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Fluorescent Probes of Tissue Transglutaminase
Reveal Its Association with Arterial Stiffening
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SUMMARY

Tissue transglutaminase (TG2) catalyzes the cross-
linking of proteins. TG2 has been implicated in
fibrosis and vascular calcification, both of which
lead to a common feature of aging known as arterial
stiffness. In order to probe the role of TG2 in arterial
rigidification, we have prepared a fluorescent irre-
versible inhibitor as a probe for TG2 activity (RhodB-
PGG-K(Acr)-LPF-OH). This probe was synthesized
on solid support, characterized kinetically (Kinact =
0.68 min™', K; = 79 uM), and then used to stain the
aorta from rats used as a model of isolated systolic
hypertension (ISH). Interestingly, TG2 activity was
thus shown to increase over 4 weeks of the hyperten-
sion model, corresponding with the previously
observed increase in arterial stiffness. These results
clearly suggest an association between TG2 and
the phenomenon of arterial rigidification.

INTRODUCTION

Transglutaminases (TGases) (EC 2.3.2.13) are a family of
Ca®*-dependent enzymes that catalyze an acyl transfer reaction
from the y-carboxamide group of a peptide-bound glutamine
residue to the e-amino group of a peptide-bound lysine residue,
resulting in the formation of an isopeptidic amide bond that may
crosslink peptides or proteins (Figure 1). Acyl transfer from
glutamine to other primary amines and even water can also be
mediated by TGases (Achyuthan et al., 1993; Folk and Cole,
1966; Greenberg et al., 1991). Mammalian TGases from tissue,
epidermis, and plasma have been extensively characterized.
Of these, tissue TGase (tissue transglutaminase [TG2]) has
been shown to participate in biological processes such as endo-
cytosis (Davies et al., 1980; Levitzki et al., 1980), apoptosis
(Fesus et al., 1987), and cell growth regulation (Birckbichler
et al., 1983). TG2 is mostly a cytosolic protein, but it has also
been detected in the nucleus (Lesort et al.,, 1998) and can be
secreted from the cell. Outside the cell, it plays one of its most
important biological roles, crosslinking the extracellular matrix,
thus making it less susceptible to proteolytic degradation (Aes-
chlimann and Thomazy, 2000). When TGase-mediated cross-
linking activity is not carefully regulated, it may also be involved
in a number of physiological disorders, such as acne (De Young

et al., 1984), the formation of cataracts (Azari et al., 1981),
immune system diseases (Fésls, 1982), psoriasis (Schroeder
et al., 1992), Alzheimer’s disease (Norlund et al., 1999; Selkoe
et al., 1982), Huntington’s disease (Dedeoglu et al., 2002; Mas-
troberardino et al., 2002), Celiac disease (Piper et al., 2002),
and cancer metastasis (Choi et al., 2005; Mehta, 2009).

TG2 has also been implicated in fibrosis (Griffin et al., 1979;
Johnson et al., 2007; Small et al., 1999) and vascular calcification
(Faverman et al., 2008; Johnson et al., 2008; Kaartinen et al.,
2007). In large conduit arteries these two phenomena lead to
a common feature of aging known as arterial stiffness. Vascular
calcification is an active phenomenon involving the modulation
of matrix Gla protein (Schurgers et al., 2008) and the phenotypic
modulation of vascular smooth muscle cells (Shanahan et al.,
2000). On the other hand, fibrosis may be explained by an
increased collagen/elastin ratio in the extracellular matrix (John-
son et al., 2001). As we described previously this is due to elastin
degradation (Bouvet et al., 2008) as well as the accumulation of
collagen (Essalihi et al., 2007). TGase has been shown to partic-
ipate in this phenomenon by crosslinking collagen in the extra-
cellular matrix (lentile et al., 2007; Johnson et al., 1997, 2007).
The collagen network being rather rigid, its accumulation in
arteries has been associated with increased vascular stiffness
(Arribas et al., 2006; Bruel et al., 1998; Safar et al., 2003; Zieman
et al., 2005).

