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www.rsc.org/ Cyclooxygenases (COXs) are enzymes that play a vital role in the inflammatory cascade through the generation of
prostaglandins. Their over-expression has been implicated in numerous diseases. In particular, over-expression of COX-2
has been shown to be a predictive biomarker for progression of pre-malignant lesions towards invasive cancer in various
tissues. This makes the early detection of COX-2 expressing lesions of high clinical relevance. Herein we describe the
development of the first self-immolating trigger which targets COXs. We incorporated our trigger design into 2 activatable
fluorogenic probe and demonstrated COX-specific activation in vitro. Experimental data revealed probe activation was
likely caused by solvent-exposed amino acids on the surface of the COXs. Overall, the probes reported here mark the first

step towards developing self-immolating imaging/therapeutic agents targeted to specific COXs.

|ntr0ducti0n A Replacement of carboxylic acid designed

to improve selectivity of probe for COX-2
Self-immolating molecules hold tremendous promise for the [&]
imaging and treatment of diseases. They are designed to be & 9 Core of molecule based

. . . . on aspirin structural motif
selectively cleaved by a biological target, leading to spontaneous P

degradation and the release of a previously inactive fluorophore or
1 . . . . Self-immolating linker

drug.” In this way imaging probes and cytotoxic drugs can be

delivered to cells which over-express the target enzyme. The

development over the last 30 years of self-immolating o KOH /%/—ﬁ

macromolecules has allowed for a single cleavage event to result in o s o

the release of numerous active agents, greatly increasing the N o\/é/ \g/ K 0\/@ 11/

efficacy of this approach.l‘2 However, for an enzyme to be targeted (j@/ ‘([)( (jij/ :f)(

in this manner, a self-immolating trigger specific to that enzyme N cp N cP2

l/i@dlro\/ X o

must be found. Herein we describe our initial efforts towards
developing the first COX-2 specific self-immolating triggers. We
incorporated our self-immolating trigger design into activatable
fluorophores (Figure 1) for 2 reasons: the release of a fluorescent
compound provides a convenient signal to assess the efficacy of the
trigger and COX-specific imaging agents are themselves of
considerable interest. COX-2 targeted fluorescent imaging agents
have been reported previously,?’_5 however to the best of our
knowledge none have been based on a self-immolating structure.
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Figure 1. Molecular Design of COX-Sensitive Fluorogenic Probes. (A)
Overall Design Strategy. (B) Structure of CP-1 and CP-2.

The COX enzymess_8 sit at a crucial node point in the inflammatory
cascade, catalyzing the conversion of arachidonic acid into
prostaglandin H,, the precursor of several members of the
prostaglandin family, including prostaglandin E, (PGE,). There are 2
COX isoforms, COX-1 and COX-2, which are both homo-dimers of
approximately 70 kDa. They share 60% of their amino acid
sequence and their 3-D structures are virtually super-imposable.
COX-1 is constitutively expressed in a wide range of tissues (kidney,
stomach, lung, small intestine and colon) and is thought to regulate
baseline prostaglandin synthesis. In contrast, COX-2 is normally
produced only in a few tissues, including specific regions of the
kidney, central nervous system and seminal vesicles. However, COX-
2 expression may increase dramatically in response to inflammatory
stimuli. The link between chronic inflammation and carcinogenesis
is well established,9 and the COX-2/PGE, pathway is now well
recognized as an instrumental signaling pathway in cancer
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Figure 2: Mechanism of Probe Activation by COXs. The probe is optically silent until deacetylation by a COX reveals a phenol group,
resulting in a 1,6-quinone-methide elimination and the release of fluorescent 6-aminoquinoline.

progression. Over-expression of COX-2 has been reported not only
in primary tumors but also in morphologically normal pre-malignant
lesions and is linked to poor prognosis and disease progression,m’11
making this enzyme attractive for both early detection imaging and
targeted drug delivery applications.

The design of our COX-targeted self-immolating triggers is
outlined in Figure 1. The core is based on the structure of aspirin,
which is known to selectively acetylate both COX-1 and COX-2 at
the equivalent serine residue (Ser-530 in COX-1 and Ser-516 in COX-
2).6 Deacetylation of the probes by COXs reveals a phenol moiety,
provoking a 1,6-quinone-methide elimination to release a
previously masked fluorophore (Figure 2). Activatable fluorescent
probes have been widely used in biological imaging due to the
improved signal-to-background ratios compared to their “always
on” counterparts. They have been used to study a plethora of
analytes, including metal ions, reactive oxygen species, reactive
nitrogen species and thiols (see recent reviews).lz_14 With respect
to enzymes, several general strategies to achieve enzyme-specific
fluorescent enhancement have been developed.ls’15 One of the
most common is to link a compatible fluorophore/quencher pair via
an enzymatically cleavable linker. The resulting probe is optically
silent due to the Forster resonance energy transfer (FRET)
interaction between the fluorophore/quencher pair, but upon
cleavage these moieties are separated and the signal from the
fluorophore is restored. This probe design has found widespread
use in the field, especially for the detection of proteases.
Compounds based on a coumarin motif (e.g. fluorescein,
rhodamine, umbelliferone) fluoresce due to intramolecular charge
transfer (ICT), a process which can be altered via conversion of the
7-hydroxy/amino moieties to the analogous esters/amides. The
resulting change in fluorescent properties can be used to create
fluorogenic probes in which ester/amide cleavage causes
fluorescent enhancement at carefully selected wavelengths. The
activity of numerous enzymes, including proteases, phosphatases
and esterases, has been interrogated using this approach. The
detection of other enzymes, such as dehydrogenases and
monoamine oxidase, can be realized using enzymatic activity to

This journal is © The Royal Society of Chemistry 20xx

convert non-fluorescent molecules into optically active reporters.
For our studies we selected 6-aminoquinoline, an ICT fluorophore,
as an optical reporter on the basis of molecular modeling studies
(vide infra), which suggested that this sterically undemanding
moiety would not inhibit the binding of our probes to COXs.

