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Synthesis and kinetic characterisation of water-soluble
fluorogenic acyl donors for transglutaminase 2

Robert Wodtke,*? Georg Schramm,*® Jens Pietzsch,*® Markus Pietsch,”” and Reik Léser®"

Abstract: Small glutamate-containing peptides that bear coumarin
derivatives as fluorescent leaving groups attached to the y-carboxylic
group of the Glu residue were synthesised and investigated towards
their potential to act as substrates for transglutaminase 2 (TGase 2).
Their synthesis was accomplished by an efficient solid-phase
approach. The excellent water solubility of the compounds enabled
their extensive kinetic characterisation regarding TGase 2-catalysed
hydrolysis and aminolysis. The influence of the substitution pattern
at the coumarin skeleton on the kinetic properties was studied.
Derivatives containing 7-hydroxy-4-methylcoumarin (HMC) revealed
superior properties over their 7-hydroxycoumarin counterparts;
analogous amides are not accepted as substrates. Z-Glu(HMC)-Gly-
OH, which exhibited the most optimal substrate properties among
the investigated derivatives, was selected for the exemplary kinetic
characterisation of acyl acceptor substrates and irreversible
inhibitors.

Introduction

The quantitative determination of enzyme activities is of
outstanding importance in biochemical research. Enzymatic
assays provide the basis for the functional characterisation of
enzymes with regards to kinetic parameters and are crucial for
studying these biocatalysts in their biological contexts. In the
field of drug discovery, the availability of methods that allow for
assaying enzymes is a prerequisite for the identification and
characterisation of inhibitors. In addition, the development of
substrate-based probes that can efficiently monitor enzymes for
diagnostic or imaging purposes requires their evaluation based
on kinetic properties. To facilitate a sensitive and facile
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guantification, enzyme substrates should contain moieties that
are released upon conversion and can be reliably detected by
spectroscopic methods/analytical instruments. Enzymes that
catalyse the transfer of acyl moieties to water or alternative
nucleophiles, such as hydrolases and acyl transferases,
respectively, often accept chromophores or fluorophores as
leaving groups within the acyl donor substrate. When these
chromophores or fluorophores contain electron-donating groups,
such as OH or NH,, attachment of acyl residues to these groups
usually results in attenuation of the absorption and emission
intensities, respectively. Upon enzyme-catalysed cleavage, the
spectroscopic properties are restored, which couples enzymatic
activity to signal increase.™

Acyl transferases of particular importance are transglutaminases,
among which transglutaminase 2 (TGase 2, tissue
transglutaminase) seems to be most obviously involved in
human disease progression. TGase 2 is an ubiquitously
occurring enzyme in mammals that exhibits several important
biological functions.’? The eponymous and best characterised
role is its function as Ca*'-dependent catalyst of the acyl transfer
reaction between protein-bound glutamine residues and primary
amines, particularly protein-bound lysine-residues and low-
molecular weight polyamines.” In addition to catalysing such
transamidation reactions, TGase 2 is able to hydrolyse the y-
carboxamide group of glutamine residues, thus, generating
glutamate residues.™

The acyl transferase activity of TGase 2 is considered to be
latent under physiological conditions but rapid activation occurs
in stress situations, such as apoptosis, where cross-linking of
proteins will stabilise dying cells.®! In the course of TGase 2
research, further diverse enzymatic and non-enzymatic functions
were ascribed to this enzyme, which might be more relevant
under physiological conditions for maintaining the integrity of the
cell.®

TGase 2, particularly its acyl transferase activity, contributes to
different pathophysiological conditions, such as celiac disease,”
diseases related to fibrotic processes,” neurodegenerative
disorders,®™ and cancer.’® Therefore, this enzyme appears to be
an attractive target for pharmacological inhibition to potentially
treat these diseases. In addition, the development of imaging
agents targeted against TGase 2 will provide further insight into
its pathological functions and will support clinical translation of
inhibitors. One of the prerequisites for the development of
TGase 2 inhibitors is the availability of reliable assay methods
for precise measurement of the enzymatic activity, which will
enable the evaluation of the compounds’ inhibitory potency.
Various continuous and discontinuous assay methods for TGase
2 have been described so far, which were recently discussed in
detail.™ Among these assay methods, the continuous
fluorimetric activity assay described by Gillet et al.* seems to
be well-suitable for inhibitor characterisation as it allows for the
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sensitive detection of the TGase 2 activity through the
measurement of an increase in fluorescence (Scheme 1).
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Scheme 1. Principle of the fluorimetric TGase 2 activity assay according to
Gillet et al*? Release of 7-hydroxycoumarin (HC) by TGase 2-catalysed
hydrolysis or aminolysis of Z-Phe-y-Abu-HC results in a measureable increase
in fluorescence.

The synthetic access to the required fluorogenic acyl donors
consisting of a Z-protected amino acid (Z: benzyloxycarbonyl,
also referred to as carbobenzoxy (Cbz) group) connected to
umbelliferon (7-hydroxycoumarine, HC) via a y-aminobutyric
linker acting as mimetic of the glutamine side chain is rather
facile. In addition, the assay allows for the kinetic
characterisation of both inhibitors and acyl acceptor substrates.
Therefore, we aimed to establish this fluorimetric assay in our

laboratories by using the fluorogenic acyl donor Z-Phe-y-Abu-HC.

However, as outlined later in this article, both Z-Phe-y-Abu-HC
and its 7-hydroxy-4-methylcoumarin (HMC)-based derivative
revealed the disadvantage of low solubility in aqueous media.
Depending on the experimental setup, this may limit the
applicability of these compounds for detailed kinetic studies as
such investigations require activity measurements over a broad
range of substrate concentration. In particular, simultaneous
measurements of various substrate concentrations in a
microplate format may be more affected by solubility limits than
single measurements in a cuvette® due to the different time
delay caused by preparation. Therefore, we intended to develop
analogues with improved solubility. A general approach to
render molecules more soluble in water is the attachment of
ionisable functionalities such as carboxylic groups.™! Applied to
the above-mentioned TGase 2 substrates such derivatisation
seems to be most facile to realise by replacing the «v-
aminobutyric moiety with glutamate.

Herein, we describe the synthesis and kinetic characterisation of
six novel glutamate-derived fluorogenic acyl donors. A solid
phase synthesis strategy was developed for this purpose and
the compounds were evaluated with regards to their enzymatic
hydrolysis and aminolysis by both standard regression analysis
and numerical integration. Beside the investigations on different
peptidic scaffolds for recognition by TGase 2, the influence of
substitutions on the fluorophore was explored. Since all
compounds exhibit distinct rates of spontaneous reactions, this
feature was used in turn to assess their solubility. In addition to
the coumarinyl esters, two coumarinyl amides were synthesised
to determine their potential to act as fluorogenic acyl donors.
Furthermore, the applicability of the novel acyl donors for kinetic
characterisation of amine-based acyl acceptor substrates, i.e.
aminoacetonitrile and N-(biotinyl)cadaverine, and irreversible
inhibitors, i.e. iodoacetamide and the recently described N°-
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phenylacetyl-N®-acryloyl-lysine-4-(6-methylpyridine-2-
yl)piperazide,™ was verified.

Results and Discussion

Synthesis and kinetic evaluation of the y-Abu-derived acyl
donors

Initially, it was envisaged to establish the fluorimetric activity
assay for TGase 2 using the acyl donors described by Gillet et
al.™ Since the reported kinetic data were more favourable for Z-
Phe-y-Abu-HC (2a) compared to those of its glycine derivative Z-
Gly-y-Abu-HC, we focused on the former compound. Moreover,
other coumarin derivatives, i.e. HMC and 7-amino-4-
methylcoumarin (AMC), were employed as fluorogenic leaving
groups. The syntheses of these three compounds were
accomplished in two steps according to the published procedure
with some modifications starting from commercially available Z-
Phe-OH (see Scheme 2 and Discussion S1 in Supporting
Information for the detailed experimental procedures).*? After
purification by column chromatography and recrystallisation, the
fluorogenic acyl donors 2a-2c were obtained in sufficient yields

(55-68%) and high purities.
N~ ii N~ ii \/\)J\
Z-Phe-y-Abu-OH (1)

Z Phe-OH

afash S

Y=H > Z-Phe-y-Abu-HC (2a)
Y=CH3 - Z-Phe-y-Abu-HMC (2b)
H, Y=CHj3 > Z-Phe-y-Abu-AMC (2c)

X=0,
X=0,
X=N

Scheme 2. Synthesis of the y-aminobutyric acid-derived fluorogenic acyl
donors 2a-2c. Reagents and conditions: a) NMM, IBCF, y-Abu-OH, aqueous
NaOH, THF, -30 - 10 °C, 2.5 h; b) HC/HMC, DCC, DMAP, CH,CIl,/THF (4:1),
25 h; ¢) AMC, NMM, IBCF, THF/DMF (12:1), -25 °C - 10 °C, 5 h.

Initial investigations were focussed on the enzymatic aminolysis
of the acyl donors 2a and 2b at pH=8.0 using aminoacetonitrile
as acyl acceptor in the presence of (z)-threo-dithiothreitol (DTT)
as antioxidant. According to the reported assay procedure, a
final concentration of 5% DMF or DMSO was used to achieve
sufficient solubility of the acyl donors in aqueous media.*? The
increase in fluorescence was monitored in 96-well microplates at
different concentrations of 2a (5-40 uM) and 2b (1-20 uM) and
initial rates (Voww) Were calculated as outlined in the
Experimental section. Unexpectedly, plots of Vo Versus the
acyl donor concentration for both compounds exhibited a
maximum at ~5 pM, after which the rates suddenly dropped and
further increased with rising substrate concentrations (see
Figure S1 in Supporting Information). Concomitantly, visual
inspection of plate wells revealed the formation of precipitates

For internal use, please do not delete. Submitted_Manuscript

2


file://///filet/team/fwpt/Austausch/Robert%20Wodtke/TG2-Assay/Assay%202013/Manuskript%20fluorimetrischer%20Assay/Final/MS_Wodtke_Assay_Supporting%20information_rev-MPRLRWa.docx%23Discussion_S1
file://///filet/team/fwpt/Austausch/Robert%20Wodtke/TG2-Assay/Assay%202013/Manuskript%20fluorimetrischer%20Assay/Final/MS_Wodtke_Assay_Supporting%20information_rev-MPRLRWa.docx%23Figure_S1

even at acyl donor concentrations below 20 uM independently of
the used organic co-solvent. This observation suggested that the
anomalous Michaelis-Menten plots are caused by the limited
solubility of 2a and 2b. Generally, poorly soluble substrates will
follow the Michaelis-Menten hyperbola only up to the solubility
limit without reaching Vmax, “since the concentration of substrate
which saturates an aqueous solution is insufficient to saturate
the enzyme”.*™ To investigate the solubility behaviour of the acyl
donors more in detail, we decided to take advantage of their
spontaneous decay, which takes place in the absence of TGase
2 and aminoacetonitrile. As this reaction follows a pseudo-first-
order kinetics, plots of initial rates (Vocontrol) VErsus concentration
should display a linear dependence in the case of complete
solubility.™® The results of this investigation confirmed the initial
observations on the low solubility of the y-Abu-derived acyl
donors as the curves deviate from linearity even at low
concentrations (<15 pM, see Figure S2 in Supporting
Information) before precipitation can be visually noticed, which
indicates aggregation prior to precipitate formation. Moreover, as
shown in Figure S2, the solubility of the two y-Abu derivates is
highly time-dependent and strongly influenced by the organic co-
solvent as well as the present antioxidant. However, to
demonstrate their potential as substrates, compounds 2a and 2b
were evaluated towards gpTGase 2-catalysed hydrolysis within
their solubility limits (see Figure S3 in Supporting Information).
Nonlinear regression according to the Michaelis-Menten
equation (equation Ill) revealed Ky and Kkea: values of 1.47 uM
and 0.30 s™ for acyl donor 2a and 1.14 uM and 0.52 s for acyl
donor 2b resulting in performance constants of 204,000 M™s™
and 456,000 M™s™, respectively (Table 2). These results clearly
confirm the favourable substrate properties of the y-Abu
derivatives."? Interestingly, despite similar K. values,
substitution of HC by HMC resulted in an almost two times
higher kca value for acyl donor 2b compared to 2a. Due to their
low Kn values, both coumarinyl esters can be applied for
investigations on the hydrolytic activity of TGase 2 up to
concentrations of 3-6xK, depending on the used buffer
conditions.

In contrast to the coumarinyl esters 2a and 2b, neither
spontaneous nor enzymatic release of AMC was observed for
coumarinyl amide 2c (data not shown), which will be discussed
later in this article.

Synthesis and spontaneous reactivity of the glutamate-
derived acyl donors

To overcome the low solubility, derivatisation of fluorogenic acyl
donors with a carboxylic group as solubilising moiety was
envisaged.™ From a synthetic point of view, the most
straightforward way to realise this attempt seemed to be the
replacement of the y-aminobutyric acid linker that connects Z-
Phe and the fluorophore by a glutamic moiety resulting in Z-Phe-
Glu(fluorophore)-OH as basic dipeptidic structure. Moreover, this
scaffold allows for the C-terminal extension of the scaffold
structure by an additional amino acid such as glycine, which
would place the solubility-mediating carboxylic group further
away from the reaction centre. In order to define the minimal
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structural motif for efficient TGase 2-catalysed conversion, the
effect of deleting the N-terminal Phe moiety had to be studied.
Therefore, Z-Glu(fluorophore)-OH,  Z-Glu(fluorophore)-Gly-OH
and Z-Phe-Glu(fluorophore)-Gly-OH were taken into account as
amino acid-based and peptidic scaffolds for substrate synthesis
in addition to Z-Phe-Glu(fluorophore)-OH. As y-Abu derivative 2b
exhibits more favourable substrate properties than 2a, HMC was
selected as fluorophore for all peptidic scaffolds. However, to
investigate the influence of methyl substitution at the coumarin
fluorophore on the substrate properties towards TGase 2, HC
derivatives of the most favourable peptidic structures Z-Glu-Gly-
OH and Z-Phe-Glu-Gly-OH (see Kinetics section) were also
synthesised. Finally, Z-Glu(AMC)-Gly-OH (5c) was prepared to
ascertain whether or not coumarinyl amides can be used as
fluorogenic acyl donors for TGase 2.

A major challenge for the synthesis of the glutamate-derived
acyl donors is faced with the regioselective installation of the
fluorogenic leaving group into the side chain of the glutamate
residue. Therefore, a strategy based on solid phase synthesis
using orthogonal protecting groups was developed to provide
the different glutamate-derived acyl donors (Scheme 3). In
addition, this modular approach should account for an efficient
access to a broad spectrum of potential acyl donors. For this
purpose, the 2-chlorotrityl chloride (2-CITrtCl) resin was
considered as optimal polymeric support as the anchoring
moiety readily reacts with carboxylic groups and the
corresponding highly acid-labile 2-chlorotrityl esters can be
easily cleaved under mildly acidic conditions (see below).”
Final esterification at the glutamate side chain required careful
optimisation with regards to the selection of the coupling
reagents (see Discussion S2 in Supporting Information). In result,
the use of the uronium-based coupling agent HATU and DIPEA
as base accounted for a complete conversion of the carboxylic
acids to the respective coumarinyl esters (see Discussion S3 in
Supporting Information).*® Subsequent release of the acyl
donors from the resin was achieved under mild conditions by
treatment with a 1:4 mixture of hexafluoroisopropanol (HFIP)
and dichloromethane.™ In this context, the use of HFIP instead
of TFA ensures the integrity of the coumarinyl esters as they are
potentially susceptible to acid-mediated hydrolysis. All
compounds were obtained in sufficient yields (26-36%) and high
purities after purification by preparative RP-HPLC (see
Discussion S4 in Supporting Information for details on the
experimental procedures).

The established modular solid-phase synthesis approach allows
for the facile access to a variety of peptidic coumarinyl esters in
small amounts. Alternatively, Chung et al. prepared the
analogous chromogenic acyl donor Z-Glu(OpNp)-Gly-OH in
solution starting from Z-protected glutamic anhydride, which
offers the advantage to obtain the final product in larger scale.”
The transfer of the conditions for on-resin esterification to the
coupling of AMC to the glutamate side chain carboxylic group of
resin-linked Z-Glu-Gly-OH vyielded only minor amounts of the
desired coumarinyl amide 5c (yield 3%, see Discussion S5 in
Supporting Information) along with different side products. This
may originate from the less nucleophilic character of the
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Scheme 3. Solid phase synthesis of the glutamate-derived fluorogenic acyl donors 3-6. Reagents and conditions: a) 1. Fmoc-AA, DIPEA, CH,Cl,, 4 h, 2.
CH,Cl,/CH3;0H/DIPEA (17:1:2); b) 20% piperidine/DMF; ¢) Z-OSu, DIPEA, CH,Cl,, 17 h; d) Z-Phe-OH, HBTU, DIPEA, DMF; e) 1. Fmoc-Glu(OAll)-OH, HBTU,
DIPEA, DMF, 2. 20% piperidine/DMF; f) Pd(PPhs),, CH,Cl,/NMM/HOAC (8:2:1), 4 h, Ar; g) HATU, DIPEA, HMC or HC or AMC, DMF, 5 h; h) HFIP/CH,Cl, (1:4),

3x10 min.

aromatic amine AMC under these conditions compared to the
aromatic alcohols HMC and HC. To increase the yield for this
amidation, different coupling procedures were tested with limited
success (for details and further information see Discussion S5 in
Supporting Information). However, the amounts of 5¢c obtained
by the various synthetic methods were sufficient for initial
investigations concerning its behaviour towards TGase 2.

To determine the solubility of the novel glutamate-derived
fluorogenic acyl donors 3-6, the compounds were investigated
concerning the rates of their spontaneous reactions at pH=8.0 in
the presence of 5% DMSO as done for 2a and 2b. The resulting
plots showed linearity up to concentrations of 250 pM (see
Figure 1 for the acyl donor 5b and Figure S4 in Supporting
Information), which highlights that the presence of the carboxylic
group significantly increases the solubility compared to the y-Abu
derivatives. While linearity predominates over the entire
concentration range for compound 4, a slight bend between 100
and 200 uM is visible for compound 5b, which indicates a
diminished solubility at 200 and 250 uM. This behaviour can be
also observed for the other glutamate-derived acyl donors 3, 5a,
6a and 6b (see Figure S4 in Supporting Information).
Nevertheless, enzyme-kinetic investigations up to substrate
concentrations of 200-250 uM should be also possible for these
acyl donors as they still exhibit a sufficient solubility in this
concentration range. Noteworthy, all glutamate-derived acyl
donors do not form visible precipitates up to concentrations as
high as 500 pM. Furthermore, as indicated by Figure S4, the
extent of the spontaneous reaction varies within the different
acyl donors. To quantify these characteristics, pseudo-first-order

rate constants kos for the spontaneous reactions were
determined for all ester-based acyl donors, which are
summarised in Table 1.

Table 1. Pseudo-first-order rate constants kops for the spontaneous
reactions of the different acyl donors

Kobs (x10° min™)

acyl donor DTT TCEP k"kt;zggs%)/
2a 15.8 (0.6) 2.11 (0.05) 0.13

2b 143 (0.5) 1.86 (0.08) 0.13

3 ; 4.60 (0.36) -

4 12.2(0.2) 4.75 (0.13) 0.39

5a 25.1(2.8) 16.9 (0.6) 0.67

5b 24.3(1.1) 17.1(0.3) 0.70

6a 29.2 (4.0) 18.1 (0.5) 0.62

6b 32.7 (1.1) 25.3 (0.4) 0.77

Data shown are mean values =*standard error of the mean (+SEM)
of 2-3 separate experiments, each performed in duplicate. The
corresponding plots of Voconro=f([acyl donor]) are enclosed in the
Supporting Information (Figure S5).

