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Abstract

Fluorescent probes are useful tools for studying chemical biology, available in a wide variety of
colours and applicable to different biochemical processes. One of their hallmarks is the ability to
tune their chemistry and allow them to selectively “turn on” in response to different biomolecular
targets of interest. However, fluorescence is largely limited by shallow tissue depth of
penetration. Magnetic resonance imaging (MRI) can overcome the depth of penetration
limitations to better map these biochemical processes and mechanisms with contrast agents.
Chemical exchange saturation transfer (CEST) MRI is an alternative method to generating
contrast in MR imaging that, like fluorescence, can provide multiplexed imaging by varying the
chemical shift of the exchangeable proton on the contrast agent. Previously, a paramagnetic
CEST agent containing two tetramethylpiperidinyloxyl (TEMPO) moieties was shown to reduce
the CEST signal of a lanthanide complex due to T; shortening effects on bulk water. Herein, we
present a probe design strategy capable of suppressing the diamagnetic CEST (diaCEST) signal
with the use of an N-hydroxy piperidine moiety. This discovery that N-hydroxy piperidine is
capable of suppressing the diaCEST signal was applied to the study the activity of fibroblast
activation protein-a (FAP). FAP is an enzyme involved in maintaining the tumour environment

and its interactions can help understand tumour development, invasion and metastasis.
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Introduction

Magnetic Resonance Imaging and Chemical Exchange Saturation Transfer

Molecular imaging is an important technique that allows researchers to investigate and
understand complex biochemical processes. It can be defined as the non-invasive, real-time
visualization of biochemical events at the cellular and molecular level within cell and tissue
samples, as well as live subjects (in vivo)."™ There are several different modalities that can be
used for in vivo molecular imaging, including magnetic resonance imaging (MRI), positron
emission tomography (PET), computed tomography (CT) and ultrasound (US).” One of the main
advantages of MRI is that it can provide whole body images at the anatomical level without
requiring ionizing radiation (Table 1).

Table 1. Summary of selected clinically relevant molecular imaging modalities and the
related advantages.

Modality Anatomical Functional Molecular Ionizing Radiation Spatial Resolution

MRI v 0 0 X 1 mm
PET [] U O [] 5 -7 mm
CT O O O O 0.5—-1 mm
UsS O 0 O O 0.01 — 2 mm*

* depending on depth of penetration

MRI can allow for anatomical structures to be imaged non-invasively and with high
spatial resolution. The basis of MRI relies on the use of a strong magnet, typically 1.5 T or 3 T in
the clinical setting,® and radiofrequencies to visual the internal structures of the body. During the
scan, a sample is placed inside the magnet and this can cause specific atomic nuclei in that
sample to orient themselves along the field of the magnet, acting as a magnetic dipole. The most
common nuclei imaged by MRI is 'H due to its abundance in magnetically active isotopes and
presence in water molecules in the body.” Once a radiofrequency pulse is applied, the magnetic
dipole is tipped off its equilibrium point and will relax back to the initial equilibrium position.

Relaxation can take place in two forms: longitudinal/spin-lattice (T,) and transverse/spin-spin



(T»).”” Contrast in MRI, defined as image brightening or darkening of specific tissue and targets,
is generated by different relaxation rates of water in different tissue types in the body. For
example, magnetic dipoles of proton nuclei in fat tissue have shorter relaxation times and will
return to equilibrium faster than those in an aqueous environment.'® This difference in relaxation
can be exploited by preferentially looking at the longitudinal or transverse relaxation for T;- or

T,-weighted images (Figure 1).

Weighted

Figure 1. Example of T;-weighted and T,-weighted images of the brain. /n T;-weighted
images (left), the cerebrospinal fluid appears dark and the white matter of the brain and other
fat appears light. In Tr-weight images (right), the cerebrospinal fluid is bright, while white
matter is dark. Both fat and inflammation appear bright in the T>-weighted images as well.""
Contrast agents can also be employed to enhance the contrast of the image and report on
the presence or activity of a given target. These contrast agents work by altering the T, and T,
relaxation time or interactions with water to result in imaging brightening for T, and image
darkening in T, scans.'? Historically, MRI contrast agents have been based around gadolinium
chelates."” However, gadolium-based contrast agents were associated with nephrogenic systemic

fibrosis (NSF) in patients with pre-existing renal impairments'*'>

and can lead to poor kidney
function. Additionally, it was discovered that some amount of the gadolinium (III) remained in

the body for long periods of time. The build up of the remaining gadolinium (III) was detectable



by MRL.'® Remaining gadolinium (III) can interfere with the signal intensity of future MRI scans
and can lead to other toxic effects, including nephrotoxicity,'”'® hematotoxicity, '
hepatotoxicity®® and neurotoxicity.”"** These findings contributed to growing efforts to develop
other types of contrast agents, particularly those that are metal-free. There are several other ways
to generate contrast in MR images, which can include physical properties (diffusion-weighted

26-28

imaging),” > functional properties (blood oxygen level dependent imaging) and chemical

composition (MR spectroscopy).”*°

Chemical exchange saturation transfer (CEST) is another method to generate contrast in
MRI, using interactions of the agent with bulk water. In CEST, magnetic saturation is transferred
from the contrast agent to bulk water through exchangeable protons.>’ ™ Saturation in this case is
when no net magnetization is observed. During the imaging session, a radiofrequency pulse is
applied at the resonance frequency of the proton of interest on the contrast agent (Figure 2). It
temporarily becomes invisible in the MRI because there is no net magnetization. Since this
proton is exchangeable, it can exchange with the surrounding non-saturated water molecules to
transfer the saturation from the contrast agent to bulk water. This will result in a decrease in the
water signal, which can be detected by MR imaging sequences to determine the concentration of
the agent of interest. The CEST exchange is dependent on a number of factors, including pH,
temperature and concentration,** and the exchange rate must be on the slow to intermediate
NMR timescale to lead to useful contrast.”>® The exchange rate varies according to the proton of
interest and chemical shift (kex < Aw), but is generally in the range of ~30 — 7100 Hz.*”*

Although water molecules vastly outnumber the contrast agent, continuous exchange between

the contrast agent and bulk water over the course of the 5 s saturation pulse can amplify the



signal and have a summation effect so that the change in the water signal is observable. The
CEST signal can be calculated as the percent decrease in bulk water intensity according to the
following equation:

Mz _ cqry \7t
My 100 (1 + 55.51M) (1

where c is the concentration, q is the number of exchanging protons, T is the longitudinal

relaxation time of bulk water and 1y is the exchange lifetime of the exchanging protons.

@) @)
IIlI"“k{ H” SH At llllll‘\f1 H” SH
| WVf \\/(
chemical shift I

Figure 2. An illustration of the chemical exchange of the saturated proton on the contrast
agent with bulk water. Following a radiofrequency pulse at the resonance frequency of the
exchangeable proton, the proton becomes saturated and invisible. The proton can exchange with
bulk water, to transfer the saturation onto the water molecule. This results in a decrease of the
measured water signal.

signal

% CEST

>

The CEST effect can be analyzed by looking at the Z-spectrum (Figure 3), where the
signal reduction (S/So) is plotted against the saturation frequency relative to water.** Water is
used as the reference point, and is set to 0 ppm. In the absence of a CEST-active molecule,
saturation around the resonance frequency of water is symmetrical. If a CEST-active molecule is
present, then a CEST effect can be measured by comparing the signal intensity on each side of
the water peak (Ao) and (-A) to give the magnetization transfer ratio (MTR).* In the Z-
spectrum below, the %MTR is also plotted using the right y-axis. The net CEST effect can be

observed by the location and magnitude of the MTR peak(s).
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Figure 3. Z-spectrum of salicylic acid. The exchangeable CEST proton of salicylic acid (red) is
well separated from water, at 9.2 ppm. The peak is reflected on the x-axis and the CEST signal
(%oMTR5ym) can be read from the right y-axis.

CEST contrast agents must contain an exchangeable proton, either -NH,***** _SH* or —
OH.**? There have been many compounds studied for the exchange effects with water.
Typically, the compounds can be grouped into 2 categories based on the presence or absence of a
paramagnetic metal: paramagnetic CEST (PARACEST) and diamagnetic (diaCEST).
PARACEST contrast agents involve a metallic ion and have large chemical shifts away from
bulk water. In contrast, compounds that fall under the diaCEST category are generally small
organic molecules, with chemical shifts close to water. The metal-free nature of diaCEST makes
it an attractive alternative to gadolinium-based contrast agents. However, one of the difficulties

in developing a diaCEST agent is that the chemical shift of the exchangeable proton must be

sufficiently separated from water.*’

Babalan et al. initially reported several organic small molecules with exchangeable
protons at different sites as the first diaCEST agents in a landmark paper in 2000.> This list
included sugars, amino acids, imino acids, nucleosides and barbiturates. However, the chemical

shifts of these compounds were limited to 1 — 6 ppm. Regardless, some diaCEST agents have



been found to be useful for in vivo imaging. Glucose CEST, called glucoCEST, can be used to
map glucose distribution to gain insight on tumour detection and staging’. Since the chemical
shift difference between the hydroxyl protons of glucose and water is small, it is difficult to map
the endogenous glucose distribution and instead exogenous glucose is administered as a contrast
agent. GlucoCEST can also be applied to imaging glioma with comparable contrast enhancement
to a gadolinium-based contrast agent.”* Glutamate and creatine are two sources of endogenous
diaCEST agents that have exchangeable amine protons for CEST. Glutamate is a
neurotransmitter and mapping the distribution of glutamate by CEST, through gluCEST, is
important in neurological and neurodegenerative diseases.’>”® One of the most commonly used
functional groups for CEST imaging is amide, often referred to as amide proton transfer (APT).*
APT images the amide protons of proteins and peptides for the detection of cancer and ischemic
stroke.**”” Typically, these protons have a chemical shift at around 3.5 ppm.*° In 2013, Yang et
al first reported the use of salicylic acid as a diaCEST agent.’® The exchangeable proton of
salicylic acid resonated at 9.3 ppm from water, which was further than any other organic
diaCEST agent at the time. Since then, salicylic acid has been incorporated into many other
diaCEST agents.**’ The McMahon group has continued working to find new diaCEST agents
with sufficient separation from water, including anthranilic acid analogues.* An overview of

common classes of diaCEST agents and their chemical shift is presented in Figure 4.
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Figure 4. Applying the chemical shift of diaCEST exchangeable protons to a colour scale.
CEST signal measured from salicylic acid, barbituric acid, D-glucosamine, and anthranilic acid.

The chemical shift of the exchangeable proton differs among the contrast agents, providing an
opportunity for multicolour MRI.

Activatable Probes for CEST MRI

The development of imaging probes that can respond to different environmental conditions
or biomarkers are a growing area of interest. Often in disease conditions, the environment can
have altered pH, enzymatic activity or chemical potential (reduction/oxidation), which are
characteristic of the biological process and pathology.®® Contrast agents providing activity-based
sensing, or “smart” probes, can respond to the changing environment and give an altered signal
upon interaction with their biomolecular target of interest. While traditional targeted agents can
localize and accumulate in a specific site due to protein interactions or cell internalization,
activatable probes undergo a chemical change and this affects the output signal. Through this

process, activatable probes can be used to understand different pathways by studying the



functional activity of enzymes. There have been many examples of probes activated by pH
changes, enzymatic activity and changing redox conditions used for CEST-MRI (Table 2).
Table 2. Activatable CEST-MRI agents. Probes can be “turned on” by a variety of stimuli

including pH changes, enzyme activity and redox conditions.
Probe Biological Relevance (target

Reference

Poly-L-lysine Determine pH changes McMahon
NH, et al ®!

Cytosine Deamination for prodrug Liu et al '

NH, activation in cancer therapy




4-acedamino-2-(sulfoxy)benzoic acid

H
0.0 O.__N
\‘ K AN
.‘\,_,'l\ ]/
N, /.N

Developmental abnormailites,
hormone-dependent cancer,
bacterial pathogenesis (sulfates)

Osterogenic sarcoma, primary
sclerosis cholangitis, metabolic
syndrome (alkaline phosphatase)

Monitor redox changes (nitric
oxide)

Monitor redox changes by the
presence of L-ascorbic acid

Sinharay et
al 3

Daryaei et
al

Liu et al ®

Ratnakar et
al

The activity of enzymes underlies a large majority of molecular and cellular functions. In

disease conditions, enzymes can be upregulated or have increased expression or activity on the

cell surface and extracellular space. Detection of the activity of enzymes can be important in

understanding the pathology of the disease. Liu ef al first reported a “turn-off” diaCEST agent

for cytosine deaminase, where cytosine is deaminated to uracil and results in the loss of the

CEST signal.’! In 2016, Hingorani et al used a probe containing a dipeptide followed by a

salicylic acid analogue.®® Cathepsin B cleaves the dipeptide linker to release 4-amino 2-



hydroxybenzoic acid and restores the CEST signal. Salicylic acid has been a core feature in
other “turn-on” diaCEST agents that can be used to detect the activity of other enzymes

including sulfates® and alkaline phosphatase.**

The reduction-oxidation potential of the cell environment is important for physiological
processes. Generally, it is controlled by metabolites including NAD/NADH, peroxides and
thiols/disulfides and oxidase enzymes.®’ In disease conditions, the redox environment can be
disrupted and imaging the redox conditions can give us a better understanding of the
pathophysiology of diseases. CEST probes that respond to changing redox conditions have
largely used paramagnetic ions. Pagel and co-workers presented a ytterbium-based contrast agent
capable of detecting nitric oxide in the presence of oxygen.®’ The probe undergoes an
irreversible reaction to convert the CEST-active amide and amine into a triazine, thus losing the
CEST ability of the molecule. Ratnakar et a/ used redox-sensitive nitroxyl radicals on their probe
with an europium core.®® As the T, decreases, as shown in Equation 1, the measured CEST
signal also decreases. The radicals can shorten the T, relaxation time of bulk water to quench the
PARACEST signal. Reduction of the radicals to the diamagnetic hydroxylamine can result in

lengthened T, relaxation to restore the CEST signal.

Molecular Imaging of Tumour Stroma

The tumour environment can be characterized by hypoxia, vascular changes, low pH,
increased interstitial fluid and increased aerobic glycolysis.®® It is important for the tumour to
adapt its metabolism to best suit the environment in order to ensure growth and survival.
Alterations in the metabolic pathways used by the tumour can also affect cell signalling and cell

differentiation.®’> While a lot of work has been done to understand tumour cells themselves, the

10



tumour environment also has an important role in its development and progression.”"*"> The
tumour stroma consists of the extracellular matrix, stromal cells and immune cells. Cancer cells

71,74,76

are responsible for recruiting and reprogramming the metabolism of stromal cells, as well

as remodelling the extracellular matrix, to promote tumour growth.””

The extracellular matrix is complex and composed of many elements, including collagen,
proteoglycans and fibronectin. MRI can be used to image collagen in the tumour environment.
Previously EP-3533 has been used as a peptide-based MR probe targeting collagen.®'** A cyclic
chelate (Gd-DOTA) has also been developed by Farrar et al to study fibrosis by MR imaging.®
Shiftan et al developed an activatable contrast agent to detect the activity of hyaluronidase by
MRI* Proteoglycans, like hyaluronan, contain high molecular weight glycosaminoglycans that
can be degraded by hyaluronidase to alter the tumour microenvironment. Gd-DTPA covalently
linked to hyaluronan showed attenuated relaxivity and the R1, R2 relaxation rates were altered
upon cleavage by hyaluronidase. Park et al/ used a peptide that binds specifically to fibronectin
conjugated to superparamagnetic iron oxide nanoparticles to detect fibronectin by MRL* The
contrast agent was administered intravenously and fibronectin was detectable after 24 hours.
Thus far, MR imaging of the extracellular matrix has been done with Gd-based contrast agents
and iron oxide nanoparticles, but the use of small molecule contrast agents has not been

explored.

Cancer associated fibroblasts (CAF) are fibroblasts inside the tumour or tumour margins,

and are responsible for promoting drug resistance, remodelling of the extracellular matrix,

stimulating chronic inflammation and contributing to tumour invasiveness.” ***" CAF are the

11



most prevalent cell type in the tumour stroma and can be found in several types of cancer,

8889 non-small cell lung carcinoma,” colorectal,” ™ liver’* and prostate.” There

including breast,
are several markers that can be used to identify CAF, including a-smooth muscle actin (a-SMA),
vimentin and fibroblast activation protein o (FAP).”® FAP was first reported by Rettig et a/ in
1986 as a surface protein on reactive stromal fibroblast of epithelial cancers.”” FAP is a
dipeptidyl peptidase and has post-proline exopeptidase activity.” Typically, FAP is expressed
during development and rarely seen in healthy adult tissue.” However, expression of FAP can be

upregulated on fibroblasts with active tissue remodelling, including wound healing, fibrosis and

cancer. 100

FAP is described as an important marker for CAF, related to tumour growth and
progression, and stimulation of the immune system.'°"'"? The presence of FAP can also
contribute to the invasiveness of the tumour. It is important for the stroma to be active for cancer
cell invasion and metastasis.'” The extracellular matrix is degraded by cancer cells and enzymes
with protease activity, like FAP, are important in the matrix remodelling process for tumour
invasion and metastasis.'” ' In addition to remodelling the extracellular matrix, FAP has been
linked with increased microvascular density, where the expression of FAP was associated with
the secretion of pro-angiogenic factors.'”® FAP also promotes the growth of stromal fibroblasts
and their transformation into CAF.'"”'® The expression of FAP on stromal cells also contributes
to the stimulatory effects of CAF on the proliferation of tumour cells.'® ! Overall, the presence

and expression of FAP contributes to tumour invasion and aggressiveness.
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Granot et al previously designed an MRI probe to track CAF in vivo.''? CAF were pre-
labelled with biotin-BSA-Gd-DTPA or iron oxide particles and could be monitored over several
days to study the recruitment into the tumour stroma. Recently, Giesel et a/ published a
quinolone-based PET tracer capable of acting as an FAP inhibitor (FAPI).'"® The probe, **Ga-
FAPI, has the potential to be used in the diagnostic imaging of cancer patients. Currently, '*F-
FDG (fluorodeoxyglucose) is widely used for this purpose. Further characterization found tracer
uptake in 28 different types of cancer, with the highest uptake in lung, breast and esophageal
cancers.''* However, the probe functions as an inhibitor and can only report on the expression of
FAP, rather than activity. The use of a probe that targets FAP as a potential substrate can report
its enzymatic activity and may more accurately reflect the function and interactions of the target.
An activatable, near-IR fluorescent probe was also reported for FAP that can be used to image
the activity.'"> Using the post-proline endopeptidase activity of FAP, the quencher group
(QSY21) is cleaved from the fluorescent group (Cy5.5) to restore the fluorescent signal.
Unfortunately, fluorescence probes have a limited depth of penetration (<1 cm),” which can
make clinical translation difficult. Incorporation of a proline site recognized by FAP to make a
substrate-based probe can be straightforward and allow for activity-based sensing of the marker.
Combined with the limitless depth of penetration from MRI, this can present itself as an

opportunity to further understand the role and interactions of FAP in the tumour environment.
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Goals and Objectives

Conventional strategies for developing selective probes can often rely on molecular
recognition and binding based on a lock and key model. This can be used to report on the
expression or presence of a biomolecule. However, an approach using activity-based sensing can
provide useful information based on the function and activity of the target of interest that can
provide better insight on the interactions within a complex system. Activatable probes using
fluorophore quencher pairs have become very important for chemical biology to study different
pathways. Unfortunately, this activatable concept has not been broadly reinterpreted for
molecular imaging and specifically CEST-MRI using metal-free probes. While there has been
some work in creating activatable probes for CEST-MRI, the activation mechanism is largely

dependent on the enzyme and difficult to adapt to different targets or generalize.

Ratnakar et al synthesized a PARACEST contrast agent where the signal was modulated
by changes in the relaxation of bulk water.®® The signal could be restored by reduction of the
nitroxyl radical by ascorbate. However, the presence of europium at its core can lead to toxic
effects and the in vivo stability of TEMPO is limited. Based off of this report, we were inspired
to adapt this idea for a diaCEST model. The use of a small molecule can avoid lanthanide metal
toxicity issues. Signal suppression could be achieved through similar changes in the relaxation of
bulk water, however replacing TEMPO for a group with greater in vivo stability. Since this
signal suppression mechanism is independent of the contrast agent used (lanthanide metal
complex or small molecule) it has the potential to be generalized to a wide range of diaCEST

agents.
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The goal of this work is to develop a generalizable signal suppression group that can be
applied to a wide range of targets. The mechanism of signal suppression will be studied and
applied to other classes of diaCEST agents. Specifically, the activatable signal suppression effect
can be used to image FAP using activity based-sensing to understand more about the tumour
stroma and environment. This functionality of signal suppression can be used to generate a
library of activatable CEST-MRI probes, similar to fluorophore-quencher pairs, to further study

biochemical pathways and processes in understanding the progression and prognosis of disease.

To achieve these goals, our objectives are the following:
1. Characterize a new signal suppression moiety for diaCEST-MRI
2. Propose a mechanism for CEST signal suppression
3. Design and test an activatable probe for activity-based sensing of FAP, an enzyme

biomarker of CAFs relevant to tumour imaging

If successful, then this work can be used as a new strategy for designing activity-based
imaging probes for CEST-MRI. The signal suppression moiety can be paired with a diaCEST
contrast agent and applied to a target of interest to generate a library of activatable contrast

agents.
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Materials and Methods

Experimental Procedures

Z-Spectra Acquisition by NMR

CEST spectra were acquired on a Bruker AVANCE II 300 MHz NMR spectrometer
equipped with a 5 mm BBOF probe. A pseudo 2D pulse sequence was used with a variable
frequency list consisting of 201 values ranging from 20 ppm to -20 ppm, with water at 4.7 ppm.
At each frequency, 1.15 mW of presaturation power was applied during the 3 second recycle
delay followed by a hard 90 degree pulse (centred at 2.5 ppm). The proton 90 degree pulse was
12.75 microseconds. Four scans were averaged for each spectrum. The free induction decays
were Fourier transformed and the integral of the water resonance was plotted as a function of the
saturation frequency to give a CEST plot. Samples were composed of 1:1 PBS:D,0 solutions of
the complexes (adjusted to pH 6.95-7.05). During the scans, the sample was heated to 37°C
using heated forced air through a Model 1025 Small Animal Monitoring and Gating System. Z-
spectra were processed using MatLab and invoking the Interactive Peak Fitter code to fit

Lorentzian curves to the acquired data. Spectra were plotted in GraphPad Prism.

EPR Sample Preparation and Absolute Spin Counting

To determine the appropriate settings for EPR spin counting, TEMPO was dissolved in
chloroform to make solutions at 0.05 mM, 0.1 mM, 0.5 mM and 1 mM. The attenuation and
power were adjusted to centre the signal and the q value at each concentration was recorded. The
attenuation and q value were entered as EPR parameters after tuning to measure the absolute spin

count of each sample.
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The compound was dissolved in chloroform to make a 1 mM solution. Nitrogen gas was
bubbled through the sample for 5 minutes before EPR acquisition. The sample was placed in a
tube with an interior diameter of 2 mm and the height of the sample was approximately 4 mm.
The EPR spectrum was acquired using a Bruker EPR spectrometer and the attenuation was
adjusted to 36 dB after tuning (for a sample at 1| mM). A 1D field sweep acquired the spectrum
over 3 scans. Absolute spin counting was done to confirm the concentration of the sample within

10% of the expected value (0.9 mM — 1.1 mM).

Serum Stability Assay by NMR

The compound was prepared in 1:1 mouse serum:D,0 and adjusted to pH 7.0. The NMR
spectrum was acquired on a Bruker AVANCE II 300 MHz NMR spectrometer equipped with a 5
mm BBOF probe. A scan was acquired every 20 minutes for a total of 2 hours. During the scan,
the sample was heated to 37°C using heated air forced through a Model 1025 Small Animal

Monitoring and Gating System.

Serum Stability Assay by EPR

The compound was prepared as a 20mM sample in mouse serum. The EPR spectrum was
acquired on a Bruker EPR spectrometer. The spectrometer was tuned using a sample of the
compound prepared in PBS buffer. A scan was acquired every 20 minutes for a total of 2 hours.

The sample was maintained at room temperature for the duration of the scans.
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Acquisition of T;- and T,-weighted Images and Relaxivity by MRI

All images were acquired on an MRS 3000 3T MRI (MR Solutions, Inc., Guildford, UK)
using a mouse body coil. Samples were prepared in NMR tubes and suspended in a phantom
comprised of ultrasound imaging gel. Once position of phantom was optimized by standard
localizer protocol, an imaging routine and a relaxation quantitation routine was implemented. For
imaging, single slice T;-weighted images were acquired by standard Fast Spin Echo pulse
sequence (FOV 40 mm, Thickness 5.0 mm, Flip Angle 90°, TR 720 ms, TE 11 ms, Views 240,
Echo Train 4, Echo Spacing 11, Average 4). Additionally, single slice T>-wegithed imaging were
acquired by standard Fast Spin Echo pulse sequence (FOV 40 mm, Thickness 5.0 mm, TR 4800
ms, TE 68 ms, Views 240, Echo Train 8, Echo Spacing 17, Average 4). All images were

prepared using the Fiji implementation of ImageJ."'®

Relaxation times were determined by Inversion Recovery Fast Spin Echo (IRFSE) or
Multi-Echo Multi-Shot (MEMS) pulse sequences for transverse and longitudinal relaxation rates
(R; and Ry, respectively), where R,=(T,,)"". For IRFSE, a single slice image of the phantom was
acquired with the following parameters: FOV 40 mm, Thickness 5.0 mm, TE 17 ms, TR 5000
ms, Views 240, Echo Train 8, Echo Spacing 17, Average 1. An image was acquired for each of
the following inversion times (TT): 50, 100, 200, 300, 400, 600, 800, 1200, 2400, and 4000 ms.
Regions of interest (ROIs) were drawn around samples and the transverse relaxation rates for 50,
100, 200, and 400 uM contrast agent were extracted using ‘mapping2.mat’, a MATLAB-based
analysis routine from Dr. J. Rioux at Dalhousie University, which was modified from a routine
generated by J. Barral, M. Etezadi-Amoli, E. Gusmundson, and N. Stikov at Stanford University

(2009). The value of transverse relaxivity (r;) was extracted as the slope of the line from a plot of
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contrast agent concentration versus R;. For MEMS, a single slice image of the phantom was
acquired with the following parameters: FOV 40 mm, Thickness 5.0 mm, Views 128, TR 7500
ms, TE step 15 ms, Number of Echoes 10, Average 1. Regions of interest (ROIs) were drawn
around samples and the longitudinal relaxation rates for 50, 100, 200, and 400 uM contrast agent
were extracted by fitting a plot of TE versus signal intensity (M(t)) to equation 2 using Prism (v.