Aspirin is known to be 10-100 fold more active against COX-1
than COX-2. Because of the larger binding pocket in COX-2, the
orientation of the acetyl functionality of aspirin towards its target
serine residue is sub-optimal.8 Given the high relevance of COX-2 to
diseases, such as cancer, we set out to design probes based on
aspirin but with greater activation efficacies for COX-2 compared to
COX-1. Our strategy was inspired by previous studies which showed
that the glyceryl ester derivative of aspirin retained its anti-
inflammatory properties while by-passing gastric irritation via the
lipid metabolic pathway,16 this association of activities being
characteristic of selective COX-2 inhibitors. Hence, taking a similar
synthetic approach, we synthesized CP-1. The carboxylate group on
aspirin binds ionically to Arg-120 in the cyclooxygenase active site,
positioning it for transacetylation.6 Seminal work by Kalgutkar et al.
showed that replacing this carboxylate with an alkyl sulfide moiety
leads to the generation of selective COX-2 inhibitors.””*® Based on
this work we synthesized CP-2, with a thioocy-2-ynyl group in place
of the carboxylate. In both cases, we predicted that the
replacement of the carboxylate would lead to COX-2 selectivity.

Results and Discussion

Synthetic Chemistry: The syntheses of CP-1 and CP-2 are outlined
in Scheme 1. The synthesis of CP-1 began with the esterification of
5-formylsalicylic acid (1) under Mitsunobu conditions with a di-
protected glycerol derivative (2). Purification over silica afforded a
mixture of 3 and small amounts of di-iso-propyl azodicarboxylate
derived impurities. We anticipated that these impurities would not
interfere with the next step and hence proceeded to treat 3 with
NaBH, at 0 °C to selectively reduce the aldehyde moiety. Selective
acetylation of the phenolic alcohol, using K,CO5 to form the reactive
phenolic anion, furnished us with 5.
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Scheme 1. Synthesis of CP-1 and CP-2. ia) PPh;, DIAD, THF; 0 °C to
r.t.; 16 h b) NaBH,, MeOH; 0 °C to r.t.; 3 h; 28% over 2 steps ii)
K,COs, Ac,0, DMF; 0 °C; 2 h; 58% iiia) 6-aminoquinoline, pyridine,
triphosgene, DCM/toluene; 0 °C to reflux; 16 h b) TBAF, THF, acetic
acid; r.t.; 15 h; 34% over 2 steps iv) HSO5Cl; r.t.; 15 h; 53% va) PPh;,
THF/toluene b) H,S0,, MeOH; reflux; 2 days c) LiAlH,, THF; 0 °C to
reflux; 15 h d) 1-chloro-2-octyne, KHCO3;, DMF; r.t.; 15 h; 39% over 4
steps vi) K,CO3, Ac,0, DMF; 0 °C; 1 h; 79% viia) Na,COs3, triphosgene,
toluene; 0 °Ctor.t.; 4 h b) 6-aminoquinoline, THF; r.t.; 1 h; 26% over
2 steps. DIAD = diisopropyl azodicarboxylate; TBAF =
tetrabutylammonium fluoride; TBDMS = tert-butyldimethylsilyl.

6-Aminoquinoline was converted to the isocyanate with
triphosgene, which was then coupled with 5 at reflux in toluene.
The crude material from this step was treated with TBAF in THF to
remove the TBDMS protecting groups. Chromatographic
purification of this compound proved challenging due to its
instability in the presence of silica and the polar solvents required
to elute it. However, CP-1 could be crystallized from a mixture of
H,0, acetonitrile and acetic acid. HPLC analysis of CP-1 (Figure S1)
revealed that it was 95% pure with two minor impurities, one of
which was 6-aminoquinoline (~1%). Given the instability of CP-1 in
aqueous solutions (vide infra), it is probable that the presence of 6-
aminoquinoline was the result of CP-1 degradation during the HPLC
analysis. Hence we judged that the material was of sufficient purity
to carry forth for in vitro testing. 4-Hydroxybenzoic acid was the
starting material for the synthesis of CP-2. Following a published
procedurelg, an aromatic sulfonyl chloride was installed ortho to
the phenolic alcohol. Without the need for chromatographic
purification of any of the intermediates, the sulfonyl chloride was
reduced to a thiol using PPhs, the carboxylic acid was esterified and
then reduced to a benzylic alcohol with LiAIH,. Thiophenol 8 was
then alkylated with 1-chloro-2-octyne to generate 9. Selective
acetylation was achieved as described above. However, for reasons
which are unclear, we were not able to obtain the carbamate using
the methodology used to synthesize CP-1. Instead, 10 was treated
with triphosgene to form the analogous chloroformate, which was
subsequently coupled in situ with 6-aminoquinoline to generate CP-
2. The lower polarity of CP-2 allowed us to purify it via silica
chromatography. The purity of CP-2 was over 98% by HPLC, again

This journal is © The Royal Society of Chemistry 20xx
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sufficient for in vitro testing. No 6-aminoquinoline release was

against hydrolysis (vide infra).
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Figure 3. Emission spectra for (A) CP-1 and (B) CP-2. Spectra were
measured at 0.1 mgmL'1 in water and deprotection solution (2:1:1,
v:viv, methanol:water:saturated NaHCO;3). Release of 6-
aminogquinoline via removal of an acetyl moiety by the deprotection
solution is clearly documented by the appearance of a new peak
around 540 nm.

