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A B S T R A C T

Function, activity, and interactions of proteins crucially depend on their three-dimensional structure and are
often regulated by effector binding and environmental changes. Tissue transglutaminase (Transglutaminase 2,
TG2) is a multifunctional protein, allosterically regulated by nucleotides and Ca2+ ions, which trigger opposing
conformational changes. Here we introduce switchSENSE as a versatile tool for TG2 characterization and pro-
vide novel insights into protein conformation as well as analyte binding kinetics. For the first time, we succeeded
in measuring the kinetic rate constants and affinities (kon, koff, KD) for guanosine nucleotides (GMP, GDP, GTP,
GTPγS). Further, the conformational changes induced by GDP, Ca2+ and the covalent inhibitor Z-DON were
observed by changes in TG2's hydrodynamic diameter. We confirmed the well-known compaction by guanosine
nucleotides and extension by Ca2+, and provide evidence for TG2 conformations so far not described by
structural analysis. Moreover, we analyze the influence of the peptidic Z-DON inhibitor and the R580A mutation
on the conformational responsiveness of TG2 to its natural effectors. In summary, this work shows how the
combination of structural and kinetic information obtained by switchSENSE opens new perspectives for the
characterization of conformationally active proteins and their interactions with ligands, e.g. potential drug
candidates.

1. Introduction

Human tissue transglutaminase (TG2) is an intra- and extra-
cellularly localized, structurally and mechanistically complex protein. It
fulfills multiple functions depending on its environment and is allos-
terically regulated by nucleotides and Ca2+ ions. Outside the cell,
where Ca2+ levels are high, TG2's main function is protein crosslinking
by transamidation [1,2], which plays a role in various biological me-
chanisms including matrix stabilization [3], cell differentiation [4],
signaling [5–7], apoptosis [3], and cell-adhesion [8]. Intracellularly, at
low Ca2+ levels, TG2 assumes GTPase [9] and G-Protein [3] function-
ality. TG2 consists of four domains - an N-terminal β-sandwich, a cat-
alytic core and two C-terminal β-barrels [10,11]. Several intrinsically
disordered regions allow for structural flexibility [12] and enable
conformational changes, which regulate TG2 function. Measurements
in solution with various methods like fluorescence anisotropy [13],
capillary electrophoresis [14], FLIM-FRET [15], and small-angle-scat-
tering [16] show that Ca2+ triggers TG2 into an extended conforma-
tion, while nucleotide binding stabilizes a compact state. These findings
are supported by X-ray crystal structures. In 2002, the first crystal

structure was obtained for the nucleotide bound compact state, which is
also often called TG2s “closed” conformation [17]. In 2007, Pinkas
et al. succeeded in crystallizing TG2 in an extended conformation after
covalent binding of an irreversible, peptidic active site inhibitor [11].
Up to the present time, this structure is widely adapted to visualize the
transamidating state of TG2, also referred to as active or “open” con-
formation even if essential calcium ions are missing.

TG2s structural diversity facilitates interactions with many different
molecules, including proteins and small molecules. The N-terminal
domain of TG2 strongly binds fibronectin, thus acting as an integrin-
binding co-receptor which plays a role in cell migration [18,19]. Fur-
ther, TG2 associates with heparin-sulfate chains of syndecan-4, playing
a role in TG2-membrane trafficking and affecting its catalytic activity
[20]. Guanosine nucleotides and Ca2+ are TG2s main conformational
effectors. Ca2+ is known to interact with TG2, but little is known about
the interaction parameters – not only the affinity but even the number
of binding sites is still disputed [14,21]. For nucleotides, a single
binding site was identified with KD and IC50 measurements spanning
the nM to μM range [10,22–25].

Due to its complex multifunctionality, its conformational flexibility,
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and the extensive interaction network the mode of activation of TG2 is
not yet fully understood and subject to current research. Nevertheless,
TG2 is regarded as a promising therapeutic target, as it is suspected to
play a role in various diseases, such as fibrosis, certain cancer types and
neurodegenerative disorders [26]. The most prominent example for a
pathophysiological state with TG2 involvement is celiac disease, in
which the enzyme plays a dual role by breaking oral tolerance to
gluten, and in addition constitutes the principal autoantigen [27,28].
Several reversible and irreversible inhibitors have been developed and
patented [29,30]. However, so far only one TG2 inhibitor (ZED1227)
has entered clinical trials (phase 2a) for the treatment of celiac disease
(EudraCT Number 2017-002241-30).

