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Abstract

Visualizing proteins in lilng cells without perturbing biological functiomemains a key
challenge in chemal biology. A chemical approach to this problem is the synthesis of small
moleculefluorophoreghatreact specifically witra protein of interest (POI)MVe have developed

a sitespecific labellingmethod based oa FluorogenicAddition Reaction (FIARe). The FIARe
probes fluorescence is quenched unitil undergoesthiol addition with asmall, genetically
encodedlicysteinepeptice tagfused to the POIRecent blue coumarin probes were shown to be
highly selective foitarget protein over other cellular tiiols; however, fluorogens that can label
in the redand greenchannet of the fluorescence microscopee morelesirablegor cdlular
imaging as red light is lowem energy and therefore less phatxic. In the work presented
herein we use DFT calculdions to guiddghedesign ofredshifted, PeT-quenchedBODIPY
based dimaleimide fluorogenBriven bythe preliminary results of a FIARe prob& €29) that
emitted in the red channel, we attemptegteparethe hit compound through a new synthetic
approachto further evaluatekinetics andin cellulo labelling Given the time available, this
compound was unable to be synthesized throughvAn & Pdcatalyzed approacilternatives
probedacking the reeshifting substituenivere synthesized and evaluatadvitro andin cellulo.

The fluorescent enhancement and reaction kinedichese probes were evaluated in detail, in
order to determine the suitability of their application to cellular labelllhgreerBODIPY
fluorogen was synthesizetthat exhibitssuitable kineticdor labelling anda dramatic fluorescent
enhancementof ~800fold upon tagging. Thisprobe was successfully applied to the

specific,fluorescent labelling of auclear histone protein cellulo.

Keywords fluorogenic probes, proteiabelling, BODIPY,maleimide, peptide tag
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Chapter One: Introduction
1.1 Fluorescent Protein Labelling

Cells are exquisitely complex systems, driven by intricately intertwined, dynamic biological
everts. Deconvoluting how the cell functions at the molecular and macromolecular level, in both
healthy and disease states, is arguably one of the greatest gdslierchemical biology. Our
understanding of the cell at this level is tied to our abilityismalizehow key components (e.g.

proteins, nucleic acids, lipids, and metabolites) localize and interact with one another.

For chemists and biologists seekibhg gain greater insight into the mysteries of the cell,
molecular tools are needed to visual@emolecules with high spatiotemporal resolutibtany
imagingmodalitiesare currentlyavailable most ofwhich can be broadly categorizedo either
optical imaging using visible or nealR light, or radiological imagingCommon radiological
techniqus include X-ray computed tomography (CT), magnetic resonance imaging (MRI),
positron emission tomography (PETand singlephoton emission computed tomogrgph
(SPECT)! These are powerful tools, particularly in termsro§ituimaging in living organisms.
However, optical imaging remains a powerful abbadly accessiblg¢ool for visualizing
biomoleculesn living cells, andight microscopy has been a major driving force in biological

research.

Fluorescence microscopgnablesimaging with high sensitivityin living cells, in real time
Chemical and synthetic biologists are uniquely equipped to create fluorescent tools to visualize
cellular processes and phenomena, such as dynamic protein trafficking and -protein

interactions.



1.1.1Mechanism of Fluoresceoe

A fluorophore is a species that emits light upon relaxation of an excited state electron to the
stable ground state electronic figaration. Emission of light by a compound is broadly referred

to as luminescence and further divided into tategories based on mode of radiative relaxation:
phosphorescence and fluorescence. Phosphorescence occurs on a significantly slower timescale
(mi croseconds) compared to fluorescdmnodidudenc
transition from a iplet excited state to the ground state. Alternatively, fluorescence emission is

extremely fast, occurring on the nanosecond time $Scale.

Emission of lght via fluorescence can be separated into three stages: excitation by absorption of
energy, partial relaxation, followed by complete relaxa@ma emission of a photon. These

stages are depicted figurel.1 on the following page
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Figure 1.1 (Top) Jablonski diagram for fluorescence. Absorption of a @heaixcites an electron
(electronically and vibitionally) to a higher energy singlet state, which then relaxes non
radiatively through vibrational levels before radiative relaxation to the ground @atéeom)

Simulated excitation and emission spectraafédluorophore.

First, when af | uor ophore is irradiat ¢ equaltothh enargywav e |
difference (orband gap between the ground stateo(Shighest occupied molecular orbital

(HOMO) and the excited state;jSowest unoccupied molecular orbital (LUMO), an electno
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So is promoted to a higher electronic and vibrational level singlet excited stafEhiS electron
undergoes rapid modes of noadiative relaxation at the picosecond timescale, including
vibrational, rotational, or collisional, to the lowest vitivaal energy level, & The singlet

electron can thenrelaxtothegroundstate 8di ati vely by emi si on of

Since ahere/ae, i sy the speed of Il i ght and 3 i
proportional to energy by the equation E = hs
of Iight <can b e Emdysinverselypropaetional towavielengtiaelphoton

emi ttead atl weays | ower i n e n eirdgeyo the paatial relaxaton | i g ht

to a | ower vibrationad eereomrgy Ifdsweskhredprastineteh e roe
excitati one)waawtw esasd tom (wa ves).l Teenndpdremt erferyy difference

between the two manifests itself on a spectrum of overlaid excitation and emission curves as a
shift to longer wavelength, referred to as a-sed i f t or St ok eFgdre 14,h i f t (
bottom)? The shape, width, relative intensity, and degpeé St okesd shi ft de

fluorophore itself as well asgironmental factors.

Predicting if a compound will be fluorescent is sohple even when computational molecular
modelling is used. However, fluorophores typically share general comma)akiieh as
polyaromaticity and extended -ponjugation. In addion, they often bear elecmalonating
groups that 6pushdé esyserm nd ®lactredithdrasving groupithatt o t h e

Opul |l 6 el ectron gehs$iot gysetreenatainng ga e@peshchar



1.1.2Fluorescence Microscopy

Fluorescent ellular imaging has been enabled by recent advances in fluorescence microscopy
technology. In 2014, the Nobel Prize in chemigt was awar ded for fithe d

resolved fluorescence microscopyo to Eric Bet

A fluorescence microscope must contain three essential elements: an excitation light source,
wavelength filters to separateatation and emission photons, and a detector that measures the
fluorescence signal output. The most widely used fluorescenvsumpes are epifluorescent (or
eptillumination). These microscopes use the objective lens to both illuminate and image the

sample? The design of thisategory of microscope is shown below.

# Field Aperture

diaphragm diaphragm
Filter Ao | 1A ﬂ na mﬂ
cube y | B " UV r i
i Arc lamp

Figure 1.2 Diagram of an epifluoresnit microscope (excitation light shown in green, emission

shown in redy.

In this instrumental arrangement, the objective functions to image and m#gmispecimen,
and serves as the condenser that illuminates the sample from above. In the above figure,
excitation light is showim green, originating from the light source (in this case an arc lamp) and

emission from the sample is shown in red. Therfittigbe functions to prevent excitation light



from reaching the detector. In addition to a dichroic beam splitter mirror to se@xGtation
from emission, two additional filters are used: an excitation filter thatsg@erts excitation
wavelength and darrier filter that only allows longer wavelength light to hit the detector.
Multiple cubes (aka filter sets) can be present@rdputer automated to rapidly switch between
filter sets to image different wavelength in one sample. Typical light soue@scalamps (such

as mercury and xenon) and lasers

To fluorescently image live cells, several factors and limitations of the microscope must be
consdered. Firstly, UV radiation is known to damage DNA and fluorescence excitation can
result in phototoxicity of cells and tissu@sainly through formation of reactive oxygen species
and free radical®.Photobleaching of fluorophores can also result from prolonged excitation,
causing thdluorescent signal to fade permanently. Estimates of 16400000 cycles between
ground state and excited states are cited aditt for good fluorophores before bleaching
occurs? As a result, it is critical to expose the cells to as little light as possible, and therefore
detectors must be highly sensitive and collect as much light as possible. Spectral bleeding (or
Acrtoalsk 0) r e f efresissionéexci@tiore speéctapand is a serious concern when
imaging multiple fluorophores in a single sample. Filter sets amudjinores must be chosen
carefully to minimize this effect. Lastly, cells are not flat and differences in thickness can affect
fluorescence signal unless a confocal microscope is used. For example, vertical membranes will

always appear brighter than memiea in the horizontal (parallel) plane since there can be many

more fluorescent mol ecul esl. 6stackedd and cont



1.1.3Advantages of Fluorescent Methods

Fluorescence microscopy aims to detect a fluorescent signal in an otherwise black background
As a result, this technique is highly sensitiFiorescent methods catsoprovide high spatio
temporal resolution, allowwg living systems to be monitored real time. There are many
examples in the literature of single molecule detection usingrsapelution fluorescence

microscopy methods, such as STORM and PALM, which provide resolution betw&&nmha?

Perhaps the gresdt advantage of fluorescence microscopy is the ability to perform multicolour
experiments, such as tracking multiple cellulspecies and visualizing colocalization.
Wavelength rangeacross the visible spectrurB00 nm to700 nm), as well as the N{Rand

NIR-1I window (700-950 nm and 100Q700 nm, respectively) can be observatiowing the
potential combined use of fluorophores across the visible spectrum limited only by available

fluorophores, spectral overlap, and available filter sets.

1.2 Labelling Techniques

One of the most widely used methods of studying protein localization, expression, trafficking,
and interactions is to fluorescent label a specific protein of interest (POI). While early
applications were rathdéimited in scope and mainly tackledamitoring protein dynamics, more
recent fluorescent techniques have investigated enzymatic activity and global changes in cellular

state, such as membrane potential, cell division, and tissue differentiation.

The most common genetic methods of fluorescent protein labelling can be broadly categorized
into four classes: 1) fusion of the POladfluorescent protein, 2) fiegn of the POI to an enzyme
that can be subsequently labelled using functionalized irreversible inhibitors, 3) fusion of the POI

to a Asubstrate t ag o-expresaed enezyanandlasty, 4) iacorgotatioe d wii

t



of an unnatural amino acid oninimd peptide tag to the POI that reacts with a small molecule

fluorophore.

A) Fusion to an FP B) Fusion to an Enzyme Tag
[ p-Actingene | HaloTag gene |

fActingene | FPgene | T 3 \ T @ ~
\ ° \_‘7’,~ e — T
Add DNA to cells & s 5 Add DNA and . S
“W 4 reactive tag to cells R ;}k’{
Am L, b K

C) Fusion to a Substrate Tag 8 C) Unnatural Amino Acid Incorporation

Bloatis vai Labeled
,:,,‘; v g ¢ streptavidin HN)LNH Biotin TAG codon
PActingene || ) habis ¢ X o . !

i
Add DNA, biotin, biotin 0 Add DNA and
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streptavidin to cells H N H amino acid to cells
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. ! OO 2 gq
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B-Actin mRNA AUC

UAG™=——

codon via tRNA, .

Figure 1.3 Compari son of genetic met hods -actin) f |l uor

highlighting the relative size of the @ded gae®

1.2.1Genetic Fusion to &luorescent Protein

Over the past two decades since the method was first published by Tlamescent labelling
of a POI by genetic fusion to a fluorescent protein (FP) has remained the most widely applied
method for live cell imaging. As shown Figure 1.3 above, FPs are composed of bstt@nds
which form a characteristic 27 kDa bdtarreltertiary structure® Inside the hollow betharrel, a
small number of amino acid residues form the chromophore aalgtaally. Since the first
discovery of Green Fluorescent Protein (GFP), additional discovery and extensive protein

engineering efforts have been undertaken to create FPs whose emission waysleagtmost



of the visible spectrum. Additional optical perties such as brightness and photostability have

been tuned, as well as biochemical properties including chromophore mateiration.

FP-POI fusions can be expressed ectopically, virally, or more recently, endogenously using
TALENS and CRISPR® Due to genetic fusion directly to the fluorescent reporter tag, the
intrinsic specificity of the labelling method is unparalleled. However, as shokigune1.3 (A),

the large size of the FP is a magvawback, as it may perturb the native function or trafficking

of the POI, particularly for proteins that assemble into larger complexgsoteinprotein
interactions. Other limitations of FPs include large bandwidths and their tendency to aggregate,
despite years of engineering to create soluble monomers, increasing the potential negative steric

effects of the method drasticafly.

1.2.2Enzymatic Laelling

Enzymatic labelling tags are an alternative method of fluorescently labelling protdiics

exploit enzymes exquisite selectiwit f or t heir substrates. I n add
rates and suitability to mild reaction conditions makem very attractive for protein labelling
applications. Enzymatic labelling methods are distinguished into two categories depending on
which component (either the enzyme or the subs

tags and 2) substrate tag

1.2.2.1Enzyme Tags

In this method, an enzyme tag genetically fused to the POI reacts specifically with a small
molecule (typically an analogf @ specific, irreversible inhibitor of the enzyme) which may be

modified to be fluorescent or contain a reactivedt@no subsequently append a fluorophore.



Some examples of enzyme tags include haloalkane dehalogenase (HAL@&g)kylguanine

DNA-alkyltransferase (SNAPtad),CLIPtagl? andE-coli dihydrofolate reductase (TMPtatj).

As shown inFigure 1.3 (B), the size of these enzyme tagscomparable to GFP, ranging from
18 kDa to 33 kD&>*? In the example shown, the HaloTag is nearly the same size as the POI.

This method therefore suffers the same steric downfalls as described .for FPs

1.2.2.2Substrate Tags

Alternatively, substrate tags are small1Z8 amino acidpeptide sequences introduced into the
POI, whichare then modified by an enzyme that shows affinity and selectivity for the tag. Some
widely used substrate tags includetdd (tranglutaminase), LPXTGag (sortase), and acyl

carrier protein (ACP)tag (PPTasé).

While the genetic modification to the POI is considerably smaller than fusion to the enzyme, a

majordisadvantage is that the enzyme that accomplishes the labelling mustx@ressed.

Additionally, for both enzymatic appaches the endogenous enzyme may be present in the

system being investigated, which can causdarfjet labelling and decrease IHing efficiency.

1.2.3Labelling with Small Molecules

Labelling strategies that rely on specific chemical reactivity (as ofdpdseenzymatic
specificity) typicallyexploit either the incorporation of an unnatural amino acid (UAA) into the
POI or a geneticallgncoded, lBort sequence of amino acitlsat react selectively to append a

fluorophore.

10



1.2.3.1Unnatural Amino Acid Incorporation

UAAs may in some cases be fluorescent themselves (such as the coumarin fluorophore shown in
Figure 1.4) or more commonly function as a biorthogonakrical handle to incorporate a
fluorophore. The modified residues often have biorthogonal functional groups to allow for
specific conjugations to occur, such as azide/alkyne click reactions, délkéipne
condensations, and tetrazine ligatidhsSome example UAAs containing these handles are

shown below, with conjugation moieties highlighted in blue.

vy Lo

H,N COOH COOH HoN COOH

Figure 1.4 Example UAAs, from left to right: fluorescent coumarin, azide, alkyne, ketone, and

tetrazinel*

Two incorporatbn methods have been described to.dHEbe first uses existing aminoacyl tRNA
synthetases (aaRS) to recognize and incorporate UAAS; however, competition with the
endogenous amino acid substrate for the aaRS is an issue, resulting in a mixture of protein
conjugates after labelling? The second method is more selective (showFigare1.3 (D)). The

amber stop codon UAG is reassigned to inseftJAA using suppressor tRNAs commonly
obtained from bacteria (e.g. coli) or protozoa (e.gTetrahymena thremophilighat introduce

an amino acid at the UAG stop codon instead of stopping tramstatP An aaRS and
orthogonal tRNA pair must then be evolved and introduced into a host, stcicals along

with the amber stop codon. Experimentally, this method is-imemsve and complex. Some

11



limitations include decreased mession of the desired full length POI, truncated protein by

products, and incompatibility of the orthogonal aaRSIA pair.1*

1.2.3.2Peptide Tag Incorporation

Alternatively, a small pejule tag that reacts selectively with a fluorophore probe can be fused to
the terminus of a POl by common protein engineering strategies. One of the most classic
examples is the Hitag. The strong codmation of six histidine residues in the tag to trams

metals such as Rfi can be used for protepurification by pultidown, as well as to attach a
fluorophore.ln most cases thiag is very small (0.84 kDa) and does not affect native folding or
function of the POL’

S/—\S

N, ~, S\/S
As

~,
HO 0 0 HO o o
/ =
l N
] COOH

Figure 1.5 FIAsH (left) and ReAsH (right) fluorogenic probes dexadd by the Tsien group.

S S S

w

Another widely applied and come r ci al i zed met hod i s the Tsien
tetracysteine tag with biarsenical ligands, termed FIAsH and RéA3Hese probes are small,

highly permeable, and fluoresce more brightly (green and red respectively) upon binding the four
cysteine residues of theihart encoded peptide tag, exploiting the affinity of arsenic toward
thiols. However, the FIAsH/ReAsH methopresents major limitations. It suffers from
background signal, which requires washing steps to limit background fluorescence when

labelling cells. hi s i s particularly problematic since
12



washing runs the risk aEmoving the fluorescent probe entirely. The probes are also known to
be highly toxic, limiting their applicatiomn vivo, and the tetraysteine mofiis sensitive to

oxidizing environments, making exicallular labelling difficult®

Peptide tagmolecule probe labelling systems can overcome the greatest drawbacks of the other
fluorescent labelling methods discussed. Thishoetutilizes small molecule fluorophores as
opposed to bulky fluorescent proteins and enzyme tags, agditenpotential steric limitations.

In addition, synthetic chemistry allows for fine tuning of probes in terms of reactivity, stability,
solubility, permeability, and spectral properties such as wavelength, bandwidth, and brightness.
Small molecule probesan be tailored to specific needs. For example, fluorophores can be
designed to benembrane permeable or impermeable to report on intracellular tvaceiular

events.

Typically, small molecule fluorophores have narrow excitation/emission bands conpdiied
and can therefore be used to circumvent spectral bleeding and overlap issues when imaging

multiple fluorescent species.

1.3 Small Molecule Fluorophores for Cellular Imaging

There are now hundreds of commercially available organic dyes spanniugitiie and NIR
wavelength ranggMany of these fluorophores result from synthetic modification of a smaller
number of cee scaffolds. Some of the most widely used classes of fluorophores include

fluorescein, rhodamine, coumarin, cyanine, and BODIPY.

Currently, there i® heavy focus in the field to create fluorophores that move out of the visible

spectrum for traditional dlorescence imaging (4060700 nm) toward the near IR regions (700

13



1700 nmy¥° NearIR (NIR) dyes are especially in demand fiorvivo imaging due to increased

tissue penetration of loegwavelength light and decreased phtugicity of lower radiation.

Existing fluorophore struares have been modified to increase conjugation, add heteroatoms to
shift their emission into the NIR r@m. For example, silicorhodamine (SiR) dyes have
recently emerged as a new class of promising fluorophores and have been used to create NIR

substrges for SNAPtag, CLIRtag, and HaleTag?!

Several design criteria must be considered to apply small moleculephores forin cellulo

and in vivo imaging. Firstly, the fluorophore must be rmxic. For optimal sensitivity, the
fluorophore should be bright andhqgitostable. The brightness of a fluorophore is proportional to

the product of its quantum yieldi{and mé ar extinction coefficient
measure of fluorescence efficiency, whereas molar extinction coefficient measures how strongly

a canpound absorbs light at a given concentration. High extinction coefficients are useful when
light intensiy needs to be minimized, such as in live cell fluorescence imaging. Useful small
organic fluorophores are ci t emdcomparison,arhanced bet
GFP has a 206imiafly, a6High guartium yield increases fluorescence intensity,
reducing the amount of excitation phosothat need to be applied. Quantum yields near 100%

are not unheard of for small molecules. Fluoresdeinexample, has a quantum yield of 95%,

compared to 60% for EGFP?2

The fluorophore must also be aqueous soluble, cell permeablestable under the cellular
conditions. In terms of labelling, the chemistry must bedstbogonal anadompatible with the

cellular matrix}®* As mentioned above, imaging in tissue anth vivo bring the added
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requirements of flarophores whose emission/excitation spectra arshdted (ideally NIR) for

better tissu@enetration and decreased toxicity.

Designing and synthesizing small molecule fluorophores that meet these requirements is
challenging. The two most frequently dctdimitations of organic fluorophores for live cell
imaging are lack of specificity and pooell permeability?® Specificity of the fluorescent probe

is critical, as norspecific labelling can result in background fluorescermegd decreas
sensitiviyy. To label proteins inside the cell, the small molecule must be able to cross the lipid
bilayermembrane of the celFactors that contribute t@lt permeabilityof a small molecule can

be incorporated into its design using medical chemistry drug desgm c e pt s such as
Rule of Five, which consider hydrogen bonding ability, size, conformational flexibility, and
partitioning between phases. However, peltmeability can only be determined experimentally,

and compounds which appear to be prongn paper may still have permeability issues in the

complex milieu of cells.

1.3.1Fluorogenic Probes

For any fluorescent imaging method, high resolution and low baokg signal are critical. A
fluorophore label is always fluorescemben illuminatedbothi n i t s 6freed state
reacted statelThis means that the fluorophore is indistinguishable from its free and bound state

by fluorescence microscopgs a result, undesired background signal is a major coacets

typically mediated by podabelling washing steps to remove unbound/unreacted fluorescent

probe.

To limit non-specific background signal, small molecule probes should ideally be non

fluorescent until labelling has occurred. fuorogenic labelling agent is a molecule which
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underges a significant fluorescent enhancement upon labelling or is completefilunoescent
before reaction. Il n ot her wuemclkedntl ittuhdergoéslau or o g «
reaction which restores fluorescence. Fluorogens are attractive idacathaging due to their

|l ow background signal, all owing a fAno washo
exhibit completely efficient quenching (and tef®re no background fluorescence) and become

brightly fluorescent upon labelling.

Oneilust rative example of fluorogenic | abelling
organoarsenic probes, mentioned previoésihe biarsenical dyes incorporate the fluorescein
fluorophore and exhibit increased fluscence upon binding to a tetgsteine peptide tag,

making their labelling method fluorogen These fluorogens have been commercialized and
marketed for live cell imaging and have been applied widely in aredsagrotein localization

and trafficking, affinity-purification of proteins, and SDB@age proteirdetection’>?®
FlaSh/ReAsH probes exhibit a relatively low fluoresceimaeicement (FE) of approximately-20

fold.’® This enhancement has proven to provide sufficient contrast for cellular fluorescence

imaging, although it limits theensitivity of theechnology.

Other groups have recently developed fluorogenic versions of more traditional biorthogonal
labelling agents, including azidofluoresceth®ODIPY-tetrazineg? and fluorogenic inhibdrs

of the SNAPRtag, Haletag, and Bitag?%?°

1.4 FIARe Labelling Method

The Keillor group has developed a protein labelling method usirat) smlecule fluorogenic
labelling agents and a short genetically encoded terminal peptddhis method has been

termed FIARe, due to tiiduorogenicAddition Reaction upon which it is based.
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1.4.1General Design

Thiol-reactive
Quencher =

!

non-fluorescent non-fluorescent fluorescent
fluorogen adduct

Figure 1.6 General FIARe labelling strategy.

The FIARe method relies on two complementary componémsreactive fluorogenic labelling

agent and the peptide tag. The peptide tag, shown in blue above, can be genetically fused to the
terminus of a POand contains two nucleophilic cysteine residues. The FIARe fluorogen is
comprised of four segments, each of which serves an important function and will be discussed
separately in more detail in the following sections: 1) thaéalctive quecher, 2) space 3)

linker, and 4) the fluorophore.

As shown above, the thiokactive quencher is a dimaleimide group. The maleimides are
separated by the same distance as the cysteine residues by the spacer group (grey). The linker
(orange) attaches é¢hdimaleimidescaffold to the fluorophore (red), which is quenched in the

unreacted state of the probe. The first addition reaction between the maleimide and a thiol is
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intermolecular and the rateniting step. The monsuccinimide adduct formed still &8ss one
maleimde group, which can quench fluorescence. The reaction of the second maleimide with the
tag is very fast, as it is intramolecular, and therefore its effective concentration is greatly
increased. Both addition steps are essentially irreverdifidming a sbng covalent bond to the

tag. Fluorescence is produced only after both maleimides react with-¢lystéiine peptide tag.

The rarity of the specific discysteine motif of the tag in biological systems confers selectivity for

the labelling eaction over dter native biological thiols.

1.4.2PeT Quenching

As shown above, the FIARe method relies on a fluorophore linked to a quencher moiety.

There are three broad categories of fluorescence quendhiegvironmental?) energy transfer
mechanismssuch as Forsteesonance energy transfer (FRET) and threugid energy transfer

(TBET), or3) electron transfer mechanisms.

Some welestablished moieties capable of quenching through electron transfer in the literature
include: azides, tetrazines, giles, and maleiides3® Maleimides have been known to quench
fluorescence in their conjugated form for quite some time; however, after the conjugated double
bond umlergoes an adiibn reaction to form a succinimide, they no longer exhibit a quenching
effect3! Despite their widespread use over the years, very little work was done to elucidate their

guenching mechanism.

The mechanism by which maleimides quench fluorescence in FIARe probes was determined to
be through Photinduced electno Transfer (PeYin a previous study by Keillo: PeT refers to

electon transfer fra an electron rich dondD) and electron deficient accept@X). Quenching
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can either be dynamic, occurring via collisions between two molecules, or static, where a stable
complex contains both D and 3. There are two different types of PeT, distinguished by the
direction of electron transfer between D and A. In dgoet (dPeT),electron transfer occurs

from the excited state of the fluorophore to the quencher, whereas in acceptor-IPeT), (e
electron is transferred from the quencher to the fluoroptidre FIARe, D and A exist in the

same moleculeand electron transfer occurs to the maleimides, therefore PeT quenshing
intramolecuar and dPeT. A simplified Jablonski diagram for theP@T quenching mechanism

by maleimides is depicted below.