Spectroscopy: The spectral properties of CP-1 and CP-2 were
investigated via UV-visible and emission spectroscopy. Three
solvents were used: water, water and methanol (1:1, v:v) and a
mixture of saturated NaHCO;, water and methanol (1:1:2, v:v:v).
The last solvent system was chosen to deprotect the phenolic
acetates,20 hence allowing us to confirm the release of 6-
aminoquinoline via our proposed mechanism. Solutions of either
probe in DMSO (10 mgmL'l) were diluted to a final concentration of
0.1 mgmL'1 prior to the measurement of absorption and emission
(Aex = 355 nm) spectra. In all cases the spectra in water and the
mixture of water and methanol were virtually identical and for
clarity only the spectra in water are shown. Comparison of the
spectra in water to those in the deprotection solution showed an
increase in absorbance from 300 to 360 nm for both CP-1 and CP-2,
with the maxima being blue-shifted by approximately 10-15 nm
(Figure S2). As shown in Figure 3, the changes in the emission
spectra were more profound. A new peak, centered at
approximately 540 nm, appeared for both CP-1 and CP-2, an
observation which is consistent with the release of 6-
aminoquinoline under these conditions.”*** Minor changes were
observed at lower wavelengths. In the case of CP-1, the emission at
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430 nm was red-shifted by approximately 20 nm and was reduced
in intensity whereas there was a gain in intensity of the analogous
peak for CP-2. The cause of these minor differences is unclear.
Nonetheless, the release of 6-aminoquinoline was established
unambiguously in both cases, as documented by the emergence of
a new peak at 540 nm.

Probe Stability: COXs are reported to display catalytic activity
between pH 6.0 and 9.023, hence we measured the stability of our
probes at pH 6.0 (100 mM citrate-PBS), 7.4 (PBS), 8.0 (100 mM Tris)
and 9.0 (100 mM glycine) (Figure S3). Following incubation at 37 °C
for 30 mins, the release of 6-aminoquinoline was measured via
fluorescence spectroscopy (Ae = 355 nm, A, = 535 nm). CP-2 was
essentially stable at every pH analyzed, with only a small increase in
fluorescence (1.1 a.u.) at pH 9.0 and none in physiological
conditions (PBS buffer). In contrast, CP-1 was highly unstable at pH
9.0 (increase of 77.4 a.u.) and significant release of 6-
aminoquinoline was measured at pH 7.4 (14 a.u.) and pH 6 (7.9
a.u.).
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Figure 4. Activation of A) CP-1 B) CP-2 by COX-1 and COX-2 over a
time-course of 180 mins. Purified COX-1 and COX-2 (0.125 mgmL'l)
were incubated with either CP-1 or CP-2 (100 uM) in Tris buffer (80
mM, pH = 8.0, 0.1% Tween 20, 300 uM DDC) at 37 °C for 180 mins
and fluorescent readings (A, = 355 nm, A, = 535 nm) were taken at
0, 30, 60, 120 and 180 mins.
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The greater susceptibility of CP-1 towards hydrolysis
presumably due to the electron-withdrawing effects of the ester

was

functionality that resulted in the stabilization of the incipient
phenolate anion.

In Vitro Testing: To evaluate the efficacy of CP-1 and CP-2, we then
tested their activation in the presence of commercial purified ovine
COX-1 and recombinant human COX-2. Solutions containing 100 uM
of either CP-1 or CP-2 were incubated with 0.125 mgmL'1 of COX-1
or COX-2 at 37 °C for 180 minutes in 80 mM Tris buffer (pH 8.0) and
the emission at 535 nm (Aex = 355 nm) was measured at regular
intervals (Figure 4). Activation of each probe by both isozymes was
recorded over the entire time-course, but was most rapid over the
initial 60 minutes. Hence 60 minutes was chosen as a suitable time-
point for subsequent studies.
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Figure 5. Activation of CP-1 and CP-2 by Purified COX and Porcine
Liver Esterase Enzymes in Vitro. Either COX-1, COX-2, albumin,
carbonic anhydrase (all 0.125 mgmL'l) or porcine liver esterase
(0.309 mgmL'l) were incubated with either CP-1 or CP-2 (100 uM) in
Tris buffer (80 mM, pH = 8.0, 0.1% Tween 20, 300 uM DDC) at 37 °C
for 60 minutes. Pre-treatment with the COX-2 inhibitor celecoxib
(100 mM) was performed at 0 °C for 10 minutes prior to addition of
probe. Albumin and carbonic anhydrase were tested as non-
enzymatic protein controls. Fluorescence readings (Aex = 355 nm,
Aem = 535 nm) were then taken. Results are reported as fold
increase in fluorescent signal compared to a blank solution with no
protein.

Our pH studies had demonstrated that probe hydrolysis was
significant at pH 8.0, especially for CP-1. To control for this and
ensure that only probe activation by COXs was measured, we also
incubated CP-1 and CP-2 in blank buffer solutions containing no
enzyme. We then calculated the relative increase in fluorescence
for the COX samples compared to the blank (Figure 5). Despite CP-1
exhibiting higher absolute increases in fluorescence compared to
CP-2, its hydrolytic instability resulted in lower relative values. Both
probes were more reactive towards COX-1 than COX-2, although
this effect was orders of magnitude less than reported previously
for aspirin, documenting the successful generation of a probe with
similar detection potential for COX-1 and COX-2. We also measured
probe activation by an equimolar amount (compared to the COXs)
of porcine liver esterase under identical conditions. Relative
increases in fluorescence similar to those observed for the COXs
were measured, indicating that CP-1 and CP-2 were also substrates
for this esterase.