The hemodynamic consequences of arterial stiffening are an
increased systolic blood pressure, unchanged or slightly re-
duced diastolic blood pressure, increased pulse pressure, and
the development of isolated systolic hypertension (ISH). We
have developed a rat model of ISH, known as the warfarin/
vitamin K (WVK) model, which mimics the physiopathological
process of the disease observed in man (Bouvet et al., 2008;
Essalihi et al., 2003, 2004, 2005). It consists in blocking the
vitamin K-dependant maturation of a physiological inhibitor of
calcification, matrix Gla protein, with warfarin, while preventing
the rats from bleeding with the concomitant injection of Vitamin
K1. With this model we obtain an elevation of vascular calcifica-
tion, collagen content, and vascular stiffening within 4 weeks of
treatments.

TG2 is involved in vascular calcification and collagen accumu-
lation. These phenomena are known to cause arterial stiffening
and occur in ISH. Therefore, our working hypothesis is that
TG2 is involved in the stiffening of large arteries associated
with ISH. Interrogation of the putative role of TG2 in arterial rigid-
ification requires a sensitive method for detecting active TG2 in
samples of arterial tissue. To that end we have designed
substrate analog probes that are capable of reacting with TG2,
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Figure 1. TGase-Mediated Protein Crosslinking

leading to its efficient fluorescent labeling. Furthermore, the
use of one of these probes (1, Figure 2) in a rat ISH model allows
an association to be made between TG2 activity and arterial
rigidification.

RESULTS AND DISCUSSION

Probe Design and Synthesis

Many irreversible inhibitors of TG2 have been developed, based
on a simple dipeptidic scaffold resembling the commonly used
acyl-donor substrate, Cbz-GIn-Gly (Folk and Chung, 1985),
bearing a reactive electrophilic group such as dihydroisoxazole
(Choi et al., 2005), thiadiazole (Marrano et al., 2001), epoxide
(Marrano et al., 2001), chloroacetamide (Pardin et al., 2006),
maleimide (Halim et al., 2007), or «,B-unsaturated amide (de
Macédo et al., 2002). These amides are among the most potent
irreversible TGase inhibitors, having kinact/K| values exceeding
10° M'min, attesting to the reactivity of an acrylamide group
properly positioned in the TG2 active site. In a series of dipeptide
acrylamide inhibitors, we have previously examined the effect of
the length of the acrylamide-bearing side chain. This study
convincingly demonstrated the superior reactivity and affinity
of the dipeptide whose side chain comprises four methylene
units, in ‘N-acryloyl lysine derivative 2 (Figure 2).

In order to be useful as a specific activity probe, an irreversible
inhibitor must be selective for its target enzyme. In this light we
designed a probe based on an extended peptide sequence
that should show high affinity and selectivity for TG2. Our prelim-
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inary efforts to this end consisted of a simple sequence align-
ment of native proteins known to serve as high-affinity
substrates for TG2. Namely, flanking amino acid sequences
were compared between the glutamine-donor substrates pro-
elafin peptide (Sohn et al., 2003) (KVLDGQDP) and gliadin
peptide (Hausch et al., 2003) (PQPQLPY). We reasoned that
the sequence PNPQLPF should confer excellent affinity for
TG2, while presenting only one reactive GIn residue, potentially
simplifying subsequent analyses. Interestingly, this sequence
was found to conform roughly to the patterns predicted by FésUs
(Keresztessy et al., 2006) and Hitomi (Sugimura et al., 2006) upon
analysis of TG2 reactivity with libraries of phage-displayed
peptides. Our PNPQLPF sequence was then validated for
in vivo reactivity by Lin and Ting (2006), who used it as
a donor-substrate sequence in a TG2-mediated cell-surface
labeling application. Finally, it is important to note the success
that Khosla and coworkers (Hausch et al., 2003) have achieved
with this approach. By inserting a 6-diazo-5-oxo-norleucine
residue in the place of the second, reactive Gin residue in
a high-affinity sequence based on a gliadin peptide, they de-
signed the extended peptidic inhibitor Ac-PQP-DON-LPF-NH,
(8, Figure 2) that reacts as efficiently as any small molecule inhib-
itor (Kinact/Ki = 2.9 x 108 M'min™"). More recently, Khosla and
coworkers (Pinkas et al., 2007) have shown that a truncated
version of this inhibitor, namely Ac-P-DON-LPF-NH,, reacts
even more efficiently (Kinact/Ki = 8.3 x 106 M 'min™).
Rhodamine B was chosen as a fluorophore for conjugation to
the peptidic inhibitor sequence due to its high quantum yield and
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Figure 2. Rhodamine Probe 1 Used in This Work, Based on Previously Reported Irreversible Inhibitors 2 (de Macédo et al., 2002) and 3

