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Abstract

Previous studies in human patients and animal models have suggested that transglutaminase 2
(TG2) is upregulated in pulmonary hypertension (PH), a phenomenon that appears to be
associated with the effects of serotonin (5-hydroxytryptamine; 5-HT) in this disease. Using
chemical tools to interrogate and inhibit TG2 activity in vivo, we have shown that pulmonary TG2
undergoes marked post-translational activation in a mouse model of hypoxia-induced PH. We
have also identified irreversible fluorinated TG2 inhibitors that may find use as non-invasive
positron emission tomography probes for diagnosis and management of this debilitating, lifelong
disorder. Pharmacological inhibition of TG2 attenuated the elevated right ventricular pressure but
had no effect on hypertrophy of the right ventricle of the heart. A longitudinal study of pulmonary
TG2 activity in PH patients is warranted.

INTRODUCTION

Many previous studies have associated the biogenic amine serotonin (5-hydroxy-tryptamine;
5-HT) with clinical and experimental pulmonary hypertension (PH). Herve et al first
identified the presence of pulmonary arterial hypertension (PAH) with depleted platelets and
elevated serum 5-HT in patients with platelet storage disease (1, 2). Elevated serum 5-HT
has also been noted in other patients with PAH (3). The fawn hooded rat with elevated
serum levels of 5-HT has been shown to develop spontaneous PH (4). Intracellular uptake of
5-HT, enabled by the serotonin transporter, is enhanced in patients with PAH (5). At a
cellular level, 5-HT has also been shown to stimulate smooth muscle cell proliferation and
contractility (6-8), thereby providing a rationale for its role in pulmonary vascular
remodeling and tension generation in PAH. Importantly, genetic or pharmacological
inactivation of Tph1l, the lung-associated tryptophan hydroxylase isozyme that is rate-
limiting in serotonin biosynthesis, reduces or eliminates hemodynamic changes produced in
mice exposed to hypoxia (9-12). Because a distinct isozyme of Tphl is involved in 5-HT
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metabolism in the CNS, and because the CNS is chemically insulated from the rest of the
body by the blood brain barrier, tryptophan hydroxylase inhibitors are being evaluated as
potential therapeutic agents for PAH.

Notwithstanding the compelling association of 5-HT metabolism and transport with PH,
several mechanistic details remain poorly understood. For example, both genetically reduced
(13) and augmented (14) serotonin transporter activities have been shown to correlate with
experimental PH. More fundamentally, the localization of pathogenically relevant 5-HT
pools and their precise mode of action are unknown. An intriguing development in this
regard is the recent observation that transglutaminase 2 (TG2), a ubiquitous intracellular and
extracellular enzyme, catalyzes site-specific post-translational attachment of serotonin to
GlIn residues on certain proteins (15-17) (Figure 1). These observations suggest a potential
link between 5-HT and TG2 in the development of PH. Preliminary support for this
hypothesis emerged from studies in one of our laboratories, showing that the well-known
substrate of TG2, fibronectin, is serotonylated when the proliferation and migration of
pulmonary artery smooth muscle cells is induced by 5-HT (18). More recently, we have also
detected an increase in serotonylated fibronectin in the lungs as well as serum of
experimental models of pulmonary hypertension, and also in serum of patients with PAH
(19). These findings motivated us to definitively establish whether TG2 activity was indeed
elevated in lungs at the onset of PH. This question is particularly germane because TG2 is
predominantly maintained in a catalytically inactive state in most organs of mammalian
body (including the lung); its activity is regulated by elaborate mechanisms that operate
inside and outside the cell (for review, see Klock and Khosla, 2012). To address this
question, we took advantage of small molecule tools and methods for modulating and
visualizing TG2 activity in mammals, developed by our other laboratory (21, 22).
Specifically, we had previously shown that single doses of the biotinylated amine (5-
biotinylamido pentylamine; 5 BP) can be systemically administered to rodents. It is
covalently attached to tissues only upon allosteric activation of TG2. Our earlier studies had
also led to the discovery of ERW1041E (23), a small molecule inhibitor of TG2 that
pharmacologically blocks activated TG2 in vivo in a dose-dependent manner (21, 22). The
results of our collaborative efforts are reported here.

TG2 activity is induced in lungs in response to hypoxia

Consistent with earlier findings in the gut and liver (21, 22), we found that very little, if any,
biotinylation was detected in the lungs isolated from control mice exposed to room air
(Figure 2A), indicating that basal TG2 activity in lung is low. In contrast, exposure to 10.5%
hypoxia induced TG2 activation in mouse lung tissue within as few as 5 days. Importantly,
TG2 activity increased steadily over the duration of hypoxia treatment (e.g., compare
activity at day 5 versus day 16, Figure 2A), when the onset of PH was observed. This
elevated TG2 activity was not associated with an increase in TG2 expression (indicated via
immunofluorescent staining of TG2), leading to the speculation that the observed increase in
activity was due to the well-understood mechanism of post-translational TG2 activation via
disulfide bond reduction (24-27). The ostensibly high TG2 activity in heart tissue in
normoxia control animals precluded the measurement of dynamic TG2 activity in cardiac
tissue (Supplemental Figure S1A).

In addition to visual inspection, fluorescent images were quantified using the ImageJ
software. Specifically, the average pixel intensity of TG2 (green) and 5BP (red) was
calculated for each image. The relative TG2 activity was measured by dividing the average
5BP (red) intensity by the average TG2 (green) intensity and normalized to the normoxia
control animals. In hypoxia-treated animals, a steady increase in TG2 activity was observed
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over a period of 16 days; TG2 activity was up to 4.5-fold higher in hypoxic versus control
mice (Figure 2B). TG2 activity in heart was constitutively high in room-air exposed mice,
and did not change with hypoxia exposure time (Supplemental Figure S1B).

We also extended our studies to include combination treatment with hypoxia and the anti-
angiogenic agent SU-5416, as previously reported in experimental models of PH (12, 28).
The basal TG2 activity was low in not only control mice but also in mice exposed only to
SU-5416. Analogous to the above findings, combined exposure to hypoxia and SU-5416
resulted in more than 3-fold higher TG2 activity in mouse lung tissue (Figures 3A & B).