8.1.1, GraphPad Software Inc.).

TE

M(t) = Mye T2 (2)

The value of longitudinal relaxivity (r;) was extracted as the slope of the line from a plot of

contrast agent concentration versus Ro.

Acquisition of CEST Scan by MRI

CEST-MRI was performed at 3T on an MR Solutions system using a mouse body coil.
The phantom consisted of a 50 mL Falcon tube filled with ultrasonography gel and fitted with a
sample holder cap. Standard NMR tubes were used to hold the samples. CEST acquisition used a
single slice 2D EPI sequence for the WASSR and Z-spectrum images, both using a slice
thickness of 5.0 and field of view of 40. For the WASSR sequence images, CEST acquisition
started at 200 Hz with -25 Hz steps for 17 steps at a saturation amplitude of 1%. The following
parameters were used: TE = 25 ms, samples = 8160, switches = 60, crusher = 1500 ms and the
total acquisition time was 3 minutes and 3 seconds. For the Z-spectrum sequence, acquisition
started at 2000 Hz with a -50 Hz step for 81 steps at a saturation amplitude of 4%. All other
parameters were the same as the WASSR sequence, with a total acquisition time of 13 minutes

and 56 seconds. Finally, a T,-weighted Fast Spin Echo sequence was performed (averages = 4,
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TE = 11 ms, TR = 720 ms). CEST maps were generated using the code defined by Liu ez al'"’

and run in MatLab. The code was modified to accept data acquired of the MR Solutions system

by Ruslan Garipov and Gerd Melkus.

Fluorescence Intensity Assay for hFAP

50 ug GP-AMC or probe was incubated with 0.01 pg (1X), 0.05 pg (5X) or 0.1 pg (10X)
hFAP at 25°C. The fluorescence intensity was measured using excitation at 380 nm and emission
at 460 nm every 1 minute over 15 minutes. The Plate Reader Synergy Hybrid Reader H4
(Biotek) was used to monitor fluorescence increase. The assay buffer consisted of 50 mM Tris,

1.0 M NaCl, 0.1 % BSA (w/v), adjusted to pH 7.5, or 1X PBS at pH 7.4.

HPLC Assay for hFAP

50 ug GP-AMC or probe was incubated with 0.01 pg (1X), 0.05 pg (5X) or 0.1 puG (10X)
hFAP in assay buffer (50 mM Tris, 1.0 M NaCl, 0.1 % BSA (w/v), adjusted to pH 7.5, or 1X
PBS at pH 7.4. The samples were incubated in a bead bath at 37°C in the dark. After 3 hours, the
reaction was quenched by the addition of cold acetonitrile. Water was also added to the sample
to make the total volume 1 mL. The sample was centrifuged at 5000 g for 1 minute before being
subjected to HPLC analysis. HPLC was done using a Luna C-18 100 A column (particle size 5
um; 21.2 x 250 mm), on analytical mode at a flow rate of 1 mL/minute, with the following
gradient profile: 99% water + 0.1% TFA : 1% acetonitrile + 0.1% TFA to 100% acetonitrile +

0.1% TFA over 25 minutes. The absorbance was monitored using a PDA detector set to 310 nm.
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Results

Synthesis of Probes and Controls

0 paraformaldehyde o hexamethylenetetramine F(NT O
HCI, dioxane CHCl3
OH . » ClI OH > NI_N OH
L, L ML
OH OH P OH
salicylic acid 1 2
O O
MeOH, HCI MeOH, HCI
eOH, HC . HZN/\ED\)J\OH eOH, HC . H2N/\®ﬁ‘\o/
OH OH
3 4

lAczo, NaHCO4

@) 0]

A NﬁOH
H
OH

5
Scheme 1. Synthetic pathway to S-aminomethyl salicylate methyl ester (4).

Salicylic acid was functionalized at the 5 position to introduce a chloromethyl group (1). This
was converted into an adamantine intermediate (2) and was later hydrolyzed under acidic
conditions to give S-aminomethyl salicylate (3). Fischer esterification of compound 3 resulted in
compound 4, 5-aminomethyl salicylate methyl ester. Carboxylic acids were coupled to the amine
to study its effect on the CEST signal. Acetylation of compound 3 gave compound 5, which was

used to study the effects of the amide bond.
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Scheme 2. Synthesis of compound 8.
From 5-aminomethyl salicylate methyl ester (5), we use HBTU/HOBT coupling conditions to
attach 4-carboxy TEMPO to salicylate (6). Hydrolysis of the methyl ester afforded compound 7.

The nitroxyl radical was reduced using platinum (IV) oxide to give compound 8.

o)
o Boc,0, K,CO;4 HBTU, HOBT
O)J\OH THEHO Q)k O+ _ DIPEA, DMF _ Q)k ﬁ
N
HN Boc”

isonipecotic acid 9

_TFA, DCM_ O)L ﬁ _Hz05, MeOH. O)L ﬁ

l NaOH l NaOH

o O O o]
HN OH HO/N OH
14 13

Scheme 3. Synthetic scheme to make compounds 13 and 14.

Commercially available isonipecotic acid was Boc-protected to mask a potentially competing

nucleuophile, the secondary amine. Compound 9 was coupled to 5-aminomethyl salicylate
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methyl ester (4) using HBTU/HOBT and resulted in compound 10. Removal of the Boc group
under acidic conditions (11), followed by oxidation using hydrogen peroxide (12), and finally

hydrolysis with sodium hydroxide resulted in compound 13.

@ 0]
tBuOH, MgSO, J< 4-carboxy TEMPO
Cl OH H,SO,4, MeOH Cl 0 NaH, THF
OH OH
15

1

N 0 Oy o)
J< DCM, TFA PtO,, Hp
OH OH
16 17
HO. o
OH
18

HON

Scheme 4. Synthesis of compound 18.
5-chloromethyl salicylic acid (1) was converted into a t-butyl ester (15). The chloro compound
underwent a nucleophilic substitution to result in compound 16. The t-butyl group was removed

under acidic conditions (17), and the nitroxyl radical was reduced using platinum (I'V) oxide

(18).
o) RCOOH o O o 0
_HBTy, HoBT I _ BS
H,N 0 DIPEA,DMF  R” "N 0 NaOH R™°N OH
> H — H
OH OH OH
4 19, 21, 23, 25 20, 22, 24, 26
R=
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Scheme 5. Synthetic scheme for the synthesis of compounds 20, 22, 24, 26.

Various 6-membered aliphatic and aromatic carboxylic acids were coupled to S-aminomethyl
salicylate methyl ester (4) under HOBT/HBTU peptide coupling conditions. The methyl ester

was removed using sodium hydroxide to reveal the coupled salicylic acids (20, 22, 24, 26).

o 4-carboxy TEMPO O
O HBTU, HOBT
HQN@OH MeOH, H,SO, HQN@O _ _ DIPEA, DMF \@\)k
OH

5-amino salicylic acid

= e Tt

Scheme 6. Synthesis of compound 30.

Commercially available 5-amino salicylic acid underwent Fischer esterification to protect the

carboxylic acid (27). 4-carboxy TEMPO was coupled to the amine (28) and the methyl ester was

hydrolyzed to restore salicylic acid (29). The nitroxyl radical was reduced using platinum (IV)

oxide with hydrogen (30).
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Scheme 7. Synthesis of compound 34.

Q\W @ TFA, DCM_

Compound 27 was coupled to Boc-protected isonipecotic acid (9) to give compound 31. The Boc

group was removed (32), the piperidine was oxidized (33), and the methyl ester was hydrolyzed

to afford compound 34.
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Scheme 8. Synthesis of compound 37.
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4-carboxy TEMPO was methylated using DMSO as the methyl donor (35). It was then coupled

to compound 4 (36) and the methyl ester was removed with sodium hydroxide (37).

O O
P N urea, sodium
A Ao o0 Y Jk
NH > —>
\[( N
O O
diethyl acetoamido malonate 38

4-carboxy TEMPO,
OYN 0 EDC-HCI, HOBT

OYN 0,
TEA, DMF
N NH, _ HNT:[M
N
0 o) -
39 40

9, HATU
DIPEA, DMF

o H O
%T/ 0
TFA DCM HN N H>0,, MeOH
O H NH
42
(@) N 0]
%I/ 0
HN
H)J\O
N
© “OH
43

Scheme 9. Scheme to synthesize compounds 40 and 43.

N-acetyl 5-amino barbiturate acid (38) was synthesized from diethyl acetamido malonate and
urea. The acetyl group was removed under acidic conditions to give compound 39, which was

coupled to 4-carboxy TEMPO to give compound 40. Compound 39 was also coupled to
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compound 9 and removal of the Boc group (42), followed by oxidation (42), resulted in

compound 43.

OH OH
" _OH p-anisaldehyde o ~»OH Ac,0 or OBzCl
HO NaOH 0 P pyridine
. > "/N o
7 NH, OH /\©\
OH o~
glucosamie 44
OR OR OR
- OR : OR NayCO, - OR
RO o P HCI, acetone RO o DCM RO o
. —_—> " —_— .
‘N ‘NH, ‘NH,
OR o~ OR HcCI OR
45, 50 46, 51 47,52
R = OAc, OBz

Scheme 10. Protection of glucosamine to make compounds 47 and 52.

Glucosamine was protected using acetyl (47) or benzoyl groups (52).

4-carboxy TEMPO

AcO HBTU, HOBT ~ AcO
DIPEA, DMF NaOMe
> —_—
N .
0
48

N
0

Scheme 11. Synthesis of compound 49.
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Compound 47 was coupled to 4-carboxy TEMPO to result in compound 48. The acetyl groups

were removed to give compound 49.

OBz OBz
B0 ~%8Z 9 HBTU,HOBT Bs0 ~~0B%

DIPEA. DMF TFA, DCM
o % > @ &% —_—

NH, N

OBz OBz N.
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52 53

OBz OBz
BzO OB, BzO Bz,
0 ' H,0,, MeOH 0 . NaOMe
'/H —_—> "H —_—
OBz NH OBz N. OH
54 55
OH
: H
HO ° O
O ",H k@
N
OH “OH
56

Scheme 12. Synthesis of compound 56.
Compound 52 was coupled to compound 9 to result in compound 53. Boc deprotection (54)

followed by oxidation with hydrogen peroxide gave compound 55. The acetyl groups were

removed to give compound 56.
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Scheme 13. Synthesis of anthranilate compound 59.

Commercially available 5-amino 2-methane sulfonamidobenzoic acid underwent Fischer

esterification to give compound 57. Compound 57 was coupled to 4-carboxy TEMPO (58). The

methyl ester of compound 58 was hydrolyzed to give compound 59.

29



Boc..
0 °C N ’ 0
H,N _ 9,HBTU, HOBT N P
o) DIPEA, DMF o TFA, DCM
> o) —_—
NH NH
0=S=0

o:?:o |
57 60
HO.
HN . o) N . o)
\I:::Ijﬂ\o// H,0,, MeOH \I:::Ijﬂ\O// NaOH
o) > o) >
NH NH
0=S=0 0=S=0
61 | 62 |
HO.
N . o)
L
o) NH
o:?:o
63

Scheme 14. Synthesis of anthranilate compound 63.
Compound 57 was coupled to compound 9 to give compound 60. Boc deprotection (61),
oxidation (62), followed by removal of the methyl ester with sodium hydroxide resulted in

compound 63.
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Scheme 15. Synthesis of compound 68.

Glutaric anhydride was mixed with 5-aminomethyl salicylate methyl ester (4), to result in
compound 64. Compound 9 was coupled to the newly revealed carboxylic acid. Boc deprotection
of compound 65, followed by oxidation with hydrogen peroxide (67) and hydrolysis of the

methyl ester resulted in compound 68.
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Scheme 16. Synthesis of FAP probe (76).

4-amino 1-Boc piperidine was coupled to FMOC-Pro-OH (69). The FMOC group was removed
(70) to allow the FMOC-Gly-OH to be coupled to the new N-terminus (71). A second FMOC
deprotection (72) allowed barbiturate to be incorporated into the molecule through a short
glutarate linker (74). Boc deprotection (75) followed by oxidation (76), resulted in the FAP

probe, compound 76.
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Scheme 17. Synthesis of FAP hydrolysis control (80).

Pro-OtBu was coupled to FMOC-Gly-OH to give a dipeptide (77). The FMOC group was
removed using methylamine and barbiturate was attached to the molecule using a short glutarate

linker. Removal of the t-butyl ester under acidic conditions resulted in compound 80.

Understanding Structural Requirements for CEST Signal Suppression

Previously Ratnakar ez al ®

altered the T, relaxation time of bulk water protons to
modulate the CEST signal of an europium-based PARACEST complex. The probe contained
two nitroxyl radical groups that effectively quenched the CEST signal. Inspired by this work, we
wanted to investigate whether this same effect held true for metal-free diaCEST compounds. 4-
carboxy TEMPO was coupled to 5-aminomethyl salicylic acid (SaliMeTEMPO, compound 7)

(Figure 5A), and a weak CEST signal was observed (less than 1%), supporting the suppression

of CEST. This signal reduction is similar to what was observed by the Kovacs Lab from their
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Eu-complex containing TEMPO.® As previously reported by Ratnakar ez al, reduction of the
nitroxyl radical by sodium ascorbate resulted in the re-appearance of the CEST signal.
Interestingly, when the nitroxyl radical of compound 7 was reduced (SaliMeTEMPOH,
compound 8), the measured signal remained less than 1% MTRgsym, and no signal restoration
was observed. However, methylation of the N-oxide (compound 37) recovers a CEST signal that
is similar to the uncoupled salicylic acid (SaliMeNH,, compound 3). In order to begin to identify
the minimal structural unit required to suppress the diaCEST effect, a salicylic acid analog was
synthesized comprising of the N-hydroxy piperdine moiety (SaliMeNOH, compound 13), which

also displayed a suppression of the CEST signal to less than 1% MTRggym.

To investigate the CEST-suppressive role of ring structures similar to N-hydroxy
piperidine, cyclohexanoic acids, mimicking the piperidine ring, and benzoic acids, a planar
model, were coupled to 5-aminomethyl salicylic acid (compounds 20, 22, 24 and 26). These
compounds did not show the same signal suppression effect as the N-hydroxy piperidine
structure. Acetylation of the amine (SaliMeNHAc, compound 5) also did not suppress the
measured CEST signal. It appears that the N-hydroxy piperidine moiety is the minimal required

functional unit inducing the observed CEST signal suppression.

CEST signal suppression was also studied with different connections to the salicylic acid
ring (Figure 5B). Similar to 5-aminomethyl salicylic acid, when 5-amino salicylic acid was
coupled to 4-carboxy TEMPO (SaliTEMPO, compound 29), the CEST signal was weak and
reduction of the nitroxyl radical (SaliTEMPOH, compound 30) did not restore the CEST signal.

The simplified piperidine ring (compound 34) maintained CEST signal suppression
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functionality. Acetylation of the amine (N-acetyl 5-aminosalicylic acid) did not reduce the CEST
signal substantially, where signal suppression was observed only in compounds containing a

nitroxyl radical or the N-hydroxy piperidine variant.

In addition to the linkage of the CEST beacon (salicylic acid) to CEST suppressor
through amide bonds, the use of an ether bond was also evaluated (Figure 5C). 5-Chloromethyl
salicylic acid (SaliMeCl, compound 1) was alkylated to 4-hydroxy TEMPO to yield compound
17. As with the previous TEMPO compounds, the measured CEST signal was weak (1%
MTRgsym). Reduction of the nitroxyl radical (compound 18) still shows some signal suppression,
although observed signal suppression was more limited with the ether linkage than the amide
bonded TEMPOH (compounds 8 and 30). Overall, the signal suppression effect is observed in all
three types of bond linkages connecting the signal-generating moiety (salicylic acid) and the

signal-suppressing moiety (TEMPO or N-hydroxy piperidine).
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Figure 5. Structure-signal relatlonshlp for CEST signal suppression. The coupling of (A) 5-
aminomethyl salicylic acid and (B) 5-amino salicylic acid and alkylation of (C) 5-chloromethyl
salicylic acid to TEMPO and N-hydroxy piperidine resulted in a suppresed CEST signal.
Reduction of nitroxyl radical to TEMPOH maintains some CEST signal suppression.
Methylation to TEMPOMe restores the signal strength to be equivalent to the uncoupled
salicylic acid. Additional cyclohexyl and benzyl rings indicated in the plots were evaluated, but

do not show the same signal suppression effect. The CEST signals were acquired on a 300 MHz

NMR spectrometer at 37°C. The samples were prepared as 20 mM solutions in 1:1 PBS:D,0

and adjusted to pH 6.95-7.05. Error bars represent uncertainty of fitting the Laurenztian curves

to the Z-spectrum.
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Linker Effects on the diaCEST Signal
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Figure 6. Increased spacing between salicylic acid and N-hydroxy piperidine maintains
CEST signal suppression effect. Compounds 13 and 68 were prepared as 20 mM samples in
1:1 PBS:D;0 and adjusted to pH 6.95-7.05. The CEST spectra were acquired on a 300 MHz
NMR spectrometer at 37°C. The addition of a glutarate linker does not seem to change the CEST
signal and in both cases, the CEST signal was measured to be less than 1%.

Next, we wanted to study further structural requirements between the signal-generating
moiety and signal-suppressing moiety. A short glutarate linker was incorporated between 5-
aminomethyl salicylic acid and N-hydroxy piperidine. Increasing the spacing between salicylic
acid and N-hydroxy piperidine did not appear to affect CEST signal suppression (Figure 6).
When N-hydroxy piperidine was directly coupled to 5-aminomethyl salicylic acid (compound
13), the CEST signal was less than 1% MTRgsym. Importantly, the introduction of a glutarate
linker adds length and flexibility, and maintains the signal suppression effect. The addition of the
linker allows for more variability in length and structure between the signal-generating moiety

and signal-suppressing moiety, permissive of the development of activity-based sensing probes

for diaCEST MRI using the signal suppression moiety we have described.
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Figure 7. CEST signal suppression by N-hydroxy piperidine requires covalent conjugation.
The following samples were prepared in 1:1 PBS:D,0 at 20mM: compound 7, compounds 3 + 4-
carboxy TEMPO, compound 13, and compounds 3 + 83. The CEST spectra were acquired using
a 300 MHz NMR spectrometer at 37°C. In the case of the TEMPO-containing samples (A), the
CEST signal was the same for both when the compound was joined by a covalent bond, and
when the salicylic acid and TEMPO were separated. With the N-hydroxy piperidine (B), the
signal of the physical mixture is about 17% CEST MTR s, similar to the CEST signal of 5-
aminomethyl salicylic acid. The covalent conjugate sample has a reduced signal, less than 1%
CEST MTR s5ym.

In order to investigate the design parameters for CEST suppression, the requirement for
direct linkage for the signal-suppression moiety was evaluated. An intramolecular mechanism
would require the signal-generating moiety and signal-suppressing moiety to be in close
proximity. To further understand the structural requirements, the measured CEST signal from the
presence of the signal-suppression moiety was compared for a covalent mixture and physical
mixture. In the covalent mixture, a signal-generating moiety and signal-suppression moiety
(TEMPO or N-hydroxy piperdine) were joined together through an amide bond. In the physical
mixture, the two compounds are separated and mixed together in the NMR sample tube. In the

presence of the nitroxyl radical from TEMPO (Figure 7A), both the covalent conjugate and

physical mixture have a decreased CEST signal. When looking at the N-hydroxy piperidine, only
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the covalent conjugate has a suppressed CEST signal. The physical mixture of 5S-aminomethyl
salicylic acid (compound 3) and N-hydroxy piperidine (compound 83) resulted in a measured
CEST signal of 17% MTRgsym, which was similar to that of compound 3 on its own (Figure 7B).
From this experiment, it appears that a covalent bond is required for CEST signal suppression
only when the quencher moiety is the N-hydroxy piperidine. This functional group has the
potential to be applied to the development of a broad set of activity-based sensing probes for
CEST-MRI, where cleavage of the covalent bond and removal of the signal-suppressing moiety

is necessary to restore the CEST signal.

While both TEMPO and N-hydroxy piperidine show comparable signal suppression
effects, only the N-hydroxy piperidine-mediated signal suppression can be reversed by cleavage
of the covalent bond. Previous studies using EPR have shown the progressive loss of the nitroxyl
radical from TEMPO upon its incubation with cells."'® In order to study the stability of the two
signal suppression moieties in standard biochemical environments, we incubated each of the
signal-suppressor compounds in serum, and in PBS supplemented with 4 mM of sodium
ascorbate, a standard screening test for studying nitroxyl stability.''*'"’ Typically, the rate of
reduction correlates to the in vivo half-life of the nitroxyl. Previous studies have shown almost
complete reduction of the nitroxyl within one hour at room temperature when looking at the
relative EPR peak height.'"” With these standard methods, the stability of TEMPO was studied
by following the EPR signal amplitude of the nitroxyl radical over time. The paramagnetic
nature of the TEMPO radical prevents the compound from being characterized by traditional
NMR spectroscopy, however the stability of N-hydroxy piperidine was able to be monitored by

'"H-NMR.
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Figure 8. Relative EPR peak signal from nitroxyl radical of TEMPO in mouse serum and
ascorbate over time. TEMPO was prepared as a 5 mM solution in a buffer of 4 mM sodium
ascorbate in PBS at pH 7.4, or mouse serum for 2 hours at room temperature (4). After 2 hours,
signal intensity in mouse serum is equal to the initial signal intensity. In the ascorbate buffer, the
signal intensity rapidly decreases after 15 minutes and the low signal is maintained over 90
minutes. When comparing the EPR spectra at () minutes versus, 90 minutes, the signal intensity
decreases in ascorbate buffer (B), but the intensity and pattern is consistent in mouse serum (C).

Incubation of 4-carboxy TEMPO in mouse serum (Figure 8A and C) did not show a
change in the signal pattern or amplitude over 2 hours at room temperature. When 4-carboxy
TEMPO was incubated in a buffer containing PBS and ascorbate (Figure 8A and B), as described
by Paletta et al'"’, the signal amplitude of the characteristic triplet pattern was greatly reduced
after 15 min and remained reduced for the duration of the 90 minute assay. While TEMPO
appears stable in mouse serum, the nitroxyl is not stable in the ascorbate buffer, confirming

literature results that TEMPO may have a short in vivo half-life.'"”
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A. N-hydroxy piperdine stability by NMR B.
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Figure 9. N-hydroxy piperidine (83) appears stable by NMR in mouse serum and ascorbate
buffer. N-hydroxy piperidine was incubated in mouse serum or PBS containing 4 mM sodium
ascorbate at pH 7.4 for 2 hours at room temperature. NMR scans were acquired on a 300 MHz
NMR spectrometer at 20 minute intervals. The normalized NMR signal from N-hydroxy
piperidine in mouse serum and ascorbate buffer shows stability of the compound over time (A).
The 'H at the C4 position of the piperidine ring was used to monitor the stability (B). NMR
spectra from 0 minutes and 90 minutes in ascorbate (C) and mouse serum (D) show similar
coupling pattern and height after 90 minutes.

N-hydroxy piperidine (83) was similarly prepared in mouse serum and ascorbate buffer.
'H-NMR scans were acquired using a 300 MHz NMR spectrometer every 20 minutes while the
sample was incubated at room temperature over 2 hours. The integration value of the proton at
the C4 position was normalized to the initial time point and plotted over the incubation time

(Figure 9). In both the serum and buffer, the integration signal for N-hydroxy piperidine is more

stable than that observed for TEMPO, remaining above 60% after 2 h incubation. This suggests
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that the N-hydroxy piperidine may be the preferred signal suppression moiety, due to its greater
stability in in vivo-like conditions. However, in both the serum and buffer samples, there is a
both a peak shift and broadening effect. This may be due to changes in the relaxation of the
compound, which is further investigated later with T,- and T,-weighted scans. Previously,
Rabenstein et al have reported that hydroxylamine can be responsible for decreasing the
relaxation'?’ and this can be responsible for the observed broadening in the stability scans. This,
along with its activatable and reversible signal suppression effect, makes it an ideal signal
suppression moiety for in vivo imaging.
Applying CEST Signal Suppression Across diaCEST Agents

In addition to salicylic acid, there are several classes of well-known and frequently used
diaCEST agents (Figure 10). Barbiturates were among the first known diaCEST-active

42,121 with a

compounds.™ Anthranilates are another class of often studied diaCEST agents,
structure similar to salicylates and signalling mechanism based on intramolecular hydrogen
bonding of the exchangeable proton. Carbohydrates, glucose in particular, are often used in in
vivo applications due to the abundance of glucose found in the body, specifically in the brain.'**
124 Similar amide coupling strategies as used for aminomethyl salicylate were applied to couple
4-carboxy TEMPO and N-hydroxy piperidine to anthranilates, barbiturates and glucosamine
(compounds 7, 13, 40, 43, 49, 56, 59, and 63). Across all classes, both TEMPO and N-hydroxy
piperidine effectively suppressed the CEST signal of the diaCEST agents. The signal suppression
observed for salicylate has been demonstrated to be generally applicable to other classes of
diaCEST agents in dependent of their proton chemical shift. Since each class of diaCEST agent

has a different exchangeable CEST proton, the chemical shift of the CEST signal is also

different. Using a combination of multiple diaCEST agents, we can take advantage of the
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different chemical shifts for multi-target imaging, each with a different CEST-encoded “colour”.
Interestingly, when coupled to N-hydroxy piperidine, a common broad peak around 8 ppm away

from water appears in all 4 diaCEST classes.
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Figure 10. CEST signal suppression by N-hydroxy piperidine and TEMPO observed across
several classes of diaCEST agents. 5-aminomethyl salicylate, 5-amino-2-methanesulfoamido
benzoic acid, 5-amino barbiturate and glucosamine were coupled to 4-carboxy TEMPO or 4-
carboxy N-hydroxy piperidine. The compounds were prepared in solutions of 1:1 PBS:D,0 at 20
mM and the CEST spectra were acquired using a 300 MHz NMR spectrometer at 37°C. The Z-
spectra from 12-0 ppm of each diaCEST class is overlayed in the panels above. In all cases,
coupling to TEMPO or N-hydroxy piperidine reduces the CEST signal to less than 5% MTRsm.