(Pinkas et al., 2007)
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Figure 3. Solid-Phase Synthesis of Rhodamine Labeling Agent 1 and Control Compound 4

red emission, easily distinguishable from intrinsic cellular fluo-
rescence. Furthermore, free rhodamine B is affordable, and its
incorporation into a peptide sequence can be achieved through
straightforward coupling procedures. In order to ensure that the
fluorophore does not decrease the affinity of the peptide
sequence for TG2 and that the adjacent peptide does not
quench the fluorescence of the fluorophore, it was deemed
necessary to attach the rhodamine to the peptide sequence
through a spacer moiety. It has been reported that secondary
amides of rhodamine are less fluorescent than their parent
acid, presumably due to lactamisation. For this reason, the
rhodamine moiety of inhibitor 1 was attached to the peptide
sequence through a tertiary amide linkage with a proline residue.
The nonfluorescent control compound 4 (Figure 3) was designed
according to the same criteria, having the same reactive electro-
phile, substrate peptide sequence, and spacer sequence as
inhibitor 1 but lacking the rhodamine B fluorophore.

To facilitate the preparation of these labeling agents, a strategy
was developed to allow their synthesis on solid support
(Figure 3). In general the devised synthetic route follows typical
Fmoc-based peptide synthesis using Wang resin. Notably, the
approach shown in Figure 3 allows the acryloyl group to be
added to the e-amino group of the Lys residue, without requiring
cleavage from the resin. *N-Fmoc-°*N-Boc-protected Lys was
first prepared from a known protocol (Albericio et al., 1990)
and then added to the resin-bound LPF tripeptide. Removal of
the Boc group from the side chain of the doubly protected
residue, without cleavage from the resin, was critical to this
approach. This was achieved using TMSOTf, according to the
procedure published by Lejeune et al. (2003). The acryloyl group
was then added using acrylic acid and the coupling agent EEDQ,
in the absence of base. These conditions were found to be supe-
rior to addition of acrylic anhydride, for example, giving an excel-
lent yield without degradation of the electrophilic acryloyl group.

Our procedure for Fmoc-based peptide coupling did not affect
the integrity of the acryloyl group either, allowing a peptide
spacer sequence to be added subsequently. Finally, the rhoda-
mine fluorophore was added to the N-terminal of the peptide
chain in excellent yield, using the same mild coupling conditions
as for the addition of the acryloyl group. After cleavage from the
resin, peptides were purified by preparative HPLC prior to kinetic
evaluation or application.

The effect of the spacer sequence on the fluorescence of the
rhodamine probe was also studied. Two additional probes
were prepared, where the N-terminal proline residue of peptides
1 and 4 was replaced with glycine, resulting in peptides having
spacer sequences GGG and numbered 5 and 6, respectively
(Table 1). The fluorescence of probe 1, having a tertiary amide
rhodamine linkage, was found to be comparable to free rhoda-
mine B. However, peptide 5, wherein the rhodamine moiety is
attached to the peptide through a secondary amide, was found
to be 13-fold less fluorescent. This is consistent with the putative
formation of a lactam isomer having a significantly lower
quantum yield (Adamczyk and Grote, 2000).

Finally, a negative control compound was prepared, bearing
a rhodamine B moiety, but with a glycine residue in place of
the electrophilic acryloyl-lysine residue. This control compound
(RhodB-PGG-G-LPF-OH, 7) was synthesized on solid support

Table 1. Kinetic Parameters Measured for TG2 Affinity Labels
Studied Herein

Kinact Ki Kinact / Ki
Compound R = X= (min™) (uM) (M min")
1 rhodamine B Pro 0.68 +0.20 79 +44 0.009 + 0.008
4 Fmoc Pro 0.46 +0.08 42 +17 0.011 = 0.006
5 rhodamine B Gly 0.19+0.02 6+2 0.032+0.014
6 Fmoc Gly 0.36+0.06 22+8 0.016 + 0.008
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Figure 4. Kinetic Scheme for Irreversible Inhibition in the Presence
of Substrate

according to methods similar to those shown in Figure 3 (see
Experimental Procedures).