Biophysical methods for the characterization of proteins and their
interactions are widely used in research and drug development.
Traditionally, these methods either aim to resolve structural features
(e.g. nuclear magnetic resonance spectroscopy, X-ray crystallography,
dynamic light scattering), or to measure (kinetic) interaction para-
meters (e.g. surface plasmon resonance (SPR), microscale thermo-
phoresis (MST), isothermal calorimetry (ITC)). Currently, increasing
effort is being made to combine these two worlds in order to understand
the relation between binding interactions, molecular structure and ac-
tivity, with the aim of shedding light on the mode of action of e.g.
potential drug targets and therapeutic candidates [31]. switchSENSE is
an emerging biophysical technology for the characterization of mole-
cular interactions [32]. The measurement of kinetic interaction para-
meters (kon, koff KD) and hydrodynamic protein size (DH) is possible
within the same assay by using time-resolved fluorescence readouts.
The correlation of binding interaction and conformational change
analyses enables structure-function relation studies for proteins and
various ligands, such as small molecules, ions or peptides.

Fig. 1 shows a typical experimental workflow for the chip-based
switchSENSE biosensor. Initially, the biochip carries short single
stranded DNA nanolevers which are covalently attached to a gold
electrode on one end and modified with a fluorescent dye on the other
end. The target protein is immobilized on the sensor surface by hy-
bridization of pre-prepared target protein-ssDNA conjugates with the
complementary DNA sequence. To regenerate the chip, the double
stranded DNA nanolevers are denatured by disrupting the hydrogen
bonds between base pairs using a high-pH regeneration solution. The

conjugate is washed away while the covalently attached single-stranded
nanolevers remain on the surface and can be reused for a new func-
tionalization step.

Two different measurement modes are available for protein(-inter-
action) characterization. In the dynamic mode, alternating potentials
are applied to the gold electrode and the nanolevers are swayed
through solution. The motion of the nanolevers is tracked in real time
by time-resolved single photon counting. The speed of the motion de-
pends on the size of the protein attached to the DNA nanolevers, which
allows the determination of the hydrodynamic diameter (DH) of the
immobilized protein [32,33] - in the present study of TG2. Changes in
DH upon exposure to effectors (such as small molecules or ions) provide
information on conformational changes, such as domain movements or
“stiffening” of flexible domains.

In the so-called static mode, a constant negative potential is applied
to the electrode and binding kinetics are observed as changes in
fluorescence emission. These changes reflect the physico-chemical
changes in the local environment of the fluorophore, for instance of
local hydrophobicity, caused by analyte binding.

Here, we apply switchSENSE to resolve the interaction kinetics (kon,
koff and KD) between TG2 and four different guanosine nucleotides
(GMP, GDP, GTP, GTPγS). Furthermore, we report on the conforma-
tional response of TG2 to Ca2+ and guanosine nucleotides and evaluate
the structural effects of the irreversible TG2-inhibitor Z-DON.