This journal is © The Royal Society of Chemistry 20xx
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Pre-incubation of COX-2 with the COX-2 inhibitor celecoxib
(100 mM) did not completely ablate the activation of either probe,
although a significant reduction (5.5- to 2.5-fold relative to blank)
was observed for CP-2 (Figure 5). These results were counter to our
expectations, as celecoxib should sterically prevent the probes from
reacting with the Ser-516 residue in COX-2. This prompted us to
further investigate the mechanism by which the probes were
activated. To ensure that the activation was COX-specific, we tested
both probes with 2 control proteins for which they have no affinity:
albumin and carbonic anhydrase. As expected, no evidence for
activation by either control protein was observed (Figure 5). Next,
we conducted molecular modelling studies to estimate the relative
affinity of the probes for COX-2 compared to celecoxib. AutoDock
Vina** was used to dock the probes into the active site of cox-2%
and binding affinities of -8.2, -8.4 and -11.8 kcal/mol were
calculated for CP-1, CP-2 and celecoxib respectively. These numbers
translate into 300-400 fold weaker binding affinities for our probes
compared to celecoxib, suggesting that their binding affinities are
approximately 600-800 nM.

The lack of celecoxib-induced inhibition led us to hypothesize
that our probes were being activated by other nucleophilic amino
acids on COX-2. To examine this, we analyzed a sample of CP-1
treated COX-2 by LC/MS/MS (following tryptic digestion) to identify
sites of acetylation (Figure S4). We unexpectedly found 18 putative
lysine acetylation sites and 7 serine sites, none of which were Ser-
516. This strongly implied that our probes were being activated by
solvent exposed nucleophilic amino acids. In light of this data, we
postulate that both CP-1 and CP-2 bind to COXs with an orientation
which prevents activation by Ser-516 and are subsequently
activated by random surface solvent-exposed nucleophilic amino
acids. This mechanism of activation may be advantageous as several
probes can be activated by a single COX enzyme, increasing the
sensitivity of the probes.

In Cellulo Testing: Encouraged by our in vitro data we tested CP-1
and CP-2 for their ability to detect upregulation of COX-2 in cellulo.
We chose a murine macrophage cell line, RAW264.7, which is
known to upregulate COX-2 upon stimulation  with
lipopolysaccharide (LPS) and interferon—v.17 We incubated both
stimulated and non-stimulated RAW 264.7 cells with either CP-1 or
CP-2 at various concentrations (0 uM, 50 uM, 100 uM and 250 puM)
at 37 °C for 1 hour, followed by a thorough PBS wash and live cell
imaging via multispectral fluorescence microscopy. Post-processing
of the acquired multispectral image cube allowed us to isolate the
fluorescence signal at 550 nm. A comparison with data acquired
from non-treated cells demonstrated that this signal was not
caused by cellular autofluorescence. However, only weak signals
were observed at all concentrations for both probes, with no
evidence of COX-2 specific fluorescence from stimulated
RAW?264.7s.

Discussion: Our in vitro experiments clearly demonstrate that self-
immolating probes based on an aspirin motif can be activated by
the COX proteins. CP-2 proved to be the most effective probe,
exhibiting greater relative increases in fluorescence in the presence
of COXs than CP-1. A key determinant of its efficacy was its greater
stability against hydrolysis. Neither albumin nor carbonic anhydrase
reacted with either probe, demonstrating that affinity for COXs is

This journal is © The Royal Society of Chemistry 20xx

vital for probe activation. Molecular modeling studies calculated
binding affinities of 600-800 nM for our probes, consistent with
their in vitro activation by COXs. The inability of celecoxib to
completely inhibit probe activation, combined with LC/MS/MS data,
strongly supports the hypothesis that probe activation is the result
of deacetylation by random surface exposed amino acids rather
than Ser-516 specifically. Interestingly, pre-incubation with
celecoxib did reduce the activation of CP-2 by COX-2, consistent
with the hypothesis that CP-2 binds non-covalently to the COX
active site prior to activation and that the avidity of this interaction
could be reduced by celecoxib. Overall, given this and its vastly
superior hydrolytic stability, CP-2 is our optimal probe to date. Both
probes were activated by porcine liver esterase, and at present they
are not capable of discriminating between esterases and COXs.
Prior literature suggests that stability against esterases can be
improved by increasing the steric bulk of the alkyl portion of an
ester.”® We are currently investigating whether this is a viable
approach to improve the selectivity of our probes. Disappointingly,
neither probe exhibited any evidence of COX-specific activation in
stimulated RAW264.7 cells. Our hypothesis is that their affinity for
the COXs is too low to allow them to function effectively in cellulo.
We are currently investigating synthetic approaches to improve
their affinity, guided by molecular modeling studies.

Conclusions

We have synthesized and tested 2 self-immolating fluorogenic
probes for COXs. To the best of our knowledge, these are the
first self-immolating molecules specific for the COXs. Both
probes are activated by COX-1 and COX-2 in vitro and
molecular modelling calculations suggest that they are sub-
micromolar binders of these enzymes. The greater hydrolytic
stability of CP-2 leads to greater relative increases in
fluorescence compared to blank controls, making it our
optimal probe to date. Our original molecular design envisaged
activation by a specific serine residue in the COX active site,
however the inability of celecoxib to completely ablate probe
activation, along with analysis of acetylation sites on COX-2 by
LC/MS/MS, strongly implied activation by numerous other
solvent-exposed amino acids. Neither probe showed evidence
of COX-specific activation in cellulo. Future work will focus on
improving the selectivity of the probe for specific COX
isozymes, improving their stability against esterases and
developing probes which can detect COXs in a cellular setting.