Kinetic Characterization

The affinity and reactivity of our probes were then determined
in vitro. The reaction of recombinant guinea pig liver TG2, ex-
pressed and purified according to a published procedure (Gillet
et al., 2004), with a chromogenic dipeptide substrate (de Mac-
édo et al., 2000) showed a mono-exponential decrease in rate
upon addition of peptidic inhibitors studied herein, consistent
with the simplified kinetic scheme shown in Figure 4. First-order
rate constants were measured for this loss of activity and fitted
as a function of varied inhibitor concentration, taking into
account the observed protection offered by the presence of
substrate (see Figure 4 and Equation 1 in Experimental Proce-
dures). The kinetic parameters thus measured for the peptidic
inhibitors studied herein are shown in Table 1.

From Table 1 it would appear that peptides 5 and 6, having
lower K, values than their respective counterparts 1 and 4, may
be bound more tightly by TG2. Perhaps the GGG spacer
sequence, being more conformationally mobile than the PGG
spacer, allows for better placement of the bulky Fmoc or rhoda-
mine groups. However, this improved binding does not result in
significantly improved reactivity because all of the probes
studied have comparable overall efficiency ratios (Kinact/K))-
These efficiency ratios are lower than those of the most efficient
peptidic irreversible inhibitors (Hausch et al., 2003; Pinkas et al.,
2007), but they are as high (Pardin et al., 2006) or higher (Halim
et al., 2007) than those of many other irreversible inhibitors, sug-
gesting that peptide 1 may be used effectively as a useful
fluorescent probe for TG2 activity.

Labeling Selectivity

Ultimately, for compound 1 to be most useful as a probe, it
should ideally be selective for TG2. In particular it is important
to distinguish between the activities of TGases TG2 and Factor
Xllla. As described above, the peptide sequence of 1 was
designed to display affinity for TG2 and to be less reactive
with Factor Xllla, according to previously reported observed
sequence specificities (Sugimura et al.,, 2006). The targeted
selectivity was evaluated by incubating probe 1 with purified
TG2 and with commercial Factor Xllla, followed by visualization
of fluorescent labeling by SDS-PAGE. As shown in Figure 5,
probe 1 does not react significantly with Factor Xllla (Figure 5A),
but it reacts strongly with TG2 (Figure 5B), as intended. Further-
more, no reaction with TG2 was detected in the absence of
added calcium (Figure 5C), confirming that the labeling reaction
was indeed dependent on the native, calcium-dependent TG2
reaction.
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Figure 5. SDS-PAGE Analysis of Labeling Selectivity

Incubation of activated Factor Xllla with compound 1 (30 min, 37°C) reveals no
fluorescent labeling (lane A), whereas incubation with TG2 results in strong
fluorescent labeling (lane B), but not in the absence of added calcium
(lane C). See Experimental Procedures for details.

Coomassie staining

Tissue Staining and Biological Implication
In our model of ISH, arterial stiffness appears between the third
and fourth week of WVK treatment (Essalihi et al., 2007). Indeed,
calcification is usually increased first, followed closely by
fibrosis, which leads to the stiffening of the artery. Therefore,
we stained aortic tissue sections obtained from rats receiving
this treatment for 1, 2, 3, and 4 weeks, while controls remained
untreated. We first investigated control tissues, where no
specific fluorescence could be detected, using compound 1 as
a probe (Figure 6A). At one and two weeks of treatment (WVK1
and WVK2), some staining could be detected between the
elastic lamellae of the aortic wall (Figures 6B and 6C). After
3 weeks of treatment (WVK3), we observed an interesting
phenomenon. Indeed, aortic staining seemed to have moved
from between elastic lamellae in the media of the artery to areas
of undulated elastic lamellae present in the outer media, adja-
cent to the adventitia (Figure 6D). As we have shown previously,
these regions correspond to areas of calcification, where elastic
lamellae are fixed by hydroxyapatite crystals into an undulated
form, as detected by von Kossa staining (Essalihi et al., 2005).
This is also where fibrosis first appears when we stain these
sections for collagen (Essalihi et al., 2007). Furthermore, at
4 weeks of treatment (WVK4), where calcification is at its
maximum, but also when fibrosis is significantly elevated in the
vascular wall (Essalihi et al., 2007), TG2 staining with compound
1 was now strictly associated with these undulated, calcified
areas (Figure 6E). This suggests an association between calcifi-
cation and TGase activity. Looking at the literature, we have no
doubt that the role played by TG2 in these areas is pro-calcifying
and pro-fibrotic by nature. However, further studies are neces-
sary to confirm what is, at this point, only hypothetical in this
model. To make sure that rhodamine was not staining the tissue
nonspecifically, we used a control compound, 7, that is coupled
to rhodamine but does not react with TG2. When aortic sections
were incubated with this compound, we did not detect any
fluorescence (Figure 6F). Furthermore, to test for the specificity
of compound 1, we preincubated the sections with control com-
pound 4, which binds to TG2 but is not coupled to rhodamine.
This allowed us to saturate the binding sites of compound 1 on
active TG2. We then incubated the sections with compound 1
and did not detect significant fluorescence (Figure 6G) relative
to sections treated only with compound 1, indicative of the
specificity of the staining method.