Since the assay of TGase 2 requires the presence of an
antioxidant to prevent oxidation of the active-site cysteine
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residue, both DTT and tris(2-carboxyethyl)phosphine (TCEP)
were employed for the investigations on the spontaneous
reactivity of the compounds at a concentration of 500 uM. In the
presence of TCEP, the obtained kops values reveal distinct
spontaneous reactions for all compounds, which seem to
depend on the kind of the peptidic scaffold and thus allow for a
classification into three groups. The y-aminobutyric acid
derivatives 2a and 2b display the lowest ks values. Compounds
3 and 4, which bear the free carboxylic groups directly at the
glutamate residue, exhibited pseudo-first order rate constants
that were approximately twice as high compared to their
descarboxy analogues. Interestingly, C-terminal extension by
glycine resulted in kops values that increased by the factor of
approximately four, as observed for the acyl donors 5a, 5b, 6a
and 6b. These results suggest that the carboxylate group might
act as an intramolecular general base to facilitate the
nucleophilic attack of water on the coumarinyl ester bond.
General intramolecular base catalysis is obviously more
effective for the glycine derivatives, since a spatial orientation of
the glycine carboxylic group in proximity to the coumarinyl ester
bond is probably sterically less strained compared to the
glutamate carboxylic group (see Figure S5 in Supporting
Information). Compared to TCEP, monitoring the spontaneous
reactions in the presence of DTT resulted in koys values which
are up to 1.6 times greater for the glutamate-derived acyl donors
and up to 7.6 times greater for the y-Abu derivatives 2a and 2b
(Figure 1 and Table 1). Due to the nucleophilic character of its
two thiol groups, DTT may contribute to the spontaneous
reaction of the ester substrates. This pathway of spontaneous
substrate disintegration is very likely to occur because the
reaction of activated aryl esters with thiols to thioesters has
previously been reported.”!! In general, thioesters are distinctly
more stable towards hydrolysis than the corresponding O-
esters?? and, therefore, thiolysis of the coumarinyl ester-based
substrates by DTT should be considered as independent
pathway for spontaneous reaction. To prove this assumption
and to identify the thiolysis products, compound 5b was exposed
to a 10-fold excess of DTT in acetonitrile as solvent in the
presence of one equivalent triethylamine. After 5 h at room
temperature, analysis of the reaction mixture by RP-HPLC
indicated the formation of three major components in addition to
remaining educt, the released 4-methylumbelliferon and the
corresponding y-carboxylic acid, which were identified as DTT-
thioester, DTT-O-ester and glutarimide 5d (Scheme 4 and
Figures S6 and S7 in Supporting Information). The 5b-derived
DTT-thioester and O-ester as well as the corresponding
glutarimide 5d were also detectable under assay conditions
(pH=8.0, 500 uM DTT) in the absence of TGase 2 (see Figure
S8 in Supporting Information). Notably, the rate of spontaneous
reaction in the absence of DTT and TCEP is nearly identical to
that observed in the presence of TCEP, which illustrates that the
presence of TCEP does not contribute to the spontaneous
disintegration of the acyl donors (Figure 1). Glutarimide
formation from 5b under assay conditions was unexpected,
however, this cyclisation does not substantially contribute to the
spontaneous disintegration of 5b (Figure S8).

WILEY-VCH

Another type of spontaneous reaction that can occur during
investigations on TGase 2-catalysed aminolysis is spontaneous
aminolysis. However, as exemplarily shown for compound 5b in
Figure 1, no increased rate constant for spontaneous
disintegration was observed in the presence of aminoacetonitrile
and concomitant absence of any reducing agent.

In conclusion, as all coumarinyl esters exhibit distinct rates of
spontaneous reactions at pH=8.0, these nonenzymatic
conversions must be considered for the analyses of the TGase
2-mediated hydrolyses and aminolyses to ensure correct data
evaluation. For this purpose, control measurements in the
absence of TGase 2 were carried out for the characterisation of
all substrates to determine the proportion of the enzyme-
catalysed reactions.

1.2

Vocontrol (MM/min)

[5b] (uM)

Figure 1. Spontaneous reactions of the fluorogenic acyl donor 5b. Plots of
Vocontro=f([5P]) at pH=8.0 and 30 °C in the presence of 5% DMSO and 500 pM
DTT (O), 500 pM TCEP (A), no additive (V) and 400 pM aminoacetonitrile
(). Analysis by linear regression (—) gave rate constants Kqps of 24.3 + 1.1
%107 min™ (DTT), 17.1 + 0.4 x10° min™ (TCEP), 17.5 + 0.2 x10™ min™ (no
additive) and 15.3 £ 0.2 x10° min™* (aminoacetonitrile). Data shown are mean
values +SEM of 2 separate experiments, each performed in duplicate. When
not apparent, error bars are smaller than the symbols.
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Scheme 4. Structures of identified products from spontaneous reactions of 5b
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Kinetic analysis of TGase 2-catalysed conversions of the
glutamate-derived acyl donors

TGase 2-catalysed hydrolyses

Prior to the characterisation of the different acyl donors,
fluorescence coefficients for the used fluorophores HC and HMC
were determined. As seen in Figure S17 in the Supporting
Information, sufficient linearity between the concentration of
fluorophore and the respective fluorescence signal is
predominant up to a concentration of 20 uM. Typical kinetic runs
for the enzymatic hydrolysis and the spontaneous reaction at
pH=8.0 are exemplarily depicted for compound 5b in Figure 2.
The enzymatic measurements for compound 5b generated
nonlinear progress curves over 900 s, which have also been
observed for the other compounds including the y-amino butyric
acid derivatives 2a and 2b. To ensure that inactivation of TGase
2 does not occur due to protein instability under the
experimental conditions (which could also account for nonlinear
progress curves), the Selwyn test was performed with acyl donor
5b.2% The results clearly indicate the absence of enzyme
inactivation over the entire measurement period of 900 s (plots
of RFU=f([E]*t) are almost congruent for three different enzyme
concentrations, see Figure S9 in Supporting Information).
Therefore, nonlinear progress curves result from a rapid
enzymatic conversion of the acyl donors, which gradually leads
to substrate depletion for TGase 2. Typically, this effect can be
simply reduced by using a lower enzyme concentration, as
demonstrated by the Selwyn test, which was performed at 1, 2
and 3 pg/ml of TGase 2. However, with the reduced amount of
enzyme the relative proportion of the spontaneous reaction
increases (Figure S10 in Supporting Information). Despite the
fact that the portion of the enzymatic rate is even at the lowest
enzyme concentration greater than that of the spontaneous rate
(over the applied range of substrate concentration), a TGase 2
concentration of 3 pg/ml provides the best compromise between
signal/background ratio and speed of enzymatic reaction. If the
concentration of the released fluorophore exceeds 20 uM during
the enzymatic conversion of the acyl donor, fluorescence
quenching might contribute to the bend of the curves. Hence,
progress curves for the enzymatic hydrolyses were analysed
over the first 300 s by nonlinear regression using equation 1,24
which maintained the limits for the fluorescence coefficient
mentioned above.

Michaelis-Menten plots for the enzymatic hydrolysis of
compound 5b by gpTGase 2 and hTGase 2, respectively, at
pH=8.0 are depicted in Figure 3 (for the other compounds see
Figures S11 and S12 in Supporting Information). The obtained

kinetic parameters for all compounds are summarised in Table 2.

The ratio kea/Km, Which we decided to denote as performance
constant according to Koshland’s suggestion, can be regarded
as the most appropriate parameter to compare the synthesised
fluorogenic acyl donors with regards to their TGase 2-catalysed
conversion.” Compared to 2b, changing y-Abu to glutamate
resulted in a significantly decreased kca/Km value for compound
4 (456,000 M's™ and 16,400 M™s™ for 2b and 4, respectively),
which is mainly due to an increase in Kn. This result indicates a
detrimental effect on the affinity towards gpTGase 2 when the
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carboxylic group is directly attached at the glutamate residue,
which is in agreement to previous results observed with
substrates that contain glutamine® or inhibitors based on
reactive glutamine analogues.??” Therefore, a shift of the
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Figure 2. Progress curves for TGase 2-catalysed hydrolysis (A) and
spontaneous reaction (B) of acyl donor 5b. Conditions: pH=8.0, 30 °C, 5%
DMSO, 500 uM DTT, 3 pg/mL gpTGase 2.

carboxylic group further away from the reaction centre might be
beneficial for the recognition by gpTGase 2.

Indeed, compound 6b with Z-Phe-Glu-Gly-OH as peptidic
scaffold shows a performance constant that is more than one
order of magnitude higher (kea/Kn=207,000 M*s™) compared to
that of 4. In order to define the minimal peptidic motif for efficient
TGase 2-mediated conversion, N-terminal deletion of the Phe
residue was envisaged. For this purpose, we synthesised
compounds 3 and 5b that are derived from Z-Glu-OH and Z-Glu-
Gly-OH, respectively. Based on the kinetic data, it can be
concluded that the presence of the N-terminal phenylalanine
residue does not seem to be crucial for efficient conversion by
gpTGase 2 as the performance constants even increase upon
its deletion (compare 3 and 4 as well as 5b and 6b). Again, the
presence of a C-terminal glycine residue positively influenced
the recognition by gpTGase 2 (kea/Km values of 41,300 M*s™?
and 300,000 Ms™ for 3 and 5b, respectively). In order to
evaluate the influence of the fluorophore on the substrate
properties, HC analogues of the best HMC bearing substrates
5b and 6b were synthesised. Surprisingly, while 5a displays
almost unaltered kinetic parameters, characterisation of
tripeptide 6a revealed a considerably lower performance
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constant in comparison to its methyl-substituted counterpart 6b.
This result suggests that the methyl group in 4-position of the
coumarin system might be beneficial but in detail its influence
seems to depend on the peptidic scaffold. Finally, when
comparing 5b (kea/Km=300,000 M?s™) with literature-reported
acyl donors, the compound shows not only the most favourable
substrate properties of all well-soluble fluorogenic substrates
investigated in this study, but also belongs to the kinetically most
favourable acyl donor substrates described so far for gpTGase
2. However, it should be pointed out that among all
investigated  fluorogenic acyl donors, compound 2b
(Keat/Km=456,000 M?s™) clearly exhibits the best kinetic
properties, even though it is the least soluble compound of the
series.

In accordance with this result, the corresponding non-fluorescent
substrate Z-GIn-Gly-OH exhibits favourable kinetic parameters
towards gpTGase 2 and a microbial transglutaminase.?® In
addition to the evaluation of the acyl donors towards gpTGase 2,
compounds 5a, 5b and 6b, which display favourable substrate
properties towards that enzyme, were also characterised with
regards to their hydrolysis catalysed by human TGase 2. Both
orthologues share 83% of sequence identity, which in turn
renders TGase 2 from guinea pig liver a cost-efficient model for
the human enzyme (see Figure S13 in Supporting
Information).”® Notably, all three compounds are also suitable
substrates for hTGase 2,
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Figure 3. gpTGase 2- and hTGase 2-catalysed hydrolysis of the acyl donor 5b
at pH=8.0. Plots of vqn=f([acyl donor]) with the nonlinear regressions (—)
using equation Il (Michaelis-Menten equation). Data shown are mean values
+SEM of 3 separate experiments, each performed in duplicate. When not
apparent, error bars are smaller than the symbols. Conditions: pH=8.0, 30 °C,
5% DMSO, 500 uM DTT (for gpTGase 2) or 500 uM TCEP (for hTGase 2),
3 pg/ml of either gpTGase 2 or hTGase 2.

even though performance constants are diminished compared to
the guinea pig enzyme (Table 2).

Table 2. Kinetic parameters for the TGase 2-catalysed hydrolyses of the acyl donors 2-6 at pH=8.0
Regression analysis Numerical integration
K (M) Kear (s) KealKm (M7*s™) K (M) Kear (5) KealKm (M*s™)
cpd gpTGase 2
2a 1.47 (0.02) 0.30 (0.03) 204,000 1.24 (0.06) 0.25 (0.01) 202,000
2b 1.14 (0.16) 0.52 (0.03) 456,000 1.20 (0.27) 0.46 (0.04) 383,000
3 12.1(0.5) 0.50 (0.01) 41,300 10.9 (0.9) 0.43 (0.01) 39,500
4 17.7 (0.5) 0.29 (0.03) 16,400 12.4 (0.6) 0.23(0.02) 18,500
5a 2.83(0.17) 0.71 (0.02) 251,000 2.57 (0.46) 0.62 (0.02) 241,000
5b 2.53(0.14) 0.76 (0.02) 300,000 2.49 (0.23) 0.71(0.02) 285,000
6a 11.0 (0.6) 0.64 (0.03) 58,200 8.87 (0.64) 0.55 (0.01) 62,000
6b 2.66 (0.11) 0.55 (0.02) 207,000 2.14 (0.13) 0.54 (0.02) 252,000
hTGase 2
5a 12.7 (0.9) 0.84 (0.05) 66,100 9.72 (0.62) 0.74 (0.04) 76,100
5b 8.62 (0.09) 0.68 (0.02) 78,900 6.06 (0.16) 0.64 (0.02) 106,000
6b 13.6 (1.3) 0.50 (0.03) 36,800 7.73 (0.54) 0.48 (0.03) 62,100
For details on calculation of the kinetic parameters see Experimental section. Data shown are mean values (+SEM) of 3 separate experiments, each
performed in duplicate. Active concentrations of TGase 2 from guinea pig liver (Et=31.6-35.3 nM, various lots) and human (E1=30.8 nM) were
calculated from activity data of Zedira® or determined by active site titration as recently described,®” respectively.
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Their Ky, values are 4-5 times higher than for the gpTGase 2.
Trends are similar as for gpTGase 2 and compound 5b turned
out to be the acyl donor with the most favourable substrate
properties towards the human enzyme (Kea/Km=78,900 M?'s™). A
Michaelis constant similar to that of 5b has been reported for the
chromogenic analogue Z-Glu(OpNp)-Gly-OH towards hTGase 2,
with a similar tendency being found when compared to the
guinea pig enzyme.®

As an experimental setup with 96-well plates was used to
simultaneously record spontaneous and enzymatic hydrolyses,
there is a time delay between the start of the reaction and the
data acquisition. In  consequence, those substrate
concentrations pipetted at earlier time points might be lower than
intended at the start of the measurement. Although this problem
was tried to be minimised by pipetting in the right order of
substrate concentrations, i.e. from low to high, it cannot be
completely avoided. The resulting variation of the substrate
concentrations is not considered by the classical regression
analysis but can be quantified by analysis with numerical
integration. Furthermore, application of this method was
envisaged to prove whether or not separate recording of
spontaneous and enzymatic reactions is of sufficient accuracy to
calculate the kinetic parameters for the enzyme-catalysed
reactions. For this purpose, the differential equations for the time
dependence of [E], [SL], [ESL] and [P] of the classical two-step
Michaelis-Menten model extended by the pathway for
spontaneous reaction of the acyl donor substrates were
formulated (Scheme 5) and implemented in the freely available
statistical software R (www.R-project.org) (see Experimental
section for further details). The kinetic parameters Ky and Keat
obtained from nonlinear regressions were then used as initial
values for numerical integration of the respective progress
curves

kobs
E+SL :1 ESL ki: E-s ey p o p
y ‘ ] T
kcﬂt
d[E]
~3r = Ka[E][SL]+ & [ESL]+ kcar [ESL]
d[SL]
T =-k; [E]-[SL]+ 44 [ESL]+ 4,5 [SL]
d[ESL]
5 =k, [E]-[SL]-k, [ESL]- 4, [ESL]
d[P]
W =£Kobs [SL]+kcat[ESL]

Scheme 5. Kinetic model for substrate hydrolysis by TGase 2 and the
respective differential rate laws derived thereof. The kinetic model was
prepared according to . For all calculations, rate constants ki and Kgeacyi
were combined to rate constant kg according to the equation:
Kcat=Kacy*Kdeacyl/ (KacytKdeacyr). Abbreviations used in the Scheme: E: enzyme,
SL: Substrate (fluorogenic acyl donor), ESL: initial enzyme-substrate complex,
L: coumarin derivative, E-S: acyl enzyme intermediate, P: product.

WILEY-VCH

0.19 muM
0.46 muM
1.12 muM
1.88 muM
4.03 muM
6.27 muM
8.62 muM
13.27 muM

4000

3000
*¥BJIOX+DO

RFU
2000
|

1000
|

A A B =A

A A - =
Km=2.046 pM; K.,=0.667 s

T T | T T T T
0 50 100 150 200 250 300

time (s)

Figure 4. Global fit of progress curves for gpTGase 2-catalysed hydrolysis of
acyl donor 5b at pH=8.0. Concentrations of 5b at the start of the reaction were
0.5 (0), 1 (A), 2 (+), 3 (X), 5(C), 7.5 (V), 10 (X)) and 15 pM (k). Data
shown {mean zstandard deviation (xSD)} are of one experiment which was
performed in duplicate. The calculated concentrations at the time point of data
acquisition are given in the box at the top, left corner. Fitted values for Ky, and
keat @re given in the box at the bottom, right corner; values calculated from
three independent experiments can be found in Table 2. Conditions: pH=8.0,
30 °C, 5% DMSO, 500 uM DTT, 3 pg/mL gpTGase 2.

(same data sets as for analysis by nonlinear regression) over
the first 300 s. Global fits to the data of one experiment are
exemplarily shown for compound 5b in Figure 4. As obvious, a
global fit to the experimental data provided the best fit-traces of
sufficient quality for all concentrations. In this context, deviations
of fit-traces from experimental data are a common problem of
the analysis by global fitting as “it is not permissive to even small
deviations from ideal progress curves, i.e. data should not
contain errors and should perfectly adhere to the model”.®¥
Concerning the calculation of mean values and errors for Kn, and
keat, the experiments for each acyl donor were separately
analysed by global fitting followed by statistical analysis of the
obtained fitted parameters (Table 2). Noteworthy, both methods
for data analysis gave reasonably comparable results for the
values of Kp, and kear. Thus, the approach to get the proportion of
enzyme-catalysed reaction within the regression analysis by
simple subtraction of the rates for spontaneous reaction from
those of the overall reaction seems to be of sufficient accuracy.
However, the systematic deviation to lower values for the
parameters derived from numerical integration compared to
those obtained by nonlinear regression might occur due to the
corrected substrate concentrations, which highlights the
advantage of the former method.

Kinetic behaviour of coumarinyl amide 5c

The distinct spontaneous reaction of the coumarinyl esters
requires careful handling of these compounds and a more
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complex data evaluation. Therefore, a substrate analogue with
similar substrate properties as the coumarinyl esters that is
devoid of spontaneous disintegration would be of advantage. A
promising way to obtain such a substrate seems to be the
exchange of the ester bond between the fluorophore and the
peptidic scaffold for an amide bond. Resulting from the
investigations done in this study with regards to the substrate
properties of different peptidic scaffolds, the dipeptide Z-Glu-Gly-

OH seems to be most suitable for performing such a substitution.

Therefore, compound 5c bearing AMC attached at the carboxyl
group of the glutamate side chain was synthesised. Indeed, no
spontaneous release of AMC was observed in the absence of
TGase 2 (see Discussion S6 in Supporting Information).
Surprisingly, initial investigations of 5c towards its enzymatic
hydrolysis and aminolysis also revealed no TGase 2-mediated
release of AMC (see Discussion S6 in Supporting Information)
which was also observed for the y-Abu-derived coumarinyl
amide 2c as mentioned above. This was not expected for the
coumarinyl amides, as TGase 2 is actually specialised in the
interconversion of amide bonds. Moreover, compared to
aliphatic amides, aryl amides should be easier to cleave from a
merely electronic point of view due to the less pronounced
double bond character of the amide bond adjacent to an
aromatic ring system. This situation can also result in faster
reactions catalysed by enzymes involving acyl enzyme
intermediates such as the serine protease trypsin, for which
nitroanilide substrates exhibited greater performance constants
than the corresponding primary amides.®” However, results
comparable to those herein were obtained from studies on
chromogenic and fluorogenic acyl donor substrates for factor
Xllla. Rapid cleavage of the aryl amide bond to release p-
nitroaniline was observed by factor Xllla whereas the conversion
of corresponding AMC derivatives was considerably slower. In
contrast, the conversion of both aryl amide-based substrates by
TGase 2 was negligible.®™ To obtain further information on the
kinetic behaviour of compound 5c, the gpTGase 2-catalysed
hydrolysis of coumarinyl ester 5b in the presence of increasing
concentrations of 5c was studied (see Discussion S6 in
Supporting Information). Judged from these results, 5¢ has an
inhibitory effect on the enzymatic hydrolysis of 5b. A detailed
kinetic analysis of the recorded data along with the respective
discussion can be found in Discussion S6 in Supporting
Information. In summary, the obtained results indicate that the
coumarinyl amide seems most likely to act as a linear (3=0)
mixed, predominantly specific (1<a<o0) inhibitor according to the
systematic classification of enzyme-modifier interactions
suggested by Baici*®* Considering the high structural similarity
between the coumarinyl ester 5b and the coumarinyl amide 5c,
the observed pronounced competitive component for inhibition
of gpTGase 2 by 5c is comprehensible. On the other hand,
binding of 5c¢ to sites distinct from the active site also appears to
be reasonable if one considers the multidomain structure of the
TGase 2 protein, which is known to harbour several binding sites
for various ligands apart from the catalytic centre. As a

! According to that system for classification of enzyme-modifier interactions,
competitive inhibition is referred to as specific inhibition whereas noncompetitive
inhibition is referred to as catalytic inhibition.

WILEY-VCH

representative example, Yi et al. recently reported on an
acylideneoxindole derivative which also exhibits inhibitory
potency of noncompetitive character on the transamidase
activity.E”

TGase 2-catalysed aminolyses

As transglutaminases are specialised in the -catalysis of
transamidation reactions to primary amine-derived acyl
acceptors, the kinetics of TGase 2-catalysed aminolysis of the
glutamate-derived acyl donors was investigated in addition to
hydrolysis using aminoacetonitrile as amine substrate.