Elucidating the Mechanism of CEST Signal Suppression

To further understand the mechanism and investigate the potential of intramolecular
interactions, CEST signal production from 5-amino salicylic acid and compound 34 were studied
at different concentrations (Figure 11). Our hypothesis was that if signal suppression was
through an intramolecular mechanism, then the concentration should be independent of the
signal suppression effect. As a control, 5-amino salicylic acid was prepared as a 20 mM, 10 mM
and 5 mM solution in PBS/D,0 at pH 7.0. The measured CEST signal decreases as the

concentration of the compound decreases, as expected. In the case of the compound coupled to
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the signal-suppression moiety (compound 34), the CEST signal is suppressed at all
concentrations, 20 mM, 10 mM and 5 mM. The observed CEST signal suppression is

independent of concentration and suggests an intramolecular mechanism.
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Figure 11. CEST signal suppression by N-hydroxy piperidine is independent of
concentration. Samples of 5-amino salicylic acid and 4-carboxy TEMPOH coupled to 5-
aminomethyl salicylic acid were prepared in a 1:1 PBS:D,0 solution, adjusted to pH 6.95-7.05
at 20 mM, 10 mM and 5 mM. The CEST spectra were measured using a 300 MHz NMR
spectrometer at 37°C. The CEST signal of 5-amino salicylic acid decreases as the concentration
decreases. For the TEMPOH-coupled compound, the signal is less than 1% at 10 mM and 5 mM.
The CEST signal is also compared at 20 mM, 10 mM and 5 mM in the presence and absence of
the N-OH from TEMPOH. Error bars represent uncertainty of fitting the Laurenztian curves to
the Z-spectrum

Ratnakar et al synthesized a europium-based complex that suppresses the PARACEST
signal by shortening the T, of bulk water mediated by the nitroxyl radical on TEMPO.®® We have
observed similar CEST signal suppression with the non-radical N-hydroxy piperidine in addition
to the radical-mediated mechanism. To verify the absence of a radical, EPR spectra of the signal-
suppression moieties were acquired (Figure 12). A strong EPR signal was observed from 4-
carboxy TEMPO (Figure 12A) as expected. Upon reduction of the radical to the hydroxylamine

(compound 81, Figure 12B), a weak EPR signal was observed with the triplet pattern. The
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methylated TEMPO (compound 35, Figure 12C) and N-hydroxy piperidine (compound 83,
Figure 12D) also do not have an EPR signal, suggesting that these are diamagnetic species.
Therefore, the signal suppression effect observed by N-hydroxy piperidine may follow a non-
paramagnetic mechanism, different to that of TEMPO. The hydroxylamine of N-hydroxy
piperidine has been reported to decrease the relaxation of exchanging protons'?’ and this could

be the underlying mechanism to CEST signal suppression.
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Figure 12. EPR spectra of TEMPO and piperidine-related compounds. 7/e compounds
above were prepared in a solution of PBS and adjusted to pH 6.95-7.05. The EPR spectra were
acquired using an EPR spectrometer, tuned according to the sample in PBS buffer. A total of 5
scans were acquired and the sample was maintained at room temperature for the duration of the
scans. Only the 4-carboxy TEMPO compound displayed an EPR signal.

Signal broadening was observed from the NMR stability assay in mouse serum and

ascorbate buffer that may have suggested a relaxation effect. From the EPR data, it appears that

this relaxation is not paramagnetic in nature for N-hydroxy piperidine. The diamagnetic versus
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paramagnetic character of the putative signal suppressor moieties was further assessed by MRI in
order to provide a full assessment of their T; contributions. T;.and T,-weighted images of 4-
carboxy TEMPO and compounds 35, 81 and 83 were acquired at 3T, (Figure 13) and the
transverse relaxivity (r;) was measured (Figure 14). The TEMPO compound containing a stable-
radical showed a strong T;-shortening effect (r; = 2.27 mM™'s™) as reported'?, almost
comparable to Gadovist, a gadolinium chelate use clinically. In contrast, but surprisingly, the N-
hydroxy (83) (r; = 1.42 mM™'s™) and TEMPOH (81) (r; = 1.53 mM's™) compounds displayed
mild T;-shortening effect even though no paramagnetism was detected by EPR. This may elude
to a signal suppression mechanism through non-radical, weak T;-shortening interactions.
Importantly, TEMPOMe (35) showed no T, shortening effect, which may rationalize the
inability of this moiety to suppress CEST signal generation. None of the compounds showed

detectable T, effects.
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Figure 13. Ti-weighted and T,-weighted images of compounds 35, 81, 83 and 4-carboxy
TEMPO with mild T; shortening effect from N-hydroxy piperidine. 4-carboxy TEMPO and
compounds 35, 81 and 83 were prepared as 0.4 mM and 0.1 mM solutions in PBS buffer,
adjusted to pH 6.95-7.05. Images were acquired at 3T using a fast spin echo (T1) or gradient
echo (T2) pulse sequence. Strong T effect is observed from 4-carboxy TEMPO and a weaker
effect from N-hydroxy piperidine and 4-carboxy TEMPOH. The 4-carboxy TEMPOMe
compound does not show much T, brightening, as expected. No T, effect was observed from any
of the compounds.
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Figure 14. Quantitation of transverse relaxivity (r;) for CEST suppression moieties. 4-
carboxy TEMPO and compounds 35, 81 and 83 were prepared as solutions in PBS buffer,
adjusted to pH 6.95-7.05. Strong T, relaxation was observed from 4-carboxy TEMPO. Weaker
T, relaxation was measured for 4-carboxy TEMPOH and N-hydroxy piperidine, where there is
also a more moderate suppression of the CEST signal. No T, relaxation was observed for 4-
carboxy TEMPOMe.

Enzyme Assay for Studying FAP Activity

In order to apply the signal suppression effect to a real probe, we incorporated the signal
generating moiety and signal suppression moiety into a substrate recognized by enzymes with
hydrolytic activity. Fibroblast activator protein o (FAP) is a serine protease that can be excreted
into the plasma. The expression of FAP is associated with epithelial cancer-associated
fibroblasts.””'?® In studying the activity of FAP, we can understand more about the growth of a

tumour, its metastasis and extracellular matrix remodelling.

Since FAP is a proline-specific enzyme and can cleave following a proline residue,'”’ we
have designed a probe containing the signal generating moiety and signal suppressing moiety
separated by a short glycine-proline linker used for commercially available fluorescent probes

for FAP. FAP can recognize the Gly-Pro site and through endopeptidase activity, the signal
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suppressing moiety is cleaved from the signal generating moiety. Upon separation of these two

groups, we expected to see an increase in the CEST-MRI signal (Figure 15).
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Figure 15. Schematic of CEST signal turn on by hFAP. The CEST signal of the intact probe is
suppressed. hFAP cleaves following the proline, to release 4-amino N-hydroxy piperdine and the
remainder of the probe containing barbiturate. The released probe has its CEST signal restored
and can be measured.
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Initially, FAP assay conditions were verified using the known fluorogenic peptide
substrate, Gly-Pro-AMC."**'?’ The assay buffer and procedure was adapted from the
manufacturer, BioLegend. Briefly, human FAP (hFAP) and the substrate, Gly-Pro-AMC, were
loaded onto a 96-well plate and the fluorescence increase was measured using a plate reader with
exaction at 380 nm and emission at 460 nm (Figure 16). An increase in fluorescence indicates
substrate cleavage and release of AMC. At higher enzyme concentrations, there is a greater rate
of fluorescence increase. However, we were concerned with the interference of BSA in the
CEST acquisition and also used a simplified buffer, PBS, in place of the assay buffer (Figure
16B). Although no fluorescence increase was observed at 0.5 pg/mL (1X) and 2.5 pug/mL (5X)
hFAP, fluorescence increase was observed with 5 ug/mL (10X) hFAP, which indicates that PBS

can be a suitable buffer in place of the original assay buffer. When comparing the rate of
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fluorescence increase for all buffer and enzyme concentration combinations, it was found that 5
pg/mL hFAP in PBS had the greatest increase. This was chosen as the enzyme assay buffer and

enzyme concentration for further studies.
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Figure 16. Fluorescence intensity increase of GP-AMC incubated with hFAP in various
buffers. 50 uM GP-AMC was incubated with 0.01 ug (1X), 0.05 ug (5X) or 0.1ug (10X) hFAP at
25°C in buffers. The assay buffer consisted of 50 mM Tris, 1.0 M NaCl, 0.1% BSA (w/v),
adjusted to pH 7.5 (A). Increasing the amount of hFAP in each well also increased the rate of
fluorescence increase. 1X PBS at pH 7.4 was also used as an assay buffer (B). Activity in PBS
was only observed using 10X the amount of hFAP. The fluorescence intensity using a plate
reader with excitation at 380 nm and emission at 460 nm was measured every 1 minute over 15
minutes. When comparing the enzyme amount and two assay buffers, 10X hFAP in PBS showed
the greatest fluorescence increase.

Since no changes in the fluorescence or absorbance were expected upon cleavage of our

CEST probe (76) by hFAP to release the signal suppression moiety, HPLC was used to monitor
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the progress of the reaction (Figure 17). A change in the chromatogram pattern of the assay
aliquot indicates that the substrate is hydrolyzed by the enzyme. A hydrolysis product was also

synthesized and used to compare to the aliquots of the reaction.
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Figure 17. HPLC chromatogram of hFAP assay using compound 76 in various buffers. 0./
ug hF'AP was incubated with 5 mM (76) in assay buffer (50 mM Tris, 1.0 M NaCl, 0.1% BSA
(w/v) at pH 7.4), or 1X PBS at pH 7.4 for 1 hour (assay buffer only) or 3 hours at 37°C. The
reaction was then quenched with 100 uL cold acetonitrile and the volume was topped to 1 mL
using water. The sample was centrifuged at 5000 g for 1 minute before subjected to HPLC
analysis. The chromatograms in assay buffer and PBS after 3 hours incubation both show a
major peak with an elution time of 11.1 minutes, the same as the hydrolysis product. No major
peak for compound 76 was observed. HPLC conditions.: Using a C-18 column and gradient
method: 1% acetonitrile + 0.1% TFA to 100% acetonitrile + 0.1% TFA in water + 0.1% TFA
over 25 minutes. The absorbance was monitored by a PDA detector at 310 nm.

Initially the synthesized probe prepared in a sample of the assay buffer has an elution
time of 2 minutes. Incubation of compound 76 with hFAP at 37°C for 3 hours shows no early
peak corresponding to the probe and a large peak shifted to 11 minutes. This peak appeared to
have the same elution time as the hydrolysis product that was synthesized (compound 80). When
the same assay was repeated in PBS under the same conditions, the reaction aliquot shows a

similar chromatogram, with a large peak at 11 minutes corresponding to the hydrolysis product.
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It appears that compound 76 is a substrate recognized by hFAP and the product of the enzyme

reaction corresponds to the hypothesized hydrolysis product where the signal suppression moiety

is hydrolyzed.
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Figure 18. CEST-MRI signal increase upon incubation of compound 76 with hFAP.
Compound 76 was incubated in PBS with hFAP at 37°C for 3 hours. A phantom image (A) and
the Z-spectra (B) were acquired at 3T. The incubated sample (substrate + FAP) was also
compared to the synthesized product standard (80). No signal was measured from the intact
substrate, suggesting that there is signal suppression. The signal of the incubated substrate is
comparable to the product standard prepared at the same concentration. The chemical shift of
the CEST signal appears at the same range around Sppm.

The next step was to study the changes in the CEST-MRI signal upon incubation of
compound 76 with hFAP. The probe was incubated with 10X hFAP in PBS at 37°C for 3 hours,
as previously done for HPLC to track the progress of the reaction. A CEST-MRI image of the
sample was acquired, along with compound 76 and hydrolysis product (Figure 18). No CEST-
MRI signal was observed from compound 76,as expected. When compound 76 was incubated
with hFAP for 3 hours, there is an increase in the signal, matching the chemical shift of the

hydrolysis product standard. However, the signal intensity of the incubated sample is slightly

lower than the hydrolysis product and may indicate that some of the probe has not been cleaved
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to remove the signal suppression moiety by hFAP. Compound 76 was found to be a substrate for
hFAP and the CEST signal is restored upon cleavage by the enzyme. This allows compound 76
to be used in further activity-based sensing studies to further understand the role of FAP in

tumour stroma.
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Discussion

Understanding Structural Requirements for CEST Signal Suppression
Salicylic acid has often been described as the gold standard for diaCEST agents."** The

signal strength is strong and the CEST signal appears at a frequency far away from bulk water to
be applicable to in vivo situations. Unlike PARACEST agents relying on a paramagnetic
inorganic core, salicylic acid owes its favourable CEST qualities to the 1,2 position of the
carboxylic acid and hydroxyl group on the aromatic ring."""'** Initial studies in this work
introducing chloromethyl (1) and aminomethyl (3) groups at the 5 position found that these
modifications did not greatly reduce the measured CEST signal, but allowed the potential for
functionalization and modulation of the CEST signal depending on what group was incorporated

into the molecule.

Ratnakar ef al have previously synthesized a PARACEST complex containing two
nitroxyl radicals, capable of effectively suppression the CEST signal.®® Herein, we synthesized
diaCEST agents containing the nitroxyl radical of TEMPO and observed a similar reduction in
the CEST signal (Figure 5A). In the Ratnakar work, when the nitroxyl radical of the PARACEST
complex was reduced by sodium ascorbate to the hydroxylamine, the PARACEST signal was
restored and appeared to be the same as the original PARACEST complex without the nitroxyl
radicals.® In the case of our synthesized diaCEST agents, reduction of the nitroxyl radical by
platinum(IV) oxide and hydrogen gas to the hydroxylamine did not restore the CEST signal.
SaliMeTEMPOH (8) displayed a similar signal suppression effect to the nitroxyl radical of
SaliMeTEMPO (7). Therefore, unlike the PARACEST complex, reduction of the diaCEST

contrast agent did not remove CEST signal suppression. However, we did find that alkylation of
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TEMPO to quench the nitroxyl radical was effective in restoring the CEST signal.
SaliMeTEMPOMe (37) gives a CEST signal similar to the unconjugated salicylate, SaliMeNH;
(3). It was apparent to us that both the nitroxyl radical of TEMPO and hydroxylamine of
TEMPOH have some signal suppression effect, an effect we sought to understand and exploit to

enable unprecedented probes for activity-based sensing by CEST-MRI.

Based off of the SaliMeTEMPOH (8) results, which showed signal suppression without
the nitroxyl radical, we prepared a simplified piperidinyl ring, removing the gem-dimethyl at
position 2 and 6. SaliMeNOH (13) displayed a similar signal suppression effect to compound 8.
It appears that although the gem-dimethyl groups contribute to some physical distortion of the
ring, they are not important in the suppression of the CEST signal. N-hydroxy piperidine alone

can also suppress the CEST signal of salicylic acid to below 1% MTRgasym.

To further understand the structural requirements of the signal suppression moiety N-
hydroxy piperidine, we coupled 5-aminometyl salicylate (4) to various cyclohexanoic acids and
benzoic acids (Figure 5A). The cyclohexanoic acid structure is comparable to the piperidine,
whereas the benzoic acids have a flatter, planar structure that more closely resembles the
puckered ring of TEMPO,"** compared to the chair conformation adopted by cyclohexanoic acid
and piperidine. Additionally, the cyclohexanoic acid and benzoic acid were substituted with a
hydroxyl group at the 4 position to mimic the hydroxylamine of TEMPOH and N-
hydroxypiperidine. The rings substituted with the hydroxyl group (22 and 26) both showed
greater CEST signal than their unsubstitued counterparts (20 and 24, respectively). The planar

aromatic ring also lowered the CEST signal compared to the unsaturated cyclohexane rings.

54



Previously, Yang et al have seen that the introduction of a hydroxyl substitution can increase the
CEST signal by increasing the exchange rate of the proton.”® However, all of these compounds
had measured CEST signals in the range of 15-20% MTR,sym, similar to 5-aminomethyl salicylic
acid (3), and were not capable of suppressing the CEST signal. While a planar structure and
hydroxyl substitution can have some effects on the CEST signal, it does not appear important in
the mechanism of CEST suppression of interest. From these results, we can see the importance
of the N-hydroxy group. While no signal suppression was observed for the cyclic and aromatic
structures with a hydroxyl group (22 and 26), there was a signal reduction in the hydroxylamine

of piperidine.

Initially, 5-aminomethyl salicylic acid (3) was used as the base structure to create the
library of salicylates. The presence of the methyl spacer between the aromatic ring and amide
prevents any resonance structures that might disrupt the interactions between the 1,2 carboxylic
acid and hydroxyl groups responsible for the CEST signal. However, we wanted to investigate
whether this methyl spacer was necessary and if its presence or absence had any effect on the
observed CEST signal. 5-amino salicylic acid was coupled to 4-carboxy TEMPO to form
SaliTEMPO (29) (Figure 5B). Similar to SaliMeTEMPO (8), the CEST signal was low, due to
the presence of the nitroxyl radical. When SaliTEMPO (29) was reduced to the hydroxylamine,
SaliTEMPOH (30), the CEST signal was still weak. Coupling 5-amino salicyclic acid to N-
hydroxy piperidine (34) also displayed a similar signal suppression effect. It appears that the
methyl spacer is not necessary for the signal suppression effect because a reduced signal is
observed in both the case of SaliMeNOH (13) and SaliNOH (34). In this set of molecules, the

signal suppressing moiety and signal generating moiety are closer in proximity, but the
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suppression is still observed. This suggests that there can be some flexibility and variability in

the positioning of the signal generating and signal suppressing moieties.

Studying more variability on how the signal generating and signal suppressing can be
joined, we also synthesized compounds containing an ether linkage (Figure 5C). 4-hydroxy
TEMPO was alkylated to 5-chloromethyl salicylate t-butyl ester to form compound 15.
SaliOTEMPO (15) showed very little CEST signal, similar to the other TEMPO-coupled
salicylic acids (8, 29). However, reduction of the nitroxyl radical to the hydroxylamine
(SaliOTEMPOH, 16) did not have a signal suppression effect to the same extent. SaliOTEMPOH
had a measured CEST signal of 7.7%. MTR,sym. This indicates that the signal suppression effect
is less effective with an ether bond. It is possible that the ether interferes with the signal
suppression. This may be due to the stronger activation effects from an ether compared to the
amide. Yang et al saw that the CEST signal can increase when there is a strong activating group
at the 5 position of salicylic acid, compared to a deactivating group.'** It is possible the effect of
suppression is weakened because the CEST signal is increased by the alkyoxy group. In the
PARACEST probe synthesized by Ratnakar ef al, two nitroxyl radicals were incorporated into
the arms of DOTA chelate.®® This allows them to have sufficient signal suppression of the Eu-
complex. Since the exchange rate of the PARACEST complex is higher, greater suppression
through shortening the T, relaxation is required. As a result, two TEMPO groups were added to
the design of the probe. In diaCEST agents, the exchange rate is limited by the difference in
chemical shift from bulk water (kex < Aw), and less T; shortening is required for signal
suppression.'* Thus, in our diaCEST probe, we have signal suppression with only one nitroxyl

radical.
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The nitroxyl radical of TEMPO is capable of suppressing the diaCEST signal of salicylic

1.5 However, reduction of

acid conjugates, similar to the PARACEST complex of Ratnakar ef a
the radical to the hydroxylamine (TEMPOH) still maintains some signal suppression effect.
Looking at its simplified structure, the N-hydroxy piperidine core feature is required to observe

CEST signal suppression. This effect can be observed with different linkages to salicylic acid,

both directly and with a methyl spacer.

While the methyl spacer seemed to have little effect in the CEST signal of 5-
aminomethyl salicylic acid (3) compared to 5-amino salicylic acid, we wanted to further
investigate structural requirements relating to the distance between the signal generating and
signal suppressing moieities (Figure 6). A glutarate linker was incorporated between salicylic
acid and N-hydroxy piperidine (68). This linker was used to separate the two ends of the
molecule further and can introduce more flexibility. From a synthetic perspective, glutarate is a
useful molecule because it contains two carboxylic acids that can be used for coupling to easily
functionalize the molecule. Reacting glutaric anhydride, a masked carboxylic acid, with an
amine forms an amide and opens the ring to reveal a second carboxylic acid that can be used in
another coupling reaction.'*® Using this strategy, both carboxylic acids of glutarate can be used
for coupling without additional protecting groups. The measured CEST signal of compound 68
appeared to be suppressed compared to 5-aminomethyl salicylic acid (3). The additional linker,
space and flexibility did not affect the signal suppression effect of N-hydroxy piperidine. This
result suggests that there can be some variation in the design of the molecule while maintaining
the signal suppression effect. The addition of the glutarate linker separates the signal generating
moiety from the signal suppressing moiety by 8 bonds, compared to the 3 bond spaces between

SaliMeNOH (13). These additional bond spaces have the potential to introduce other targeting

57



groups into the design of the molecule. Since the signal suppression effect is still observed with a
short linker, we expect that the pair of salicylic acid and N-hydroxy piperidine can be applied to

a wide variety of substrates for enzymes and still maintain CEST signal suppression.

One of the defining characteristics that differentiate the signal suppression effect of
TEMPO from N-hydroxy piperidine is the requirement of physical conjugation through a
covalent bond (Figure 7). We observed that a physical mixture of 4-carboxy TEMPO and 5-
aminomethyl salicylic acid (3) has the same measured CEST signal as the covalently bound
compound (SaliMeTEMPO, 8). However, when we replace the signal suppressing moiety with
N-hydroxy piperidine, only the covalent conjugate, SaliMeNOH (13) displays signal
suppression. A physical mixture of N-hydroxy piperidine with compound 3 shows a CEST signal
of 17% MTRysym, similar to that of 5-aminomethyl salicylic acid alone (Figure 7B). It appears
that the by separating the signal generating moiety and the signal suppressing moiety, we are
able to introduce enough distance so that there is no interaction and no resulting signal
suppression. Since the results of the physical mixture study are different between TEMPO and
N-hydroxy piperidine, this suggests that the effect of CEST signal suppression varies depending
if TEMPO or N-hydroxy piperidine is used. Signal suppression is stronger with TEMPO, likely

because it is paramagnetic.

The requirement of the covalent linkage is a key design feature for activity-based sensors,
where turn on is required upon modification by the target molecule. There are several examples
of model probes that are turned on by degradation or cleavage.*’'** Fluorophore-quencher pairs

have become an important tool in chemical biology that allow different targets to be studied.'**
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130 Once separated from the quencher, the fluorophore can be activated or turned on to give
greater signal sensitivity. Activatable probes are preferred because the signal is specific and can
have a higher signal-to-noise ratio. Unlike traditional “always on” probes that develop the signal
based on accumulation of the probe at the target of interest,"" activatable probes are initially
turned off and become activated upon interaction with the target. This allows the activatable
probe to have greater signal-to-noise ratio by minimizing the background.'”*"** Conventional
probes may also have selectivity from molecular recognition, similar to a lock and key approach.
The binding of the probe can give information on the expression of an enzyme or presence of the
target of interest. However, activity-based sensing uses the molecular reactivity to achieve

specificity and can report on the activity of the target.'>

Similar to the fluorophore quencher model, this signal generating/signal suppression pair
for diaCEST has the potential to be adapted to be used as an activity-based sensor. Signal
suppression by covalent conjugation to N-hydroxy piperidine is analogous to fluorescence
quenching in activity-based sensing probes. A labile linker can be included in the design of the
probe so that in the presence of the biomolecule or target of interest, the N-hydroxy piperidine is
removed and the signal is restored. This allows the biomolecule or activity of the target of

interest to be visualized, even at a low signal.

Moving forward in the design of an activatable CEST probe, we needed to decide which
signal suppressing moiety to incorporate. Previous studies have suggested that the nitroxyl
radical of TEMPO is unstable and can become quickly reduced under physiological

conditions.""” The reduction of nitroxyl radicals in cells is primarily intracellular, with ascorbate
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having a significant role in reduction of certain cell types (erythrocytes, hepatocytes, kidney
cells).””*"** In mouse serum, the EPR signal typical of TEMPO was consistent and stable over 2
hours at room temperature. This may be due to the lack of ascorbate, glutathione and other
antioxidants in the serum. However in PBS containing 4 mM sodium ascorbate, the EPR signal
of the nitroxyl radical rapidly diminished after 15 minutes at room temperature (Figure 8).
Generally, it is accepted that the rate of reduction of the nitroxyl radicals in physiological
ascorbate solutions correlates to the in vivo half-life of the molecule.”*'*® Since TEMPO was
quickly reduced in the presence of sodium ascorbate, it suggests that the nitroxyl radical will
have a short in vivo half-life. Bobko et a/ have also reported reversible reoxidation of a

161 The redox reactions

hydroxylamine similar to TEMPO back to the nitroxyl radical form.
between nitroxyl radicals and hydroxylamine in ascorbate-containing environments were
significantly affected by the presence of glutathione. This suggests that an equilibrium exists
between the paramagnetic radical and hydroxylamine. However, the equilibrium and reoxidation
was not observed in the stability studies, perhaps due to the limited time points (acquisition every
15 minutes). Regardless TEMPO as the signal suppression moiety can lead to inconsistent signal
suppression if there is an equilibrium between the nitroxyl radical and hydroxylamine. N-
hydroxy piperidine had similar stability in both mouse serum and PBS containing sodium
ascorbate. Since the N-hydroxy piperidine shows better stability under the physiological

conditions tested, in addition to the turn on effect when separated from the signal generating

moiety, it is the preferred signal suppression moiety.

Applying CEST Signal Suppression Across diaCEST Agents
Aside from salicylic acid, there is a wide variety of useful diaCEST agents. While the

chemical shift of the exchangeable proton must be sufficiently separated from bulk water, if the
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exchange rate of the proton is suitable for the NMR timescale, then a CEST signal can be

measured. There are several functional groups with protons meeting these specific criteria,

162,163 116 50,122,165 166-169

including amide (barbiturate)™, hydroxyl'** (glucose) and amine
(anthranilate). Each of these functional groups can result in a diaCEST agent where the CEST
signal appears at a different chemical shift, based on its chemical environment. Specifically,
barbiturate has a chemical shift at 4.8 ppm, glucose at 1.0 ppm and anthranilate at 6.2 ppm,
compared to salicylate where the CEST signal appears at 9.2 ppm (Figure 4). Using the different
chemical shifts of each exchangeable CEST proton can be analogous to the different colours of
fluorophore that allow for multiplexed imaging. Similar to how fluorophores with different
emission spectra can be used for multicolour staining, multiple diaCEST agents, each with a
distinct chemical shift, can be used in combination to make a multi-coloured CEST image.
Imaging several diaCEST agents together can give insight on the interaction of the targeted
agents. For example, fibroblast activation protein, collagen and fibronection are all important

components of the tumour stroma,’"

and there has been literature supporting the interaction of
these components to contribute to tumour growth and invasiveness.'”’ Imaging the components

together in real-time can give more insight on the interactions and a more holistic understanding

of the tumour environment.

