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Abstract

The catalytic activity of transglutaminase 2 (TG2), a ubiquitously expressed mammalian enzyme,
is regulated by multiple post-translational mechanisms. Because elevated activity of TG2 in the
extracellular matrix is associated with organ-specific diseases such as celiac disease and renal
fibrosis, there is growing therapeutic interest in inhibitors of this enzyme. Cyst-amine, a
symmetric disulfide compound, is one of the earliest reported TG2 inhibitors. Despite its
widespread use as a tool compound to block TG2 activity /n vitroand in vivo, its mechanism of
action has remained unclear. Here, we demonstrate that cystamine irreversibly inhibits human TG2
(Kinn! K6 = 1.2 mM~1 min~1) via a mechanism fundamentally distinct from those proposed
previously. Through mass spectrometric disulfide mapping and site-directed mutagenesis, we show
that cystamine promotes the formation of a physiologically relevant disulfide bond between
Cys370 and Cys371 that allosterically abrogates the catalytic activity of human TG2. This
discovery led us to evaluate clinically useful thiol — disulfide oxidants for TG2 inhibitory
activity. It is demonstrated that disulfiram, a relatively safe oral thiuram disulfide, is a fairly potent
TG2 inhibitor (kinn/ A = 8.3 mM~1 min~1) and may therefore provide a practical tool for clinically
validating this emerging therapeutic target in intestinal disorders such as celiac disease.

Human transglutaminase 2 (TG2) is a multifunctional member of the mammalian
transglutaminase family that is ubiquitously expressed in almost all cell types. Found in both
the intra- and extracellular environments of most tissues, TG2 deamidates or transamidates
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its substrates. Mechanistically, both of these reactions proceed by formation of an acyl-
enzyme thioester between Cys277 in the TG2 active site and a Gln residue on the substrate
protein or peptide. This is followed by attack of the thioester intermediate by a primary
amine, resulting in the formation of an isopeptide bond, or by water, resulting in GIn — Glu
conversion. Although its precise physiological functions remain unclear, TG2 is believed to
be involved in processes such as wound healing, extracellular matrix assembly, and cell
adhesion.1-3

Upregulation of TG2 activity is implicated in a variety of seemingly unrelated inflammatory
and fibrotic pathologies such as celiac disease and renal fibrosis.#*® Because of the suspected
role of TG2 in these common maladies, there is increasing interest in development of TG2
inhibitors.® Although several classes of active site-directed”:8 as well as allosteric? inhibitors
have been discovered and optimized for increased potency and isozyme specificity, arguably
the most common TG2 inhibitor used by biologists to date is cystamine (Chart 1). (As of
early 2018, there have been more than 200 publications citing the use of this compound as a
TG2 inhibitor.) Recently, it has been suggested that cystamine is a competitive amine
substrate of TG2-catalyzed transamidation.1%:11 However, several decades ago, Lorand and
Conrad proposed that cystamine oxidatively inactivated TG2 via thiol-disulfide exchange
with the nucleophilic Cys residue in its active site (Cys277 in human TG2).12 Thus,
notwithstanding uncertainty regarding its mechanism of action, cystamine-mediated
inhibition of TG2 has yielded many important insights into the biology of this enigmatic
mammalian protein.13

Through a series of structural, mechanistic, cellular, and animal studies over the past decade,
we have elucidated a novel allosteric regulatory mechanism in TG2 that involves a redox
triad comprised of Cys230, Cys370, and Cys371, but not the active site Cys277. In this triad,
Cys230 acts as an intraenzyme catalyst that promotes formation of a Cys370-Cys371
disulfide bond, which completely abolishes enzymatic activity, thereby maintaining
extracellular TG2 in a catalytically dormant state under normal conditions.4 The redox
protein cofactor thioredoxin is a specific reductant of this allosteric disulfide bond,15:16
whereas another protein cofactor, ERp57, selectively promotes disulfide bond oxidation.1”
In the course of our efforts leading to identification of ERp57 as an inactivator of TG2, we
observed that cystine was a more potent oxidant of the human enzyme than glutathione.1’
This finding motivated us to re-examine the mechanism by which cystamine inhibits TG2.