LUMO
succinimide

ES ES -

LUMO
AEX

Maleimide i
(A) \ :

A

ex

.

Energy

em (Aem > AEX)

'

-
os LH— os b

HOMO HOMO
Fluorophore Fluorophore

(D)

Figure 1.7 Jablonski diagrams for theRET quenching mechanism between maleimides (A) and
the fluorophore (D). Quenching is abolished when the maleimide is transformed to a succinimide

as the LUMO energy level is increased, disfavouring electron transfer.

As described previously, fluorescence wrscwhen a ground state electron is promoted to an
excited state, followed by relaxation by emission of a photon. Howeue Tdgquenching can

occur by maleimides if the energy (redox potential) of the LUMO is sufficiently low in
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comparison to the excitestate fluorophore orbital such that electron tfangom the ES to the
maleimide LUMO is favourable. In this case, the excited electron is transferred to the maleimide
LUMO and relaxes to the ground state through-remhative processes, abolishing thative

fluorescence of the fluorophore.

Fluorogenidty results when the reduction potential of the quencher maleimide changes upon
reaction with the target tag such that oG of
the LUMO of the succinimidéormed after reaction with the -dysteine tag bemnes higher
energy, and therefore electron transfer and quenching does not occur and fluorescence is
restored.

AGY. = E(%+ _,:11-) — AE(0,0) —wp
The probability of PeT can be predicted partially using the R@retier equatior(providing the
Gibbs energy of PeT) shown abo¥é® This relationship takes into account the oxidation
potential of fluorophore donor and the reduction potential of the maleimide acceptor, the ener
gap between the ground and excited singlet state of theo fl o p h @), eand (tlpE
reorganizational energywf). Norrexperimentally, molecular modelling and DFT calculations
can be used to predict the relative energy levels of the fluorophore andnideleand

subsequentlikelihood of dPeT quenching, providinga basis for the rational design of

complementary doneaicceptor pairs for our FIARe probes.
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1.4.3Di-cysteine Tag Development

The peptide tag component of the FIARe system is a short-bBkdltal amno acid sequence
containing two nucleophilic cysteine residuseparated by two turns of the helixi + 7). This
configuration places the twoysteineresidues approximately 10 A apart, the complementary
distance to our dimaleimide motif. In additiohjs distance positions the cysteine residues far
enough aparto disfavour disulphide bond formation, allowing the tag to be used in oxidizing

environmentsis demonstrated by successful labelling of cell surface prot€ins.

The first proof of principle for the FIARe labelling rhed used a mutant of the helical
transcription factorFos, a380 amino acid proteitl. Site-directed mutagenesis introduced
lysine to cysteine mutation at position 56, two turns @& #tpha helix away from a native
cysteine residuelhe Keillor group was interested in a much smaller peptide tag that could be
encoded onto the terminus of a POI with minimal perturbation ofP®¢s structure and
function. Toward that goal, a synthetiegtide designed to fold into a short monomeric alpha
helix with four complete turns was discovered in the literaflif@ The N-terminal acetyl and C
terminal carboxamide groups were then replaced with knoweap\and Gcap sequences to give

the sequenc2in Figure 1.8.
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Ac-EAAAREAAAREAAARQ-NH, (1)

LSAAEAAAREAAAREAAAKGGK (2)

LSAAEAAAREAAAREAAARAKGGK (3)

LSAAECAAREAACREAAARAKGGK (4)
dC10

Figure 1.8 Changes to the amino acid sequence to form the d@élical peptide tag.

Next, the sequence was extended by two residues to form a complete number of turherto furt
stabilize the helix, forming the parent sequeBcEinally, two cysteine residues were introduced

i, i + 7 to give the final tag, named i@ U ( d e s dirCysteines,gl0 A &part in thg
helix). The helical secondary structure of the tag wasicoatl by CD spectroscopya fusion

of the tagto a test proteiiMaltose Binding Protein, MBP), both before and after reaction with a

dimaleimide fluoroger?®

More recat efforts havealteredthe reactivity of the tag by sHg#irected mutagenesis of residues
within hydrogen bond idtance of the cysteines to decrease tgqd the thiols. Results on a
new dC10U0* tag we* This tagumad nbt sidedevdthin thre sc@p bf8hisidy

however, it will be discussed in madetail in ChapteFour. Future Perspectives.
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1.4.40ptimization of FIARe Fluorogens
1.4.4.1Linker

Maleimides quech fluorescence by acting as an electron acceptor in -GReift Electron
transfer in PeT can occur throughace or througbond, though previous studies lkashown
throughspace to be more efficient within shorter distarféd@® obtan good contrast for cellular
imaging using fluorogens, efficient quenahito reduce background fluorescence is equally as

important as bright fluorescence after labelling.

The first proof of principle FIARe probes in 2005 farvitro application with tle Fos protein
were naphthalene and coumarin derivatives that had malegnidgs attached directly to the
fluorophore coré’ As expected, bringing the quencher and fluorophore into as close of
proximity as possible showed excellent quenching efficiency; however, their difficult linear

synthesis and low quantum yields made them poorly suited for practical applications.

Next, amore convergent synthetic route was developed that linked the dimalenmoiety to the
fluorophore though a phenyl spacer to give an approximatd Histance. Dansyl and
fluorescein based FIARe probes (shown below) were coupled to the dimaleimidehtariug
atom linker chain and showed promising preliminary results with dC10 tag. ** These
compounds were synthesized by reacting the benzoic acid maleimide cdredamine linker

by typical peptide coupling conditions.
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Figure 1.9 (Left) Dansyl and coumarin FIARe probes with first geien linker. (Right)

Comparison of dimaleimide scaffold and second generati&ari*3

In a subsequent -12e0s1s10 sftluudoyr,o ghesnpsa cweeriga sedesafe |l op e
coumarin probes where linker length and rigidity were systematically vafeeluorescent
enhancements for these compounds ranged frdodd2to 6-fold, correlating roughly linearly

with decreased distance througpace, not throughond.

This work confirmedanincrease in quench efficiency by decreasing space between flucgophor
and quencher and led to a new convergent synthetic strategy to decrease linke? [Ength.
reactivity of the coupling was reversed, using a nucleophilic aniline spacer as opposed to the
electrophilic acid. This allowed amieactive fluorophores to beoupled more directly to the
spacer. For example, when the linker length was decreasadifte atoms to two in the dansyl
FIARe probe, the result was an increase in FE freiml®to an estimated 36f@ld. This aniline
scaffold, which separates the digienides by ~10 A, will sometimes be referred to as NHAM10

for short.
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1.4.4.2Maleimide

Maleimidesare among the most common functional groups used for bioconjugation reactions
with thiols, as they react rapidly in a Michael fashion urpleysiological condition&* Their
popularity can be attributed to many factorsluding reaction rate, selectivity, high yield, and
good stability to heat and wat€rThe specificity of this eéaction is associated with HaBwbft
Acid-Base theory, as thiols are a soft nucleophile and maleimides a soft electrophile, as well as

the plka of thiols (~8)%°

Al t hough the rarity of the discysteine motif
sekctivity for the labelling reaction, other biological thiols are present in the cellular milieu that
present potential problematic gHrges. Of particular conern is dutathione (GSH) is a thiel

containing tripeptide that is present inside the celloncentrations of 10 mM5usceptibility of

the reactive handle to hydrolysis is also major consideration for application in the aqueous

cellular environment.

In 22015 study, the Keillor group investigated maleimide C=C substituent effects on the reaction
rates with thiols as well as hydrolysis rates to consider stability in aqueous stufion.
substrates with R = H, Me, EPr, and OMe, thiol addition reaction was >4f0@ faster than
background hydrolysis. R=Et dfPr had hydrolysisates an order of magnitude smaller than the
other substituents, suggesting that increasiegcsbulk at C=C bond mitigates hydrolysis. In
terms of thiol addition, the unsubstituted maleimide had the highest rate constant as gapected
there is no st&c hinderance. While substituent effects on the rate of thiol addition were also
observed andorrelate roughly with steric bulk, they were less pronounced than the effect on

hydrolysis rates.
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substrate R kow (M~ s71) ky (M7 s71) kou/k; ratio

s1 H 67 + 17 89 + 0.7 7.6
s2 Me 24 + 4 44 + 0.2 5.6
s3 Et 25 + 05 22 +02 1.1
54 Pr 1.1 + 0.3 13 + 0.1 0.8
55 OMe 45+ 5 1.3+ 01 40.5
86 OFt 41 £ 7 N.D."

57 O'Pr 15 + 1 N.D.Y

Figure 1.10 Hydrolysis rateconstang (kon) and thiol addition rateonstans (k) for R-

substitutedN-pheryl maleimide.

For biorthogonal labelling, a maleimide should be chosen that minimizes background hydrolysis
rate and backgrounetaction with biological thiolsike GSH, while maximizing rate of reaction

with the dC1@tag.As shown in Figure 1.10, subdiza S4 and S5 had the smallest rate constant
for reaction with small molecule thiols 2k Despite having a relatively high raté hydrolysis

under basic conditionsn comparison with unsubstituted maleimides, thahmey substituted
maleimide(highlighted in Figure. 1.10 abovd)as been shown to react very slowly with small
molecule thiolsin vitro in comparison to the dciDtag and is stable to hydrolysis at

physiological pH*®

1.4.4.3Fluorophore

Early generaton FIARe probes incorporated fluorophores such as dansyl, coumarin and FITC,
which were gnthetically convenient as they could be coupled to the dimaleiandme moiety
directly*® Preliminary success with these probes included both intracellular and extracellular
labelling of target proteins such as cytosolic actin, nuclear hiét@me the celsurface receptor

protein epidermal growth factoeceptoEGFR)3®
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These fluorophores all havelativity high energy excitation wavelengths in the UV, blue, and
green range, respectlye Their high energy excited states make these fluorophores easily
amenable to PeT quenching by the maleimide groups. However, high energy excitation is

problematic ér in vivoandin celluloapplications due to photobleaching and phototoxicity

1.4.5BODIPY as a New Fluorogen Scaffold

An ideal fluorophore candidate would have a high quantum yield and molar extinction
coefficient, low photobleaching, reshiftedexcitation/emission, and efficient quenching by PeT.
Although its preparation was first publishedli®68;’ popularity of the B®DIPY (difluordboron
dipyrromethene) class of fluorophores for cellular applications has risen dramatically in recent
years due to several promising featwseincluding robustness, brightness, narrow emission

bandwidth, and good aqueous solubilffy.

BODIPYs exhibi a wide range of emission/excitation wavelengths with examples across the
visible range and even RiIbased on modification around the core structtitéRecently, NIR

and red BODIPYs such as ABODIPYs and dimeric structures have been synthesfréd.
Many synthetic approaches to diversifying the BODIPY core have emerged, broadly categorized
into prefunctionalization or postunctionalization strategies depending on if modifications to
the core structure occur before installing the difluoro boron moi¢iy.BODIPY core including

the IUPAC numbering system for functionalization is shown below.
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Figure 1.11 IUPAC numbering (red) and naming (blue) for BODIPY scaffold.

Longer wavéength emission fluorophores are predicted to have smaller HQUI@O gaps

from DFT calculations, and this decreased bgap typically results from a lower energy
LUMO, as opposed to a higher energy HOMO. As a resultsindited fluorophores armuch

more problematic in terms of PeT quenching compatibility than previous blue, cyan and green
fluorophores. The structure of such a fluorogen would have to be changed either to lower the
LUMO of the maleimide below that of the fluorophore, or to réigth the HDMO and LUMO

energies of the fluorophore.

A recent computational study by the Cosa group investigated a library of 100 BODIPY structures
and showed that the probability of PeT can be predicted by using the Hammett constant to
correlate BODIPY xcited stag¢ redox potential®> DFT calculations suggest that PeT quenching
should be possible using the BODIPY scaff6idAdditionally, Nagano and coworkdrs
fluorogenic probe provided further evidence that maleimides can quench PBODI
fluores@nce>? DFT modelling can therefore provide a means of rational design of BODIPY
based FIARe fluorgento createa new generation of FIARe probes with improved optical

properties foin cellulo protein labelling.
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1.5 Objectives

Visualizing and monitoring proteins in live cells withalisturbingtheir biological function is a

key challenge in chemical biolggDespiterecent advances in labelling tags with small molecule
fluorophores, the available toolkit of labelling agents is still limited in terms of toxicity,
background signal and washing steps, and multicolour imaging of multiple target proteins in
living cells. To address these limitations in the fielde set out to create a new generation of
FIARe fluorogenic labelling agents for no wash protein llaige in living cells based on the
BODIPY scaffold Our synthetic design focuses on green and red, dyesed sited dyes are
advantageous for live cell labelling and most fluorescence microscopes used to investigate
biological systems are equipped with green and red filters. The research towards these probes

will be presented herein the following Chaters.

1.5.1Towards a RedShifted BODIPY FIARe Probe (Chapter Two)

First, we aimed to develop the first red FIARe probe by exploiting the versatile BODIPY
fluorophore. To do this we built off promising preliminary work done by the Keillor group on a
lead compound, refemeto asYC29 herein, which exhibited good kinetic and ftagenic
properties and emission in the red range of the visible spectrum. In this chapter we wilt discuss
1) the design and computational modellingY@29, 2) synthetic efforts towards improvinge
preparation ofYC29, 3) the synthesis of two alternative reHifted, potential FIARe probes
based onyC29, and4) in vitro kinetic evaluation and glutathione reactivity of these potential

probes andh cellulolabd | i ng o-fagged POIC1 0 U
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1.5.2Design, Synthesis, and Evaluation of a Green BODIPY FIARe Probe (Chapter Three)
Next, we aimed to develop a green BODIPY FIARe probe that would beshié@éd in

comparison to previous dansyl (UV) and coumarin (blue) FIARbga* and provide a useful

green channel fluorescent protein labelling agent. In this chapter we will discuss: 1) the design
and computational modelling &fC23, 2) the synthesis of the green BODIPY probein3yitro
determination of kinetic profile, quaum vyield, and offtarget thiol reactivity and 4in cellulo
toxicity and cel |-adgedPOIMacth af thd wonkirluded in this cldaftdr 0 U
was recently published as a communicationAingewandte Chemie International Edition

(2018)5°

1.5.3Conclusions and Future Perspectivé€hapter Four)

The final chapter of this thesis will summarize the results achieved in Chapters Two and Three in
terms of synthetigpreparation, spectral properties, kinetic profiles, fluonbgigy, and cellular

|l abelling. This chapter wil/l al so briefly dis
should be incorporated in future investigations and propose neshiféeld FARe probes for

future work
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Chapter Two: Towards a RedShifted BODIPY FIARe Probe
2.1Introduction

As introduced in Chapter One, the FIARe labelling method exploits the selective reaction
bet ween a g¢en ehélimlgéptidg coptaining twa dysteme rébidseparated by

~10 (dCc100) and a c oimpde duoregen. dheifitstynuckeaplzlie d d i r
addition reaction ofthe thiol group to the electrophilic carbonyl of the maleimide is
intermolecular and rate limiting, whereas the second intramolecdiditicm that restores
fluorescence is very rapid. The adlalit reaction of the FIARe probe is kinetically favoured over

reaction with small molecule thiols due to its constrained geometry and lowered cystgine p

values, resulting in high selectivity atwv background signal.

Although there has been consideralsleccess with early generation FIARe probes, their
application has been limited by the high energy light required for excitation of the fluorophore.
In terms ofin cellulo and in vivo applications fluorophores with reghifted excitation and
emission spdca are advantageous. To create FIARe probes that are better suited for live cell
imaging, redshifted dyes that are amenable to efficient quenching by maleimides thrdrejh d

are required. Thisan be challenging, as the smali@ndgags of longer wavetngth emission
fluorophores are typicallgue toa lower energy LUMO, as opposed to a higher energy HOMO
which can disfavour ®PeT. The BODIPY fluorophore has emerged as a potential new
fluorophore for FIARe that could circumvent these challenges. Iicpkat, the recent work of

the Cosa group was instructive, as it demonstrated a large library of BODIPY compounds that

should be amenable teRET>*
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2.2 Design of a Red FIARe Probe

BODIPY-based fluorescent dyes have grown in popularity immensely in receats,y
particularly as fluorescent indicatdfs, biological labels® ard fluorescent probes for
bioimaging®® As discussed in Chapter One, the success of BODIPY for these applications can be
attributed to several intrinsic properties including bright fluorescence (dushdigh quantum

yields and large molar absorption coefficients) ro@remission bandwidths within the range of

the visible spectrum, good solubilities, and robustness. Perhaps most strikingly, the spectroscopic
and photophysical properties of the dye bartuned by functionalization of the BODIPY core at
different positons with a wide variety of functional group'sModification to the simplest
BODIPY strudure can occur either byrefunctionalization or posfunctionalizatian. In
prefunctionalization, the desired functional group(s) are installed before the borsdidaaene

core is formed by using functionalized versions of the pyrrole precursors. at#brnwith
postfunctionalization, modification occurs on the alredoyned core structure later in the

synthetic route.

2.2.1Synthetic Strategy
2.2.1.1Functionalization Strategies for BODIPY

To design a wavelengtiunable FIARe probe, a synthetic route that incaafes latestage
modification is preferableas this enables a morevdrgent strategy for the installation of
different functional groups to achieve rskiifted emissions and even create small libraries of
potential probes. To this end, our BODIPY scaffelds designed to be modifiagsing a

postfunctionalization strategy.
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C-H activation, radical arylation

Figure 2.1 Summary of the synthetic strategies for postfunctionalization of the BODIPY core.

The current methods of postfunctionalization, based on position around the core, are summarized

in

Figure2.1. For clarity, only one half of the synetrical core is labelled, although the strategies
shown are mirrored for positions3l Preferential position(s) of functionalization based on the
synthetic strategy used canpart regioselectivity; however, disubstitution is often possible at
the mirror@ position on the second pyrrole. Broadly, these strategies include substitution,
aromatic substitution, Rdatalyzed couplings, Knoevenaggbe condensation, -8 activation,

and radical arylatioR! Among the many available methods for derivatization, nucleophilic
aromatic substitution (&\r) can be used for BODIPYs that are halogd at thd, 3, 5, 7or 8
positions, whereas electrophilic aromatic substh (SAr) is selective for position 2 and 6
(beta).SvAr is electronically restricted to the 1, 3, 5,and 8 positionbecause attack allows the

resulting intermediatearbanion to be delocalized onto one of the nitrogen atoms.
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2.2.1.2SvAr Approach

We were intrigued by the potential to append our nucleophilic aniline dimaleimide building
block (akaNHdM10) to a halogenated BODIPY core directly through aArSapproach, as well

as afunctional grouptored hi ft t he f | uor o pshifbis dténsachieved gysi o n .
increasing the length of the pi conjugated system, lowering the LUMO energy and therefore
decreasing the energy gap between HOMO and LUMO (band®$ap)ino substituents have
been shown to affect théze of the band gap and this effect is dependent on positi@md35

amino substitution has been shown to-sait due to increased pi conjugatiohThe work by
Dehaen et al on functionalization of halogenated BODIPYs via nucleophilic aromatic
substitution was highly instructive in providing potential substitsieto shift the emission
wavelengttf® This paper presented successful incorporation of a series of O, N, S, and C
nucleophiles to a 3;6hlorinated BODIPY via substitution and showed their effeatthe
spectral properties of BODIPY. Notably, they showed that ranikubstituents shifted the
emission towards 600 nm, with aaliline substituted BODIPY exhibiting the most sufted

wavelength of 613 nm (in methanol).

Encouraged by these rewmyla 3,5dichloro substituted BODIPYvas chosen to functionalize.
This overall approach is shown Figure 2.2 below, where the dimaleimide scaffold is first
installed by an QAr reaction followed by a wavelengthning substituat (R) by a secondn®r

reaction. The dimaleimides can then be installed using the nitro groups as synthetic handles.
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Figure 2.2 Double SIAR design of a wavelengttunable BODIPY FIARe probe.

Dr. Yingche Qien, a former poaioctoral fellow in the Keillor group, devised a series of
compounds through this doubleAR strategy to redhift the emission wavelength of BODIPY,
while maintaining the BODIPY ES at a higher energy than the maleibsisdedLUMO to
favour quenching by -PeT. This endeavour involved computational modelling and analysis of

energy levels for several potential compounds.

Based on the computational results obtained by Dr. Chen, the compound withNR =
methylaniline stood out dsaving thesmallest band gap and therefore mostsigfted emission,

while still able to quench by-BeT. The target compound, referred tor&9, is shown below

in the overall FIARe scheme, where addition reaction with our dii o | dC10U tag

results ina fluorogenic response.
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Figure 2.3 FIARe scheme for red BODIPY fluorog&fC29.

2.2.2Molecular Modelling of YC29
The potential FIARe compoun®h-BODIPY -NHdM10-N-MePh (aka YC29), was modelled

herein byTD-DFT cakulations(B3LYP functional and @81G(d) set)to determine if quenching
by d-PeT should be possible, as well as to predict emissionlevagth. As shown irFigure2.4
below, the BODIPY excited state (B) and the maleimide LUMO &3 separated by

approximately 5.4 A (3 which is within the distance range foP@T.
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Figure 2.4 DFT-minimized geometrpf fluorogenYC29, showing: A) the relevant distance

between the maleimide and BA®M group, B) the BODIPY excited state (LUMO +andC)

themaleimide LUMQ

The energies of the relevant orbitals are summarized ireablbelow. These modelling results

show that the LUMO energies of the maleimides are slightly lower than that ofditedestate

BODIPY LUMO, and therefore quenching byR&T should be thermgdamically favourable.

Table 2.1 Summary of HOMO/LUMO energies fofC29 determined by molecular modelling.

Energy
(Hartree)
HOMO LUMO + 2 LUMO LUMO + 1
(BODIPY ES) (maleimide) (maleimide)
(BODIPY GS)
Fluorogen YC29 -0.175 -0.082 -0.088 -0.087
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The molecular diital diagram below illustrates the changes in orbital energies after reaction

with one equivalent model thiol, MeSH (adile), and the dithiol adduct (right).

0.02 5?
: . B4
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Figure 2.5 Molecular orbital dagram forYC29 before addition reaction (left), after one thiol

addition (middle), and after two thiol additions (right).

Before additbn reaction, the LUMO and LUMO +1 are lower in energy than the BODIPY ES,
meaning dPeT should be favoured and the natiluorescence fothe compound should be
guenched. After the first ratamiting intermolecular addition reaction between a maleimid an
thiol, the energy of the resulting succinimide (LUMO +2) is raised higher than the BODIPY ES;
however, the second umeed maleimiderbital is still able to accept the excited state electron.
After the disuccinimide adduct is formed, the ES of the B®Dbecomes the LUMO, restoring

the native fluorescence.

After reaction with two equivalents afodel thiol MeSH), the excitation energ of YC29 was
calcul ated to be 2.45 eV, cCOda=6&0p. IConsidegng t o an

typical Stoked s hi fts are rather smal/l for BODI PYs,
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compound would be predicted to b&20 nm, in the green range dhe visible spectrum.
However, the maximum emission wavelength and bandwidth must be determined
experimentally, and the structural similarity¥€29t o Dehaeno6s difavouldl i ne

suggesthe emission wavelength ¥iC29 should be closer to 600 nm (orange/red).

2.3 First synthetic approach

The first approach to the synthesis of the BODIPY fluorogen was devised by Dr. Yingche Chen
and is shown below in Scheme 2.1. This route incorporated preFidde probe building
blocks, the dinitro compoung.1 as well as methoxymaleic anhydride, whoseparations will

be discussed in the following section. From the comp@uhdnd the 3,5lichloroBODIPY 2.2,
preparation oy C29 followed a linear route thdtegan with subsequent/& steps to install the
dimaleimide scaffold, followed by the wavelengtiming N-methylaniline group to give
compound2.4. Next, both nitro groups were reduced by hydrogen over palladium on carbon
(10% wi/w). The resulting diamineias then reacted with excessgethoxymaleic anhydride to

form the acyl intermediatevhich immediatly underwent ring closure overnight in a mixture of
sodium acetate and acetic anhydride. Under these conditions, Dr. Chen found that the boron core
was remoed resulting in compound.6, and so it was subsequently reinstalled. The conditions
for boron complexation serendipitously removed the Boc group, which gave the final desired

compound without employing an additional Boc deprotection step.
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NaH (1.0 eq)
NHBoc Ph Ph H Ph

N\
i = NaH(1.0eq) /17 = ©/(2.0eq> ad =)
=N_-_N DMF, rt, 5 h /N‘é/N NO, —=N_-_N NO,

R -
ON NO; ¢ Faci cl F2BocN N F2 BocN
60% DMF, 70 °C N\
(3 steps) (4 steps) 3h

2.1 2.2 2.3 NO, 39% 2.4 NO,

H,, 10% Pd/C (0.05 eq)
29% l 1:1 MeOH/THF

° rt, o/n

o)
5 steps))j} Ph
Ph Ph °©
N O\ OMe 1. CHCl, =
AN N Y N BF30Et,, DIPEA /N HN / Me _ 60°C.22h @/ F2 BocN
N F2 HN o
®/ \ \Q Toluene, rt, 20 h N BocN\Q 2. NaOAg, Ac,0
2.7

o) 17% 80 °C, o/n

: N
(aka YC29) O:Sj ;/\j 1%
_

MeO
MeO

Scheme2.1 Linear synthesis for neparation of YC29 with reported yields achieved by Dr.

Yingche Chen.

This synthesis has a total of 18 steps and is highly lineardiGioroBODIPY and diitro
compound2.1 were prepared on the gram scale; however, due to compounding low yielding

steps, only 7 mg of the final FIARe probe was isolated.

2.3.1Preliminary Results

The characterization &fC29 reported below was completed by former post doctoralviellor.