The corresponding kinetic data are shown in Table 3, with the
parameters Kmn and ke being of apparent character (see
Discussion S7 in Supporting Information for detailed
explanation). Nevertheless, K, and ke can be used to
evaluate the different substrates as they were determined under
identical conditions at an aminoacetonitrile concentration of 400
pUM, which warrants excess over the respective acyl donor.
However, the calculated ratios of k™™ over Kn®* represent the
true performance constants for aminolysis, as Vmax/Km IS
independent of the concentrations of either substrate, if the
enzyme-catalysed reaction adheres to a ping-pong
mechanism,® which is true for TGase 2.5%%*! The dependence
of the kinetic parameters K** and kc.™*" on substrate structure
followed the trends observed for hydrolysis; however, the values
are considerably greater (Table 3 and Figure 5). This result is
reasonable as the deacylation step with aminoacetonitrile as
acyl acceptor substrate proceeds considerably faster compared
to water.”®! As the Michaelis constant is the ratio of the sum of
the rate constants that describe the steps of disintegration of the
Michaelis complex (k.1tkca) divided by the second-order rate
constant for the association of free enzyme and substrate (ki),

-~ gpTGase 2

-o~ hTGase 2

Vocorr (HM/min)

[Sb] (uM)

Figure 5. gpTGase 2- and hTGase 2-catalysed aminolysis of acyl donor 5b at
pH=8.0. Plots of vgeon=Ff([5b]) with nonlinear regressions (—) using the
Michaelis-Menten equation Ill. Data shown are mean values +SEM of 3
separate experiments, each performed in duplicate. When not apparent, error
bars are smaller than the symbols. Conditions: pH=8.0, 30 °C, 5% DMSO, 500
UM TCEP, 400 pM aminoacetonitrile, 0.3 pg/ml of either gpTGase 2 or
hTGase 2
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Table 3. Kinetic parameters for the TGase 2-catalysed aminolyses of the acyl donors 3-6 at pH=8.0 using aminoacetonitrile (400 uM) as acyl
acceptor.
Regression analysis Numerical integration
K™ (M) Kea™ (s7) KealKm (M™'s™) Kn™” (M) Kea™ (57 KealKm (M7's™)
cpd gpTGase 2
3 148 (52) 6.26 (1.26) 42,300 99.5 (13.9) 4.28 (0.17) 43,000
4 140 (24) 3.05 (0.39) 21,800 135 (19) 2.66 (0.29) 19,600
5a 120 (12) 47.1(3.6) 393,000 82.9 (7.6) 34.3(1.1) 414,000
5b 121 (8) 52.7 (1.7) 436,000 82.1 (3.6) 35.7 (0.5) 435,000
6a’ 236 29.7 126,000 249 (104) 29.8 (9.5) 120,000
6b° 238 70.4 296,000 150 (21) 45.6 (4.2) 304,000
hTGase 2
5b* 252 22.7 90,100 171 (51) 16.7 (4.6) 97,800
For details on calculation of the kinetic parameters see Experimental section. Data shown are mean values (+SEM) of 3 separate experiments, each
performed in duplicate. Active concentrations of TGase 2 from guinea pig liver (Er=3.16 nM for 5-6 and 21.0 nM for 3 and 4) and human TGase 2
(E=3.08 nM) were calculated from activity data of Zedira® or determined by active site titration as recently described, respectively. *Data obtained
by the method of Cornish-Bowden and Eisenthal./*"}

the values for K, have to increase as deacylation becomes
faster. This relationship results in apparent K, values that are
approximately up to 100-fold higher than the Michaelis constants
for hydrolysis. Consequently, the increased single parameters
Km and ke compensate each other when the performance
constants are calculated, with the latter ones being of similar
value to those of the hydrolysis reaction. As in the case of
hydrolysis, 5b was revealed to be the most efficient substrate
with a performance constant of 436,000 M*s™ towards TGase 2
from guinea pig, while its reaction with aminoacetonitrile
catalysed by the human enzyme was much slower
(Keat/Km=90,100 M™s™). Exemplarily for compound 5b, additional
investigations were performed that allowed for estimation of its
true kinetic parameters ke and Kp (see Discussion S7 in
Supporting Information). Due to the high values of K",
measurements at higher acyl donor concentrations were
necessary, which in turn resulted in higher rates of spontaneous
reactions. For regression analysis, the initial substrate
concentrations were therefore corrected according to the time
delay between preparation of the reaction mixture and start of
reaction by addition of the enzyme. Furthermore, fitting the
Michaelis-Menten equation to the experimental data yielded
unreliable results in the case of compounds 6a and 6b as well
as for 5b towards hTGase 2 due to the high K,** values and
limitations in substrate concentration. For this reason, evaluation
of these data sets was performed by the method of Cornish-
Bowden and Eisenthal (see Figures S14 and S15 in Supporting
Information).*>*? Results of data analysis by numerical
integration are in good agreement with those obtained by
regression analysis (Table 3). Exceptions can be observed for
the K,?*" values of 6b towards gpTGase 2 and 5b towards the
human enzyme obtained from the different methods of data

analysis. These discrepancies might result from the mentioned
problem that in those cases substrate concentrations were
restricted to values <K,,**". In this context, it might seem that the
improved solubility of the glutamate-derived acyl donors
compared to the y-Abu derivatives is of minor importance as
substrate concentrations <K,,*" could also be investigated for
the latter compounds. However, the observed increase in Kp
upon changing the acyl acceptor from water to aminoacetonitrile,
which was also demonstrated for compound 2a by Gillet et al.,!*?
implicates that substrate concentrations for 2a and 2b would be
restricted to even lower values in relation to K»*". Even though
we refrained from attempts to characterise 2a and 2b with
regards to their enzymatic aminolyses, it can be concluded that
the increased solubility of the glutamate-derived acyl donors
may indeed be beneficial, since a broader concentration range is
available for these substrates.

To prove the occurrence of TGase 2-catalysed transamidation in
the presence of competing spontaneous reaction pathways, the
assay mixture containing 5b and aminoacetonitrile was analysed
by RP-HPLC and ESI-MS, which confirmed the formation of the
expected corresponding cyanomethyl amide (see Figure S16 in
Supporting Information).

Application of acyl donor 5b for the kinetic characterisation
of amine substrates and inhibitors

Characterisation of amine substrates

One motivation behind this study was to establish an activity
assay for TGase 2 that allows for the kinetic evaluation of both
amine-based acyl acceptor substrates and irreversible inhibitors
of this enzyme. After identifying fluorogenic acyl donor
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substrates with suitable properties, we therefore aimed to prove
their applicability for that purpose. As 5b exhibited the most
optimal substrate properties among the studied analogues, the
following investigations were performed with this acyl donor
substrate. Since N-(biotinyl)cadaverine is often applied as amine
substrate to determine the activity of TGase 2,“? this compound
was selected in addition to aminoacetonitrile to verify the
applicability of the novel fluorogenic acyl donors for the kinetic
characterisation of primary amines as acyl acceptors (for
synthesis see Discussion S8 in Supporting Information).

The two primary amines were evaluated regarding their kinetic
parameters Ky and ke, which were determined at a constant
concentration of 5b (100 pM). As this concentration of the acyl
donor substrate is not sufficient to fulfil the condition
Km(5b)<<[5b], neither for the guinea pig nor for the human
TGase 2, the parameters K, and ke are of apparent character
and therefore denoted as Kn™™ and ke™™*. The Michaelis-
Menten plots are shown in Figure 6 and the calculated
parameters are summarised in Table 4.

A
<
E
=
2
5 L
8 1 -~ gpTGase 2
>
~o— hTGase 2
Obserenasnnnsnsnsnsnnnasnsnanananans
1 1 1 1 1
0 80 160 240 320 400
[aminoacetonitrile] (LM)
B
<
E
=
=
s
i/ ~o— hTGase 2
1 1 1 1 1
0 2 4 6 8 10

[7] (mM)

Figure 6. gpTGase 2- and hTGase 2-catalysed incorporation of different
amines into compound 5b. Plots of vocor=f([amine]) with nonlinear regressions
(—) using equation 1l (Michaelis-Menten equation) for aminoacetonitrile (A)
and equation IV (substrate inhibition) for N-(biotinyl)cadaverine (7) (B). Data
shown for aminoacetonitrile are mean values +SEM of 3 separate experiments,
each performed in duplicate. Data shown for N-(biotinyl)cadaverine (7) are
mean values +SD of 1 experiment, which was performed in duplicate. When
not apparent, error bars are smaller than the symbols. Conditions: pH=8.0,
30 °C, 5% DMSO, 100 uM acyl donor 5b, 500 uM TCEP, 0.3 pg/mL gpTGase
2 or 0.6 ug/mL hTGase 2.

WILEY-VCH

For aminoacetonitrile, values for K" and k™™ of 37 uM and
27 s, respectively, were determined on the guinea pig enzyme.
On human TGase 2, the Ky of aminoacetonitrile was slightly
lower, whereas its ke value decreased to a larger extent,
which resulted in a somewhat reduced performance constant.
To gain insights into the true Michaelis constant of
aminoacetonitrile, Kn®" values were determined at four different
concentrations of the fluorogenic acyl donor 5b, which
concomitantly provided insight into the true K, value of 5b. The
detailed analysis of these kinetic data along with the respective
discussion is given in Discussion S7 in Supporting Information.
Since N-(biotinyl)cadaverine (7) has been frequently used as
molecular tool to study TGase 2 at the cellular level, the utility of
5b to evaluate amine-based acceptor substrates was
demonstrated for this compound on human TGase 2. In contrast
to aminoacetonitrile, compound 7 displayed a Kn*" value in the
millimolar range. This dramatical difference in the Kn**® values
reflects the differing basicities of aminoacetonitrile and 7. While
the amino group of aminoacetonitrile exhibits a pKa value of 5.6
for the conjugate ammonium ion, the corresponding value of 7 is
in the range of 10-11.2°! As the deacylation of acyl donor-
derived TGase 2 thiolester intermediates can only be effected by
unprotonated amines,*® the free substrate concentration of 7 is
much lower than that of aminoacetonitrile. Furthermore,
Bransted plots for a series of primary amines as acyl acceptor
substrates of varying basicity indicated a correlation between the
performance constants of TGase 2-catalysed transamidation
and their pKa values.?® It should be noted that the kes™ value
of 7 on human TGase 2 is in the same range as that of
aminoacetonitrile and its rate versus concentration plot indicates
substrate inhibition (Figure 6B). The latter finding is in
accordance with the behaviour of the analogous fluorescent acyl
acceptor N-(dansyl)cadaverine, which displayed substrate

Table 4. Kinetic parameters of different amines as acyl acceptors on
gpTGase 2 at pH=8.0

KPP a A Lol
(mM) Kea™ (57)  KealKim (M7*s™)
amine gpTGase 2
aminoacetonitrile ?0003072) 27.0 (1.8) 736,000
hTGase 2
aminoacetonitrile ?0001051) 7.39 (0.15) 489,000
g;abiotinyl)cadaverine 167 9.02 5,410

For details on calculation of the kinetic parameters see Experimental
section. Data shown are mean values (+SEM) of 1 (7) or 3
(aminoacetonitrile) separate experiments, each performed in duplicate.
Active concentrations of TGase 2 from guinea pig liver (Et=3.16 nM) and
human TGase 2 (E1=6.16 nM) were calculated from activity data of
Zedira® or determined by active site titration as recently described,®
respectively. * Ki=8.04 mM
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inhibition for TGase 2-catalyzed transamidation in case of both
the guinea pig and the human enzyme. This phenomenon has
been attributed to the formation of an unproductive complex of
the acyl acceptor substrate and free TGase 2.°% Moreover,
substrate inhibition in enzyme-catalysed group-transferring
reactions by the substrate that is devoid of the transferred group
is very common due to its premature binding to the free
enzyme."*4

Characterisation of irreversible inhibitors

The evaluation of enzyme inhibitors for the purposes of drug
discovery projects is often based on kinetic assays. This is
particularly valid for inhibitors that interact with enzymes in an
irreversible manner. Therefore, we aimed to validate the
usefulness of the developed fluorogenic TGase 2 substrates for
the characterisation of inhibitors exemplarily for substrate 5b
with the established irreversible TGase 2 inhibitors
iodoacetamide and the recently reported selective N°-
acryloyllysine derivative 8 (Scheme 6).%

O

|\)LNH2 8

iodoacetamide ©\/ﬁ\

N
H

.

*TFA
(0]

Scheme 6. Structures of iodoacetamide and acrylamide 8

Inhibition studies with iodoacetamide for the TGase 2-catalysed
hydrolysis of 5b at pH=8.0 were problematic as the product-
release progress plots were curved even in the absence of
inhibitor due to substrate depletion (data not shown). To obtain
steady-state conditions over a broad time window, both reducing

WILEY-VCH

the amount of enzyme and increasing the substrate
concentration was impossible due to the susceptibility of 5b to
spontaneous hydrolysis. Therefore, the conversion of 5b was
decelerated by reducing the pH from 8.0 to 6.5, which slowed
down the rate of the spontaneous reaction to less than 5%,
whereas the enzymatic hydrolysis was reduced to a much less
extent. These modified conditions resulted in linear progress
curves for concentrations of 5b greater than 20 pM for both
gpTGase 2 and hTGase 2 over a time window of 900 s. This
linearity ensures the absence of substrate depletion, which is of
crucial importance for the correct kinetic evaluation of time-
dependent enzyme inhibition.*! The fluorescence coefficients of
4-methylumbelliferon and the Michaelis-Menten parameters
were determined for pH=6.5 (Figure 7, Table 5 and Figure S17
in Supporting Information).

0.6r
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S 0.4
=
g 02
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-~ hTGase 2
1 L 1 " 1 " 1 L 1 " 1
0 5 10 15 20 25 30
[5b] (uM)

Figure 7. gpTGase 2- and hTGase 2-catalysed hydrolysis of acyl donor 5b at
pH=6.5. Plots of vooa=f([Sb]) with the nonlinear regressions (—) using equation
Il (Michaelis-Menten equation). Data shown are mean values +SEM of 3
separate experiments, each performed in duplicate. When not apparent, error
bars are smaller than the symbols. Conditions: pH=6.5, 30 °C, 5% DMSO, 500
UM TCEP, 3 pg/ml of either gpTGase 2 or hTGase 2.

Table 5. Kinetic parameters for the TGase 2-catalysed hydrolyses of the acyl donor 5b at pH=6.5 and 30 °C

Regression analysis Numerical integration
K (M) Kear (57) Kea/Km (M5 Kim (M) Kea (57 Kea/Km (M)
cpd gpTGase 2
5b 2.53(0.18) 0.33(0.01) 132,000 2.67 (0.20) 0.34 (0.01) 129,000
hTGase 2
5b 6.60 (1.06) 0.32 (0.02) 50,300 5.78 (1.03) 0.32 (0.02) 57,600

in the presence of TCEP was determined to be 0.70 + 0.03x10° min™.

For details on calculation of the kinetic parameters see Experimental section. Data shown are mean values (+SEM) of 3 separate experiments, each
performed in duplicate. Active concentrations of TGase 2 from guinea pig liver (Et=31.6 nM) and human (E+=30.8 nM) were calculated from activity data
of Zedira® or determined by active site titration as recently described, % respectively. kqps Value for the spontaneous reaction of 5b at pH=6.5 and 30 °C
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On gpTGase 2, the performance constants were reduced to
132,000 M's?, i.e. to less than half of the value determined at
pH=8.0 (Table 2), which is caused by a reduction in Kca, while
Km was unaffected by the change of pH. A similar trend was
observed for the human enzyme. Data analysis by numerical
integration confirmed these results for the two TGase
orthologues.

The reduction of pH in the assay medium enabled the analysis
of inhibition by iodoacetamide under the formalism of slow-
binding inhibition (equation V).*® lodoacetamide has been
shown to inactivate TGase 2 irreversibly by alkylation of the
active-site thiol Cys 277.%7 Irreversible enzyme inactivation
usually results in steady-state rates that are equal to zero
independent of inhibitor concentration. However, as substrate 5b
continues to react in the presence of completely inactivated
enzyme, we use Vs as open parameter in equation V to take into
account the remaining spontaneous reaction after completed
enzyme inhibition. Replotting the obtained pseudo-first order
rate constants kops against the inhibitor concentration and linear
regression of the resulting line provided the ratio kows/[l] as slope.
Correction of that value by the factor 1+[S])/K,, gave a value of
55,600 M?s™ for the second-order inactivation constant Kinaa/K
towards the guinea pig enzyme, with a similar value being
obtained towards hTGase 2 (Table 6).#*%® In contrast to the Kops
values, which linearly increased with rising inhibitor
concentration, the initial velocities did not systematically vary
when the iodoacetamide concentration was increased (see
Figure S18 in Supporting Information). This finding indicates a
one-step mechanism for inactivation of both guinea pig and
human TGase 2 by iodoacetamide and suggests that no stable
non-covalent enzyme-inhibitor complex is formed prior to the
inactivating alkylation step. This result is in agreement with
observations for the inactivation of factor Xllla by iodoacetate!®*
and can be rationalised considering that this small inhibitor
molecule does not provide many contact points for non-covalent
interactions.

To characterise a pharmaceutically more relevant inhibitor with
the established assay, compound 8 was investigated with
regards to its interaction with guinea pig and human TGase 2.
The N°-acryloyllysine derivative 8 was prepared according to the
published procedure with slight modifications;™! details on its
synthesis will be reported in the context of a follow-up study. The

results of the kinetic characterisation of 8 are included in Table 6.

Towards the guinea pig enzyme, compound 8 exhibited a
second-order inactivation constant of 1,230 M?s. No
systematic variation of the initial velocities with increasing
inhibitor concentration was discernible, which led to the
conclusion that inactivation of gpTGase 2 by 8 follows a one-
step mechanism. Notably, the situation is obviously different for
the human enzyme (Figure 8). Here, the value for kinac/K; was
approximately five-fold higher than that for the guinea pig
orthologue and the initial velocities, vi, hyperbolically decreased
with increasing inhibitor concentration. This observation
indicates the formation of a rapid-equilibrium non-covalent
complex between acrylamide 8 and hTGase 2 prior to the
inactivation step, for which a dissociation constant K; of 5.73 uM
was calculated from the plot of v; versus [l] (see Figure S19 in
Supporting Information). On the basis of the double reciprocal
plot of 1/keps Versus 1/[1] (Figure 8B) it was possible to obtain the
isolated value for the first-order inactivation constant Kinac (21
min™) describing the transition of the initial non-covalent

WILEY-VCH

enzyme-inhibitor complex to the final covalent complex. Based
on this value, K, was calculated to be 68.7 uM. The meaning of
this value is distinctly different from K; as it represents a merely
kinetic parameter that signifies the inhibitor concentration at
which the inactivation proceeds with half the maximal rate in the
absence of substrate.®!

Usually, irreversible enzyme inhibition results in steady state
rates equal to zero, whereas in the present case these rates are
different to zero as substrate conversion continues after
completed enzyme inactivation due to spontaneous hydrolysis.
To take this fact into account for the kinetic analysis of TGase 2
inhibition, the kinetic parameters were independently determined
by numerical integration.®*?* For this purpose, differential
equations were formulated on the basis of Scheme 7 and
implemented into the statistical software R. The series of
progress curves in the absence and presence of different
inhibitor concentrations were globally fitted, which provided
values for kinac/Ki that are essentially similar to those obtained by
conventional regression analysis (Table 6).

E+l = ka - El kinaCt‘E-I
2
dy |
. —RIEl[1]+4[E]]
%z'k—zmﬁkz [E][1]-Kinace [E-1]
d[E-I]
T = Kinact[EI]

Scheme 7. Kinetic model for the two-step irreversible inhibition of TGase 2
and the respective differential rate laws derived thereof. For the case that the
ratio k-o/k,=K; is high, the concentration of the initial non-covalent enzyme-
inhibitor complex becomes negligible and, in consequence, the two-step
mechanism for irreversible inhibition simplifies to a one-step mechanism.
Abbreviations used in the Scheme: E: enzyme, I: inhibitor, El: initial enzyme-
inhibitor complex, E-I: covalent enzyme inhibitor complex.

Thus, it can be concluded that the common analysis using
integrated rate equations and subsequent evaluation of the
obtained data yields reliable parameters to describe the
inhibitory potency. Taken together, the obtained results
demonstrate the suitability of the established assay for the
kinetic characterisation of TGase 2 inhibitors.

Conclusions

The recently described acyl donor substrate 2a and compounds
derived thereof which release fluorescent coumarins upon
enzymatic conversion appear to be attractive substrates for the
fluorimetric assay of TGase 2. However, both 2a and its methyl-
substituted analogue 2b proved to be prone to aggregation in
aqueous media, which can hamper detailed kinetic
investigations depending on the particular conditions and
intended application purposes. Therefore, analogues based on
small glutamate-containing peptides were synthesised using a
solid-phase approach and demonstrated to be soluble in assay
medium up to concentrations of 250 pM. This remarkably
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Figure 8. Kinetic characterisation of acrylamide 8 towards hTGase 2 using
acyl donor 5b. A) Typical time courses of the hTGase 2-catalysed hydrolysis
of 5b in the presence of different concentrations of acrylamide 8 (0 uM (O), 3
UM (A), 6 uM (+), 12 pM (%), 24 uM (<) and 30 pM (V)) in the presence of
30 uM (~4.5xKy,) of acyl donor 5b; B) Double reciprocal plot (1/keps=f(1/[8]))
with linear regression to the data for determination of kinaet and Kj; Conditions:
pH=6.5, 30 °C, 5% DMSO, 500 uM TCEP, 3 pg/mL of hTGase 2.