In order to study the breadth of the signal suppression effect across different diaCEST
agents, 4-carboxy TEMPO and N-hydroxy piperidine were coupled to anthranilates, barbiturates
and glucosamine (Figure 10). 4-carboxy TEMPO reduced the measured CEST signal across all
classes of diaCEST agents studied to less than 1% MTRgm. This was expected because 4-

carboxy TEMPO has paramagnetic character due to its unpaired electron, which can broaden the
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observed signal such that no CEST peak is measured from the z-spectra. When looking at the
compounds coupled to N-hydroxy piperidine, the CEST signal is also suppressed across all
diaCEST agent. However, there appears to be a broad peak around 8 ppm for all diaCEST
classes studied as well. This may be the exchanging N-hydroxy proton. Future kinetic
experiments can be done to determine the rate of proton exchange (kgy) to see if it is within a
viable diaCEST range.'”" In this case, signal suppression is mediated by an alternative non-
radical mechanism, different from TEMPO. The signal suppression moiety can reduce the CEST
signal for the diaCEST agents studied, indicating that the chemical shift of the diaCEST proton is

not involved in the mechanism.

Elucidating Mechanism of CEST Signal Suppression

An initial hypothesis for the signal suppression mechanism was based off an
intramolecular H-bond between the N-hydroxy piperidine and salicylic acid. If this were true,
then the signal suppression effect should still be observed at all concentrations. The signal
strength of the sample is related to its concentration (Figure 11). As the concentration decreases,
the CEST signal also decreases. This is observed when a sample of 5-aminosalicylic acid was
prepared as a 20 mM, 10 mM and 5 mM solution. When the corresponding TEMPOH coupled
compound (34) was measured under the same conditions, there is no correlation to the
concentration and the signal suppression effect is still observed at all concentrations. It appears
that the signal suppression is mediated through an intramolecular mechanism, perhaps through

interactions with bulk water.

In the PARACEST complex synthesized by Ratnakar ez al®®, the CEST signal was

hypothesized to be suppressed due to T;-shortening effects on bulk water mediated by the
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nitroxyl radical on TEMPO. The CEST signal can be represented as the percent decrease in bulk
water intensity according to the following equation:

2 =100 (1+ ﬂ)_1 (1)

0 55.5Ty
where c is the concentration of the CEST agent, q is the number of exchanging protons, T} is the
longitudinal relaxation time of bulk water and 1y is the exchange lifetime of the exchanging
protons. We can see that as T; decreases, the measured CEST signal also decreases. As a result
of the T, shortening by the nitroxyl radical of TEMPO, the authors observed a decrease in the

PARACEST signal.

Of the synthesized signal-suppression moiety, we measured the EPR signal to assess the
presence of any paramagnetic character (Figure 12). The presence of a radical can be responsible
for the paramagnetic EPR signal observed. 4-carboxy TEMPO is a stable radical and a strong
EPR signal was measured. The reduction (81) and methylation (35) products lacked an EPR
signal because the radical was reduced to the hydroxylamine or methylated, respectively. The
lack of the radical is observed in the lack of EPR signal. N-hydroxy piperidine (83) also had no
EPR signal, suggesting that it is not paramagnetic. Unlike 4-carboxy TEMPO, N-hydroxy
piperidine is not paramagnetic and cannot have a signal suppression mechanism based off
paramagnetic interactions. As a result, we suggest that N-hydroxy piperidine is mediating CEST

signal suppression by a non-radical mechanism.

T;-weighted and T,-weighted images were acquired of the signal-suppression moieties to
assess a potential T;-mediated mechanism to CEST signal suppression (Figure 13). 4-carboxy

TEMPO showed a strong T, shortening effect and N-hydroxy piperidine (83) had weaker T,
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shortening effect while not being paramagnetic according to EPR. This suggests that N-hydroxy
piperdine can be suppressing the CEST signal through a T, shortening mechanism, similar to
what was proposed by Ratnakar et al, although through a non-radical mechanism.

When comparing the effect of nitroxyl reduction between the Ratnakar PARACEST
probe® and the diaCEST probe described, it is interesting that reduction is capable of restoring
the CEST signal in the PARACEST case, but not for diaCEST. This could be due to the
difference in water residence time (ty) between the two classes of agents. The water residence
time for PARACEST agents is generally around 70 ps'’?, whereas it is in the range of 500 ps for
diaCEST.'” Upon reduction, Ratnakar observed a 10-fold change in the T, relaxation. In our
diaCEST case, a change of 1.4-fold was observed upon introduction of the N-hydroxy piperidine
to the salicylate compound. For our studied diaCEST compounds, we observed a smaller change
in the T with the introduction of N-hydroxy piperidine compared to the change in T, that results
from the TEMPO nitroxyl radical. This small T; effect, in combination with the longer water
residence time for diaCEST agents, seems to be capable of reducing the diaCEST signal to result
in signal suppression. Looking at equation 1, we can see that Ty is inversely proportional to the
strength of the signal and T, is proportional to the signal observed. Although the change in T}
from N-hydroxy piperidine is small, it can be overcome by the large Ty inherent to diaCEST
compounds. Therefore, given the extended water residence time of diaCEST agents, we
hypothesized that the weak T; contribution from N-hydroxy piperidine was sufficient to cause

the CEST signal suppression that we observed.
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Enzyme Assay for Studying the Activity of FAP

The tumour environment is dynamic and made up of many different components
including the extracellular matrix, stromal cells and immune cells. Stromal cells are the most
abundant component of the tumour stroma.'”* Stromal fibroblasts of epithelial tumours can often
be characterized by overexpression of FAP, making it a good target for the diagnosis and
treatment of cancer.””'?® FAP recognizes a glycine-proline dipeptide sequence and cleaves
following the proline residue.'?’ This design feature was incorporated into (76) to create a probe
targeting FAP, which will allow us to study the activity of FAP in live subjects. Upon cleavage
by FAP, the signal suppression moiety is released and the CEST signal is expected to be
restored. The expected hydrolysis product was also synthesized and used as the positive control

sample in the enzyme assays.

There were initial concerns of the assay buffer due to a potential interference of BSA and
the high sodium chloride concentration.'” A simplified buffer of PBS at pH 7.4 was also used to
validate the assay conditions (Figure 16). Although no fluorescence increase was observed at low
hFAP concentrations (1X, 5X), comparable fluorescence increase was observed at 10X hFAP. It
appears that hFAP can still function and hydrolyze the substrate in the simplified assay buffer.
Moving forward in the study, PBS was used as the assay buffer in place of the cocktail
recommended by Biolegend. When the assay buffer and PBS were directly compared, the rate of
fluorescence increase is higher in PBS than it was with the assay buffer. The use of PBS avoids

interference of BSA in the CEST images.

Following the validated assay protocol, (76) was incubated with hFAP at 37°C for 3

hours and monitored by HPLC to determine if it was a suitable substrate (Figure 17). When
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comparing the chromatograms, (76) has an elution time of 2 minutes and (80) elutes through the
column after 11 minutes. Aliquots of the enzyme reaction in the manufacture assay buffer and
PBS after 3 hours of incubation resulted in similar chromatograms, both with a major peak at 11
minutes. This peak is consistent with (80) and suggests that the product following enzymatic
cleavage is the hypothesized (80). The aliquots of the enzyme reaction after 3 hours also do not
have a peak at 2 minutes, indicating that the substrate is no longer present and has been
hydrolyzed by hFAP or degraded in the buffer over the incubation period. Regardless, these
results are promising and can be used to verify that (76) is a substrate for hFAP, with the product

matching (80).

We hypothesized that cleavage of the covalent linker connecting the signal generating
moiety and signal suppressing moiety would be sufficient in restoring the CEST signal. Through
the HPLC chromatograms, we can see that hFAP is capable of hydrolyzing the linker between
the signal generating moiety (barbiturate) and the signal suppression moiety (N-hydroxy
piperidine). To confirm the restoration of the signal, the CEST-MRI images were acquired of the
incubated sample with hFAP (Figure 18). The substrate, (76), on its own does not generate a
CEST signal. In this molecule, the signal generating moiety and signal suppressing moiety are
joined through a short dipeptide linker consisting of glycine and proline. Following incubation
with hFAP for 3 hours at 37°C, there is a CEST signal appearing at 4.6 ppm of 8% MTRgusym.
Incubation with hFAP allows the enzyme to hydrolyze the probe and release the signal
suppressing moiety and relieves the signal suppression effect. When the CEST signal is

compared to the (80), we can see that the chemical shift is about the same. However, the
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measured signal of (80) is slightly stronger, 11% MTR,4m. It is possible that the reaction has not

gone to completion and some intact probe remains where the signal is still suppressed.

Increase of the CEST signal following incubation with hFAP supports our hypothesis of
the signal suppression mechanism. Upon cleavage of the short covalent linker, the signal
generating moiety and signal suppressing moiety are separated and the CEST signal is restored.
Structural investigations suggest that there can be variability in how the signal generating moiety
and signal suppressing moiety are connected. Similar to how fluorophore and quencher pairs can
be applied to a wide range of cleavable linkers, there is the same potential for a signal generating

moiety and signal suppressing moiety to be used as an activatable probe.

In the design of the probe targeting FAP, barbiturate was selected as the signal generating
moiety. However, this diaCEST molecule can also be easily replaced with another class of
diaCEST agents and the same signal suppression and activation upon cleavage can be observed.
This is due to the breadth of signal suppression from the N-hydroxy piperidine. Since the weak
T, interaction underlying CEST signal suppression was observed across several diaCEST agents,
we would expect signal reduction from any pair that includes N-hydroxy piperidine. The
simplicity of this design means that several probes can be synthesized, each with a signal
generating moiety targeting a different target. The combination of these probes can give insight
on the interactions between the targets in their environment, as long as there is sufficient

resolution between the exchanging CEST protons of each signal generating moiety.
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The discovery of N-hydroxy piperidine to suppress the signals of diaCEST agents has
allowed us to study a new activatable probe and mechanism by CEST-MRI. By joining N-
hydroxy piperidine with a diaCEST agent, we synthesized a probe that can be used for activity-
based sensing of hFAP. The activity of hFAP, along with its interactions with other components
in the tumour stroma, is important in the progression and invasion of tumours. This activatable
CEST-MRI mechanism can be applied to other relevant targets in the tumour environment to

help understand its interactions in tumour development with multicolour CEST imaging.
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Conclusion and Future Directions

Both TEMPO and N-hydroxy piperidine were found to have a signal suppression effect
on the diaCEST signal. Signal suppression was observed in several different classes of diaCEST
agents include salicylates, barbiturates and carbohydrates, thus suggesting that it follows a
general mechanism applicable to the range of diaCEST agents. Signal suppression is predicted to
be due to a weak T effect that alters the relaxation time of bulk water. A covalent linkage was
necessary for signal suppression from N-hydroxy piperidine; cleavage of the linker relieves the
suppression effect and the diaCEST signal is restored.

Signal suppression by N-hydroxy piperidine was applied to the design of a probe used to
detect the activity of FAP. FAP is an enzyme relevant in the tumour environment and important
to tumour growth, invasion and metastasis. Barbiturate and N-hydroxy piperidine were joined
together by a linker containing proline, recognized by FAP. Incubation of the synthesized probe
with FAP resulted in signal increase after 3 hours, indicating that the probe was hydrolyzed and
N-hydroxy piperidine was separated from the diaCEST-generating baribiturate. While this is one
of the few examples of an activatable probe sensing enzyme activity, it is the first one that uses a
generalizable signal suppression mechanism.

Further work can be done to study the activity of FAP using this activatable probe in vitro
and in vivo settings. Additionally, since the signal suppression mechanism is generalizable and
applicable to different classes of diaCEST agents, a second probe can be designed targeting
another element of the tumour environment using a different CEST beacon, such as salicylic
acid. Since the diaCEST agents have exchangeable protons at unique chemical shifts, it can
allow for multi-colour diaCEST imaging to help understand the interactions of these targets in

the tumour environment.
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Overall, this work has found a new group, N-hydroxy piperidine, that is capable of
suppressing the diaCEST signal of a wide range of small molecules. This has been adapted to
study the activity of FAP and showed a signal increase upon incubation with the enzyme. Having
a generalizable signal suppression mechanism can contribute to the growth of a modular toolbox

of activatable diaCEST probes to study interactions and reactivity on a molecular level.
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Experimental

General Synthetic Procedures

Reagents were commercially available, or prepared as stated below. All solvents were
HPLC grade, except water (18.2 Q cm Millipore water) and CH,Cl, (dried in a solvent
purification system). Flash column chromatography (FCC) was carried out using silica gel
(Si0,), mesh size 230 — 400 A. Thin-layer chromatography (TLC) was carried out on Al-backed
silica gel plates with compounds visualized by anisaldehyde stain, 5% ninhydrin stain, orcinol
stain, bromocersol green stain and UV light. NMR spectra were recorded on a 300 MHz 400
MHz spectrometer. For '"H NMR spectra 8 values were recorded as follows: DMSO-Ds (2.50
ppm), D,0 (4.79 ppm) and *C NMR spectra & values were recorded as follows: DMSO-Dg
(39.52 ppm). Mass spectra (MS) were obtained using electron impact (EI) or electrospray

ionization (ESI).

Model Compounds. Salicylates

Synthesis of 5-chloromethyl salicylic acid (1).

O

OH

Compound 1 was prepared following modified procedures from Shindo et al'’®, Friedman et al'”’
and Quelet et al.'”® Salicylic acid (1.38 g, 10 mmol, 1 equi.) was dissolved in 10mL of dioxane in
a round bottom flask. Paraformaldehyde (2.00 g, 6 mmol, 0.6 equi.) was added to the flask with
20 mL concentration HCI. The mixture was stirred at room temperature for 18 hours as a white

precipitate was formed. Afterwards, the flask was placed in the fridge for 6 hours. Suction
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filtration of the reaction mixture gave a white solid that was washed with cold water and dried at
room temperature overnight. The white solid was recrystallized using chloroform to give white
crystals. The crystals were obtained by suction filtration and washed with cold chloroform,
before being dried at room temperature overnight. A white crystalline solid was obtained in 64%
yield. "H NMR (400 MHz, DMSO-Dy): & 11.33 (broad s, 1H), 7.87 (d, J = 2.2 Hz, 1H), 7.58 (dd,
J=8.5,2.3 Hz, 1H), 6.97 (d, I = 8.5 Hz, 1H), 4.75 (s, 3H). °C NMR (400 MHz, DMSO-Dy): &
171.51, 161.03, 136.37, 130.85, 128.62, 117.62, 112.89, 45.74. HRMS (EI): calculated for

CsH7Cl10O3 186.0084; found 186.0065.

Synthesis of compound 2.

N o)
( N
LNN\:/ N OH
= OH

Compound 2 was prepared following the procedure outlined from Shindo et al'’®. 5-
chloromethyl salicylic acid (1) (186 mg, 1 mmol, 1 equi.) was stirred in 5 mL of chloroform in a
round bottom flask. Hexamethylenetetramine (218.4 mg, 1.56 mmol, 1.56 equi.) was added to
the flask and the mixture was stirred at room temperature for 4 hours. A white solid was obtained
by suction filtration that was washed with cold chloroform and dried at room temperature over
night. A crude white powdered solid was isolated and used without further purification."H NMR
(400 MHz, DMSO-Dg): 6 7.81 (d, J =2.4 Hz, 1H), 7.38 (dd, ] = 8.6, 2.6 Hz, 1H), 6.87 (d, ] = 8.4
Hz,1 H), 5.02 (s, 6H), 4.49 (dd, J = 12.6, 5.9 Hz, 6H), 3.99 (s, 2H). >*C NMR (400 MHz,
DMSO-Dg): 6 171.02, 163.90, 137.00, 134.24, 117.42, 113.76, 77.39, 71.10, 69.90, 59.21.
Unable to acquire HRMS due to high boiling point of molecule and instability under ESI

conditions.
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Synthesis of 5-aminomethyl salicylic acid (3).

H,N ﬁOH
OH

Compound 2 (326 mg, 1 mmol 1 equi.) was stirred in 2 mL of MeOH in a round bottom flask.
0.5 mL of concentrated HCI was added and the mixture was refluxed (at 90°C) for 1.5 hours.
After 1.5 hours, the flask was cooled to room temperature and a white solid precipitates. The
white solid was removed by gravity filtration and mother liquor was concentrated in vacuo to
give a white solid. The white solid was dissolved in 1 mL of a 20% aqueous NaOH solution and
stirred at 70°C for 2 hours with an air condenser. After 2 hours, the flask was cooled to room
temperature and diluted with brine. The pH was adjusted using dilute HCI until the pH was 1.
The crude product was extracted using ethyl acetate and dried over sodium sulphate, before
being concentrated in vacuo to give a light yellow solid in 53% yield. 'H NMR (400 MHz,
DMSO-Dg): 6 7.82 (d, ] = 2.6 Hz, 1H), 7.50 (broad s, 3H), 7.25 (dd, J = 8.3, 2.4, 1H), 6.65 (d,J
= 8.2, 1H), 3.87 (s, 2H). *C NMR (400 HMz, DMSO-Dy): & 171.18, 163.28, 132.72, 131.17,

121.12, 119.91, 116.03, 42.23. HRMS (EI) calculated for CgHoNO;3 167.16; found 167.1597.

Synthesis of S-aminomethyl salicylate methyl ester (4).

OH

Compound 2 (326 mg, 1 mmol, 1 equi.) was stirred in 2 mL of MeOH in a round bottom flask.

0.5 mL of concentrated HCI was added and the mixture was refluxed (at 90°C) for 1.5 hours.
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After 1.5 hours, the flask was cooled to room temperature and a white solid precipitates. The
white solid was removed by gravity filtration and mother liquor was concentrated in vacuo to
give a white solid. The crude product was redissolved in 5 mL of MeOH and H,SOy4 (2.5 uL,
0.05 mmol, 0.05 equi.) was added to the reaction mixture. The mixture was heated to 65°C for 2
days with an air condenser. After 2 days, the solvent was concentrated in vacuo to give a yellow
residue. The residue was redissolved in saturated sodium bicarbonate and adjusted to neutral pH.
The crude product was extracted using ethyl acetate and dried over sodium sulphate, before
being concentrated in vacuo to give a light yellow solid in 36% yield. "H NMR (400 MHz,
DMSO-Dg): 6 7.71 (d, ] = 2.2 Hz, 1H), 7.45 (dd, J = 8.5, 2.3 Hz, 1H), 6.89 (d, J = 8.5 Hz, 1H),
3.89 (s, 3H), 3.65 (s, 2H). >C NMR (400 MHz, DMSO-Dg): & 169.46, 158.65, 134.92, 128.13,

117.07, 112.32, 52.42, 44.62. HRMS (EI) calculated for CoH;1NO; 181.0739; found 181.0727.

N-acetyl 5-aminomethyl salicylic acid (5).

o) o)
AN“@kaH
H
OH

This procedure was adapted from Di Antonio et al'”’. 5-aminomethyl salicylic acid (3) (120 mg,
0.5 mmol, 1 equi.) was added to a round bottom flask and stirred in a solution 3 mL of saturated
sodium bicarbonate at room temperature. Acetic anhydride (52 uL, 0.55 mmol, 1.1 equi.) was
added to the flask and the mixture was stirred for an additional 1.5 hours. The reaction mixture
was diluted with brine and the pH was adjusted to 1 using dilute HCI. The crude compound was
extracted using ethyl acetate. The combined organic phases were dried over sodium sulphate and
concentrated in vacuo to give the compound without further purification. A light yellow solid

was obtained in 54% yield. "H NMR (400 MHz, DMSO-Dg): & 11.30 (broad s, 1H), 8.32 (t, J =
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5.36 Hz, 1H), 7.67 (d, J = 2.3 Hz, 1H), 7.39 (dd, J = 8.2, 2.3 Hz, 1H), 6.91 (d, J = 8.6 Hz, 1H),
4.16 (d, ] = 6.1 Hz, 2H), 1.85 (s, 3H). °C NMR (400 MHz, DMSO-Dy):  171.84, 169.13,
160.06, 135.14, 130.41, 128.98, 117.07, 112.47, 41.36, 22.54. HRMS (EI) calculated for

CioH11NO4 209.0688; found 209.0676.

Synthesis of compound 6.

O O
Nﬁo/
...N
(0] OH

4-carboxy TEMPO (100 mg, 0.5 mmol, 1 equi.) was stirred in a round bottom flask containing
DIPEA (175 uL, 2 mmol, 4 equi.) in 1 mL of DMF. HBTU (189.6 mg, 0.5 mmol, 1 equi.) and
HOBT (20.2 mg, 0.625 mmol, 0.3 equi.) were added to the flask and cooled to 0°C. The mixture
was stirred on ice for 5 minutes before 5-aminomethyl salicylate methyl ester (4) (90.6 mg, 0.5
mmol 1 equi.) was added and the mixture was continued to be stirred at room temperature for 18
hours/overnight. The next morning the reaction mixture was diluted with brine and extracted
using ethyl acetate. The organic phases were combined and washed with brine before being dried
over sodium sulphate and concentrated in vacuo. The crude compound was purified by silica
column chromatography using 2:1 hexanes:acetone as the solvent system. An orange residue was

obtained in 83% yield. HRMS (ESI) calculated for C19H27N,0sNa" 386.1829; found 386.1818.

Synthesis of compound 7.

75



@) @)
...N
O OH

The methyl ester (7) (90.9, 0.25 mmol, 1 equi.) was stirred in a round bottom flask with 0.5 mL
of dioxane and 1.5 mL of a 20% NaOH solution. The mixture was stirred at 70°C for 2 hours
with an air condenser. After 2 hours, the flask was cooled to room temperature and diluted with
brine. The mixture was acidified with dilute HCI to adjust to the pH to 1. The crude compound
was extracted using ethyl acetate. The combined organic layers were dried over sodium sulphate
and concentrated in vacuo. The product was obtained in 43% yield as an orange solid without

further purification. HRMS (ESI) calculated for C13H2sN,0OsNa" 372.1687; found 372.1661.

Synthesis of compound 8.

0 0
Ho OH

The reduction of the nitroxyl radical was adapted from Mitchell et al'®. The nitroxyl radical (8)
(87.3 mg, 0.25 mmol, 1 equi.) was stirred in a round bottom flask with 2 mL of MeOH and
platinum(IV) oxide (5.6 mg, 0.025 mmol, 10% mol equi.) and evacuated under vacuum at room
temperature for 45 minutes. An H; balloon was then added and the reaction mixture was stirred
at room temperature for an additional 2 hours as the orange colour disappeared to give a
colourless solution with a black dark grey solid. The mixture was filtered through a Pasteur
pipette with cotton and then concentrated in vacuo to give reduced compound without further

purification. An orange residue was obtained in 68% yield.
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'"H NMR (400 MHz, DMSO-D): & 8.41 (t, ] = 5.5 Hz, 1H), 7.68 (d, ] = 2.2 Hz, 1H), 7.37 (dd, J
=8.5,2.4 Hz, 1H), 6.91 (d, J = 8.5 Hz, 1H), 4.19 (d, J = 5.8 Hz, 2H), 2.85-2.73 (m, 1H), 1.89-
1.75 (m, 4H), 1.51-1.42 (m, 2H), 1.30 (s, 6H), 1.24 (s, 6H). >C NMR (400 MHz, DMSO-Dy): 5
171.28, 169.36, 158.95, 134.23, 130.73, 128.43, 117.56, 112.71, 78.76, 42.22, 28.04, 27.34,

25.92,25.13. HRMS (ESI) calculated for C1sH2sN,OsNa" 373.1734; found 373.1739.

Synthesis of N-Boc isonipecotic acid (9).

0
O)km
O__N
Ty

Compound 9 was synthesized following the procedure outline in Klein et al'®'. Briefly, Di-tert-
butyl dicarbonate (414.7 mg, 1.9 mmol, 1.9 equi.) was added to 1 mL of THF in a small vial.
Isonipecotic acid (129.1 mg, 1 mmol, 1 equi.) was added to a round bottom flask with potassium
carbonate (262.6 mg, 1.9 mmol, 1.9 equi.) and 2mL of water. The flask was cooled to 0°C on
ice. The di-tert-butyl dicarbonate solution in THF was added dropwise to the round bottom flask
and the mixture was stirred at room temperature for 4 hours. After 4 hours, the solvent was
concentrated in vacuo to give a white solid. The solid was dissolved with brine and washed twice
with ether. The pH of the aqueous phase was adjusted to pH 1 using dilute HCI and the crude
compound was extracted using ethyl acetate. The combined organic phases were dried over
sodium sulphate before being concentrated in vacuo. The compound was used without further
purification. (Yield = 83.7%) '"H NMR (DMSO-Dg): & 12.18 (broad s, 1H), 3.83 (d, ] = 14.7 Hz,

2H), 2.81 (broad s, 2H), 2.44-2.34 (m, 1H), 1.77 (dd, J = 13.1, 3.2 Hz, 2H), 1.46-1.33 (m, 11 H).
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C NMR (400 MHz, DMSO-Dy): & 175.74, 153.92, 78.62, 28.09, 27.74. HRMS (EI) calculated

for C;H1NO4 173.0688; found 173.0707 (loss of t-butyl group).

Synthesis of compound 10.

O O
O__N
Ty -

Compound 10 was obtained by coupling compound 4 and 9, following the procedure outlined for
compound 6. The crude compound was purified using silica column chromatography with 2:1
hexanes:acetone as the solvent system. A light yellow oil was obtained in 88% yield.

'H NMR (400 MHz, DMSO-Ds): 8 10.39 (s, 1H) 8.33 (t, ] = 6.0 Hz, 1H), 7.63 (d, ] =2.5 Hz,
1H), 7.38 (dd, J =9.1, 3.3 Hz, 1H), 6.94 (d, ] = 8.7 Hz, 1H), 4.18 (d, J = 6.0 Hz, 2H), 3.88 (s,
3H), 2.69 (s, 1H), 2.37-2.27 (m, 1H), 1.70-1.62 (m, 2H), 1.48-1.34 (m, 11H). *C NMR (400
MHz, DMSO-Dg): & 173.93, 169.11, 158.92, 153.87, 134.79, 130.65, 128.47, 117.43, 112.57,
78.56, 52.43, 41.64, 41.04, 38.23, 28.28, 28.07. HRMS (ESI) calculated for CooH»sN,OgNa"

415.1861; found 415.1845.

Synthesis of compound 11.