Chen. These results were highly promising for a red FIARe probe. Briefly, the excitation and
emission spectra o¥C29 af t er r eact i-taggedwestt phein ahowedCthad the
compound was more red shifted than computational modelling preédigidng a maximum
excitation at 580 nm and emission at 630 nm, with considerable emission up to ~650 nm as the
emission band was rather broad. This brought the emisdithe compound well into the red

channel of most fluorescence microscopes.
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Figure 2.6 Excitation and emission spectra of 25 pM MBE10Jlabelledwith YC29.

Further, the compound was shown to dféiciently quenched in the absence of tagged test
protein (black link, Figure Z.(left)) and undergo a 36fdld fluorescence enhancement after
reaction. The fluorescence increase was also medhsag a function of time for the labelling
reaction with dC@ Wagged test protein (right). Nearly maximum fluorescence was reached after
2 hours of reaction. No fluorescence increase was measured¥@#hwas incubated with

excess GSH, showingthecompod 6 s sel ectivity for the tag

41

ov

€



—YC29

—— 50 uM GSH
30000 - 30000

—YC29 ——5 mM GSH
— YC29 Labelled MBP-dC 10« B —— 25 yM MBP-dC10a,
25000 - 25000 -
=) 5
3 £
= 20000 ~300'fOld FE I 20000
g |
[ ]
E 15000 £ 15000
(] 8
2 =4
s (7]
@ 10000 5 10000 -|
S S
= i
w
5000 5000 4
0
] T T 1 T T

T T M T N T v T
. ‘
600 620 640 660 680 700 720 740 © 100 20 300 400

Wavelength (nm) Time (min)

Figure 2.7 (Left) F1 uor es c en c e «=58thnmha 25SnubYCRY, ifcabated in the
absence (black) and presence of MBR 1 0 U oyarrighd. )(Right) Time-dependent
fluorescence Y020 reatng with oné eq@ivalent dfitest protein MBRFC 1 0 U

(red)and excess thiolgex= 5 8 0 em# 680 nmoe-

Although these results are highly preliminary, they are promising for a potémtizllulo

l abel ling agent . Un f o rdinal npeepaeatiop ,was tdbéemed doo lmep 0 u n ¢
synthetically impractical. Themall amount of product obtained from the synthesis outlined in
Scheme 2.1 was sufficient for some initial analyses, such thatdbk of YC29 was quickly

depleted and someesultswere unable to be replicated by subsequent Keillor lab members. In
particular, a rate constant, quantum vyield, and publication level cellular images were not
obtained. To determine the feasibility dfC29 as a probe, the compound needed to be

resynthesize in higher yields and further evaluatedvitro.
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2.4 Towards a New Synthetic Approach

In analyzing the first synthetic preparation of the compound (Scheme 2.1), several issues became
apparent. Firstly, tafirst SAr st ep 1 s not r dans carsbe attacked byvhe; b o't
aniline without preference.n8r proceeds through a stepwise mechanism: nucleophilic attack

and rehybridization of the ipso carbon @po sp) followed by leaving group departure to

reform thesp? centre®! SyAr reactions are typicallpushed towards completion by using esces
nucleophile since the rate limiting step depends on intermolecular nucleophilic attack. However,

in this case, there is a trad#f between yield of desired product and side product. To achieve the

60% vyield of ompound2.3in Scheme 2.1, 1.5 eq of anéi was used, which resulted in a 20%

yield of -biscupledcongpoundl, U

Nitro reduction by hydrogen over palladium has been used extensively in the Keillor group and
typically is much higher yielding (>86), therefore the 29% yield shown in Schee 2.1 was

cause for concern. Additionally, the low yield paired with the removal of the boron group upon
addition of the maleimides is very problematic. The chemistry for maleimide addition to the
dianiline scafftd has been well developed in the Keilgmoup over the last several years, and
typical yields for this reaction (over two steps) with the methoxymaleic anhydride range between
~ 40-80 %, therefore an 11% yield was suprisifiglthough Dr. Chen was able to reform the
BODIPY core after BFwas unintentionally removed, this unexped step was much lower
yielding than a TFA deprotection is expected to be, and much lower yielding than expected for a

typical boron complexation.

After identification of these concerns, the original syntheticteowas repeated with

modifications to impove the overall yield and thereby the feasibility of preparationG9 for
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application as a labelling ageiirst, the preparation of the three key intermediates (compounds
2.1, 2.2, and methoxymaleic anhydridehown in Scheme 2.1 will be describedhe following

section.

2.4.1Synthesis of the dimaleimide scaffold

1) Et,N (2.0 eq)

i) H,SO, BOC,0 (3.0 q)
GOH ii) conc. HyS0, NH2 DMAP (0.1 eq) NHBoc
iii) NaN3 (1.15 eq) /@\ THF, reflux, 4 h
O,N NO, DCM, reflux, 4 h O,N NO, 2) K,CO3 O,N NO,
MeOH, reflux, 1 h
2.8 2.1
70% 56% over two steps

Scheme2.2 Synthesis of the NHAM10 scaffold.

As described in Chaptédne, the dimaleimide scaffold hagen developed and optimized for
FIARe probes to be a rigid linker between the fluorophore and the maleimides that separates the
two maleimides by approximately 10 A. The Boc protected dinitro compound was synthesized
acwording to procedure previously pigiled by the Keillor grouf®®? A Schmidt rearrangement

of 3,5benzoic acid produced thercesponding aniline in 70% vyield @ bright yellow solid that

is easily isolated by filtration. Next, a mono Boc protection of dinitroaniline was achieved by
first making a mixture of mono and bis protected aniline that was then subjected to mild
deprotetion conditions using ¥COs that is chemoselective for removal of the one Boc group

only.
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2.4.2Synthesis of methoxymaleic anhydride

0 0 0
PhN Br, PhN Et;N PhN
Y Br - /210
o CHCl,4 o THF, 0°C, 2 h o )
reflux, 1 h Br Br
64% 2.9 91%
EtsN

MeOH, reflux 3 h
57%

o 0 0 o)
" % 80°C,4h  HOOC—/ 7
Ph o ’ 1:1 MeOH/H,O O
OMe OMe rt, 1h OMe
2.13b 2.13 74% 2.12 84% 2.1

Scheme2.3 Synthetic route for the preparation of methoxymaleic anhydride.

Methoxymaleic anhydride was thereparedaccording to literature proceduf® First, the
unsubstitutedN-phenyl maleimide was reacted with bromine in chloroform under reflux
conditions for 1 h and theesulting dibromosuccinimid.9 was isolated in 64% yield by
precipitation at 0°C. Dehydrobromination with triethylamine at O °C gave the bromomaleimide
2.10 in 91% vyield. Baseatalyzed vinylic substitution with methanol gavehet
methoxymaleimide2.11 in 57% vyield after purification by flash chromatography. Next, a
regioselective baseatalyzed hydrolysis gave the maleamic azitl2 as a crystalline solid in
84% vyield. Finally, a 1:1 mixture of acetic anhydride and acetic aaig ¢he methoxymaleic
acid anhydride2.13 and themajor acetieanilide side producR.13b which were separated by

flash chromatography to give the maleic anhydride in 74% vyield.
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2.4.3Synthesis of 3,4lichloroBODIPY

O pyrrole (37 eq)

] TFA (0.1 eq) NCS (2.2 eq)
_ —_—
rt, 15 min THF, -78 °C, 2 h
73% -20 °C, o/n Cl Cl
215
p-chloranil
DCM
rt, 3 h
20% over 2 steps
i) EtzN (10 eq) Ph
i) BF5-OEt, (15 eq) N
toluene =N HN
reflux, 2h Cl Cl
65%
2.16

Scheme2.4 Synthesis of 3&lichloroBODIPY.

BODIPY 2.17was prepared following a literature procedure forghe hydroxylated analogue

of our desired compourfd.To ou knowledge, this BODIPY divative has not been previously
reported in the literature. We found that in many preparations of similar compounds,
characterization data of the common precursors is limited or missing entirely. As a result, we
attempted tdully isolate and characterize the intermediates and optimize purification procedures

to assist future syntheses.

This preparation is challenging due to the inherent instability of the pyrrole precursors. In many
cases in the literature, crude material isshed forward through several steps without

characterization due to the difficulty of purification.

First, the dipyrrometine 2.14 was prepared by condensation of benzaldehyde with excess

pyrrole as the solvent using a catalytic amount of TFA. To limitiptesslegradation and side
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products, fresh and degassed pyrrole was used and the reaction was run in the dark under
nitrogen for only 15 minutes. Excess pyrrole was then removed by distillation under vacuum as
quickly as possible after the reaction. Althbuagfter much effort the dipyrrin was able to be
isolated for characterization, in subsequent preparations th@unied product was pushed

forward in the next step immediately to limit degradation.

Next, regioselective chlorination at the alpha posgiwas achieved following a literature
procedureto give compound2.15%° Maintaining the reaction at78 °C is critical for
regioselectivity for the 3,5 position. As Gardvdoreno and coworkers stwved for amesoaryl
substituted BODIPY core, chlorination using NCS at room temperatstalls the chlorides
preferentially at the 2,6 positienThis work also suggested up to 3 eq NCS could be used
without significant yields of trichlorinated producrmed; however, a more conservative excess

of 2.2 eq was used following the route described by Dehaen and Bderadl repetitions of this
reaction, the mono chlorinated compound was formed sisleproduct that was inseparable
from the desired product by column chromatography despite several attempts due to similarity in
RF values. As a result, the crude mixture was oxidized without purification, giving the desired

2,5dichlorodipyrromethen2.16 in 20% yield over two steps.

Finally, complexation with BEt.O gave the desired 3¢chloroBODIPY in a 14 % overall

yield, as compared to the 20% overall yield reported by Dahaen and $oens.
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2.4.4Synthesis

NaH (2.0 eq)
NHBoc Ph Ph H Ph

- P N P
4 -~ 4 - ©/ (20e 7 -
0eq)
/':‘\é’N V NaH (1.5 eq) /N\é’N Y/ NO, _N.-_N Y/ NO,

O,N” i “NO. — * - - +B
2 2 F2 CI DMF50°c,2h CI'  F2BocN N_  F2BocN
DMF, 50 °C N
(3 steps) (4 steps) 3h

21 22 48% 23 NO, 48% 24 NO,

Ha, 10% Pd/C (0.25 eq)
82% 4:6 MeOH/THF

° rt, o/n

o
5 steps))i} Ph
Ph Ph °

OMe / = =

AN o ~ o 1. ACN _N.- N—/
//N _ NS TM (1.0 eq) C U ) y-OMe reflux, o/n m NH;
+'B” N U i /’:“B’N N - N\ F2 BocN
N Pz HN 0 DCM, 0°C, 1 h N F2BocN 0 2. NaOAc, Ac,0
N 80°C, 4 h

YC29 0o 2.18

N N o
10%
O:Sj Oz%j

MeO MeO

Scheme2.5 Synthetic route t&/C29 with improved yields.

2.4.4.1S\Ar Steps
With the key building blocks in hand, we attempted to optimize the selectivity difsh&vAr

reaction, in terms of maximizing yield of the desired mono coupled product over the bis coupled
side product. Firstly, the equivalents of aniline nucleophilewas reduced from 1.5 to 1.0 eq.

1.5 eq of NaH was used as strong, Hmoigleophilicbase ® ensure all Bogrotected aniline
nucleophile was deprotonated. Using 1.5 eq of nucleophile (Scheme 2.1) gave mixtures of 48
60% mono and ~ 20% bis coupled product, with 20% recovered BODIPY starting material. A
comparable 48 % vyield was obtaineshder the modified conditions, with a noteworthy
difference of an increase in recovered starting material (36%) and negligible amount of bis
coupled side product. We expect that the decreased reaction time (from 5 h to 2 h) with increased
temperature maylso ogimize the ratio of mono to bis coupled product. Increasing the reaction

time may improve the yield of desired compound, but at the expense of recovered starting
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material. A shorter reaction is preferable, as the BODIPY precursor is very valuabrethisd

case, can be recovered and reused.

The subsequentn8r with 2 eqN-methylaniline using NaH aa non-nucleophilic base gave a
48% vyield after 3 h at 50 °C, resulting in a 10 % increase in yield compaiedto Chends
original synthesis. This is cqrarabé to the 60% yield obtained by Rohand and Dehaen for the

same substitution on an alpha chlorinated BOD{PY.

2.4.4.2Nitro Reduction

The following reduction of both nitro groufpy hydrogen over pkldiumon carbon was a step
where we hoped to achieve a significant yield increase from the original 29%. The Pd/C (10%
wi/w) catalyst loading was increased from 5% m/m to 25% m/m, and the product was obtained in
an 82% vyield after filtration through celitdt is possible that the catalyst used in the first

synthesis may have been poisoned, or that the reaction requires longer than 18 hours at 5% m/m.

2.4.4.3Addition of Methoxymaleic Anhydride

Addition of the maleimides was the most problematic step in the atigymthesis, as the boron
group was removed under the reaction conditions and only an 11% yield of the corresponding
dipyrromethene product (compou2de) was isolated. At this point in the synthesis, both the
dianiline 2.5 (prepared in 10 steps) and theethoymaleic anhydride (prepared in 5 steps)
starting materials are extremely valuable. This is arguably the most critical reaction in the

synthesis.

As we were concerned about stability of the methoxymaleimide to hydrolysigpted to
change the solve from chloroform to a similar boiling point solvent that was available on our

solvent purification system, acetonitrile, to ensure that the reaction was anhydrous. Next, a
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model reaction between citraconithgdrideand the dianiline scaffolghown belav, wasrun in

acetonitrile at reflux to test reaction conditions and intermediate isolation.

[o]

o}
. o)
) (3.0eq) HO | \
o (@] N
NHBoc
ACN, reflux, o/n  BogHN NH  NaOAc A0 5o ouN 5
— 80 C
HoN NH, 0

Scheme2.6 Test reaction for maleimide addition.

After reaction at refluxovernight, T.C analysis (5% MeOH/EtOAc eluent system) showed full
consumption of dianiline starting material, remaining excess maleic anhydride, and a single new
spot. This new spot was successfully isolated from the excess starting material by a series of
triturations with E¢O. As expected,'HNMR analysis of the isolated solid showed pure
dimaleamic acid. This result suggested that the dramatically low yield of the original synthetic
route was likely due to the ring closing step. Additionally, it was ptedlicted hat the boron

was removed during the ring closing step, since BODIPY should be stable under the relatively
mild heating conditions of the first step. The given ring closure conditions shown overnight gave
mainly desired product without purifitan. The raction mixture appeared the same by TLC
after 3 h and after overnight reaction, and therefore we dpted shorter reaction time to

maintain BE complexation.

The methoxymaleic anhydride addition was run under the described test reactitiom®rad
the same scale (see Experimental). Again, the aniline starting maesialas completely

consumed by TLC and the intermediate was isolated as a deep purple precipitate from excess
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maleic anhydride by trituration with diethgther, appearing as single spt by TLC. The
subsequent ring closure using NaOAc/Bdo form the mixed anhydride was given 4 h to react.
The mixture was purified by column chromatography to give ~10 mg of desired compdénd

and ~4mg of compounc.6, originally isolatedby Dr. Chen

The small amount of isolated compouRd 8 was subjected to deprotection conditions using

TFA; however no desired final fluorogen was detected by MS or NMR analysis.

2.4.4.ATFA Removal of BEfrom BODIPY

Upon review of the literature for conditisrthat mightbe responsible for decomposition of the
BODIPY compound in the final steps of the synthesie discovered thaBrgnstedacids
(including TFA) have been recently published as deprotecting reagent&-B@DIPY
derivatives and are effective irear quantitive yields for the corresponding dipyrrittsAs a

result, even if the problems with the maleic anhydride addition step could be solved, the
compound could likely not be deprotected without removing the @&up and subsequently
needing to reinstall it. This flaw in the synthetiestgn wouldneed to be overcome in order to

create a higher yielding, reproducible pathway for the red fluorogen.

2.5A New Convergent Strategy
Due to the synthetic incompatibility of the BODIPY fragment and-Begrotection conditions,

as well as the dramatioss of yidd at the maleic anhydride addition step, the original synthetic

approach needed to be redesigned.

Starting from the same 3dichloroBODIPY precursor, we envisioned a more modular
convergent strategy involving two late stagé\6reactions tacombine thdluorophore with the

NHdM10 maleimide fragmentanda wavelength tuning substituent. This strategy would not
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only be useful for the synthesis 829 but could also be used to incorporate any nucleophilic
wavelength tuning substituent, thikyeallowing the creation of a library of compounds relatively
quickly. The retrosynthetic approach for the convergent strategy is shown below. The order of
substitutionof the two substituents at the alpha positigmsnterchangeable, providing two

possible routes.

Ph
I Oxe ™y OMe
=N_- N_7# N
YB
@N F2 HNG o
b
\_ 0
0
SyAr = SyAr
Med

Pathway 1 Pathway 2

Ph Ph
= = e — O
74 > 4 p \/:?,DMe
~Mg" g e N
@m F: ¢ cl F. HN\Q 0
Y
e
% Ph & o
SNAF SNAF —
720 i ==
-—"N\_é,N /r MeQ

cl F2 ¢

Figure 2.8 Retrosynthetic analysis for convergeRiAs strategy toy C29.

Pathway 1 in Figure 2.8 was chaosas the preferred route, as it incorporates the most
synthetically valuable half of the compounde thimaleimide portion, which is prepared in 12

stepsat the endThe synthetic scheme chosen for pathway 1 is shown below.
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i) jié (3.0 eq) NHBoc
NHBoc o

NHBoc OMe 0 0
H,, Pd/C ACN, reflux, o/n
S _— N N
MeOH/THF ii) ZnCl, (3.0 eq) \ /
OyN NO, rt, o/n H2N NHz  "HMDS (4.5 eq) o O
. (9:1) toluene:DMF MeO 0 OMe
2.1 80% 219 80°C, 3 h 2.2
0,
67% quantitative 10% TFA/DCM
,3h
NH
Ph i) N-methylaniline (3.0 eq) Ph 2
NaH (2.0 eq) 16} o
7 ACN, rt, 30 min andihe
—~N_-_N / /N\é/N / N N
+B” ii) reflux, 6 h T B \ /
R 75 9 ®/ N 2 © o o
217 2.22 MeO 2.21 OMe

.......................

Scheme2.7 Convergent synthetic route ¥&C29 (Pahway 1).

2.5.1Dimaleimide Aniline Synthesis

In this scheme, the dimaleimide NHdM10 is formed independently, as opposed to attaching the
maleimide scaffold tohe BODIPY core initially and functionalising the nitro groups. In this
design, the BODIPY core is inporated after the TFA deprotection step. Beginning from
dinitro compound.1, both nitro groups were reduced under hydrogen using the same conditions
as described previously to give compouhd9 in 80 % vyield. Next, the same conditions for
maleic anhydde addition were used as in the previous synthesis. The isolated maleainic aci

intermediate was then subjected to alternative ring closing conditions, accordgitigetature
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proceduré’® ZnCl, and hexamethyldisilazane (HMDS) were used to activate the diacid towards
intramolecular nucleophilic attack by the amide nitrogen. Tésreld Boc protected compound
2.20 was isolated in 67% vyield over 2 steps asubsequently deprotected using a 10%
TFA/DCM solution to give the dimaleimid2.21 in quantitative yields. This was a significant
improvement compared to the 54% yield obtainedhie literature procedure published in the
Keillor group? The increase iryield was attributed to optimized work up conditions (see
Experimental) Briefly, the aniline was observed to be partially soluble in the aqueous phase and
therefore a large amount of product was likely lost during aqueous workup in the original

procedure.

2.5.2U-N-MePh BODIPY SIAr

The N-methylaniline mono substitution procedure tonfocompound?.22 was optimized over
several reactions, starting from a literature procedure for the substitution of aniline to a 3,5

dichloro aryl BODIPY®°

3,5-Disubstitution was a problem for sstliution with dinitro compound.1 in the linear
synthesis,and thuswe expected a similar selectivity issue for this compound. However, the
authors reported a 70% yield of the roesubstituted product using 2 eq of nucleophile at room
temperature in onl0 minutes, and disubstitution after 8 hours reflux with 4 eq of nucleophile.
We found that refluxing overnight with 1.0 eqfMePh resulted in a 25% yieldihereas2.0

eg gave &b0% vyield. In both cases, a mixture of starting material and desired gprocis
obtained; however, no bis coupled -pyoduct was detected bjH NMR analysis. 3,5
dichloroBODIPY and compound.22 were inseparable by column chromatography, therefore

pushirg the reaction towards completion was crucial not only for characterizattalso for the
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subsequentNAr coupling. The amount di-MePh was increased to 3.0 eq, resulting in a 75%

yield of compoun@®.22with tracesof unreacted starting material detsstby NMR.

Final SnAr

The experimentatonditions used to couple compouR@2 and2.21 are summarized in Table
2.2 below. All reactions were run overnighinder anhydrous conditions and rétrogen
atmosphere using Nakb0% dispersion in mineral oil) as a base. NaH was stirred with the
nucleogile for ~20 min to preform the anionic aniline, which was then addeddtution of the
electrophile (0.05 M). Each reaction was run on argpscale. Only a slight excess (1.2 eq) of

NHdM10 nucleophile was useds this material was highly valuable.

Table 2.2 Experimental conditions for they&r between compoun@.21and2.22

ENTRY E* NU- EQNU SOLVENT/TEMP RESULT

1 Ph-BODIPY- NHdM10 1.2 ACN/40°C No conversion by TLC
N-MePh-ClI (2.22)
(2.22)

2 Ph-BODIPY- NHdM10 1.2 ACN/ 82°C No conversion by TLC
N-MePh-ClI

3 Ph-BODIPY- NHdM10 1.2 DMF/100-120°C  No product detected b
N-MePh-ClI NMR

4 Ph-BODIPY- N-MePh 2.0 ACN/40°C No product detected b
NHdM10-Cl NMR
(2.23)
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We first attempted the substitution under atétely mild conditions (Entry 1 above) with
minimal heating to achieve solubility of compou2@1 No conversion of starting materials was
observed by TLC, even when the reaction was heated to reflux overnight @Entijhe
temperature was further inaged to 120°C in DMF (Entry 3). In this case, both starting
materials were consumed, resulting in a dark baseline spot (25% EtOAc/hexanes) and a red
fluorescent spot at Rf 8.25. 6 mg of the red fluorescent compounasvisolated by column
chromatographyand subsequently analyzed byl NMR; however no desired product was
detectedAs no desired product was detected from Entri8s\ie tried reversing the order of the

SNvAr reactions, following Pathway 2 in Figure 2@ prepare théh-BODIPY -NHdM10-Cl in

33% yield (shown below).

Ph
NH, o
0 /@\ 0 74 e \\—OMe
Ph Meo.&’i b—or\ne — ’_}_‘\é/N % N
o O cl F2 hN 0

AR 2.21

—=N_-_N / o

+'B ACN, reflux, o/n N °

Cl Fo I

217 2.23

Scheme2.8 SvAr coupling of NHdM10 to 3,5lichloroBODIPY.

This alternative approach allowed for greagcess of nucleophile to be usedorderto push
the reaction further to completion, sindemethylaniline is commercially available. As shown in
Table 2.2 Entry 4, compoun@.23 was refluxed in acetonitrile with 2.0 eq ®-MePh

nucleophile overnight. TC analysis showed that compoua@3was comgetely consumed and
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a deep red spot appeared on the baseline that did not migrate in 100% EtOAc. The crude mixture

was analyzed by NMR after aqueous wark but no product was detected.

2.5.3SVAr Analysis
Despite he efforts outlined in Table 2.2, we were higato synthesiz& C29 by the SyAr-based

strategies Both potential precursor®.22 and 2.23 were successfully prepared; however, the
second RAr step appears to be particularly challenging. There are sevessibjgoreasons for

the difficulty of the secad substitution. The first reason is simply a statistical argument. The 3,5
dichloroBODIPY precursor is a symmetrical compound with two potential reactive sites,

therefore the mono substitution is more probable.

We also considered both electronic and istéactors. The electronic environment of both
potential aniline nucleophiles and electrophilic aryl reaction sites were compared. In téhms of
nucleophilicity of the aniline, a large difference betweenNkraethyl aniline and the maleimide

bearing arline NHdM10 is not predicted, particularly since a full negative charge is formed on

the nitrogen(upon deprotonation with NaHyyhich is strongly nucleophilic. Alternatively, we
considered that perhaps afteeamiline substitutiofregardless of the dnii ne) , t h-e r e ma
chlorinated position becomes less reactive towards.SHowever, if this were the case, there

must be a fundamental difference between the electronic effedtsnadthylaniline and 3;5
dintroaniline, as the mono dinitro substituB@DIPY undergoes the second/ with both N-

methylaniline and 3;8lintroaniline rather easily.

Sterichindrancemay also be a factor in the secongABreaction. Steric hindrance is increased
substantially a#tr the first substitution. The NHdM10 group larger than the BODIPY

fluorophore itselfsoit is not surprising that substitution onto the more hind@&e8ODIPY-N-
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MePhCl would be more difficult than with the unsubstituted dichloroBODIPY, and viceavers
for N-MePh substitution. While it is posée that substitution could be achieved under harsher
reaction conditions (i.ehigher temperature, longer reaction times, greater excess of aniline) we

were concerned about the stability of our compounds and turned to another alternative approach.

2.5.4Pd-Catalyzed ArylAmination

As introduced in Section 2.2, other methods have beed to functionalize the BODIPY core at

t h eositions, including palladiurnatalyzed cross couplings. Without needing to alter our 3,5
dichloroBODIPY fluorophore, we saw the opportunity for a Buchwddatwig arytamination
between our aryl chloride aride aniline NHdM10. The catalytic cycle is depicted below and is
comprised of 4 steps: 1) oxidative addition of the -ahtbride to the palladium (0) source, 2)
coordination of the amine to the electron deficient palladium (1) centre, 3) deprotonfation o

coordinated amine, and 4) reductive elimination of the-amyihe.