2. Materials and methods

2.1. Materials

Wildtype human transglutaminase 2 (TG2, recombinantly produced
in insect cells (T022), HEK-293F cells (T034) and E. coli (T002)), and its
Arg580Ala-mutant (TG2-R580A, recombinantly produced in E. coli
cells, T169) were obtained from Zedira (Darmstadt, Germany). If not
explicitly stated differently in the main text, wildtype TG2 re-
combinantly produced in insect cells was used. Also, the synthetic TG2
inhibitor Z-DON (benzyloxycarbonyl-(6-diazo-5-oxonorleucinyl)-L-va-
linyl-L-prolinyl-L-leucinmethylester, Z006) was provided by Zedira
(Darmstadt, Germany). “DON” compounds are side chain modified
peptides, with an electrophilic DON (6-diazo-5-oxonorleucinyl) group,
which are potent and irreversible blockers of transglutaminase's cross-
linking activity. Guanosine 5′-monophospate disodium salt hydrate
(GMP), guanosine 5′-diphosphate sodium salt (GDP), guanosine 5′-tri-
phosphate sodium salt (GTP) and guanosine 5′-O-(3-thiotriphosphate)
(GTPγS) were purchased at Sigma Aldrich, dissolved in water and
stored at −80 °C. The solutions were freshly thawed and diluted in
measurement buffer for every experiment. All measurements were
performed in switchSENSE standard buffer TE40 with 0.1 mM TCEP
(10 mM Tris-HCl pH 7.4, 40 mM NaCl, 50 μM EDTA, 50 μM EGTA,
0.05% Tween20, 0.1 mM TCEP (tris(2-carboxyethyl)phosphine)),
which allows for hydrodynamic diameter measurements. TCEP was
added to the buffer to protect TG2 from oxidization. In contrast to
classical G-proteins TG2 does not require Mg2+ for nucleotide binding
[34]. Moreover, TG2 transamidation activity is inhibited by Mg2+ [35].
Therefore, all experiments were performed in the absence of Mg2+, if
not explicitly stated differently.

2.2. switchSENSE

2.2.1. Preparation of Protein-DNA conjugates
TG2 and its R580A mutant were covalently coupled via their pri-

mary amines, e.g. NH2-terminus or lysine side chains to the 5’ end of
ssDNA (cNL-B48) (coupling kit CK-NH2-1-B48, Dynamic Biosensors,
Martinsried, Germany). Protein-DNA conjugates were separated from
free DNA and free protein using anion exchange chromatography. The
corresponding chromatograms can be found in the Supplementary
Information (SI 1). The conjugates elute in single, well-separable peaks,

Fig. 1. switchSENSE measurement workflow. Initially, the switchSENSE bio-
chip carries covalently attached fluorescently labeled ssDNAs (1). To functio-
nalize the sensor with the protein of interest (here TG2), target protein-DNA
conjugates are hybridized to the chip (1 → 2). These conjugates are pre-pre-
pared using standard chemistry, such as amine coupling (dashed box).
Association and dissociation kinetics (2→ 3 → 2) of analytes (here nucleotides)
yield rate constants (kon, koff). Protein sizing (2, 3) in the presence or absence of
analytes yields hydrodynamic diameters DH and allows assessing conforma-
tional changes. The chip can be easily regenerated by breaking the DNA double
strands using high pH regeneration solution (3 → 1), which allows the reuse of
the chip multiple times.
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which points at one-to-one labeling. Experience with several other
proteins showed that conjugates with multiple DNAs attached elute
later than a single-DNA conjugate and appear as separate peaks in the
anion exchange chromatogram (data not shown). After liquid nitrogen
freezing, the conjugates were stored at a concentration of 400 nM in
TE40 buffer (10 mM Tris-HCl pH 7.4, 40 mM NaCl, 50 μM EDTA, 50 μM
EGTA, 0.05% Tween20) at−80 °C and were freshly thawed before each
experiment. 250 μg of protein yielded enough conjugate for more than
400 hybridizations corresponding to a conjugation yield of 50%.

2.2.2. Chip functionalization
All switchSENSE experiments were performed on a yellow single-

color DRX instrument using a standard switchSENSE chip (MPC-48-2-
Y1, Dynamic Biosensors), which carries covalently attached fluores-
cently labeled ssDNA. The proteins (TG2, TG2-R580) were immobilized
on the biochip via hybridization of complementary DNA-protein con-
jugates. The chip was regenerated and freshly functionalized before
each measurement series. For chip regeneration, the double stranded
DNA nanolevers were denatured by disrupting the hydrogen bonds
between base pairs using a high-pH regeneration solution (SOL-REG-
12- 1, Dynamic Biosensors). Subsequently, the conjugate was washed
away while the covalently attached single-stranded nanolevers re-
mained on the surface and could be reused for a new functionalization
step.