O O

HN
OH

The Boc protected compound (10) (117 mg, 0.3 mmol, 1 equi.) was added to a round bottom
flask and stirred in a solution of 2 mL DCM and 0.5 mL TFA at room temperature. After TLC

showed conversion of the starting material to product (2.5 hours), the reaction mixture was
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concentrated in vacuo with excess DCM. The product was obtained as a light yellow oil in
quantitative yield without further purification."H NMR (300 MHz, DMSO-Dy): & 10.40 (broad s,
1H), 8.45 (t,J=7.1 Hz, 1H), 7.65 (d, ] = 2.6 Hz, 1H), 7.39 (dd, J = 8.8 Hz, 2.7 Hz, 1H), 6.95 (d,
J=28.8, 1H), 4.19 (d, 7.7 Hz, 2H), 3.89 (s, 3H), 3.35-3.18 (m, 2H), 3.00-2.80 (m, 2H), 2.02-1.59
(m, 6H). *C NMR (400 MHz, DMSO-Dy): 8 172.97, 169.05, 158.88, 134.83, 130.49, 128.58,
117.46, 112.69, 52.46, 42.52, 41.14, 25.19. HRMS (ESI) calculated for C;5sH20N,O4Na"

315.1344; found 315.1321.

Synthesis of compound 12.

O O

Q)LH&EjkO/
N
HO~ OH

Compound 11 was stirred in a solution of dioxane/methanol at 0°C. 30% H,O, was added
dropwise. The mixture was stirred on ice for 1 hour, and then continued at room temperature for
5 hours. The solvent was evaporated in vacuo and the remaining residue was dissolved in brine.
The compound was extracted using ethyl acetate, dried over sodium sulphate and evaporated in
veauo to give a light yellow residue. '"H NMR (300 MHz, DMSO-D): & 10.33 (broad s, 1H),
8.47 (t,J =7.1 Hz, 2H), 7.65 (d, J = 2.6 Hz, 1H), 7.39 (dd, ] = 8.8, 2.7 Hz, 1H), 6.95 (d, J = 8.8
Hz, 1H), 4.19 (d, 7.7 Hz, 2H), 3.88 (s, 3H), 3.35-3.18 (m, 2H), 3.00-2.80 (m, 2H), 2.02-1.59 (m,
6H). >C NMR (400 MHz, DMSO-Dg): & 169.04, 158.87, 134.83, 130.55, 128.59, 117.42,
112.68, 51.85, 43.05, 41.25, 25.30. HRMS (ESI) calculated for C;5HN,OsNa" 331.33; found

331.32.

Synthesis of compound 13.
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O @)

HO/N OH

Compound 13 was obtained following the procedure outlined for compound 7. "H NMR (400
MHz, DMSO-Dg): 6 11.19 (broad s, 1H), 8.52 (broad s, 1H), 8.43(t, ] = 6.8 Hz, 1H), 8.21 (broad
s, 1H), 7.64 (d, ] = 2.4 Hz, 1H), 7.40 (dd, J = 8.9, 2.4 Hz, 1H), 6.89 (d, ] = 8.8 Hz, 1H), 4.21 (d, J
= 5.8 Hz, 2H), 3.32-3.18 (m, 4H), 2.97-2.80 (m, 3H), 2.69 (s, 4H), 1.99-1.62 (m, 6H). °C NMR
(400 MHz, DMSO-Dg): 6 169.12, 158.92, 153.92, 134.77, 130.65, 128.47, 117.40, 112.57, 78.57,
52.34,41.66, 41.04, 38.27. HRMSI (ESI) calculated for C14H;sN,OsNa" 317.1113; found

317.1115.

Synthesis of compound 14.

O O

O)J\H/\kaoH
HN
OH

Compound 14 was prepared following the procedure outlined for compound 7 from compound
11. '"H NMR (400 MHz, DMSO-Dy):  11.18 (broad s, 1H), 8.50 (broad s, 1H), 8.44 (t, J = 6.9
Hz, 1H), 8.22 (broad s, 1H), 7.66 (d, J = 2.4 Hz, 1H), 7.38 (dd, J =9.1, 2.4 Hz, 1H), 6.91 (d,J =
8.8 Hz, 1H), 4.19 (d, J = 5.8 Hz, 2H), 3.32-3.20 (m, 4H), 2.96-2.81 (m, 3H), 2.69 (s, 4H), 2.01-
1.61 (m, 6H). >C NMR (400 MHz, DMSO-Dg): & 170.09, 159.13, 153.72, 134.57, 130.42,
128.40, 117.54, 111.34, 78.67, 52.37, 41.60, 40.97, 37.78. HRMS (ESI) calculated for

C1oH26N206Na" 401.1704; found 401.1689.
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5-chloromethyl salicylate t-butyl ester (15).

o~

Formation of the t-butyl ester was prepared following the procedure outlined by Wright et al'®*.
Magnesium sulphate (480 mg, 4 mmol, 4 equi.) was stirred with 10 mL of DCM in a round
bottom flask. H,SO4 (53 mg, 1 mmol, 1 equi.) was added to the flask and the mixture was
vigorously stirred at room temperature for 15 minutes. 5-chloromethyl salicyclic acid (1) (186
mg, Immol, 1 equi.) was added to the flask along with tert-butanol (474 uL, 5 mmol, 5 equi.).
The mixture was stirred at room temperature for 18 hours/overnight. The next morning, the
mixture was diluted with saturated sodium bicarbonate and addition DCM was added. The crude
product was drawn off from the organic phase and the combined organic layers were washed
with bring and dried over sodium sulphate before being concentrated in vacuo to give a light
coloured residue. The crude compound was purified using silica column chromatography (3:1
hexanes:acetone). The product was obtained as a light yellow residue in 73% yield.

'H NMR (400 MHz, DMSO-Dy):  10.81 (s, 1H), 7.79 (d, J = 2.5 Hz, 1H), 7.56 (dd, J = 8.6, 2.8
Hz, 1H), 6.97 (d, J = 8.9 Hz, 1H), 4.76 (s, 2H), 1.58 (s, 9H). >C NMR (400 MHz, DMSO-Dg): &
168.39, 160.35, 136.19, 130.58, 128.65, 117.82, 113.77, 83.09, 45.73, 27.76. HMRS (EI)

calculated for C1,H;5CI103 242.07; found 242.0710.

Synthesis of compound 16.

'O\N o) J<
O/\@\)ko
OH
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The procedure was adapted from Dessolin et al'®**. TEMPOL (86.6 mg, 0.5 mmol, 1 equi.) was
stirred in a round bottom flask in 5 mL of THF. The flask was flushed with N, for 10 minutes
while cooled on ice to 0°C. NaH (23 mg, 0.575 mmol, 1.15 equi.) was added to the reaction flask
and the mixture was stirred at room temperature for an additional hour under N,. After 1 hour, 5-
chloromethyl salicylate t-butyl ester (15) (152.9 mg, 0.63 mmol, 1.25 equi.) dissolved in 2 mL of
THF was added to the round bottom flask and the mixture was stirred at room temperature for 18
hours/overnight. The solvent was evaporated in vacuo to give a residue. The residue was re-
dissolved in brine and the crude compound was extracted using ethyl acetate. The combined
organic layers were dried over sodium sulphate before evaporation in vacuo. The crude
compound was purified by column chromatography using 5:1 hexanes:acetone as the solvent
system. The product was obtained as an orange residue in 58% yield. HRMS (ESI) calculated

for C2;H3,NOsNa' 401.2180; found 401.2178.

Synthesis of compound 17.

'O\N o)

O/\©\)J\OH
OH

The t-butyl ester (16) (189.2 mg, 0.5 mmol, 1 equi.) was stirred in a round bottom flask and
stirred 2 mL of DCM and 0.5 mL of TFA. The reaction was left at room temperature for 18
hours/overnight until TLC showed disappearance of the starting material. The reaction mixture
was concentrated in vacuo with excess DCM. The product was obtained as an orange solid
without further purification (89% yield). HRMS (ESI) calculated for C;7H2sNOsNa™ 345.1553;

found 345.1630.
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Synthesis of compound 18.

Ho\N O

O/\ij\OH
OH

Compound 18 was obtained following the procedure outline for compound 12. An orange
residue was obtained in 65% yield. "H NMR (400 MHz, DMSO-Dg): & 11.52 (broad s, 1H), 9.87
(s, 1H), 8.33 (d,J =2.3 Hz, 1H), 7.99 (dd, J = 8.4, 2.4 Hz, 1H), 7.10 (d, J = 8.5 Hz, 1H), 4.33 (d,
J=5.6 Hz, 2H), 3.25 (s, 2H), 3.16 (s, 1H), 1.91-1.78 (m, 4H), 1.34 (s, 12H). >C NMR (400
MHz, DMSO-Dg): & 169.34, 159.14, 134.45, 130.35, 128.27, 117.84, 112.84, 82.94, 42.56,
27.96,27.35, 25.86, 24.98. HRMS (ESI) calculated for C1,H,sNOsNa " 346.1623; found

346.1630.

Synthesis of compound 19.

O O
ﬁNﬁO/
H
OH

Compound 19 was obtained following the procedure outlined for compound 6. The compound
was purified by column chromatography using 1:1 hexanes:acetone as the solvent system. The
product was obtained as an orange residue in 72% yield. "H NMR (400 MHz, DMSO-Dg): &
11.18 (broad s, 1H), 8.20 (t, ] = 5.9 Hz, 1H), 7.64 (d, J = 2.5 Hz, 1H), 7.36 (dd, ] = 8.5, 2.4 Hz,
1H), 6.94 (d, J = 8.4 Hz, 1H), 4.16 (d, J = 6.1 Hz, 2H), 3.88 (s, 3H), 2.13 (tt, J=11.5, 3.2 Hz,

1H), 1.70-1.59 (m, 4H), 1.38-1.12 (m, 6H). >C NMR (400 MHz, DMSO-Dy): 5 175.18, 171.90,
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159.98, 134.67, 130.62, 128.61, 117.05, 112.50, 43.99, 40.94, 29.25, 25.47, 25.27. HRMS (EI)

calculated for C1sHy1NO4 291.35; found 291.1

Synthesis of compound 20.

0 @)
dNﬁOH
H
OH

The methyl ester (19) (69.3 mg, 0.25 mmol, 1 equi.) was stirred in a round bottom flask with 0.5
mL of dioxane and 1.5 mL of a 20% NaOH solution. The mixture was stirred at 70°C for 2 hours
with an air condenser. After 2 hours, the flask was cooled to room temperature and diluted with
brine. The mixture was acidified with dilute HCI to adjust to the pH to 1. A white precipitate
formed and was filtered to give the product without further purification (71% yield).

'H NMR (400 MHz, DMSO-Ds):  10.38 (broad, s, 1H), 8.19 (t, ] = 5.6 Hz, 1H), 7.64 (d, ] =2.5
Hz, 1H), 7.38 (dd, J = 8.4, 2.3 Hz, 1H), 6.94 (d, J = 8.5 Hz, 1H), 4.17 (d, J = 6.1 Hz, 2H), 3.88 (s,
3H), 2.18-2.08 (m, 1H), 1.74-1.56 (m, 4H), 1.41-1.06 (m, 4H). >C NMR (400 MHz, DMSO-Dj):
0 175.17,171.85, 159.98, 134.68, 130.62, 128.60, 117.06, 112.51, 43.98, 40.93, 29.27, 25.48,

25.28. HMRS (EI) calculated for C;sH19NO4 277.3; found 288.1315.

Synthesis of compound 21.

0] O

ﬁNﬁo/
H
HO OH

Compound 21 was obtained follow the procedure outlined for compound 6. The compound was

purified by column chromatography using 95:5 DCM:MeOH. A yellow solid was obtained in
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68% yield. "H NMR (400 MHz, DMSO-Dy): & 10.38 (s, 1H), 8.18 (t, J = 5.9 Hz, 1H), 7.64 (d, J
=2.3 Hz, 1H), 7.37 (dd, ] = 8.5, 2.4 Hz, 1H), 6.93 (d, J = 8.4 Hz, 1H), 4.30 (d, J = 3.2 Hz, 1H),

3.88 (s, 3H), 2.14 (m, 1H), 1.87-1.57 (m, 4H), 1.48-1.35 (m, 4H). *C NMR (400 MHz, DMSO-
Ds): 8 175.18, 171.90, 159.98, 134.67, 130.62, 128.61, 117.05, 112.50, 53.67, 43.99, 40.94,

29.25,25.47,25.27. HRMS (EI) calculated for C;¢H21NOs307.14; found 307.1420.

Synthesis of compound 22.

O 0

N OH
ﬁHﬁ
HO OH

This compound was obtained following the procedure outlined for the compound 7. A white
glassy residue was obtained in 36% yield. "H NMR (400 MHz, DMSO-Dg): & (400 MHz,
DMSO-Dg): 6 10.38 (s, 1H), 8.18 (t, J =5.9 Hz, 1H), 7.64 (d, J =2.3 Hz, 1H), 7.37 (dd, ] = 8.5,
2.4 Hz, 1H), 6.93 (d, ] = 8.4 Hz, 1H), 4.30 (d, J = 3.2 Hz, 1H), 4.17 (d, J = 6.0 Hz, 2H), 2.14 (m,
1H), 1.87-1.57 (m, 4H), 1.48-1.35 (m, 4H), 1.18-1.06 (m, 1H). *C NMR (400 MHz, DMSO-D):
0 175.18, 171.90, 159.98, 134.67, 130.62, 128.61, 117.05, 112.50, 43.99, 40.94, 29.25, 25.47,

25.27. HRMS (EI) calculated for C;sH;9NOs 292.32; found 293.1252

Synthesis of compound 23.

0O @)
@Nﬁo/
H
OH

Compound 23 was obtained following the procedure outlined for the compound 6. The crude

compound was purified by column chromatography with 2:1 hexanes:acetone as the solvent
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system. A light yellow residue was obtained in 74% yield. '"H NMR (400 MHz DMSO-Dg): &
10.42 (s, 1H), 9.04 (t, J = 5.9 Hz, 1H), 7.92-7.83 (m, 4H), 7.75 (d, J = 2.2 Hz, 1H), 7.69-7.58 (m,
1H), 7.56-7.44 (m, 6H), 6.96 (d, J = 9.3 Hz, 1H), 4.40 (d, ] = 7.5 Hz, 2H), 3.88 (s, 3H). °C NMR
(400 MHz, DMSO-Dg): 6 171.84, 167.37, 166.14, 160.06, 135.12, 134.24, 132.92, 131.31,
130.77, 130.49, 129.28, 129.02, 128.59, 128.35, 128.21, 127.21, 117.10, 112.49, 53.56, 41.91.

HRMS (EI) calculated for C;6H;sNO4 285.10; found 285.0986.

Synthesis of compound 24.

o o

N OH
©):an&
OH

Compound 24 was obtained following the procedure outlined for compound 7. A light yellow
solid was obtained in 42% yield. '"H NMR (400 MHz, DMSO-Dg): 11.04 (broad s, 1H), 9.03 (t, J
= 5.8 Hz, 1H), 7.98-7.85 (m, 8H), 7.66-7.60 (m, 3H), 7.56-7.43 (m, 10H), 6.93 (d, J = 9.1 Hz,
1H), 4.40 (d, T = 6.0 Hz, 2H). >C NMR (400 MHz, DMSO-Dy): 5 171.84, 167.37, 166.12,
160.07, 135.11, 132.90, 130.76, 129.28, 128.59, 128.37, 127.21, 117.09, 112.49, 41.88. HRMS

(ED) calculated for C;sH;3NO4 271.27; found 271.0861.

Synthesis of compound 25.

0] O

/©)J\N/\®fj\0/
H
HO OH

This procedure was adapted from Gopin et al'®. 4-hydroxy benzoic acid (41.4 mg, 0.3 mmol, 1

equi.) was added to a round bottom flask with EDC-HCI (69.0 mg, 0.36 mmol, 1.2 equi.) and
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HOBT (20.3 mg, 0.15 mmol, 0.5 equi.) in 2 mL of DMF. The mixture was stirred on ice at 0°C
for 10 minutes. S-aminomethyl salicylate methyl ester (4) (58.4 mg, 0.3 mmol, 1 equi.) was
added to the round bottom flask and the mixture was stirred at room temperature for an
additional 18 hours/overnight. Afterwards, the mixture was diluted with brine and the crude
compound was extracted using ethyl acetate. The organic phases were combined and washed
with brine before being dried over sodium sulphate. The solvent was evaporated in vacuo to give
a yellow residue, which was then purified by silica column chromatography using a solvent
system of 1:1 hexanes: acetone. A yellow oil was obtained as the purified product in 72% yield.
'H NMR (400 MHz, DMSO-Dy): 8 10.41 (s, 1H), 9.98 (s, 1H), 8.77 (t, ] = 5.8 Hz, 1H), 7.76-
7.71 (m, 3H), 7.47 (dd, ] = 8.5, 2.4, 1H), 6.95 (d, ] = 8.6 Hz, 1H), 6.81-6.76 (m, 2H), 4.36 (d, ] =
6.0 Hz, 2H), 3.88 (s, 3H). °C NMR (400 MHz, DMSO-Dy): & 169.17, 165.81, 160.18, 158.92,
135.13, 131.07, 129.15, 128.741 124.92, 117.35, 114.82, 112.56, 52.45, 41.73, 30.71, 29.61.

HRMS (EI) calculated for C;sH;3NOs 301.10; found 301.0968.

Synthesis of compound 26.

O O

N OH
HO OH

Compound 25 was hydrolyzed following the procedure outlined for compound 7. A white solid
was obtained in 78% yield. "H NMR (400 MHz, DMSO-Dg): & 11.16 (broad s, 1H), 9.97 (s, 1H),
8.77 (t, ] = 6.0 Hz, 1H), 7.80-7.70 (m, 3H), 7.46 (dd, J = 8.7, 2.5 Hz, 1H), 6.91 (d, J = 7.5 Hz,
1H), 6.83-6.76 (m, 2H), 4.36 (d, J = 6.1, 2H). *C NMR (400 MHz, DMSO-Dy): & 169.20,
165.80, 160.20, 158.93, 135.16, 131.09, 129.16, 128.74, 124.95, 117.33, 114.86, 112.54, 41.74.

HRMS (EI) calculated for C;sH;3NOs 287.27; found 287.0793.
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Synthesis of S-aminomethyl salicylate methyl ester (27).

@)

HoN
2 \©\)ko/
OH

S5-aminomethyl salicylic acid (153.13 mg, 1 mmol, 1 equi.) was added to a round bottom flask
with 5 mL of methanol and H,SO4 (2.5 uL, 0.05 mmol, 0.05 equi.). The mixture was stirred at
65°C for 2 days using an air condenser. After 2 days, the solvent was concentrated in vacuo to
give a dark brown residue. The residue was dissolved in a saturated solution of sodium
bicarbonate and the crude product was extracted using ethyl acetate. The combined organic
layers were dried over sodium sulphate and the solvents were concentrated in vacuo. The product
was obtained as a light brown solid in 78% yield. '"H NMR (400 MHz, DMSO-Ds): & 10.29 (s,
1H), 8.89-8.27 (broad s, 2H), 7.50 (d, J = 8.0 Hz, 1H), 7.25 (d, J = 2.8 Hz, 1H), 6.98 (dd, J =9.3,
3.0 Hz, 1H), 3.82 (s, 3H). *C NMR (400 MHz, DMSO-Dy): & 167.63, 146.21, 126.54, 124.91,

122.00, 119.10, 114.74, 52.32. HRMS (EI) calculated for CgHoNO3 167.17; found 167.0894.

Synthesis of compound 28.

The compound was obtained following the procedure outlined for compound 7. The crude
product was purified by silica column chromatography using 95:5 DCM:MeOH as the solvent
system. The product was obtained as a yellow oil in 82% yield. HRMS (ESI) calculated for

CisHpsN,OsNa" 372.1663; found 372.1661.
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Synthesis of compound 29.

The compound was obtained following the procedure outlined 7. The product was a light orange
solid, obtained in 54% yield. HRMS (ESI) calculated for C17H23N,0sNa" 358.1503; found

358.1505.

Synthesis of compound 30.

HO. N 0

:
156
© OH

The compound was obtained following the procedure outlined for 8. The product was obtained
as a light orange solid in 49% yield. "H NMR (400 MHz, DMSO-Dg): & 9.91 (broad s, 1H), 8.04
(d,J=2.6 Hz, 1H), 7.64 (dd, J = 9.2, 2.9 Hz, 1H), 6.85 (d, J = 8.8 Hz, 1H), 1.88-1.70 (m, 2H),
1.65-1.52 (m, 4H), 0.91-0.85 (m, 12H). *C NMR (400 MHz, DMSO-Dy): 171.25, 169.03,
146.32, 126.54, 125.06, 122.46, 119.38, 114.75, 76.85, 27.96, 27.21, 29.86, 25.24. HRMS (ESI)

calculated for C;7H24N>OsNa" 359.16; found 359.1583.
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Synthesis of compound 31.

Compounds 9 and 27 were coupled following the procedure outlined for compound 6. The crude
compound was purified by column chromatography using 1:1 hexanes:acetone as the mobile
phase. A light yellow residue was obtained in 74% yield. '"H NMR (400 MHz, DMSO-D): &
10.25 (s, 1H), 9.90 (s, 1H) 8.16 (d, J = 2.7 Hz, 1H), 7.63 (dd, J = 8.9, 5.3 Hz, 1H), 6.93 (d, J =
8.8 Hz, 1H), 3.97 (d, J = 12.1 Hz, 2H), 3.89 (s, 3H), 2.76 (broad s, 2H), 2.48-2.41 (m, 1H), 1.79-
1.72 (m, 2H), 1.53-1.43 (m, 2H) 1.40 (s, 9H). °C NMR (400 MHz, DMSO-Dy): & 172.75,
169.05, 155.85, 153.86, 131.22, 127.33, 120.06, 117.51, 112.34, 78.64, 52.46, 42.48, 28.13,

28.07. HRMS (ESI) calculated for C19HsN,OsNa' 401.1704; found 401.1689.

Synthesis of compound 32
Hl\(j\ﬂ/H i -~
I :[ o
© OH
Compound 32 was obtained following the Boc deprotection procedure outlined for compound
11. The product was obtained as a light yellow oil without further purification. '"H NMR (400
MHz, DMSO-Dg): 6 10.34-10.17 (broad s, 1H), 10.02 (s, 1H), 8.66-8.54 (m, 1H), 8.42-8.27 (m,
1H), 8.15 (d, J =2.8 Hz, 1H), 7.63 (dd, J =9.7, 3.4 Hz, 1H), 6.94 (d, ] = 8.9 Hz, 1H), 3.89 (s,
3H), 2.93 (q, J = 11.9 Hz, 2H), 2.63-2.54 (m, 1H), 1.96-1.90 (m, 2H), 1.86-1.73 (m, 2H). "*C

NMR (400 MHz, DMSO-Dg): 6 172.77, 169.06, 155.87, 153.89, 131.24, 127.42, 120.08, 117.51,
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112.44, 78.66, 52.48, 42.48. HRMS (ESI) calculated for C;4H;sN,OsNa” 301.30; found

301.2995.

Synthesis of compound 33

Compound 33 was obtained following the oxidation procedure outlined for compound 12. The
product was obtained as a light yellow residue without further purification. "H NMR (400 MHz,
DMSO-Dg): 6 10.35-10.13 (broad s, 1H), 10.03 (s, 1H), 8.67-8.53 (m, 1H), 8.41-8.26 (m, 1H),
8.15(d, J=2.7 Hz, 1H), 7.63 (dd, ] = 8.9, 3.2 Hz, 1H), 6.94 (d, J = 8.9 Hz, 1H), 3.89 (s, 3H),
3.33(d, J=12.5 Hz, 2H), 2.93 (q, J = 11.9 Hz, 2H), 2.65-2.58 (m, 1H), 1.97-1.88 (m, 2H), 1.87-
1.71(m, 2H). *C NMR (400 MHz, DMSO-Dy): § 172.77, 169.06, 155.87, 153.89, 131.24,
127.42, 120.08, 117.51, 112.44, 78.66, 52.48, 42.48. HMRS (ESI) calculated for C;4H;sN,OsNa"

317.1113; found 317.1114.

Synthesis of compound 34

The methyl ester of compound 33 was removed following the hydrolysis procedure outlined for
compound 7. The product was obtained in 45% yield without further purification. '"H NMR (400
MHz, DMSO-Dg): & 10.35-10.13 (broad s, 1H), 10.03 (s, 1H), 8.67-8.53 (m, 1H), 8.41-8.26 (m,

1H), 8.15 (d, J = 2.7 Hz, 1H), 7.63 (dd, J = 8.9, 3.2 Hz, 1H), 6.94 (d, J = 8.9 Hz, 1H),3.33 (d, ] =
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12.5 Hz, 2H), 2.93 (q, ] = 11.9 Hz, 2H), 2.65-2.58 (m, 1H), 1.97-1.88 (m, 2H), 1.87-1.71(m,
2H)."*C NMR (400 MHz, DMSO-Dy): 5 172.76, 169.04, 155.83, 153.93, 131.26, 127.42, 120.04,
117.53, 112.46, 78.66, 52.36. HMRS (ESI) calculated for C13H;¢N,OsNa" 303.10; found

303.0957.

Synthesis of 4-carboxy-1-carboxy-2,2,6,6-tetramethylpiperidine (35).

)

OH

\O,N

This compound was obtained following a procedure as described by Verderosa et al.'®

Briefly,
4-carboxy TEMPO (50 mg, 0.25 mmol, 1 equi.) was stirred in 1.5 mL of DMSO. FeSO,4 — 7 H,O
(160.5 mg, 0.675 mmol, 2.7 equi.) was added and 100 pL. HO; (1.075 mmol, 4.3 equi.),
dropwise. The mixture was stirred on ice for 10 minutes, and then an additional 1.5 hours at
room temperature. The reaction mixture was diluted with brine and the pH was adjusted to pH 1
using dilute HCI. The crude compound was extracted with diethyl ether. The combined organic
phases were washed with dilute HCI and dried over sodium sulphate. The solvent was
evaporated in vacuo to give a white solid in 35% yield. "H NMR (300 MHz, DMSO-Dg): & 3.55
(s, 3H), 2.54 (s, 3H), 1.72-1.62 (m, 2H), 1.50-1.34 (m, 2H), 1.15 (s, 6H), 1.05 (s, 6H). >C NMR
400 MHz, DMSO-Dg): 6 175.43, 78.67, 51.68, 28.98, 27.63 25.45, 25.32. HRMS (EI) calculated

for C;1H21NOs 215.15; found 215.1521.

