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Abstract—Herein, we report the results of irreversible inhibition of guinea pig liver transglutaminase (TGase) by a series of 24 novel
dipeptides containing either an a,b-unsaturated amide or an epoxide functional group. Their inactivation rate constants were
measured using a direct continuous spectrophotometric method and were found to vary between 421�103 and
3000�103 M�1 min�1. # 2001 Elsevier Science Ltd. All rights reserved.

Introduction

Transglutaminases (TGases, EC 2.3.2.13) catalyze, in
the presence of Ca2+, an acyl-transfer reaction between
peptide-bound glutamine residues and the primary
amino group of various amines. These enzymes are
found in mammalian tissues, plasma factor XIIIa and
epidermis. Tissue TGase is implicated in the control of
diverse cellular events such as endocytosis,1,2 apoptosis3

and the regulation of cell proliferation.4 Plasma TGase,
Factor XIIIa, is formed at sites of blood coagulation
and impedes blood loss by catalyzing the cross-linking
of fibrin, thus stabilizing blood clots during their for-
mation.5�7 Epidermal TGase is required for the forma-
tion of a cornified cell envelope in epidermal
keratinocytes.8�11 High TGases activities are involved in
various disease states such as acne,12,13 cataracts,14

immunologic disease,15 psoriasis16�18 and Alzheimer’s
disease.19�25

In the interest of developing potential therapeutic
agents for the regulation of excess TGase activities,
potential specific inhibitors have been synthesized in our
laboratories.26,27 The design of these inhibitors was
based on the structure of carbobenzyloxy-l-glutami-
nylglycine (Z-Gln-Gly), a commonly used dipeptide acyl
donor substrate.28�30 The enzymatic mechanism

involves the nucleophilic attack of an active site thiol
residue on the (carboxamide moiety of Z-Gln-Gly which
leads to the formation of a thiolester intermediate (Fig. 1).
In the design of our potential inhibitors, we thus added
a functional group capable of forming an irreversible
thiol addition product (see Fig. 2)31 to the end of the
dipeptide side chain of Z-Gln-Gly analogues. Herein,
we report the inhibition kinetic studies of novel a,b-
unsaturated amide (Michael acceptors) and epoxides
(Fig. 3).
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Figure 1. Schematic representation of the typical TGase enzymatic
mechanism.
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Results and Discussion

Guinea pig liver was chosen as the source of TGase for
this study due to its high natural abundance in TGase
compared to rat, mouse and rabbit liver. Furthermore,
guinea pig liver TGase is the most widely cited source
for tissue TGase and its purification has been well
established both elsewhere29 and in our laboratory.32

Above all, guinea pig liver TGase shows 80% homology
with human tissue TGase thereby validating its use as
an animal model of the human enzyme.35

In the enzymatic mechanism, the acylation step consists
of the attack of the active site cysteine thiol residue on
the carboxamide of the side chain of the glutamine unit.
Our inhibitors were thus designed with functional
groups known to form irreversible thiol addition pro-
ducts. Moreover, since small inhibitor molecules have
been observed36 to show little affinity for TGase active
sites and to be ineffective inhibitors by themselves, we
have placed these reactive groups on the side chain of
the recognized dipeptide in order to benefit from the
apparent affinity TGase displays towards Z-Gln-Gly.
Furthermore, the lengths of the side chains of these Z-
Gln-Gly analogues were varied to include one to four
methylene units in order to study the effect of chain
length. This design strategy led to the preparation of the
12 Michael-type inhibitors and 12 corresponding epox-
ide inhibitors shown in Figure 3.26 All of the com-
pounds studied herein were found to inhibit guinea pig
liver TGase in a time-dependent fashion.

This time-dependent inhibition was found to be cleanly
mono-exponential at all concentrations of inhibitor,
which is consistent with consumption of the enzyme

upon irreversible inactivation. This is distinctly different
than the biphasic (exponential/linear) product release
that would be observed if the time-dependent inhibition
was due to slow-binding reversible inhibition. Further-
more, when the enzyme was inactivated in the presence
of excess inhibitor, which was subsequently removed by
filtration over a molecular-weight cutoff membrane, the
recuperated enzyme was not found to recover its activity
with time,37 which is again consistent with irreversible
inhibition. Finally, this irreversible inactivation by sui-
cide substrates built on Z-Gln-Gly motif has been
shown38 to take place more slowly in the presence of
higher concentration of Z-Gln-Gly substrate. This tem-
porary protection from inactivation is consistent with
inactivation taking place at the active site.