Experimental

Synthetic chemistry

1,3-Di(tert-butyldimethylsilyl)propan-2-yl 2-hydroxy-5-
(hydroxymethyl)benzoate (4): 1 (3.13 g, 18.8 mmol) was dissolved
in anhydrous THF (60 mL) and the resulting solution was cooled to 0
°C over an ice-bath. DIAD (3.71 mL, 18.8 mmol) was added,
followed by PPh; (4.94 g, 18.8 mmol) in four separate portions over
20 mins. 2 (2.01 g, 6.28 mmol) was dissolved in anhydrous THF (10
mL) and added to the reaction, which was subsequently stirred at 0
°C for 1 h. The temperature of the reaction was then allowed to rise
to ambient and it was stirred for a further 15 h. The reaction

J. Name., 2013, 00, 1-3 | 5
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mixture was concentrated under reduced pressure and then
purified over silica (eluent = 19:1 hexane:EtOAc) to give a crude
sample of 3 as a colorless oil (1.258 g). R; = 0.40 (eluent = 19:1
hexane:EtOAc). This crude material was then dissolved in
anhydrous MeOH (40 mL) and cooled to 0 °C over an ice-bath.
NaBH, (102 mg, 2.68 mmol, “1 eq” based on 3 being pure) was
added, the ice-bath was removed and the reaction was stirred for 3
h. The reaction was diluted with EtOAc (50 mL) and extracted with
ddH,0 (25 mL). The aqueous fraction was washed with EtOAc (2 x
25 mL) and the combined organic fractions were dried (MgSQ,),
filtered and concentrated to give the crude product which was
subsequently purified over silica (eluent = 9:1-7:3 hexane:EtOAc) to
give 4 as a waxy white solid (828 mg, 1.76 mmol, 28% over 2 steps).
R¢=0.12 (eluent = 9:1 hexane:EtOAc). 'H NMR (CDCl3, 400 MHz): 6y
= 0.05-0.08 (m, 12H, SiCHj3), 0.89 (s, 18H, SiC(CH;)s), 3.80-3.95 (m,
4H, CH(CH,0TBDMS),), 4.62 (s, 2H, ArCH,0H), 5.19 (quint, J = 5 Hz,
1H, CO(O)CH), 6.99 (d, J = 8.5 Hz, 1H, ArH), 7.49 (dd, J = 8.5 Hz, 1.5
Hz, 1H, ArH), 7.87 (d, J = 1 Hz, 1H, ArH), 10.73 (s, 1H, ArOH). *C
NMR (CDCls, 400 MHz): 8 = -5.5, -5.4, 18.2, 25.8, 61.1, 64.7, 75.9,
112.4, 117.9, 128.8, 131.6, 134.8, 161.3, 169.3. HR-MS (m/z, ESI):
Calculated (C,3H4,065i,.H') 471.2598; Found 471.2593.

1,3-Di(tert-butyldimethylsilyl)propan-2-yl 2-(acetyloxy)-5-
(hydroxymethyl)benzoate (5): 4 (828 mg, 1.76 mmol) was dissolved
in anhydrous DMF (40 mL) and the resulting solution was cooled to
0 °C over an ice-bath. K,CO; (486 mg, 3.52 mmol) was added
followed by acetic anhydride (183 pL, 1.94 mmol) and the resulting
suspension was stirred at 0 °C for 2 h. The reaction was then diluted
with EtOAc (25 mL) and extracted with ddH,0 (3 x 25 mL). The
combined aqueous extracts were washed with EtOAc (1 x 25 mL)
and this single organic fraction was then washed with ddH,0 (1 x 25
mL). The combined organic extracts were dried (MgS0Q,), filtered
and concentrated under reduced pressure to give the crude
product, which was subsequently purified over silica (eluent = 9:1-
7:3 hexane:EtOAc) to give 5 as a colorless oil (523 mg, 1.02 mmol,
58%). 'H NMR (CDCls, 400 MHz): &, = 0.06 (s, 12H, SiCH), 0.89 (s,
18H, SiC(CH3)3), 2.35 (s, 3H, ArOC(O)CH;), 3.75-3.95 (m, 4H,
CH(CH,OTBDMS),), 4.72 (s, 2H, ArCH,0H), 5.07 (quint, J = 5 Hz, 1H,
CO(O)CH), 7.11 (d, J = 8.5 Hz, 1H, ArH), 7.58 (dd, J = 8 Hz, 2.5 Hz, 1H,
ArH), 8.01 (d, J = 2.5 Hz, 1H, ArH). *C NMR (CDCls, 400 MHz): 8 = -
5.5, -5.4, 18.3, 21.0, 25.8, 61.0, 64.3, 75.4, 123.4, 124.0, 130.1,
132.1, 138.7, 150.1, 163.6, 169.7. HR-MS (m/z, ESI): Calculated
(C25H440-Si5.Na") 535.2523; Found 535.2518.

1,3-Dihydroxypropan-2-yl
yl)carbamoyl]oxy}methyl)
Benzoate (CP-1): 6-Aminoquinoline (28 mg, 0.19 mmol) and
pyridine (0.05 mL, 0.7 mmol) were dissolved in anhydrous DCM and
the resulting pale orange solution was cooled to 0 °C over an ice-
bath. Triphosgene (19 mg, 0.065 mmol) was added, at which point
the orange color of the solution intensified, and the reaction was
stirred at 0 °C for 1 h. 5 (100 mg, 0.195 mmol) was dissolved in
anhydrous toluene (2.5 mL) and added to the reaction, which was
then heated at reflux for 15 h. The resulting suspension was cooled
to ambient temperature, filtered and concentrated under reduced
pressure. The residue was then dissolved in anhydrous THF (10 mL)
and acetic acid (3 mL). TBAF (1M in THF, 975 puL, 0.975 mmol) was
added and the reaction was stirred for 15 h. The reaction was
diluted with toluene (5 mL) and then concentrated under reduced
pressure. The residue was re-dissolved in a mixture of
acetonitrile:H,0:acetic acid (4:1:0.1) and cooled to -20 °C until
crystallization was observed (1-2 days). The solid was filtered,
washed with cold acetonitrile (-20 °C) and Et,0 and dried under