2.2.3. Nucleotide binding kinetics
Nucleotide binding kinetics were measured in switchSENSE's static

mode. After functionalization of the nanolevers with the protein of
interest (TG2, TG2-R580A), association and dissociation curves were
measured for at least 5 different analyte concentrations by alternatingly
injecting increasing concentrations of analyte solution (association) and
buffer (dissociation). The fluorescence traces were analyzed with the
switchANALYSIS software (Dynamic Biosensors GmbH, Germany) by
fitting all association and dissociation curves of one dataset (at least 5
different analyte concentrations) simultaneously (global fit) by using a
simple fit model for one-to-one interactions. The association curves
were fitted by = − −f t c a c k t( , ) ( )·[1 exp( )]assoc on

obs , with the concentra-
tion-dependent observed on rate = +k c k k·on

obs
on off and signal ampli-

tude a. The dissociation curves were fitted by
= −f t c a k t( , ) ·exp ( )]diss off . The extremely fast association rate constants

on the order of 107 M−1s−1 require special measures to avoid artifacts
from mass transport limitation and rebinding. This entails choosing a
high flowrate of 2000 μL/min to ensure solution exchange in the mi-
crosecond timescale, a high sampling rate of 10 Hz and comparably low
surface densities of approximately 200 molecules per μm2 (equivalent
to ≈ 10 resonance units in SPR).

2.2.4. Conformational change measurements
Hydrodynamic protein diameters (DH) were measured using

switchSENSE's dynamic mode according to the method described ear-
lier [32]. Protein sizing was performed directly after chip functionali-
zation in measurement buffer and after exposure to various effectors.
Effector concentrations well above the KD were chosen
(cGDP,GTP,GTPγS = 500 nM, cGMP = 200 μM, cCa2+ = 500 μM, cZ-DON =
100 μM). The concentrations for the Z-DON inhibitor and Ca2+ were
estimated based on literature values (IC50

Z−DON = 20 nM [36],
KD

Ca2+ = 0.15–5 μM [24,37]). It should be noted that these con-
centrations were not chosen to reflect physiological conditions, but to
ensure that all proteins on the surface were in the effector-bound state
and adopted the same conformation.

Conformational changes are reported as relative size changes com-
pared to the measured initial protein size after chip functionalization.
The reported values represent mean values with standard deviation
from at least 3 independent runs. In some runs the absolute sizes
showed a deviation from the mean of up to 2.6 nm (38%), while relative
size changes were highly reproducible (variation < 4%). The reason

could be dimerization, self-crosslinking or disulfide formation during
storage, thawing or exposure to electric fields. Along this line, earlier
studies found that disulfide formation decreases TG2s ability to assume
a compact conformation upon GTP exposure [10]. TG2 aging was also
observable on the chip with TG2's size drifting over time on the chip
(≈3% within 4 buffer injections with sizing, data not shown). In order
to limit oxidization to a minimum, all measurements were performed
under reducing conditions with measurement buffer containing 0.1 mM
TCEP.

3. Results and discussion

3.1. Nucleotide binding kinetics

The interactions between TG2 and various nucleotides have been
studied in the past mostly by activity assays and equilibrium methods,
such as ITC. Equilibrium methods yield the dissociation constant KD of
an interaction, which describes the concentration of analyte at which
half of all binding sites are occupied. The KD is a valuable measure for
the strength of an interaction. However, in order to fully understand an
interaction, it is also important to determine binding kinetics, i.e. to
learn how fast the interaction happens and how stable it is.

Here, we resolve the binding kinetics between nucleotides and TG2
for the first time and determine the kinetic rate constants (kon, koff) and
dissociation constant (KD) for the four guanosine nucleotides GMP,
GDP, GTP and GTPγS. The binding of these nucleotides to immobilized
TG2 on the sensor surface was observed in switchSENSE's static mode
by an increase in fluorescence on a timescale of a few seconds.