Inhibition of TG2 activity in mouse lung by ERW1041E

To verify that the observed 5BP incorporation in the above experiments was indeed due to
TG2 activity, the irreversible active site directed TG2 inhibitor ERW1041E (22, 23) was co-
administered. As shown in Figures 2 (A&B) and 3 (A&B), complete suppression of 5BP
incorporation was observed in the mouse lung tissue. Because this compound has a greater
than 10-fold specificity for TG2 over Factor Xllla (discussed below), the TG2 isoform with
appreciable activity in the lung (29), our data suggest that TG2 is induced in the mouse lung
in response to hypoxia. This inference is also consistent with our previous discovery that
serotonylated fibronectin is elevated in the lungs of mice and rats exposed to hypoxia (19).

In order to determine the duration for which ERW1041E was able to block TG2 activity,
mice were exposed to hypoxia plus SU-5416 for 3 weeks, followed by treatment with a
single intraperitoneal dose of 50 mg/kg ERW1041E. At various intervals from 0 to 26 h
after ERW1041E administration, 100 mg/kg 5BP was administered intraperitoneally,
followed by euthanasia 30 min later. Although TG2 activity remained mostly suppressed up
to 6 h after ERW1041E administration, it gradually returned toward normal levels over the
ensuing 26 hours of the study (Figures 3C & D). The ty, of TG2 inhibition was estimated as
12 + 1 h (Figure 3D), suggesting that a twice-daily dose of ERW1041E could adequately
suppress TG2 activity in a mouse model of hypoxia-induced chronic PH.

Effect of TG2 inhibition on measures of murine pulmonary hypertension

A 3-week study was performed in which mice were exposed to hypoxia plus SU-5416, along
with a once- or twice-daily IP injection of 50 mg/kg ERW1041E. After 3 weeks, the animals
were removed to normal air, and body weights (BW) as well as right ventricular systolic
pressure (RVSP) were recorded. The animals were then euthanized, the heart dissected, and
the right ventricle (RV) was separated from the left ventricle and septum (LV + S). The RV/
BW and RV/LV+S ratios were calculated. Mice exposed to hypoxia plus SU-5416 for 3
weeks showed a strong increase in RVSP and RV weight normalized to BW or LV + S
weight (Figure 4). Concurrent ERW1041E administration led to a significant reduction in
RVSP (Figure 4A). Although the twice-daily dosing schedule showed mild reduction of RV/
BW (Figure 4B), the difference was not statistically significant (p=0.087). Similarly, the
difference in RV/LV + S values between ERW1041E treated and untreated animals was not
statistically different (Figure 4C).

Improved multigram-scale synthesis of ERW1041E

A large quantity of ERW1041E was required to initiate and verify reproducibility of the
chronic rodent studies detailed above. It was therefore necessary to render the synthetic
route to this enantiopure agent more scalable. In particular, in the previously published
synthesis, the preparation of the nitrophenylcarbonate building block [(5a), step (e) in
Scheme 1] which serves as the precursor to the carbamate moiety in (1) and its coupling to
proline methyl ester [step (a)] proved unsatisfactory, both from the perspective of synthesis
yields and the need for two chromatographic purification steps (23, 30).

ACS Chem Biol. Author manuscript; available in PMC 2015 January 17.
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We therefore investigated the utility of 1,1’-carbonyldiimidazole (CDI) in place of p-
nitrophenyl chloroformate for the introduction of the carbamate group. CDI appeared as the
reagent of choice, given that it readily forms the desired imidazolyl carbamate (5b) with
quinolyl-3-methanol at ambient conditions (31, 32). The desired carbamate precipitates in
high purity and yield within a few minutes. When this imidazolyl carbamate was reacted
with L-proline methyl ester hydrochloride in the presence of an equimolar amount of
triethylamine and catalytic DMAP in dichloromethane/DMF overnight, extraction furnished
the product in good yield and purity. The compound could be taken through the subsequent
synthetic steps without additional purification, effectively eliminating two of three
chromatographic purification steps.

Discovery of fluorinated ERW1041E analogs as potential positron emission tomography
probes of pulmonary TG2 activity

When taken in conjunction with our recent finding of elevated serotonylated fibronectin in
the serum of PAH patients (19), the above results in mouse models of experimental PH
suggest that post-translationally activated TG2 in the lung may be a useful quantitative
biomarker of disease progression in PAH and related PH disorders. Testing this hypothesis
would require discovery of a fluorinated TG2 inhibitor binding exclusively to the
catalytically active enzyme; such an agent could be used in conjunction with positron
emission tomography (PET).

One strategy towards that end is the incorporation of bioorthogonal functional groups into a
TG2 inhibitor that could be used to functionalize the compound with a PET-active nucleus.
In fact, we have previously reported a set of irreversibly binding probes of the TG2 active
site that included “clickable” alkyne or azide-functionality (e.g., 4) (30). Unfortunately, the
clickable moiety could only be introduced at the expense of inhibitor potency. We therefore
sought to investigate the feasibility of introducing appropriate modifications at other sites in
ERW1041E.

Hydroxylation of the L-proline ring at the 3 and 4 positions was well tolerated in the trans
stereochemistry (data not shown). In particular, the trans-4-hydroxy substitution had
comparable potency to ERW1041E, as shown in Table 1. The 4-hydroxy group was
therefore used as a functional handle to attach the desired propargyl group (3). We also
prepared the 4-fluoro derivatives and, surprisingly, found that the 4-cis derivative (2a) was
more potent than the corresponding trans diastereomer (2b). Given the strong
conformational bias a 4-fluoro substituent imposes on the proline ring (33), this observation
might be explained by opposing conformational and steric trends for the position of
substituents on the proline ring.