2-(acetyloxy)-5-({[(quinolin-6-
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reduced pressure to give CP-1 as an off-white solid (33 mg, 0.064
mmol, 34%). 'H NMR (dg-DMSO, 400 MHz): &y = 2.29 (s, 3H,
ArOC(O)CH;), 3.60 (m, 4H, C(O)CH(CH,0H),), 4.87 (t, ) = 5.5 Hz, 2H,
CH,OH), 4.95 (quint, J = 5.5 Hz, 1H C(O)CH(CH,OH),), 5.26 (s, 2H,
ArCH,0C(O)NH), 7.27 (d, J = 8.0 Hz, 1H, ArH), 7.46 (dd, J = 8.0 Hz,
4.5 Hz, 1H, ArH), 7.75 (m, 2H, ArH), 7.94 (d, J = 9.0 Hz, 1H, ArH), 8.08
(s, 1H ArH), 8.15 (s, 1H, ArH), 8.25 (d, J = 8.0 Hz, 1H, ArH), 8.75 (d, J
= 4.5 Hz, 1H, ArH), 10.20 (br s, 1H, C(O)NH). **C NMR (CDCls, 400
MHz): 8. = 20.7, 25.1, 59.7, 65.1, 67.0, 76.8, 121.8, 122.7, 123.7,
124.3, 128.4, 129.6, 131.3, 133.8, 134.5, 135.3, 137.0, 144.4, 148.8,
149.7, 153.3, 163.7, 169.1. HR-MS (m/z, ESI): Calculated
(C,3H2,N,0g.H') 455.1454; Found 455.1449. The purity of CP-1 was
measured via HPLC using the following gradient of MeCN (+0.1%
TFA) in H,O (+0.1% TFA): 2-20%, 0-10 mins; 20-90%, 10-25 mins.
Under these conditions 6-aminoquinoline eluted at 10.2 mins (see
supporting information for trace).

3-(Chlorosulfonyl)-4-hydroxybenzoic acid (7)19: 4-Hydrobenzoic
acid (5.50 g, 39.8 mmol) was added in small portions to HSOsCI
(31.1 mL, 468 mmol). The resulting solution was stirred for 15 h,
before being poured onto crushed ice (~100 g). The resulting
precipitate was filtered and then re-dissolved in EtOAc (50 mL). The
resulting solution was washed with brine (1 x 25 mL), dried
(MgS0,), filtered and concentrated under reduced pressure to give
7 as a white solid (5.56 g, 21.1 mmol, 53%). 'H NMR (dg-DMSO, 400
MHz): 8, = 6.86 (dd, J = 8.5 Hz, 0.5 Hz, 1H, ArH), 7.78 (ddd, J = 8.5
Hz, 2 Hz, 1 Hz, 1H, ArH), 8.07 (dd, J = 2 Hz, 0.5 Hz, 1H, ArH).

4-(Hydroxymethyl)-2-(oct-2-yn-1-ylsulfanyl)phenol (9): 7 (2.00 g,
7.59 mmol) was dissolved in a mixture of anhydrous toluene and
anhydrous THF (1:1, v:v, 60 mL). PPh; (7.96 g, 30.3 mmol) was
added to the reaction in 4 portions, an exothermic process which
caused the formation of a white precipitate, and the resulting
suspension was stirred for 15 h. The reaction was then diluted with
toluene (50 mL) and extracted with 10 % NaOH (,q) (3 x 50 mL). The
combined aqueous extracts were washed with toluene (1 x 50 mL),
acidified to ~pH = 1 with 1M HCI and extracted with EtOAc (3 x 50
mL). The combined organic extracts were dried (MgS0Q,), filtered
and concentrated under reduced pressure to give the crude
thiophenol (1.411 g), which was subsequently dissolved in
methanol (25 mL). H,SO, (1 mL) was added to the resulting solution,
which was then heated at reflux for 2 days, before being allowed to
cool to ambient temperature. The reaction was then poured onto
crushed ice (20 g) and the resulting solution was extracted with
EtOAc (3 x 50 mL). The combined organic extracts were dried
(MgS0,), filtered and concentrated to give the crude methyl ester
(1.179 g), which was then dissolved in anhydrous THF (50 mL) under
N, and vigorous stirring. The resulting solution was cooled to 0 °C
and 1M LiAlH, in THF (25.6 mL, 25.6 mmol, 4 eq. assuming that
crude methyl ester is 100 % pure) was added dropwise. The
reaction was then heated at reflux for 15 h, before being allowed to
cool to ambient temperature. H,0 (10 mL) was added dropwise to
the reaction, resulting in vigorous effervescence, to quench the
remaining LiAlH,, followed by 1M HCI (10 mL). Following 15 mins of
stirring the reaction was diluted with a further portion of 1M HCI
(50 mL) and extracted with EtOAc (3 x 50 mL). The combined
organic extracts were dried (MgSQ,), filtered and concentrated to
give the crude benzyl alcohol 8 (665 mg, 4.26 mmol, 56%) as a
white solid, which was used in the next step without any further
purification. '"H NMR (CDCl3, 400 MHz): 8y = 4.40 (s, 2H, ArCH,0H),
6.72 (m, 1H, ArH), 6.92 (m, 1H, ArH), 7.16 (m, 1H, ArH). 8 (415 mg,
2.66 mmol) was dissolved in anhydrous DMF (50 mL) under N, and
vigorous stirring. KHCO3 (320 mg, 3.19 mmol) and 1-chloro-2-octyne
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(413 pL, 2.66 mmol) were added and the resulting suspension was
stirred for 15 h. The reaction was then diluted with H,0 (50 mL) and
extracted with EtOAc (3 x 50 mL). The combined organic extracts
were dried (MgS0,), filtered and concentrated under reduced
pressure to give the crude product which was subsequently purified
over silica (eluent = 4:1-1:1 hexane:EtOAc) to give 9 as a colorless
oil (482 mg, 1.82 mmol, 69 %). R = 0.35 (eluent = 1:1
hexane:EtOAc). " NMR (CDCl;, 400 MHz): &y = 0.89 (m, 3H,
CH,CH;), 1.29 (m, 4H, CH,CH,CHs), 1.45 (m, 2H, CH,CH,CH,CH;),
2.14 (m, 2H, CCCH,), 3.41 (s, 2H, SCH,CC), 4.61 (s, 2H, ArCH,0OH),
7.00 (d, J = 8.0 Hz, 1H, ArH), 7.31 (dd, J = 8.0 Hz, 2.0 Hz, 1H, ArH),
7.55 (d, J = 2.0 Hz, 1H, ArH). *C NMR (CDCl;, 100 MHz): §. = 13.9,
18.7, 22.2, 25.6, 28.2, 31.0, 64.7, 75.2, 85.4, 115.1, 118.1, 130.9,
133.2, 135.4, 157.0. HR-MS (m/z, ESI): Calculated (CysH,00,S.Na")
287.1082; Found 287.1087.