Table 6. Kinetic parameters for the irreversible TGase 2 inhibitors
iodoacetamide and acrylamide 8 at pH=6.5 and 30 °C
Regression analysis Numerical integration

Kinact/Ki (M's™) Kinact/K) (M2s™)

inhibitor gpTGase 2

iodoacetamide 55,600 (8,890) 38,400 (566)

acrylamide 8 1,230 (139) 789 (9)

hTGase 2

iodoacetamide 64,000 (4,040) 43,500 (2,770)

acrylamide 8* 5,110 (68) 5,100 (155)

* Ki=5.73 UM (0.77), K/=68.7 UM (24.2), Kinaei=21.0 s (7.1)

For details on the calculation of the kinetic parameters see
Experimental section. Inhibition experiments on gpTGase 2 and
hTGase 2 were performed in the presence of 25 uM (~10xKp,) and 30
UM (~4.5xK) of acyl donor 5b, respectively. Data shown are mean
values (+SEM) of 2 separate experiments, each performed in
duplicate.)
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improved water solubility allowed for the extensive kinetic
characterisation of the newly designed substrates regarding their
TGase 2-catalysed hydrolysis and aminolysis by both
conventional regression analysis as well as numerical
integration. In addition, their spontaneous reactivity under assay
conditions was studied in detail, which has revealed a significant
contribution of spontaneous thiolysis in the presence of DTT to
the overall rate of spontaneous disintegration, amongst other
findings. This result suggests that TCEP should be used as
antioxidant instead of DTT.

The influence of the fluorogenic leaving group on the kinetic
properties was investigated. Substrates 5b and 6b containing 7-
hydroxy-4-methylcoumarin attached to the y-carboxylic group of
the Glu residue showed superior kinetic properties over their
unsubstituted counterparts 5a and 6a; analogous amides (2c,
5c) containing 7-amino-4-methylcoumarin are not accepted as
substrates. Z-Glu(HMC)-Gly-OH (5b) exhibited the most optimal
substrate properties among the synthesised compounds, with
performance constants of 300,000 and 436,000 M's®
determined for the gpTGase 2-catalysed hydrolysis and
aminolysis at pH=8.0, respectively. Therefore, 5b was selected
for the exemplary kinetic characterisation of amine-based acyl-
acceptor  substrates and irreversible inhibitors.  The
determination of performance constants at pH=8.0 was
demonstrated for aminoacetonitrile and N-(biotinyl)cadaverine
as representative primary amine substrates on both guinea pig
and human TGase 2. Inhibitor characterisation was based on
monitoring and analysing the TGase 2-catalysed hydrolysis of
5b at pH=6.5, which resulted in reliable second-order
inactivation constants for iodoacetamide and compound 8
towards both the guinea pig and human enzyme.

Furthermore, this study confirmed compounds 2a and 2b as
potentially  suitable substrates for fluorimetric  activity
determination of TGase 2. Considering their reduced
susceptibility against spontaneous reaction in comparison to that
of the glutamate-derived analogues introduced herein, 2a and
2b might be more advantageous for assaying cellular TGase 2
activities.?

Taken together, the results of this study prove compound 5b to
be a powerful fluorogenic substrate of guinea pig and human
TGase 2. Therefore, this compound allows for robust assay
methods to identify and characterise molecules capable of
targeting TGase 2 for therapeutic inhibition and molecular
imaging, even though its susceptibility to spontaneous decay
may stimulate further developments towards fluorogenic
substrates for this important enzyme.

Experimental Section
General

All commercial reagents and solvents were used without further
purification unless otherwise specified. Melting points were determined
on a Galen Il Boetius apparatus from Cambridge Instruments. Nuclear
magnetic resonance spectra were recorded on a Varian Unity 400 MHz
or an Agilent Technologies 400 MR spectrometer. Spectra were
processed by using the programme MestreNova (version 6.1.1-6384).1*°!
NMR chemical shifts were referenced to the residual solvent resonances
relative to tetramethylsilane (TMS). Mass spectra (ESI) were obtained on
a Micromass Quattro LC or a Waters Xevo TQ-S mass spectrometer
each driven by the Mass Lynx software. Elemental analysis was
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performed on a LECO CHNS-932 apparatus. Determination of the resin
loading was performed on a Thermo Scientific Helios & UV/Vis
spectrophotometer.

Chromatography

Thin-layer chromatography (TLC) was performed on Merck silica gel F-
254 aluminium plates with visualisation under UV (254 nm) and/or
staining with a 0.1% (m/V) ninhydrin solution in ethanol. Preparative
column chromatography was carried out on Merck silica gel (mesh size
230-400 ASTM) with solvent mixtures as specified for the particular
compounds. Analytical and Preparative HPLC of compounds 2-7 were
performed on a Varian Prepstar system equipped with UV detector
(Prostar, Varian) and automatic fraction collector Foxy 200. Two
Microsorb C18 60-8 columns (Varian Dynamax 250 x 4.6 mm and 250 x
21.4 mm) were used as the stationary phases for analytical and
preparative HPLC, respectively. A binary gradient system of 0.1%
CF3COOH/water (solvent A) and 0.1% CF3COOH/CH3CN (solvent B) at
a flow rate of 1 mL/min or 10 mL/min served as the eluent. With regards
to analytical HPLC, the programme for elution of compounds 2-6 was as
follows: 0-3 min 90% A, 3-25 min gradient to 90% B, 25-35 min 90% B,
35-36 min gradient back to 90% A, 36-40 min 90% A; whereas for
compound 7 the following elution regime was used: 0-5 min 95% A, 5-25
min gradient to 95% B, 25-30 min 95% B, 30-31 min gradient back to
95 % A, 31-35 min 95% A. With regards to preparative HPLC, the
conditions for the gradient elution of compounds 2-6 are as follows: 0-3
min 90% A, 3-25 min gradient to 90% B, 25-30 min 90% B, 30-31 min
gradient back to 90% A, 31-35 min 90% A; whereas for compound 7: 0-7
min 90% A, 7-22 min gradient to 80% B, 22-30 min 80% B, 30-31 min
gradient back to 90% A, 31-35 min 90% A. HPLC for investigating the
spontaneous reactivity of compound 5b was carried out on a device
consisting of a Merck Hitachi L7100 gradient pump combined with a
Jasco DG2080 4-line degasser with UV detection by a Merck Hitachi
L7450 diode array detector. The system was operated by the D-700 HSM
software using a Merck Hitachi D7000 interface. A Luna C18 5 pym
column (Phenomenex, 250 x 4.6 mm) served as stationary phase. The
following elution programme (binary gradient system as detailed above,
flow rate 1 mL/min) was run to separate the components: 0-3 min 80% A,
3-25 min gradient to 70% B, 25-26 min gradient to 95% B, 26-30 min
95% B, 30-35 min gradient back to 80% A, 35-40 min 80% A.

Analytical data for the glutamate-derived fluorogenic
acyl donors

Z-L-Glu(HMC)-OH (3)

The synthesis using HMC yielded 67 mg (30%) of 3 as a yellow oil. As 3
tends to decomposition in the isolated state, this compound should be
stored below 0 °C. *H-NMR (DMSO-dg): 6=7.81 (d, 3JH,H=8.7 Hz, 1H, H-
5 of coumarin), 7.70 (d, 3JH,H=8.3 Hz, 1H, NH), 7.39-7.27 (m, 5H, Hphenyi),
7.25 (d, “Jun=2.1 Hz, 1H, H-8 of coumarin), 7.17 (dd, 3J;+=8.6 Hz,
4Jun=2.2 Hz, 1H, H-6 of coumarin), 6.39 (d, *J4x=1.1 Hz, 1H, H-3 of
coumarin), 5.10-5.01 (m, 2H, CH.0 of Z), 4.15-4.07 (m, 1H, C,H of Glu),
2.78-2.65 (m, 2H, C,H, of Glu), 2.44 (d, *Jux=1.0 Hz, 3H, CHs), 2.20—
2.09 (m, 1H, CgHH of Glu), 2.01-1.89 (m, 1H, CgHH of Glu); *C-NMR
(DMSO-dg): 6=173.26, 170.75, 159.60, 156.19, 153.49, 152.95, 152.80,
136.92, 128.32, 127.81, 127.72, 126.40, 118.38, 117.53, 113.73, 110.07,
65.51 (CH,0 of Z), 52.84 (C, of Glu), 30.24, 25.91, 18.17 (CHs); ESI-MS
(ESI+) m/z: calc. for CgysH2;NNaOg [M+Na]*, 462.12, found 462.1;
Elemental analysis: calc. for Ca3H21NOg, C, 62.87; H, 4.82; N, 3.19; found
C, 60.45; H, 5.14; N, 3.14.

Z-L-Phe-L-Glu(HMC)-OH (4)

The synthesis using HMC yielded 99 mg (36%) of 4 as a white solid. As 4
tends to decomposition in the isolated state, this compound should be
stored below 0 °C. *H-NMR (DMSO-dg): 8=8.41 (d, 2J=8.0 Hz, 1H, NH of
Glu), 7.81 (d, %J=8.6 Hz, 1H, H-5 of coumarin), 7.53 (d, 3J=8.6 Hz, 1H,
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NH of Phe), 7.36—7.15 (m, 12H, Hppenyi and H-6,8 of coumarin), 6.39 (s,
1H, H-3 of coumarin), 4.95-4.87 (m, 2H, CH,0 of Z), 4.45-4.36 (m, 1H,
CqH), 4.36-4.28 (m, 1H, C,), 3.02 (dd, 2J=13.8 Hz, %J=3.8 Hz, 1H, CgHH
of Phe), 2.81-2.69 (m, 3H, CgHH of Phe and C,H, of Glu), 2.44 (s, 3H,
CHa), 2.26-2.14 (m, 1H, CgHH of Glu), 2.00-1.88 (m, 1H, CgHH of Glu);
BC-NMR (DMSO-dg): 5=172.94, 171.91, 170.78, 159.60, 155.90, 153.50,
152.95, 152.87, 138.08, 136.89, 129.20, 128.21, 128.04, 127.63, 127.42,
126.38, 126.25, 118.41, 117.52, 113.72, 110.11, 65.21 (CH.O of 2),
56.10, 50.69, 37.26, 29.86, 26.10, 18.17 (CH3); ESI-MS (ESI+) m/z: calc.
for CsaH31N20g [M+H]", 587.20, found 587.3; Elemental analysis: calc. for
C32H30N20g, C, 65.52; H, 5.15; N, 4.78; found C, 63.94; H, 5.23; N, 4.81.

Z-L-Glu(HC)-Gly-OH (5a)

The synthesis using HC yielded 34 mg (35%) of 5a as a white solid. *H-
NMR (DMSO-dg): 5=8.32 (t, 3J=5.9 Hz, 1H, NH of Gly), 8.07 (d, %=9.3
Hz, 1H, H-4 of coumarin), 7.76 (d, 3)=8.5 Hz, 1H, H-5 of coumarin), 7.57
(d, %J=8.3 Hz, 1H, NH of Glu), 7.39-7.25 (m, 6H, Hpneny and H-8 of
coumarin), 7.15 (dd, 2J=8.4 Hz, “J=2.2 Hz, 1H, H-6 of coumarin), 6.48 (d,
31=9.6 Hz, 1H, H-3 of coumarin), 5.10-4.98 (m, 2H, CH,0 of Z), 4.22—
4.13 (m, 1H, Cq of Glu), 3.83 (dd, 2J=17.5 Hz, 3J=5.9 Hz, 1H, C,HH of
Gly), 3.73 (dd, 2J=17.5 Hz, %J=5.6 Hz, 1H, C.HH of Gly), 2.78-2.64 (m,
2H, CH, of Glu), 2.12-2.01 (m, 1H, CgHH of Glu), 1.99-1.86 (m, 1H,
CgHH of Glu); **C-NMR (DMSO-d): 5=171.54, 171.07, 170.85, 159.68,
155.94, 154.05, 152.82, 143.81, 136.89, 129.28, 128.30, 127.77, 127.69,
118.61, 116.64, 115.52, 110.08, 65.53 (CH,0 of Z) 53.49, 40.67, 30.01,
27.00; ESI-MS (ESI+) m/z: calc. for CzqH23N,09 [M+H]", 483.14, found
483.1; Elemental analysis: calc. for C24H22N2Og, C, 59.75; H, 4.60; N,
5.81; found C, 58.28; H, 4.58; N, 5.75.

Z-L-Glu(HMC)-Gly-OH (5b)

The synthesis using HMC yielded 63 mg (26%) of 5b as a white solid. *H-
NMR (DMSO-dg): 5=12.58 (s, 1H, COOH), 8.32 (t, 2J=5.8 Hz, 1H, NH of
Gly), 7.81 (d, 3J=8.7 Hz, 1H, H-5 of coumarin), 7.57 (d, 3J=8.3 Hz, 1H,
NH of Glu), 7.39-7.25 (m, 6H, Hphenyi and H-8 of coumarin), 7.18 (dd,
3)=8.6 Hz, “J=2.2 Hz, 1H, H-6 of coumarin), 6.39 (d, “J=1.2 Hz, 1H, H-3
of coumarin), 5.10-4.99 (m, 2H, CH,O of Z), 4.22-4.14 (m, 1H, C.H of
Glu), 3.83 (dd, 2J=17.5 Hz, 3J=5.9 Hz, 1H, C.HH of Gly), 3.73 (dd,
2)=17.5 Hz, 2J=5.7 Hz, 1H, C4HH of Gly), 2.77-2.65 (m, 2H, C,H; of Glu),
2.44 (d, *3=1.1 Hz, 3H, CHs), 2.13-2.01 (m, 1H, CgHH of Glu), 1.98-1.86
(m, 1H, CgHH of Glu); *C-NMR (DMSO-de): 5=171.56, 171.09, 170.86,
159.60, 155.95, 153.49, 152.95, 152.83, 136.90, 128.31, 127.78, 127.71,
126.37, 118.39, 117.50, 113.72, 110.09, 65.54 (CH.O of Z), 53.50, 40.68,
30.02, 27.00, 18.17 (CHg), ESI-MS (ESH’) m/z: calc. for C25H25N209
[M+H]*, 497.16, found 497.1; Elemental analysis: calc. for CosH24N20g, C,
60.48; H, 4.87; N, 5.64; found C, 59.86; H, 4.84; N, 5.65.

Z-L-Glu(AMC)-Gly-OH (5¢)

The synthesis using AMC yielded 7.3 mg (3%) of 5¢ as a white solid. *H-
NMR (DMSO-dg): 5=10.34 (s, 1H, NH of coumarin), 8.22 (t, %J=5.6 Hz,
1H, NH of Gly), 7.75 (d, *J=1.9 Hz, 1H, H-8 of coumarin), 7.70 (d, %J=8.7
Hz, 1H, H-5 of coumarin), 7.49-7.44 (m, 2H, H-6 of coumarin and NH of
Glu), 7.40-7.25 (m, 5H, Hphenyl), 6.25 (d, 4J=1.0 Hz, 1H, H-3 of coumarin),
5.08-4.95 (m, 2H, CH,0 of Z), 4.14-3.99 (m, 1H, C,H of Glu), 3.82 (dd,
2J=17.4 Hz, 33=6.1 Hz, 1H, C4HH of Gly), 3.73 (dd, 2J=17.8 Hz, 3J=5.5
Hz, 1H, CqHH of Gly), 2.54-2.43 (m, 2H, C,H; of Glu), 2.39 (d, *J=0.7 Hz,
3H, CHg), 2.11-1.95 (m, 1H, CgHH of Glu), 1.92-1.75 (m, 1H, CgHH of
Glu); ®*C-NMR (DMSO-dg): 5=171.84, 171.31, 171.08, 160.01, 159.74,
153.65, 153.09, 142.53, 128.30, 127.76, 127.69, 125.85, 115.04, 114.78,
112.08, 105.42, 65.49 (CH,O of Z), 27.36, 17.95 (CHs), 2xCa and Cy not
visible; ESI-MS (ESI+) m/z: calc. for CzsH26N30s [M+H]*, 496.17, found
496.2.

Z-L-Phe-L-Glu(HC)-Gly-OH (6a)
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The synthesis using HC yielded 44 mg (35%) of 6a as a white solid. *H-
NMR (DMSO-dg): 6=12.59 (s, 1H, COOH), 8.29-8.22 (m, 2H, NH of Glu
and Gly), 8.07 (d, 2J=9.5 Hz, 1H, H-4 of coumarin), 7.77 (d, 3J=8.5 Hz,
1H, H-5 of coumarin), 7.55 (d, 3J=8.5 Hz, 1H, NH of Phe), 7.35-7.10 (m,
12H, Hpheny and H-6,8 of coumarin), 6.48 (d, 8J=9.6 Hz, 1H, H-3 of
coumarin), 4.96—-4.87 (m, 2H, CH,0 of Z), 4.52-4.43 (m, 1H, CH), 4.38-
4.27 (m, 1H, CoH), 3.84 (dd, 2J=17.5 Hz, 3J=6.0 Hz, 1H, C4HH of Gly),
3.74 (dd, 2J=17.5 Hz, J=5.8 Hz, 1H, C4HH of Gly), 3.04 (dd, 2J=13.7 Hz,
3J=3.8 Hz, 1H, CgHH of Phe), 2.81-2.68 (m, 3H, CgHH of Phe and C,H;
of Glu), 2.16-2.05 (m, 1H, CgHH of Glu), 1.98-1.86 (m, 1H, CgHH of
Glu); °C-NMR (DMSO-de): 5=171.67, 171.12, 171.01, 170.88, 159.68,
155.88, 154.05, 152.89, 143.82, 138.06, 136.88, 129.28, 129.19, 128.20,
128.01, 127.62, 127.42, 126.20, 118.64, 116.64, 115.50, 110.11, 65.23
(CH20 of 2), 56.14, 51.22, 40.67, 37.25, 29.64, 27.16; ESI-MS (ESI+)
m/z. calc. for CazsHsoN3Opo [M+H]", 630.21, found 630.1; Elemental
analysis: calc. for Ca3H31N3O10, C, 62.95; H, 4.96; N, 6.67; found C,
61.75; H, 5.15; N, 7.22.

Z-L-Phe-L-Glu(HMC)-Gly-OH (6b)

The synthesis using HMC yielded 88 mg (27%) of 6b as a white solid. *H-
NMR (DMSO-de): 5=8.29-8.24 (m, 2H, NH of Glu and Gly), 7.81 (d,
3J=8.7 Hz, 1H, H-5 of coumarin), 7.55 (d, %J=8.4 Hz, 1H, NH of Phe),
7.34-7.16 (m, 12H, Hppenyi and H-6,8 of coumarin), 6.39 (d, 43=1.2 Hz,
1H, H-3 of coumarin), 4.95-4.88 (s, 2H, CH,0 of Z), 4.52-4.44 (m, 1H,
CqH), 4.37-4.29 (m, 1H, C.H), 3.84 (dd, 2J=17.6 Hz, %J=5.9 Hz, 1H,
CqHH of Gly), 3.74 (dd, 2J=17.5 Hz, 3J=5.7 Hz, 1H, C,HH of Gly), 3.04
(dd, 23=13.8 Hz, %J=3.7 Hz, 1H, CgHH of Phe), 2.80-2.68 (m, 3H, CgHH
of Phe and C,H, of Glu), 2.44 (d, “J=0.9 Hz, 3H, CHs), 2.17-2.05 (m, 1H,
CgHH of Glu), 1.98-1.86 (m, 1H, CgHH of Glu); *C-NMR (DMSO-dg):
6=171.70, 171.14, 171.04, 170.89, 159.61, 155.89, 153.50, 152.96,
152.90, 138.08, 136.89, 129.20, 128.21, 128.03, 127.63, 127.42, 126.37,
126.22, 118.41, 117.50, 113.71, 110.12, 65.23 (CH,0O of Z), 56.15, 51.23,
40.68, 37.25, 29.64, 27.17, 18.17 (CHj3); ESI-MS (ESI+) m/z: calc. for
Ca4H34N3010 [M+H]", 644.22, found 644.3; Elemental analysis: calc. for
C34H33N3010, C, 63.45; H, 5.17; N, 6.53; found C, 62.10; H, 5.17; N, 6.46.

Fluorimetric Assay
Buffer systems and TGase 2 stock solutions

For the measurements at pH=8.0 and pH=6.5, the following two assay
buffers of the respective pH value were used.

buffer A: 100 mM MOPS (pH=8.0), 3 mM CaCl,, 50 pM EDTA, adjusted
to pH=8.0 with 1M NaOH

buffer B: 100 mM MES (pH=6.5), 3 mM CaCl,, 50 uM EDTA, adjusted to
pH=6.5 with 1M NaOH

Two different enzyme buffers were used for the preparation of the TGase
2 stock solutions:

buffer I: 100 mM MOPS (pH=8.0), 3 mM CaCl,, 10 mM DTT, 20% v/v
Glycerol

buffer Il: 2100 mM MOPS (pH=8.0), 3 mM CaCl,, 10 mM TCEP, 20% v/v
Glycerol

For kinetic measurements at pH=6.5, TGase 2 stock solutions in buffer Il
were used which were diluted with buffer I11.

buffer 1ll: 100 mM MES (pH=6.5), 3 mM CaCl,, 10 mM TCEP, 20% v/v
Glycerol
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All buffers were stored at 0 °C for a period of two weeks and freshly
prepared after that period. The concentrations of the enzyme stock
solutions were 0.5 mg/mL and 1 mg/mL for gpTGase 2 and hTGase 2,
respectively.