As a preliminary step toward ascertaining the mode of action of cystamine, we incubated
TG2, recombinantly expressed and purified from Escherichia coli'8 with a 10-fold molar
excess of cystamine and withdrew aliquots after 2.5 and 15 min. At these times, cystamine
was quickly removed from the protein via centrifugal size exclusion (molecular weight
cutoff of 7 kDa), and the concentration of each TG2 aliquot was normalized by
spectrophotometry at 280 nm. Then, residual TG2 activity was measured in an established
coupled enzyme assay that measures the rate at which TG2 deamidates the synthetic peptidic
substrate Cbz-GIn-Gly.1920 Figure 1A shows a time-dependent decrease in TG2 activity that
persisted after removal of the inhibitor, strongly suggesting that cystamine irreversibly
inhibits TG2.
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Next, we sought to test whether the rate of cystamine-mediated TG2 inhibition was
consistent with a kinetic model in which cystamine oxidizes TG2 via thiol-disulfide
exchange. As previously shown for cystine and GSSG, the kinetics of oxidative inactivation
of TG2 are sufficiently described by a standard irreversible inhibition model, in which an
oxidative inhibitor I, reacts with enzyme E to generate inhibited enzyme E* according to
Scheme 1.17

The integrated rate law that describes the formation of E* as a function of time ¢is
exponential decay eq 1:

E* = [E ) exp (—k'D (1)

where pseudo-first-order rate constant &” can be converted to a bimolecular rate constant
(kinn/ Ki) by dividing by initial inhibitor concentration [lg]. Alternatively, separate estimates
of kinn and KG can be made by determining & as a function of [lg] and fitting to eq 2:

, kinh [IO]
K + 10, @)

We incubated TG2 with cystamine and withdrew aliquots after 2.5, 5, 10, 30, 90, and 120
min. As controls, cystine and GSSG were compared. Aliquots of inhibitor-treated TG2 were
diluted 10-fold into assay buffer, and the deamidation activity of TG2, relative to enzyme
maintained in the absence of oxidant, was measured at each time point (Figure 1B). All
inhibition curves gave good fits to eq 1 (R2 > 0.9), and the bimolecular rate constants
obtained for cystine and GSSG (Table 1) are in agreement with literature values.1®17
Cystamine was a markedly better oxidant than either cystine or GSSG (Figure 1B and Table
1). Additional time-dependent inhibition experiments were performed in an attempt to
separately estimate Kj and Ainn (Figure S1); however, we were unable to reach saturating
inhibitor concentrations (Figure 1C).

Thus, the composite parameter (ki,n/K;) was estimated from the slope of the plot of £’
versus [lg] (Table 1). A similar rate constant for cystamine-mediated oxidative inhibition of
TG2 was obtained in an established transamidation assay in which TG2 is immobilized on
fibronectin,2417 which more realistically reflects the environment of TG2 in the extracellular
matrix of cells (Table 1 and Figure S2).

To establish the precise mechanism of cystamine-mediated TG2 inhibition, we assayed the
redox status of the Cys residues of TG2 using a protocol described previously.1 In brief,
reduced TG2 was incubated in the presence or absence of a 10-fold molar excess of
cystamine for 30 min. Then, reduced Cys residues were labeled with iodoacetamide (IAM).
The protein was separated by nonreducing sodium dodecyl sulfate—polyacrylamide gel
electrophoresis, and excised gel bands were reduced with dithiothreitol and alkylated with
iodoacetic acid (IAA), followed by in-gel trypsinization and analysis by nanoliquid
chromatography coupled to Orbitrap mass spectrometry. Then, tryptic peptides of TG2 were
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identified (Table S1).17 It was anticipated that peptides bearing Cys residues that were
oxidized by cystamine would display a decrease in their level of IAM labeling and an
increase in their level of 1AA labeling relative to those of controls.