R2
Ar—N/ Ar-Cl
\ PdL,,
ductive R’
r|9 !JC Itye oxidative addition
elimination
Ar
/ 2

¥
_ /
deprotonation HN coordination

L —Pd\N‘R1

Ar H
Scheme2.9 Catalytic cycle for palladium catalyzed agfinination.

Recent catalyst systems have bemveloped to increase the rate of oxidative addition by
increasing electron density on the metal and improve the rate of reductive elimination by
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increasing steric bulk of the ligandsn(I°® Aniline coordination is more chahging than alkyl

amine coordination, as anilines are less electron rich. However, there are several examples in the
literature of catalytic systems that can mediate this amination with anilines. Typically, these
reactions are heated to temperatures >ID@ue to the difficulties encountered in the middle

steps of the cyclé®

We first attempted a coupling based a 2017 literature example of a catalyst used in the
amination of a 20doBODIPY with a range of simple anilinemcluding electron deficient
anilines®” No conversion was observed after overnight reacthis reaction is summarized in

Table 2.3 (Entry a).

OMe
0 A
Ph
ﬁ 7an i e 0 Ny—OMe
Z N= O —=N_-_N / N
4 (Pd catalyst) + B
NN Ny TS - ON\ F2 HN o
ON\ Fa Cl O Conditions a, b, ¢

O
N
—
MeO OMe
2.22 2.21 YC29

Scheme 2.10 Pd-catalyzed arybmination (BuchwaldHartwig amination) strategy to form

YC29. Conditions ec are summarized in Table 2.3.
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Table 2.3 Conditions ac for the Pedcatalyzed ajl amination between compouzq22 and2.21
All reactions were carried owinder anhydrous conditions at a 40 mg scale of compaizl
with 1.5 eq of aniline2.21. Reactions were run overnight under nitrogen/argoonversion

determined by TLC analysi€atalyst and ligand structurdsosvn in Figure 2.9 below.

Entry Pd Catalyst Base Solvent/Temp Result Reference
a Pd(dba)/SPhos CsCOs Dioxane/95°C No conversion 7
(20 mol %) (1.5eq)
b PdPEPPSHIPent'- CgCO; DME/50°C No conversion 96
o-Picoline (3 mol %)
(3.0 eq)
c PdPEPPSIPenf- CsCO; Toluene/110°C No conversion ¢
o-Picoline (3 mol %)
(3.0 eq)

Pf“g
o— C
Ms R

- s -

O _ O it
NH; PCy, JNTN
MeQO OMe Pd

I~ el

3\(r~|JR‘4

(R® = H, R* = CHy)

Pd(dba), SPhos Pd-PET’Ii’:;]:izntc'-o-

Figure 2.9 Palladium catalysts and ligands referenice@iable 2.35-¢7
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The Organ group recently developed a-patalyst PEPEPPSI that was able to couple anilines
with electronrich, deactivated aryl chlorides using.C&s. In rate studies, they showed that
amination with anilinessifirst order with respect to dothe aniline and the ba&This suggests

that aniline coordination and deprotonation are-datiermining. The most recent catalyst; Pd
PEPPSIIPent'-0-Picoline was shown to perform stronghgainst other available amination
catalysts and catalyze the coupling of strongly deactivated aryl chlorides at room temperature in
very high yields. Further, they also showed successful coupling to highly deactivated anilines. In
demonstrating the substeascope of their catalyst, amtho methoxy substituted aryl chloride

was used as the most sterically hindered substrate.

Although the PEPPSI catalyst was shown in the original publication to be effective at room
temperature, in our application the reactwas heated gently to soluzéi NHAM10 (Entry b).
Unfortunately, no conversion of starting materials was observed using the PEPPSI catalyst, even

at higher temperature (Entry c).

We speculate that the steric bulk of our compounds may prevent coandittathe metal centre.
After depotonation both the aryl chloride and anilimaustbe bound to the metal centre and
oriented in such a way that bond formation is possible. The large size of both starting materials,
in addition to the considerable stetiwlk of the IPent ligand, may prent the necessary

coordination.

2.5.5Comments on Patatalyzed Coupling

Dueto time restrictions, we decided not to pursue additional catalytic systems and conditions. A
more comprehensive catalyst screening may reveal a sfudcegstem for this coupling;

however, this is beyond the scope of this project. Both our BOBIRIgride and NHdM10
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aniline are very synthetically valuable and much more material would be required for a method

development project.

2.6 Towards a Simplified BODIPY FIARe Probe

While the computational and preliminary experimental results obtainedG@9 were very
promising for it to become the first red FIARe probe developed by the Keillor group, we became
aware over the course of this project of the many syitthchallengeshiat needed to be

overcome.

Although a red probe is alluring fam vivo applications, improved fluorogens for all common
microscope channels (i.e. blue, green, red) are also very valuable to us and we were still excited
about the potentiafor new generatin FIARe probes using the BODIPY fluorphore with

enhanced fluorogenic and spectral properties.

Since amino substitution at the 3,5 position has been shown-ghifedhe BODIPY emission

due to increased pi conjugation, we wetgiouswhether substitutio of our NHdAM10 group

alone would result in a reshift, perhaps the most rethifted FIARe probe to date. We had
successfully substituted a single aniline onto thed®&BloroBODIPY several times in previous
syntheses. Based on the pms synthetic wder described above, we knew that we had rapid
synthetic access to two other potential BODIPY FIARe probes that we could evaluate as

fluorogens:Ph-BODIPY -NHdM10-H andPh-BODIPY -NHdM10-CI (Figure 2.10).

2.6.1Molecular Modelling

Pursuing this lineof research, the probes shown in Figure 2.10 were first investigated

computationally to determine their relevant orbital energies.
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Maleimide
LUMO +1/+2

BODIPY LUMO
(ES)

BODIPY HOMO
(GS)

Figure 2.10 Ph-BODIPY -NHdM10-H (Left) andPh-BODIPY -NHdAM10-Cl (right) orbtal

localization.

The compounds were modelled as described previously. As oppoB&BODIPY-NHAM10-

N-MePh (orbital energies summarized in Table 2.1), both compounds have a lower energy
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ground state and BODIPY excited state, making the BODIPY ES lowenamy than the
maleimide orbitals (LUMO+1/+2). This suggests th&®eal between the BODIPY excited state
and maleimide would be disfavoured artlerefore the fluorophore may not be efficiently

guenched.

Table 2.4 Summary of HOMO/LUMO energies fd?h-BODIPY -NHdM10-H/Cl determined

by molecular modelling

Energy

(Hartree)

HOMO LUMO LUMO + 1 LUMO + 2

(BODIPY ES) . .

(BODIPY GS) (maleimide) (maleimide)
Ph-BODIPY- -0.198 -0.096 -0.089 -0.088
NHdM10-H
Ph-BODIPY- -0.199 -0.099 -0.089 -0.08
NHdM10-Cl

Since the LUMO and LUMO +1/+2 are so close in energy, the computational results should be
interpreted cautiously, as quenching may still occur. With the chloro com@8dlready in
hand from the convergent reudiscussed in section 2.5, we opted torenforward within vitro

analysis to determinexperimentallyif it would be fluorogenic.

2.6.2In Vitro Evaluation
2.6.2.1Target protein
First, we determined the fluorogenicity d?h-BODIPY-NHdAM10-Cl by measuring its

fluores@nce before and after addition reaction with the d¢i i o | dCc10U tag. The
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methoxymaleimide moiety has been tuned to be so slow with small molecule thiols such as GSH
that these thiols cannot be used to measupedicent enhancement. TRARe probe must be

react ed wiaggéd tasget gr@dindtdmeasure the maximum increase in fluorescence.

While there are several factors to consider when choosing a pacgeinfor cellular labelling,

in vitro evaluationis less complex. The taggprotein should be highly soluble, monomeric, and

be expressed easily in high yields. Maltose binding protein (MBP) has been the test protein of
choice for the structural and kinetic characterization of FIARe probes, as it aleétese
requirements. BP is a commonly used protein expression tag, as fusion of a target protein to

MBP allows for single step purification using an amylose reSim r dC10U sequenc
genetically fused to the -@rminus of MBP to give the fusion giein, MBRd C1 0 U. Il n a
preliminary proofof-principle study, it was confirmed that no reaction between the dimaleimide

FIARe probes occurred with unmodified MBP as gatiae controf®

MBP-dC10J was expr es s eHcoliaan descripedrini dethileird thei Erperimental
section. Briefly, LB media was inoculated with an MBP preculture and protein expression was
induced with IPTG l6opropyl RD-1-thiogalactopyranoside IPTG is a mimic of a letose
metabolite, allolalwse, a compound that initiates transcription oflélo@peronin E-coli thereby
inducing protein expression. Cells were subsequently isolated by centrifugation and lysed by
sonication. MBP was purified from the cell lysate bywifsachromatography using an amylose
resin. The protein was purified to apparent homeiggras determined by SBDBAGE using
Coomassie staining. MBP concentration was determined to be 1.16 mM using a standard

Bradford protein assay.
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2.6.2.2Kinetic evaluation

Theexcitation and emission spectra fii-BODIPY -NHdM10-Cl after equimolar reaction with
MBP-d C10U wer dgFigore 21d)Threse dlata providedraa x i md&=BB85 am (green)

and ma Xe=586 mm (@ange).
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Figure 2.11 Excitation/emission spectra for 25 pRh-BODIPY -NHdM10-Cl (max excitation
at 535 nm and max emission &85nm, normalized to 100 %) after reaction with 25 uM MBP

d C 1 i B0 mM HEPES buffer (pH 7,250 uM TCEP, 10% DMSPat 37 °Covernight.

The additiorreaction betweethe dimaleimide motif o& FIARe probe and thisvo nucleopilic
cysteinesofthe C10U tag occurs i n t wointesnekpaularmaddiioa | ste
followed by a rapidntramolecular addition. The secoldldition reactioncanbe assumed to be

very fast, as the effective concentration of intramolacuucleophilic additions can reach up to

10° M.*¢ This assumptiorallows usto approximate a second order model, as the intermolecular
nucleophilic addition is ratémiting. The timedependent increase in fluorescence fioe

equimolar reactin between25 pM probe andd C 1-@adbed target proteinvas measured
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overnightin triplicate The dataapproximately follows a second order increase cumeadihg
towards gplateaunear9,000 RFU. The dataere fitted to a second order model (bldice) as

shown belown Figure 2.2.

10000
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Figure 212Timed ependent fel 638m @ sxSinmgain(=8) increase of 25
¢ MPh-BODIPY -NHdM10-Cl reacting with 25 pMMBRIC10U in 50 mM HEPES
7.4, 250 uM TCEP, 10% DMSPat 37 °C The solid line through the data was obtained by

fitting to a second order equatigqBlank corrected)

The second order rate constant obtained by fittoi@ second order equation by Horear
regression (see Experimentaas 82 + 7 Mmin™. Thereaction was surprisingly slow, with
fluorescence appearing to plateau after nearly 2 days of reaction at 37 °C. This maximum
fluorescence corresponds to ab8<fold increase. However, on the timescale relevant to a live

cell imaging experiment, a larg&eFshould beevidentideally inunder the first hour, althougin
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our experiencelabelling times may go as high as 8ulns before significant cell death is
observed From the kinetic trace, thelis an ~4fold enhancement aftet h, and ~6.50ld
increaseafter 3 hof labelling reaction.This could potentially provide enough contrast for
cellular imaging, particularly sincée rate of reaction with the tag may diffarcellulo thanin

vitro to our benefit.

The stability of thecompound in buffer in thebgence of the target protein was assessed as well
asstability in the presence of excess concentrations of GSH (250 puM anhll), asshown in
Figure 2.13. The negative control showed a negligible increase in fluorescencedafyesr éd

the data overlaidchearly perfectly withithoseobtained when the probe was incubated with GSH,
which suggests there was no measurable reaetitm GSH. This suggests that the slight
increase in fluorescence observed in both traces may be dogtevaporatiorover such dong

timescale. Alternatively, the increase could be due to background hydrolysis of the probe. As a

result, the fluorescee increase data obtained for the compound with MBP1 0 U was bl

corrected for the kinetic fit shown Figure 2.12.
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Figure 2.13 Time-dependent fluorescence incre&sg = 535n m,em =885 nm, gain =65) of
25 #£WBODIPY-NHAM10-Cl reacting with one equivalent of test protein MBRC 1 0 U
(blacK), and exces thiols (grey) irb0 mM HEPES buffer (pH 7.4250 uM TCEP, 10% DMSP

at37 °C

2.6.3Synthesis
Ph-BODIPY -NHdM10-ClI (2.23 was prepared as a precursor from the convergent synthesis of

YC29, therefore it was available for preliminary evaluation as a potentiaepiWe also saw the
opportuwnity to push forward the unavoidable monochlorepbgduct of the previous syntheses to
easily have access to both the dichloro and monochloro BODIPY fluorophores (Scheme 2.11). In
this way Ph-BODIPY-NHdM10-H could be synthesizealong side the chloro dogue. We

were interested in seeing if the kinetics and fluorescence enhancement wouhprbeed
compared to compounBh-BODIPY -NHdM10-H. The overall synthesis to prepare tRb-
BODIPY -NHdM10-Cl andPh-BODIPY -NHdM10-H shown bebw follows that of Scheme.2

for YC29 with a few modifications. First, the initial dipyrrin formed was immediatelyjected
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to chlorination conditions. The monochloro and dichloro praluere separable by column

chromatography in 5 and 17% yields owgo steps, respectively.

i) pyrrole (37 eq) Ph Ph
O TFA (0.1 eq) p-chloranil
| rt, 15 min oS = (1.1 eq) g NF
—————— M\ NH HNf{ —— /
=N HN
i)NCS (2.0 eq) g c|  DCM
THF, -78°C, 2 h 0°C, 30 min | R Cl
215R=CI,17 % L R=CLH
2.24R=H, 5%

over two steps

m Yi MQO&Q;;OM&

ACN, reflux, o/n

i) Et3N (6.0 eq)
ii) BF3-OEt, (9.0 eq)
DCM, rt, 1.25h

223R=Cl, 33 % 0
226 R=H,20% N 217 R =Cl
— 225R=H,47 %
MeG over two steps

Scheme2.11 Parallel synthesis d*h-BODIPY -NHdM10-Cl andPh-BODIPY -NHdM10-H.

Next, compouns 2.15 and 2.24 were subjected tonepot oxidation andoron complexation,
following a recent literature procedure for the kyggiding synthesis oF-BODIPYs from the
Thompson grouf® This publication showed that a 6:9 ratio ofNEtand BE-OEt is critical to

the success of the reaction. Boron complexation conditions were much milder (room
temperatee, 1.25 h) than thosased previously, and showdall conversion by TLC analysis.

The onepot reaction gave the mono chloro BODIR¥25in a 47% yield over two steps, which

subsequently underwent the/AR with theNHdM10to give compoun@.26in a 20 % yeld.
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2.6.4In Vitro Evaluation

The excitation and ens®n spectra forPh-BODIPY -NHAM10-H are shown below. The
maximum excitation falls in the green range (525 nm) while emission-shiéidd ~50 nm into

the yellow/orange range (575 nm).
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Figure 2.14 Excitdion/emission spectra for 25 pMh-BODIPY -NHdM10-H (max excitation
at 525 nm and max emission &75nm, normalized to 100 %) after reaction with 25 uM MBP

d C 1 ih B0 mM HEPES buffer (pH 7,250 uM TCEP, 10% DMSPat 37 °Covernight.

The fluorescence increase over tinfier the equimolar reactiotetween25 uM BODIPY -
NHdM10-H andd C 1-@Gaghed target proteiwas measured overnigii triplicate under the
same conditions aBh-BODIPY -NHdM10-Cl. The data were fit to a second order increase

equation (see Experimental) with @axis offset.
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Figure 215Timedepen d e nt f | uesB5208 m & 872nm(gain = 8( increase of 25
¢ MPh-BODIPY -NHdM10-H reacting with 25 ypM MBRAC10U in 50 mM HEPES

7.4, 250 uM TCEP, 10% DMSPat 37 °C The solid line through th@dlank correctedilata was

obtained by fiting to a second order equation.

Compared to the chloro substituted analog, a larger second order rate constant of 353 + 32 M
mint was measured, and the fluorescence reached a maximum plateau at ~ 6 h. As a result, the
fluorescence enhancement afterhlof labelling reaction corresponds to a minimunfiold
increase. Further, a longer labelling time upwards of 3 h would provide nimrlyull

fluorescence increase, an <fddd increase.

As with the chloro analogue, the compound showed no reactionewittss concentrations of
GSH (250 uM and 1 mM) compared to the negative control which showed a negligible increase

in fluorescence ovelL6 hours in the absence of target protein.
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Figure 2.16 Time-dependenfluorescence increageex = 520N m,em =872 nm, gain = 80)of
25 @$MBODIPY-NHAM10-H reacting with one equivalent of test protédBP-d C1 0 U
(blacK), and excess thiols (grey@acting with 25 yMMBRIC10U in 50 mM HEPES

7.4, 250 uM TCEP, 10% DMS)at 37 °C

The choro analogue exhibited a slightly greater fluorescence enhancement as well as a larger
second order rate coasth t corresponding to a htedtaserof react
the hydro analogue, there appears to be a loss in fluorescencéhaftemximum is reached,

which may be the result of photobleachihgeither case, these enhancements are nmehies

than the ~30@old enhancement measured ¥C29. We were surprised to see that changing the

alpha substituent from 4#MePh to CI/H had suca dramatic effect on FE. Encouraged by the
redshifted emission of these compounds, we moved to testingatiedlihg reaction in a
mammalian cell line to determine if the fluorescence enhancement would translate to enough

contrast for cellular imaging.
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2.6.5Cellular Imaging Experiments

The choice of an appropriate target protein iforcellulo labelling has additional layers of
complexity in comparison with vitro applications; one must consider transfection efficiency as
well as cellular localization anttafficking. While extracellwr labelling methods can provide
useful insights, there are more applications and need for intracellular protein labelling. While
MBP-d C1 0 U wa s inwigoechawatterifation, we were interested in choosing a protein
with a very clear localization #t we could use a second cellular dye for colocalization studies to
unambiguously confirm the selectivity of our labelling method. To this end, we chose to label
histone H2B, given its localization in the nucléd3his would allow us to also estain with a
standard nuclear dye. We chose Haas a commonly used nuclear stain for live cell imaging.

In colocalization studies, the most important factor to consider when choosing dyes is that they
have complementary, well separated fluorescence spectra to avoid spectral bleeding. Hoechst is
excited in UV region andemits inthe blue regiontherefore its excitation spectrum is ideally

separated from that of our fluorogens.

The dC10U tag was gtermirus df listohel HZB af descebed pteviod&lyh e C
Mammalian HeLa cells were chosen as this immortal cell line ledisdefined nuclei, is robust
to transfection and is simple to culture. HelLa cells were cultured and transfected with the H2B

dC10U gene tr aimsediatdgere deliverg with lgpofdctangne.d

For an intracellular protein to be labelled, theflogenic probe must be cell permeable, moving
from the labelling media across the lipid bilayer of the cell. As discussed in Chapter 1, this is one
of the greatest challenges that small molecule fluongzhtace in cellular labelling. A nonionic

surfactat (F127) was usetb help our compounds cross the cell membrane.
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First, HeLa cells transfected with HZBC 1 0 U, as wel |l as mock cel
were labelled with 10 uMPh-BODIPY -NHdM10-H for 1 h, followed by8 uM Hoechstfor 15
minutes. The cells were then immediately imaged using a Nikdn Riatiometricfluorescence
microscope without washing (see Experimentél)e Hoechst channel was excited at 390 nm
and observed in the 4810 nm chanreand the probes were excited at 513 nm and observed in

the 588618 nm channelThe resulting images are showrFigure 2.7 below.

Overlay Hoechst Probe Brightfield

»
o~
o

Figure 2.17 Hela cells transfected with histone H2BC 1 0 U) or( pcDINA 3.1 (+) (bottom)

H2B-dC10a

pcDNA 3.1

before labelling withPh-BODIPY -NHdM10-H (10 uM) for 1 h followed by Hoechst (8 uM)
for 15 min. The Hoechst channel was excited at 390 nm and observed in t5&0460n
channel.Ph-BODIPY -NHdM10-H was excited at 513 nm and observed ia 88618 nm

channel. Scale bars: 20 pm.

If labelling was successful and selective, we would expect to see perfect overlay of the blue and

588618 nm channglshown in green) in the transfectedi€eorresponding to fluorescence only
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in the nucleus, andonfluorescence ithe green channelf the mock pcDNA cells, which do not

expr ess -tagyed P@AI.GNhilelthe Hoechst stain successfully labelled all nuclei blue, the
fluorescence imaged in éh588618 nm channel did not overlay with the nuclei and was not
selective for cells expressingur tagged protein. Fluorescence appeared to be present in the
cyotosol and brighter around the nuclei, with possible dim fluorescence in the nuclei. There was

no differexce between the mock cells and cells expressing -tHZB1 0 U, t herefor
fluorescencebserved can only be attributed to background fluorescence of the unreacted probe

or off-target fluorescence due to reaction with biological thiols. No distinguishabteirpr

labelling occurred. Walso notedhat every cell imaged had taken up the praiggestinghat

theBODIPY -NHdMZ10 is highly cell permeable.

Overlay Hoechst Probe Brightfield

H2B-dC10a

Figure 2.18 Zoom in of Figure 2.16 (top¥kcale bars: 20m.

Looking at these cellsnore closely(Figure 2.18), it is clear that they exhibibmideal
morphology; they have many vacuoles, which can be indicativerafnentcell-death. We had
observed slow growth rates with these cells after several passages, suggesting in retrospect that

they may nbhave been robust enough for a labelling expent.
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Next, HeLa cellscultured from a new stock weteansfected with H2RI C 1 and labelled with
Ph-BODIPY -NHdAM10-ClI for 1 h under the same conditions, and the resulting images appeared
identical to thosereviously obtained. Ruling out a problem hitell health, we speculated that

the fluorescence obser/avas the result of inefficient quenching and slow reaction. If the probe

was taken up by all cells and exhibited the same fluorescence in mock teltels expressing

tagged protein, then peaaps we were seeing background fluorescence and a sighificeount

of the labelling reaction with the dcC10U tag
modelling suggests thatReT quenching may not ledficient with these probes, and a low FE

wasmeasuredn vitro.

Overlay Hoechst Probe Brightfield
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H2B-dC10a

pcDNA 3.1

Figure 2.19 Hela cells transfected with histone H2BBC1 0U (t op) or pcDNA 3.
before labelling withPh-BODIPY -NHdM10-CI (10 pM) for 1 h followed by Hoechst (8 puM)

for 15 min The Hoechst channel was excited at 390 nm and obsanvéte i466510 nm
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channel.Ph-BODIPY -NHdM10-Cl was excited at 513 nm and observed in the-&B8 nm

channel. Scale bars: 20 pm.

Overlay Hoechst Probe Brightfield

H2B-dC10a

Figure 2.20Zoom in d Figure 2.18 (top), scale bars = 6.

We then labelledhe cells withPh-BODIPY -NHdM10-Cl for 3 h to determine if more time was
necessary for the addition reaction to occur. Unfortunately, thereawdiscernible difference in

the images obtained aftdr of labelling compared to 1 h (Figure 2.21).
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Overlay Hoechst Probe Brightfield

H2B-dC10a

pcDNA 3.1

Figure 2.21 Hela cells transfected with histone H2BBC1 0U (t op) or pcDNA
before labeling with Ph-BODIPY -NHdM10-CI (10 uM) for 3 h followed by Hoechst (8 uM)
for 15 min. The Hoechst channel was ¢adiat 390 nm and observed in the 430 nm
channel.Ph-BODIPY -NHdM10-Cl was excited at 513 nm and observed in the-GBB nm

channel. Scale bsr20 pm.

While we considered there might be a pdssibsue with transfection, resulting in no protein
expresion and therefore no selective labelling, the same H2B gene, transfection agents, and cell
line were used in other experiments dndctioned asexpected as will be demonstrated in

Chapter Three.

Taken together, this led us to reason thé&thelling did notoccurwithin 3 h, these probesere

notstrong candidate® pushforward as labelling agents.
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2.7 Future Perspectives & Conclusion

While compoundYC29 was very alluring as a potential red FIARbe with an impressive
fluorescence enhancement (30ld), its preparation proved to be too challenging for the time
available to us and therefore impracticalRedshifting the emission ofour probes by
functionalization means that we are trying to makherently complex, densely functionalized
small molecuts. As demonstrated, this can lead to added complications of steric problems,
protection strategy incompatibility, and long synthetigtes.It may be possible to overcome the
challengesin the prearation of YC29 that were presenteih this chapterthrough the
investigation of additional catalyst systems and conditions for sstatge BuchwaldHartwig
coupling strategyor by applying a protecting group strategy that is compatible with the
BODIPY core However,it is obvious thata morepractical,robug, higher yielding synthesis
would beabsolutely necessartpy move forward with this compound as an imaging tool that

could be widely pplied by other researchers.

Although compound$h-BODIPY -NHdM 10-Cl and Ph-BODIPY -NHdM10-H were simpler
synthetically ad exhibited reeshifted emission spectra into the orange range of the visible
spectrum, we conclude that a combination of poor quegdma slow rate of addition reaction

made them not viable g@sacticallabelling agents.

80



2.8 Experimental
2.8.1Molecular Modeling

All calculations were performed using Gaussian 09. Density functional theory (DFT) was used to
optimize the geometry of ground sastructures (B3LYP functional and3aG(d) basis sgt
Time-dependent DFT (TEDFT) calculations were then performedia B3LYP/631G(d) level

with water as a solvent based on the optimized structure of the ground state.