General assay procedure and analysis

All measurements were conducted at 30 °C over 900 s (interval of 20 s)
using a Synergy™ 4 Multi-Mode Microplate Reader (BioTek Instruments)
and black 96-well BRANDplates® with transparent bottom (BRAND).
Fluorescence was detected in bottom read mode. To detect released
HMC or HC, a combination of optical filters adjusted to 365/40 nm and
465/40 nm as ranges of wavelengths for excitation and emission were
used, respectively. Measurements at pH=8.0 and pH=6.5 were
conducted with a sensitivity of 35 and 45, respectively. The assay
mixture (200 pL) contained 190 pL aqueous solution and 10 pL DMSO
(5% viv). All regression analyses were accomplished using GraphPad
Prism (version 5.02, 17.12.2008). To provide values of mean and SEM,
the respective regression analyses were separately accomplished for
each experiment and the obtained fit values were collected and
statistically analysed.

Assay procedure and kinetic analysis of the enzymatic hydrolyses

For investigations on enzyme-catalysed hydrolysis reactions, six or eight
different concentrations of the acyl donors were used (three independent
measurements for each concentration in duplicate). The respective stock
solutions were prepared in DMSO. To 180 pL assay buffer were added 5
uL of DMSO and 5 pL of the acyl donor stock solution. The reactions
were initiated upon addition of 10 yL (60 pg/mL) TGase 2. For the
measurements of the spontaneous reactions, the TGase 2 solution was
replaced by the respective enzyme buffer. The recorded time courses of
type (RFU-RFUp)=f(t) for the enzymatic conversions were analysed by
nonlinear regression to the experimental data over the first 300 s using
equation | (one-phase association). Subsequently, the first derivative of
this function at t=0 (equation Il) afforded the initial slopes, which are
equal to the values of voiotal (Units of RFU/S).

RFU — RFU, = Plateau = (1 —e™*"%) ()

RFUq: RFUi=g Plateau: RFUt_)w k: rate constant to reach the
plateau
Vototal = k * Plateau (1

Regarding the measurements of compound 5b at pH=6.5, time courses
of type (RFU-RFUp)=f(t) were either analysed by nonlinear (equation I) or
linear regression over the first 300 s to the experimental data depending
on the shape of the curve.

The rates for the spontaneous reactions (Vocontrol) in the absence of
enzyme were determined as described below. All fluorescence rates
(RFU/s) were converted into molar rates (uM/min) by dividing by the
respective fluorescence coefficient. Subsequently, the two sets of initial
rates (Vowta=f([acyl donor]) and voconro=f([acyl donor])) were globally
analysed using the model of total and nonspecific binding as
implemented in GraphPad Prism to determine the kinetic parameters for
the enzymatic conversion. Accordingly, the following rule was defined,

Vototal = Vocorr T Vocontrol

where vocorr represents the rates for the enzymatic conversions. Within
this model, the portion of vocor=f([acyl donor]) and Voconra=f([acyl donor])
were analysed by nonlinear regression using equation Il (Michaelis-
Menten equation) and linear regression (Vocontro=Kobs*[acyl donor]) to the
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data, respectively (see Figures S11 and S12 for global plots in
Supporting Information).

Vinax*[S]
Vocorr = %—t[S] (1

Due to the negligible spontaneous reaction of compound 5b at pH=6.5,
plots of vooa=f(facyl donor]) were directly analysed by nonlinear
regression to the data using equation IlI.

Analysis of the spontaneous reactions

The recorded time courses of type (RFU-RFUg)=f(t) for the spontaneous
reactions were analysed by linear regression to the experimental data
over the first 120 s. The respective slopes are equal to the values of
Vocontrol (UNits of RFU/s).

To determine the pseudo-first-order rate constants (Kops), plots of
Vocontro=f([acyl donor]) were analysed by linear regression to the data.
The obtained slopes are identical to the kqps Values.

Assay procedure and kinetic analysis of the enzymatic aminolyses

For investigations on enzyme-catalysed aminolysis reactions, six
different concentrations of the acyl donors were used (three independent
measurements, each concentration in duplicate). The respective stock
solutions were prepared in DMSO. Aminoacetonitrile was chosen as
reference acyl acceptor. To 180 pL assay buffer were added 5 pL of 16
mM aminoacetonitrile in DMSO and 5 pL of the acyl donor stock solution.
The reactions were initiated upon addition of 10 pL TGase 2 (6 pg/mL for
5a, 5b, 6a and 6b or 40 pg/mL for 3 and 4). For the measurement of the
spontaneous reactions, the TGase 2 solution was replaced by the
respective enzyme buffer. The recorded time courses of type (RFU-
RFUp)=f(t) for the enzymatic conversions were analysed by nonlinear
regression to the experimental data over 180 s using equation | (one-
phase association). Values of Vowota @and Voconror Were obtained as
described for the enzymatic hydrolysis. Due to high rates of spontaneous
and enzymatic reactions, the calculated substrate concentrations from
the numerical integration were used. Finally, the two sets of initial rates
(Vototar @Nd Vocontrot) Were globally analysed using a model of total and
nonspecific binding as described for the enzymatic hydrolysis (see
Figures S14 and S15 for global plots in Supporting Information). The
evaluation of the data sets for compounds 6a and 6b (gpTGase 2) and
compound 5b (hTGase 2) were performed by the method of Cornish-
Bowden und Eisenthal.l*”

Characterisation of acyl acceptors

To characterise the kinetic properties of the chosen acyl acceptor
substrates (aminoacetonitrile and - N-(biotinyl)cadaverinexTFA (7)) six
different concentrations of the acyl acceptors were used. The respective
stock solutions were prepared in DMSO. Compound 5b was chosen as
acyl donor. To 180 pL assay buffer were added 5 pL of acyl acceptor
stock solution and 5 pL of 4 mM 5b in DMSO. The reactions were
initiated upon addition of 10 pL (12 pg/mL) TGase 2. For the
measurement of the spontaneous reactions, the TGase 2 solution was
replaced by the respective enzyme buffer. The two sets of initial rates
(Vototar @nd  Voeontro) Were obtained as described for the enzymatic
hydrolysis. Subsequently, the Voconror Values were subtracted from the
respective Voora Values and the resulting plot of voco=f([S]) was analysed
either by equation Il for aminoacetonitrile or equation IV for N-
(biotinyl)cadaverine (7).

Vmax*[S]
v = Tmax o v
OO K+ ISP+ (V)
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Since the measurements with N-(biotinyl)cadaverine (7) required highly
concentrated amine stock solutions (400 mM), the volumes of the stock
solutions were significantly greater than that of the added DMSO for
dissolving the compounds due to the large amount of amine, which finally
resulted in lower concentrations than intended. Therefore, the applied
concentrations had to be corrected. For this purpose, the density of the
respective stock solution was determined by weighing a defined volume
and the correct concentration was calculated using the obtained density
and the overall weight of the solution (DMSO+amine). The ratio between
the actual and the intended concentration of the stock solution provided a
factor (0.94), which was then used to correct the concentrations of all
other solutions made from the stock solution.

Inhibition experiments

For the characterisation of coumarinyl amide 5c towards gpTGase 2 at
pH=8.0, the enzymatic hydrolysis of 5b in the presence of four
concentrations of 5c (0, 200, 300 and 500 puM) was recorded. The
respective stock solutions of 5b and 5¢ were prepared in DMSO. To 180
uL assay buffer were added 5 pL of 5c stock solution and 5 L of 5b
stock solution. The reactions were initiated upon addition of 10 uL (60
ng/mL) gpTGase 2. For the measurement of the spontaneous reactions,
the TGase 2 solution was replaced by the respective enzyme buffer.
Data evaluation was done as described in the Supporting Information
(Discussion S7).

For the characterisation of iodoacetamide and acrylamide 8 towards
gpTGase 2 and hTGase 2 at pH=6.5, eight or six concentrations of the
inhibitors were used. The respective stock solutions were prepared in
DMSO. Compound 5b was chosen as acyl donor. To 180 pL assay buffer
were added 5 pL of iodoacetamide stock solution and 5 pL of 1 mM 5b
(for gpTGase 2) or 1.2 mM 5b (for hTGase 2) in DMSO. The reactions
were initiated upon addition of 10 pL (60 pg/mL) TGase 2. The recorded
time courses of type (RFU-RFUp)=f(t) were analysed by nonlinear
regression to the experimental data over the entire measurement period
(900 s) using equation (V).

(Vi=Vg)+(1—eKobs*t)
kobs

RFU — RFU, = vg * t + )

Vs steady state velocity vi: initial velocity

For iodoacetamide (gpTGase 2 and hTGase 2) and acrylamide 8
(gpTGase 2) the plot of keps=f([I]) was analysed by linear regression to
the data. The respective slope (kos/l) Was converted into Kkinac/Ki by
multiplication with (1+[S]}/Ky). For the inhibition of hTGase 2 by
acrylamide 8, the double reciprocal plot 1/kons=f([1/[l]) (equation VII) was
analysed by linear regression to the data to determine the values for Kincat,
K and kinac/Ki. The respective K; value was determined by analysis of
vi=f([l]) using equation VIII and the equation Ki=K;/(1+[S}/Km), with
Km=6.60 puM.

__ kinact*[1]
kobs_ Ki+[1] (VI)
. e (VIN)

kobs kinact 1] Kinact

Vo
Vi = ] + Vocontrol
1+ ?

(VIIN)

1

Numerical integration

For analysis of progress curves (RFU=f(t)) by numerical integration the
differential equations shown in Scheme 5 and Scheme 7 were
implemented in the freely available software R (www.R-project.org). A
series of parameters were also implemented: Fluorescent coefficients of
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HMC or HC (coP), the acyl donors (coSL) and the background
fluorescence (bg), active concentrations of TGase 2, the rate constants
kobs fOr spontaneous reactions of the acyl donors, time span between
data points (20 s), the entire time period for analysis (same as for the
analysis by nonlinear regression) and starting values for the
concentrations of the acyl donors and inhibitors. These parameters had
to be defined depending on the data set prior to performing numerical
integration. Furthermore, following relations were also implemented:

Enzymatic hydrolysis and aminolysis
k_1 =ky * Ky — keat

where k; was kept constant at the assumed value of 1 pM™s™
RFU = coP * [P] + coSL * [SL] + bg

For fitting of the progress curves, the kinetic parameters (Km and Kcar)
obtained by nonlinear regression or by the method of Cornish-Bowden
and Eisenthal were used as initial values.

Enzymatic hydrolysis in the presence of an irreversible inhibitor

k1 — k—l;' kcat
m

where k.; was kept constant at the assumed value of 1 st

kz — k—Z +Kkinact
I

where k., was kept constant at the assumed value of 1 s

Kinact = 1 * K;
With r=Kinac/Ki
RFU = coP * [P] + coSL * [SL] + bg

The value of kinact/K| Obtained by regression analysis was used as initial
value for r and an arbitrary value of K=15 pM was set. Therefore, this
procedure only allowed for the reliable calculation of the second-order
inactivation constant kinact/Ki. Each experiment was fitted separately and
final values of mean = SEM shown in Table 2 and Table 3 were
calculated by statistical analysis of all experiments.

Presetting of the parameters above to arbitrarily assumed values was
necessary as the rate constants describing the reversible enzyme-
substrate and enzyme-inhibitor complexes, respectively, cannot be
calculated independently.®®
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Discussion S1: Synthesis of the y-Abu-derived acyl donors

General remarks

Preparation of Z-Phe-y-Abu-OH (1) via mixed anhydride synthesis using isobutyl chloroformate (IBCF)
and N-methylmorpholine was advantageous with regards to the reaction time over the published
procedure, which employed p-nitrophenyl chloroformate as activating agent.™ However, Z-Phe-y-Abu-y-
Abu-OH (1a) was formed as side product in significant amounts (see below) in both procedures. This
side product probably occurs as the carboxylic group in product 1 attacks either the initially formed mixed
anhydride or the p-nitrophenyl ester of Z-Phe-OH. In both cases, the reaction results in a mixed
anhydride of Z-Phe-OH and 1, with the carbonyl C atom derived from the carboxylic group of 1 being
more amenable to nucleophilic attack of y-Abu-OH than that derived from Z-Phe-OH probably due to
steric reasons. To avoid the formation of side product 1a, attractive alternatives would be either the use
of Z-Phe-OSu as acylating agent or the use of y-Abu-OtBu instead of free y-Abu-OH. Furthermore, N,O-
disilylation of y-Abu-OH using trimethylchlorosilane in situ prior to the coupling of activated Z-Phe-OH
should be a feasible way to obtain compound 1 without the undesired formation of 1a./? Esterification of
1 with HC and HMC was accomplished by means of N,N’-dicyclohexylcarbodiimide (DCC) and Steglich’s
base (DMAP) following the procedure of Xu et al.®! with slightly modified conditions. Coupling of AMC
was achieved by the mixed anhydride approach analogously to the synthesis of 1.

Synthesis of 4-(N-Benzyloxycarbonyl-L-phenylalanylamino)-butyric acid (Z-Phe-y-Abu-OH; 1)

A solution of Z-L-Phe-OH (1.5 g, 5.01 mmol, 1 equiv.) in THF (15 mL) was cooled to -30 °C by a mixture
of isopropanol and liquid nitrogen. Then, N-methylmorpholine (NMM; 551 pL, 5.01 mmol, 1 equiv.) and
isobutylchloroformate (IBCF; 656 pL, 5.01 mmol, 1 equiv.) were sequentially added. After stirring for 1
min, a solution of y-Abu-OH (0.78 g, 7.52 mmol, 1.5 equiv.) in a mixture of water (1 mL) and 4 M NaOH
(1.88 mL, 7.52 mmol) was added. Cooling was stopped and the reaction mixture was stirred until the
temperature reached 10 °C (approx. 2.5 h). Subsequently, the solvent was evaporated and the residuum
dissolved in 1 M HCI to achieve pH<5 (approx. 12 mL). The aqueous phase was extracted with ethyl
acetate (4x20 mL) and the combined organic fractions were washed with brine (50 mL). After that, the
organic layer was dried over Na,SO, and evaporated in vacuo. The crude product was purified by
column chromatography (petrolether/ethyl acetate/acetic acid 1:1:0.01 for remaining Z-L-Phe-OH ->
1:4:0.01 for product (1) > CHsOH for side product (1a). To remove residual acetic acid, the products
were washed several times with hexane and exposed to oil pump vacuum. Finally, 0.85 g (45%) of 1
were obtained as a white solid. R=0.15 (petrolether/ethyl acetate/acetic acid 1:1:0.01). *H-NMR (DMSO-
de): 5=12.04 (s, 1H, COOH), 8.00 (t, %J=5.5 Hz, 1H, NH of y-Abu), 7.47 (d, 3J=8.6 Hz, 1H, NH of Phe),
7.37-7.13 (M, 10H, Hpeny), 4.99-4.88 (m, 2H, CH,O of Z), 4.22-4.13 (m, 1H, CH of Phe), 3.15-2.99
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(m, 2H, C,H, of y-Abu), 2.94 (dd, ?J=13.6 Hz, 3J=4.8 Hz, 1H, CgHH of Phe), 2.75 (dd, J=13.6 Hz,
%J=10.1 Hz, 1H, CgHH of Phe), 2.17 (t, %J=7.4 Hz, 2H, CH, of y-Abu), 1.64-1.53 (m, 2H, CgH, of y-Abu);
BC-NMR (DMSO-dg): 8=174.20 (COOH), 171.25 (CO of Phe), 155.77 (CO of Z), 138.07, 137.03,
129.16, 128.26, 128.01, 127.65, 127.45, 126.22, 65.18 (CH,O of Z), 56.27 (C, of Phe), 37.92, 37.70,
30.93 (C, of y-Abu), 24.45 (Cg of y-Abu); ESI-MS (ESI+) m/z: calc. for C;H,sN,0s [M+H]*, 385.18, found
385.5; Elemental analysis: calc. for C,;H.4N,Os, C, 65.61; H, 6.29; N, 7.29; found C, 65.66; H, 6.30; N,
7.25. For characterisation of side product 1a see below.

General procedure for esterification of 1 with coumarin derivatives

To a solution of 1 (0.4 g, 1.04 mmol, 1 equiv.) in CH,Cl,/THF (25 mL, 4:1) were successively added DCC
(0.21 g, 1.04 mmol, 1 equiv.), the respective coumarin derivative (HC or HMC, 1.25 mmol, 1.2 equiv.),
and DMAP (25 mg, 0.21 mmol, 0.2 equiv.). The reaction mixture was stirred for 25 h at room
temperature in the dark and filtered through Celite. The filtrate was transferred to a separating funnel and
successively washed with saturated NaHCO; (1x20 mL), 1 M HCI (2x20 mL) and brine (1x20 mL). After
that, the organic layer was dried over Na,SO, and evaporated in vacuo. The crude product was purified
by column chromatography (petrolether/ethyl acetate 1:1 for HC - 1:4 for product) in the dark. The
product was recrystallised in cyclohexane/ethyl acetate. To remove residual cyclohexane, the products

were washed with hexane and exposed to oil pump vacuum.

4-(N-Benzyloxycarbonyl-L-phenylalanylamino)-butyric acid coumarin-7-yl-ester (Z-Phe-y-Abu-HC;
2a)

The synthesis using umbelliferone (7-hydroxycoumarin, HC; 0.20 g) yielded 0.32 g (59%) of 2a as a
white solid. R=0.08 (petrolether/ethyl acetate 1:1); m.p. 166-169°C; *H-NMR (DMSO-dg): 5=8.08 (m, 2H,
NH of y-Abu and H—4 of coumarin), 7.77 (d, J=8.5 Hz, 1H, H-5 of coumarin), 7.53 (d, 3J=8.5 Hz, 1H, NH
of Phe), 7.36—7.14 (m, 12H, Hpheny and H-6,8 of coumarin), 6.48 (d, 3J=9.6 Hz, 1H, H-3 of coumarin),
5.01-4.90 (m, 2H, CH,0 of Z), 4.25-4.15 (m, 1H, C,H of Phe), 3.22-3.12 (m, 2H, C,H, of y-Abu), 2.97
(dd, 2J=13.6 Hz, *J=5.0 Hz, 1H, CgHH of Phe), 2.78 (dd, 2J=13.5 Hz, *J=10.1 Hz, 1H, CgHH of Phe), 2.57
(t, *J=7.1 Hz, 2H, C4H, of y-Abu), 1.80-1.67 (m, 2H, CgH, of y-Abu); "*C-NMR (DMSO-d¢): 5=171.43
(CO), 171.13 (CO), 159.69 (C-2 of coumarin), 155.81 (CO of Z), 154.08, 152.91, 143.83, 138.04,
137.00, 129.32, 129.17, 128.24, 128.03, 127.64, 127.44, 126.23, 118.65, 116.63, 115.51, 110.09, 65.19
(CH,0 of Z), 56.34 (C, of Phe), 37.64, 37.45, 30.63 (C, of y-Abu), 24.18 (C; of y-Abu); NMR data are in
agreement to those reported by Gillet et al.'™; ESI-MS (ESI+) m/z: calc. for C3oHaoN,0; [M+H]", 529.20,
found 529.6; Elemental analysis: calc. for CzH2sN.O, C, 68.17; H, 5.34; N, 5.30; found C, 68.25; H,
5.35; N, 5.32.
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4-(N-Benzyloxycarbonyl-L-phenylalanylamino)-butyric acid 4-methylcoumarin-7-yl-ester (Z-Phe-y-
Abu-HMC; 2b)

The synthesis using 4-methylumbelliferone (7-hydroxy-4-methylcoumarin, HMC; 0.22 g) yielded 0.31 g
(55%) of 2b as a white solid. R=0.11 (petrolether/ethyl acetate 1:1); m.p. 166-168.5°C; ‘H-NMR (DMSO-
de): =8.09 (t, 3J=5.7 Hz, 1H, NH of y-Abu), 7.82 (d, ®J=8.7 Hz, 1H, H-5 of coumarin), 7.53 (d, 3J=8.5 Hz,
1H, NH of Phe), 7.36-7.13 (m, 12H, Hppenyi and H—6,8 of coumarin), 6.39 (d, 4J=1.2 Hz, 1H, H-3
coumarin), 5.00-4.87 (m, 2H, CH,0 of Z), 4.27-4.14 (m, 1H, C,H of Phe), 3.25-3.09 (m, 2H, C,H; of y-
Abu), 2.97 (dd, 2J=13.6 Hz, J=5.0 Hz, 1H, CgHH of Phe), 2.78 (dd, ?J=13.5, 3J=9.9 Hz, 1H, CgHH of
Phe), 2.57 (t, °J=7.3 Hz, 2H, C.H, of y-Abu), 2.44 (d, *J=1.1 Hz, 3H, CHj), 1.79-1.68 (m, 2H, CgH, of y-
Abu); *C-NMR (DMSO-d¢): 5=171.44 (CO), 171.14 (CO), 159.62 (C—2 of coumarin), 155.82 (CO of Z),
153.53, 152.97, 152.92, 138.05, 137.00, 129.18, 128.25, 128.04, 127.66, 127.45, 126.41, 126.24,
118.43, 117.49, 113.71, 110.09, 65.21 (CH,0 of Z), 56.36 (C, of Phe), 37.65, 37.48, 30.65 (C, of y-Abu),
24.19 (Cg of y-Abu), 18.17 (CHs); ESI-MS (ESI+) m/z: calc. for C3;H31N,0, [M+H]*, 543.20, found 543.7;
Elemental analysis: calc. for C3;HzN2O-, C, 68.62; H, 5.57; N, 5.16; found C, 68.73; H, 5.63; N, 5.26.