As shown in Figure 2A, we observed peptides corresponding to 10 of the 20 Cys residues of
TG2 at sufficient precursor ion intensities to permit a semiquantitative estimate of their
relative abundances before and after cystamine treatment. The tryptic peptide harboring
Cys370 and Cys371 was most oxidized by cystamine (Figure 2A). The disappearance of
IAM-labeled Cys370 and Cys371 was accompanied by a relative increase in the level of the
corresponding IAA-labeled peptide (Figure 2B). Additionally, there was a decrease in the
level of IAM-labeled Cys230 after cystamine treatment, whereas the level of the IAA-
labeled form increased (Figure 2B). These results provide strong support that cystamine
promotes formation of the Cys370-Cys371 disulfide via a Cys230-Cys370 intermediate.
Notably, spectral evidence for a peptide containing IAM-labeled Cys277 was present, but its
precursor ion was not present at sufficient abundance to allow semiquantitative analysis; on
the other hand, IAA-labeled Cys277 was not observed. Moreover, no evidence for a mixed
Cys277—-cystamine disulfide was obtained, suggesting that the active site was not targeted by
cystamine.

To functionally validate the findings of our redox mapping experiment, we incubated the
C230S mutant of human TG2, which retains full catalytic activity relative to that of the wild-
type (WT) enzyme, in a 10-fold molar excess of cystamine for 30 min and assayed its
deamidation activity. The C230S mutant retained >85% of its activity, whereas identically
treated WT enzyme was completely inactivated (Figure 2C). This result confirms that the
Cys230-Cys370-Cys371 allosteric redox triad is the target of cystamine.

Cystamine has been used to attenuate the activity of TG2 in a variety of animal models of
disease.® We therefore sought to identify an analogous Food and Drug Administration-
approved oxidant that was able to inhibit TG2. For several reasons, we hypothesized that
disulfiram, a drug used in the treatment of alcohol abuse, could have potential to serve as
such a tool. First, disulfiram is a symmetric thiuram disulfide that is similar to cystamine in
size (Chart 2). Second, on the basis of values reported for structurally related compounds, 2
the redox potential of disulfiram should be sufficiently positive to provide adequate
thermodynamic driving force for oxidation of the Cys370-Cys371 disulfide of TG2 (£&°" ~
-184 mV).15 Last but not least, disulfiram is administered orally and relatively well tolerated
at doses of 500 mg/day.22 Although it is rapidly reduced following intestinal absorption,23
its presystemic bioavailability could facilitate TG2 inactivation in the intestinal mucosa.

To evaluate whether disulfiram could irreversibly inhibit TG2, an aliquot of TG2 was
incubated with a 10-fold molar excess of the compound for 2.5 min, disulfiram was quickly
removed by centrifugal size exclusion, and TG2 activity was measured. Strikingly, after this
short incubation, TG2 was approximately 90% inactivated (Figure 3A), suggesting that
disulfiram is an inhibitor that is considerably more potent than cystamine (compare to Figure
1A).
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The kinetics of disulfiram-mediated TG2 inactivation were too rapid to allow us to estimate
kinn/ Ki using the coupled deamidation activity assay. We therefore utilized the trans-
amidation assay, which is sensitive enough to be performed with as little as 50 nM TG2.
This allowed us to decrease the disulfiram concentration while still maintaining inhibitor in
excess relative to the enzyme. In this assay, we estimate that the bimolecular rate constant
for disulfiram-mediated TG2 inactivation is 8.3 mM~1 min~1 (Figure 3B).

In conclusion, we have demonstrated through several lines of evidence that the widely used
TG2 inhibitor cystamine oxidatively inactivates TG2 by promoting formation of the
Cys370-Cys371 allosteric disulfide bond. This inhibitory mechanism is fundamentally
different from those previously proposed. Guided by this novel mechanistic insight, we have
discovered that disulfiram, a commonly prescribed drug, is also an TG2 inhibitor. To the best
of our knowledge, this is the first clinically approved compound that displays inhibitory
activity toward human TG2.