2.8.2General Synthetic Procedures drCharacterization

All reagents and solvents were used as weckiunless otherwise stated. Dichloromethane,
acetonitrile methanol, and tetrahydrofuran were dried with a solvent purification system from
LC Technology Solution Inc. All reactions weperformed under inert atmosphere (e.g) N

flame-dried apparatusnless otherwise stated.

Reactions were monitored by tHayer chromatography (TLC) using E. Merck silica gel 60F254
precoated aluminum plates. Components were visualizedillbgnination with a shor
wavelength or longvavelength ultraviolet followed ly staining in KMnQ or ninhydrin solution

with heating. Fhsh column chromatography was performed on ZEOCHEM® silica gel 60 (ECO

40-63 pm) using eluting solvents described ia following procedures.

Nuclear magnetic resonance (NMR) spectra were recardeteuterochloroform at ambient
temperature unless othass stated. Residual chloroform solvent peak was used as an internal
standard: 7.26 ppm fdH and 77.16 fof3C specta.”® The experiments were performed mainly

on a Bruker Avance 400 Fourier Transfo8pectrometer operating at 400 MHz fét and at

100.6 MHzfor 13C.

81



EI-MS spectra were recorded on a Kratos concept mass spectrometer for boghdmtion and
high-resolutionmass spectra. ESAIS spectra were recorded on a Waters Microma3$sfJnass

spectrometer.

2.8.3Tert-butyl (3,5dinitrophenyl)carbamatg?2.1) preparation
2.8.3.1.13,5-dinitroaniline (2.8

CO,H 1) H2S04 NH
2 ii) conc. H,SO4 2
/@\ iii) NaN3 (1.15 eq) /@\ 2.8
O,N NO, DCM, reflux, 4 h O,N NO,
C7H4N50g CeH5N304
MW: 212.12 g/mol MW: 183.12 g/mol

4.004 g (188 mmol, 1.0 eq)3,5-dinitrobenzoicacid was dissolved in 50 mL DCM. 18 mL
fuming sulfuric acid was addedowly in portions bypipette, followed by 6 mL conc. 480, at
roomtemperature. 1.4002 g NakP8.32 mmol, 1.15 ggwas added in small portions, allowing
gas formation to decrease between additidine eactionmixture wasrefluxed for 4 h with
vigorous stirring.The mixture was allowed to cool to room temperature befiorwas poured
over a mixture of water and ic&he precipitate formed was isolated by vacuum filtration and
driedovernight.The aniline product was obtainedzad13g (13.18 mmol, 70%eld) of a bright
yellow precipitaé. *H NMR (400 MHz, CDCY) : B8 (s, 1H9, 7.78 (s, 2H), 4.43 (s (br), 2H).

13CNMR (101 MHz,CDGJ) : U = 4,218.7,408B. 14 8.
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2.8.3.1.2Tert-butyl (3,5dinitrophenyl)carbamat€.1)

1) EtoN (2.0 eq)
BOC,0 (3.0 eq)

NH, DMAP (0.1 eq) NHBoc
THEF, reflux, 4 h
> 21
2) K,CO4
O.N NO, MeOH, reflux, 1 h O2N NO,
CgHsN304 C11H13N30¢
MW: 183.12 MW: 283.24

9.1915g of BocO (42.7 mmol, 3.1 eglas added to a solutiasf 2.5433 g dinitroaniline (13.9
mmol, 1.0 eq) in 50nL THF. 0.1776 gdimethylaminopyridine (1.45 mmol, 0.1 eq) wden
added, followed by 3.80 mL & (27.3 mmol, 2.0 eqpeat.The reactionlask was ten purged
with nitrogen andhe mixture was reflugd for 4 h.The ®lvent wasremovedin vacuoandthe
resulting brown residue was dissolved in 60 mL EtGiéd washed with 1 M HCI (50 mL),
followed by saturated NaHGQ50 mL), and brine (3 x 50 mL)he aganic layer waglried
over MgSQ, filtered to remee MgSQ, and solvent was removéd vacuo The lightbrown oil
obtained was dissolved in 60 mL methanol and 5.709f §.COz (41.3 mmol, 3.0 eq) was
added. After refluxinghe mixture for 1 h, solvent wasvaporated, anthe residue was dissolved
in 30 nL EtOAc. The organic solution wagartitionedwith 60 mL water and extracted with
EtOAc (3 x 30mL).The aganic layers were washed with 1 M HCI (30 mL), followed by brine
(30 mL), dried over MgS@ filtered to remove MgS@ and solvent was removed vacuo
Crude residue was purified by flash column chromaplyy using a gradient elutidib-25%
EtOAc/hexanesto obtain 2.2047 g (7.78 mmd&6%yield over two steps) afompound.1asa

fluffy, tan colouredsolid. *H NMR (400 MHz, CDCY) : a7 (&J =80 Wz, 1H), 8.8 (d, J =
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1.9 Hz, 2H),7.06 (br s, 1 HL.56 (s, 9 H).13C NMR (101 MHz, CDGJ) : 182.0,449.0, 1412,

1179, 1125, 83.1, 283.

2.8.4Methoxymaleic acid anhydride preparation

Methoxymaleic acid anhydride was prepared adiogr to literature pycedures as shown

below?83

0 0 0
PhN Bry PhN Et;N PhN
Y Br /2410
o CHCl, o THF, 0°C,2h 4 '
reflux, 1 h Br Br
64% 29 91%
EtsN

MeOH, reflux 3 h
57%

o 0 O
)oi/} 11 ACOHOAC  pprin KOH PhN
Pt
o / /
o 80°C,4h HOOC 1:1 MeOHH,0 O

OMe OMe rt, 1h OMe
2.13 74% 212 84% 2.11

Figure 2.22 Synthetic route for the prepai@ of methoxymalei@acid anhydride.

2.8.4.12-Bromo-N-phenymaleimide(2.10

Ph 2 1) Bry (1.1 eq) Ph o
N CHClj, reflux, 1 h N
)i//> ﬁ 2.10
o 2) Etz;N (1.1 eq) o
THF, 0°C, 2 h Br
C10H7NO; C1oHgBINO,
MW: 173.17 g/mol MW: 252.07 g/mol

A solution of Be (3.3 mL,63.5mmol, 1.1 eq) in 60 mL chloroform was addébpwiseto a
solution ofN-phenylmaleimide (10.00 &,7.7mmol) in 90 mLchloroform using a e¢aula under

nitrogen at rom temperaturelhe reaction nxture was refluxed for 1 HThe ®lution was then
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allowed tocool slowly to 0°C andheresulting precipitate was isolated by vacuum filtration and
allowed todry overnight.The product was obtaineds 11.6463 g (35.0 mmol, 61%f light
peach coloured, fluffy solidThis dibromo itermediate was pushed forward without further
characterizationThe dibromo succinimidevas dissolved in 125 mL THF and cooled to 0°C.
EtN (5.37 mL, 38.5 mmol, 1.1 eq.) wa diluted in 100 mL THF and added dropwise as a
solution using a cannuldhe reaction mixture wastirred at 0°C for 2 hours. Solvent was
removedin vacuoandtheresidue was dissolved in EtOAc. iSlorganic layer was washed once
with water, followed by bne. It was therdried with MgSQ and filtered taoemove MgS@ The
solvent was removedh vacuo to yield 7.8664 g §1.2 mmol, 89% vyield) of 2-bromo-N-
phenylmaleimideas a white, fluffy solidH NMR (400 MHz, CDCJ) : a -750 (i, 581)3
7.03 (s, 1H)*C NMR (101 MHz, CDQ) : U 4, £64.8, 131.9, 139, 1311, 1293, 1284,

126.1.

2.8.4.22-MethoxyN-phenymaleimide(2.11)

0 o)
PhN EtsN (1.2 eq) PhN
/ _— / 2.1
1e) MeOH, reflux 3 h o
Br OMe
C10HeBrN02 C11 H9N03
MW: 252.07 g/mol MW: 203.20 g/mol

0.4361 g (1.73 mmol, 1.0 eqf N-phenyl 3bromomaleimide wagslissolved in 25 mLof
anhydrous methanol under anhydrous conditions. 0.28ftzN (2.08 mmol, 1.2 eq) wasthen
added dropwise via syringe at room temperatfline. reaction mxture was refluxed for 3 h, after
which time solvat was removedn vacuo The crude residue was purified by flash column

chromatographysing agradient elutionsystem(25-50% EtOAc/hexaneto obtain 0.1997 g
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(0.98 mmol, 57%yield) of 2-methoxyN-phenylmaleimideas an offwhite solid *H NMR (400
MHz, CDClg): U 7 m45H), 5§57 (s, 1H), 4.01 (s, 3#C NMR (101 MHz,CDCJ) : U 169 .

164.5, 16(®, 131.2, 122, 127.9, 12&, 966, 59.2.

2.8.4.3N-Phenyt2-methoxymaleamic Acid212)

0 0
PhN KOH(1.6eq)  PhHN
P > ) 212
o 1:1 MeOH/H,0, rt, 1 h  HOOC
OMe OMe
C11HgNO3 C11H14NO,
MW: 203.20 g/mol MW: 221.21 g/mol

0.2580 g (1.270 mmol, 1.0 e@f 2-methoxyN-phenymaleimide was dissolved in 5 mlof
methanol. A solution of 0.1122 g KOR2.00 mmol, 1.6 eq) in 5 mL water was added slowly.
The reaction nxture wasthen stirred at room temperature for 1 The mixture was then
concentrated to ~ 2 mL solveim vacuo 10-M HCI was then added dropwise ttee solution at
0°C. The resultingprecipitate was isolated by vacuum filtration and rinsed with minimal cold
water before it wasallowed to dry under vacuum overnight to give 0.1914 g 2ef
methoxymaleanic aci(D.0865 mmb 84% yield) as a flakey, white solid!H NMR (400 MHz,
cb:OD): U4 = 7.55 (d, J = 7.67 Hz, 2H), 7.31
13C NMR (101 MHz, COD) : 1289, ¥28.5, 128.4, 123, 1201, 98.6, 92.7, 56.3, 55.6.
LRMS (ESI+)m/z(%): 244.1 (M+Na); HRMS (ESI): calcd fori@1:N4OsNa: 244.0586, found:

244.0590.
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2.8.4.4Methoxymaleic acidanhydride(2.13

)

o)
PhHN 1:1 Ac,O/HOAC o)
HOOC—// R VA
[e]
Mo 80°C, 4 h o] Do
C11H44NO4 CsH404
MW: 221.21 g/mol MW: 128.08 g/mol

3.4329 g (15.5 mmol,.Q eq) of N-phenyt2-methoxymaleamic acidas dissolved in 100 maf
a 1:1mixture ofAccO/HOAc under a nitrogen atmosphere iflaane-driedflask. The sispension
was heated to 80 °C for 4 Tihe resulting slution was allowed taool toroom temperaturand
the solvent was removeth vacuoas a toluenezeotope several timed'he aude residuavas
purified by short gravity column chromatography usiraygradient elutionsystem 20-50 %
EtOAc/hexanes Rs (25 % EtOAc/hexanes) ~ 0.2. 1.4762 g of methmaleic acidarhydride
(11.5 mmoJ 74 % vyield) was obtained as a viscousjloudess oil *H NMR (400 MHz, CDCJ):
G (ppm) 5. 77 ( s¥CNMR@AQLMHZ COG) : ( $ , 16D7p¥8).7, 160.5,

988, 604.
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3,5-dichloro BODIPY(2.17)

O pyrrole (37 eq) Ph
NCS (2.2 eq) = =
B

] TFA (0.1 eq)
—_— -
rt, 15 min S /) THF -78°C,2h \NH HN—/
NH HN

73% -20 °C, o/n Cl Cl
2.14 2.15
p-chloranil
DCM
rt, 3h
20% over 2 steps
Ph
i) Et3N (10 eq) Ph
ancd // i) BF3-OEt, (15 eq) N
/E“_/N toluene =N HN %
cl Fa0 cI reflux, 2 h cl cl
65%
2.17 2.16

Figure 2.23 Synthetic route for thpreparation of 3 slichloroBODIPY.

2.8.4.52,2-(phenylmethylene)bis@-pyrrole) (2.14)

O pyrrole (37 eq)

I TFA (0.1 eq)
_ >
rt, 15 min

214

~ =
\_NH HN—7
C7HsO C1s5H14N2
MW: 106.12 g/mol MW: 222.29 g/mol

100 mL pyrrole {.44mol, 37 eq) and 4.0 mL benzaldehyd&(2mmol, 1.0 eq were combined
undera nitrogenatmosphere anthe mixturewas degssed by bobling nitrogen through the
solution for 15 minutes. 0.34 mL trifluoroacetic ac#l4 mmol, 0.1 eq) was added neaia

syringe and the reaction was stirred for 15 minutes at room temperaturthe dark Excess
pyrrole was then removed by shpdth vacuum distillationThe esulting crude oil was purified

by flash column chromatographi{§5% EtOAc/hexan@so obtain 6.3785 g28.7 mmol, 73%
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yield) of 5-phenytiipyrromethane as a light brown soltét NMR (400 MHz, CDCY) : 7.8D {s,
2H), 7.35i 7.10 (m, 7H), 6.63 (s, 2H), 6.13 (dt= 9.1, 4.7 Hz, 2H), 58B(s, 2H), 5.41 (s, 1H).

13C NMR (101 MHz, CDGJ): 1422, 1326,128.7,128.4, 127.0, 117.3, 1(.107.3, 44.0.

2.8.4.5.1(2)-2-chloro-5-((5-chloro-2H-pyrrol-2-ylidene)(phenyl)methyhLH-pyrrole (2.16)

i) NCS (2.2 eq)
THF, -78 °C, 2 h

2.16

S = ii) p-choranil (1.0 eq) /™~ =
\_NH HN—/ ~ DCM.rt.3h =N HN
Cl Cl
CysH14N2 C15H10CI2N
MW: 222.29 g/mol MW: 289.16 g/mol

3.2858 gof 5-phenyldipyromethane (14.8 mmol.0 eq wasdissolved in 150 mL THRnd the
reaction flask wagpurged with nitrogenThe ®lution was cooled to-78 °C in an acetone/CO
bath.4.3441 gof N-chlorosuccinimidg32.5 mmol, 2.2 eq) was suspended in 40 mL THE
separate flasland stirred rapidlyAn 18 G syringe was used to transfer the suspension to the
cooled solutiorof 5-phenyldipyrromethane portions over 10 min.The rection mixture was
thenstirred fa 2 h at-78 °C. The mixture was stored &0 °C overnight. The old mixture was
thenadded to 150 mL water and extracted with DCM (3 x 30 mhg back residueshowed no
remaining starting material by TLC anehs used immediately the next stepvithout further
purification. 4.3036 gof crude intermediate(14.8 mmolassuming 100%ield, 1.0 e was
dissolved in 75 mL anhydrous DCM at room temperature under nitr@g&857 gp-chloranil
(14.8 mmo] 1.0 eq was dissolved in 25 mL anhydrous DCM in a sejgaflask.The p-chloranil
solutionwas added to theeactionmixture in portions over 5 minuteafter which the reaction
wasstirred at rt for 3 hSolvent was then removed under vacuum and the resulting black residue
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was purified by flash column chronography using gradient elution (23 % EtOAc/hexanes).
816 mg of desired product was obtained as a red solid (2.8 mmol, 20% isolated yield over two
steps)H NMR (400 MHz, CDCJ) : 12.88 (br s, 1H)7.47 (m, 5 H), 6.52 (d, J =4.24 Hz, 2 H),
6.26 (d, J 4.23 Hz, 2 HY*C NMR (101 MHz, CDGJ): U 1419, 140.0, 138.7, 135.6, 130.9,
130.2, 12%, 128.0, 117.1.LRMS (ESI+) m/z (%): 289.0976 (M+H, 100 %); HRMS (ESI+):

calcd for GsH1gCloN2: 289.0299, found: 289.0271.

2.8.4.5.23,7-dichloro-5,5-difluoro-10-phenyt5H-4a%, 5a¢-dipyrrolo[1,2c:2', 1+

f][1,3,2]diazaborinineka 3,5dichloroBODIPY (2.17)

Ph i) EtzN (10 eq) Ph
ii) BF3-OEt, (15 eq)
4 Zad J N 217
=N HN / toluene, reflux, 2 h /[\rl\é/N /
Cl Cl cl F2  cl
C45H10CIoN, C45HgBCI,F5N,
MW: 289.16 g/mol MW: 336.96 g/mol

213 mg of compound2.17(0.74mmol, 1.0 eq wasdissolved in 30 mL toluenender a nitrogen
atmosphere. 0.8ML E&N (7.4 mmol, 10 eq was addedheat via syringe anthe solution was
heatedto 70 °C for 30 minute. 1.4mL BFs-OEt (11 mmol, 15 eq was added via syringe and
the solution was refluxed for 2 h under nitrogdrhe reaction mixture wasooled to rt and @
mL 1 M NaOH was addedrhe resuing mixture was extracted with DCM (3 20 mL) and
washed with waterfollowed by brine. The organic layer wadried over MgS@, filtered to
remove MgS@, and solvent was removéd vacuo Crude residugvas purified by flash column
chromatography usinggradient elution(107 25 % EtOAc/heanes) Rs (25 % EtOAc/hexanes)

~ 058.166 mg (0.49 mmol, 65 % vyield) of desired BODIPY was obtained as iridescent green
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crystals.!H NMR (400 MHz, CDCY) : Ui 7A7 (61,5H), 6.85 (d, J = 4.1 Hz, 2H), 6.44 (d, J
= 4.1 Hz, 2H).13C NMR (126 MHz, CDGJ) U 1 4 5 13.0, 13394181.8, 13.1, 1306,

128.7, 1191. HRMS (EI): calcd for @sHoBCl2F2N4: 336.0204, found: 336.02273.

2.8.50riginal Route toYC29

2.8.5.1Tert-butyl(7-chloro-5,5-difluoro-10-phenyt5H-58¢,6a*-dipyrrolo[1,2-c:2', 1+
f][1,3,2]diazaborinir3-yl)(3,5-dinitrophenyl)carbamat.3)

NHBoc Ph
Ph
(1.0 eq) 7Zndh e )
J Z // OzN NO, /'J\rl\l_;,/N NO, 2.3
/N\—/N F
Y B NaH (1.5 eq) Cl 2 BocN
Cl F2  Cl DMF, 50 °C, 2 h
NO,
C15HgBCIoFoN, C6H21BCIF,N504
MW: 336.96 g/mol MW: 583.74 g/mol

200 mg (0.59 mmol. 1.0 eq) BODIP.17 was dissolved in 60 mL DMF under a nitrogen
atmosphere. In a separate flask, 36 mg NaH (60 % in mineral oil, 0.89 mmol, 1.5 eq) was added
to a solution of 170 mg compoudl (0.59 mmd. 1.0 eq) in 2.5 mL DMF and the mixture was
stirred for 20 min at rt. The NaH solution was taken up in aighs syringe and slowly added to
the flask containing 3;8ichloroBODIPY over two hours at 5T using a syringe pump. The
reaction mixture waswenched with saturated NEI and extracted with EtOAc three times. The
organic layer was washed with 0.1 M HCI, watend brine. The organic layer wedsed over
MgSQ;, filtered to remove MgS# and solvent was removea vacuo The cude residue was
purified by flash column chromatography using a gradient elutgystem {0-25%
EtOAc/Hexanes Rr (25 % EtOAc/hexanes) 0.2. 164 mg of the desired compound was
obtained as a redolid (0.28 mmol, 48 % vyield). 73 mg of BODIPY starting material was

recovered 36 %).'H NMR (400 MHz, CDCY) : &4 (ppm) 8.81 ( s-7.741 H) ,
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(m, 5 H), 6.96 (dd, J = 12.8, 4.3 HzH), 6.49 (d, J = 29.7, 4.3 Hz, 1 H), 1.54 (s, 9 (Watches

data obtained by Dr. Yingche Chen).

13C NMR (101 MHz, CDCJ) : U 151(5® B.23, 147.14, 146.24,3194, 134.57, 133.30,
132.34, 131.24, 130.82, 130.66, 128.70, 123.88, 119.98, 117.34, 114.56, 84.76°P NMR
(376.7MHz,CDCGJ) : U (ppm) 1 4 6 m&2606(1gM+Na)LHRMS (ESE S | )

calcd for GeH21BCIFaNsNaQs: 606.1144, found: 606.1135

2.8.5.2Tert-butyl  (5,5-difluoro-7-(methyl(phenyl)amine)L0-phenyt5H-58¢,6a-dipyrrolo[1,2
c.2',1-f][1,3,2]diazaborinir3-yl)(3,5-dinitrophenyl)carbamatg.4)

NaH (2.0 eq)
Ph H Ph

N\
J N ©/ (2.0 eq)
—N_-_N / NO /N -_N / NO
Y B 2z — £ 2 24
Cl Fy BocN\Q DMF 50 °C ®/ ZBOCN\Q

NO,

Co6H21BCIF,N50¢ C33H29BF,NgOg
MW: 583.74 g/mol MW: 654.44 g/mol

180 mg of chloreBODIPY 2.3 (0.31 mmol, 1.0 eq) was dissolved 1% mL DMF under a
nitrogen atmosphere. 0.67 mL of 10%methylaniline in DMF (0.62 mmol, 2.0 eq) was added
at 0°C. 27 mg of NaH (60 % in mineral oil, 0.62 mmol, 2.0 eq) was added to thedcsolution

in small portions. The reaction mixture was heate8G6C and stirred for 3 h before it was
allowed to cool to rt and quenched with saturatedi®lH1 x 25 mL). The mixture was then
extracted with EtOAc (3 x 10 mL), washed with 0.1 M HCI (10xmL), washed with water (1 x
10 mL), and washed with brine X110 mL).The organic layer wadried over MgS@) filtered to
remove MgS@ and solvent was removéd vacuo Crude residue was purified by flash column
chromatography using a gradient elaticystem 12-15% EtOAc/Hexangs Rr (25 %
EtOAc/hexanes) ~ 8. % mg of desired compourigl4 was obtained as a deep msalid (0.15

! Additional characterization data obtained by Dr. Yingche Chen (former KeillorDRasboral Fellow)
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mmol, 48 % vyield)'H NMR (400 MHz, CDC§) U 8 J¥ 310, 3.0cHd, 1H), 8.70 (d,= 2.0
Hz, 2H), 7.531 7.42 (m,9H), 7.24 (s, 1H), 6.69 (dl = 5.2 Hz, 1H), 6.39 (d) = 3.8 Hz, 1H),
6.30 (d,J = 3.9 Hz, 1H), 5.64 (d) = 5.2 Hz, 1H), 3.82 (s, 3H), 1.53 (s, 9M}C NMR (101
MHz, CDCk) : (ppth) 1519, 1480, 146.6, 145.6, 137.6, 136.2134.4,134 .4, 133.30, 132.34,
131.8, 1306, 1302 1291, 128.5,1283, 126.6,1236, 117.8,1176, 113.5,112.2, 83.2, 28.0.
LRMS (ESI) m/z 6774 ([M+Na]*); HRMS (ESI): calcd for €H20BF2NeNaGs: 6772128
found: 6772107

2.8.5.2.1Tert-butyl  (3,5-diaminophenyl)(5,5ifluoro-7-(methyl(phenyl)aminc)LO-phenyt5H-

5a8¢,68%-dipyrrolo[1,2c:2',1+f][1,3,2]diazaborinir3-yl)carbamat&?2.5)

Ph Ph

/ = —
_ / —~N. - /
=N-g-N NO2 10% Pd/C (0 25 eq) Nog-N NH;
F2 BocN N F2 BocN 25
" 416 MOHITHE \
rt, o/n

C33H29BF2NgOg C33H33BF2NgO;
MW: 654.44 g/mol MW: 594.47 g/mol

165 mg of dinitreBODIPY 2.4 (0.25 mmol, 1.0 eq) wgadissolved in 5 mL of 4:6 MeOH:THF
and the reaction flash was purged with nitrogen. 67 mg of Balfg (0.06 mmol, 0.25 eq) was
added. The reaction flask was purged once withgas under vacuum before stirring under
balloon pressw H> overnight at rt. Tie reaction mixture was filtered over celite to yield 123 mg

of the desired anilinBODIPY 2.5(0.21 mmol, 82 % yield)Rs (100% EtOAc) ~ 05

IH NMR (400 MHz, CDCY) U i 7.294(1®, DH), 6.61 (d,J = 5.1 Hz, 1H), 6.34 (d] = 1.9
Hz, 1H), 6.13 (dJ = 3.9 Hz, 1H), 5.84 () = 1.9 Hz, 1H), 5.59 (d] = 5.1 Hz, 1H), 3.92 (SH),

1.49 (S9H).
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13C NMR (101 MHz, CDG)) : U4 (ppm) 163.5, 154,.1353, 18497 . 2,

133.3, 132.5, 130.6, 130.1, 189128.8,128.0, 127.9, 126.6, 118.9, 116.4, 111.9, 103.4, 99.3,
84.2, 60.4, 51.3, 43.5, 43.4, 43.4, 43.3, 43.3, 28.2, 21.4, 17.3,1B.RIMR (376.7 MHz,
CDCk) : o (ppm) 125. 4 2m/z 617.4(814Na}3; BIRMSLESNH Salcd farS | )
CssH3sBF2NegNaQy: 617.26®, found:617.262.2

2.8.5.3Tert-butyl (3,5bis(3methoxy2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)phenyl)(5,5

difluoro-7-(methyl(phenyl)amine)LO-phenyt5H-5a4,6a4-dipyrrolo[1,2-c:2',1-
f][1,3,2]diazdorinin-3-yl)carbamatg2.18

)oi> Ph
Ph Y/
o IV O\, OMe
OMe N N/ |
/N z-N ¥ 1. ACN N +\E/B N o) 2.18
+B reflux, o/n N 2Boc .
®/ F2 BocN
2. NaOAc Ac,0 N O
80°C,4h o
—

MeO
C33H33BF2NgO; C43H37BF2NgOg
MW: 594.47 g/mol MW: 814.61 g/mol

47 mg of methoxymaleic anhydride (0.33 mmol, 3.0 eq) and 60 mg of aniline compdund
(0.11 mmol, 1.0 egjvere dissolved in 1.3 mL acetonitrile under a nitrogen atmosphere. The

mixture was hated to reflux overnight under nitrogen. The solvent weasperated, and the

resulting purple oil was triturated with minimal ether several times to yield a deep purple solid.