To resolve the extremely fast binding kinetics, a high flow rate of
2000 μL/min was applied, which enabled solution exchange within
milliseconds. Examples of association and dissociation curves for the
four nucleotides are shown in Fig. 2A. Each kinetic dataset was globally
fitted with a monoexponential fit model yielding kon, and koff. The
averaged fit parameters (kon, koff) and the resulting KD (KD = koff/kon)
from three independent runs with at least 5 different concentrations are
listed in Table 1 and are visually compared in the rate map in Fig. 2B.

We identified GMP as by far the weakest binder out of the four
tested nucleotides with a KD of 3.6 ± 1.6 μM. GDP already shows a
400 fold tighter binding with a KD of 8.7 ± 4.5 nM. Only slightly
tighter binding was observed for GTP (2.4 ± 0.7 nM) and its non-
hydrolyzable analog GTPγS (1.2 ± 0.2 nM). The ranking of affinities
agrees with observations from activity assays and structural con-
siderations [21,38], and can be explained by the increasing number of
electrostatic interactions and hydrogen bonds per phosphate group
[24]. IC50 values for GTPγS, GTP and GDP have typically been mea-
sured in the low μM range [10,23,39], while inhibition by GMP was
found to required much higher concentrations [23]. In contrast to ac-
tivity assay results, direct reports on binding affinities are rather rare.
Murthy et al. estimated GDP/GTP affinities of 25 nM using fluorescent
nucleotide analogs [22]. Using a similar approach, Datta et al. quanti-
fied KDs for GDP and GTPγS as 1.5 μM and 320 nM, respectively. In
both cases the fluorescence modifications are likely to influence the
interaction. Equilibrium measurements with unmodified nucleotides
using isothermal calorimetry (ITC) were reported by Begg et al. [40].
However, the determined value of 1.6 μM should rather be regarded as
an upper limit, due to the high protein concentration used in the
measurements to achieve a satisfying signal-to-noise ratio. To our
knowledge, kinetic rate constants that compare with our results have
not been reported yet.

A closer look at the rate map reveals, that the low affinity for GMP
in comparison to the other nucleotides is predominantly due to a
drastically slower on-rate. The second phosphate group appears to be
important for the recognition by TG2. While the binding of GDP, GTP
and GTPγS proceeds extremely rapidly with similar kons on the order of
107 M−1s−1, GMP binding is 3 orders of magnitude slower. When ex-
amining the plots in Fig. 2A, the large difference at first sight is
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surprising, considering that the kinetics for GMP do not look too much
different, with a comparable observed association timescale τassoc. This
time scale does not directly report on the intrinsic on-rate kon, though,
but also depends on the off-rate and the applied nucleotide con-
centrations (τassoc = 1/kobs with kobs = kon▪c + koff). Hence, interac-
tions with very different kons can show comparable association curves,
if different analyte concentrations are used for kinetic measurements.
This is the case here, where the highest GMP concentration is ap-
proximately 1000-fold higher than that used for the other nucleotides.

In contrast to the association rate constants, the dissociation rate
constants for all tested nucleotides including GMP vary only within one
order of magnitude. Thereby, the dissociation rate is subtly slower, the
more phosphates are present. Interestingly, GTPγS dissociates almost as
fast as the other nucleotides, indicating that hydrolysis is not required
for release from TG2, in contrast to the findings of Raw et al. on the
behavior of other G-proteins [41].

All kinetics were measured in switchSENSE's static mode by mon-
itoring fluorescence changes in real time. Besides binding-induced
fluorescence shifts, the fluorophore could also respond unspecifically to
changes in buffer composition, e.g. ionic strength variation. To ensure
specificity of the observed binding signals, all analytes were also al-
lowed to flow across an unfunctionalized reference electrode without
protein and no signal changes were observed (SI 2). As another control,
we also tested the response of the R580A mutant of TG2, which is
lacking the ability to bind nucleotides [10,42]. As shown in Fig. 2C, the
resulting fluorescence trace remained flat even at high nucleotide

concentrations.
The successful measurement of nucleotide binding kinetics raised

the hope of also resolving Ca2+ and inhibitor binding kinetics.
Unfortunately, Ca2+ injections resulted in a strong unspecific fluores-
cence response, concealing any specific binding signal. In contrast, in-
jections of the irreversible-acting inhibitor Z-DON did not result in any
fluorescence change with or without Ca2+ in the measurement buffer.
We anticipate that with advanced assay development we will be able to
resolve the direct binding of Ca2+ and Z-DON using switchSENSE in
future. Promising strategies include the development of competition
assays with (fluorescent) compounds and the use of different fluor-
ophores, e.g. less ionic strength dependent dyes to unmask the specific
Ca2+ binding signal, or dyes which are more sensitive to physico-che-
mical changes in their environment to reveal Z-DON binding by en-
hancing the fluorescence response.