Irreversible inhibition constants were measured from
the mono-exponential curves of the enzymatic reaction
followed by a direct continuous spectrophotometric
assay. A typical example is shown for compound 1a in
Figure 4. Pseudo-first order inactivation rate constants
(kobs) were calculated from these curves. These values
were then used to construct a plot of 1

kobs
vs 1

½I� as
shown in Figure 5. Linear regression of the data from
this plot yielded the inhibition constants of kcat, kinact

and KI
33,34 that are summarized in Tables 1 and 2.

For the Michael inhibitors shown in Table 1, it is
apparent that on passing from compounds 1a–4a to
compounds 1b–4b the addition of glycine as a second
amino acid to form a dipeptide improves the affinity of
the inhibitor. Further examination of the kinetic data
also suggests that the removal of the tert-butyl group to
reveal the free carboxylic acid (in 1c–4c) allows better

Figure 2. Irreversible inhibition of thiol-dependent enzymes by
Michael acceptor or epoxide functional groups.

Figure 3. a,b-Unsaturated amide and epoxide inhibitors studied
herein.

Figure 4. Enzymatic reaction progress in the presence of different
concentrations of inhibitor 1a.
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recognition of the inhibitor by the TGase. This may be
explained either in terms of the unfavorable steric bulk
of the tert-butyl ester and/or the favorable formation of
a hydrogen bond or electrostatic interactions by the
carboxylate group. However, examination of the struc-
ture of native protein substrates, where the donor glu-
tamine residue can be located far from the C-terminus
would suggest that a free carboxylate at this position is
probably not a strict requirement. Current studies in
our laboratories39 aim to determine the effect of the
variation of the amino acid(s) (in the form of an ester or

free carboxylate) that follow(s) Gln in an attempt to
refine our understanding of the preferred amino acid
sequence of the acyl donor substrate, following the
pioneering work of Folk et al.28

Concerning the effect of the length of the side chain, it is
obvious that in each series of Michael-type inhibitors,
the compound bearing the longest side chain (n=4) is
the most efficient. In fact, the best irreversible inhibitor
examined is compound 4c which bears a four methylene
unit side chain and a free glycine moiety. It is interesting
to consider that TGases are designed to exclude aspar-
agine residues (n=1) as acyl-donor substrates, reacting
only with glutamine residues (n=2). Presumably, this
specificity involves the binding of the peptide backbone
of potential acyl-donor substrates at a site sufficiently
distant from the site of acylation such that asparagine b-
carboxamide groups are unable to acylate the active site
thiol residue. However, it appears that guinea pig liver
TGase is not designed to exclude longer acyl donor
substrates (n>2) that probably possess the conforma-
tional flexibility required to properly position their pen-
dant reactive groups near the active site thiol. Further
work is underway to explore the possibility of the use of
long chain amides as acyl donor substrates.

The epoxide-bearing compounds shown in Table 2 also
irreversibly inhibit TGase. However, as opposed to
what was observed for the Michael-type inhibitors, the
addition of glycine as a second amino acid to form aFigure 5. Double reciprocal plot of kobs versus [I] for inhibitor 1a.

Table 1. Summary of kinetic parameters for Michael-type inhibitors 1–4a–ca

Structure N Compd kcat KI kinact [I]
(min�1) (mM) (mM�1 min�1) (mM)

1 1a 1.08 1.17 0.92 25–200
2 2a 0.73 0.81 0.90 25–200
3 3a 1.33 2.32 0.57 25–200
4 4a 0.67 0.52 1.28 10–100

1 1b 0.95 1.48 0.64 25–200
2 2b 0.60 0.51 1.18 25–200
3 3b 0.75 0.85 0.89 25–200
4 4b 0.49 0.23 2.20 10–100