Synthesis of compound 36.
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This compound was obtained coupling compound 4 and 35, following the procedure outlined for
compound 6. The crude compound was purified by column chromatography using 2:1 hexanes:
acetone as the mobile phase. A colourless oil was isolated in 49% yield. "H NMR (400 MHz,
DMSO-Dg): 6 10.05 (s, 1H), 8.18 (t, J =3.4 Hz, 1H), 7.65 (d, J =2.4 Hz, 1H), 7.38 (dd, ] = 8.5,
2.4 Hz, 1H), 6.92 (d, ] = 8.4 Hz, 1H), 3.88 (s, 3H), 2.54 (s, 3H), 1.87-1.57 (m, 3H), 1.48-1.35 (m,
3H), 1.16 (s, 6H), 1.04 (s, 6H). °C NMR (400 MHz, DMSO-Dg): & 175.18, 171.90, 159.98,
134.67, 130.62, 128.61, 117.05, 112.50, 53.67, 43.99, 40.94, 29.25, 25.47, 25.27. HRMS (ESI)

calculated for CooH30N,OsNa" 401.2023; found 401.2053.

Synthesis of compound 37.

o) o)
N
e} OH

This compound was obtained following the procedure outlined for compound 7. A yellow solid
was isolated in 67% yield. "H NMR (400 MHz, DMSO-Dg): § 10.05 (s, 1H), 8.18 (t, J = 3.4 Hz,
1H), 7.65 (d, J =2.4 Hz, 1H), 7.38 (dd, ] = 8.5, 2.4 Hz, 1H), 6.92 (d, ] = 8.4 Hz, 1H), 3.88 (s,
3H), 2.54 (s, 3H), 1.87-1.57 (m, 3H), 1.48-1.35 (m, 3H), 1.16 (s, 6H), 1.04 (s, 6H). °C NMR
(400 MHz, DMSO-Dg): 6 175.18, 171.90, 159.98, 134.67, 130.62, 128.61, 117.05, 112.50, 53.67,
43.99, 40.94, 29.25, 25.47, 25.27. HRMS (ESI) calculated for C;9H2sN,OsNa" 387.1897; found

387.1896.
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Model Compounds.: Barbiturates

Synthesis of N-acetyl S-amino barbituric acid (38).

H
O.._N__O
Y 0
HN N)K
o5 H

Compound 38 was prepared following a procedure adapted from Hurst et al'*® and Cavalieri et
al'"®’. Diethyl acetoamindo malonate (2.17 g, 10 mmol, 1 equi.) and urea (600 mg, 10 mmol, 1
equi.) were added to a round bottom flask woth 15 mL of ethanol. Sodium metal (380 mg, 16.5
mmol, 1.65 equi.) was added to the flask and the mixture was stirred until everything was
dissolved. The flask was then heated to 95°C and refluxed for 3 hours. After 3 hours, the flask
was cooled to room temperature and a yellow precipitate formed. Warm water was added to
dilute the reaction mixture and concentrated HCI was added dropwise until the solution was
acidic. The flask was placed in the refrigerator for 1 hour to form more precipitate. A light
yellow solid was obtained by suction filtration in 56% yield. '"H NMR (400 MHz, DMSO-Dy): &
11.29 (s, 2H), 8.91 (d, J = 6.0 Hz, 1H), 4.90 (d, ] = 6.3 Hz, 1H), 1.86 (s, 3H). ?C NMR (400
MHz, DMSO-Dg): 8 169.79, 167.47, 150.45, 54.31, 21.48. HRMS (EI) calculated for C¢H7N304

185.14; found 185.0456.

Synthesis of 5-amino barbituric acid (39).

@)
HNJ\NH
@) @)

NH,
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The procedure for removal of the acetyl group was adapted from Cavalieri et al'®’. N-acetyl 5-
amino barbituric acid (38) (143 mg, 1 mmol, 1 equi.) was added to a round bottom flask. 0.5 mL
of concentrated HCl was added to the flask and the mixture was stirred at 95°C for 15 minutes.
The reaction flask was cooled to room temperature and water was added dropwise until a light
yellow precipitate forms. The flask was left in the refrigerator for 18 hours/overnight. A pink
solid was obtained by suction filtration in 15% yield. "H NMR (400 MHz, D,0): § 3.35 (s, 1H).
C NMR (400 MHz, D,0): & 164.86, 12.70, 92.06. HRMS (EI) calculated for C4HsN305 143.10;

found 143.0359.

Synthesis of compound 40.

0] H 0]
Y o)
HN H
N
0] o

4-carboxy TEMPO (48 mg, 0.24 mmol, 1 equi.) was stirred in DMF with triethylamine (13.9 pL,
0.1 mmol, 0.41 equi.). EDC-HCI (46 mg, 0.24 mmol, 1 equi.) and HOBT (32.4 mg, 0.24 mmol, 1
equi.) were both added to the round bottom flask. The mixture was stirred at 0°C for 5 minutes.
Amino barbiturate (39) (28.6 mg, 0.2 mmol, 0.83 equi.) was added to the flask and the mixture
was stirred for an additional 18 hours at room temperature. The next day, the reaction mixture
was diluted with brine and the crude compound was extracted using ethyl acetate. The combined
organic phases were washed with brine and dried over sodium sulphate. The solvent was
evaporated in vacuo to give an orange residue that was purified by column chromatography
using 3:1 hexanes:acetone as the mobile phase. The product was isolated as an orange solid in

24% yield. HMRS (EI) calculated for C14H;N4Os 325.15; found 325.1512.
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Synthesis of compound 41.

(@) H 0]
Y 9]
HN H)J\G
N
© “Boc

Boc-protected piperidine (9) (45 mg, 0.20 mmol, 1 equi.) was stirred in a round bottom flask
with DMF, DIPEA (176 uL, 1 mmol, 5 equi.) and HATU (100 mg, 0.26 mmol, 1.3 equi.) at
room temperature. After 15 minutes, amino barbiturate (39) (35 mg, 0.24 mmol, 1.2 equi.) was
added to the flask and the mixture was stirred at room temperature for 18 hours. The next day,
the reaction mixture was diluted with brine and the crude compound was extracted using ethyl
acetate. The combined organic phases were washed with additional brine and dried over sodium
sulphate. The solvent was evaporated in vacuo to give a brown residue. The crude compound
was purified by column chromatography using 2:1 hexanes:acetone as the solvent system. The
product was isolated in 56% yield. "H NMR (400 MHz, DMSO-Ds): & 11.35 (s, 2H), 8.89 (d, J =
5.9 Hz, 1H), 4.86 (d, J = 6.4 Hz, 1H), 3.85 (d, ] = 15.2 Hz, 2H), 2.87 (broad s, 2H), 2.46-2.32 (m,
1H), 1.75 (dd, J = 13.4, 3.1 Hz, 2H), 1.47-1.32 (m, 11H). *C NMR (400 MHz, DMSO-Dy): &
175.23, 169.84, 167.43, 150.46, 78.63, 28.04, 27.34, 21.45. HMRS (ESI) calculated for

Ci5H2N4O6Na' 377.14; found 377.1437.

Synthesis of compound 42.

0] H 0]
Y 0
HN H
0] NH
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This compound was obtained following the procedure outlined for compound 11. The product
was isolated in quantitative yield and used without further purification. "H NMR (400 MHz,
DMSO-Dg): 6 11.34 (s, 2H), 8.92 (d, ] = 5.8 Hz, 1H), 4.92 (d, J = 6.5 Hz, 1H), 3.89 (d, J =15.1
Hz, 2H), 2.86 (broad s, 2H), 2.43-2.31 (m, 1H), 1.78 (dd, J = 14.4, 3.7 Hz, 2H), 1.45-1.39 (m,
2H). *C NMR (400 MHz, DMSO-Dy): § 169.82, 167.48, 150.62, 78.84, 27.97, 27.35. HMRS

(ESI) calculated for C10H14N4O4Na" 277.09; found 277.0912.

Synthesis of compound 43.

0] kll 0]
Y 9]
HN
”J\@
0] N.
OH

This compound was obtained following the procedure outlined for compound 22. "H NMR (400
MHz, DMSO-Dg): 8 11.52 (s, 2H), 8.92 (d, J = 5.2 Hz, 1H), 4.96 (d, ] = 6.7 Hz, 1H), 3.92 (d,J =
14.8 Hz, 2H), 2.91 (broad s, 2H), 2.39-2.28 (m, 1H), 1.74 (dd, J = 14.7, 4.1 Hz, 2H), 1.52-1.43
(m, 2H). °C NMR (400 MHz, DMSO-Dy): & 169.48, 167.82, 150.27, 78.19, 27.52, 27.14.

HMRS (ESI) calculated for C10H14N4OsNa" 293.09; found 293.0862.

Model Compounds.: Carbohydrates

Synthesis of 2-deoxy-2-[p-methoxybenzylidene(amino)]|-D-glucopyranose (44).

OH
HO : OH
/\Q/N/A@
OH o~
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Protection of the glucosamine was followed by the procedure outlined by Biswas et al'*®.

Glucosamine HCI (431 mg, 2 mmol, 1 equi.) was added to a round bottom flask. 2 mL of 1 M
NaOH solution was added along with p-anisaldehyde (291 uL, 2.08 mmol, 2.08 equi.) dropwise.
The mixture was stirred on ice at 0°C for 2 hours. A white solid formed and was obtained by
suction filtration. The solid was washed with cold water and diethyl ether. A white solid was
obtained in 85% yield and used without further purification. '"H NMR (400 MHz, DMSO-Dg): &
8.11 (s, 1H), 7.68 (d, ] = 8.8 Hz, 2H), 6.98 (d, J = 8.6 Hz, 2H), 6.52 (d, J = 6.5 Hz, 1H), 4.93 (d,
J=4.9 Hz, 1H), 4.81 (d,J=5.5 Hz, 1H), 4.68 (t,] = 6.8 Hz, 1H), 4.54 (t, J = 5.5 Hz, 1H), 3.80
(s, 3H), 3.75-3.68 (m, 1H), 3.52-3.38 (m, 2H), 3.26-3.09 (m, 2H), 2.82-2.75 (m, 1H). >C NMR
(400 MHz, DMSO-Dg): 6 161.22, 160.05, 129.64, 129.12, 113.91, 95.64, 78.21, 76.89, 74.61,

70.38, 61.29, 55.29. HRMS (EI) calculated for Ci14H9NOg 297.31; found 297.1237.

Synthesis of 1, 3, 4, 6-tetra-O-acetyl-2-deoxy-2-[p-methoxybenzylidene(amino)]-p-D-
glucopyranose (45).

OAc

Protection of the glucosamine was followed by the procedure outlined by Biswas et al'**.
Compound 40 (387.4 mg, 1.3 mmol, 1 equi.) was added to a round bottom flask with 2 mL of
pyridine. The flask was stirred under N, on ice at 0°C for 5 minutes. Acetic anhydride (552 uL,
5.3 mmol, 4.07 equi.) was added dropwise. The reaction mixture was stirred on ice for an
additional 2 hours, then at room temperature for 18 hours/overnight. Ice cold water was added to

the flask and a white solid precipitated. The white solid was obtained by suction filtration in 72%
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yield and used without further purification. '"H NMR (400 MHz, DMSO-Dy): & 8.28 (s, 1H), 7.65
(d, J=8.7 Hz, 2H), 6.99 (d, ] = 8.2 Hz, 2H), 6.06 (d, J = 8.4 Hz, 2H), 5.44 (t, ] = 10.3 Hz, 1H),
4.96 (t,J =9.6 Hz, 1H), 4.30-4.18 (m, 2H), 4.03-3.97 (m, 1H), 3.79 (s, 3H), 3.44 (dd, ] = 9.6, 8.5
Hz, 1H), 2.01 (s, 3H), 1.98 (s, 3H), 1.98 (s, 3H), 1.81 (s, 3H). >C NMR (400 MHz, DMSO-Dy):
0 170.064 169.45, 168.99, 168.61, 164.45, 161.82, 129.92, 128.26, 114.21, 92.52, 72.33, 72.22,
71.52, 67.80, 61.65, 55.37, 20.55, 20.46, 20.45, 20.22. HRMS (ESI) calculated for C2,H27NO1¢

465.46Na" 488.1535; found 488.1533.

Synthesis of 1, 3, 4, 6-tetra-O-acetyl--D-glucosamine hydrochloride (46).

QAC
AcO - OAc

ﬁo/\‘jj’\”_me

OAc
Protection of the glucosamine was followed by the procedure outlined by Biswas et al'®. The
acetyled glucosime (41) (178 mg, 0.37 mmol, 1 equi.) was added to a round bottom flask with
1.25 mL of acetone and 0.8 mL of 5 M HCI. The mixture was stirred at room temperature for 30
minutes. Afterwards 10 mL of diethyl ether was added and the flask was stirred for an additional
hour at room temperature. A white solid precipitated and was obtained by suction filtration. The
product was obtained as a white solid in 64% without further purification. '"H NMR (400 MHz,
DMSO-Dg): 6 8.61 (s, 3H), 5.89 (d, J =10.2 Hz, 1H), 5.34 (t, J = 8.7 Hz, 1H), 4.93 (t, ] = 8.8 Hz,
1H), 4.19 (dd, J = 12.6, 4.4 Hz, 1H), 4.10-3.96 (m, 2H), 3.57 (t, J = 10.2 Hz, 1H), 2.17 (s, 3H),

2.03 (s, 3H), 2.00 (s, 3H), 2.00-1.98 (m, 6H). '*C NMR (400 MHz, DMSO-D): & 169.94,
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169.79, 169.29, 168.63, 90.19, 71.59, 71.59, 70.40, 67.77, 61.24, 52.13, 20.89, 20.81, 20.47.

HRMS (ESI) calculated for C14H21NOyNa" 370.1129; found 370.1114.

Synthesis of 1, 3, 4, 6-tetra-O-acetyl-p-D-glucosamine (47).

QAC
AcO - OAc

/\O/jj',"NHz

OAc
Protection of the glucosamine was followed by the procedure outlined by Biswas et al'**.
Peracetylated glucosamine hydrochloride (42) (90 mg, 0.23 mmol, 1 equi.) was added to a round
bottom flask with 1.5 mL of DCM and 1.5 mL of a 1 M solution of sodium carbonate. The
mixture was stirred at room temperature for 30 minutes. Afterwards, the mixture was diluted
with brine and product was extracted using DCM. The combined organic phases were washed
with brine and dried over sodium sulphate. The solvent was evaporated in vacuo to give a white
solid in 92% yield. The product was used without further purification. '"H NMR (400 MHz,
DMSO-Dg): 6 5.54 (d, J=8.1 Hz, 1H), 5.04 (t, J = 10.1 Hz, 1H), 4.80 (t, J = 9.8 Hz, 1H), 4.15
(dd, J=12.8,5.0 Hz, 1H), 3.98-3.91 (m, 2H), 2.74 (dd, J = 18.7, 10.2 Hz, 1H), 2.10 (s, 3H),
1.99-1.96 (m, 9H), 1.65 (broad s, 2H). *C NMR 170.00, 169.91, 169.35, 169.14, 94.71, 74.57,

71.32, 68.32, 61.69, 55.09, 20.71, 20.64, 20.49, 20.41. HRMS (ESI) calculated for

C14H2NOgNa" 370.1129; found 370.1114.

Synthesis of compound 48.
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This compound was obtained by coupling compound 43 to 4-carboxy TEMPO, following the
procedure outlined for compound 6. The crude compound was purified by column
chromatography using 2:1 hexanes:acetone as the mobile phase. The product was isolated as a
light yellow residue that crystalizes in 80% yield. HRMS (ESI) calculated for C4H37N,0 1 Na”

552.2291; found 552.2295.

Synthesis of compound 49.

OH

N ©
H

N H
lo/ O

The peracetylated glucosamine (44) (106 mg, 0.2 mmol, 1 equi.) was stirred in dry methanol at
0°C under N,. 25% NaOMe (2 mL) was added to the reaction flask and the mixture was stirred at
room temperature for 24 hours. To work up the reaction, Amberlyst resin was added to neutralize
the reaction and the filtered through a Pasteur pipette with cotton at the bottom. The solvent was
evaporated in vacuo to give a brown residue. HRMS (ESI) calculated for C6H20N,O-,Na"

384.19; found 384.1872.
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Synthesis of 1, 3, 4, 6-tetra-O-benzoyl-2-deoxy-2-[p-methoxybenzylidene(amino)]-p-D-
glucopyranose (50).

OBz

Compound 44 (350 mg, 1.17 mmol, 1 equi.) was stirred in DCM. Triethylamine (1.79 mL, 12.87
mmol, 11 equi.) and benzoyl chloride (1.22 mL, 10.53 mmol, 9 equi.) were added to the round
bottom flask. The mixture was stirred at room temperature. After 18 hours, the mixture was
diluted with saturated sodium bicarbonate solution. The crude compound was extracted using
DCM and the combined organic phases were washed with saturated sodium bicarbonate solution.
The organic phases were dried over sodium sulphate and the solvent was evaporated in vacuo to
give a golden residue. The product obtained without further purification in 84% yield. "H NMR
(400 MHz, DMSO-Dg): 6 8.05 (s, 1H), 8.17-8.12 (m, 10H), 7.97-7.92 (m, 5H), 7.89-7.75 (m,
10H), 7.69-7.59 (m, 14H), 7.57-7.35 (m, 13H), 6.85 (d, J = 9.6 Hz, 2H), 6.52 (d, ] = 8.1 Hz, 1H),
6.09 (t, J = 8.8 Hz, 1H), 5.65 (t, ] = 10.3 Hz, 1H), 4.82 (td, J = 10.0, 3.1 Hz, 1H), 4.59-4.48 (m,
2H), 4.06 (dd, J = 9.6, 8.2 Hz, 1H), 3.86 (s, 1H), 3.69 (s, 3H). °C NMR (400 MHz, DMSO-Dj):
6 191.32, 167.39, 162.40, 135.17, 132.87, 131.82, 130.75, 129.36, 129.28, 128.57, 128.03,
114.53, 114.18, 93.36, 73.30, 71.97, 69.10, 62.45, 55.70, 55.28. HRMS (ESI) calculated for

C45HasN2012Na" 829.2964; found 829.2948.

Synthesis of 1, 3, 4, 6-tetra-benzoyl-p-D-glucosamine hydrochloride (51).
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OBz

BzO OBz
., HCI
© ‘NH,

OBz
The compound was obtained following the procedure outlined for compound 46. The product
was obtained as a fine white solid in 67% yield. "H NMR (400 MHz, DMSO-Dg): & 8.98-8.79
(broad s, 3H), 8.20-8.12 (m, 10H), 7.97-7.87 (m, 5H), 7.85-7.78 (m, 6H), 7.68-7.59 (m, 13H),
7.53-7.42 (m, 7H), 6.43 (d, J = 8.5 Hz, 1H), 5.99 (t, ] = 9.8 Hz, 1H), 5.61 (t,J =9.6 Hz, 1H),
4.60 (dt, J =10, 3.5 Hz, 1H), 4.48 (d, I = 3.7 Hz, 2H), 4.18 (t, ] = 9.5 Hz, 1H). *C NMR (400
MHz, DMSO-Dg): 6 171.21, 170.45, 167.32, 165.33, 165.22, 164.75, 163.81, 162.27, 135.19,

130.42, 130.19, 129.55, 129.38, 129.27, 128.73, 128.58.

Synthesis of 1, 3, 4, 6-tetra-benzozyl-p-D-glucosamine (52).

OBz
B0 OBz

° “NH,

OBz
The compound was obtained following the procedure outlined for 47. The product was obtained
as a white solid in 78% yield. "H NMR (400 MHz, DMSO-Dy): & 8.80 (d, ] = 9.4 Hz, 1H), 8.00-
7.33 (m, 36H), 6.28 (d, ] =9.8, 1H), 5.92 (t,J = 10.0 Hz, 1H), 5.69 (t, ] =9.7 Hz, 1H), 4.82 (q,J
=9.5 Hz, 1H), 4.60-4.51 (m, 3H). >C NMR (400 MHz, DMSO-Dy): & 167.36, 167.07, 165.37,
165.35, 164.73, 164.24, 134.29, 134.04, 133.82, 133.70, 133.52, 132.82,131.53, 130.89, 129.49,
129.29, 129.27, 129.13, 129.03, 128.79, 128.70, 128.64, 128.56, 128.43, 128.22, 126.88, 93.11,
73.20, 71.99, 69.19, 62.41, 52.81. HRMS (ESI) calculated for C34H,0NOgNa" 618.1740; found

618.1719.
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Synthesis of compound 53.

OBz
82O~ OBz
s OBz

The compound was obtained by coupling compound 52 and 9 following the procedure outlined
for compound 6. The crude compound was purified by silica column chromatography using 2:1
hexanes:acetone. The product was obtained in 67% yield. "H NMR (400 MHz, DMSO-Dg): &
12.29 (broad s, 1H), 8.80 (d, J =9.7 Hz, 2H) 7.99-7.92 (m, 9H), 7.88-7.84 (m, 4H), 7.80-7.76
(m, 5H), 7.70-7.38 (m, 38H), 6.28 (d, J = 8.6 Hz, 2H), 5.91 (t, J = 10.1 Hz), 5.68 (t, ] = 9.0 Hz,
3H), 4.18 (q, J = 9.3 Hz, 2H), 4.60-4.48 (m, 6H), 3.88-3.77 (m, 2H), 2.91-2.72 (m, 2H), 2.44-
2.35 (m, 1H), 1.78 (dd, T = 13.0, 3.0 Hz, 2H), 1.44-1.28 (m, 12H). >C NMR (DMSO-D): &
175.68, 167.05, 165.36, 164.71, 164.23, 153.87, 134.03, 133.82, 133.70, 133.51, 131.54, 129.49,
129.29, 129.25, 129.04, 128.79, 128.44, 12822, 126.88, 93.09, 78.62, 73.22, 71.99, 69.20, 52.20,

28.07. HRMS (ESI) calculated for C4sHysN2O12Na" 829.2964; found 829.2948.

Synthesis of compound 54.

OBz
820 OBz
HN OBz

The compound was obtained following the procedure outlined for compound 11. The product

was isolated as dark yellow crystals in quantitative yield and used without further purification.
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'"H NMR (400 MHz, DMSO-Dy): & 8.71 (broad s, 1H), 8.37 (d, J = 8.6 Hz, 1H), 8.17-7.40 (m, 25
H), 6.36 (d, ] =9.2 Hz, 1HO, 6.18 (d, J = 8.2 Hz, 1H), 5.94 (q, J = 9.2 Hz, 1H), 5.78 (t, ] = 10.3
Hz, 1H), 5.66-5.60 (m, 1H), 4.55-4.47 (m, 2H), 3.28 (m, 2H), 2.61-2.52 (m, 1H), 2.00-1.91 (m,
2H), 1.74-1.60 (m, 2H). *C NMR (400 MHz, DMSO-Dy): & 174.80, 167.36, 132.95, 129.58,
129.42, 129.29, 129.24, 129.06, 129.02, 128.90, 128.80, 128.71, 128.59, 128.46, 128.29, 128.18,
128.14, 127.47, 126.89, 42.48, 37.65, 24.66. HRMS (ESI) calculated for C4HsN2O;oNa”

729.24; found 729.2424.

Synthesis of compound 55.

QBZ
BZO ' OBz
oead
HO N OBz

This compound was obtained following the procedure outlined for compound 12.

'H NMR (400 MHz, DMSO-Dy): & 8.71 (broad s, 1H), 8.37 (d, ] = 8.6 Hz, 1H), 8.17-7.40 (m, 25
H), 6.36 (d, ] =9.2 Hz, 1HO, 6.18 (d, ] = 8.2 Hz, 1H), 5.94 (q, ] = 9.2 Hz, 1H), 5.78 (t, ] = 10.3
Hz, 1H), 5.66-5.60 (m, 1H), 4.55-4.47 (m, 2H), 3.28 (m, 2H), 2.61-2.52 (m, 1H), 2.00-1.91 (m,
2H), 1.74-1.60 (m, 2H). *C NMR (400 MHz, DMSO-Dg): & 174.84, 167.33, 165.49, 165.33,
158.32, 134.49, 134.35, 134.27, 134.09, 133.85, 133.60, 130.80, 129.57, 129.43, 129.30, 129.08,
129.02, 128.93, 128.80, 128.75, 128,60, 128.16, 127.45, 126.87, 91.22, 73. 17, 70.49, 69.64,
63.65,42.46, 37.67, 24.67. HRMS (ESI) calculated for C40H3sN,O;1Na" 745.24; found

745.2373.

Synthesis of compound 56.
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This compound was obtained following the procedure outlined for compound 49. The product
was obtained was a brown residue in 49% yield. "H NMR (400 MHz, DMSO-Dg): & 8.13 (s, 1H),
6.32 (d,J=6.1 Hz, 1H), 4.83 (d, J = 5.2 Hz, 1H), 4.92 (d, ] = 5.9 Hz, 1H), 4.73 (t, ] = 6.8 Hz,
1H), 4.47 (t,J = 5.2 Hz, 1H), 3.89 (d, J = 15.1 Hz, 2H), 3.81-3.72 (m, 2H), 2.81 (broad s, 2H),
2.41-2.29 (m, 1H), 1.69 (dd, J = 14.8, 2.9 Hz, 2H)."?C NMR (400 MHz, DMSO-Dy): 5 153.80,
129.56, 129.21, 114.19, 85.62, 78.61, 74.23, 70.39, 28.42, 27.96. HMRS (ESI) calculated for

C12H2N,07Na" 329.13; found 329.1324.

Model Compounds. Anthranilates

Synthesis of compound 57.

5-amino-2-methanesulfonamido benzoic acid (230 mg, 1 mmol, 1 equi.) was added to a round
bottom flask with 5 mL of MeOH and H,SO4 (2.5 uL, 0.05 mmol, 0.05 equi.). The mixture was
stirred at 65°C for 2 days using an air condenser. After 2 days, the solvent was concentrated in
vacuo to give a dark red residue. The residue was dissolved in a saturated solution of sodium
bicarbonate and the crude product was extracted using ethyl acetate. The combined organic

layers were dried over sodium sulphate and the solvents were concentrated in vacuo. The product
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was obtained as a light brown solid in 83% yield. '"H NMR (400 MHz, DMSO-Ds): & 9.16 (s,
1H), 7.19 (d, J = 8.6 Hz, 1H), 7.12 (d, ] = 2.5 Hz, 1H), 6.80 (dd, J = 8.6, 2.7 Hz, 1H), 5.35 (s,
2H), 3.82 (s, 3H), 2.91 (s, 3H). >C NMR (400 MHz, DMSO-Dg): & 167.60, 146.24, 126.55,

124.93, 122.01, 119.12, 114.76, 52.32. HRMS (EI) calculated for CoH2N,O4S 244.27; found

224.0419.

Synthesis of compound 58.