3.2. GDP and Ca2+ induced conformational changes

The function of TG2 is known to be regulated by its conformation,
which is affected by the antagonistic effectors GDP/GTP and Ca2+. The
determination of hydrodynamic diameters on a chip allows the in-
vestigator to observe conformational changes dynamically. The very
same proteins can be exposed sequentially and repeatedly to various
effectors.

Fig. 3A shows the results from three different effector exposure se-
quences and provides insights into the conformational effects on TG2
and their reversibility. The effects of the conformational effectors are
reported as relative size changes with respect to TG2's hydrodynamic
diameter in the absence of effectors, which was always measured in
running buffer (TE40 + 0.1 mM TCEP) directly after chip functiona-
lization. Before injection of a new effector, the flow channel was rou-
tinely washed with EGTA/EDTA-containing running buffer to fully re-
move any previous effectors.

In each of the three measurement sequences, GDP was injected after
determination of the initial hydrodynamic diameter, and a consistent
decrease in TG2s hydrodynamic diameter by 14 ± 3% was observed.

Fig. 2. A Examples of kinetics between
wildtype TG2 and four different nucleotides
observed via fluorescence changes upon
analyte binding and release. Smooth solid
lines are fits obtained by global fitting. Note
that GMP concentrations are 3 orders of
magnitude higher than for the other nu-
cleotides. B Rate map representation of kon
and koff. Error bars represent the standard
deviation from at least 3 independent runs.
Lines of constant KD are shown as dashed
lines. C Injections of nucleotides to the nu-
cleotide binding deficient R580A TG2 mu-
tant do not affect fluorescence, verifying
specificity of the signals observed in panel
A.

Table 1
Average association rate (kon), dissociation rate (koff) and dissociation constant
(KD) values from three independent runs with respective standard deviations.

kon/106 M−1s−1 koff/10−2 s−1 KD/nM

GTPγS 41 ± 8 5.1 ± 0.2 1.2 ± 0.2
GTP 32 ± 9 7.6 ± 1.0 2.4 ± 0.7
GDP 16 ± 7 14 ± 4 8.7 ± 4.5
GMP 0.10 ± 0.01 36 ± 15 3600 ± 1600
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Comparable compaction was also measured for GMP, GTP and GTPγS
(see SI3). The next size measurement in sequence 1 (Fig. 3A, symbol ○)
was performed in the presence of 500 μM Ca2+. In agreement with the
literature [13], Ca2+ had an opposite effect to that of GDP and induced
a DH increase by 9 ± 3%. The further course of this measurement
sequence demonstrates the full reversibility of the induced conforma-
tional changes: TG2 readopted its initial size after washing with EGTA-
containing buffer and repeated GDP exposure induced re-compaction.

Interestingly, these results also show that TG2 reproducibly assumes
an intermediate size in the absence of any effectors, which suggests two
interpretations: either TG2 adopts a still undescribed naïve conforma-
tion or the TG2 population on the chip is heterogenous with both
“open” and “closed” conformations present. Solving this ambiguity re-
mains to be elucidated in future research.