4-(Hydroxymethyl)-2-(oct-2-yn-1-ylsulfanyl)phenyl acetate (10): 9
(420 mg, 1.59 mmol) was dissolved in anhydrous DMF (30 mL)
under N, and vigorous stirring. The resulting solution was cooled to
0 °C and K,CO; (439 mg, 3.18 mmol) and then acetic anhydride (165
pLk, 1.75 mmol) were added and the resulting suspension was
stirred at 0 °C for 1 h, at which point TLC analysis (eluent = 7:3
hexane:EtOAc) revealed the complete consumption of 10. The
reaction mixture was diluted with H,0 (50 mL) and extracted with
EtOAc (3 x 50 mL). The combined organic extracts were dried
(MgS0,), filtered and concentrated under reduced pressure to give
the crude product, which was subsequently purified over silica
(eluent = 7:3 hexane:EtOAc) to give 10 as a colorless oil (385 mg,
1.26 mmol, 79 %). R; = 0.20 (eluent = 7:3 hexane:EtOAc). 'H NMR
(CDCl;, 400 MHz): &y = 0.88 (m, 3H, CH,CH;), 1.30 (m, 4H,
CH,CH,CHs), 1.46 (m, 2H, CH,CH,CH,CH3), 2.15 (m, 2H, CCCH,), 2.35
(s, 3H, ArOC(O)CH3), 3.60 (m, 2H, SCH,CC), 4.67 (s, 2H, ArCH,0OH),
7.06 (d, J = 8.0 Hz, 1H, ArH), 7.26 (dd, J = 8.0 Hz, 2.0 Hz, 1H, ArH),
7.54 (d, J = 2.0 Hz, 1H, ArH). *C NMR (CDCl3, 100 MHz): &, = 13.9,
18.8, 20.8, 22.2, 22.4, 28.3, 31.0, 64.6, 74.9, 84.7, 122.6, 126.3,
129.0, 129.5, 139.3, 148.8, 169.1. HR-MS (m/z, ESI): Calculated
(C17H,,055.Na") 329.1187; Found 329.1200.

2-(Oct-2-yn-1-ylsulfanyl)-4-({[(quinolin-6-

yl)carbamoyl]oxy}methyl)phenyl acetate (CP-2): Na,CO; (103 mg,
0.969 mmol) was flamed-dried under reduced pressure. Anhydrous
toluene (2 mL) was added and the resulting suspension was cooled
to 0 °C. Triphosgene (64 mg, 0.22 mmol) was added and the
reaction was stirred vigorously for 30 mins. 10 (33 mg, 0.11 mmol)
was dissolved in anhydrous toluene (2 mL) was added drop-wise to
the reaction over the course of 20 mins. The reaction was then
allowed to warm to ambient temperature and was stirred
vigorously for a further 3 h, after which time TLC analysis (eluent =
7:3 hexane:EtOAc) revealed the complete consumption of 10. The
reaction mixture was concentrated under reduced pressure for 2 h
to ensure the removal of any remaining triphosgene before being
re-dissolved in anhydrous THF (2 mL). 6-Aminoquinoline (39 mg,
0.27 mmol) was added, at which point a precipitate was formed,
and the reaction was stirred vigorously for a further 1 h. The
reaction was filtered and the filtrate was concentrated under
reduced pressure to give the crude product, which was
subsequently purified over silica (eluent = 1:1 to 2:3 hexane:EtOAc)
to give CP-2 as a yellow oil (20 mg, 0.0042 mmol, 38%). R; = 0.28
(7:3 hexane:EtOAc). 'H NMR (CDCl3, 400 MHz): &y = 0.85 (m, 3H,
CH,CH;), 1.20-1.30 (m, 4H, CH,CH,CHs), 1.42 (m, 2H,
CH,CH,CH,CHjs), 2.13 (m, 2H, CCCH,CH,), 2.36 (s, 3H, ArOC(O)CH;),
3.61 (s, 2H, ArSCH,), 5.23 (s, 2H, ArCH,0), 7.11 (d, J = 8.0 Hz, 1H,
ArH), 7.32 (m, 1H, ArH), 7.34 (m, 1H, C(O)NH), 7.41 (dd, J = 8.5Hz,
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4.5 Hz, 1H, ArH), 7.53 (dd, J = 9.0 Hz, 2.5 Hz, 1H, ArH), 7.60 (d, J =
2.0 Hz, 1H, ArH), 8.09 (d, J = 9.0 Hz, 1H, ArH), 8.11-8.17 (m, 2H,
ArH), 8.83 (dd, J = 4.0 Hz, 1.0 Hz, 1H, ArH). *C NMR (CDCl;, 100
MHz): §. = 13.9, 18.7, 20.8, 22.1, 22.4, 28.3, 31.0, 66.4, 74.7, 84.8,
114.3,121.7, 122.8, 122.8, 126.3, 127.8, 128.9, 129.4, 129.9, 131.0,
134.3, 135.9, 136.1, 148.7, 149.5, 153.1, 169.0. HR-MS (m/z, ES):
Calculated (C,7H,9N,0,S) 477.1848; Found 477.1838. The purity of
CP-2 was measured via HPLC using the following gradient of MeCN
(+0.1% TFA) in H,0 (+0.1% TFA): 40-60%, 0-20 mins; 60-100%, 20-25
mins. Under these conditions 6-aminoquinline eluted at 8.8 mins
(see supporting information for trace).