'O\N (o)

This compound was obtained by coupling compounds 57 and 4-carboxy TEMPO, following the
procedure outlined for compound 6. The compound was purified by column chromatography
using 1:1 hexanes:acetone. An orange residue was isolated in 71% yield. HRMS (ESI)

calculated for C;9H2sN304SNa" 449.1596; found 449.1596.

Synthesis of compound 59.

'O\N o
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This compound was obtained following the procedure outlined for compound 7. The product was
obtained as a dark orange solid in 65% yield. HRMS (ESI) calculated for C1sH26N306SNa”

435.1440; found 435.1522.

Synthesis of compound 60.

Compound 60 was obtained following the procedure outlined for compound 6. The crude
compound was purified by column chromatography using 2:1 hexanes:acetone as the mobile
phase. A dark brown residue was isolated in 74% yield. '"H NMR (DMSO-Dy): & 10.13 (s, 1H),
8.32(d,J=2.6 Hz, 1H), 7.77 (dd, J = 8.5, 2.4 Hz, 1H), 7.50 (d, J = 9.0 Hz, 1H), 4.04 -3.93 (m,
2H), 3.88 (s, 3H), 3.86-3.79 (m, 1H), 3.09 (s, 3H), 2.69 (s, 4H), 2.08 (s, 3H), 1.81-1.72 (m, 3H),
1.54-1.44 (m, 2H), 1.41 (s, 9H). >C NMR (400 MHz, DMSO-Dy): 175.76, 167.18, 145.98,
126.73, 124.93, 122.04, 119.21, 114.65, 78.32, 50.27, 28.05, 27.48. HRMSI (ESI) calculated for

C0H29N30,SNa” 478.1630; found 478.1624.

Synthesis of compound 61.
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Compound 61 was obtained following the procedure outlined for compound 11. The product was

isolated as dark brown residue in quantitative yield and used without further purification.

Synthesis of compound 62.

Compound 62 was obtained following the procedure outlined for compound 12. The product was
isolated as a brown residue in 45% yield. '"H NMR (400 MHz, DMSO-D): & 10.18 (s, 1H), 9.36
(broad s, 1H), 8.35 (d, J =2.7 Hz, 1H), 7.79 (dd, ] = 8.4, 2.7 Hz, 1H), 7.48 (d, ] = 8.2 Hz, 1H),
4.03-3.95 (m, 2H), 3.89 (s, 3H), 3.84-3.78 (m, 1H), 3.04 (s, 3H), 2.69-2.56 (m, 2H). °C NMR
(400 MHz, DMSO-Dg): 6 167.27, 161.34, 145.93, 126.82, 125.04, 122.65, 119.93, 114.72, 78.35,
76.24, 50.22, 29.06, 28.14. HMRS (ESI) calculated for C;5sH;N3;0sSNa" 394.10; found

394.1049.

Synthesis of compound 63.

Compound 63 was obtained following the procedure outlined for compound 7. The product was
isolated as a dark brown solid in 64% yield. '"H NMR (400 MHz, DMSO-Dy): & 10.26 (s, 1H),

9.31 (broad s, 1H), 8.34 (d, J = 2.5 Hz, 1H), 7.79 (dd, ] = 8.7, 2.6 Hz, 1H), 7.48 (d, J = 8.5 Hz,
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1H), 4.02-3.92 (m, 2H), 3.80-3.69 (m, 1H), 3.03 (s, 3H), 2.68-2.59 (m, 2H). °C NMR (400
MHz, DMSO-D): & 167.27, 161.34, 145.93, 126.82, 125.04, 122.65, 119.93, 114.72, 78.35,

76.29, 29.06, 28.14. HMRS (ESI) calculated for C14H;9N304SNa” 380.09; found 380.0893.

Synthesis of Compound for Linker Studies

Synthesis of compound 64.

O O O

HowNﬁO/
H
OH

S-aminomethyl salicylate methyl ester (4) (181 mg, 1 mm, 1 equi.) was stirred in a solution of 1
mL of DMF with glutaric anhydride (114 mg, 1 mmol, 1 equi.) for 18 hours at room temperature.
The reaction mixture was diluted with brine and dilute HCl added to make the solution acidic.
The compound was extracted using ethyl acetate. The combined organic phases were washed
with brine and dilute HCI and dried over sodium sulphate. The solvent was evaporated in vacuo.
The product was isolated as a light coloured residue without further purification in 60% yield. 'H
NMR (400 MHz, DMSO-Dg): 6 12.04 (broad s, 2H), 10.42 (s, 1H), 8.33 (t, J = 6.4 Hz, 1H), 7.95
(s, 1H), 7.65 (d, J =2.2 Hz, 1H), 7.40 (dd, J = 8.5, 2.4 Hz, 1H), 6.94 (d, J = 8.4 Hz, 1H), 4.18 (d,
J=6.0 Hz, 2H), 3.89 (s, 3H), 2.76-2.67 (m, 2H), 2.29-2.13 (m, 2H), 1.77-1.69 (m, 2H). "*C
NMR (400 MHz, DMSO-Dg): 6 173.25, 169.82, 168.43, 156.68, 135.41, 132.58, 121.54, 116.21,
112.84, 52.84, 44.16, 33.05, 32.85, 20.94. HMRS (ESI) calculated for C14H;7NOgNa " 318.0954;

found 318.0935.

Synthesis of compound 65.
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Compound 65 was synthesized following the procedure for compound 6. The product was
isolated as an yellow-orange residue by column chromatography using 95:5 DCM:MeOH in 67%
yield. "H NMR (400 MHz, DMSO-Dy): & 10.40 (s, 1H), 8.30 (t, ] = 6.3 Hz, 1H), 7.73 (d, ] = 8.0
Hz, 1H), 7.65 (d, J =2.2 Hz, 1H), 7.39 (dd, J = 8.4, 2.2 Hz, 1H), 6.93 (d, J = 8.4 Hz, 1H), 4.19
(d, J=5.9 Hz, 2H), 3.89 (s, 3H), 2.89-2.76 (broad s, 2H), 2.69 (s, 2H), 2.16-2.03 (m, 2H), 1.83-
1.63 (m, 2H), 1.40 (s, 9H), 1.26-1.16 (m, 2H). *C NMR (400 MHz, DMSO-Dy): & 175.96,
174.12, 169.82, 169.72, 156.93, 136.48, 131.59, 122.85, 116.73, 112.93, 79.28, 53.44, 42.83,
35.26,34.12,27.94,25.24, 21.17. HMRS (ESI) calculated for C»4H35sN307Na” 500.2366; found

500.2373.

Synthesis of compound 66.

HI\O\ o) o) 0
NJJ\/\/[LN o
H H

OH
The Boc-deprotection of compound 65 was done following the procedure outlined for compound
11. The product was isolated in quantitative yield without further purification. HMRS (ESI)

calculated for C19H,7N30sNa" 400.1828; found 400.1848.

Synthesis of compound 67.

111



The product was prepared following the procedure outlined for compound 12. "H NMR (400
MHz, DMSO-Dg): 8 7.72 (d, J = 2.5 Hz, 1H), 7.43 (dd, J = 8.4, 2.6 Hz, 1H), 6.91 (d, ] = 8.2 Hz,
1H), 4.15 (d,J =5.9 Hz, 1H), 3.91 (s, 3H), 2.79-2.65 (m, 4H), 2.42-2.38 (m, 1H), 2.19-2.08 (m,
2H), 1.93 (m, 2H), 1.49 (m, 2H). *C NMR (400 MHz, DMSO-Dy): & 173.74, 170.49, 169.93,
162.53, 146.84, 129.30, 126.94, 121.03, 118.49, 79.64, 52.39, 44.92, 34.95, 32.10, 28.31, 27.59,

21.47. HMRS (ESI) calculated for C19H»;N304Na’ 416.18; found 416.1794.

Synthesis of compound 68.

HO\I\CL 0 o) o)
NWNﬁOH
H H

OH
The product was prepared following the procedure outlined for compound 7. "H NMR (400
MHz, DMSO-Dg): 8 7.72 (d, J = 2.5 Hz, 1H), 7.43 (dd, J = 8.4, 2.6 Hz, 1H), 6.91 (d, ] = 8.2 Hz,
1H), 4.15 (d, J = 5.9 Hz, 1H), 2.79-2.65 (m, 4H), 2.42-2.38 (m, 1H), 2.19-2.08 (m, 2H), 1.93 (m,
2H), 1.49 (m, 2H)."?C NMR (400 MHz, DMSO-Dy): § 173.74, 170.49, 169.93, 162.53, 146.84,
129.30, 126.94, 121.03, 118.49, 79.64, 44.92, 34.95, 32.10, 28.31, 27.59, 21.47.HMRS (ESI)

calculated for C;6H2sN>OgNa' 402.16; found 402.1646.

Synthesis of Probe Targeted for FAP
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Synthesis of compound 69.

FMOC-Pro-OH (337 mg, 1 mmol, 1 equi.) was stirred a round bottom flask containing DIPEA
(175 pL, 2 mmol, 2 equi.) and 1.5 mL DMF. HBTU (379 mg, 1 mmol, 1 equi.) and HOBT (40.4
mg, 0.3 mmol, 0.3 equi.) were added and the flask was stirred at 0°C on ice for 5 minutes. 4-
amino-1-Boc-piperidine (200 mg, 1 mmol, 1 equi.) was then added to the flask and the reaction
was stirred at room temperature overnight. After 18 hours, the mixture was diluted with brine,
and the crude compound was extracted using ethyl acetate. The combined organic layers were
dried over sodium sulphate and filtered. The remaining liquid was evaporated in vacuo to get a
light yellow residue that was purified by column chromatography using 2:1 hexanes: acetone. A
sticky, light yellow product was isolated in 89% yield. '"H NMR (400 MHz, DMSO-D): & 8.00-
7.26 (m, 8H), 4.30-4.20 (m, 2H), 4.17-4.03 (m, 1H), 3.87-8.71 (m, 2H), 3.51-3.40 (m, 2H), 2.90-
2.72 (broad s, 2H), 1.92-1.71 (m, 2H), 1.69-1.58 (m, 2H), 1.37 (s, 9H). °C NMR (400 MHz,
DMSO-Dg): 8 171.39, 171.16, 164.70, 154.11, 154.05, 153.95, 143.95, 143.73, 140.87, 140.69,
127.76, 127.42, 127.22, 125.32, 120.25, 109.68, 78.72, 67.01, 66.53, 59.92, 59.63, 477.29, 46.79,
46.74, 46.56, 45.86, 45.73, 38.31, 31.62, 30.79, 30.28, 28.13, 28.11, 24.00, 23.03. HMRS (ESI)

calculated for C30H37N30sNa’ 542.2601; found 542.2596.

113



Synthesis of compound 70.

T
H

.Boc

Compound 69 (407 mg, 0.75 mmol, 1 equi.) was stirred in a 2.0 M solution of methylamine in

THF for 1 hour at room temperature. The solvent was evaporated in vacuo after TLC indicated

that the start material was no longer present in the reaction mixture. The crude product was

purified by column chromatography in 90:9:1 DCM: MeOH: NH,OH. A yellow oil was isolated

in 90% yield. "H NMR (400 MHz, DMSO-Dy): 5 7.82 (d, J = 8.3 Hz, 1H), 3.83 (d, J = 12.1 Hz,

2H), 3.74-3.63 (m, 1H), 3.47-3.42 (m, 2H), 2.83-2.74 (m, 4H), 1.96-1.85 (m, 1H), 1.69-1.61 (m,

2H), 1.61-1.51 (m, 2H), 1.39 (s, 9H), 1.34-1.21 (m, 2H). '°C NMR (400 MHz, DMSO-Dy): 5
173.65, 153.91, 78.67, 60.24, 46.75, 45.43, 30.59, 28.11, 25.80. HMRS (ESI) calculated for

Ci5H7N305Na” 320.1950; found 320.1965.

Synthesis of compound 71.

Compound 71 was prepared following the procedure outlined for compound 69, by coupling
FMOC-protected glycine to compound 70. The crude compound was purified by column
chromatography using 95:5 DCM:MeOH to run the column. Compound 71 was isolated as a

yellow oil in 74% yield. "H NMR (400 MHz, DMSO-Dy): 5 7.89 (d, J = 7.5 Hz, 2H), 7.75-7.6

7

(m, 2H), 7.44-7.29 (m, 4H), 4.33-4.19 (m, 3H), 3.89-3.68 (m, 2H), 3.57-3.41 (m, 2H), 2.05-1.57

(m, 4H), 1.38 (s, 9H), 1.31-1.61 (m, 2H). '*C NMR (400 MHz, DMSO-Dy): & 170.84, 167.31,
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162.36, 156.54, 153.91, 143.88, 140.76, 127.66, 127.13, 125.30, 120.15, 78.68, 78.63, 65.74,
59.77, 58.91, 46.66, 45.62, 38.27, 35.82, 30.82, 29.38, 28.09, 24.32, 22.14. HRMS (ESI)

calculated for C3,N4N4O¢Na" 599.2846; found 599.2845.

Synthesis of compound 72.
O .Boc
HN Ty O O
N
N

¢
Compound 72 was prepared following the procedure for compound 70. The crude compound
was purified by column chromatography using the same solvent system as well (90:9:1 DCM:
MeOH: NH,OH). The product was isolated as a yellow solid in 70% yield. '"H NMR (400 MHz,
DMSO-Dg): 6 8.03-7.71 (m, 2H), 4.33-4.17 (m, 1H), 3.87-3.77 (m, 3H), 2.88 (s, 2H), 2.72 (s,
2H), 2.04-1.94 (m, 1H), 1.93-1.81 (m, 2H), 1.80-1.72 (m, 1H), 1.71-1.57 (m, 2H), 1.39 (s, 9H),
1.32-1.19 (m, 2H). *C NMR (400 MHz, DMSO-D): & 170.83, 167.30, 78.60, 65.75, 54.97,

46.73,45.63,42.74, 35.76, 30.76, 29.41, 28.11, 24.30, 22.09. HMRS (ESI) calculated for

C17H30N404Na" 388.2165; found 377.2169.

Synthesis of compound 73.

\\1/

@)

J\/\)L

Compound 73 was prepared following the procedure outlined for compound 64. "H NMR (400

MHz, DMSO-D): & 11.31 (s, 2H), 8.82 (broad s, 1H), 2.42-2.32 (m, 4H), 1.89-1.78 (m, 2H). *C
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NMR (400 MHz, DMSO-Dg): 6 174.14, 168.34, 32.75, 29.32, 19.97, 15.64. HRMS (EI)

calculated for CoH;1N306 257.0¢; found 257.0648.

Synthesis of compound 74.

Y WN O’BOG

O H N N
H

Compound 74 was prepared by coupling compounds 72 and 73, using the procedure outlined for
compound 6. The crude compound was purified by column chromatography using 9:1 EtOAc:
MeOH and the product was isolated as a light yellow solid in 46% yield. "H NMR (400 MHz,
DMSO-Dg): 6 10.93 (s, 2H), 8.93 (broad s, 1H), 3.94-3.84 (m, 3H), 2.80 (s, 2H), 2.74 (s, 2H),
2.39-2.31 (m, 6H), 2.01-1.87 (m, 1H), 1.87-1.72 (m, 2H), 1.53 (s, 9H). >°C NMR (400 MHz,
DMSO-Dg): 6 173.89, 170.42, 169.50, 167.39, 166.74, 162.95, 78.92, 75.97, 54.75, 53.46, 46.76,

45.87,42.04, 35.24, 30.72, 29.43, 28.22, 24.56, 22.55. HRMS (EI) calculated for

C6H39N;09Na" 616.2707; found 616.2698.

Synthesis of compound 75.
WH/\( OH
N
H

o) N

Compound 75 was prepared following the deprotection procedure outlined for compound 11.

The product was isolated without further purification or characterization.
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Synthesis of compound 76.

Y WN O,OH
o) H N N

H
Compound 76 was prepared following the oxidation procedure outlined for compound 12. The
product was isolated in 42% yield as a light pink solid. "H NMR (400 MHz, DMSO-Dg): & 11.29
(s, 2H), 9.10 (broad s, 1H), 4.01-3.96 (m, 3H), 3.89-3.82 (m, 2H), 2.84 (s, 2H), 2.76 (s, 2H),
2.41-2.37 (m, 7H), 2.12-1.99 (m, 1H), 1.89-1.81 (m, 2H) 1.49-1.42 (m, 2H). *C NMR (400
MHz, DMSO-Dg): & 173.45, 171.92, 170.84, 169.73, 169.41, 168.30, 79.42, 78.49, 72.63, 71.48,
56.24, 53.76, 46.88, 36.51, 35.93, 28.05, 27.96, 25.98. HRMS (EI) calculated for

C,1H31N;0gNa" 532.3132; found 532.3128.

Synthesis of compound 77.

Y%gi s

Compound 77 was prepared by coupling FMOC-protecting glycine to t-buyl protected proline
using the procedure outlined for compound 69. The crude compound was purified by column
chromatography using a solvent system of 2:1 hexanes: acetone. Compound 77 was isolated in
58% yield as a light yellow residue. '"H NMR (400 MHz, DMSO-Dy): & 7.86 (d, ] = 7.5 Hz, 2H),
7.69 (d, J = 6.8 Hz, 2H), 7.40 (t, J = 7.2 Hz, 2H), 7.31 (t, ] = 7.5 Hz, 2H), 4.30-4.11 (m, 4H),
3.50-3.34 (m, 5), 2.07 (s, 2H), 1.35 (s, 9H), 1.12 (s, 1H). >C NMR (400 MHz, DMSO-Dy): &

170.79, 169.75, 163.92, 156.87, 145.27, 140.31, 127.10, 125.62, 120.86, 78.39, 68.71, 59.30,
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54.08,46.41, 45.23,43.12, 35.92, 30.04, 29.52, 28.33 HMRS (ESI) calculated for

Ca6H30N205Na” 472.2052; found 473.2069.

Synthesis of compound 78.

O HO O>L
HN L
Compound 78 was prepared following the FMOC deprotection procedure outlined for compound
70. The crude compound was purified by column chromatography with 90:9:1 DCM: MeOH:
NH4OH as the mobile phase. The product was isolated in 69% yield as a yellow residue. 'H
NMR (400 MHz, DMSO-Dg): 6 4.19 (dd, J =8.6, 1.9 Hz, 1H), 3.45-3.37 (m, 3H), 3.27 (d, ] =
7.8 Hz, 2H), 2.23-2.03 (m, 2H), 1.93-1.74 (m, 4H), 1.38 (s, 9H). °C NMR (400 MHz, DMSO-

Dg): 8 169.28, 163.85, 58.00, 45.91, 44.64, 27.90, 27.61, 22.06. HMRS (EI) calculated for

C11H20N203 228.15; found 228.1476.

Synthesis of compound 79.
o y © O o)
N N 7L
L g G
O)\N o @) @)

Compound 79 was prepared following the procedure outlined for compound 6, by coupling
compounds 73 and 78. The crude compound was purified by column chromatography using 9:1
DCM:MeOH as the mobile phase. Compound 79 was isolated in 49% yield as a light yellow
residue. '"H NMR (400 MHz, DMSO-Dy): & 10.86 (s, 2H), 8.93 (broad s, 1H), 4.59 (m, 2H),

4.23-4.19 (m, 2H), 3.49-3.41 (m, 2H), 3.27 (m, 2H), 2.43-2.31 (m, 6H), 2.24-2.19 (m, 2H), 1.92-
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1.78 (m, 2H), 1.42 (s, 9H). '*C NMR (400 MHz, DMSO-Dy): & 170.41, 169.93, 169.25, 168.29,
162.30, 160.57, 58.23, 53.42, 45.29, 43.95. 35.61, 33.51, 27.08, 23.45, 23.14. HRMS (ESI)

calculated for CooH29NsOgNa" 490.1914; found 490.1910.

Synthesis of compound 80.

0

\[]/\/\[(\)J\H

0]

)\

OH

Compound 80 was prepared following the procedure outlined for compound 17. The product was
obtained without further purification. '"H NMR (400 MHz, DMSO-Dg): & 10.52 (s, 2H), 8.93
(broad s, 1H), 4.72 (m, 2H), 4.35-4.27 (m, 2H), 3.83-3.68 (m, 2H), 3.21 (m, 2H), 2.42-2.30 (m,
6H), 2.19-2.12 (m, 2H), 1.89-1.76 (m, 2H)."*C NMR (400 MHz, DMSO-Dg): & 170.48, 169.11,
168.37, 162.29, 160.58, 58.23, 52.59, 45.62, 43.06, 35.44, 33.09, 23.47. HRMS (ESI) calculated

for C1sHa NsOgNa' 434.1288; found 434.1291.

Piperidine Analogues for Control Compounds

Synthesis of 4-carboxy TEMPOH (81).

@)

OH

N
HO”

4-carboxy TEMPO was reduced to 4-carboxy TEMPOH (81) following the procedure outlined
for compound 8. The product was isolated as a white solid in 58% yield. "H NMR (400 MHz,

DMSO-D): & 2.42-2.36 (m, 1H) 1.80-1.73 (m, 2H), 1.54-1.42 (m, 2H), 1.14 (s, 6H), 1.07 (s,
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6H).">C NMR (400 MHz, DMSO-Dg): § 175.67, 78.42, 28.39, 27.65, 25.36, 25.29. HRMS (EI)

calculated for C1oH9NO3 201.1365; found 201.1368.

Synthesis of compound 82.

0]

Q)J\ﬁ/
N
Boc”

Compound 9 (183 mg, 0.8 mmol, 1 equi.) was stirred in a solution of DIPEA (707 uL, 1.06
mmol, 5.125 equi.) and 1 mL DMF. HATU (401.8 mg, 1.06 mmol, 1.325 equi.) was added to the
round bottom flask and the reaction was left on ice. After 5 minutes, methylamine HCI (71.6 mg,
1.06 mmol, 1.325 equi.) was added to the reaction mixture and stirring continued overnight at
room temperature. The mixture was diluted with 1 M NaOH and extracted using ethyl acetate.
The combined organic phases were washed with brine and dilute HCI, before being dried over
sodium sulphate. The solvent was evaporated in vacuo and the crude product was purified by
column chromatography using 2:1 hexanes: acetone as the mobile phase. Compound 82 was
isolated in 48% yield as a light yellow residue. "H NMR (400 MHz, DMSO-Dg): 6 3.91 (d, J =
15.2 Hz, 2H), 3.76 (s, 3H) 2.79 (broad s, 2H), 2.44-2.36 (m, 1H), 1.78 (dd, J = 13.4, 2.8 Hz, 2H),
1.49-1.37 (m, 11H). >C NMR (400 MHz, DMSO-Dg): § 175.26, 169.42, 83.59, 51.80, 29.14,

27.49, 25.63, 25.21. HRMS (EI) calculated for C,H2,N,03 242.16; found 242.1634.

Synthesis of compound 83.
Q)kN/
H
HO’N
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Compound 82 under went Boc deprotection following the procedure outlined for compound 11,
following by oxidation using the procedure outlined for compound 12. Compound 83 was
isolated as a light residue in 39% yield over 2 steps. "H NMR (400 MHz, DMSO-Dg): § 3.59 (d,
J=14.8 Hz, 3H), 3.39 (s, 2H), 2.88 (broad s, 2H), 2.39-2.28 (m, 2H), 1.79 (m, 2H), 1.47-1.38
(m, 2H). °C NMR (400 MHz, DMSO-Dy): & 175.26, 84.29, 53.48, 29.42, 27.83. HRMS (EI)

calculated for C;H4N,0O; 158.11; found 158.1055.
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Appendix A: Activatable Probes for Studying the Activity of Transglutaminase 2 (TG2)
and Factor XIII (FXIII)

Methods

HPLC Assay for TG2
125 uM of the probe was incubated in 100 mM MOPS buffer, 3 mM CacCl, and 0.05 uM EDTA

at pH 7.0. The reaction was initiated by the addition of 40 mU/mL TG2 enzyme. The substrate
was incubated at 37°C for 1 hour before an aliquot was quenched with 100 uL cold acetonitrile
and analyzed by HPLC. HPLC was done using a Luna C-18 A column (particle size 5 um; 21.2 x
250 mm), on analytical mode at a flow rate of 1 mL/minute, with the following gradient profile:
99% water + 0.1% TFA: 1% acetonitrile + 0.1 % TFA to 100% acetonitrile + 0.1% TFA over 25

minutes. The absorbance was monitored using a PDA detector set to 310 nm.

Fluorescence assay for TG2 at varying pH
ALS (Keillor) was incubated in a buffer of 100 mM MOPS buffer, 3 mM CaCl, and 0.05 uM

EDTA with TG2 at 37°C. The absorbance at 405 nm was measured every minute over 60
seconds. The pH of the buffer was 4.5, 5.0, 5.5 or 7. Measured absorbances were blank

corrected.

Fluorescence assay for transamidation activity of FXIIl(a)

Assay buffer (100 mM Tris, 15 mM CaCl, and 300 mM NaCl) containing dansylcadaverine and
N,N-dimethyl casein was incubated with FXIII(a) and thrombin. Additional 3.7 mM Gly-OMe
HCl in 1.4 mM TCEP-HCI was added to the buffer. The solutions were adjusted to pH 7.5. The
assay was maintained at 37°C over 30 minutes as the fluorescence intensity was measured at 500

nm (excitation at 330 nm) every 1 minute.
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Fluorescence assay for hydrolysis activity of FXIII(a) in PBS
A101 was prepared as a solution in DMSO with a final concentration of 100 uM. PBS was used

as the buffer, supplemented with 15 mM CaCl,. Additional 3.7 mM Gly-OMe HCl in 1.4 mM
TCEP-HCI was added as the transamidation acceptor. The solutions were adjusted to pH 7.5 and
the assay was held at 37°C. 3 pU FXIII(a) was added to the sample and the fluorescence was

measured every 1 minute over 2 hours with excitation at 313 nm and emission at 418 nm.
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Results and Discussion

A diaCEST probe was initially designed to be activated by the transamidation activity of
transglutaminase 2 (TG2). TG2 is an enzyme best known for its cross-linking activity.'® It has a

190,191 and

role in may different physiological processes including cellular differentiation
extracellular matrix assembly'*?. Increased TG2 activity has been linked to fibrosis and

cancer. 193

The design of the first generation was loosely based off compound 68, which was used to
study the effects of linker length. The benzyl chloroformate (Cbz) was included to confer
specificity to TG2'**'** and the glutarate is a useful design feature that can allow us to easily
couple two different groups to each end of the molecule.'*® By starting with glutaric anhydride,
we can selectively couple to one acid of glutarate without the need for additional protecting
groups and protection/deprotection steps. The first generation TG2 activated probe (A6) was

synthesized over 5 steps.