To assess their potential as TG2 specific probes, we profiled our inhibitors against major
other human transglutaminase isoforms, specifically keratinocyte transglutaminase TG1,
epidermal TG3, as well as the ubiquitous, blood-borne Factor Xllla (34, 35). As summarized
in Table 1, ERW1041E and its analogues possessed good specificity for TG2 over TG3 and
FXIlla, but were roughly equipotent towards TG1 in vitro, rendering these compounds as
promising avenues for probe development.

DISCUSSION AND CONCLUSIONS

We have utilized a method developed by one of our laboratories (21, 22), in which 5BP is
administered as a nucleophilic TG2 substrate, to assess in situ activity of TG2 in lungs of
mice showing the onset of experimental pulmonary hypertension (PH). Although baseline
activity of TG2 is very low or non-existent under room air conditions, it becomes markedly
elevated by 16 days of exposure to 10.5 % O, (Figure 2). This level of hypoxia leads to the
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development of pulmonary hypertension in these animals by 3 weeks of exposure. The
marked elevation of TG2 activity detected at 16 days argues that TG2 activity is associated
with this model PH, and is consistent with our previous studies in which we observed
enhanced serotonylation of fibronectin in the lungs of hypoxic mice (19).

We also assessed whether the hypoxia induced TG2 activity could be pharmacologically
blocked using the selective TG2 inhibitor, ERW1041E. To determine duration of inhibition,
we first elevated TG2 activity by exposure of mice to hypoxia for 21 days and then gave a
single injection of ERW1041E. Strong inhibition of TG2 activity was observed, when
ERW1041E was administered at a dose of 50 mg/kg, although residual TG2 activity could
be detected (Figure 3). A high degree of TG2 inhibition was obtained at 30 min after
administration of ERW1041E. It remained reduced at 6 hours and gradually returned toward
baseline at 18 and 26 hours after administration. From these experiments we concluded that
TG2 activity could be considerably reduced but not eliminated for most of a 24-hour interval
by twice daily injections. We estimated that the inhibitory half-life of ERW1041E was ca.
12 h, implying that a twice daily dose of ERW1041E would adequately reduce continual
hypoxia mediated TG2 activity.

We next performed experiments to determine whether ERW1041E could modulate
hemodynamic effects of exposures of mice to hypoxia in models of experimental pulmonary
hypertension. Weekly injections of SU-5416 were introduced, as we (unpublished data) and
others (28) have found a more profound effect of hypoxia on pulmonary hypertension in
mice when this anti-angiogenic agent is used in combination with hypoxia. However, the
combination did not significantly elevate TG2 activity compared to hypoxia treatment alone
(Figure 3). Dosing of ERW1041E at both 24 and 12 h intervals produced significant
reductions in RVSP but the effect on RV/BW was not statistically significant and the RV/
LV + S remained unaltered. Any higher or more frequent dosing schedule would have been
potentially problematic and costly to achieve. It remains to be determined if alternative
methods, such as smooth muscle actin staining and vessel occlusion or nucleus defined area
ratios, support the role of TG2 activity in PAH dependent vascular remodeling or
hypertrophy, respectively. Future studies along these lines are being planned.. It is also of
interest that relatively high TG2 activity was observed in the hearts of control mice. The
mechanistic rationale for high cardiac TG2 activity is unknown.

Taken together, our findings suggest an association between elevated TG2 activity and
experimental PH but not necessarily causation. While further studies are needed to discern
whether or not small molecule inhibition of TG2 does or does not constitute a therapeutic
strategy for the treatment of PAH, pulmonary TG2 activity is clearly identified as a
promising biomarker for PAH disease states. Activity based probes, such as the ERW1041E
analogs described here (Table 1), could therefore provide powerful tools for studying PAH.
In particular, derivatives bearing bioorthogonal functionalities such as alkynes and
fluorinated derivatives that can be adapted as PET probes, are desirable. Compounds 2a and
2b fall in the latter category, whereas compound 3 could be a platform compound for “click”
reactions (for review, see Glaser and Robins, 2009).

Activity-based chemical tools have been used to demonstrate that the development of
pulmonary hypertension in mice exposed to hypoxia elevates TG2 activity in the lungs of
these animals. This is the first observation of this phenomenon, and makes a strong
argument for further investigations into the relevance of this enzyme activity as a biomarker
of pulmonary arterial hypertension. Derivatives of an irreversible TG2 inhibitor,
ERW1041E, have also been engineered as potential probes of TG2 activity in vivo, and
could find use in the context of disease imaging.

ACS Chem Biol. Author manuscript; available in PMC 2015 January 17.
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EXPERIMENTAL METHODS

Synthesis

(S)-quinolin-3-yImethyl 2-((((S)-3-bromo-4,5-dihydroisoxazol-5-
yl)methyl)carbamoyl)pyrrolidine-1-carboxylate (1, ERW1041E)—Commercial
proline methyl ester hydrochloride (15.69 g, 95 mmol) was dissolved in 150 mL DMF and
catalytic N,N-dimethylpyridin-4-amine (1.930 g, 15.79 mmol) was added, followed by
triethylamine (11.01 ml, 79 mmol). The mixture was stirred and a white solid precipitated.
Separately, quinolin-3-ylmethyl 1H-imidazole-1-carboxylate (5b) (20 g, 79 mmol) was
dissolved in 100 mL methylene chloride and then added to the reaction mixture. The mixture
was stirred overnight at room temperature, before the volatiles were evaporated to about 70
mL. A white solid was filtered off. The filtrate was diluted with 300 mL water and some
hydrochloric acid (1 M) was added to reach pH 5-6. The cloudy mixture was diluted with
500 mL ethyl acetate, partitioned, and the organic layer washed with brine (4 x 150 mL).
The organic layer was dried over sodium sulfate and evaporated under reduced pressure,
yielding (S)-2-methyl 1-(quinolin-3-ylmethyl) pyrrolidine-1,2-dicarboxylate (21.5 g, 68.4
mmol, 87 % yield) that was used in the next step without prior purification.