Synthesis of 7-(4-(N-benzyloxycarbonyl-L-phenylalanylamino)-butanoyl)amino-4-methylcoumarin
(Z-Phe-y-Abu-AMC; 2c)

A solution of 1 (0.40 g, 1.04 mmol, 1 equiv.) in THF (10 mL) was cooled to -25 °C by a mixture of
isopropanol and liquid nitrogen. Then, NMM (114 uL, 1.04 mmol, 1 equiv.) and IBCF (136 uL, 1.04
mmol, 1 equiv.) were added. After stirring for 1 min, a solution of 7-amino-4-methylcoumarin (AMC; 0.27
g, 1.56 mmol, 1.5 equiv.) in THF/DMF (13 mL, 12:1) was added. Cooling was stopped and the reaction
mixture was stirred until the temperature reached 10 °C (approx. 5 h). Then, the solvent was evaporated
and the residuum suspended in 1 M HCI (10 mL). The resulting solid was filtered off and washed with 1
M HCI, water, saturated NaHCO; and finally with water and dried in vacuo over P,Os for 24 h. Then, the
white solid was extensively washed with ethyl acetate and exposed to oil pump vacuum to obtain 0.38 g
(68%) of 2¢c. R=0.07 (CH,Cl,/CH;OH 80:1); m.p. 223-226°C; ‘H-NMR (DMSO-dg): 8=10.33 (s, 1H, NH of
coumarin), 8.06 (t, 3J=5.4 Hz, 1H, NH of y-Abu), 7.78 (d, “J=1.9 Hz, 1H, H-8 of coumarin), 7.70 (d,
3J=8.7 Hz, 1H, H-5 of coumarin), 7.51-7.45 (m, 2H, NH of Phe and H-6 of coumarin), 7.36-7.14 (m,
10H, Hpneny), 6.25 (d, “J=1.1 Hz, 1H, H-3 of coumarin), 5.00-4.87 (m, 2H, CH,O of Z), 4.24-4.15 (m, 1H,
C.H of Phe), 3.18-3.05 (m, 2H, C,H, of y-Abu), 2.96 (dd, ?J=13.6 Hz, ®J=4.5 Hz, 1H, CgHH of Phe), 2.76
(dd, 23=13.6 Hz, 3J=10.3 Hz, 1H, CgHH of Phe), 2.39 (s, 3H, CHa), 2.38-2.33 (m, 2H, C,H, of y-Abu),
1.77-1.66 (m, 2H, CgH, of y-Abu); "*C-NMR (DMSO-de): =171.67 (CO), 171.36 (CO), 160.05 (C-2 of
coumarin), 155.80 (CO of Z), 153.69, 153.11, 142.58, 138.10, 137.03, 129.15, 128.26, 128.01, 127.64,
127.43, 126.21, 125.88, 115.05, 114.79, 112.10, 105.43, 65.18 (CH,O of Z), 56.29 (C, of Phe), 38.13,
37.71, 33.82 (C, of y-Abu), 24.77 (Cg of y-Abu), 17.97 (CHg); ESI-MS (ESI+) m/z: calc. for C3;H3:N3NaOg
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[M+Na]", 564.21, found 564.8; Elemental analysis: calc. for C3;H3;N3Og, C, 68.75; H, 5.77; N, 7.76; found
C, 68.73; H,5.77; N, 7.71.

A) 4-(4-(N-Benzyloxycarbonyl-L-phenylalanylamino)-butanoylamino)-butyric acid (1a)

0.43 g (19%) of la as a white solid were obtained. R=0.0 (petrolether/ethyl acetate 1:1 + 0.1 acetic
acid). "H-NMR (DMSO-dg): 5=8.09 (t, 2J=5.4 Hz, 1H, NH), 7.89 (t, 3J=5.3 Hz, 1H, NH), 7.55 (d, %J=8.6
Hz, 1H, NH of Phe), 7.36-7.12 (m, 10H, Heneny), 4.99-4.87 (m, 2H, CH,0 of Z), 4.22— 4.13 (m, 1H, C,H
of Phe), 3.10-2.99 (m, 4H, 2xC,H, of y-Abu), 2.95 (dd, 2J=13.7 Hz, %J=4.7 Hz, 1H, CzHH of Phe), 2.76
(dd, 2J=13.5 Hz, %J=10.3 Hz, 1H, CgHH of Phe), 2.15 (t, *J=7.3 Hz, 2H, C,H, of y-Abu), 2.03 (t, %J=7.3
Hz, 2H, C4H, of y-Abu), 1.65-1.54 (m, 4H, 2xCgH, of y-Abu); *C-NMR (DMSO-d¢): 5=174.93 (COOH),
171.58 (CO), 171.27 (CO), 155.78 (CO of Z), 138.15, 137.06, 129.17, 128.25, 128.00, 127.62, 127.39,
126.18, 65.13 (CH,O of Z), 56.38 (C, of Phe), 38.25 (2C), 37.73, 32.79 (C, of y-Abu), 32.30 (C, of y-
Abu), 25.30 (Cg of y-Abu), 24.97 (Cg of y-Abu); ESI-MS (ESI+) m/z: calc. for CasHzN3Og [M+H]*, 470.23,
found 470.7.
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Figure S1

gpTGase 2-catalysed aminolyses of the acyl donors 2a and 2b at pH=8.0 over a broad range of
concentrations

Plots of vga=f([acyl donor]) where a drop of vgea OCCurs at acyl donor concentrations <10 uM due to
beginning formation of precipitates. Data (e) shown are mean values of at least 2 separate experiments,
each performed in triplicate. When not apparent, error bars are smaller than the symbols. Conditions:
pH=8.0, 30 °C, 5% DMSO, 500 uM DTT, 400 uM aminoacetonitrile, 2 ug/mL gpTGase 2.
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Figure S2

Solubility of the y-aminobutyric acid-derived acyl donors 2a and 2b

It should be emphasised that precipitation is a strongly time-dependent process. This is demonstrated by
the progress curves for spontaneous reaction of the y-Abu derivatives, for which at higher concentrations
(=10 uM) a gradual bending of the curves can be observed (see below). Therefore, simultaneous
measurements of different compound concentrations in a 96-well plate format might lead to different
results for the limits of the solubility compared to single measurements in cuvettes.™ Noteworthy, in the
presence of TCEP as alternative antioxidant, both the extent of spontaneous disintegration (see below)
and the solubility decrease significantly (<5 pM). With regards to the influence of methyl substitution at
the fluorophore on solubility, 2a seems to be slightly more favourable over its HMC-based counterpart
2b. The solubility of both compounds was even lower when DMF was used instead of DMSO. As it is
also known that DMSO is superior to DMF in maintaining the activity of the TGase 2 enzyme, we finally
decided to use DMSO instead of DMF as organic co-solvent for all further experiments.*
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Plots of voconro=f([acyl donor]) at pH=8.0 and 30 °C in the presence of 500 uM DTT and either 5% DMSO or 5% DMF. Data
shown are mean values + SEM of 2 separate experiments, each performed in duplicate. When not apparent, error bars are

smaller than the symbols.
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Figure S3

gpTGase 2 catalysed hydrolysis of y-Abu-derived acyl donors 2a and 2b in consideration of their
limits of solubility
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Plots of vocor=f([acyl donor]) for compounds 2a and 2b with nonlinear regression (—) using the Michaelis-Menten equation Il1.
Insets show plots of 1/vocon=f(1/[acyl donor]) (linearisation method according to Lineweaver and Burk). Data (e) shown are mean

values + SEM of 3 separate experiments, each performed in duplicate. When not apparent, error bars are smaller than the
symbols. Conditions: pH=8.0, 30 °C, 5% DMSO, 500 pM TCEP, 3 pg/mL gpTGase 2.
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Discussion S2: Attempts for the esterification reactions on resin

using carbodiimides

General remarks

Initially, the conditions for the esterification reaction in solution, as described for the y-aminobutyric acid-
derived acyl donors using DCC and DMAP, were applied for the esterification reactions on resin.
Surprisingly, analytical HPLC and ESI-MS analyses of the crude products obtained by HFIP-mediated
cleavage of a small resin sample (referred to as minicleavage herein) revealed the formation of the
desired esters in significantly lower extent compared to the syntheses in solution independent of the
used carbodiimide (DCC or DIC; data not shown). Since microwave-assisted synthesis is a common
procedure for the assembling of peptides on resin, which can provide excellent results for challenging
couplings,”® the influence of microwave irradiation was studied next. Surprisingly, even for long coupling
cycles of 1200 s at 25 W and 75 °C in the presence of different combinations of coupling agents
(DIC/DMAP, DIC/N-methylimidazole) only minor amounts of the desired esters were formed as detected
by analysing the crude products obtained after minicleavages. It should be mentioned that in contrast to
the synthesis without microwave irradiation in which the starting materials were mainly unaffected, the
respective N-acyl ureas (ureides) were observed as major products under microwave irradiation
(exemplarily shown for the ureide 4a of Z-Phe-Glu-OH below). Since no satisfying results had been
obtained for the esterification on resin by using carbodiimides, another coupling agent had to be

identified for that purpose.

Ureide formation during microwave-assisted esterification by the use of DIC/DMAP, exemplarily

shown for compound 4a

4a

The synthesis was accomplished using a modified protocol of the CEM Liberty 12-channel peptide
synthesizer. The peptidyl resin (0.5 mmol Z-Phe-Glu-OH, 1 equiv.) was swollen in DMF (5 mL) for 30
min outside the peptide synthesizer. After transfer to the reaction vessel, the resin was swollen in
CH,CI,/DMF (1:1, 20 mL) for another 15 min. Coupling was performed with two solutions: 0.38 M DIC in
DMF (4 mL, 3 equiv.) and 0.3 M DMAP in DMF (2 mL). HMC was applied as 0.2 M solution in DMF. 10
mL (4 equiv.) of this solution were taken for the coupling step (1200 s at 25 W and 75 °C). The peptidyl
resin was then washed with DMF (60 mL) and outside the peptide synthesizer with ethanol (4x5 mL) and
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CH,CI, (4x5 mL). Release of the peptide from the resin was performed as outlined in the main article
(=Full-cleavage, see below in Discussion S4). The crude product was purified via preparative RP-
HPLC. The microwave-assisted synthesis yielded 51 mg (18%) of 4a as a yellow oil tz=20.5 min, ‘H-
NMR (DMSO-d¢): 8=8.33 (d, 3J=7.7 Hz, 1H, NH), 8.18 (d, 3J=8.0 Hz, 1H, NH), 7.42 (d, 3J=8.8 Hz, 1H,
NH of Phe), 7.36-7.16 (m, 10H, Hppeny), 4.96-4.87 (m, 2H, CH,O of Z), 4.36-4.26 (m, 2H), 4.25-4.16
(m, 1H), 3.82-3.70 (m, 1H, CH), 3.01 (dd, %J=13.9 Hz, 3J=3.1 Hz, 1H, CgHH of Phe), 2.71 (dd, 2J=13.9
Hz, 3J=11.2 Hz, 1H, CgHH of Phe), 2.42-2.31 (m, 2H, C,H, of Glu), 2.09-1.97 (m, 1H, CgHH of Glu),
1.94-1.79 (m, 1H, CgHH of Glu), 1.14 (d, %J=6.8 Hz, 6H, 2xCHj), 1.09 (d, 3J=6.6 Hz, 6H, 2xCHs); **C-
NMR (DMSO-dg): 6=173.11, 171.66, 169.24, 155.74, 153.34, 138.09, 136.98, 129.18, 128.26, 128.00,
127.64, 127.40, 126.21, 65.14, 55.89, 51.51, 45.07, 42.41, 37.51, 30.70, 26.84, 21.67, 21.63, 20.34,
20.27. ESI-MS (ESI+) m/z: calc. for Co9H39N,O; [M+H]*, 555.28, found 555.6.

Analytical HPLC run and ESI(+) mass spectrum of the crude product after esterification
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Discussion S3: Successful esterification on resin by the use of
HATU

Twibanire and Grindley have reported on the esterification of carboxylic acids with both aromatic and
aliphatic alcohols by exploiting uronium salt-based coupling agents, i.e., TBTU, TATU and COMU, which
resulted in excellent yields for the desired esters at room temperature.® Inspired by this study, we tried
to transfer the described procedure for esterification in solution to polymeric support by using the similar
uronium-based coupling agent HATU and DIPEA as base. After the required activation (20 min) of the
acid by the coupling agent, HMC or HC were added and the reaction mixture was agitated for 3 h.
Minicleavages followed by HPLC and ESI-MS analyses clearly showed a complete conversion of the y-
carboxylic acid precursors into the corresponding esters (exemplarily shown for compound 4 below),
which emphasises the excellent properties of uronium-based coupling agents for esterification reactions

not only in solution but also on resin.

Analytical HPLC runs of the crude products prior to (black) and after (red) esterification using

HATU, exemplarily shown for compound 4
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ESI(+) mass spectra of the crude products prior (top) and after (bottom) esterification
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Discussion S4: Solid-phase syntheses of the fluorogenic acyl

donors

Loading of Fmoc-Gly-OH / Fmoc-L-Glu(OAll)-OH onto 2-CITrtClI resin

The synthesis was accomplished according to Barlos et al.l’ A solution of Fmoc-Gly-OH (1) or Fmoc-L-
Glu(OAIN-OH (I (2 mmol, 0.65 equiv.) and DIPEA (523 uL, 3 mmol, 1.95 equiv.) in CH,CI, (5 mL) was
added to the pre-swollen (5 mL, CH,Cl,, 30 min) 2-CITrtCl resin (1.0 g, 1.55 mmol, 1 equiv., 1.55
mmol/g) in a PP filter vessel. The PP filter vessel was sealed and agitated for 5 h at room temperature.
Afterwards, the resin was successively washed with DMF (4 mL, 4x1 min), CH,CI, (4 mL, 4x1 min),
CH,CI,/CH3;OH/DIPEA (17:1:2, 4 mL, 3x2 min) and finally with CH,CI, (4 mL, 4x1 min) again. The resin
was dried in vacuo overnight. The loading yields were determined by photometric quantitation of the
Fmoc groups according to Gude et al.¥! Maximum loading yields were always achieved as calculated on

the basis of the corresponding amino acid (Loading (1)=0.79 mmol/g, Loading (11)=0.74 mmol/g).

Removal of the Fmoc protecting group from 2-CITrtCl resin loaded with Fmoc-L-Glu(OAIll)-OH
within the synthesis of Z-L-Glu(HMC)-OH (3)

The loaded resin (0.5 mmol Fmoc-L-Glu(OAll)-OH, 1 equiv.) was swollen in DMF (6 mL) for 30 min and
then treated with 20% piperidine in DMF (5 mL, 4x10 min). Subsequently, the resin was washed with
DMF (5 mL, 4x1 min), 5% DIPEA in DMF (5 mL, 4x1 min), DMF (5 mL, 4x1 min) and CH,Cl, (5 mL, 4x1

min). The resin was dried in vacuo overnight.
Synthesis of the peptidic scaffolds

The peptides were assembled on the 2-CITrtClI resin loaded with Fmoc-Gly-OH / Fmoc-L-Glu(OAll)-OH
by microwave-assisted solid-phase peptide synthesis using the CEM Liberty 12-channel peptide
synthesizer with integrated microwave reactor following a standard Fmoc protocol. The resin (0.5 mmol
amino acid, 1 equiv.) was swollen in DMF (5 mL) for 30 min outside the peptide synthesizer. After
transfer into the reaction vessel, the resin was swollen in CH,CIL,/DMF (1:1, 20 mL) for further 15 min.
Removal of the Fmoc groups was performed by using a solution of 20% piperidine in DMF (1x15 mL for
30 s and 1x15 mL for 180 s, both at 35 W and 75 °C). After each treatment, the resin was washed with
DMF (5+60 mL). Coupling of each amino acid was performed by combining two solutions: 0.45 M HBTU
in DMF (4 mL, 3.6 equiv.) and 2 M DIPEA in NMP (2 mL). The amino acids were applied as 0.2 M
solutions in DMF. 10 mL (4 equiv.) of these solutions were taken for the coupling steps (300 s at 25 W

and 75 °C). After each coupling step, the peptidyl resin was washed with DMF (60 mL). After completed
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synthesis and final Fmoc deprotection, the resin was washed with ethanol (4x5 mL) and CH,Cl, (4x5

mL) outside the peptide synthesizer.
Procedure for Z protection

The synthesis was accomplished according to Mahoney et al.”! The peptidyl resin (0.5 mmol peptide, 1
equiv.) was swollen in CH,Cl, (4 ml) for 30 min followed by addition of DIPEA (183 pL, 1.05 mmol, 2.1
equiv.) in CH,CI, (2.5 mL) and Z-OSu (262 mg, 1.05 mmol, 2.1 equiv.) in CH,Cl, (2.5 mL). The resulting
suspension was agitated for 16 h at room temperature. The peptidyl resin was washed with DMF (5 mL,

4x1 min) and CH,Cl, (5 mL, 4x1 min) and dried in vacuo overnight.
Removal of Allyl protecting group

The peptidyl resin (0.5 mmol peptide, 1 equiv.) was swollen in CH,CI, (6 mL) for 30 min and then
suspended in CH,CIl,/NMM/CH3;COOH (8:2:1, 6 mL). After 2 min of degassing with Ar, Pd(PPhs), (173
mg, 0.15 mmol, kept under Ar atmosphere) was added to the mixture and the formed yellow suspension
was degassed for further 2 min with Ar. The PP filter vessel was sealed and agitated for 4 h. The
suspension was filtered and the peptidyl resin was successively washed with CH,Cl, (5 mL, 4x1 min),
DMF (5 mL, 4x1 min), 0.5% w/v sodium diethyldithiocarbamate in DMF (5 mL, 6x1 min) and, finally, with
DMF (5 mL, 5x1 min) again and dried in vacuo overnight.

Coupling of coumarin derivatives

The on-resin esterification was accomplished according to the method of Twibanire and Grindley™® for
esterification in solution. The peptidyl resin (0.5 mmol peptide, 1 equiv.) was swollen in DMF (6 mL) for
30 min followed of degassing with Ar for another 5 min. Then, DIPEA (226 pL, 1.3 mmmol, 2.6 equiv.)
and HATU (247 mg, 0.65 mmol, 1.3 equiv.) were added and the resulting suspension was agitated for 20
min. After that, the coumarin derivative (0.65 mmol, 1.3 equiv.) dissolved in DMF (1.5 mL) was added.
The mixture was agitated for 3 h at room temperature. The peptidyl resin was washed with DMF (5 mL,

4x1 min) and CH,Cl, (5 mL, 4x1 min) and dried in vacuo overnight.
Cleavage of resin bond
TFA-Minicleavage

The cleavage was accomplished according to Seebach et al.’?. The synthesis steps after assembly of
the peptides, except the couplings of coumarin derivatives, were monitored by subjecting small portions

to cleavage from resin after each step and analysis by ESI-MS. For this purpose, the dry peptidyl resin
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was suspended in 1 mL of a solution of TFA/TES/H,O (95:2.5:2.5) for 30 min. After filtering, the resin

was washed with TFA (2x1 mL) and the combined filtrates were evaporated in a N, stream.
HFIP-Minicleavage

The cleavage was accomplished according to Bollhagen et al.! The couplings of the coumarin
derivatives were monitored by subjecting small portions to cleavage from resin and analysis by ESI-MS.
For this purpose, the dry peptidyl resin was swollen in CH,Cl, (2 mL) for 30 min, followed by repetitive
treatments with a solution of HFIP/CH,CI, (1:4, 1 mL, 3x10 min). The filtrates were collected and

evaporated in a N, stream.