To determine whether the measured Ca2+-induced protein size in-
crease indeed reflects a conformational change and is not an ionic-
strength related artifact, we performed a control experiment in which
Ca2+ was replaced by Mg2+. In contrast to Ca2+, Mg2+ does not “push”
TG2 into its open conformation [14], while still having the same effect
on the ionic strength. We observed that TG2's hydrodynamic diameter
is not influenced by Mg2+ (ΔDH = 3 ± 3%) confirming that the in-
fluence of ionic strength on protein size is negligible and that the Ca2+

induced size increase specifically indicates a conformational change.
The second and third measurement sequences in Fig. 3A address the

influence of the potent, irreversible and site-specific inhibitor Z-DON on
TG2 conformation and its responsiveness to GDP and Ca2+. Z-DON is a

side chain modified peptide which irreversibly binds to TG2's substrate
binding site, leading to an irreversible alkylation of TG2's active site.
The simultaneous incubation of TG2 with Ca2+ and Z-DON (symbol ⊙)
increased TG2's size by 18 ± 4%, which exceeded the size increase
produced by Ca2+ alone by a factor of 2. After removal of Ca2+, TG2
did not regain its initial size. Instead it adopted a state with a size
comparable to TG2 without inhibitor, but in the presence of Ca2+.
Previously, the comparable hydrodynamic sizes of these two states were
used to argue that the crystal structure of the open conformation
(binary complex of TG2 and an irreversible peptidic inhibitor in the
absence of Ca2+) corresponds to the TG2-Ca2+ binary complex con-
formation [11]. Our findings show that the TG2-Ca2+ complex rather
adopts a different conformation, which has so far escaped structural
analysis. Thereby our results experimentally confirm SAXS/SANS based
Monte Carlo simulations of the gyration radius in the absence and
presence of various effectors [16], and support the idea that the crys-
tallized open TG2 conformation looks like an inert molecule and might
not correspond to the active Ca2+-bound conformation [21].

This sequence further shows that covalent binding of the Z-DON
inhibitor only partially limits the conformational flexibility of TG2.
After inhibitor binding in the presence of Ca2+, removal of Ca2+ caused
a size decrease, while subsequent exposure to GDP had no impact on
protein size. The GDP induced conformational change is suppressed in
agreement to the literature findings [11], while the conformational
responsiveness to Ca2+ is retained, which indicates that the con-
formational dynamics of TG2 are governed by multiple (at least two)
mechanisms.

None of these Z-DON induced effects became apparent when TG2
was exposed to the inhibitor in the absence of Ca2+ (⊙). Z-DON alone
did not induce a size increase beyond that exhibited by the buffer alone,
and GDP-induced compaction was still observed. Taken together these
data confirm that TG2 requires Ca2+ to react with Z-DON, as expected.
The fluorescence kinetics in Fig. 3B support this interpretation. The
characteristic fluorescence increase upon GDP injection was observed
for the GDP binding steps in Fig. 3A, which were preceded by exposure
to Ca2+, buffer and/or Z-DON alone. However, after exposure to Z-DON
in the presence of Ca2+ the fluorescence remained at a baseline level.

The conformational change behavior of TG2 as determined by
switchSENSE qualitatively agrees with literature (where available).
Interestingly the measured absolute hydrodynamic diameters appear
smaller than expected, though. For example, structure-based DH cal-
culations and dynamic light scattering measurements for the two
crystallized TG2 states yielded diameters of about 7.4 nm (PDB 1KV3)
for the GDP-bound compact state and 8.1 nm in the inhibitor bound
state in the absence of Ca2+ (PDB 3S3J) [11], while we measured va-
lues of 5.9 ± 0.6 nm and 7.0 ± 0.4 nm, respectively. A complete list
of measured absolute DH values for all analyzed TG2 states can be found
in the Supplementary Information. We argue that the deviations might
be due to the anchoring of TG2 on the chip surface and the peculiar
structure of TG2, which might rather resemble a “string of pearls” than
a rigid structure. switchSENSE measurements on a different protein
with disordered regions showed, that the measured absolute size varied
depending on the DNA coupling site without compromising con-
formational change detection (data not shown). For this protein, the
amplitude of the size change increased when the coupling site moved
closer to the conformational active site. In future studies on TG2, it
would be interesting to determine how site-specific coupling to dif-
ferent domains of TG2 would influence the absolute hydrodynamic
diameter measurements and the conformational change detection. Such
results could probably yield insights into the involvement of the dif-
ferent domains during effector induced conformational changes. Site
specific labeling of TG2 could, for example, be achieved by enzymatic
labeling using microbial transglutaminase [43,44] or sortase [45].