1 1c 1.34 2.75 0.49 25–200
2 2c 0.59 0.48 1.24 25–200
3 3c 0.54 0.28 1.95 10–100
4 4c 0.46 0.15 3.00 5–50

aThe experimental error in the kinetic parameters kcat, KI and kinact is estimated to be 10%.
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dipeptide on passing from compounds 1d–4d to com-
pounds 1e–4e decreases the affinity of the inhibitors.
Removal of the bulky tert-butyl group to give a free
carboxylic acid in compounds 1f–4f improves, but only
partially restores, their affinity for TGase. Once again,
the length of the side chain bearing the reactive group

was found to have a significant effect on inhibitor effi-
ciency. Table 2 shows that inhibitors 3e and 3f (where
n=3) display the highest affinity in their series.
However, amino acid 4d, bearing no glycine and a long
side chain of four methylene units, is the most efficient of
all the epoxides examined, with kinact=2.03mM�1 min�1

and KI=276 nM. It should also be noted that the epox-
ides shown in Table 2 represent a mixture of diaster-
eomers that differ in the absolute configuration of the
epoxide groups. Given the chiral nature of the enzyme
active site, it is probable that one epoxide stereoisomer
should be more efficient than the other, with a
potentially higher kinact value.

The epoxide inhibitors may react with TGase through
either of their epoxide carbons—the penultimate car-
bon, or the terminal carbon, as shown in Figure 2. In an
attempt to better understand the regiochemistry of their
reactivity, the reaction of compound 1d with 2-ami-
noethane thiol (Fig. 6) was carried out as a model reac-
tion for the reaction of the epoxide inhibitors with the
Cys-His-Asp catalytic triad of the TGase active site. The
product of the model reaction was characterized by IR,
NMR and mass spectroscopy and found to correspond
to the structure shown in Figure 6. This adduct product
is consistent with the attack of thiolate on the terminal
epoxide carbon, as represented schematically in Figure 2.
This suggests that the observed inactivation of TGase
by the epoxides studied herein may proceed through the
formation of similar covalent adduct products. How-
ever, without direct evidence obtained through mass

Table 2. Summary of kinetic parameters for epoxide inhibitors 1–4d–fa

Structure n Compd kcat (min�1) KI (mM) kinact (mM�1 min�1) [I] (mM)

1 1d 1.39 2.13 0.65 25–200

2 2d 0.61 0.50 1.23 25–200
3 3d 0.50 0.29 1.72 25–200
4 4d 0.56 0.28 2.03 5–50

1 1e 2.49 5.91 0.42 75–300
2 2e 2.02 4.20 0.48 75–300
3 3e 0.87 0.95 0.91 25–200
4 4e 1.45 2.42 0.60 75–300

1 1f 0.60 1.10 0.55 25–200
2 2f 0.81 1.23 0.66 75–300
3 3f 0.63 0.56 1.12 25–200
4 4f 0.59 0.59 1.00 25–200

aThe experimental error in the kinetic parameters kcat, KI and kinact is estimated to be 10%.

Figure 6. Reaction of epoxide inhibitor 1d with a thiolamine.
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spectrometric or radiolabeling experiments, we cannot
exclusively conclude that the observed time-dependent
inhibition involves covalent modification.

Comparison of the epoxides with the Michael-type
inhibitors reveals that the transformation of the double
bond into an epoxide significantly changes the volume
of the reactive group, not only by the addition of an
oxygen atom, but also by removing the planarity of the
conjugated a,b-unsaturated amide and changing the
hybridization of the carbon adjacent to the carbonyl.
These effects may give rise to sufficient steric bulk as to
render the reactive group more sensitive to precise
positioning and to reduce its overall active site binding
affinity. This sensitivity may be more pronounced for
compounds possessing greater steric bulk and may
explain the greater general decrease in inhibitory effi-
ciency on passing from the Michael acceptors (1a–4c) to
the epoxides (1d–4f) when the peptide scaffold contains
an additional glycine or glycine ester moiety (i.e., 1b–4c
cf. 1e–4f) as opposed to a single amino acid residue (i.e.,
1a–4a cf. 1d–4d).