Full-cleavage

I The dry peptidyl resin was swollen in

The cleavage was accomplished according to Bollhagen et al.
CHCI, (5 mL) for 30 min, followed by repetitive treatments with a solution of HFIP/CH,CI, (1:4, 5 mL,
3x10 min). The filtrates were collected and evaporated in a N, stream and the obtained crude products

were purified by preparative RP-HPLC.
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Discussion S5: Investigations on the formation of compound 5c¢

under different coupling conditions

To increase the yield for obtaining coumarinyl amide 5c, an attractive alternative appeared to be the use
of N,N’-carbonyldiimidazole (CDI) as coupling reagent in the presence of imidazolesHCI as acid catalyst,
which was recently described by Woodman et al.'? for the coupling of aromatic amines. Noteworthy,
neither formation of the desired product nor side products could be observed (B). Recently, Vendrell et
al.® demonstrated the successful amidation of the side chain carboxylic group of resin-bound glutamate
with aromatic amines by using the strong activating agent N,N’-tetramethylchloroformamidinium chloride
(TMUCI CI), which even allowed for amide coupling with weakly nucleophilic amines such as p-
nitroaniline. Indeed, application of these conditions for the amidation with AMC led to the formation of
compound 5c, but, similar to the coupling procedure with HATU, only minor amounts of 5¢ were
obtained (3%), despite formation of side products was less pronounced (C). Surprisingly, the amount of
crude product after HFIP-mediated cleavage from resin was significantly lower than expected, which
indicates undesired cleavage of peptide during the amidation procedure. Since the 2-chlorotrityl ester is
highly acid-labile, HCI released from TMUCI CI upon reaction with the carboxylic group might lead to
partial cleavage of this bond. To prove this assumption, Z-Glu-Gly-OH was assembled at Wang resin
followed by amidation using TMUCI Cl and AMC. However, instead of coumarinyl amide 5c, the
respective glutarimide 5d of Z-Glu-Gly-OH was observed as main product which was not formed during
amidation on 2-CITrtCl-resin (D). In conseguence, it might be more advantageous to use the respective
Fmoc/Z-Glu(AMC)-OH building block for the synthesis of Z-GIu(AMC)-Gly-OH (5c¢) than performing the
amidation reaction on resin.* However, the amounts of 5¢c obtained by the synthetic methods outlined

above were sufficient for initial investigations concerning its behaviour towards TGase 2.
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HPLC profiles (214 nm) of the crude products obtained by coupling of AMC to Z-Glu-Gly-O-resin under different conditions. A)
Z-Glu-Gly-O-2CITrtCl resin, HATU, DIPEA, DMF, 5 h; 7.3 mg (3%) of compound 5c were obtained. B) Z-Glu-Gly-O-2CITrtCI
resin, CDI, imidazole*HCI, NMP, 4 h; only starting material Z-Glu-Gly-OH could be identified. C) 1. Z-Glu-Gly-O-2CITrtCl resin,
TMUCI CI, DIPEA, CHxCI/DMF (1:2.5, v/v), 30 min, 2. AMC, DMF, 3 h; 4.5 mg (3%) of compound 5c were obtained. D) 1. Z-
Glu-Gly-O-Wang resin, TMUCI Cl, DIPEA, CH,Cl,, 30 min, 2. AMC, CH,CI,/DMF (1:2.5, v/v), 3 h; 8.1 mg (13%) of glutarimide

5d were obtained.
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Figure S4

Solubility of the glutamate-derived acyl donors 3-6
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Plots of voconroi=f([acyl donor]) at pH=8.0 and 30 °C in the presence of 5% DMSO and 500 uM DTT with the respective
regression coefficients for the linear regressions (—) to the experimental data. Data (e) shown are mean values of at least 2

separate experiments, each performed in duplicate. When not apparent, error bars are smaller than the symbols.
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Figure S5

Determination of pseudo-first-order rate constants (k,,s) for the spontaneous reactions of

compou

nds 2-6

Plots of voconro=f([acyl donor]) with the respective kqps values (mean values + SEM) obtained by linear

regression (—) to the data. Data points (e) are mean values of two or three independent measurements

each performed in duplicate. When not apparent, error bars are smaller than the symbols. Conditions:
pH=8.0, 30 °C, 5% DMSO, 500 uM DTT (left column) or 500 uM TCEP (right column).
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Postulated mechanistic model to explain the high tendency for spontaneous decay of

compounds with C-terminal glycine residue

Hypothetic 11-membered ring intermediate composed of acyl donor 5b and one water molecule which
might support the deprotonated carboxylic group to act as intramolecular general base in substrate
compounds with C-terminal glycine residue. Analogous structures for the compounds with a C-terminal

glutamate residue might be less favoured due to conformational strain (11- vs 8-membered ring).

N
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Figure S6

Determination of retention times of 5b and potential reaction products

To determine the retention time of 5b in the HPLC system described in the main article, 50 pL of a
solution of the compound in acetonitrile (2 mM) were injected into the HPLC apparatus. To identify the
retention time of the 5b-derived hydrolysis product, a solution of 5b (2 mM) in a mixture of acetonitrile
and 0.1 M NaOH (1:1, v/iv) was incubated for 1 h at room temperature. An aliquot of 50 yL was
withdrawn and subjected to HPLC analysis. Independent of MS analysis, the glutarimide product (5d)
arising from cyclisation of 5b was identified by injecting a 2 mM solution of the authentic compound 5d in
acetonitrile into the HPLC device. To quantitatively determine the extent of cyclisation under assay
conditions, aliquots of 5 to 50 pL of that solution were injected and the peak areas were correlated to the

amount of substance by linear regression (see inset of B).
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HPLC profiles (210 nm) for investigations of authentic compounds in the HPLC system used to detect products of spontaneous
and enzymatic reactions of 5b for identification of retention times. A) Compound 5b. Compared to detection at
223 nm, the hydrolysis products that are formed in tiny amounts during purification of 5b are clearly visible at 210 nm. B)
Glutarimide 5d. The inset shows the calibration diagram for the peak area vs. the amount of 5d. The chromatogram
corresponds to the injection of 4 nmol of 5d (40 uL of a 100 uM solution in acetonitrile). C) Analysis of 5b after total hydrolysis
(2 mM 5b in 0.1 M NaOH/acetonitrile 1:1 after 1h at room temperature). The difference in the retention time of more than 1 min
for the free y-carboxylic acid derived from 5b in A and C is probably caused by different solvents: while an aqueous solution was
injected in C, 5b was dissolved in acetonitrile in A (also compare Figures S7A and C and Figures S7B and D). D) HPLC
analysis of assay buffer (100 mM MOPS pH=8.0, 3 mM CacCl,, 50 uM EDTA) containing 5% DMSO.
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Figure S7

Reaction of 5b with DTT in acetonitrile

Reactivity towards thiols and tendency of cyclisation were investigated by incubating a solution of 5b
(2 mM) and triethylamine (2 mM) in acetonitrile at room temperature in the absence or presence of DTT
(20 mM), respectively. After different times (see below) aliquots of 50 pL were withdrawn and subjected
to HPLC analysis. Eluate solutions corresponding to peaks, which represented components of interest,
were collected and analysed by ESI-MS. The DAD-recorded chromatograms were analysed by

extracting profiles at a wavelength of 210 nm. UV/Vis spectra were retrieved for peaks of interest.

4_methy|_ DTT-S-ester
umbeliferon (13.9 min) .
(12.4 min) o 5b (19.1 min)
glutarimide
spectrum (DAD) at 13.9 min (14.8 min) spectrum (DAD) at 16.7 min
220H 240 A ;F;U 280 300 H -‘ : 220 240 ;‘(":‘6)0 280 300
DTT s
2. DTT-O-ester
. (16.7 min)
. free y-carboxylic
D acid (10.8 min)
<
» DTT-derived
2 1- cyclic
disulfide U U L\

Of\ml k/L

0 4 8 12 16 20
t (min)

HPLC profile (210 nm) of the mixture for the reaction of 5b (2 mM) with DTT (20 mM) in the presence of triethylamine (2 mM) in
acetonitrile after 5 h at room temperature. The peaks were identified on the basis of authentic compounds (5b, 4-
methylumbelliferon and glutarimide) and by ESI-MS analysis of the collected eluate. The peaks of the isomeric DTT-S- and -O-
esters were unequivocally assigned by considering their DAD-recorded UV/Vis spectra (see insets). The thioester functionality
causes absorption in the range of 230-240 nm™ which can only be observed for the peak at 13.9 min, while the isomeric peak
at 16.7 min is devoid of the shoulder in that range. The detected DTT-O-ester arises from S—O acyl migration of the
corresponding thioester according to studies by Gates et al. who investigated the formal hydrolysis of peptide thioesters by
mercaptoethanol and DTT. The DTT-O-ester can form the free carboxylic acid by intramolecular nucleophilic attack of the thiol

sulphur at C-2 of the DTT moiety under thiirane ring formation.™®
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Figure S8

Reactivity of 5b under assay conditions in the absence and presence of DTT

To detect products of spontaneous reactions under assay conditions, a solution of 5b (400 uM) and DTT
(500 puM, C) or TCEP (500 uM, D) in assay buffer pH=8.0 containing 5% DMSO was incubated at 30 °C.
After 1 h, an aliquot of 50 pL was withdrawn and subjected to HPLC analysis.

The results confirm the reactivity of the coumarinyl ester-based substrates towards DTT and thus a
considerable contribution of thiolysis to the overall rates of the spontaneous reactions. In general, TCEP
as antioxidant bears the advantages of higher stability at pH>7.5 and greater reduction potential at pH<8
compared to DTT.' Glutarimide formation from 5b under assay conditions was unexpected, however,
this kind of cyclisation has been occasionally observed during solid-phase synthesis of glutamate-
containing peptides using the Fmoc strategy.'® Glutarimides have, furthermore, been identified as
intermediates during the deamidation of glutamine-containing peptides under physiological conditions. ™!
Glutarimide formation may potentially account for the observed higher rates of spontaneous
disintegration of the glycine containing substrates. When 5b is subjected to assay conditions in the
absence of TGase 2, the calculated concentration of the glutarimide allowed for the conclusion that only

3% of the substrate is transformed by cyclisation (see below).

HPLC analyses towards the spontaneous reactivity of 5b in acetonitrile (A, B) and under assay
conditions (C, D) in the presence (A, C) and absence (B, D) of DTT. The black trace in A is identical to
Figure S7 B) HPLC profiles (210 nm) of the mixture for the reaction of 5b (2 mM) in the presence of
triethylamine (2 mM) in acetonitrile after 5 h and 21 h at room temperature. C) HPLC profiles (210 nm) of
the mixture of 5b (400 uM) dissolved in DTT-containing assay medium (100 mM MOPS pH=8.0, 3 mM
CaCl,, 50 pyM EDTA, 500 puM DTT) after 0 and 1 h at 30 °C. On the basis of the kqs Vvalue
(24.3x10° min™, see Table 1 in the main article), it can be calculated that a concentration of 306.9 pM of
5b has been consumed after 1 h (equation Sl). From the area under the peak representing glutarimide
5d a concentration of 9.3 uM was calculated, which corresponds to 3.0% of the total concentration of 5b-
derived reaction products. Under the simplified assumption of a first-order process without parallel
reactions (not correct in reality) for the cyclisation of 5b to glutarimide 5d, a rate constant of
3.9x10™ min™ can be calculated for the cyclisation reaction (equation SlI). Thus, glutarimide formation
does only contribute to a minor extent to the increased susceptibility of the glycine-containing substrates
to spontaneous disintegration. D) HPLC profile (210 nm) of the mixture of 5b (400 uM) dissolved in
TCEP-containing assay medium (100 mM MOPS pH=8.0, 3 mM CacCl,, 50 uM EDTA, 500 uM TCEP)
after 1 h. According to the keps value of 17.1x10° min™ (see Table 1 in the main article) a concentration

of 256.6 uM of 5b has been consumed after 1 h. From the area under the peak representing glutarimide
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5d a concentration of 14.3 pM was calculated, which corresponds to 5.6% of the total concentration of
5b-derived reaction products.
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Figure S9

Selwyn test for gpTGase 2 by measurement of enzymatic hydrolysis
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A) pH=6.5, 30 °C, 5% DMSO, 500 pM TCEP with compound 5b (25 pM) as acyl donor; B) pH=8.0, 30 °C, 5% DMSO, 500 pM
TCEP with compound 5b (25 pM) as acyl donor. The data reveal that enzyme inactivation does not occur, neither at pH=6.5 nor
pH=8.0, over 900 s as the plots of RFU=f(E*t) show no increasing slope with higher enzyme concentrations but almost a single

trace.
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Figure S10

Comparison of enzymatic and spontaneous rates at different concentrations of gpTGase 2
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Plots of vocor=f([5b]) at different concentrations of gpTGase 2. Data shown for 0 and 3 pg/ml gpTGase 2 are mean values of
three independent measurements each performed in duplicate. When not apparent, error bars are smaller than the symbols.
Data shown for 1 and 2 pg/ml gpTGase 2 were calculated on the basis of the data for 3 pg/ml gpTGase 2. Conditions: pH=8.0,
30 °C, 5% DMSO, 500 uM DTT.
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Figure S11

gpTGase 2-catalysed hydrolyses of the acyl donors 3-6 at pH=8.0
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Plots of vowa=f([acyl donor]) and voconmo=f([acyl donor]) with the results of a regression according to the global fit model to
determine the kinetic parameters of the enzymatic hydrolyses. Data shown are mean values of three independent
measurements each performed in duplicate. When not apparent, error bars are smaller than the symbols. Conditions: pH=8.0,
30 °C, 5% DMSO, 500 uM DTT (for 5b and 6b) or 500 uM TCEP (for 3, 4, 5a and 6a), 3 ug/mL gpTGase 2.
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Figure S12

hTGase 2-catalysed hydrolyses of the acyl donors 5a, 5b and 6b at pH=8.0
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Plots of vowa=f([acyl donor]) and voconro=f([acyl donor]) with the results of a regression according to the global fit model to
determine the kinetic parameters of the enzymatic hydrolyses. Data shown are mean values of three independent

measurements each performed in duplicate. When not apparent, error bars are smaller than the symbols. Conditions: pH=8.0,

30 °C, 5% DMSO, 500 uM TCEP, 3 pg/mL hTGase 2.
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Figure S13

Alignment of the protein sequences for the TGase 2 orthologues from Cavia cutleri and Homo sapiens.
Identical positions are denoted by asterisks, similar positions by dots and different positions by colons.
Colour coding of amino acids is according to aliphatic, aromatic, positively and negatively charged
residues. ldentical residues are present in 575 positions, which corresponds to 83.2% of sequence

identity.

The alignment was done by using the Clustal Omega programme, as implemented in the web-based
portal of the UniProt database', using the UniProt identifier codes P08587 (gpTGase 2) and P21980
(hTGase 2).

TGM2 CAVCU 1 MAEDLILERCDLQLEVNGRDHRTADLCRERLVLRRGQPFWLTLHFEGRGYEAGVDTLTEN 60
TGMZ HUMAN 1 MAEELVLERCDLELETNGRDHHTADLCREKLVVRRGQPFWLTLHFEGRNYEASVDSLTES 60
FhEk ek okhhkhkrdadE EhkEdEk.hhkEhkEhk A F k. xd Ak E Ak E Ak kAkdAkhE Axdk Axk.xkEkE
TGM2 CAVCU 6l AVTGFDFSEEAGTMARFSLSSAVEGGTWSASAVDQODSTVSLLLSTPADAPIGLYRLSLE 120
TGMZ HUMAN 6l VVTGPAPSQEAGTKARFPLRDAVEEGDWTATVVDOQODCTLSLOQLTTPANAPIGLYRLSLE 120
LkEAE Ak akkkk kkEk Kk kAK Kk kaik: KrkEAE KakEh kahkkshkAAAAERAAEE
TGM2 CAVCU 121 ASTGYQGSSEVLGHFILLYNPRCPADAVYMDSDOERQEYVLTQQGFIYQGSAKFINGIPW 180
TGMZ HUMAN 121 ASTGYQGSSEVLGHFILLENAWCPADAVYLDSEEERQEYVLTQOGFIYQGSAKFIKNIPW 180
hhkhhkA Ak AR RAARA ARk ARk AAkh sk kAR AARAARKARKFARAA AR R KEK
TGM2 CAVCU 181 NEGQFEDGILDICLMLLDTNPKFLENAGQDCSRRSRPVYVGRVVSAMVNCNDDQGVLQGR 240
TGMZ HUMAN 181 NFGQFEDGILDICLILLDVNPKFLKNAGRDCSRRSSPVYVGRVVSGMVNCNDDOGVLLGR 240
hhkhhkA Ak AR AA A kAR AhhARKARK s A AFAAE kAR RAARFA FAAAFARAARE kK
TGM2 CAVCU 241 WDNNYSDGVSPMSWIGSVDILRRWKDYGCQRVKYGQCWVFAAVACTVLRCLGIPTRVVTN 300
TGMZ HUMAN 241 WDNNYGDGVSPMSWIGSVDILRRWKNHGCORVEKYGQCWVFAAVACTVLRCLGIPTRVVTN 300
Fhkhh AAkAAAAAAAARAA AR ARG kA AR A AR AR AR AR A AR R AR AR A AR A AR AR R AR K
TGM2_CAVCU 301 FNSAHDONSNLLIEYFRNESGEIEGNKSEMIWNFHCWVESWMTRPDLEPGYEGWQALDPT 360
TGMZ HUMAN 301 YNSAHDONSNLLIEYFRNEFGEIQGDKSEMIWNFHCWVESWMTRPDLOPGYEGWQALDPT 360
s hEARK AR AR RFRRFARE kA Ak Rk A AR AR AR AR AR AR AR ARk s AR AR KRR KA RR
TGMZ_CAVCU 361 PQEKSEGTYCCGFVPVRAIKEGHLNVKYDAPEVFAEVNADVVNWIRQKDGSLRKSINH-L 419
TGMZ2_HUMAN 361 PQEKSEGTYCCGPVPVRATKEGDLSTKYDAPFVFAEVNADVVDWIQQDDGSVHKSINRSL 420
hhk A Ak ARk AR RAARA A AR A AR K Kk AAAAA kA AA AR A A hh Kk KhkksakEhkks *
TGMZ_CAVCU 420 VVGLKISTKSVGRDEREDITHTYKYPEGSEEEREAFVRANHINKLATKEEAQEETGVAMR 479
TGMZ HUMAN 421 IVGLKISTKSVGRDEREDITHTYKYPEGSSEEREAFTRANHLNKLAEK----EETGMAMR 476
R i R e R FEEE kAR
TGMZ_CAVCU 480 IRVGONMTMGSDEDIFAYITNGTAESHECQLLLCARIVSYNGVLGPVCSTNDLLNLTLDP 539
TGMZ HUMAN 477 IRVGQSMNMGSDFDVFAHITNNTAEEYVCRLLLCARTVSYNGILGPECGTKYLLNLNLEP 536
hkkhk Kk khhkdkadkakkhk hkk 1 kaskdkhkkk kkhkhkrikhk * ki kkkk Kkak
TGMZ_CAVCU 540 FSENSIPLHILYEKYGDYLTESNLIKVRGLLIEPAANSYVLAERDIYLENPEIKIRVLGE 599
TGMZ HUMAN 537 FSEKSVPLCILYEKYRDCLTESNLIKVRALLVEPVINSYLLAERDLYLENPEIKIRILGE 596
hkkakhihk hhkdkhk Kk hhhhhhkhhk Kk:hk ki ks hhhkhrkdhkdhkdhk: hkk
TGMZ_CAVCU 600 PEQNREKLIAEVSLENFPLPVPLLGCIFTVEGAGLTEDQKSVEVPDPVEAGEQAKVEVDLLP 659
TGMZ HUMAN 597 PRKQKRKLVAEVSLONPLPVALEGCTFTVEGAGLTEEQKTVEIPDPVEAGEEVKVEMDLLP 656
hkkohkhikhhhkshdhhkk k Ak Ahkhhkdhk:skkskkshkhhkdhk: Kk kskkhkk
TGM2_CAVCU 660 TEVGLHKLVVNFECDKLKAVEGYENVIIGPA 690
TGMZ HUMAN 657 LHMGLHKLVVNFESDKLKAVKGFRNVIIGPA 687

LrkFEREEKREIEE FEEkAkExEA I Ak o hkFAE A KL

! www.uniprot.org
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Discussion S6: Investigations on coumarinyl amide 5c

Initial investigations with respect to enzymatic and nonenzymatic conversions of 5c

2000
15001 5c (200 pM) - gpTGase 2
-AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA A 5C (200 l_,lM) + ngGaSe 2
>
& 1000k 5c (100 pM) - gpTGase 2
e 5 (100 uM) + gpTGase 2
500
0 L | L | ! | L |
0 200 400 600 800

time (s)

Plots of RFU=f(t) for two different concentrations of 5¢c at pH=8.0 and 30 °C in the presence of 5% DMSO, 500 pM TCEP,

400 pM aminoacetonitrile and 3 pg/mL gpTGase 2 or enzyme buffer. Obviously, there is neither spontaneous nor enzymatic
release of AMC over the period of 900 s.