The isolated intermediate was dissolved in 5 mkQ\and 28 mg NaOAc (0.27 mmd,5 eq)
was added. The reaction was purged with nitrogehheeated to 80 °C for 4 h. The solvent was
removedin vacuoand the resulting residue was purifieg flash column chromatography using

a gradient elutiorsystem {0-25 % ACN/DCM). The first red land collected was determined to

2 Additional characterization data obtained by Dr. Yingche CheméorKeillor PostDoctoral Fellow)
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be the desired product byass spec and NMR analysis. 11 mg of compduia8was obtained

: mmol, o yield).
(0.007 1, 10% vield)

IH NMR (400 MHz, CDCJ) & 7 J=51% H%, 8H), 7.48 7.33 (m, 11H), 6.61 (d] = 5.1
Hz, 1H), 6.34 (dJ = 3.9 Hz, 1H), 6.20 (d] = 3.9 Hz, 1H), 5.58 (d] = 5.1Hz, 1H), 5.52 (s, 2H),

3.97 (s, 6H), 3.93 (s, 3H), 1.53 @4). LRMS (ESI)m/z: 837.3([M+Na]").
Insufficient amount obtained fdfC NMR analysis.

2.8.6Preparation of YC29 intermediates by convergent strategy

2.8.6.1.17-chloro-5,5-difluoro-N-methykN, 10-diphenyt5H-4a% 5a¢-dipyrrolo[1,2-c:2',1*

f][1,3,2]diazaboriniR3-amine(2.22

Ph i) N-methylaniline (3.0 eq) Ph
NaH (2.0 eq) AN
i ACN, rt, 30 min \\ N 2.22
/N\é/N / N\‘B/[:l =
N }
cl F, cl ii) reflux, 6 h cl F, /N
C15HQBC|2F2N2 C22H17BC|F2N3
MW: 336.96 g/mol MW: 407.66 g/mol

24 mg NaH(60 % in mineral oil, 0.60 mmol, 2.5 eq) was added to a solution of 9W-uL
methylaniline (0.89 mmol, 3.0 eq) in 1 mL acetondtrdind the mixture was stirred at rt for 30
min under a nitrogen atmosphere. The mixture was then added to a solution of 1X)B mg
dichloroBODIPY (0.30 mmol, 1.0 eq) in 5 mL acetonitrile. The reaction was heated to reflux for
6 h. The solvent was evapordteand the residue was dissolved in 25 mL EtOAc and quenched
with 25 mL saturated ammonium chloride. The mixture was washtadlwti 1 M HCI/Brine (2

x 50 mL). The organic layer was dried with Mg&@ltered, and the solvent was removied

vacua The resliing residue was purifiedby flash column chromatography using a gradient
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elution system 2 - 4 % EtOAc/hexanes). 89 mg of sieed product was obtained as a red solid
(0.22 mmol, 74 % yieldfH NMR (400 MHz, CDCY) U 1 7.29(®, DH), 6.65 (d,J = 5.1
Hz, 1H), 6.26 (dd,) = 26.2, 3.8 Hz2H), 5.65 (d,J = 5.1 Hz, 1H), 3.98 (t) = 2.1 Hz,3H). 3C
NMR (101 MHz, C D& 1335, 13414, 138.8 133, 1312 #36.4, 130.3, 130.2,
129.8, 129.2, 129.0,284, 128.3, 128, 16.7, 122.6, 118, 1171, 1129, 43.41 (Additional
signals due taraces of starting materidl17, visible in’H NMR. See Appendix..RMS (ESI)

m/z:430.2([M+Na]*); HRMS (ESI): calcd for &H17BCIF2N3sNa: 430.1059, found: 430.1070.

2.8.6.2Tert-butyl (3,5-bis(3methoxy2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)phenyl)carbamate

(2.20
0
; O
D7) Boe) A
NHBoc O b N OMe
ACN, reflux, o/n
/@\ - .~ BocHN o) 2.20
HoN NH, i) ZnCl,, HMDS o
(9:1) toluene:DMF N
80°C,3h
O =~
MeO
C11H17N30, C21H24N30g
MW: 223.28 g/mol MW: 443.41 g/mol

500 mg of methoxymaleic anhydride (4.56 mmol, 3.0 eq) and 333 mg of aniline conth&and
(1.49 mmol, 1.0 ed)were dissolved in 3nL acetonirile under a nitrogen atmosphere. The
mixture was heated to reflux overnight under nitrogen. The solvent was evaporated, and the
resulting red oil was triturated with minimal ether 5 times to yield a solid. The isolated
intermediate was dissad in 55 mLof 9:1 toluene:DMF. 604 mg Zngl4.46, 3.0 eq) was

added as a solid. In a separate flask under nitrogen, 1.41 mL HMDS (6.71 mmol, 4.5 eq) was

3 Prepared by graduate student Kelvin Tsao (Keillor lab) according to literature protedure.
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dissolved in 25 mL toluene. The HMDS solution was added to the reaction flask over 20 minutes
at rt uising a canula. The mixture was then heated to 80 °C for 3 h before it was cooled to rt. The
solvent was evaporated, and the residue was dissolved in 100 mL EtOAc and washed with 0.1 M
HCI (3 x 100 mL), followed by NaHC&(1 x 100 mL) and brine (1 x 100 miL The or@nic

layer was dried with MgS#) filtered, and the solvent was removiedvacuo The resulting
residue was purifietly flash column chromatography using a gradient elugy@iem 40 - 50 %
EtOAc/hexanes). 442 mg of desired product was obtaaseaitan coloured solid (1.0 mmol, 67

% yield).'H NMR (400 MHz, CDCJ) U 7 J=41% HZ,2¢), 7.16 (t,J = 1.8 Hz, 1H), 6.60

(s, 1H), 5.56 (s2H), 4.00 (s,6H), 1.50 (s,9H). 13C NMR (101 MHz, ©Cly) u 3,1&38, .

1607, 1395, 132.1, 1171, 114.6 966, 59.1, 283.

2.8.6.31,1-(5-aminc1,3-phenylene)bis(@nethoxyl1H-pyrrole-2,5-dione)(2.21)

0] 0

\ N \ OMe
DOM‘% 10 % TFA/DCM p\
BocHN 5 . H.N
rt, 3h
0

MeO MeO
C21H21N304 C16H13N30g
MW: 443.41 g/mol MW: 343.30 g/mol

424 mg of compoun@.20(0.96 mmol, 1.0 eq) was dissolved in 5 mL DCM. Auson of 1mL
TFA in 4 mL DCM was added to the reactitbask dropwise at O °C. The reaction was warmed
to rt and stirred for 3 h. SaturatedJ8&s solution was added slowly to the reaction flask at 0 °C
until the aqueous layer was pH~7 using pH paper.niixéure was then extracted with DCM (3

x 10 mL) and wahed with brine. The aqueous phase was then extracted several times with

97



EtOAc until the aqueous layer was colourless. The organic layers were combined and dried with
MgSQ, filtered, and the solvent as removedn vacuo 330 mg of pure anilin@.21 was
obtained as a tan coloured solid (0.96 mmol, 100 % yiélNMR (400 MHz, CDC}) U 6. 8 4

(t, J= 1.8 Hz, 1H), 6.66 (d] = 1.8 Hz, 2H), 5.52 (s, 2H), 3.97 &H).

2.8.6.41,1-(5-((7-chloro-5,5-difluoro-10-phenyt5H-58%, 6a-dipyrrolo[1,2¢:2', 1+
f][1,3,2]diazaborinir3-yl)amino)1,3-phenylene)bis(@nethoxy1H-pyrrole-2,5-dione)
akaPh-BODIPY -NHdM10-CI (2.23

Ph

NH2 74 ~ = o N\ —OMe
5O g vy

Meo@ b—OMe + E’

o g cl 2 HN 0

2.23
ACN, reflux, o/n N-_°
O:Sj
—

MeO
C45HgBCI,FoNs C31H51BCIF,N50¢
MW: 336.96 g/mol MW: 643.79 g/mol

20 mg BODIPY2.17 (0.06 mmol, 10 eq) and 20 mg anilin2.21 (0.06 mmol, 1.0 eq) were
dissolved in 1.2 mL acetonitrile under a nitrogen atmosphere. The reaction mixture was heated to
reflux overnight. Thesolvent was evaporated and the residue was puilifiedlash column
chromatographysing a gradient elutiosystem 25 - 50 % EtOAc/hexanes)Rs (100 % EtOAc)

~ 0.7. The desired product was obtained as 15 mg of a red solid as well as a grease contaminant
(0.02 mmol, 33 % vyield)!H NMR (400 MHz, CDCY) U 8s, 2H), 7.64i 7.43 (m, 7H),

7.31 (d,J = 1.8 Hz, 2H), 6.95 (d] = 5.0 Hz, 1H), 6.73 (d] = 5.0 Hz, H), 6.46 (d,J = 4.0 Hz,

1H), 6.24 (dJ = 4.0 Hz, 1H), 5.60 (2H), 4.01 (s, 6H)13C NMR (101 MHz, CDC}) U 2,16 8 .

1638, 160.9, 158.2, 138, 13%6.0, 136.0, 1337, 133.0, 132.5, 132, 1305, 1298, 1285, 122.7,
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118.7, 117, 113.9, 1110, 969, 59.4,29.8 (grease)LRMS (ESI) m/z: 666.3375([M+Na]*);

HRMS (ESI): calcd for €iH21BCIF2NsNaGs: 666.1146 found:666.1139.

2.8.6.55,5(phenylmethylene)bis¢2hloro-1H-pyrrole) (2.15 & 2-chloro-5-(phenyl(1Hpyrrol-
2-yl)methyl)}1H-pyrrole (2.24)

i) pyrrole (37 eq) Ph
0 TFA (0.1 eq)

| rt, 15 min
i) NCS (2.0 eq)
THF, -78 °C, 2 h (I 215 Cl H 2.24 Cl

C7HgO C15H12CIoN> C15H13CIN
MW: 106.12 g/mol MW: 291.18 g/mol  MW: 256.73 g/mol

100 mL pyrrole {.44mol, 37 eq) and 4.0 mL benzaldehyd#(2mmol, 1.0 eq were combined
undera nitrogenatmosphere anthe mixturewas degassed by bbling nitrogen through the
solution for 15 minutes. 0.34 mL trifluoroacetic ac#l4 mmol, 0.1 eq) was added neaia
syringe and the reaction was stirred for 15 minutes at rooemperaturen the dark Excess
pyrrole was then removed by short path vacudistillation. The resulting oil was pushed
forward in the next step immediately without further purification. The residualissslived in
400mL THF and the reaction flask wasirged with nitrogenThe ®lution wascooled to-78 °C

in an acetone/C&bath 11.55g of N-chlorosuccinimidg88.6 mmol, 2.2 eq) was suspended in
100 mL THF in a separate flasknd stirred rapidlyThe suspensiorwas addedo the cooled
solution of 5-pheryldipyrromethane slowlywia an addition funnel The reaction mixture was
then stirred for 2 h at78 °C. The mixture was stored &0 °C overnight. The ald mixture was
thenadded to 150 mL water and extracted with DCM @& mL). The organic layer vgadried
with MgSQ;, filtered, and the solvent was removiedvacuo The resuing black residue was

purified by flash column chromatography using gradient elutidnZ® % EtOAc/hexanes). 1.90
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g of the dichlor@®.15was isolated as the major product (B&0l, 17 % yield over two steps) as

well as 498 mg of the monochloro-4pyodict 2.24(1.9 mmol, 5 % yield over two steps).

Minor: H NMR (400 MHz, CDCY) U Brs, @9, 7.87 7.19 (m,5H), 6.71 (tdJ= 2.7, 1.6
Hz, 1H), 6.16 (ddJ = 6.0, 2.7 Hz, i), 5.97i 5.94 (m, 1H), 5.94 5.92 (m, 1H), 5.83 5.79 (m,

1H), 5.39 (s, 1H).

Major: Crude pushed forward immediately in the following reaction without further
characterization. 3;BichloroBODIPY 2.17 fully characterized and shown inrgwious

procedure

2.8.6.63-chloro-5,5-difluoro-10-phenytsH-58¢,6a-dipyrrolo[1,2c:2',1f][1,3,2]diazaborinine

(2.2H
Ph
i) p-chloranil (1.1 eq)
4 // DCM, 0 °C, 30 min 02
=N HN > 25
H Cl ii) EtsN (6.0 eq) H Fs Cl
i) BF3-OEt, (9.0 eq)
C15H13C|N2 DC?VL rt,2125 h C15H1oBC|F2N2
MW: 256.73 g/mol MW: 302.52 g/mol

498 mg of dipyrromethan2.24 (1.98 mmol, 1.0 eq) was dissolved in 6 mL DCM under a
nitrogen atmosphere. suspension of 562 mg @tchloranil (2.3 mmol, 1.1 eghi2 mL DCM

was added slowly at 0 °C and the reaction was stirred for 30 min at 0 °C. 1.2%M[1E#4

mmol, 6.0 eq) was then added at 0 °C and the mixture was stirred for 20 minutes. B#2-mL
OEb was added (17.1 mmol, 9.0 eq), the reaction was watmet and let sir for 1.25 h. The
solvent was evaporated, and the residue was dissolved in 100 mL EtOAc and washed with 1 M

HCI (3 x 100 mL), followed by 5 M HCI (1 x 100 mL) and brine (3 x 100 mIhe organic
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layer was dried with MgS#) filtered, andthe solvent was removeid vacuo The resulting
residue was purifietly flash column chromatograpli¥0 % EtOAc/hexanes). 269 mg of desired
BODIPY 2.25(0.89 mmol, 47 % yield over two stepdd NMR (400 MHz, CDC§) 0 7. 94
1H), 7.63i 7.50 (m,5H), 6.9L (d,J = 4.2 Hz, 1H), 6.89 (d] = 4.4 Hz, 1H), 6.56 (dd] = 4.2, 1.1

Hz, 1H), 6.43 (dJ = 4.3 Hz, 1H).3C NMR (101 MHz, CDGJ) U4 145 1347,134.@ 4 .
1331, 131.9, 131.5, 130.8, 13). 1286, 128.5, 118.9, 118.4HRMS (El): calcd for

C1sH10BCIF2N2: 302.05936, found: 302.05667.

2.8.6.71,1-(5-((5,5-difluoro-10-phenyt5H-58¢,68¢-dipyrrolo[1,2c:2',1-f][1,3,2]diazaborinir3-
yh)amino)1,3-phenylene)bis(@nethoxy1H-pyrrole-2,5-dione)(2.26

NH,
o) /@\ o]
Ph MeO«& ﬁ/OMe
o d

J = N=
/N\—/N /
+ B ACN, reflux, o/n
H F2 CI
C45H40BCIF,N5 C31H25BF,;N50g
MW: 302.52 g/mol MW: 609.35 g/mol

50 mg of BODIPY2.25(0.17 mmol,1.0 eq) and 68 mg anilin221(0.20 mmol, 1.2 eq) were
dissolved in 2 mL acetonitrile and the mir¢ was refluxed under a nitrogen atmosphere
overnight, after which time the solvent was remowedacua Theresulting residue was purified

by flash columm chromatography using a gradient elutaystem $0 - 70 % EtOAc/hexanes)Rs
(100% EtOAc) ~ 08. 20 mg of desired product was obtained as a deep red solid (0.033 mmol,
20 % yield). '"H NMR (300 MHz, DMSGDs, 80 °Q 9i75 (br s, 1 H)7.641 7.31 (m,9H),

7.12i 7.01 (m, 1H), 6.62 (dd] = 10.6, 4.2 Hz, 1H), 6.4 6.30 (m,2H), 6.02 (s2H), 4.00 (s,
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6H). 3C NMR (101 MHz, CDGJ) u 145. 89 132.%4, 4336 132.511320,. 131.8,
1317, 131.0, 1306, 129.6 128.9, 128.7, 128, 1191, 118.5 53.6 (spect complicated by the

presece of rotomers).

LRMS (ESI) m/z: 632.2 ((M+Na]*); HRMS (ESI): calcd for €H2oBF2NsNaGs: 632.1530

found:666.1529.

287MBP-d C10U Expression and Purification

Maltose binding protein (MB) purification has been well established, and the protocol is
summarized as followed. 500 mL LB medium (2% glucose) was inoculated with 3 mL MBP pre
culture (3L21 cells). Culture was incubated at 37 °C until an OD600 &).6.Mas obtained

150 pL IPTG vas then added to a final concentration of 0.3 mMthactultue wasincubated at

37 °C for an additional 3 h. Cells were isolated by centrifugation (4000 g for 20 min), after
which cellswere resuspended in binding buffer (20 mM FHi€I, 200 mM NaCl1 mM EDTA,

pH 7.4). The sspended cells were lysed by sonicationice (3 cycles of 1 min pulses, at a
100% intensity/1 min pause between cycles) using a Branson sorecatppedwith a 3M
probe. 2 mL amylose resin was added to the column, followed byngidmiffer (5 column
volumes wash). Insolubles were removedrirtysate by centrifugation, after which cell lysate
was added to the conditioned column and incubated at 4 °C for 2 h with shaking. Using gravity
chromatography, the flosthrough was collectedopllowed by 3 washes of 2 column volumes of
elution buffer (20mM Tris-HCI, 200 mM NaCl,1 mM EDTA, 10 mM Maltose, pH 7.4). MBP
dC10J was eluted with 1 column volume elution buffer. Protein concentration was quantified

usinga Bradford protein assay andiity wasassessed via SDS page gel.
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2.8.8Kinetic Measurements

Proein labelling kinetics were studied by following the thaependent fluorescence increase at

37 °C using a Synergy H4 Hybrid MuMode Microplate Reader with excitation and emission
monochromeors set at a-&m bandpass. The reaction was prepared in SOHBERES buffer

(pH 7.4) with 10 % DMSO. Solutionsof MB®C1 0 U wer e p-walplateaadAli n a
or SA2 in DMSO was added immediately before recording. The final concentrations of
SA1/SA2and MBP dC10U were both 25 OM witml0 %0 mM
DMSO and 250 uM TCEP.SA1 and SA2 sampleswere excitedat 520 nm and 505 nm,
respectively,and fluorescence intensity was followed5a2 nm or 585 nm, respectivelygs a
function of time. The tim&lependent fluorescent data shownFigure 2.5 and Figure 2.12

were fittedby nonlinear regressioto the following second order equation:

1
1

< fam],

[P] = [am], -

where P is the fluorescent product, dM is the dimaleimide fluor@&sh or SA2, ko is the
second order rate constant and time. Kinetic reactions were performed in triplicate and
reported as mean + standard deviatitn=(353+ 32 M min for SAland k,= 82+ 7 Mmin’?

for SA2).

2.8.9Cell Culture
9 mL DMEM (1% P/S, 10% FBS) was seeded with 1 mL frozen culture of HeLa Cells (thawed

for 4 minutes) in a 50 mL falcon tub€ells were pelletethy centrifugation (750 rpm, 5 min)
and media containing DMSO was subsequently removed. Pelleted cells were resuspended in 10

mL DMEM and incubated at 37 °@ a 75 cm culture flaskuntil 85-95% mnfluency. Cells
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were then passaged as follows: old media weanoved, and adhered cells were washed with
DPBS (no calcium or magnesiQira x 5 mL. 2 mL trypsin was added to cover the surface of
cells and incubated at 37 °C for 7 min. 8 mL DMEM was addet sarspended cells were
transferred to a 50 mEalcon tube ath resuspended 10 times. 4L mL of suspended cells
were taken back intthe culture flask and diluted to 10 mL with DMEM and incubated at 37 °C
until the desired confluency was reachdchis passaging protocol was repeated as necessary to

maintain cellcultures.

To maintain a stock of HelLa cells, cells were frozen as needed according to the following
protocol. Wnfluent cells were trypsinized and suspended in DMEM as described above. Cells
were then counted used trypan blue staining and bright line dgngnthamber. Cells were
pelleted by centrifugation (100 g, 3 min) to remove passaging media and diluted to a final
concentration of 2.1xf0cells/mL in freezing medium (DMEM containing 5% DMSO0,%0
FBS, and 1% P/S). Cells were resuspended and aliquotedrytigenic vials. Vials were cooled

slowly at 1 °C/minbeforestoring in liquid nitrogen.

2.8.10Cellular Labelling
HelLa cells (5.25 x 105 cells) were plated onton@® dishes and grown in OgEM

suplemented with 5 % FBS for 16 h before transfection. Cefiseviransiently transfected with

hi stone H2B dC10 or pcDNA3.1(+) (mock) by fir
Opt-MEM medium (300 €L) for 20 mi n.thenifchbatedl i pof ¢
for 30 min with a solution of the plasmid (£0g ) iI-MEMpmedi um (300 ¢eL) 1
liopfectamine 2000 to DNA ratio of 1:1. Lastly, the HelLa cells were incubated in this

lipofectamine 2000:DNA mixture for 24 h.
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After transfection, t he medi unSAMBAZINn Live@eb ved ar
Imaging Solution (Invitrogen) supplemented with F127 surfactant (0.1 % v/v) and DMSO (final
concentration of 0.4 % v/vCells were incubated at 3T for 1 hour. Afterwards, thenaging

solution containing the probe was remomeglls were quicky rinsedwith clear imaging solution
B3x2mL)and then incubated with 8 €M Hoechst 333:
solution for 15 minat room temperaturédioechst solution was removed arallewere quickly

rinsedwith clear imaging solution (3x2 mLgnd then observed on a Nikon-NiRatiometric
Fluorescence Microscope with a 40X/0.8 NA objective. The recorded images were subsequently

analyzed with NISElements software.
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Chapter Three: Green BODIPY-Based FIARe Probe

3.1 Contribution s

Much of the work encompassed in the following chapter was recently ipedbligs a
communication in Angewandte Chemie International Edition (28F18)gnificant catributions
were made by my eauthors, Dr. Yingche Chen and Kelvin TsadpPCandidate). Dr. Yingche
Chen is credited with initial design and synthesis of the gB&@DIPY probe, namedC23 in
her honour, as well as preliminary evaluation. Kelvin Tsaaaglicell culture and labelling
experiments and was crucial in obtaining tbellular images that were included in the

publication.
3.2 Introduction

For biological applications of a fluorogenic labelling agentellulo andin vivo, fluorophores

with lower erergy, redshifted excitation and emission wavelengths are advantageous. As
discussed in Chapter Two, creating FIARe probes that incorporashiféel dyes that are still
efficiently quenched by maleimides througkPdT is challenging. The smalleandgaps of

longer wavelength emission fluorophores are typiadlig toa lowerenergy LUMO, as opposed

to a higher energy HOMQwhich can disfavour-@eT. The BODIPY fluorophore has emerged

as a potential new fluorophore for FIARe that could circumvent thésdlenges. The
preliminary results for the red FIARe probe substitutechatalpha positions designed by Dr.
Chen (Chapter Two) were very promising, showing ast@fied BODIPY fluorogen that
exhibited efficient quenching and a large fluorescent enhamgein af t er reacti on
tag. However, | was unable to reprodubese results in the time available to me, and the
synthetic route originally employed was not feasible for preparation of high enough yields of the
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compounds to be applied as a léihg agent and biological toolCompounds2.23 and 2.26
(Chapter Two) were designed and synthesized as potential alternative BODIPY labelling agents
in the yellow/orange range; however, these compounds suffered from slow kinetics and a low
fluorescent endincement and their labelling cellulo was not successful. In this Chapter, the
design, synthesis, and evaluation ahasosubstituted BODIPY fluorogen for labelling in the

green channel of fluorescence microscopes will be discussed.

3.3BODIPY -FIARe Probe Design

The computational study by Cosa on a large library of BODIPY compounds suggested that
electron transfer may be possible from the excited state of BODIPY to an adjacent maleimide
group; therefore, the BODIPY fluorophore could be amenable to PeT dugrioha FIARe

probe. Additionally, a thieteactive probe published by the Nagano group in 2007 provided
strong experimental evidence and was highly instructive for the design of our first BODIPY
based FIARe probe. Nagano and coworkers synthesized a sémeeso substituted phenyl
BODIPYs incorporating a maleimide group at theho, meta and para positions, as shown
below. These probes were designed to be -tiiattive fluorogenic reporters. The maleimide
group functions as both aReT quenching moig and an orthogonal handle to react selectively

with thiols, which is mirrored in the FIARe prelaesign.
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Figure 3.1N a g a n o desctiie BODIP¥maleimide probe®

Nagano predicted that tloetho substituted compound would be the most efficiently quenched
due to the decreased @isce between PeT donor and acceptor orbitals. Indeed, the fluorescence
guantum yield of thertho compound wa$.2 %, which is negligible in comparison to tmeta
andparaderivatives (summarized in Table 3.1). Nagano measured-foRRbfluorescence

increase for thertho probe upon reaction with a model small molecule thiol. This was the
largest @hancement achieved for a threlactive probe using visible light at the time. These
probes were excited with green light (505 nm), which was also significaakshifted

compared to previous thiokactive probes.

To further guide the design ofouroppb e, we model |l ed Naganods pr obe
predict frontier orbital energies andMdistances, which were not included in the original

publication. hese data are summarized in Table 3.1.
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Table 3.1 Summary of HOMO/LUMO energies and-B di st ances for Nag

determined by molecular modelling.