The saponification of the intermediate ester and the subsequent amide coupling were
performed similar to the previously reported protocol (23). The ester (21.5 g, 68.4 mmol)
was thus dissolved in 200 mL THF/MeOH 1:1 and LiOH (1 M in water) was added in small
aliquots until the starting material had disappeared by TLC (9:1 ethyl acetate / hexanes). An
equivalent amount of hydrochloric acid (1 M) was added and the volatiles were removed
under reduced pressure. The crude oil was diluted with lightly acidic water and extracted
with ethyl acetate (4 x 150 mL). The combined organic extracts were dried over sodium
sulfate and evaporated under reduced pressure, furnishing (S-1-((quinolin-3-
ylmethoxy)carbonyl) pyrrolidine-2-carboxylic acid (18.8 g, 62.6 mmol, 92 % yield) as a
yellow oil.

An aliquot of the free acid (17.8 g, 59.3 mmol) that was used without purification from the
previous step, EDCI-HCI (13.07 g, 68.2 mmol), and 1H-benzo[d][1,2,3]triazol-1-o0l (8.01 g,
59.3 mmol) were dissolved in DMF (120 mL) and 4-methylmorpholine (NMM) (6.52 ml,
59.3 mmol) was added. The mixture was stirred for 10 min, and enantiomerically enriched
(9-(3-bromo-4,5-dihydroisoxazol-5-yl)methanamine (S-DHI)(10.61 g, 59.3 mmol) was
added dropwise. The mixture was stirred at room temperature for 2 h before it was diluted
with 250 mL water. This mixture was diluted with 600 mL ethyl acetate and extracted. The
organic layer was washed with brine (4 x 200 mL), dried over sodium sulfate and
evaporated under reduced pressure, furnishing the desired product in good yield and purity.
The crude material was purified on a short silica gel column (10 cm diameter, 15 cm length)
with a stepwise gradient of 600 mL 80% EtOAc/pentane, 600 mL 90% EtOAc/pentane,
1000 mL EtOAc, 600 mL 5% MeOH in EtOAc, 1000 mL 10% MeOH in EtOAc. After
pooling all fractions containing product and evaporation of the volatiles, (§-quinolin-3-
ylmethyl 2-((((9-3-bromo-4,5-dihydroisoxazol-5-yl)methyl)carbamoyl)pyrrolidine-1-
carboxylate (22.55 g, 48.9 mmol, 82 % yield) was obtained as a viscous oil that foamed
under high vacuum. A fine amorphous solid was obtained by crushing the solidified

foam. TH NMR (400 MHz, DMSO-dg, mixture of rotational isomers) & 8.93 & 8.84 (2 d,
J=1.9 Hz, 1H), 8.20-8.37 (m, 2H), 7.90-8.06 (m, 2H), 7.69-7.83 (m, 1H), 7.62 (t, J=7.6 Hz,
1H), 5.16-5.37 (m, 2H), 4.73 & 4.59 (2 m, 1H), 4.27 & 4.19 (dd, J=2.8, 8.2 Hz & dd, J=3.5,
8.4 Hz, 1H), 3.12-3.56 (m, 5H), 2.92-3.10 (m, 1H), 1.99-2.24 (m, 1H), 1.71-1.91 (m, 3H).

(2S,4S)-quinolin-3-yImethyl 2-((((S)-3-bromo-4,5-dihydroisoxazol-5-

yl)methyl)carbamoyl)-4-fluoropyrrolidine-1-carboxylate (2a)—Commercial (2S,
4S)-1-(tert-butoxycarbonyl)-4-fluoropyrrolidine-2-carboxylic acid (0.1003 g, 0.430 mmol, 1
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eq.), enantiomerically enriched S-DHI (0.0779 g, 0.436 mmol, 1 eq.), EDCI-HCI (0.1102 g,
0.575 mmol, 1.3 eq.), and 1-hydroxybenzotriazole hydrate (0.0784 g, 0.512 mmol, 1.2 eq.)
were dissolved in DMF (2 mL) and stirred as NMM (0.06 mL, 0.055 mmol, 1.25 eq.) was
added dropwise. The solution was stirred for 3 hours, then was diluted with ethyl acetate
(150 mL) and washed with water (50 mL) and sodium bicarbonate solution (2 x 40mL). The
organic layer was dried over sodium sulfate and evaporated under reduced pressure to yield
crude tert-butyl (2S,4S)-2-((((9-3-bromo-4,5-dihydroisoxazol-5-yl)methyl)carbamoyl)-4-
fluoropyrrolidine-1-carboxylate) as a solution in residual DMF which was used without
further purification.

The intermediate from the previous step was dissolved in DCM (4 mL) and stirred as TFA
(1.0 mL) was added. Stirring was continued for 45 minutes when the reaction mixture was
diluted with ethyl acetate (100 mL). This organic mixture was partitioned with sodium
carbonate solution at a pH of 9. The organic layer was dried over sodium sulfate and
evaporated by reduced pressure to yield crude (2S,4S)-N-(((S)-3-bromo-4,5-
dihydroisoxazol-5-yl)methyl)-4-fluoropyrrolidine-2-carboxamide (0.128 g, 0.435 mmol,
101.2 % yield over 2 steps) which was used without further purification.