Hydrolysis of acyl donor 5b in the presence of 5¢

o 0 puMof5c
o 200 puM of 5¢
A 300 uM of 5¢

¢ 500 uM of 5¢

Vocorr (MM/min)

o 2 4 6 =8
[5b] (LM)

Plot of vocor=f([5b]) in the presence of different fixed concentrations of 5c with nonlinear regressions using equation Il

(Michaelis-Menten). Data shown are mean values of one experiment which was performed in duplicate. Conditions: pH=8.0,
30 °C, 5% DMSO, 500 uM TCEP, 3 pg/mL gpTGase 2.
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Analysis of the inhibitory behaviour of 5¢

Double reciprocal plots (1/voeor Versus 1/[5b]) at different fixed concentrations of coumarinyl amide 5c
gave a family of lines which intersect to the left of the 1/vo-axis (A). As the replots of the obtained
slopes and 1/vyor intercepts from the double reciprocal plots versus the concentration of 5c¢c appear
linear and exhibit different intercepts on the abscissa (B), the coumarinyl amide seems most likely to act
as a linear (B=0) mixed, predominantly specific (1<a<w) inhibitor according to the systematic
classification of enzyme-modifier interactions suggested by Baici?® ? (D). This is further supported by the
Dixon plot which showed linear curves at all substrate concentrations with a shared interception point

1 Analysis of the Dixon plot revealed a K; value of 583 pM for compound 5c.

above the abscissa (C).
This in turn means that all concentrations of 5c studied are below its respective K; value. However,
investigations at higher inhibitor concentrations are restricted due to inherent solubility of 5c. For this
reason, it cannot be completely proven whether the ternary enzyme-substrate-inhibitor complex (ESI) is
indeed inactive (B=0) or shows residual catalytic activity (0<f<1). In general, the proposed mixed
inhibition type for a>1 and B=0 implicates binding of the inhibitor to the substrate binding site and in
addition binding to a distinct site at the enzyme-substrate complex with less affinity. The reason for the
aberrant kinetic behavior of 5¢ compared to the natural amide substrates for TGase 2 might be due to
the increased sterical demand of the chromene moiety, which prevents acylation of the enzyme. This
seems to be contradictory to the results for the coumarinyl esters in this study which require a similar
spatial demand but were all efficiently converted by TGase 2. However, their high acylation potential
might arise from their high intrinsic reactivity as aliphatic coumarinyl esters can be considered as active

esters.

Based on the structural analogy of 5¢ and 5b, the K; value of the former compound should correlate with
the Ky value (i.e., the affinity of the Michaelis complex) of the latter one (D). At a first glance, this high Kq4
value seems to be contradictory to the low K., value determined for 5b (2.53 uM). However, for enzymes
such as TGase 2 that pass through an acyl enzyme intermediate adhering to the kinetic model shown in

Scheme 5 in the main article, K, has the following significance according to Wilson and Alexander!??:

k_1+kacyl
K = —%2 — (sl
kq*x(14+——
1 kdeacyl)

Given that Kg=k./k; and assuming that k,.<<k., this equation can be simplified according to Hillman

and Mautner®?® as follows:
Ky = Ky * (1 + Q) (SIV)
kdeacyl

2 According to that system for classification of enzyme-maodifier interactions, competitive inhibition is referred to as
specific inhibition whereas noncompetitive inhibition is referred to as catalytic inhibition.
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Moreover, as both k. and K, of 5b (and also the other acyl donors) increase in the presence of
aminoacetonitrile (see below), the rate for acylation must be greater than that for deacylation

(Kacy>kaeacy)), > which in turn leaves to conclude that Ks>K,, or even Kg>>K,.
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Kinetic investigations on the coumarinyl amide 5c. Based on the kinetic data and analyses, coumarinyl amide 5¢c most likely
acts as linear mixed-type inhibitor with a>1 and B=0.”" A) Plot of 1/ocr=f(1/[5b]) in the presence of different fixed
concentrations of 5¢ (0 pM (O), 200 uM (O), 300 pM (A) and 500 pM (<>)) and linear regressions (—) to the data. B) Replots of
slope (K™ Vmax™") and 1/ocorr intercepts (1/Vmax'") of curves in A versus [5¢] and linear regressions (—) to the data.
According to the inhibition type mentioned above, K; was determined from the abscissa intercept (X=-K;) of the former replot to
be 585 pM. Using the K; value and the [5c] intercept of the latter replot, a was determined to be 2.0. C) Plot of 1/vocon=Ff([5C])
(Dixon plot) at different fixed concentrations of acyl donor 5b (1 uM (O), 2.5 uM (O) and 7.5 pM (A)) and linear regressions to
the data. According to the inhibition type mentioned above, K; was independently determined from the intercepts of all lines (x=-
Ki) to be 583 uM (median value from three intercepts) which is in accordance with the determined value from the replot of
Km PV max P=f([5¢]) in B. D) Kinetic model for mixed-type inhibition. For the case that a>1 and =0 the model represents linear

mixed, predominantly specific inhibition according to Baici.?”
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Discussion S7: Investigations on the interdependence of acyl

donor 5b and aminoacetonitrile

It should be emphasised that changing the acyl acceptor substrate from water, which is present in high
invariant concentration, to a primary amine will shift the pseudo-one substrate kinetics of the TGase 2-
catalysed hydrolysis to the more complex scenario of an enzymatic reaction that involves two substrates.
Given that TGase 2 follows a ping-pong mechanism passing an acyl enzyme intermediate,'” the

corresponding Michaelis-Menten equation reads as follows:

— VialAlIB]
V' KmplAl+KmalBI+[Al[B] (SV)

If A stands for the respective acyl donor substrate and B for aminoacetonitrile, variation of the
concentration of A in the presence of B at constant concentration will allow for the determination of the
apparent kinetic parameters K»® and V,.«*".?% These values relate to the true kinetic parameters as

follows:

app _ KmalBI]
Kma' = 8] (VD)

v, = JmaxlPl (SVII)

maxA = Kmp+[B]

To determine K,,*" and k™" of the synthesised acyl donors for their TGase 2-catalysed aminolyses,
aminoacetonitrile was chosen as primary amine due to its low pK, value (5.6) of its conjugate ammonium

ion.1?”

To gain insights into the true Michaelis constant of aminoacetonitrile, K,*** values were determined at
four different concentrations of the fluorogenic acyl donor 5b, which concomitantly provided insight into
the true K, value of 5b. The original Michaelis-Menten plots of the velocities against the concentrations
of each substrate are shown in Figure | (below). True values of V. and the Michaelis constants for
each substrate were derived from replots of the determined V., values against the concentrations of
5b and aminoacetonitrile, respectively (see Figure Il below). Notably, plotting the ratios V. /K> for
each substrate against the concentrations of the respective second substrate revealed their
independence of substrate concentration. This finding is in agreement with the established ping-pong
mechanism of transglutaminases'® and confirms that the performance constants in Table 3 in the main
article represent true values. The independence of V,./Kn, from substrate concentration is also reflected
by the appearance of the transformed plots according to Lineweaver-Burk and Hanes-Woolf, which
displayed lines that are approximately parallel or intersected in proximity to the ordinate, respectively

(see Figure Il below).?® Furthermore, results obtained from data analysis according to the formalism of

S39



Dalziel are consistent with the constant Vn./Kn, ratio (Figure IV).[29] The true Michaelis constants
obtained by data analysis shown in Figure Il are 138 uM and 78.5 uM for 5b and aminoacetonitrile,
respectively. The true K, of aminoacetonitrile is roughly twice as high as the apparent value in Table 4 in
the main article, which is due to fact that the employed concentration of 5b was in the range of its K,
value. From the determined true maximum velocity a true catalytic constant of 54.7 s™* was calculated.®
When calculating the ratios between these true kinetic parameters of substrate 5b on gpTGase 2
(Kn=138 UM, k.4=54.7 s™) and the corresponding apparent values included in Table 3 in the main article,
quotients of 0.88 and 0.96 were yielded, respectively. These ratios are close to the quotient of
[B)/(Kme*[B])=0.84 (see equations SVI and SVII), which is obtained by applying the true Michaelis
constant for aminoacetonitrile (Kng=78.5 pM). These results suggest that the apparent kinetic
parameters of the acyl donor substrates on gpTGase 2 listed in Table 3 in the main article might be only
marginally lower than their respective true values. The true V. values that were obtained from
replotting the apparent maximum velocities against the concentrations of 5b and aminoacetonitrile,
respectively, as well as the k., values derived thereof are not significantly different from each other, as

one would expect from equation SV (Figure II).

® Mean value of the two catalytic constants obtained by analysing the apparent maximum velocities in dependence
of [5b] and [aminoacetonitrile].
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) Primary plots for the gpTGase 2-catalysed

conversion of the substrate pair 5b and
aminoacetonitrile

Vocorr (MM/min)

L 1 L 1 L 1 L 1
0 100 200 300 400
[aminoacetonitrile] (uM)

Vocorr (MM/min)

0 20 40 60 80 100
[Sb] (uM)

A) Plots of vocorr=f([aminoacetonitrile]) in the presence of fixed concentrations of acyl donor 5b (21 uM (O), 42.8 uM (O), 63.2
UM (A) and 86.4 pM (<>)) with nonlinear regressions using Michaelis-Menten equation Ill. B) For the same data as in A, plots
of vocor=f([5b]) in the presence of fixed concentrations of aminoacetonitrile (10 uM (O), 20 uM (O), 40 uM (A), 100 pM (),
200 puM (o) and 400 puM (V)) with nonlinear regressions using Michaelis-Menten equation Ill. Data shown are mean values +SD

of one experiment, which was performed in duplicate. When not apparent, error bars are smaller than the symbols. Conditions:
pH=8.0, 30 °C, 5% DMSO, 500 uM TCEP, 0.3 ug/mL gpTGase 2.
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) Secondary plots for the gpTGase 2-catalysed conversion of the substrate pair 5b and
aminoacetonitrile
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A) Replots of Vinax™ and Vmax/Km versus [5b] with nonlinear regression for the former plot using the Michaelis-Menten equation
1. K, Keat and kea/Km values derived thereof are 138 uM, 55.9 s™ and 405,000 M™s™, respectively. B) Replots of Vima™ and
Vmax/Km versus [aminoacetonitrile] with nonlinear regression for the former plot using the Michaelis-Menten equation Ill. Ky and
Keat and Kea/Km values derived thereof are 78.5 uM, 53.4 s™* and 680,000 M's™, respectively.
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1) Reciprocal plots for the gpTGase 2-catalysed conversion of the substrate pair 5b and

aminoacetonitrile
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A) Plots of 1/vgcor=f([aminoacetonitrile]) and [aminoacetonitrile]/vocor=f([aminoacetonitrile]) in the presence of fixed
concentrations of acyl donor 5b (21 pM (O), 42.8 uM (O), 63.2 uM (A) and 86.4 uM (<>)) with linear regressions (—) to the
data. Data shown are of one experiment which was performed in duplicate. B) For the same data as in A, plots of 1/Vocon=f([5b])
and [5b]/vocor=f([5b]) in the presence of fixed concentrations of aminoacetonitrile (10 uM (O), 20 uM (O), 40 pM (A), 100 puM
(<), 200 uM () and 400 puM (V) with linear regressions (—) to the data are shown. According to the known ping-pong
mechanism of the TGase 2-catalysed acyl transfer, Lineweaver-Burk plots in A and B (left) revealed a family of parallel lines

while in the Hanes-Woolf plots (right) the lines share an interception point on the y-axis.[zs]
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V) Dalziel transformation for the gpTGase 2-catalysed conversion of the substrate pair 5b

and aminoacetonitrile

A) For the same data as above, plots of Eo/Voer=Ff([Substrate]) (Dalziel Transformation?®®

, equation
SVIII) in the presence of fixed concentrations of the other substrate with linear regressions (—) to the
data are shown. B) Replots of the Ey/voor intercepts and slopes of curves in A versus the respective
fixed concentrations of substrate. According to the known ping-pong mechanism of the TGase 2-
catalysed acyl transfer, the former replots gave a linear correlation as the y-intercept relates to ¢, and
the slope to ¢z, Or daminoacetontie While the latter replots showed essentially parallel lines to the x-axis as

[29a,30

the values relates to ¢aminoacetonitrite OF Psp- ! The initial rate parameters ¢ can be transformed into the

more familiar Michaelis-Menten parameters by comparison of equations SIX and SX according to

Dickinson B%:

[Eo] _ ba | 98

= o+t (SVIII)

v _ [A][B] Vo Vimax[Al[B]

Eo  ¢olAl[Bl+dA[Bl+Pg[Al+dap (SIX) Ey  KmplA]+Kmal[B]+[A][B] (SX)
¢O= 1/kcat Km,5b:¢5b/¢0 Km,aminoacetonitriIe:(I>aminoacetontrile/¢0

Based on these relations, the determined kinetic parameters are as follows:
kc:at:56-7 5-1 Km,5b=82-6 UM Km,aminoacetonitrile=86-9 UM

These parameters are reasonably comparable to those obtained by nonlinear regression according to
Michaelis-Menten equation Il (see Figure Il above).
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Figure S14

gpTGase 2-catalysed aminolyses of the acyl donors 3-6 at pH=8.0
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Plots of voww=f([acyl donor]) and voconro=f([acyl donor]) for the global fit model of the enzymatic aminolyses. Data shown are
mean values +SEM of 3 separate experiments, each performed in duplicate. When not apparent, error bars are smaller than the
symbols. Conditions: pH=8.0, 30 °C, 5% DMSO, 500 uM TCEP, 400 pM aminoacetonitrile, 0.3 pg/mL (5a, 5b, 6a and 6b) or 2
pg/mL (3 and 4) gpTGase 2.
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Direct linear plots of Vmax against Knm according to Cornish-Bowden & Eisenthal to estimate the values for Vi and K™ of 6a
and 6b towards gpTGase 2 as the medians from the series of interception points. The insets show the distribution of the V max ™"

and K,**® values including the lines for the respective medians and percentiles of 25% and 75%.
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Figure S15

hTGase 2-catalysed aminolysis of acyl donor 5b at pH=8.0

® Voiotal
°

Vocontrol

N

Vo (UM/min)

[Sb] uM

Plots of vowa=f([5b]) and voconra=f([5b]) for the global fit model of the enzymatic aminolyses. Data shown are mean values +
SEM of 3 separate experiments, each performed in duplicate. When not apparent, error bars are smaller than the symbols.
Conditions: pH=8.0, 30 °C, 5% DMSO, 500 uM TCEP, 400 pM aminoacetonitrile, 0.3 pg/mL hTGase 2.
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Direct linear plots of Vimax against K, according to Cornish-Bowden & Eisenthal to estimate the values for Vmax ™" and K™ of 5b
towards hTGase 2 as the medians from the series of interception points. The insets show the distribution of the Vma™™* and
Km™P values including the lines for the respective medians and percentiles of 25% and 75%.
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Figure S16

Confirmation of TGase 2-catalysed aminolysis of 5b by identification of reaction product

To confirm the formation of the aminolysis product, a solution (200 pL) of compound 5b (400 uM),
aminoacetonitrile (400 uM) and gpTGase 2 (0.3 ug/ml) in assay buffer pH=8.0 containing 5% DMSO was
incubated at 30 °C. After 90 min, the reaction was stopped by adding 200 pL of 1% TFA/acetonitrile. The
resulting solution was centrifuged at 6000 rpm for 5 min and an aliquot of 100 uL was subjected to HPLC
analysis (see below). Eluate solutions corresponding to peaks which represented components of interest
were collected and analysed by ESI-MS.
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HPLC profile (210 nm) for TGase 2-catalysed conversion of 5b after 90 min at 30 °C (400 uM 5b, 400 pM aminoacetonitrile,
100 mM MOPS pH=8.0, 3 mM CacCl,, 50 uM EDTA, 500 pM TCEP, 0.3 pg/mL gpTGase 2). The peaks were identified by ESI-
MS analysis of the collected eluent and on the basis of comparison with other HPLC data.
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Discussion S8: Synthesis of N-(biotinyl)cadaverinexTFA

General remarks

To ensure that biotinylation takes place just at one primary amino group, cadaverine was anchored to
the 2-CITrtCl resin according to a published procedure.® Afterwards, coupling of commercially available
biotin was achieved by the use of PyBOP as coupling reagent and DIPEA as base. TFA-mediated
release from the resin and purification by preparative RP-HPLC provided N-(biotinyl)cadaverine (7) in
good yield (46%).

a H
O_CI - O_N\/\/\/NHz
2-CITrtCl resin

b,c

N-(biotinyl)cadaverine (7)

Solid phase synthesis of N-(biotinyl)cadaverine (7). Reagents and conditions: a) 1. cadaverine, CH)Cl,, 17 h,
2. CH,Cly/CH3OH/DIPEA (17:1:2); b) biotin, PyBOP, DIPEA, DMF, 6 h; c) TFA/ITES/H,0 (95:2.5:2.5), 2 h.

Loading of cadaverine onto 2-CITrtCl resin

The synthesis was accomplished according to Egner et al.® A solution of cadaverine (526 pL,
4.48 mmol, 4 equiv.) in CH,CI, (5 mL) was added to the pre-swollen (5 mL, CH,Cl,, 30 min) 2-CITrtClI
resin (0.7 g, 1.12 mmol, 1 equiv., 1.6 mmol/g) in a PP filter vessel. The PP filter vessel was sealed and
agitated for 17 h at room temperature. Afterwards, the resin was successively washed with DMF (4 mL,
4x1 min), CH,Cl, (4 mL, 4x1 min), CH,CI,/CH;OH/DIPEA (17:1:2, 4 mL, 3x2 min), MeOH (4 mL,
4x1 min), TEA/DMF (1:4, 4 mL, 3x1 min), MeOH (4 mL, 4x1 min) and, finally, with CH,Cl, (4 mL,
4x1 min) again. The resin was dried in vacuo overnight. The loading yields were gravimetrically

determined according to Bernecker et al.*? using the following equation:

_ m; —my
" (MW —36.461) * m,

mol
Loading (7)

with m;, m,, and MW being the weight of the unloaded resin, the weight of the loaded resin and the

molecular mass of cadaverine in g/mol, respectively. A loading degree of 1.52 mmol/g was determined.
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Biotinylation

The loaded resin (0.5 mmol cadaverine, 1 equiv.) was swollen in DMF (5 mL) for 30 min. A suspension
of biotin (183 mg, 0.75 mmol, 1.5 equiv.) and DIPEA (392 uL, 2.25 mmol, 4.5 equiv.) in DMF (4 mL) was
added. Afterwards, solid PyBOP (585 mg, 1.13 mmol, 2.25 equiv.) was added and the mixture was
agitated for 6 h at room temperature. Then, the resin was washed with DMF (5 mL, 4x1 min) and CH,ClI,

(5 mL, 4x1 min) and dried in vacuo overnight.

Cleavage

The cleavage was accomplished according to Seebach et al.*”!

The dry resin was suspended in 5 mL of a solution of TFA/TES/H,O (95:2.5:2.5) for 2 h. After filtering,
the resin was washed with TFA (2x5 mL) and the combined filtrates were evaporated in a N, stream.

N-(Biotinyl)cadaverinexTFA (7)

The synthesis yielded 101 mg (46%) of 7 as a slightly yellow solid. *H-NMR (DMSO-dg): 5=7.75 (t,
8J=5.6 Hz, 1H, NH of amide), 7.69 (broad s, 3H, NH3"), 6.41 (s, 1H, NH of urea), 6.37 (s, 1H, NH of
urea), 4.31 (dd, 3J=7.7, 4.9 Hz, 1H, H-13), 4.12 (dd, 3J=7.6, 4.5 Hz, 1H, H-12), 3.12-3.06 (m, 1H, H-
11), 3.05-2.98 (m, 2H, H-5), 2.82 (dd, 2J=12.4 Hz, ®J=5.1 Hz, 1H, H-14A), 2.79-2.71 (m, 2H, H-1), 2.58
(d, 2J=2J=12.4 Hz, 1H, H-14B), 2.04 (t, *J =7.4 Hz, 2H, H-7), 1.66-1.20 (m, 12H, H-2,3,4,8,9,10); *C-
NMR (DMSO-dg): 6=171.85 (C-6), 162,69 (C-15), 61.05 (C-12), 59.19 (C-13), 55.44 (C-11), 39.83 (C-
14), 38.76, 38.04, 35.20, 28.63, 28.23, 28.06, 26.66, 25.32, 23.17; **F-NMR (DMSO-dg): 8=-73.95 (s,
CF3); ESI-MS (ESI+) m/z: calc. for C1sH29N40,S [M+H]*, 329.20, found 329.1; Elemental analysis: calc.
for CisH2sN4OgSxCoHF30,, C, 46.04; H, 6.82; N, 12.63; S, 7.23 found C, 45.17; H, 6.41; N, 12.19; S,
6.85. Assignments of the *H-NMR spectrum and the **C-NMR spectrum for the biotin moiety were done

according to literature data.®®
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Figure S17

Determination of the fluorescence coefficients of HC and HMC

To convert the measured arbitrary fluorescence units into concentrations of HMC and HC, the
fluorescence coefficients of the fluorophores were determined on a monthly basis. For this purpose, the
fluorescence intensities of eight different concentrations of the respective coumarin derivative (stock
solutions in DMSO) ranging from 0 to 20 puM (10 pL) in buffer A or B (190 pL) were measured over 900 s
(three independent measurements, each performed in duplicate). The average fluorescence intensities
were determined as mean values between 300 and 600 s. Typical calibration curves for HMC at pH=8.0

and pH=6.5 are shown below.
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Typical calibration curves for HMC at pH=8.0 (A) and pH=6.5 (B) with the respective fluorescence coefficients. Data points (e)
are mean values +SEM of 3 separate experiments, each performed in duplicate. The regression coefficients were obtained by

linear regression (—) to these data points. When not apparent, error bars are smaller than the symbols.
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Figure
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A) Left: Typical time courses at different concentrations of iodoacetamide in the presence of 25 pM (~10xKy,) of 5b for the
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Figure S19

v (RFU/s)

[8] uM

Plot of vi=f([8]) with nonlinear regression using equation VIl for the determination of K;;
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