Energy (Hartree)

BODIPY HOMO LUMO LUMO +1 D-A Distance Quantum Yield
Fluorogen (BODIPY' (maleimide) (BODIPY' (A) o05a{ hap
ortho -0.1949 -0.1002 -0.0855 3.6 0.2 %
meta -0.1954 -0.1097 -0.0856 5.7 37 %
para -0.1965 -0.1095 -0.0864 7.1 54 %

There are very small differences in HOMO/LUMO energiesedaon the phenyl substitution
pattern. For ach probe, the HOMO is localized on BODIPY and the LUMO of the maleimide is
lower energy than LUMO of the BODIPY, makingR&T favourable. The distancetleen

donor and acceptor was considerably shorter irottie probe as expected, corresponding to a
guantum yield that was determined to be two orders of magnitude smaller. Although the authors
did not report a quantum vyield for the phenyl BODIPY compowithout a maleimide,
measurements in the literature ranigom ~7086 % in different organic solventhowever a
measurement in DMSO was not available for direct compafisBegardless, this shows that a
single maleimide at thenetaor para position still partially quenches the fluorescence of the

BODIPY, resulting in quantum yields of 37 % antl%, respectively.
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We saw the opportunity texploit the powerful quenching ability tfie ortho maleimide in our

FIARe probes. The dimaleimide st@fl positions the maleimidemetawith respect to each

other, separating the reactive alkenes by approrisna0 A. This spacing is complementary to

the distance between the two cysteine residues
the ortho and para positions relative to the fluorophore, as opposed to batapositions as in

previous FIARe probes, we would expect a much higher quenchicgeedly and therefore a

larger fluorescence enhancement. The envisioned reaction of the probe desthisefhshion is

shown in Figure 3.2 below.

non-fluorescent non-fluorescent fluorescent

fluorogen adduct

Figure 3.2 Protein labelling with the BODIPY dimaleimide FIARe fluorogé@23.

First, the green FIARe probe (refetréo asYC23) was modelled computationally using 7D
DFT calculations(B3LYP functional and @1G(d) set)to determine the distance between the

ortho-malemide and the BODIPY fluorophore. As shown in Figure 3.3 below, the distance

110



between the BODIPY excitestate and LUMO of thertho-maleimide is approximately the

same as in Naganobés probe, suggesting the BOD

Figure 3.3. DFT-minimized geometry of green fluorogerC23, showing A) the relevant
distance between thertho-maleimide and BODIPY groypB) the ortho maleimide LUMO

(LUMO +2), and C) the BODIPY excited state.

The TD-DFT calculations, summarized below in Table 3.2 show that the LUMO of the
methoxymaleimide of fluorogeWC23 is higher energy than that of an unsubstituted maleimide

(0. 1002 au for Naganob6s probes, T a luhoeupidd. 1) . T
maleimide orbitals being higher energy than the excited state of the BODIPY, suggesting that d

PeT would not be favoured
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Table 3.2 Summary of HOMO/LUMO energies f&fC23 determined by molecularodeling.

Energy (Hartree)

BODIPY HOMO LUMO LUMO + lgara- LUMO + 2drtho-

Fluorogen (BODIPY ES maleimide) maleimide)
(BODIPY G¢<

YC23 -0.2038 -0.0952 -0.0895 -0.0869

Computational modelling provides valuable insights into the design of potentiReRobes,

as drastically incompatible orbital energy levels fdPell can be used to disregard a compound
or, alternatively, compatible energy levels can lead us to maweafd with a compound.
However, the computational results must be interpretedotelyi Since the energy levels of the
BODIPY excited state and LUMO of the maleimides were very close to each other (within ~0.1
au) and there was strong experimental ewdethat the probe would be quenched from
Nagano 0 sYCzg was lsynthesized to tiemine experimentally if it would in fact be

guenched.
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3.4 Synthesis of YC23

0] (6] o)
PhN Bry PhN Et;N PhN
/ B /210
o CHCly o THF, 0°C,2h '
reflux, 1 h Br Br
64% 29 91%
EtsN

MeOH, reflux 3 h
57%

O 0 [0}
o ) 1:1 AcOHOAC  prun KOH PhN
5 HOOC—// %
o 80°C,4h 1:1 MeOHMH,0 G
OMe OMe 1 h OMe
213 74% 212 849 2.1

Scheme3.1 Synttetic route for preparation of methoxymaleic anhydride.

First, methoxymaleic anhydride was synthesized according to the route described previously in

Chapter Two, summaied in Scheme 3.1.
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i) 2,4-dimethylpyrrole
(2.0 eq)

NO, TFA (cat.) ) E?N (6.0 eq)
DCM, rt, o/n 0°C, 10 min NO,
No, i)DDQ (1.0 eq) ii) BF3-OEt, (9.0 eq) /~~7 =
DCM, rt, 1h rt, 1.25 h =N_=_N-/
0~ 'H DCM "R,
3.2

9% isolated

(over 3 steps)
H,, 10% Pd/C (1.0 eq)

MeOH/TH, rt, o/n
88%

NH,
o]

o
i) O)j/?(s.o eq) NH,

(aka3§r4cz3) OMe
ACN, reflux, oin  / 7N
- /N\—/N /
ii) ZnCl, (3.0 eq) v B
HMDS (5.0 eq) 2 ;
9:1 toluene:DMF '
reflux, 5 h

10%

Scheme3.2 Synthesis of compoundC23.

BODIPY fluorogenYC23 was synthesized based on the route used by Nagano, starting with
condensation between the commercially availabledh#robenzaldehyde and 2dimethyl
pyrrole using a catalydci amount of TFA. As opposed to the postfunctionalization strategy
exploited n Chapter Two, the BODIPY core is prefunctionalized usingottieo-metadinitro
substituted benzaldehyde precursor. This installs the synthetic handleresty@osition for tle

final dimaleimide (NHdM10) moiety immediately during dipyrrin formationihe
dipyrromethane intermediat®.1 formed was immediately oxidized using DDQ to give the
dipyrromethene. Compoungl2 was subsequently reacted with trifluoroboryl etherate to form

the dinitro BODIPY derivative3.3. Next, both nitro groups were reduced byditogen over
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palladium on carbon (10 % w/w) to give the corresponding diamine. The amines were then
reacted with methoxymaleic anhydride to form the acyl interme@i&terlhis diarboxylic acid
intermediate has sufficiently low solubility in organic solveso the excess methoxymaleic
anhydride can be removed by trituration with ether. The isolated intermediate was immediately
subjected to zincand HMDSmediated ring closure to \g¢@ YC23 in sufficient yield for

evaluation.

3.5In Vitro Evaluation

To evaluaterC23as a sel ective protein | abelling reag:
was first chosen. As discussed in Chapter Two, maltose binding protein (MBP) has been the test
protein of choice for the structural and kinetic characterization of FIABBep, as it is highly
solubl e, monomeric, and easily expressed. Our
terminus of MBP to give the fusion protein MBPC1 0 U.-d MIBPU was express

purified inE-coli as described previously in Chapter T¥#o.

Before reaction with dCA0 YC23 is strongly quenched with barely detectable fluorescence at a
concentration of 25 pM. The excitation and emission spectray @23 after reaction with
equimolar MBRd C1 0 U a r eFigwdB.d. Whe infemse maximum fluoreste e en@535 o

nm i s separated from the excitation maxi mum

fluorescence into the green region of the visible spectrum.
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Figure 3.4 Excitation (red) and emission @uk) spectra for 25 uNMC23+MBP-d C1 0 U .

Next, the fluorescent enhancement was determined by measuring emission sp&c2a after

incubation with increasing concentrations of target protein after ~ 5 hours. Bright fluorescence
(30,000 RFU) was obtainedter reaction with 1 equivalent of MB® C1 0 U . Addi tiona
increase in fluorescence was found to be linearly dependent ondVBR O U concent r e
(Figure3.5, right). The background fluorescence ofeautedYyC23 is shown inblack in Figure

3.5 (left) and is so low that it is difficult to distinguish from the baseline. Although the LUMO of
methoxymaleimide may be higher in energy than the BODIPY excited state, it is cleaC#gat

exhibits very efficiat quenching, resultingh an ~806fold fluorescence enhancement at the

emi ssion &a480nmpm ( &
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Figure 3.5 (Left) Fluorescence enhancemelndx£480 nm) of 25uM fluorogenYC23,

incubated in the a@nce (black) and presmnof variedconcentrations of MBRIC10J

(coloured).(Right) Linear fit of fluorescencatensity ofYC23vs. [MBP-dC1QJ ] .

3.5.1Kinetics

The addition reaction between a FI|I ARe probe
thefirst slow, intermoleculgraddition followed by a rapid intramolecular addition. The second is
assumed to be fast and ritaiting, which allows us to approximate a second order model, as
described in Chapter Two. The tirdependent increase in fluoresce for the equimolar
readion between probe and tag was measured overnight. The data leading up to the plateau at

~30,000 RFU were fitted to a second order model (black curve) as shown below.
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Figure 3.6 Time-dependent fluorescea@==495 nm,2=525 nm gain =63 increase of 28 M
YC23 reacting with 254M MBP-dC10Jin 50 mM HEPES buffer (pH 7.4250 pM TCEP, 10%
DMSO) at 37°C The solid line through the data was obtairdfitting to a second order

equation.

The reaction curveobtained resembles that of a slightly biphasic curve expected for two
sequential addition reactions, in which the second reaction produces the fluorescent signal. The

second order rate constant calculated from the fitting868< 118 M min™.

This rateconstant is approximately three orders of magnitude lower than the comparable FIAsH
organoarsenic probé%.The reaction is relatively slongs maximum fluoresent signal takes
approximately 4 hours to reach. However, for the desired application of our probes, it is
important to consider fluorescence increase on a timescale relevant to an imaging experiment.

Typically, cells are labelled betwre 45 min and -3 hours maximum. The labelling media used
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lacks serum, and therefore cells are under nutrient deficient conditions. Subjecting cells to
labelling solution for longer than this can often lead to cell death, decreasing the quality of the
images obtained. Althagh the best labelling time is determined experimentally, if we estimate a

1 hour labelling, this would result in approximately half of the total fluorescence enhancement, a
400fold increase. Even after only 15 minutes, afdld increag was observed. Weredicted

that a minimum 149old enhancement would provide sufficient contrast for cellular imaging.

Additionally, the maximum fluorescence signal obtaine&igure 3.6 was stable over 16 hours
during the kinetic experiment, wdh further supports the robustness of labelling as well as the

fluorophoreds resistance to photobleaching.

3.5.2Background Reaction with Thiols

A major concern for any fluorogemiprobe is its selectivity for the corresponding tag in the
complex mixture of aal. Although the peptide motif of two cysteine residues separated by 10
A is rare in nature, there are many other biological thiols present in the cell. As mentioned

previowsly, GSH is a particular concern as it is present in millimolar concentrafions.

YC23 was incubated with a large excess of biologically relevant thiols (10 eq cysteine, 10 eq
homocysteine, 40 eq GSH). As showrFigure 3.7, the fluorescent enhanceneattained after

reaction with thiols was less than 10 % of that obtained by reaction withd8R 0 U .
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Figure 3.7 Fluorescence emission spectra after 16 h of incubation of 28 Q28 with 1 eq test

proteinMBP-d C1 0 U,

glutathione (GSH).
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(Cys),
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Calculating a second order rate constant for the reaction with these thiols would givd 1k

Mmint. This dramatic difference in rate constants ssetggihat inside a cell the labelling agent

woul d react

Wi

t h

t he desired

dci10U

tagged

would develop. This is particularly powerful on the short timescale of an imaging experiment.

3.5.3Quantum Yield

Fluorescence qutum yield is a measure of the photons emitted divided by the number of

o f

pr

photons absorbed by a fluorophore. Quantum vyields are frequently reported as percentages in the

literature. This value is therefore a measure of the efficiency of fluorescence geslbvatween

0-100%, where 100% would be a theoretically perfect fluorophore that emits every absorbed
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photon as fluorescence. In other words, no-razhative pathways of relaxation from the excited

state are possihlen reality, this is not possible, Atiugh some fluorophores come close
Quantum vyields are also solvent and temperature dependent. It is not uncommon to see quantum
yields for BODIPYs in the literature approaching 100% in w&t@he quantum yielaf YC23

after conjugation t¢/BP-dC10J i n HEPES buffer was calcul ated
several literature sources (see experimental) using fluorestdéltl M NaOH at 22 °C as a

standard, according to the following equation:

2
. m'sample ”samp!g
fpsample = Pstq 2
Mgeq Nstd

This equation takes into consideration the different refractive indexes$ the twosolventsand

m, which is the Ippe from a plot of integrated fluorescence intensitghssbance.

First, the standard and reacted sample were diluted in their respective buffer until their longest
wavelength band reached a maximum absorbance of 0.1 (7 uM and 12.5 uM, respectively) and

the intersection between the two absorbance spectrade@snined to be 498 nm. All
fluorescence spectra we ke 498 onb $hes ghs@bance walueoibt ai n
commonly used in the literature for quantum yield determination, as the samples must be dilute

to avoid aggregation effects of fluotogres and possible self quenching between molecules.

Figure 3.8 and 3.9 below plot the extinction coefficients obtained for the standard fluorescein
sample and the reactetlC23 sample respectively, measured in duplicate. The reaciB

sample was prepateby reaction with equimolar MBR C10U i n HBPES10Bw f f er

DMSO) by incubaton at 37 °Covernight in the dark in the presencel6fequivalents of CEP.
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The quantum yield was then calculated using the above equation, kvhegj@antum yield, m =
gradent of integrated fluorescence intensity vs absorbanceqange r ef r act i ve

aqueous sample buffer and 1.33 for 0.1 M NaOH). The liter&tséor fluorescein is 95 % (at
223C in 0.1 M NaOHY* The values fomsiand mampiecorrespond to the slopes obtained in

Figure3.10 andFigure3.11, respectively.

0.104

o

(=]

(+7]
1

Absorbance (Au)

0 2x10%  4x10° 6x10%%  8x1070¢
[Fluorescein] (M)

Figure 3.8 Plot ofabsorbace vsfluorescein concentration, determined at 498 nm, 0.1 M

NaOH, 22 °C.
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Figure 3.9 Plot of absorbance vgaddition product of MBRIC10 and¥C23] (25 €M of ea:
incubated overnightintreédar k at pH 7.4 in the p#DMS@nce of :

determined at 498 nm, pH 7.4 (50 mM HEPES buffer), 22 °C
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Figure 3.10 Plot of integrated fluoresceradntensity vsabsorbance for fluoresceitasdard in

0.1 M NaOH at 22 ACcC. Absorbanc&=49@nmues wer e
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Figure 3.11 Plot of integrated fluorescence intensity absorbane for the addition product of
MBP-dC10 andyC23( 25 &M of each incubated overnight i

of 250 €M TCEP and 10 % DMSO) determined at p

Using this equation, the quantum yield¥€23-MBP-dCI0 U was det er mi ned t o |
comparable to othenesophenyl substituted BODIPYS in literatut®. The quantum yield of the
unreactedyC23 was not determined, as quenching was so efficient that fluorescence was not

detectable using the fluorimeter.

Since the extinction coefficient #C23-MBP-d C1 0 U was al sbigure39t(@=i ned f
7048 M%), the brightness can be calculat€de brightness of a fluorophore is proportional to the
product of It s tnmpaiismbUumr yeegt dn ¢ tiijaondns thereferd f i ci e
~190,000 forYC23. This is impressively bright for a small molecule fluorophdree high

brightness and quantum yield suggested that this probe would be well suited for fluorescence

imaging, which led us to further investigate theitro stability andselectivity.
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3.5.4SDSPAGE Gel Analysis and YC23 Stability Under Denaturing Conditions

Next, we investigated the labelling in a more complex biological mixture, bacterial lysate, as
opposed to purified target MBPC10U pr od €0 U MBB with ditieeht!
concentrations ofYyC23 overnight at 37 °C in bacterial lysate and the reactieas then
guenched by heating to 95°C for 15 min. After denaturation,-BBSE gel analysisHigure

3.12) was performed. First, bright fluorescence was observed dfeaturation, even with
labelling concentrations as low as @M YC23 (Lane 2). This is highly promising for cellular

labelling, as low concentrations of labelling reagent appear to be sufficient for bright contrast.

Figure 3.12 SDSPAGE gel developed by (A) Commasdlue staining and (B) fluorescence
(&= 491 «n¥mQ8 nnf).akane 1: molecular weight markers. Lane 2 and 3: Soluble lysate
of bacteria expressing MB®C10U, tr eat ed YGRS respectitely, andr0.5mB & M

TCEP overnight.
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Second, the SDBAGE gel also supported the stability of the product formed. The addition
reaction of a thiol to a maleimide results in formation of a highly stable thioether pfétiuct.
The labelled protein at ~50 kDa remains fluorescently labelled (B) after denaturing conditions,
showingthat the covalent bonds formed between the maleimides andi-thysteine tag are
stable. Lastly, the gel was also promising in terms of selectivity of the labelling method, as only
the band corresponding to the target protein was brightly labelled. dé¢hegize that the bright

band at the top of the gel is simphe result of insoluble labelled protein.

3.6 Cellular Evaluation and Imaging
3.6.1Cytotoxicity

Prior to applyingYC23 for labelling in living cells, we investigated the cytotoxicity of the
compound. A standard MTFassay was used to determine’{€23 showed any ytotoxicity in
mammalian cells (HEK293T). MTT {@},5dimethylthiazoi2-yl)-2,5 diphenyl tetrazolium
bromide)is a yellow tetrazolium salt that is reduced by mitochondria in living cells to a purple
formazan.The resulting intracellular purple formazaririsoluble in aqueous solution, but it can
be dissolved in Triton X100 and subsequently quantified by meastimngbsorbance of the

solution.
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Figure 3.13. Cytotoxicity of YC23 in cultured HEK293T cells.Cells were incubated with the
corresponding concentrations of fluorogen for 20 h. Cell viability was meay@d T assay

and the results are reported as percentage relative to untreated cells (mean + SD).

HEK293T cells were seeded in raulti-well plate and incubated wit culture medium at
increasing concentrations the fluorogenYC23 for 20 h. The absorbanas each well was
measuredhfter incubation with MTT solution for 4 hours, followed by solubilization solution
overnightusing a plate reader at570 nm The absorbance corresponding to the purple product
can be monitored and compared to that of a posdive negative control cell sample, and
therefore tle cell viability was then ckulatedfrom the obtained absorbance valaesording to

the folowing equation:

Cell viability = (A with fluorogenT A negative contrdl (A positive controll A negative contrgl X 100%
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As shown inFigure 3.13, YC23 had negligible effects on cell viability within error when cells

were inabated overnight with up to 100 uM tfiorogen.

The promisingin vitro labelling results withYC23, paired wi t h t he co
cytotoxicity, prompted us to move forward with protein labelling in living cells. We are
particularly interested in our FRe pr obesd abi | i tintracsllulat potebe app
labelling, as there is a greater need for intracellular labeling agents. WhiledMBP 0 U wa s
suitable forin vitro evaluation, we chose to label histone H2B in living cells, given its clear
localization in the nucleu® This would albw us to cestain the labelled cellsitih a standard

nucl ear dye to confirm the selectivity of our
genetically fused to the-@rminus of histone H2B as described previod$Mammalian HelLa

cells were cultured and transfected with the HEBL O U gene t r an-sedtedt | v us
gene delivery with lipofectamine, as in Chapter 2. To aid in uptak¥G#3, a nonionic

surfactant (F127) was used, which has been found to improve membrane permeability.

Two of the most commonly used nuclear sly@e DAPI and Hoechst. DAPI has a &w
membrane permeability and is therefore more commonly used for labelling fixed cells, whereas
Hoechst is better suited to live cell imaging. Both dyes areflnonescent before they bind to

the minor grove of DNA irthe nucleus, which turns on their gt fluorescenc& The dyes

have nearly identical spectral properties: their maximum excitation is in the UV region and they
emit in the blue region. The fluorescence spectra are shown below. Although the emission bands
shav some overlap with that of C23 over 500 nm, the excitation spectra are well separated,

therefore spectral bleeding is not a concern for colocalization studies.
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Figure 3.14 Overlaid excitation and emissicspectra for the nuclear dyesAPI and Hoechst

(Thermofisheii Fluorescence SpectraViewer).

3.6.2Cellular Labellingof H2Bd C1 0U wi t h YC23 and DAPI

First, HeLa cells transfected with HaBC 1 0 U, as wel |l as mock cell s
were labelled with 10 pMYC23 for 45 minutes, followed by 1 uM DAPI for 15 minutes. The
cells were then immedidieimaged using a Nikon NU Ratiometric fluorescence microscope

without washing (see Experimental). The resulting images are shdviguire3.15.

129



Overlay Transmitted DAPI YC23

H2B-dC10a

Figure 3.15 Hela cells transfeted with histone H2BIC10J (top) or pcDNA 3.1(+) (bottom)
before labelling withyC23 (10 uM) for 45 min followed by DAPI (1uM) for 15 min. The
DAPI channel was excited at 390 nm and observed in the&s280hm channelYC23 was

excited at 485 nm and observed in the 535/45 nmmeHaBcale bars: 20m.

The images obtained for cells transfectdth H2B-d C1 0U are shown on the t
transfected with pcDNA belowyC23, imaged in the green channel, was observed in several

cells and appeared to be localized in the nucluslear localization was confirmed by imaging

DAPI in the blue chnnel and overlaying both images on the brightfield cell images. In the
overlay image, it is clear that DAPI aM€23 labelling overlay nearly perfectly; every cell that

exhibits green flu@scence also shows-tmralized blue fluorescence.

The most powdul conclusion drawn from these images comes from the mock cells. In these

cell s, which do not express the dc10U tagged
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YC23 channel after incubating witC23 labelling solution. This dark image shows that¢his

no background fluorescence on the timescale of the imaging experiment, even without washing.

3.6.3Cellular Labellingof H2BBd C10U wi t h YC23 and Hoechst

Although the cell images shown in Figure 2.10 predidstrong evidence for our labelling
method withyY C23, they also showed that DAPI labelling was not as efficient as desired, as there
are several cells whose nuclei were not labelled in the blue channel. As a result, the labelling
experiment was redone ugrdidentical conditions, except the cells werangtd with 8 uM

Hoechst dye instead of DAPI. The images obtained are shown belaguire3.16.

Overlay Hoechst YC23 Brightfield

N ..-.

Figure 3.16 Hela cells transfected with histone H2IB10J (top) or pcDNA 3.1(+) (bottom)

H2B-dC10a

before labelling withyC23 (10 uM) for 45 min followed byHoechst(8 uM) for 15 min. The

131



Hoechstchannel was excited at 390 nm and obsérin the 466610 nm channelYC23 was

excited at 485 nm and observed in the 535M~hannelScale bars: 26m.

In this experiment, we observed much better nuclear labelling with Hoechst: nearly every cell
imaged showed blue fluorescence in the nuclédk the 8 HelLa cells imaged iRigure
3.16(Top), 6 cells ao showed green fluorescence in the nucleus. This clear colocalization, in
addition to the lack of green fluorescence observed inY®@23 channel of the mock cells

(Figure 2.11, Bottom), shows the selectivity of labelling betwé@@3andour dC10U t ag.

Although the surfactant F12Was usedo assist in cellular uptake of our probe, itiedhe

method should perturb the native biology of the system as little as possible and this strong, ionic
surfactant s ef f ectand alhhealthweld be detrimentalaThe cellelanb r a n e
images shown belowFigure 3.17)were obtainedwithout added surfactant. Although we
observedweaker,less consistent labelling, these images show that selective labelling of our

target protein is still pgsible without usig a surfactant.
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Overlay Hoechst YC23 Brightfield

H2B-dC10a

pcDNA 3.1

Figure 3.17 Hela cells transfected with histone H2IB10J (top) or pcDNA 3.1(+) (bottom)
before labelling withyC23 (10 uM) without surfactanfor 45 min followed byHoedst (8 uM)
for 15 min. The Hoechstchannel was excited at 390 nm and observed in the5260nm
channel.YC23 was excited at 485 nm and observed in the 535/45 nm ch&uaé bars: 20

em.

3.7 Conclusion

In conclusion, we have developed a new FIARe fluordggsed on the BOIPY fluorophore

that exhibits efficient quenching by the pendant dimaleimide moiety and an-feld00
fluorescent enhancement upon reaction with ot
fluorescence and a quantum vyield of nearly 30%is probe show high selectivity for our tag

relative to other relevant intracellular thiois vitro, and the strong covalent labelling is

compatible with SDSPAGE even under denaturing conditionsC23 shows negligible
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cytotoxicity and was successfully applied to seileely label a nuclear histone H2B protein in

living mammalian cells with no detectible background fluorescence.

FIARe probes have previously been used to label cell surface proteins as well as cytosolic
proteins3¢:%2 This green BODIPYbased FIARe probe adds to the diversity of applicatiothe
labelling method, showing selective piiatdabelling in living cells at the longest wavelength

published by the Keillor group to date.

3.8 Experimental
3.8.1Molecular Modelling

All calculations were performed using Gaussian 09. Density functional theory (DFT) was used to
optimize the geometry of grourstate structures (B3LYP functional aneB6G(d) set. Time
dependent DFT (TEDFT) calculations were then performed at the B3LY®16&(d)/level with

water as a solvent based on the optimized structure of the ground state.
3.8.2Synthesis

All reagents and solvemtwere used as received unless otherwise stated. Dichloromethane,
acetonitrile, methanol, and tetrahydrofuran were dried withhgesbpurification system from
LC Technology Solution Inc. All reactions were performed under inert atmosphere feig. N

flamedried apparatus unless otherwise stated.

Reactions were monitored by thin layer chromatography (TLC) using E. Merck sili6akgo4

pre-coated aluminum plates. Components were visualized by illumination with a- short
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wavelength or longvavelength ulia-violet after which staining in KMng) or ninhydrin solution
followed by heating. Flash column chromatography was performede@CHEM® silica gel

60 (ECO 4663 um) using eluting solvents described in the following procedures.