Therefore, we could detect an increased TG2 activity after as
little as 1 week of treatment. Increasing the duration of treatment
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Figure 6. Fluorescent Staining of Aortic TG2

Staining of aortic tissues using irreversible TG2 inhibitors as fluorescent probes on control rats (A), WVK1 rats (B), WVK2 rats (C), WVK3 rats (D), and WVK4 rats (E).
(F) Negative control using unreactive rhodamine derivative 7 on WVK4 rats. (G) Preincubation of compound 4 followed by incubation of compound 1 to determine
the specificity of compound 1 staining on WVK4 rats. Arrows point to areas of intense TG2 labeling. A, adventitia; L, lumen; M, media of the aortic wall.

led to a staining pattern that was associated with areas of calci-
fication and fibrosis. This suggests that TG2 activity is increased
during the process of calcification and fibrosis associated with
arterial stiffness and ISH. In future work it would be interesting
to use these same irreversible inhibitors in the context of ISH,
but as blocking agents rather than probes, to measure their
impact on calcification, fibrosis, and arterial stiffness.

SIGNIFICANCE

New fluorescent irreversible inhibitors were designed as
labeling agents for TG2. These inhibitors were based on a
peptidic sequence designed to confer affinity for TG2 and
selectivity over Factor Xllla, as demonstrated by SDS-
PAGE. As such, these inhibitors may be useful for “chemical
knockout” experiments intended to distinguish the biolog-
ical activities of the two closely related TGases. The fluores-
cence of the inhibitors presented herein was also optimized
with respect to the spacer fragment that links the rhodamine
B fluorophore to the peptide sequence. The most fluores-
cent inhibitor was then used to probe TG2 activity in a
WVK rat model for ISH. Fluorescent staining of aortic tissue
revealed that over a 4 week period, TG2 activity increases in
parallel with arterial stiffness, suggesting an association
between TG2 activity and arterial rigidification.

EXPERIMENTAL PROCEDURES

General Synthesis

All Fmoc-protected amino acids, resins, and coupling reagents were
purchased from GL Biochem; Wang resin was purchased from NovaBiochem.
All other reagents were obtained from Sigma-Aldrich. Reactions requiring
anhydrous conditions were carried out under a dry nitrogen atmosphere

employing conventional benchtop techniques. 'H- and '*C-NMR spectra
were recorded on AMXR400 and AMX300 spectrometers and were referenced
to the residual proton or '3C signal of the solvent. Mass spectra were deter-
mined by FAB+ ionization on an AutoSpec Q spectrometer at the Regional
Mass Spectrometry Centre at the Université de Montréal.

Reactor tubes for solid-phase peptide synthesis were obtained from
Supelco, and shaking was performed on a shaker. All resins were swelled
in DMF, and washing steps were performed using CH,Cl, and DMF (EMD
Chemicals). Purification of all peptides was performed using a preparative
HPLC method. Mass spectral data (MS, LCMS) were obtained using two
different columns —column A: Gemini C18, 150 x 4.6 mm, 5 m (Phenomenex,
Torrance, CA); and column B: Synergi Polar-RP, 150 x 4.6 mm, 4 m (Phenom-
enex, Torrance, CA). Crude peptides were purified using a preparative Synergi
Polar-RP, 100 x 21.20 mm column (Phenomenex, Torrance, CA) on a Varian
(Prep Star) HPLC system at the Regional Mass Spectrometry Centre at the
Université de Montréal.