(2S,4S)-N-(((9-3-bromo-4,5-dihydroisoxazol-5-yl)methyl)-4-fluoropyrrolidine-2-
carboxamide (0.128 g, 0.435 mmol, 1 eq.) and building block (5a) (0.1215 g, 0.375 mmol,
0.85 eq.) were dissolved in DMF (2 mL) and stirred as NMM (0.07 mL, 0.640 mmol, 1.5
eq.) was added dropwise. The solution was stirred for 23 hours, then diluted with 125 mL of
ethyl acetate and washed with sodium bicarbonate solution (2x 40 mL), sodium carbonate
solution (30 mL), and brine (40 mL). The organic layer was dried over sodium sulfate,
evaporated under reduced pressure, and then purified by column chromatography with a
gradient ranging from 50% EtOAc:50% Pentane — 5% MeOH: 95% EtOAc to yield the title
compound (0.0846 g, 0.177 mmol, 40.7% vyield) as a viscous oil. 'H NMR (400 MHz,
CDCl3, mixture of rotational isomers) & 8.92 (br. s., 1H), 8.17 (br. s., 1H), 8.10 (d, J=8.4 Hz,
1H), 7.84 (d, J=7.5 Hz, 1H), 7.66-7.79 (m, 1H), 7.56 (t, J=7.4 Hz, 1H), 6.78 (br. s., 1H),
5.22-5.50 (m, 2H), 5.28 & 5.15 (2 t, J=3.3 Hz, 1H), 4.60-4.83 (m, 1H), 4.51 (d, J=10.1 Hz,
1H), 3.77-3.96 (m, 1H), 3.31-3.74 (m, 3H), 3.12-3.30 (m, 1H), 2.96-3.12 (m, 1H), 2.62 (br
t, J=15.9 Hz, 1H), 2.21-2.43 (m, 1H). HRMS (ESI-QTOF) m/z: calculated for
CyoH21BIFN4O,4 [M+H]* 479.0725; found 479.07198.

(2S,4R)-quinolin-3-yImethyl 2-((((S)-3-bromo-4,5-dihydroisoxazol-5-
yl)methyl)carbamoyl)-4-fluoropyrrolidine-1-carboxylate (2b)—Compound (2b)
was prepared by the method used to prepare (2a), furnishing the product as a viscous oil
(0.0608 g, 0.127 mmol, 29.3 % yield for 3 steps). 1H NMR (400 MHz, CDCls, mixture of
rotational isomers) & 8.86-8.96 (m, 1H), 8.04-8.20 (m, 2H), 7.83 (d, J=7.9 Hz, 1H), 7.72 (t,
J=7.6 Hz, 1H), 7.56 (t, J=7.5 Hz, 1H), 7.08 & 6.82 (br. s., 1H), 5.10-5.45 (m, 3H), 4.78 &
4.32-4.53 (m., 2H), 3.85-4.10 (m, 1H), 3.31-3.75 & 2.79 (m, 3H), 3.22 (dd, J=10.8, 17.5
Hz, 1H), 3.01 (dd, J=8.0, 17.4 Hz, 1H), 2.53 (m, 1H), 2.20-2.44 (m, 1H). HRMS (ESI-
QTOF) m/z: calculated for CygHo1BrFN4O4 [M+H]* 479.0725; found 479.07199.

(2S,4R)-quinolin-3-yImethyl 2-((((S)-3-bromo-4,5-dihydroisoxazol-5-
yl)methyl)carbamoyl)-4-(prop-2-yn-1-yloxy)pyrrolidine-1-carboxylate (3)—NaH
(60% oil suspension, 0.1402 g, 3.5 mmol, 1.5 eq.) was suspended in DMF (10 mL) and
combined with commercially available (2S,4R)-1-tert-butyl 2-methyl 4-
hydroxypyrrolidine-1,2-dicarboxylate (0.3959 g, 1.6mmol, 1 eq.) dissolved in DMF (2 mL).
The resulting suspension was then stirred at —10°C for 30 minutes before propargyl bromide
(1.80 mL, 20.4 mmol, 15 eq.) was added dropwise. The suspension was stirred for an hour at
-10 °C and then stirred at room temperature for 15 hours. The solution was diluted with
DCM (50 mL) and partitioned with brine (4 x 30 mL). The resultant organic phase was dried
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over sodium sulfate, evaporated under reduced pressure, and then purified by column
chromatography (10%-40% EtOAc:Pentane) to yield 1-(tert-butyl) 2-methyl (2S5 4R)-4-
(prop-2-yn-1-yloxy)pyrrolidine-1,2-dicarboxylate (0.093 g, 0.359 mmol, 25.3% yield).

tert-Butyl (2S 4R)-4-methoxy-2-(prop-2-yn-1-yl)pyrrolidine-1-carboxylate (0.093 g, 0.359
mmol, 1 eq.) was dissolved in 5 mL of THF, combined with 1 M LiOH (0.34 mL, 0.34
mmol, 1 eq.), and stirred for an hour, before an equimolar amount of hydrochloric acid was
added and the volatiles removed under reduced pressure. The aqueous solution was further
acidified to pH 4 and then extracted with ethyl acetate (3 x 50 mL). The organic phases were
combined, dried over sodium sulfate, and evaporated under reduced pressure to yield crude
(2S 4R)-1-(tert-butoxycarbonyl)-4-(prop-2-yn-1-yloxy)pyrrolidine-2-carboxylic acid (0.090
g, 0.334 mmol, 94 % yield).

This intermediate was elaborated using the amide coupling methodology employed for
compound (2a). The crude product (0.044 g, 0.103 mmol, 30.6 % yield) from this step was
combined with a second aliquot from a repeated preparation. The pooled tert-butyl (2S5
4R)-2-((((9)-3-bromo-4,5-dihydroisoxazol-5-yl)methyl)carbamoyl)-4-(prop-2-yn-1-
yloxy)pyrrolidine-1-carboxylate (0.083 g, 0.193 mmol) was reacted with DCM/TFA as
described above. The deprotected product was isolated as its TFA salt by evaporation of the
volatiles and directly subjected to a coupling reaction with building block (5a) as described
above (with an additional 0.5 eq. NMM). Preparative TLC (100% EtOAc) of the crude
product furnished the title compound as a viscous oil (0.0438 g, 0.085 mmol, 44 % yield
over two steps). 1H NMR (400 MHz, CDCl3, mixture of rotational isomers) & 8.81-8.95 (m,
1H), 8.03-8.22 (m, 2H), 7.77-7.95 (m, 1H), 7.65-7.77 (m, 1H), 7.56 (t, J=7.9 Hz, 1H), 6.93
& 6.63 (2 br. s., 1H), 5.16-5.53 (m, 2H), 4.92 & 4.12 (2 5, 2H), 4.78 & 4.46 (2 br m, 1H),
4.26-4.43 (m, 2H), 3.55-3.90 (m, 2H), 3.33-3.54 (m, 1H), 3.13-3.31 (m, 1H), 2.96-3.12
(m, 1H), 2.64-2.85 (m, 1H), 2.34-2.48 (m, 1H), 2.24-2.34 (m, 1H), 1.98-2.20 (m, 1H).
HRMS (ESI-QTOF) m/z: calculated for Cy3H4BrN4O5 [M+H]* 515.0925; found 515.0921.