Conclusion

In this paper, we report the irreversible inhibition of
guinea pig liver TGase by a series of 24 compounds
bearing either a a,b-unsaturated amide (Michael accep-
tor) or an epoxide group. In the series of Michael-type
inhibitors, dipeptide 4c shows the best efficiency, with
kinact=3.00 mM�1 min�1. For the epoxide series, the best
effect is obtained with amino acid 4d, for which
kinact=2.03 mM�1 min�1. Thus, there appears to be evi-
dence that a longer side chain (n=4) can increase the
inhibitory effect. The epoxide derivatives display a
similar affinity trend with respect to chain length as the
Michael-type inhibitors, but display their highest affi-
nity where n=3 or 4. It is possible that the greater steric
bulk of the epoxide group is responsible for their
decreased active site affinity and different sensitivity to
chain length compared to the Michael-type inhibitors.

These results can serve as a starting point for further
modification of TGase inhibitors. For example, the
kinetic studies of enantiomeric epoxide derivatives
should be investigated for the most efficient racemic
epoxide inhibitors. Furthermore, our best inhibitors
presented herein will be chosen for co-crystallization
studies with TGase in an attempt to clarify the inhi-
bitor–enzyme interactions by X-ray crystallography and
concurrent molecular modeling. These experiments will
permit us to better understand the mechanism of TGase
inhibition and subsequently to define a new generation
of inhibitors.

Experimental

Enzyme preparation

TGase was purified from Guinea pig livers according to
a recent modification32 to the purification method pre-

viously published by Folk and Chung.29 One unit of
TGase was defined as the amount of enzyme that catalyses
the formation of 1.0mmol of hydroxamate per min (based
on the hydroxamate activity assay, where Z-Gln-Gly is
used as a g-glutamyl donor substrate and hydroxylamine is
used as an acyl acceptor substrate). Water was purified
using a Millipore BioCell water purification system.

Kinetics

Enzymatic assays and inhibition kinetics were carried
out as described previously33 at pH 7.0 using stock
solutions to give the final concentrations of 120 mM
Tris–acetate buffer, 3 mM CaCl2 and 6 mM EDTA.
Inhibition constants were measured by performing
kinetic assays using 75 mL of 100 mM Z-Gln-Gly, 4 mL
of 100 mM DMPDA and 0–20 mL of a DMSO solution
of inhibitor (whose concentration depends upon its
effectiveness) with 20–0 mL of DMSO, to give an inter-
mediate volume of 480 mL. The reaction solution was
preincubated for 3 min at 37 �C, prior to initiation of the
enzymatic reaction upon the addition of 20 mL of pur-
ified guinea pig liver TGase (0.2 units) to give a final
volume of 500 mL.

The kinetic parameters KI, kcat and kinact were deter-
mined as described previously33 according to the
method of Tian and Tsu.34

Synthesis

Materials and methods. 1H and 13C NMR spectra were
recorded on a Bruker 400 MHz spectrometer in the sol-
vent indicated in the text. Chemical shifts are reported
in ppm with internal reference to TMS. Mass spectra
(MS) were recorded on a Micromass 1212 spectrometer.
The starting compound was obtained from Sigma-
Aldrich.

N�-Carbobenzyloxy-L-2-amino-3-(2-hydroxy-3-(2-amino-
ethylthio)-ethylcarbonylamino)propionic acid

A 23 mg portion of aminoethanethiol hydrochloride
(0.23 mmol) in 5 mL of water was added to 61 mg of Na-
carbobenzyloxy-l-2-amino-3-(oxiranecarbonylamino)-
propionic acid 1d (0.2 mmol) dissolved in 5 mL of ace-
tone. Solution was stirred for 12 h at room temperature.
Solvents were removed under reduced pressure to give
the product as a light yellow oil. Reaction was quanti-
tative.

1H NMR. (CD3OD, 400 MHz) d 7.49–7.34 (m, 5H),
5.09 (s, 2H), 4.31 (t, 1H, J=6.4 Hz), 3.38 (t, 2H,
J=6.6 Hz), 3.32 (t, 2H, J=6.4 Hz), 3.14 (t, 2H,
J=6.5 Hz), 3.06 (t, 2H, J=6.4 Hz), 2.80 (t, 2H,
J=6.4 Hz).

13C NMR. (CD3OD, 100 MHz) d 173.83, 171.86,
158.37, 137.98, 129.64, 129.21, 128.93, 67.95, 55.40,
48.42, 43.74, 30.41, 22.66.

MS. (FAB+) 386.1 (MH+).
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