General Procedure for Fmoc Peptide Synthesis of Irreversible
Inhibitors

All peptides were synthesized using standard solid-phase Fmoc chemistry.
Briefly, the first Fmoc protected amino acid (5.5 mmol) was coupled to
Wang resin (1.1 mmol) using DIC (5.5 mmol) and DMAP (0.11 mmol) in DMF
(5 resin volumes). The level of loading of the amino acid on the resin after
the first coupling step was determined by spectroscopic measurement of
the UV absorbance of the piperidine dibenzofulvalene adduct formed during
Fmoc deprotection. This loading level was used as the resin loading capacity
for all subsequent steps. The remaining free hydroxyl functionalities were
capped by treating the resin with a mixture of acetic anhydride/pyridine
(2:3), followed by shaking for 2 hr. After washing with DMF (three times with
10 resin volumes), DCM (three times with 10 resin volumes), and ether (three
times with 10 resin volumes), the Fmoc group was removed by incubating
three times with piperidine in DMF (20% v/v; 10 resin volumes) for 5 min,
followed by washing with DMF (three times with 10 resin volumes), DCM (three
times with 10 resin volumes), and ether (three times with 10 resin volumes) in
preparation for the next amide coupling. Deprotection was verified by a posi-
tive Kaiser test on a sample of a few beads. Then each Fmoc protected amino
acid (1.7 mmol) was coupled to Wang resin preloaded with the necessary
carboxyl-terminal amino acid (0.68 mmol) in DMF (5 resin volumes) using
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HOBT (1.7 mmol) and DIC (1.7 mmol). This operation was performed twice for
30 min. Coupling was verified by a negative Kaiser test on a sample of a few
beads. The peptide was then cleaved from the resin (1 g) by incubating with
TFA:DCM (1:1) for 2 hr. The peptide was precipitated from the cleavage solu-
tion using diethyl ether and hexane, and its purity was determined by HPLC
using two different columns—column A: Gemini C18, 150 x 4.6 mm, 5u (Phe-
nomenex, Torrance, CA); and column B: Synergi Polar-RP, 150 X 4.6 mm, 4p
(Phenomenex, Torrance, CA). The crude peptide was purified using a prepara-
tive Synergi Polar-RP, 100 x 21.20 mm column (Phenomenex, Torrance, CA)
on a Varian (Prep Star) HPLC system.

Boc Deprotection Protocol

To a reactor containing 1 g of the Wang resin-supported Fmoc-peptide
(0.68 mmol, according to the measured loading level) were added 30 ml of
deprotection mixture, freshly prepared from 470 pl TEA (2 eq.), 1.09 ml of
TMSOTf (0.2 M), and 28.44 ml of anhydrous DCE. The resin was shaken
for 10 min, then filtered and washed with 5 x 5 ml of DCM, 2 x 5 ml of DIEA
10% in DCM, and 3 x 5 ml of DCE. Deprotection was carried out for another
10 min with a fresh deprotection mixture. The resin was filtered then washed
with 5 x 5 ml of DCM, 2 x 5 ml of DIEA 10% in DCM, 2 x 5 ml of DCM, 2 x
5 ml of DMF, and 2 x 5 ml of Et,O. Deprotection was verified by a positive
Kaiser test on a sample of a few beads.

Acrylation and Rhodamine B-Coupling Protocol

To the Wang resin-supported peptide (1 g, 0.68 mmol), either Fmoc protected
in the case of acrylation or deprotected in the case of rhodamine B coupling,
swollen in anhydrous DCM (5 resin volumes), was added acrylic acid
(1.7 mmol) and EEDQ (1.7 mmol). The reaction mixture was shaken for 1 hr, fol-
lowed by washing with DMF (three times with 10 resin volumes), DCM (three
times with 10 resin volumes), and ether (three times with 10 resin volumes).
This operation was performed twice.