(S)-4-ethynylbenzyl 2-((((S)-3-bromo-4,5-dihydroisoxazol-5-
yl)methyl)carbamoyl)pyrrolidine-1-carboxylate (4)—Compound (4) was prepared
according to a previously published procedure (30)

(S)-(3-bromo-4,5-dihydroisoxazol-5-yl)methanamine (S-DHI)—The racemic DHI
moiety was prepared by the [3+2] dipolar cycloaddition route reported in the literature (37).
Deviating from the published procedure, we found that when we left out methylene chloride
as a putative surfactant, we could filter dibromoformaldoxime as a shiny white solid from
the reaction mixture in satisfactory yield (103 g, 64.9 %), obviating the need for an
extraction and solvent evaporation step for this reactive and potentially dangerous
intermediate. The S-DHI enantiomer was enriched from the crude racemic mixture by
fractional crystallization with L-mandelic acid, inspired by a previously reported procedure
(38). To this end, L-mandelic acid (42.4 g, 278 mmol) was dissolved in hot methanol
(approx. 250 mL) and the crude product (99.7 g, 557 mmol combined from two
cycloaddition preparations, individually furnishing 253 mmol in 49.8 % yield and 304 mmol
in 55.4 % yield, respectively), was diluted with an equal volume of hot absolute ethanol. The
two solutions were combined and a large amount of the mandelate salt crystallized upon
cooling to room temperature. The solid was filtered off and recrystallized in batches from a
mixture of methanol and ethanol furnishing the mandelate salt as long white needles. The
desired compound could be obtained by suspending the crystals in water, followed by
basifying the solution with 10% aqueous potassium carbonate to a pH of 11-12 and
extracting the solution with methylene chloride (5x).
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4-nitrophenyl (quinolin-3-ylmethyl) carbonate (5a)—Compound (5a) was prepared
according to our previously published procedure (23)

Quinolin-3-yImethyl 1H-imidazole-1-carboxylate (5b)—Commercial quinoline-3-
carbaldehyde (15 g, 95 mmol) was reduced as previously described (23). The resulting
quinolin-3-ylmethanol (15.2 g, 95 mmol) and di(1H-imidazol-1-yl)methanone (31.0 g, 191
mmol) were separately dissolved in 100 mL anhydrous acetonitrile each and combined
while stirring at room temperature. Stirring was continued for another 30 minutes, while a
large quantity of a white solid formed. The solid was filtered off, washed with little
acetonitrile, and dried. Additional crops of white solid could be obtained by reducing the
volume of the filtrate under reduced pressure and repeated filtration, furnishing quinolin-3-
ylmethyl 1H-imidazole-1-carboxylate in excellent combined yield (22 g, 87 mmol, 91 %
yield) and without the need for any purification. 1H NMR (500 MHz, CDCl3) & 8.99 (d,
J=2.20 Hz, 1H), 8.26 (d, J=1.71 Hz, 1H), 8.12-8.16 (m, 2H), 7.86 (d, J=8.06 Hz, 1H), 7.77
(ddd, J=1.22, 7.02, 8.36 Hz, 1H), 7.58-7.61 (m, 1H), 7.42 (s, 1H), 7.06 (s, 1H), 5.60 (s,
2H). 13C NMR (126 MHz, CDCl5) § 150.5, 148.4, 148.2, 137.0, 136.6, 130.8, 130.4, 129.3,
127.9, 127.33, 127.31, 126.7, 117.0, 67.4

5-biotinamidopentylamine hydrochloride (5-BP*HCI)—D-(+)-biotin (3.26 g, 13.35
mmol) and tert-butyl (5-aminopentyl)carbamate (2.7 g, 13.35 mmol), prepared by the
method of Lee (39), and EDCI-HCI (2.94 g, 15.35 mmol) were suspended in acetonitrile (70
mL). Water (30 mL) was added, followed by NMM (2.70 g, 26.7 mmol). The mixture was
stirred for 3 h, whereafter the volatiles were removed under reduced pressure, furnishing the
crude product as a yellow oil. The oil was diluted with water and a first crop of the product
could be filtered off. On standing for several days, a number of additional crops of product
could be filtered off, accounting for a moderate additional yield. The crude product was
loaded onto a silica gel column in ethyl acetate with methanol and eluted slowly with a
gradient up to 15% methanol in ethyl acetate. Upon evaporation of the pooled fractions, tert-
butyl 5-(biotinamidopentyl) carbamate (3.0 g, 7.00 mmol, 52.4 % yield) was obtained as a
gel that slowly solidified under vacuum. An aliquot of the white solid (2.5 g, 5.83 mmol)
was suspended in 15 mL of 4 M HCI in dioxane and stirred for 10 minutes. Then, 15 mL of
methanol were added and residual suspended solids dissolved. Stirring was continued for
another 10 minutes. The crude mixture was slowly added to 220 mL diethyl ether under
vigorous stirring and stirring continued for 1 hour. During this time, a sticky oil had formed
on the walls of the flask. The solvent was decanted off and the flask washed with additional
ether. Then, the oily solid was taken up in methanol and the clear solution evaporated under
reduced pressure, yielding the title compound as an off-white foam (1.3 g, 3.56 mmol, 61.1
% yield). TH NMR (500 MHz, D,0) & 4.53 (d, J=5.13 Hz, 1H), 4.35 (d, J=7.32 Hz, 1H),
3.27 (br. s., 1H obscured by residual methanol solvent signal), 3.12 (d, J=5.62 Hz, 2H),
2.81-2.98 (m, 3H), 2.71 (d, J=13.43 Hz, 1H), 2.08-2.26 (m, 2H), 1.15-1.79 (m, 12H). 13C
NMR (126 MHz, D,0) 6 177.3, 165.8, 62.7, 60.9, 56.0, 40.3, 40.0, 39.6, 36.0, 28.53, 28.45,
28.3,27.0,25.8, 23.6.