Finally, we note that we have recently developed an acute model for activating TG2 in the
small intestinal mucosa of living mice by reducing the Cys370-Cys371 disulfide bond via
administration of exogenous thioredoxin.1® In this model, the active site-directed
dihydroisoxazole compound ERW1041E was shown to effectively block TG2 activity. The
potency of disulfiram (kinn/K; = 8.3 mM~1 min~1) is comparable to that reported for
ERW1041E (kpn/K; = 16 mM~1 min~1).7 Thus, this physiologically relevant model system
can be used to assess the efficacy of orally administered disulfiram as a TG2 inhibitor /n
vivo. If successful, trials of disulfiram to attenuate TG2 activity in disorders in which
extracellular TG2 activity is elevated (such as celiac disease) may be warranted.
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Figure 1.

Irreversible inactivation of human TG2 by cystamine. (A) Residual enzyme activity after
incubation of TG2 with cystamine (100 M) for the indicated times, followed by removal of
cystamine by size exclusion. (B) Comparative time-dependent inactivation of TG2 by
cystamine, cystine, and GSSG. Values are the mean of three technical replicates, and error
bars show the standard deviation. Solid lines are fits to a single-exponential decay equation
for irreversible enzyme inhibition, as described in the text. (C) Determination of the pseudo-
first-order rate constant (") as a function of cystamine concentration. Error bars represent
the standard error of the fit of the experimental data to the exponential decay equation (eq 1)
obtained for the given cystamine concentration (panel B and Figure S1). Data in all panels
were collected at a TG2 concentration of 10 &M in 50 mM Tris and 1 mM EDTA at pH 7.6
and 22 °C.
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Cystamine targets the Cys230-Cys370-Cys371 allosteric redox triad of human TG2. (A)
Fold decrease in the precursor intensities of iodoacetamide (IAM)-labeled (reduced) Cys
residues of TG2 following incubation with cystamine, estimated via mass spectrometry. (B)
Extracted ion chromatograms of IAM- and iodoacetic acid (IAA)-labeled tryptic peptides
containing Cys370, Cys371, and Cys230 (Table S1). An increase in the level of IAA
labeling signifies the oxidation of the indicated Cys residues by cystamine. (C) Resistance of
the C230S mutant of TG2 to cystamine-mediated activation. Cystamine treatment of TG2 in
all panels was performed with a 10-fold cystamine:enzyme molar ratio for 30 min in 50 mM
Trisand 1 mM EDTA at pH 7.6 and 22 °C.
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Figure 3.

Disulfiram is an irreversible inhibitor of human TG2. (A) Residual TG2 deamidation activity
after incubation of TG2 (10 M) with disulfiram (100 xM) for 2.5 min, followed by removal
of disulfiram by size exclusion. (B) Time-dependent inactivation of TG2 (50 nM) by
disulfiram (10 ¢M). TG2 transamidation activity was measured relative to enzyme
maintained in the absence of disulfiram. Data are fit to eq 1 (/2 = 0.94). All measurements
were performed in 50 mM Tris, 1 mM EDTA, and 2.5% DMSO at pH 7.6 and 22 °C. Error
bars show the standard deviation of triplicate or quadruplicate measurements.
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Scheme 1.
Kinetic Mechanism for Irreversible Enzyme Inhibition by an Oxidative Inhibitor
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Chart 1.
Cystamine, a Widely Used TG2 Inhibitor
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Table 1

Rate Constants for TG2 Oxidation by Cystamine, Cystine, and GSSG?

oxidant Kint/Ki (MM min1)  K; (mM)

cystine? 029 NDY
GssGY 0.0033 NDY
cystamineb 12 >0.6
cystamine® 1.7 >0.1

aMeasured in 50 mM Tris and 1 mM EDTA at pH 7.6 and 22 °C.
b . S -

Determined in a deamidation activity assay.
c Lo —— .

Determined in a transamidation activity assay.

dNot determined.
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