HPLC Analysis and Purification
For HPLC analysis, the peptide was cleaved from the resin as described in
General Procedure for Fmoc Peptide Synthesis of Irreversible Inhibitors. The
crude material was purified by preparative Synergi Polar-RP (100 X
21.20 mm) column, on a Varian (Prep Star) HPLC system using 80%-95% of
MeOH in water as eluant, a flow rate of 8 ml/min, and the detector set at
254 nm. The collected fractions were freeze-dried to give the peptide in the
form of a powder. The areas under the peaks were determined using LC/
MSD Chem Station (Agilent Technologies).
Synthesis of Irreversible Inhibitors
RhodamineB-prolinyl-glycinyl-glycinyl-lysinyl(acryloyl)-leucinyl-prolinyl-phe-
nylalaninate (1).This peptide was cleaved from the resin and purified by
preparative HPLC as described previously. The collected fractions were
freeze-dried to give the desired irreversible peptidic inhibitor 1 as a pink
powder (overall yield: 10%; 98% purity by column A, 96% purity by column
B). HRMS m/z (M+H™): calcd 1193.63938; found 1193.63908.
Fmoc-Prolinyl-glycinyl-glycinyl-lysinyl(acryloyl)-leucinyl-prolinyl-phenylala-
ninate (4).This peptide was cleaved from the resin and purified by preparative
HPLC as described previously. The collected fractions were freeze-dried to
give the desired irreversible peptidic inhibitor 4 as a white powder (8% overall
yield; 91% purity by column A, 90% purity by column B). HRMS m/z (M+H"):
calcd 991.49238; found 991.49072.
Fmoc-Glycinyl-glycinyl-glycinyl-lysinyl(acryloyl)-leucinyl-prolinyl-phenylala-
ninate (5).This peptide was cleaved from the resin and purified by preparative
HPLC as described previously. The collected fractions were freeze-dried to
give the desired irreversible peptidic inhibitor 5 (6% of yield ; 98% purity by
column A, 99.9% purity by column B) as a white powder. HRMS m/z
(M+H™): calcd 951.46108; found 951.46215.
RhodamineB-glycinyl-glycinyl-glycinyl-lysinyl(acryloyl)-leucinyl-prolinyl-phe-
nylalaninate (6). This peptide was cleaved from the resin and purified by prepar-
ative HPLC as described previously. The collected fractions were freeze-dried
to give the desired irreversible peptidic inhibitor 6 (yield: 10%; 81% purity by
column A, 80% purity by column B) as a pink powder. HRMS m/z (M+H"):
calcd 1153.60808; found 1153.60589.RhodamineB-prolinyl-glycinyl-glycinyl-
glycinyl-leucinyl-prolinyl-phenylalaninylate (7).This peptide was cleaved from
the resin and purified by preparative HPLC as described previously. The
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collected fractions were freeze-dried to give the desired control probe 7 as a
pink powder (yield: 30%; 99% purity by column A, 98% purity by column B).
HRMS m/z (M+H"): calcd 1068.55532; found 1068.55472.

Kinetic Methods for Irreversible Inhibition

All assays were performed in triplicate. Kinetic runs were recorded on a
UV-visible spectrophotometer at 405 nm and 25°C, in a buffer composed of
50 mM CaCly,, 50 pM EDTA, and 0.1 M MOPS (pH 7.0). All aqueous solutions
were prepared using deionized water. All kinetic assays were carried out using
900 pl of buffer, 50 pl of 0.15 mg/ml TGase, 25 ul of the chromogenic substrate
Cbz-Glu(y-p-nitrophenyl ester)Gly (Leblanc et al., 2001) dissolved in DMF
(54 uM, corresponding to 6-fold Kyy), and 25 pl of inhibitor. Final concentrations
of inhibitors ranged from 10 uM to the solubility limit of each compound. Stock
solutions of the inhibitors were also prepared in DMF such that the final
concentration of this co-solvent was constant at 5% v/v. Kinetic runs were
initiated by enzyme addition, and evaluation was carried out by the method
of Stone and Hofsteenge (1985), as described previously (de Macédo et al.,
2002; Marrano et al., 2001). Mono-exponential time-dependent inactivation
was observed for all of the inhibitors studied herein. Observed first-order
rate constants of inactivation were determined from nonlinear regression,
using a mono-exponential model. These rate constants were in turn fit to
Equation 1 by nonlinear regression, providing the kinetic parameters kinact
and K, as defined in Figure 4 and shown in Table 1.