In vitro transglutaminase assays: Human transglutaminase 2 (TG2) was expressed from
plasmid pJLP4 in E. coli strain Rosetta 2(DE3) pLysS, and purified by sequential affinity
and anion-exchange chromatography, as previously described (40). The other
transglutaminases human TG1, TG3, Factor Xllla as well as murine TG2 were also
recombinantly expressed in E. coli, and chromatographically purified as will be described
elsewhere (C.K. et al., unpublished data). The activity of recombinant transglutaminases was
assessed using the glutamate dehydrogenase (GDH) coupled deamidation assay (40, 41)
with Chz-GIn-Gly or other appropriate peptides as acyl donor substrates in the absence of an
amine-based acceptor substrate (C.K. et al., unpublished data). Inhibitor potencies were
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measured in this assay as previously described (42) and inhibition parameters k;j,, and K;
obtained by fitting the progress curves to an irreversible inhibition model (42, 43).

Hypoxia induced TG2 activation in mice: Chemical tools were formulated fresh and used
the same day for each mouse experiment. ERW1041E was prepared in 20% DMSO (v/v) in
water to 10mg/mL. 5-biotinamidopentylamine (5BP) was dissolved in PBS to 20mg/mL free
amine equivalents. All chemical tools were then passed through a disposable 0.2 um sterile
polyvinylidenefluoride (PVDF) membrane filter prior to injection. C57BL/6 mice were
obtained from Charles River Laboratories (Boston, Ma). The Tufts IACUC Committee
approved all animal studies. Male C57BL/6 mice 6-8 weeks old (~20 grams body weight)
were placed in normobaric hypoxic (FI02 10.5%) chambers for 5-21 days or left in
atmosphere as the normoxia-exposed animal controls. Thirty minutes prior to sacrifice, mice
were injected with a TG2 substrate, 5BP, 100 mg/kg as an intraperitoneal (IP) injection. To
ensure that 5BP incorporation depended on the TG2 activity, we contemporaneously
administered 50 mg/kg IP of a selective TG2 inhibitor, ERW1041E. Mice were then
sacrificed and heart and lung tissue dissected. While the heart was directly embedded in
optimal cutting temperature (OCT), the left lung was inflated with ImL OCT and frozen for
sectioning. Frozen mouse tissue cryomolds were transferred to a Leica CM3050S cryostat
already equilibrated to —20°C. Tissue blocks were removed from the cryomolds, cut into 8
micron thin sections, and transferred to room temperature superfrost plus microslides.
Microslides were stored at —20°C post tissue transfer. Tissue mounted microslides were
fixed in 4% (w/v) paraformaldehyde for 15 min at room temperature, thoroughly washed
with PBS, and blocked with 5% (w/v) BSA in PBS supplemented with 0.1% (v/v) Tween-20
overnight at 4°C. Tissue mounted microslides were treated with primary antibody 1:500 (v/
v) dilution of mouse anti-TG2 1gG MAb (TG100 + CUB7402 mix) in blocking buffer
overnight at 4°C. Slides were washed three times with PBS supplemented with 0.1% (v/v)
Tween-20 for 5 min at room temperature. Slides were then treated with secondary
antibodies, goat anti-mouse (H-L) 1gG Alexa Fluor 488 and Streptavidin Alexa Fluor 555
conjugates, diluted 1:1000 (v/v) in blocking buffer overnight at 4°C. Slides were thoroughly
washed four times for 5 min each with PBS supplemented with 0.1% (v/v) Tween-20 and air
dried in the dark at room temperature. Cover slips were then mounted using Vectashield
mounting medium and sealed onto the slides using multiple coats of clear nail polish. Sealed
slides were stored in the dark at 4°C, and imaged using a Zeiss LSM 510 Meta Confocal
Microscope.

Fluorescent microscopy, image processing, and calculations: The amount of TG2 activity
in mouse lung and heart tissues was assessed by fluorescent microscopy. All images were
generated using a Zeiss LSM 510 Meta Confocal Microscope. Thin sectioned mouse tissues
were imaged using a 10X EC Plan-Neofluar / 0.30 M27 dry lens. In general, all images were
generated under the same microscope settings, where detector saturation was avoided, and
were processed identically. For fluorescent microscopy processing of thin sectioned mouse
tissue, separate laser channel images were generated independently in a multi-track mode to
avoid fluorophore cross talk that could influence calculations. Images were processed using
ImageJ (44). Each image was first split into separate red, green, and blue channels. Next, the
intensity of each pixel in the split images was calculated. The intensity of red and green
pixels were proportional to the amount of 5BP and TG2 at a given XY coordinate in the
images, respectively, while the intensity of the blue pixels was negligible and ignored. The
pixel intensities over the entire image were averaged for each channel, and the average 5BP
pixel intensity (red) was divided by the average TG2 pixel intensity (green) to give a
measure of TG2 activity for each image. TG2 activity measurements were normalized to
those from control animal tissues.
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Production of experimental pulmonary hypertension and measurement of
hemodynamics in mice exposed to Su-5416 and hypoxia: Male C57BL/6 mice were
obtained from Charles River Laboratories (Boston, MA). The Tufts IACUC Committee
approved all animal studies. For hypoxic exposures, mice were placed in normobaric
hypoxic (FIO2 10.5%) chambers for 3 weeks. Normoxia-exposed animals were used as
controls. Where noted Su-5416 (Tocris Bioscience), mixed in carboxymethyl cellulose
(0.5%), polysorbate 80 (0.4%), benzyl alcohol (0.9%) and NaCl (0.9%), was given weekly
in 200 [L subcutaneous injections at a dose of 20 mg/kg to hypoxia exposed animals as
previously reported in experimental models of pulmonary hypertension (12, 28). Food was
changed twice weekly and water was given ad libitum.