Nuclear magnetic resonan€BIMR) spectra were recorded in deuterochloroform at ambient
temperature unless otherwise stated. Residual chloroform solventvpsaksed as an internal
standard: 7.26 ppm fdH and 77.16 fof*C spectrd® The experiments were performed mainly
on a Bruker Aance 400 Fourier Transform Spectrometer operating at 400 MH#fand at

100.6 MHz for'sC.

EI-MS spectra were recorded on eakos concept mass spectrometer for bothresolution and
high-resolution mass spectra. EM5 spectra were recorded on atéfa Micromass € of mass

spectrometer.
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i) 2,4-dimethylpyrrole NO,

(2.0 eq) i) EtsN (6.0 e
NO2 TFA (cat.) )ogc (10 )
DCM, rt, o/n Sadlinl NO,
No, i)DDQ (1.0 eq) ii) BF3'OEt, (9.0 €q) )~ =
DCM, rt, 1h rt, 1.25 h =N_=_N-/
0™ 'H DCM "R,
9% isolated 3.2
(over 3 steps)
H,, 10% Pd/C (1.0 eq)
MeOH/TH, rt, o/n
88%
0]
(0]
24 ) A~ (3.0 eq)
(aka YC23) oMe

ACN, reflux, o/n

ii) ZnCl, (3.0 eq)
HMDS (5.0 eq)
9:1 toluene:DMF
reflux, 5 h

10%

Figure 3.18 Overall synthesis of green BODIPY fluorog¥g23.

3.8.2.1 (2)-2-((3,5-Dimethyl2H-pyrrol-2-ylidene)(2,4dinitrophenyl)methyh3,5-dimethyl 1H-

pyrrole 3.1)
NO> i) 2,4-dimethylpyrrole (2.0 eq)
TFA (cat.), DCM, rt, o/n
NO i) DDQ (1.0 eq) 3.1
2 DCM,rt,1h
o] H
C7H4N2O5 C19H1gN4O4
MW: 196.12 g/mol MW: 366.38 g/mol

392 mg of 2,4dinitrobenzaldehyde (2.0 mmol, 1.0 eq) and 412 ul2,dfdimethylpyrrole (4.0

mmol, 2.0 eq) were dissolved in 50 mL DCM under aakinosphere. One drop of TFA was
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added and the adion was stirred at room temperature overnight in the dark. When monitoring
by TLC showed complete consumption of aldehyde,latiem of 455 mg DDQ (2.0 mmol, 1.0

eq) in 10 mL DCM was added and stirring was continued for 1 h. The reaction mixture was
washed with water, dried ovétgSQy, filtered to removeMgSQs, and solvent was removea

vacuao The crude residue was purified byog column chromatography (30 50 %
EtOAc/hexanes) to give 850 mg of compoudd as a brown solid (>100 % yieldH NMR
showed desired compouratcording to literaturé, as well as one major impurity, likely a
triethylamine salt (see Appendix for spectra). The mixture was pushed forward in the next step

without further characterization.

3.8.2.210-(2,4-Dinitrophenyl}5,5-difluoro-1,3,7,9tetramethyl5H-dipyrrolo[1,2c:2,1*-
f][1,3,2]diazaborinird-ium-5-uide 3.2

NO,
i) Et3N (6.0 eq),
0°C, 10 min
ii) BF5-OEt, (9.0 eq) 3.2
rt, 1.25 h
DCM
C19H1gN4O4 C19H17BF2N4O4
MW: 366.38 g/mol MW: 414.18 g/mol

The dipyrrole mixture (734 mg, 2.0 mmalssuming 100 % theoretical yigldias dissolved in
anhydrous DCM and 1.7 mL of anhydrousNEt(12 mmol, 6.0 eq) was added under a N
atmosphere. The reaction mixture was cooled to 0 °C and stirred for 10 minutes. To the cooled

solution, 2.2 mL of boron trifluoride etherate (18 mmol, 9.0 eq) was added dropwise and the
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solution was warmed to room temperature and stirred for another .1[X5Mh was removedn

vacuoand the resulting residue was dissolved in ether and washed with 1:1 brine:1 M HCI. The
organic layer was dried over MgaCfiltered and evaporated to dryness. The crude product
obtained was purified by short column chromatogya#®:70 EtOAc:hexanes) to yield 78 mg

of dinitro BODIPY 3.2 as red crystal$0.19 mmol, 9 % vyield over three stepsn. p . 216. 9
218.6 °C'H NMR (400 MHz, CDC4) : U 8. 99 ( $=8.4,28Hz, 1H3, 7.834dd,( d d ,

= 8.4, 3.7 Hz, 1H), 6.03 (s, 3H2.57 (s, 6H), 1.37 (s, 6H¥*C NMR (101 MHz, CDG) :
157.6, 149.2, 148.8, 141.5, 136.3, 133.2, 130.1, 128261220.4, 14.9, 14.3; LRMS (Eft)/z

(%): 414.1 (M, 100 %); HRMS (EI): calcd for H17BF2N4Os: 414.1311, found: 414.1333.

3.8.2.310-(2,4-Diaminophenyl}5,5-difluoro-1,3,7,9tetramethy5H-dipyrrolo[1,2c:2',1*
f][1,3,2]diazaborinird-ium-5-uide 3.3

H,, 10% Pd/C (1.0 eq)

DCM, rt, o/n

CqoH47BF,N,0O,4 CoH47BF,N,0O,4
MW: 414.18 g/mol MW: 414.18 g/mol
To a solution of the dinitro derivative 3(Z8 mg, 0.19 mmol) in 4 mL 1:1 MeOH/THF was
added 20 mg of Pd/CLO % m/m, 0.19 mmol, 1.0 eq). The reaction mixture was stirred under
balloon pressure Hat room temperature overnighthe reaction mixture was filtered through
celite to remove the Pd/C. The filtrate was then evaporated to dryness to give 59 mg (61,14 mm

88 % vyield) of compound.3 which was used directly in the next step without further
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purification.*H NMR (400 MHz,CDCl) : u 6= 81Nz, (LHl), 6.20 (dd] = 8.1, 2.0 Hz,
1H), 6.06 (dJ = 1.9 Hz, 1H), 5.96 (s, 2H), 3.73THF.m, 12H), 2.54 (dJ = 12.5 Hz, 6H), 1.84
(THF, m, 12H), 1.63 (dJ = 16.9 Hz, 6H)}:3C NMR (101 MHz, CDGJ) : U 155. 4, 148.
143.5,1395, 132.0, 129.8, 121.0, 18) 107.0, 101.9, 77.5, 77.2, 76.8, 68.1 (THF), 45.8, 29.8,
25.7 (THB 14.7, 14.0, 8.74; LRMS (Eln/z (%): 354.2 ([M], 100 %); HRMS (EI): calcd for

C1oH21BF2N4: 354.1827, found: 354.1831.

3.8.2.410-(2,4-Bis(3-methoxy2,5dioxo-2,5-dihydro-1H-pyrrol-1-yl)phenyl}5,5-difluoro-
1,3,7,9tetramethy5H-dipyrrolo[1,2c:2',1:f][1,3,2]diazaborinind-ium-5-uide (3.4 aka
YC23)

(o]
o]
) /(3.0 eq)
OMe
ACN, reflux, o/n

34

ii) ZnCl, (3.0 eq),
HMDS (5.0 eq)
9:1 toluene:DMF
reflux, 5 h

C19H24BF2Ny CooH25BF,N,Op
MW: 354.21 g/mol MW: 574.35 g/mol
64 mg of 3methoxymaleic anhydride (0.50 mmd.0 eq wasadded to a solutionf 59 mg
diamine 3.3 (0.17 mmol, 1.0 eq) in 1 mL anhydrous acetonitrile. The resulting mixture was
heated to refluxovernight, after which the volatiles were evaporated under reduced pressure. The
crude product was then triturated with minimal@&three imes,yielding the dimaleamic acid as

an orange/red precipitate, which was used in the next step without furthigcagion. The
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dimaleamic acid and 68 mg of Zn@0.50 mmol, 3.0 eq) were dissolved in 8 mL toluddIF

(9:1). A dilute solution of 158 uHMDS (0.75 mmol, 5.0 eq) in toluene was added over 20 min.

The resulting mixture was then heated to reflux for &fter which the volatiles were evaporated

in vacuo The resulting residue was dissolved in EtOAc and washed successively with 0.1 M
HCI and satuated NaCOs (aq). This organic layer was dried over MgSG@iltered, and
evaporated to dryness. The crude patduas then purified by flash chromatography using a
gradient elution system (2565 % ACN/DCM) to give 8 mg oflimaleimide3.4 (aka YC23)

(0.013 mmol, 10 % yield)!H NMR (400 MHz,CDC4) : &4 (ppm) 7.76 (dd, J
7.58 (d, J=2.1 Hz, 1}7.49 (d, J = 8.4 Hz, 1 H), 5.94 (s, 2 H), 5.60 (s, 1 H), 5.36 (s, 1 H), 4.01

(s, 3 H), 3.88 (s, 3 H), 2.49 (s, 6 H), 1.58 (s, 6 33, NMR (100 MHz, CDC}) : & (ppm) 168
168.1, 164.2163.6, 160.8, 160.3, 156.044.0, 135.8, 133.5, 133.3, 131.2, 131130.8, 126.6,

125.5, 121.6, 96.9, 96.8, 59.3, 59.0, 14.9, 14.7; LRMS (Ef)%): 575.0 ([M+H]), 597.0

([M+Na]*); HRMS (ESI): calcd for gH2:BF2N4NaGs: 595.1735, found: 597.1738.

3.8.3Fluorescent Enhancement Ratios

Emission spectra and fluorescence intensity measurements were recorded at 37 °C with a
Synergy H4 Hybrid MultiMode Microplate Reader with excitation and emission
monochromators sett 9nm bandpass. Fluorescence enhancemvaestmeasured for fluorogen

YC23 alone and folyC23 after labelling with different concentrations of MBPC1 0U ( Fi gur
2). Reaction mixtures of 25 yMC23and O, 2.5, 5, 12.5 20, or 25
HEPES buffer (pH 7.4) with 5 % DMSO were incubated at 37 °C in the dark overaftght

which the fuorescence emission spectra were recoréegli(e 3.5). The ratio of fluorescence

140



intensity at maximum emission gave the fluorescence enhanceatient The excitation and
emission spectra shown in Figure 3.4 were recordethéoreaction of 25 uwC23 with one

equivalent of MBRPd C1 0 U .
3.8.4Kinetic Measurements

Protein labelling kinetics were studied by following the tidependent fluorescence incseaat

37 °C using a Synergy H4 Hybrid MuMode Microplate Reader with excitation and emission
monochromatcs set at a éim bandpass. The reaction was prepared in 50 mM HEPES buffer
(pH 7.4) with 10 % DMSO. Solutions of MB&#C1(a were prepared in a 96ell plate and
YC23 in DMSO was added immediately before recording. The final concentration€28
and M@1Ba weére both 25 uM in 50 mM HEPES buffer (pH 7.4) with 10 % DMSO and
250 uM TCEP. Samples were excited at 495 nm and fluorescence intensigllaiasd at 525

nm as a function of time. The tirtependent fluorescent data shomrigure 3.6 were fitted

by nonlinear regressioto the following second order equation:

1
1

[P] = [dM], -

where P is the fluorescent product, dM is the dimaleimide fluorof@a3, k. is the second
order rate constant arids time. Kinetic reactionsiere performed in triplicate and reported as

mean * standard deviati. 868 + 118 M'min' for YC23).
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3.8.5Quantum Yield Measurements

Quantum vyield experiments were performed based on protocol adapted from several literature

source$:>® Studies were condted at 223C using a Cary Eclipse Fluorimeter and Cary 100 Bio

UV-vis spectrometer. A standard solution of 0.1 mM fluoresceinpvagared in 0.1 M NaOH.

The sample of labelled protein was prepared by allowing a solutig€28 and MBRAC10 (25

MM of each) toincubate overnightat i n t he dark in the presence
% DMSO in 50 mM HEPES (pH 7.4). Unreacté@23 (25 uM in HEPES buffer with 250 uM

TCEP, 10 % DMSO) gave no detectable fluorescence when excited at 498 nm.

The standard and reacted sample were dilutedufferountil their longest wavelength band
reached a maximum absorbance of 0.1 (7 pM and 12.5 pM, respectively) and the intersection
between the two absorbance spectra was found at 498 nm. All fluorescence spectra were

subsequent!l y «e499nmi ned using @&
The linear equations obtained from Figurei3®11are shown below:

3.8) Cell 1:y = (12051 + 135 M)x + (-0.0028 + 0.0006 Au), R=0.9994
Cell 2:y = (12072 + 127 M)x + (-0.0018 + 0.0006 Au), R=0.9995
3.9) Cell 1:y = (7370 + 253 M)x + (-0.0027 + 0.002\u), R?=0.9953
Cell 2:y = (6725 + 385 M)x + (0.0016 + 0.0034 Au), R=0.9871
3.10) Cell 1:y = (175876 + 4281 At)x + (572 + 231), R=0.9970

Cell 2:y = (176825 + 2275 Al)x + (361 + 125), R=0.9992

4J. R. Lakowicz,Principles of Fluorescence Spectrosco@¥ ed.; Kluwer Academic/Plenum
Press: New York]1 999

5C. Wurth, M. Grabolle, J. Pauli, Mspieles, U. ReseBengerNat. Protoc.2013 8, 1535.

¢ A Guide to Recording Fluorescence Quantum Yieyd3obin Yvon Ltd., Stanmore.
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3.11) Cell 1:y= (47943 + 1592 Al)x + (112 + 99), R=0.9956

Cell 2:y = (55247 + 2736 Al)x + (-95 + 165), R=0.9892.

3.8.6Cell Viability
Cell viability was determined using the MTT asgagviously described HEK293T cells were

seededina 9@ e | | plate and incubated with D& ecL of
of the fluorogenYC23 for 20 h. No fluorogen was added to the positive control and no cells

were plated in the negative control. Portion& €L of MTT solution (5 n
balanced salt solution) were added to the wells and thevoslésfurther incubated at 37 °C for 4

h . Solubilization solutions ( 10 Oatiom lt) roome r e t
temperature in the dadwvernight. The absorbance of each well was then measured using a plate

reader at a wavelength of 570 nm we®0 nm as a reference

3.8.7Cellular Labelling
HelLa cells (5.25 x 105 cells) were plated onton@® dishes and grown in OgiEM

supplemented with 5 %BS for 16 h before transfection. Cells were transiently transfected with
hi stone H2B dCl1l0 ok) pkyNABrdt +)n¢gmobati ng | ipo
Opt-MEM medium (300 ¢L) for 20 min. The | ipof e
for30 min with a solution-MEM tmea i pima  BI0OD (ELQ ¢
liopfectamine 2000 to NA ratio of 1:1. Lastly, the HelLa cells were incubated in this

lipofectamine 2000:DNA mixture for 24 h.

After transfection, the medium was removadd replaced wittB e M Hoec hs't 3334

Technol ogiesTM) or 1 &M DAPI Afterwardd) the medangi ng
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was removed and replaced withO &' @R3 in Live Cell Imaging Solution (Invitrogen)
supplemented with F127 surfactant (0.1v#) and DMSO (final concentration of 0.4 % v/v)
Cells were incubated in this solutiéor 1 hourat 37°C. Afterwards, thenedium was removed
and replaced clear imaging solution and the cells were immedaisbrved on a Nikon NJ
Ratiometric Fluoresence Microscope with a 40X/0.8 NA objective. The recorded images were

subsequently analyzed with NEHemens software.
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Chapter Four: Conclusionsand Future Perspectives

4.1 A Red-Shifted BODIPY FIARe Probe
4.1.1Goal

In ChapterTwo we proposedo design,synthesize and evaluate a 1&ufted BODIPY FIARe
probe basedn preliminary resultsobtainedfor D r . CdompoudndYC29, which showed
good Kinetics, fluorescent enhancement, and red emission. We sought to achieve this by 1)
improving the synthetic prepation ofYC29 to make enough material for thoroughvitro and
in cellulo evaluation, 2) making syntheticallgccessibleprobes resemblingYC29 and 3)

evaluating these probesvitro andin celluloto determine if theyverecomparable t¢&y C29.

4.1.2ResultsAchieved and Conclusions

Chapter Two presented sevesyinthetic efforts towards improving theitial preparation of
YC29. The original synthesis was very low yielding and was unable to be reproduced in the time
available. The last precursor, compouhl8, was successfully synthesizdtbwever the final

Boc deprotection step to yielC29 could not be achievedue to TFA itompatibility with the
BODIPY BF core. An alternative, convergent synthetic route was discussed to potentially
circumvent these syhetic issues by coupling the BODIR¥rivative2.22 with the NHdM10
moiety 2.21 This coupling was attempted byA and pdladium catalyzed Buchwaltlartwig
amination. Despite many effortsno final compound was obtainetVe propose that steric

hindrancemaypreventthe final amination

Due to the synthetic challenge of the secon@rScoupling to 3,&dichloroBODIPY, two
simgified probes lacking the reshifting N-methylaniline substituentvere synthesizedPh-

BODIPY -NHdM10-H and Ph-BODIPY -NHdM210-CI). Our kinetic evaluation confirmed the

145



negligible reactivity of these probes withlutathione but also much lower fluorescent
enhancements and second order rate constéd® and 353 min! for the Cl and H analogye

respectively.

While these probes exhibited rather slow kinetics and low FEs compared to thelBGE

obtained foryC29, they were the most rezhifted of theKeillor FIARe probes to date (masem

= 585 nm) and therefore theyere applied to the cellulol a b el | i n gtaggefdnuceard C1 0 U
protein, histone H2BNo selective labelling was observed; fluorescence inothagechannel

was observed equally in the cells transfected with targeeipreis the notransfected mock

cells. Further, this fluorescence was not localizadthe nucleusbut rather appeared to be
cytosolic. This suggested to us that while the probes are cell permeable, they exhibit background
fluorescence due to poor quenuliand their reaction with the dQ-tdgged POl is too slow for

cellular imaging, even when labelling time was increased to 3 h.

4.1.3Future Perspectives

Further alternative synthetic methods to prep&t29 should be considered. Firstly, there may
be a palladium catalyst capable of couplsugh bulky partners and if more time were available,
more catalfic systems could be screened. The original linear preparati¥l€?® may alsobe
feasible if a differenfprotecting group strategyere employed and alternative maleamic acid
ring closing caditions could be usedinder whichBODIPY would be stable. Notably, the Cbz
protecting group likely could not be used as it would be removed during the nitro group
reduwction step. A protecting group such as acetyl, which is removed under basic condigns

be a solution. Ring closure mediated by HMDS and Zn&3 used to prepare NHdM10, should

be attempted in the originxIC29 route, as the compound was unstable a®Nc/AcO.
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4.2 A Green BODIPY FIARe Probe
4.2.1Goal

The objective for Chapter Two was to 1)sdg, synthesize, and evaluate a green BODIPY
FIARe probe, which would be reshifted compared to previous dansyl (UV) and coumarin
(blue) FIARe probes+®and ompatible with the green channel available on most fluorescence
microscopes. And further, 2) to dpghis probe to the selective labelling of a target protein

cellulo.

4.2 2ResultsAchieved and Conclusions

Compound YC23 wa s designed b a s e dnideo probes\N angl anmodebies ma |
computationally to predict PeT quenchitfgand was shown to be efficiently quenched

exper i mental |l y. Af ter reaction with our dci10U
underwent an impressive 8®0ld fluorescence enhancement and a second order rate constant of

868 Mmin? was calculated for the addition reaction. Maximum excitationdetsrmined to be

495 nm with an emission maximum at 525 nm, putting the fluorogen in the green range.
Additionally, a quantum yield of 27% was determined for the reacted fluord@&2s8 showed

negligible background reactivity with cellular thiols and dutieid selectivity for the POI by SDS

page gel analysis.

YC23 showed no significanin cellulo toxicity and was successfully applied to the cellular

| abel | i ngtagged nualeadp@teid histone H2B in HeLA ce¥€23 was shown to be

cell permeablend exhibit bright, selective fluorescence for the target protein only in the nuceli,
as detemined by colocalization using a Hoecsht nuclear stain. In the absence of the target

protein, in cells transfected with pcdna, no significant labelling was olekerve
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Much of the workincluded in this chaptewas published as a communication in Angewandte

Chemie International Edition (2018J.

4.2.3Future Perspectives

While costaning HelLa cells with a nuclear dye is useful in showing compartmentalization (i.e.
showing thafluorescence is localized within the nuclei), this method do¢prove thatyC23

is labelling our target protein in cells, and therefore does not sai@et validation. A more
rigorous approach would be to-stain using immunofluorescent methods,giag our dC10
tagged POI with a specific antibody (both in cellular imaging experiments anéP80& gel

analysis) to confirm our target. Future analysiswdd include this control.

Additionally, our most successful imaging shown used a strong surfaéidht to improve cell
membrane permeability. The effect of this surfactant on cell viability should be analyzed further,
or our method should be optimz&vithout using a surfactant to perturb the native biology of the
cell as little as possible. In tesmof cellular health, cell viability should also be investigated in
the presence of dCitdgged target proteins. This control would show if th€gsteinetag itself

has a negative impact on cell health and function.

Finally, driven by the initial succes of this BODIPY fluorophore, it may be useful to
demonstrate the broad scope of our labelling method, for example, by also showing labelling of a
tagged gtosolic protein. We would also like to te6C23 with a new, more reactive cysteine

tag, as discusddn the following section.

4.3 A New dC10Tag for Improved Selectivity and L abelling

The selectivity of the FIARe method relies on the kinetic advantage adftior of the

di mal ei mi de moi ety witdrget rdadtiens vdtiC dtteerlbiologicdjidlso v e r
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Maleimide reactivity has been optimized in the Keillor group (as discussed in Chapter One),
leading to the discovery of the methoxy substitutedisopgropyl substituted maleimides as our
lead compound¥ Alternatively, incr@sing the reactivity of the tag would also increase the
selectivity of the labelling, as well as reducellular labelling times required. Keillor group
members Dr. Miroslava Strmiskova and Kelvin Tsao very recently published a newly engineered
d C1 0 U nee ealjad dC10thatwas shown to react nearly an order of magnitude faster than

t he d C10 guernzehovenin this thesig?

Through  sitedirected mutagersess, 21 variants to the parent sequence
A SAAECAAREAACREAAA R A G G Welde expressedearingmutated reislues in proximity

of the two cysteine residues. The triple mutdtBKAECAAREAA CRERKARAGGKO was
found to be the most reactive. Introduction of posiyiveharged residuewas hypothesized to
stabilize the thiolate form of the cysteine residues, thedeloyeasing theirkyand leading to a
greater proportion of the reaa thiolate form. Typical peptide bound cysteine residde p
values rangebetween 7.41 9.1,’%7" however this can be dramatically altered by the
environment, as demonstrated by the loWy g3 - 4) of the active site thiol in cysteine

protease$®

4 .3.1Future work with dC10*

This new tag could greatly improve the application of ¥G23 compound, either by improving
the cantrast obtained in cellular imaging oy allowing for much shorter labelling reaction
times. Further, dC10* may help overcome thebjgms observed with the potential prolbds
BODIPY -NHdM10-H/CI, which suffered from slow kinetics with the dC10 tag aretdfore

were not viable for cellular imaging.
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In future investigations, the FIARe probes discussed in this thesis should-evaludged
kinetically for their reaction with dC10*. If a significant increase in second order rate constants
is observedthe pobes should be fevaluatedn cellulo as well. Furtherin thefutureall FIARe
probes should be evaluated with dCi84ged test mteins. While we currently have access to
the H2BdC10* fusion, a fusion to a cytosolic and extracellular POl waigddbe beneficiafor

demonstrating the scope of our labelling method.

4.4 Potential New Red Flare Probes

The Keillor group has made signifidaprogress over the years toward creating a toolkit of
FIARe probes whose emission spectra overlap with the three mammetteof fluorescence
microscopes: blue, green, and red. We currently have published a blue channel FIARe probe
based on coumarfif,and now the green chann¥C23 probe To complete this toolkit, we

remain very eager to develop a successful red FIARe probe.

The initial success with incorpating the BODIPY fluorophore into our FIARe probe design
showed ughat new substituted BODIPYs should be investigated. In this §hesihave shown
impressive fluorescemnhancement®r YC29 andYC23, and to a lessaxtentPh-BODIPY -
NHdAM10-CI/H. Redfluorescent BODIPY compounds should be investigated in the literature
and their orbital energies modelled computationailyrderto predict the probabilityof PeT
guenching.Specifically we would like to look anew substitution pattern&uch as 3,7) to
prevent possible steric clashing between the waveldangthg substituent and the NHdM10
portion. For example, an iraiole BODIPY was published very recentghown below)with a
maximum emission at 634 nm, high extinction coefficient (126,200rivt) and quantum yield

(62%).”° Our NHdM10 portion could be added at the open 7 position.
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Figure4l1Pot ent i al red fluor espfB4am)e, i ndazol e

Additionally, Boron-azadipyrrometheng¢azaBODIPYs), where C8 is replaced with Nhave
been shown to reshift emissionby ~100 nm®® This could provide a smaller scaffold without
appending large, conjugated substituegth the popularity of thdBODIPY fluorophoreonly
increasing and showingo sign of slowing down, particularly for NIR applications, the

possibilities for red FIARe probes are nearly endless.

4.5 Conclusion

In the development of new small molecule labelling agents, every failed compound is as valuable
as every successful probe aer. Each compound helps to guitthe design offuture FIARe

probes.
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Chapter Two NMR Spectra

Compound2.1

SA1-3

Appendix: NMR Spectra
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Compound2.13

SA1-62-C-1 ~ 3 L320
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Compound.14

SAL11X
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Compound2.16

SAl-12-48

Narmalized Intersity
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Compound.17

HY1-126¢ [
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Compound.3

SAL-29-C
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Compound2.4

SA1-34-A
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Compound.5

SAL-37
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Compound2.18
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