (16). The copper-catalyzed click reaction can also be
exploited for enrichment of photolabeled TRPA1. Immunoprecipitation of photolabeled TRPA1-
FLAG, followed by conjugation to a cleavable azide resin utilizing the click chemistry, permits
enrichment of photolabeled protein (17). This affinity step may simplify downstream mass
spectrometry (MS) analysis by improving the signal-to-noise ratio of crosslinked peptides.

The second theme of this thesis describes the small molecule structure-function studies
that reveal that incorporating halogens into propofol analogues can affect activation of TRPAI.
Halogens are often incorporated drug discovery endeavors; approximately 40% of drugs
currently on the market or in clinical trials are halogenated (18). Halogens form halogen bonds
with halogen-bond acceptors such as oxygen, nitrogen, sulfur, and aromatic systems (18).
Halogen are analogous to hydrogen bonds and can be used to improve ligand affinity while
retaining structurally important interactions (18). One observation upon inspection of published
TRPV1 and TRPAI antagonists is that many of these compounds are aryl halides (19).
Capsazepine and A-967079, which contain a chlorine and fluorine atom, respectively, are two
examples of TRP channel antagonists that fit this trend.

Like fropofol, the brominated derivatives in this study were weaker than propofol in
activation of TRPA1. Interestingly, there are potential applications of brominated propofol

analogues to TRPAI; fragment-based drug discovery is one technique where halogenated
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compounds are being increasingly used (20,21). This method is based on identifying small
chemical fragments that only weakly bind to the protein target, and expanding the ligand library
to generate higher affinity leads (22). Fragment screening is often coupled with X-ray
crystallography as a powerful tool to probe protein structure and function (23,24). Fragment
libraries containing brominated compounds are appealing due to ease of detection of bromine
using anomalous scattering (25). In this way, fragments are screened against a protein target to
probe ligand surface sites in soaking experiments (26-28). As halogenated propofol analogues
are increasingly studied for their potential analgesic effects mediated through glycine receptors
and voltage-gated sodium channels, it will be important to understand how these halogenated
propofol analogues interact with all their biological targets (29,30).

The final theme of this thesis covers the propofol binding-site residues in TRPA1
identified through photolabeling. V954 (V951 in human TRPAL1), one of the two residues
identified by photolabeling, lies in the middle of the S6 helix, within range of F909 (human
numbering) in pore-helix 1, which is important for antagonism of TRPA1 by A-967079 (31). S6,
together with S5, forms the channel gate within 6TM-channels, thus it is conceivable that
binding in this region influences channel activity. Mutagenesis experiments substituting V954
for alanine and assaying TRPA1 activation by propofol would provide further evidence for the
link between the location of propofol-binding residues and activation at this position. Hannah
Zurier, a lab colleague, has generated mutants of the antagonist-binding site and calcium-influx
assays with transiently-transfected, mTRPA1-expressing human embryonic kidney (HEK) cells
are ongoing to provide an answer.

Compared to V954, which lies within the TMD, E969 is exposed to aqueous solvent and

is closer to the protein surface. E969 lies at the junction of the gate-forming S6 helix C-terminus
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and the TRP-domain helix, which lies parallel to the membrane underneath the S4-S5 linker. The
TRP-domain may be present in more TRP channels and may represent an important, structurally
conserved, gating handle (32). Interestingly, a gain-of-function mutation, N855S (human
numbering), located at the start of the S4-S5 linker, above the junction of the TRP-domain helix
before it radiates outward, causes familial episodic syndrome, characterized by debilitating pain
in the upper body (33). Mutations introduced into the TRPV1 S4-S5 linker also lead to increased
basal current (34).

At this point, it is difficult to determine which site in TRPA1 corresponds to an agonist or
antagonist pocket. To distinguish ligand binding from its consequences on channel function, a
combination of mutagenesis and functional assays coupled with crosslinking studies can provide
complementary insights. It would be interesting to use AziPm at higher concentrations in
photolabeling studies with TRPA1. As propofol and AziPm exhibit bimodal activation, with
inhibition at higher concentrations, higher concentrations of AziPm may result in photolabeling
of residues involved on channel inhibition. Competition experiments with a crosslinkable
analogue and the parent propofol molecule should also be used to distinguish crosslinked
peptides due to effects such as ease of ligand accessibility from physiological binding sites.

To sum, the TRP channel field, due to rich pharmacologys, is ripe for more chemical
biology approaches to understanding where and how small molecules influence protein function.
The direct identification of propofol-binding sites in TRPA1 shows how agonist and antagonist
sites overlap in a protein. A complete picture of where and how propofol interacts with TRPA1
will be useful for the development of TRPA1 antagonists and novel analgesics that counter the

noxious effects of propofol and other general anesthetics that are mediated through TRPAT.
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Appendix

Supplementary 'H and *C NMR spectra
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