Following three weeks of hypoxia, animals were removed to room air and anesthetized with
ketamine/xylazine (50 mg/kg and and 8 mg/kg IP). Body weights (BW) were recorded. The
right ventricular systolic pressure was measured by transthoracic insertion of a 25G needle
connected to a liquid filled catheter and pressure transducer (Grass P23) into the right
ventricle. Pressure wave forms were recorded (PowerLab AD Instruments, Colorado
Springs, CO) for 5 min and an average systolic pressure was obtained. Following the
pressure measurements the abdomen was opened and blood was collected through the
inferior vena cava.

The animals were then euthanized by exsanguination. The chest was then opened; the
pulmonary artery and trachea were cannulated; and the heart and lungs were removed en
bloc. The right lung was ligated, removed and flash frozen. The left lung was fixed in 4%
formalin at 23 cm H,O tracheal and 75 cm H,O pulmonary artery pressures. Following 30
min fixation the right lung was removed and further processed for later embedding. The
heart was removed and the right ventricle (RV) was separated from the left ventricle and
septum (LV + S). The weights of these tissues were recorded and the RV/LV + S and RV/
BW ratios were calculated.
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NOMENCLATURE

TG2 transglutaminase 2

5BP 5-biotinamidopentylamine

ERW1041E (S)-quinolin-3-ylmethyl-2-((((S)-3-bromo-4,5-dihydroisoxazol-5-
yl)methyl)carbamoyl) pyrrolidine-1 carboxylate

SU-5416 semaxinib, 3-[(3,5-Dimethyl-1H-pyrrol-2-yl)met-hylene]-1,3-dihydro-2H-
indol-2-one

BW body weight

RVSP right ventricular systolic pressure

RV right ventricle

LV left ventricle
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LV +S left ventricle plus septum
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Figure 1. Transglutaminase activity and chemical tools for investigating its role in PAH
Transglutaminase 2 (TG2) catalyzes the formation of an isopeptide bond between a protein
or peptide substrate harboring a target GIn residue and an acyl acceptor substrate, which
may be a Lys residue on another protein or peptide or even a small molecule amine (panel
A). One such biogenic amine substrate is serotonin (5-hydroxytryptamine, 5-HT). 5-
biotinamidopentylamine (5BP) is another (unnatural) substrate for TG2 that is used as a
probe for TG2 activity in tissues (panel B). ERW1041E (Panel C) (1) is an irreversible, acyl-
donor substrate-competitive inhibitor of TG2.
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Figure 2. Hypoxia induced TG2 activity in mice

C57BL/6 mice were placed in normobaric hypoxic (FIO2 10.5%) chambers for 5-16 days or
left in atmosphere as the normoxia-exposed animal controls. TG2 activity in the lung was
measured using the nucleophilic substrate, 5BP, as described in the text. To demonstrate that
the observed 5BP incorporation was due to TG2 activity, the TG2 inhibitor, ERW1041E,
was contemporaneously administered in animals exposed to 16 days of hypoxia. Alexa Fluor
488 (green) was used to visualize TG2 protein, whereas Alexa Fluor 555 (red) corresponded
to TG2 activity. (A) Hypoxia induced TG2 activation in lung tissue compared to normoxic
treatments. White scale bars are 100[m in length. (B) Quantitation of specific TG2 activity
using ImageJ. At least 30 images per condition were collected of which representative
images are shown. Data are represented as average +/— standard error. All images were
processed identically.
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Figure 3. Duration of TG2 blockade in pulmonary hypertensive mice

C57BL/6 mice were placed in normobaric hypoxic (FI02 10.5%) chambers for 3 weeks or
left in atmosphere as the normoxia-exposed animal controls. SU-5416 was given weekly to
hypoxia exposed animals, as previously reported in experimental models of pulmonary
hypertension (28). TG2 protein and activity in the lung was quantified, as described in the
caption to Figure 2. (A) Hypoxia and SU-5416 induced TG2 activation in lung tissue
compared to normoxia controls. (B) Quantitative analysis of specific TG2 activity in lungs
using ImageJ. (C) The duration of TG2 blockade in response to a single IP injection of 50
mg/kg ERW1041E was estimated. ERW1041E or vehicle was administered 0.5, 6, 18, and
26 hours prior to sacrifice. At least 30 images per condition were collected of which
representative images are shown. White scale bars are 100[m in length. (B and D) Data
represented as average +/— standard error. All images were processed identically.
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Figure 4. Hemodynamic measurements in pulmonary hypertensive mice treated with TG2
inhibitor

C57BL/6 mice were placed in normobaric hypoxic (FIO2 10.5%) chambers for 3 weeks or
left in atmosphere as the normoxia-exposed animal controls. SU-5416 was given weekly as
described previously (28). Following three weeks of normoxia or hypoxia plus SU-5416,
animals were removed to room air and anesthetized. (A) Right ventricular systolic pressure
(RVSP) was measured as noted in Methods. Body weights (BW) were recorded. The
animals were then euthanized. The heart was dissected and right ventricular (RV) and left
ventricular plus septal (LV + S) weights were determined. (B) RV/BW and (C) RV/LV+S
ratios were calculated. Values are expressed as means +/— SEM, n= 7 animals in each group.
ERW1041E was given once per day (1X) or twice daily (2X) at 50 mg/kg. + p <0.05 vs
normoxic; * p < 0.05 vs hypoxic/SU-5416.
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Scheme 1.

(@) (5a), NMM (3 eq.), DMF ; (a*) (5b), NEt3 (1 eq.), DMAP (0.1 eq), DMF/DCM 3:2,
overnight RT; (b) ag. LiOH, MeOH/THF; (c) EDCI, HOBt, NMM, (S)-DHI, DMF, (d)
LiBH,4, EtOH/THF, =78°C; (e) p-nitrophenyl chloroformate, NMM, DCM; (e*) 1,1’-
carbonyldiimidazole, ACN, RT; (f) TFA
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