In order to test if the probe was activated by TG2, we incubated the probe in an assay
buffer consisting of MOPS buffer, CaCl, and EDTA at 37°C and then took an aliquot for HPLC
analysis (Figure Al). A new peak appearing with a different retention time could indicate that
the probe is being processed by the enzyme to hydrolyze the N-hydroxy piperidine to relieve
signal suppression and restore the CEST signal. A new peak was observed with a different
retention time, but it does not appear to match the expected retention time of the hydrolysis

product.
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Figure A1. HPLC chromatograms of TG2 assay using first generation probe (A6). 125 uM
of the probe was incubated in a buffer of 100 mM MOS buffer, 3 mM CaCl, and 0.05 uM EDTA
at pH 7.0. The reaction was initiated by the addition of 40 mU/mL TG2 enzyme. The substrate
was incubated at 37°C for 1 hour before an aliquot was quenched with cold acetonitrile and
analyzed by HPLC.

A second generation TG2-activated probe (A16) was re-designed. This probe was based
off a known TG2 inhibitor developed by the Keillor group.'”® Salicylic acid was used in place of
the Cbz group, but the similar aromatic ring was expected to have similar specificity effects. The

N-hydroxy piperidine was placed on the side chain of glutamate, where it can be removed by the

transamidation or hydrolysis activity of TG2.

Similar HPLC assays were done as described above to see if the second generation was a
viable probe. After 1 hour incubation at 37°C, the sample was analyzed by HPLC and a new
peak appeared (Figure A2). Again, this peak did not match the elution time of the hydrolysis
product and could be processed by the enzyme differently, or could be degrading under the assay

conditions.
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Figure A2. HPLC chromatograms of TG2 assay using first generation probe (A16). 125 uM
of the probe was incubated in a buffer of 100 mM MOS buffer, 3 mM CaCl, and 0.05 uM EDTA
at pH 7.0. The reaction was initiated by the addition of 40 mU/mL TG2 enzyme. The substrate
was incubated at 37°C for 1 hour before an aliquot was quenched with cold acetonitrile and
analyzed by HPLC.

Literature suggests that the binding pocket for the aromatic ring is highly
hydrophobic.'**'* It could be possible that the carboxylic acid of salicylic acid is interfering
with the intermolecular interactions making it not suitable to fit in the active site. The pK, of this

.0" and under the assay conditions (pH 7), the carboxylic acid will be

carboxylic acid is 3
deprotonated to be carboxylate and carry a negative charge. We hypothesized that lowering the

pH of the assay could protonate a greater proportion of the molecule to lose the negative charge

so that it can fit in the binding pocket.

In order to test if the assay the assay at different pH, we incubated ALS (a known TG2
substrate from the Keillor group) with a transamidation acceptor para-nitrophenolate and
measured the absorbance over time (Figure A3). The assay was done at pH 4.5, 5.0, 5.5 and 7.0.

Only at pH 7.0 did we observe an increase in absorbance at 405 nm over time to indicate
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successful transamidation. While lower pH can protonate the carboxylate, the enzyme assay is

not effective. The synthesized probe is not suitable for TG2.
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Figure A3. Absorbance of para-nitrophenolate (405 nm) at pH 4.5, 5.0, 5.5 and 7.0. ALS was
incubated in a buffer of 100 mM MOPS buffer, 3.0 mM CaCl,, 0.05 uM EDTA with TG2 at
37°C and the absorbance at 405 nm was measured every 1 minute over 60 minutes. The pH of
the buffer was 4.5, 5.0, 5.5 or 7.0. Absorbances were corrected for blank.

The second generation probe (A16) was repurposed for factor XIII (FXIII). FXIII is
involved in several different physiological processes including blood clotting and cross-linking
of small molecules.'”'*® FXIII gets activated by thrombin to become FXIIIa.'”® The binding

pocket of FXIII more readily accepts a negative charge on the aromatic ring,”***"!

as present on
salicylic acid. However, an assay looking at the transamidation and hydrolysis activity of FXIII

was not established and this was necessary to test the probe.

In order to study the activity of FXIII, the known fluorogenic susbstrate, A101, was used
as a control. A101 in DMSO was incubated in a buffer of Tris, CaCl, and NaCl, with additional
Gly-OMe HCI in TCEP-HCI. The samples were kept at 37°C as the fluorescence intensity was
measured over 2 hours (Figure A4). FXIIla shows slow fluorescence increase both in the

presence and absence of thrombin. However, FXIII supplemented with thrombin shows the

136



greatest increase in fluorescence. No increase in fluorescence was observed with FXIII when

thrombin was omitted.
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Figure A4. Fluorescence intensity monitoring the cleavage of A101 using FXIII(a) with
thrombin. A101 was prepared as a solution in DMSO with a final concentration of 100 uM. The
buffer consisted of 100 mM Tris, 15 mM CaCl, and 300 mM NaCl. Additional 3.7 mM Gly-
OMe HCl in 1.4 mM TCEP-HCI was added as the transamidation acceptor. The solutions were
adjusted to pH 7.5 and the assay was kept at 37°C. 3 pU of the appropriate FXIII(a) was added to
the sample and the fluorescence was measured every 1 minute over 2 hours. Additional 3 pU
thrombin was also added to the appropriate samples.
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Figure AS. Fluorescence intensity increase of A101 with FXIII and thrombin in different
buffers. Fluorescence intensity was measured with excitation at 313 nm and emission at 418 nm.
3.7 mM Gly-OMe HCl in 1.4 mM TCEP-HCI at pH 7.5 was added to each well as the
transamidation acceptor. (Assay buffer: 100 mM Tris, 15 mM CaCl,, 300 mM NaCl at pH 7.5;
PBS: 1X PBS at pH 7.4 with 15 mM CaCl,).
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The next step in validating the FXIII assay was to compare the different possible buffers.
An assay buffer consisting of Tris, CaCl, and NaCl was compared to PBS supplemented with
CaCl,. The fluorescence intensity was measured using the hydrolysis activity conditions
described above, with excitation at 313 nm and emission at 418 nm (Figure AS5). While both
samples had in increase in fluorescence over 2 hours, there was a greater fluorescence increase in
the assay buffer sample. This indicated that the preferred buffer for future FXIII hydrolysis

activity assays was Tris, CaCl, and NaCl.

An HPLC assay was done using the second generation probe (A16) under the conditions
for hydrolysis activity with FXIII. After 2 hours of incubation at 37°C, there was no change in
the starting material chromatogram. This show that the probe is not a substrate for hydrolysis by

FXIIIL.

A third generation probe was initially designed off the structure of A101, a known
fluorogeneic substrate for FXIII. A101 is made up of a short peptide sequence with a quencher
off the glutamate residue. Hydrolysis activity of FXIII can remove the quencher to result in an
increase in fluorescence. Our design places the signal suppressor, N-hydroxy piperidine, in the
same position and replaces the fluorogenic portion of the molecule with salicylic acid (Figure
AO6). Initial synthesis has begun to prepare the two unnatural amino acid monomers required in
creating the probe: lysine containing salicylic acid off the side chain and glutamate containing N-
hydroxy piperidine of its side chain. A peptide synthesizer can assemble the short peptide to

form the third generation probe activated by transamidation/hydrolysis activity.
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Figure A6. Structures of A101 (A) and third generation activatable probe (B).
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Experimental

General Synthetic Procedures

Synthesis of TG2/FXIII-Targeted Probes

Ho O Q N
_N _ 4-amino 1-Boc piperidine Cbz” N @]
Cbz N 0O HBTU, HOBT Boc. H
DIPEA, DMF N OH
OH >
N~ -0
0~ "OH H
A2
H 0 0
Cbz/ N/\@\)J\O/
H
TFA, DCM HO OH H,0,, MeOH
— '
N" 0
H

A4
! o) o) ! o) o)
HO\U OH NaOH HO\U OH
—_—
N0 M)
H H
A5 A6

Scheme Al. Synthesis of first generation of TG2 activatable probe.

Synthesis of compound Al.

0 0

§
Cbz” N/\@\)ko/
H
OH

OOJ<

Cbz-protected glutaminc acid (Z-Glu(OtBu)-OH, 84.3 mg, 0.25 mmol, 1 equi.) was stirred in a
solution of DIPEA (87.5 uL, 1 mmol, 4 equi.) and 0.5 mL DMF. HOBT (10.1 mg, 0.075 mmol,

0.3 equi.) and HBTU (94.8 mg, 0.25 mmol, 1 equi.) were added to the round bottom flask and
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the reaction was put at 0°C for 10 minutes. Compound 4 (69.4 mg, 0.25 mmol, 1 equi.) was
added to the reaction mixture and the flask was stirred at room temperature for an additional 18
hours. Afterwards, the mixture was diluted with brine and extracted using ethyl acetate. The
combined organic phases were washed with brine and dried over sodium sulphate. The solvent
was evaporated in vacuo to give the crude product as a yellow residue. The compound was
purified by column chromatography using a mixture of 2:1 hexanes:acetone as the mobile phase.
The product was isolated as a yellow solid in 52% yield. "H NMR (400 MHz, DMSO-Dg): &
10.41 (s, 1H), 8.43 (t, J =5.9 Hz, 1H), 7.68 (s, 1H), 7.50-7.26 (m, 7H), 6.93 (d, ] = 10.9, 1H),
5.07-4.98 (m, 2H), 4.20 (t, J = 5.1 Hz, 2H), 4.05-3.95 (m, 1H), 3.33 (s, 3H), 2.20 (t, ] = 8.2 Hz,
2H) ,1.94-1.67 (m 2H), 1.37 (s, 9H). °C NMR (400 MHz, DMSO-Dy): & 171.84, 169.39, 165.13,
160.06, 135.14, 130.41, 128.98, 127.33, 127.03, 126.49, 126.35, 126.27, 125.94, 122.39, 121.84,
121.43,117.07, 112.47, 90.23, 41.36, 28.39, 27.54, 25.61, 22.54. HRMS (ESI): calculated for

Ca6H32N,06Na™ 523.2056; found 523.2068.

Synthesis of compound A2.

O O

N
Cbz~ N/\ka()/
H
OH

O~ OH
Compound A1 was stirred in a solution of 2 mL DCM with 0.5 mL TFA for 2 hours at room
temperature. The solvent was evaporated in vacuo with excess DCM to give the crude product as
a light yellow solid. The solid was used without further purification. '"H NMR (400 MHz,

DMSO-D): & 10.41 (s, 1H), 8.43 (t, J = 6.0 Hz, 1H), 7.67 (d, J = 2.0 Hz, 1H), 7.46 (d, ] = 8.2
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Hz, 1H), 7.42-7.28 (m, 6H), 6.93 (d, ] = 8.8 Hz, 1H), 4.08-3.98 (m, 2H), 4.26-4.13 (m, 2H),
4.05-3.98 (m, 1H), 3.88 (s, 3H), 2.24 (t, ] = 7.6 Hz, 2H), 1.96-1.67 (m, 2H).

HRMS (ESI): calculated for C2H24N,0gNa" 467.1430; found 467.1438.

Synthesis of compound A3.

O O

§
Cbz” N o~
Boc H
\,\O\ OH
N0
H

Compound A3 was prepared following the same procedure as outlined for compound Al.
Briefly, compound A2 was stirred in a solution of 1 mL DMF with 43.8 uLL DIPEA (0.5 mmol, 4
equi.). HOBT (5.05 mg, 0.0375 mmol, 0.3 equi.) and HBTU (47.4 mg, 0.12 mmol, 1 equi.) were
added on ice. After 5 minutes, Boc-protected 4-amino piperidine (25 mg, 0.125 mmol, 1 equi.)
was added to the flask and the mixture was stirred at room temperature for 18 hours. The crude
compound was purified by column chromatography using a solvent system of 95:5 DCM:MeOH.
The product was isolated as a white solid.

'H NMR (400 MHz, DMSO-Ds):  10.40 (s, 1H), 8.40 (t, J = 5.8 Hz, 1H), 7.75 (d, J = 7.4 Hz,
1H), 7.67 (d, J = 2.0 Hz, 1H), 7.42-7.26 (m, 7H), 6.93 (d, ] = 8.3 Hz, 1H), 5.07-4.98 (m, 2H),
4.00-3.93 (m, 1H), 3.88 (s, 3H), 3.85-3.75 (m, 2H), 3.75-3.66 (m, 1H), 2.88-2.76 (s, 1H), 2.18-
2.05 (m, 2H), 1.96-1.84 (m, 1H), 1.81-1.61 (m, 3H), 1.39 (s, 9H), 1.28-1.14 (m, 3H). °C NMR
(400 MHz, DMSO-Dg): 171.47, 168.82, 166.45, 161.67, 134.93, 130.57, 129.07, 127.68, 127.15,
126.82, 126.64, 126.38, 126.04, 122.49, 120.47, 120.29, 116.73, 112.69, 110.37, 105.69, 90.23,
70.23, 69.30, 41.36, 28.98, 27.29, 26.81, 22.24. HRMS (ESI): calculated for C3,H4,N4O9Na"

649.2849; found 649.2863.
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Synthesis of compound A4.

O O

§
Cbz” NﬁO/
H

Compound A4 was prepared from the same procedure as outlined for compound A2, starting

N™ O
H

with compound A3. The product was isolated as a colourless residue without further purification.

Synthesis of compound AS.

O O

N

Compound A5 was stirred in a solution of 30% H,0O, with 5 mL methanol at room temperature

N™ O
H

for 2 hours. The solvent was evaporated in vacuo and the residue was extracted using DCM. The
combined organic phases were washed over brine and dried with sodium sulphate. The solvent
was evaporated in vacuo. The compound was isolated as a white without further purification.

'H NMR (400 MHz, DMSO-Ds): & 10.38 (s, 1H), 8.41 (t, J=5.9 Hz, 1H), 7.78 (d, J = 7.2 Hz,
1H), 7.67 (d, J = 2.1Hz, 1H), 7.42-7.26 (m, 7H), 6.93 (d, J = 8.4 Hz, 1H), 5.08-4.97 (m, 2H),
4.00-3.94 (m, 1H), 3.88 (s, 3H), 3.84-3.75 (m, 2H), 3.73-3.62 (m, 1H), 2.88-2.76 (s, 1H), 2.18-
2.05 (m, 2H), 1.96-1.86 (m, 1H), 1.81-1.59 (m, 3H)."?C NMR (400 MHz, DMSO-Ds): 169.28,

168.58, 166.39, 161.72, 134.82, 130.76, 129.03, 127.83, 127.4, 126.27, 126.49, 126.37, 125.63,
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122.89, 121.26, 120.93, 116.74, 112.35, 110.59, 105.02, 89.35, 70.19, 69.68, 41.49, 29.81, 26.93.

HRMS (ESI): calculated for C»7H34N4OgNa’ 565.2257; found 565.22609.

Synthesis of compound A6.

O @)

N
HO\I\O\ OH

Compound A5 was stirred in a solution of 20% NaOH at 70°C for 2 hours. The reaction mixture

N™ ~O
H

was cooled to room temperature and then acidified using dilute HCI until the pH of the solution
was less than 2. The compound was extracted using ethyl acetate and the combined organic
phases were dried over sodium sulphate. The solvent was evaporated in vacuo to give the
compound as a white solid without further purification. '"H NMR (400 MHz, DMSO-Dy): & 10.37
(s, 1H), 8.39 (t, ] =5.8 Hz, 1H), 7.77 (d, J = 7.1 Hz, 1H), 7.68 (d, J =2.2 Hz, 1H), 7.41-7.27 (m,
7H), 6.96 (d, J = 8.2 Hz, 1H), 5.09-4.98 (m, 2H), 3.99-3.92 (m, 1H), 3.83=3.76 (m, 2H), 3.72-
3.61 (m, 1H), 2.89-2.77 (s, 1H), 2.18-2.06 (m, 2H), 1.96-1.89 (m, 1H), 1.79-1.62 (m 1H). "*C
NMR (400 MHz, DMSO-Dg): 169.84, 168.27, 167.31, 162.16, 134.29, 130.58, 128.97, 127.37,
127.48, 126.75, 126.56, 126.26, 125.83, 122.52, 121.89, 121.21, 116.59, 112.39, 110.64, 105.44,
70.39, 69.82, 41.32, 29.43, 25.31.HRMS (ESI): calculated CpsH3,N4OgNa" 551.2155; found

551.2112.

1-napthanoic acid ‘ (0] ‘
HBTU, HOBT
NK\NH DIPEA, DMF @ O TFA, DCM (\N O
—_—
Boc” Boc™ ¥ HN ]

mono-Boc piperazine A7 A8
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Scheme A2. Synthesis of second generation TG2-activated/FXIII-activated probe.

Synthesis of compound A7.

I-napthanoic acid (172 mg, 1 mmol, 1 equi.) was stirred in a solution of 1 mL DMF and 350 pL.
DIPEA (4 mmol, 4 equi.). HOBT (40.4 mg, 0.3 mmol, 0.3 equi.) and HBTU (379 mg, 1 mmol, 1
equi.) were added and the flask was stirred on ice for 5 minutes. Mono-Boc piperazine (186 mg,
1 mmol, 1 equi.) was added to the flask and the mixture was stirred at room temperature for an
additional 18 hours. The compound was isolated using the work-up procedure described for
compound A1l. The crude compound was purified by 3:1 hexanes:acetone and the product was
isolated as a yellow residue in 89% yield. '"H NMR (400 MHz, CDCls): & 7.91-7.80 (m, 3H),
7.56-7.38 (m, 4H), 4.03-3.82 (m, 2H), 3.66-3.57 (m, 2H), 3.36-3.21 (m, 2H), 3.20-3.14 (m, 2H),
1.46 (s, 9H). *C NMR (400 MHz, DMSO-Dy): & 158.12, 143.75, 140.93, 134.05, 133.09,

128.42, 127.77, 127.67, 127.59, 127.16, 127.10, 127.05, 126.55, 125.41, 125.31, 123.87, 120.15,
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120.07, 27.78, 27.70, 26.62. HRMS (ESI): calculated for C90H4N,03Na" 363.1674; found

363.1679.

Synthesis of compound AS.

S L
'S Re

Compound A8 was synthesized following the Boc deprotection procedure outlined for

compound A2. The compound was isolated without further purification.

Synthesis of compound A9.

>(O O o '
SA®

Fmoc. AN

H O
Compound A9 was synthesized following the coupling procedure outlined for compound A1
using compound A8 and FMOC-Glu(OtBu). The product was HPLC purified using a gradient of
1% ACN + 0.1% TFA (in 0.1 TFA in water) to 100% CAN + 0.1% TFA over 25 minutes. The
product was isolated as a white fluffy solid. '"H NMR (400 MHz, DMSO-Dg): & 8.04-7.25 (m,
7H), 4.36-4.21 (m, 2H), 3.77-3.65 (m, 2H), 3.51-3.26 (m, 1H), 3.15-3.10 (m, 1H), 2.34-2.17 (m,
1H), 1.94-1.63 (m, 1H), 1.40 (s, 9H)."?C NMR (400 MHz, DMSO-Dy): 8 158.12, 143.75, 140.93,
134.05, 133.09, 128.42, 127.77, 127.67, 127.59, 127.16, 127.10, 127.05, 126.55, 125.41, 125.31,

123.87, 120.15, 120.07, 49.65, 46.73, 46.67, 30.88, 27.78, 27.70, 26.62. HRMS (ESI): calculated

for C39H41N3;O¢Na" 670.2876; found 670.2888.
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Synthesis of compound A10.

SA®
FMOC. A N/

H 0o
Compound A10 was synthesized from compound A9 using the procedure outlined for compound
A2. The product was isolated as a yellow residue. HRMS (ESI): calculated for C35H33N;06Na”

614.267; found 614.2241.

Synthesis of compound A11.

H
SadN e
Boc/N (\N O
FMOC. A _N._]

H 0o
Compound A11 was synthesized following the amide coupling procedure outlined for compound
Al. Compound A10 was coupled to Boc-protected 4-amino piperidine. The crude compound was
purified by column chromatography using a elution solvent system of 9:1 DCM:MeOH. The
product was isolated as a white solid. '"H NMR (300 MHz, DMSO-Dy): & 8.03-7.22 (m, 7H),
4.36-4.13 (m, 1H), 3.89-3.67 (m, 2H), 2.89 (s, 1H), 2.69 (s, 2H), 1.37 (d, ] = 6.2 Hz, 3H). °C
NMR (400 MHz, DMSO-Dg): 6 158.42, 143.92, 141.21, 134.58, 132.82, 128.45, 127.82, 127.52,
127.29, 127.18, 127.08, 126.92, 126.63, 125.37, 125.24, 123.72, 120.29, 120.03, 49.65, 46.73,
46.67,30.88, 27.78, 27.70, 26.62. HRMS (ESI): calculated for C3sH33N3;04Na’ 796.3686; found

796.3674.

Synthesis of compound A12.
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H
N 0] 0
BOC/IO/ (\N O‘
HN N
0]

Compound A11 was stirred in 2 mL of 2.0 M MeNH; in THF at room temperature for 1 hour.
The solvent was evaporated in vacuo to give the product without further purification. '"H NMR
(400 MHz, DMSO-Dg): 6 8.04-7.98 (m, 2H), 7.84-7.70 (m, 2H), 7.62-7.46 (m, 4H), 3.91-3.55
(m, 7H), 3.19-2.99 (m, 2H), 2.98-2.16 (m, 2H), 2.38-2.03 (m, 2H), 1.90-1.52 (m 4H), 1.38 (s,
9H), 1.28-1.06 (m, 2H).">C NMR (400 MHz, DMSO-Dg): & 169.30, 165.23, 164.97, 132.74,
127.39, 127.89, 127.43, 126.25, 125.41, 49.52, 46.59, 46.42, 30.25, 27.84, 27.83, 26.25. HRMS

(ESI): calculated for C30H41NsOsNa' 574.3005; found 574.2993.

Synthesis of compound A13.

N._O
¢ (]
_N
O Boc o) K\ N O
~ O)U\ H Jk H N \)
HO ©

Compound A12 (40 mg, 0.07 mmol, 1 equi.) was stirred in 2 mL THF and 61 uL DIPEA (0.35
mmol, 5 equi.). The mixture was cooled to 0°C and 4-nitrophenyl chloroformate (17.8 mg, 0.088
mmol, 1.3 equi.) was added. The flask was left on ice for an additional 30 minutes. 4-
aminomethyl salicylate methyl ester (4) (12.5 mg, 0.07 mmol, 1 equi.) was then added to the
reaction mixture and the flask was heated to 50°C. The mixture was stirred at 50°C for 16 hours.

After 16 hours, the flask was cooled to room temperature and the reaction was quenched with 1

mL MeOH. The solvents were evaporated in vacuo and the residue was purified by column
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chromatography using an eluting solvent of 95:5 DCM:MeOH. A light yellow solid was isolated.
'H NMR (400 MHz, CDCls): 8 10.65 (d, J = 8.8 Hz, 1H), 7.94-7.87 (m, 2H), 7.81-7.69 (m, 2H),
7.57-7.48 (m, 3H), 7.43-7.31 (m 2H), 6.93-6.88 (m, 1H), 5.80-5.65 (broad s, 1H), 5.18-5.02
(broad s, 1H), 4.68-4.58 (m, 1H), 4.33-4.01 (m, 4H), 3.93 (s, 3H), 3.81-3.62 (m, 3H), 3.46-3.11
(m 4H), 2.32-2.17 (m, 2H), 2.09-1.50 (m, 5H), 1.43 (s, 9H), 1.31-1.17 (m, 2H). *C NMR (400
MHz, DMSO-Dg): & 169.64, 169.24, 165.23, 164.97, 158.56. 134.29, 132.74, 128.31, 127.39,
127.89, 127.43, 126.25, 125.41, 117.70, 112.34, 52.34, 49.52, 46.59, 46.42, 44.92 30.25, 27.84,

27.83,26.25. HRMS (ESI): calculated for C40HsoNsO9Na" 791.3537; found 781.3535.
Synthesis of compound A14.
N._0O
]
o ™ o) N O
LYY
H H o

HO

Compound 13 underwent the Boc deprotection procedure, as outlined for compound A8. The
compound was isolated without further purification. HRMS (ESI): calculated for C35H4NgO-Na"

681.3013; found 681.3041.

Synthesis of compound A1S5.
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Compound A15 was oxidized following the procedure outlined for compound AS. The product
was isolated as a light yellow solid. '"H NMR (400 MHz, CDCls): & 10.64 (d, J = 8.7 Hz, 1H),
7.94-7.86 (m, 2H), 7.80-7.69 (m, 2H), 7.56-7.47 (m, 3H), 7.42-7.29 (m 2H), 6.95-6.90 (m, 1H),
5.81-5.70 (broad s, 1H), 5.19-5.04 (broad s, 1H), 4.67-4.59 (m, 1H), 4.30-3.98 (m, 4H), 3.88 (s,
3H), 3.80-3.64 (m, 3H), 3.47-3.14 (m, 4H), 2.32-2.18 (m, 2H), 2.07-1.51 (m, 5H), 1.31-1.17 (m,
2H). °C NMR (400 MHz, CDCI): § 169.47, 169.38, 165.52, 164.89, 158.68. 134.22, 132.72,
128.35, 127.32, 127.47, 127.63, 126.15, 125.39, 117.53, 112.15, 52.29, 49.34, 46.26, 46.83,

44.62 30.37. HRMS (ESI): calculated for C3sH4,NsOsNa ™ 697.2974; found 697.2956.

Synthesis of compound A16.

N._O
i
_N
O HO 0 N O
HO N)kN N
H oH g
HO

Compound A15 was hydrolyzed following the procedure outlined for compound A6. The
product was isolated as a white solid. '"H NMR (400 MHz, CDCls): & 10.63 (d, J = 8.8 Hz, 1H),
7.89-7.83 (m, 2H), 7.79-7.62 (m, 2H), 7.53-7.42 (m, 3H), 7.39-7.25 (m, 2H), 6.94-6.89 (m, 1H),
5.81-5.72 (m, 1H), 5.20-5.06 (m, 1H), 4.67-4.58 (m, 1H), 4.29-4.01 (m, 4H), 3.79-3.67 (m, 3H),
3.41-3.15 (m, 4H), 2.32-2.19 (m, 2H), 2.06-1.52 (m, 5), 1.32-1.18 (m, 2H). >C NMR 170.24,
169.84, 166.24, 165.02, 159.20, 134.25, 128.53, 127.63, 127.42, 126.59, 125.48, 117.39, 111.96,
49.82, 46.79, 44.28, 30.26. HRMS (ESI): calculated for C34H4NsOsNa' 683.2794; found

683.2800.
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Appendix B
NMR Spectra

* Some NMR spectra were not remotely accessible and are not included in the appendix, but
peak descriptions are provided in the Materials and Methods section.
Compound 1

B O B i iy 1> O

8

8
7.59
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