_ Kl ;
” [|]+K.(1+lK%l)' 0

Enzyme Preparation

Recombinant guinea pig liver TG2 was overexpressed and purified from E. coli
following our previously published procedure (Gillet et al., 2004). The purified
TG2 solution used in all assays had a specific activity of 30 U/mg in 25 mM
Tris-acetate (pH 7) according to the hydroxamate activity assay (Nemes
et al., 2005), in which Cbz-L-GIn-Gly and hydroxylamine are used as acyl-
donor and acyl-acceptor substrates, respectively. Recombinant human TG2,
used in the selectivity tests, was expressed and purified as reported previously
(Piper et al., 2002). Its activity was verified using a previously reported chromo-
genic activity assay (Leblanc et al., 2001). Factor XIll was purchased from
Zedira (Darmstadt, Germany). It was activated using thrombin and its activity
verified by a fluorogenic assay, according to the supplier’s protocols.
Selectivity Tests

Parallel incubation experiments were performed in three 1.5 ml Eppendorf
tubes. To the first was added Factor XlII (3 mg/ml (activated with 0.3 NIH units
of thrombin), in 56.8 mM Tris (pH 7.5), 11.36 mM CaCl,, 113.6 mM NaCl,
0.113% w/v PEG 8000, 5.68 mM GlyOMeeHCI, 5.68 mg/l hexadimethrine
bromide, and compound 1 (90 uM dissolved in DMF, 0.9% final vol/vol).
To the second was added human TG2 (0.868 mg/ml in 25 mM Tris [pH 7.2],
150 mM NaCl, 1 mM EDTA, and 1 mM TCEP) in the presence of calcium
(0.6 M) and compound 1 (90 uM dissolved in DMF, 0.9% final vol/vol). The
third tube was identical to the second, but with 5 mM EDTA and no added
calcium. All three tubes were incubated for 30 min at 37°C, then analyzed
by 10% SDS-PAGE. The resulting gel was exposed under a trans-UV lamp
to determine fluorescent labeling and then stained with Coomassie blue to
reveal protein.

Animal Treatments

Male Wistar rats weighing 175-200 g (n = 9 per group) were obtained from
Charles River Breeding Laboratories (Saint-Constant, QC, Canada). They
received warfarin (20 mg/kg/day in drinking water) and vitamin K (phylloqui-
none, 15 mg/kg/day sc injection) (WVK) during 1, 2, 3, and 4 weeks. Dosages
were adjusted every second day. Control rats consisted of age-matched
untreated rats. All animal experiments were approved by the Animal Care
and Use Committee of Université de Montréal.

Tissue Preparation

Animals were sacrificed with a lethal dose of pentobarbital (65 mg/kg), and the
aorta was harvested. A small section (0.5-1 cm) of aorta was frozen at —80°C
in Tissue-Tek OCT compound (Sakura Finetek Inc., Torrance, CA). These
aorta sections were later cut into 10 um thick cryosections with a cryostat
(Leica Microsystems, model CM3050S, Richmond Hill, ON, Canada),
collected on Colorfrost/Plus Microscope slides (Fisher scientific, Ottawa,
ON, Canada), and kept at —20°C.
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Tissue Staining

Tissue slides were allowed to thaw at room temperature for 20 min. OCT was
removed, and tissues were permeabilized in PBS containing 0.1% triton for
20 min. Tissue sections were then circled using an ImmEdge PEN (Vector
Laboratories, Burlingame, CA). A 1 mM solution of compound 1 was prepared
in a buffer containing 0.1 M Tris HCI (pH 7.5), 0.15 M NaCl, and 5 mM CaCl, and
applied to the tissue sections for 15 min at 37°C. Slides were then rinsed four
times (5 min each) under agitation in PBS. After rinsing in distilled water for
5 min, slides were dried briefly before applying a solution of Mowiol/p-phenyl-
enediamine (9:1 vol/vol) (Calbiochem, San Diego, CA, USA, and Sigma-Al-
drich, Canada, respectively) to prevent bleaching. As a negative control, we
applied 1 mM of an inactive form of the inhibitor, compound 7, that is also
coupled to rhodamine. Furthermore, to make sure that compound 1 does
not bind nonspecifically in the tissue, we applied 5 mM of control compound
4, an irreversible inhibitor that is not coupled to rhodamine, for 45 min at
37°C, before applying 1 mM of the normal rhodamine-coupled inhibitor (1),
to the same section. Because compound 1 binds to the active form of TG2,
fluorescence was evaluated as an index of TG2 activity. To do so, slides
were photographed with a fluorescent microscope (Axioskop 40, Carl Zeiss
Canada Ltd., Toronto, Ontario, Canada, with SPOT RT Slider, Diagnostic
Instruments Inc., Sterling Heights, MI, USA).
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