Measurement of Absorption and Emission Spectra: Solutions of
either CP-1 or CP-1 in DMSO (10 mgmL'l) were diluted to a final
concentration of 0.1 mgmL'1 in water or a mixture of methanol,
water and saturated NaHCO; (2:1:1, v:v:v). Spectra in water were
measured immediately, those in methanol, water and saturated
NaHCO; were measured after a 30 minute incubation at ambient
temperature. Emission spectra were measured using an excitation
wavelength of 355 nm.

Testing of probes with purified proteins: Unless otherwise stated
80 mM Tris (pH 80, 0.1% Tween 20, 300 uM
diethyldithiocarbamate) was used throughout these experiments.
All stock solutions were stored at -20 °C when not in use.
Commercially available solutions of COX enzymes were used as
stock solutions for these enzymes. Porcine liver esterase, albumin
and carbonic anhydrase were dissolved at 1.07 mgmL'1 in buffer.
Hematin was dissolved at 0.1 mgmL'1 in 9:1 v:v buffer:DMSO. CP-1
and CP-2 were dissolved at 10 mgmL'1 in DMSO. Celecoxib was
dissolved at 1 mgmL'lin DMSO.

Over ice, solutions comprised of 1 protein, hematin (1 uM) and
DMSO (7.6 uL) were mixed in buffer. COX-1, COX-2, albumin and
carbonic anhydrase were all used at a final concentration of 0.125
mgmL'l. Porcine liver esterase was used at a final concentration of
0.309 mgmL'1 (equimolar concentration to COX-1 and COX-2). In the
case of celecoxib inhibitor experiments, celecoxib in DMSO (7.6 uL)
was used in place of DMSO and the solution was incubated for 10
mins over ice. CP-1 or CP-2 was added to give a final solution of 200
UL containing the probe at a concentration of 100 uM. The solution
was transferred to a black-sided 96 well plate and incubated in a
fluorimeter at 37 °C. At various time-points fluorescence readings
(Aex = 355 nm, A, = 535 nm) was measured to give the data
presented in figure 4. Blank solutions compromising hematin (1
puM), DMSO (7.6 pL) and CP-1 or CP-2 (100 uM) were also mixed.
Fluorescence readings (Aex = 355 nm, A, = 535 nm) were taken at
identical points.

To obtain the data presented in figure 5, the increase in
fluorescence for the COX samples was divided by the increase in
fluorescence for the blank sample over the same time period (60
mins).

Molecular modeling: CP-1 and CP-2 were docked into the COX-2
active site using AutoDock Vina to predict their binding modes and
affinities. Specifically, the crystal structure of celecoxib-bound COX-
2 (PDB code: 3LN1) with celecoxib or other ligands removed was
treated rigid during docking; whereas either compound was treated
flexible with 13 rotatable bonds each and further allowed to rotate
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or translate externally within a 20x20x20 A3 cubical region whose
center is located at the center of the bound celecoxib. The
rationale of treating COX-2 as rigid is that no significant
conformational differences for the backbone or even many active-
site side chains were observed among over 30 ligand-bound COX-2
crystal structures deposited in the Protein Data Bank. For each
compound, 100 independent docking jobs (each of which has 10
independent minimization runs) were performed using AutoDock
Vina starting from random conformations and the model with the
lowest predicted energy value was retained. According to
AutoDock Vina, the binding energy values were predicted to be -8.2
and -8.4 kcal/mol for CP-1 and CP-2 respectively, compared with -
11.8 kcal/mol predicted for celecoxib.

Mass spectrometry analysis of CP-1 treated COX-2: COX-2 was
incubated with CP-1 as described in the section “testing of probes
with purified proteins”. The sample was analyzed for sites of
acetylation by MS Bioworks (Ann Arbor, Ml). Briefly, COX-2 was
purified by SDS-PAGE and digested with trypsin, chymotrysin and
elastase. The gel digest was subsequently analyzed by LC/MS/MS
using a Waters NanoAcquity HPLC system interfaced to a
ThermoFisher Orbitrap Velos Pro. Peptides were loaded on a
trapping column and eluted over a 75 um analytical column at
350nL/min; both columns were packed with Jupiter Proteo resin
(Phenomenex). The mass spectrometer was operated in data-
dependent mode, with MS performed in the Orbitrap at 60,000
FWHM resolution and MS/MS performed in the LTQ. The fifteen
most abundant ions were selected for MS/MS. See supporting
information for details on MS data analysis, a summary of
acetylation sites and a representative mass spectrum.

In cellulo testing: RAW264.7 cells were stimulated to express COX-2
as previously described."” Solutions of either CP-1 or CP-2 in media
(1 mL + 30 puL DMSO) at a range of concentrations (0 uM, 50 uM,
100 uM and 250 uM) were incubated at 37 °C on either stimulated
or non-stimulated cells for 1 h. The media was removed and the
cells were washed twice with PBS and PBS (1 mL) was added for the
imaging.

Fluorescence image cubes were measured with an inverted Nikon
Eclipse Ti microscope using DAPI 365/10x excitation filter, FITC
510LP emission filter and DAPI dichroics. The fluorescence image at
Aem = 550 nm was isolated from the image cube. Image) software
was used to pseudocolorize these images and quantify the pixel
intensity.
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