We also investigated the conformational response of the TG2-R580A
mutant to GDP and Ca2+. As the available mutant protein was pro-
duced in E. coli cells while the wildtype protein used in the present

Fig. 3. A Hydrodynamic diameter (DH) changes of TG2 in response to se-
quentially applied effectors, normalized to the initial “naïve” DH after chip
functionalization in absence of any effector. The average DH of this naïve state
was found to be 6.8 ± 0.8 nm. 500 nM GDP induced a DH decrease, while
500 μM Ca2+ had the opposite effect. Both changes were fully reversible, as
TG2 readopted its initial size after removal of both effectors. When TG2 was
exposed to 100 μM Z-DON together with 500 μM Ca2+, an even larger DH in-
crease was observed. Subsequently, TG2s initial size was not recovered after
washing, and compaction by GDP was suppressed, indicating an irreversible
effect of Z-DON on conformation. None of these effects was observed when TG2
was exposed to Z-DON in the absence of Ca2+. B: GDP binding kinetics. Line
appearances correspond to panel A. GDP binding was observed after exposure
to Ca2+ and Z-DON alone, but not when Z-DON was applied together with
Ca2+.
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work was produced in insect cells, we first ruled out the possibility that
potentially different posttranslational modifications influence con-
formational change measurements. To this end, we measured the GDP
and Ca2+ induced conformational changes in wildtype TG2 re-
combinantly produced in HEK, E. coli and insect cells, and observed
comparable behavior (see SI 4). For the mutant we observed that its size
remained constant when exposed to GDP, while a size increase of
17 ± 3% was observed in the presence of Ca2+. These findings cor-
relate with literature findings showing that the mutant cannot bind
GDP, but still shows transamidase activity – a function associated with
Ca2+ binding [42]. A FLIM-FRET study showed that the R580A mutant
adopts an open-like structure with C and N termini far apart [15]. In-
terestingly though, the TG2 R580A mutant appeared to be significantly
smaller (DH = 5.1 ± 0.3 nm) than the wild type enzyme
(DH = 6.8 ± 0.8 nm) in the switchSENSE assay. As pointed out above,
a decrease in hydrodynamic diameter can, on the one hand, provide
information on compaction due to a domain movement, and, on the
other hand, equally well on increased flexibility, e.g. due to an in-
creased proportion of disordered regions. Here, the combination of
FLIM-FRET data and switchSENSE results points towards the second
explanation.

4. Conclusions

The regulation of transglutaminases’ protein crosslinking activity is
of outmost importance for drug development in order to specifically
target the activity when and where required, while at the same time
avoiding secondary physiological effects. Negative regulation by purine
nucleotides protects against unsolicited transglutaminase activity
within cells.

In recent years, the importance of kinetic characterization of drugs
in contrast to equilibrium-based affinity and activity assays has been
more and more appreciated for drug discovery [46,47]. Here, we report
kinetic rate constants for four guanosine nucleotides binding to TG2,
revealing fast association and dissociation rate constants for GDP, GTP
and GTPγS, and strongly reduced affinity and on-rate for GMP. Con-
formational change analyses showed that all nucleotides “push” TG2
into its compact, closed state, while Ca2+ triggers an extended form of
TG2 prone to react with the mechanism-based Z-DON inhibitor. Hy-
drodynamic diameter measurements allow easy discrimination of the
ternary TG2-Ca2+-Inhibitor complex from the binary ones, e.g. TG2-
Ca2+ and TG2-inhibitor complexes. Although the latter two exhibited
the same size, the dynamic exchange of effectors allows one to dis-
criminate between them based on their different conformational re-
sponsiveness to GDP. These data suggest that there is at least one re-
levant TG2 conformation (TG2-Ca2+) that has escaped X-ray crystal
structure analysis so far.

In conclusion, the switchSENSE experiments have elegantly con-
firmed well known conformational effects, and experimentally proved
simulations and structural considerations. Further, the platform has
provided the first report on nucleotide binding kinetics. Thereby we
introduce switchSENSE as a valuable platform technology to identify
yet unknown TG2 modulators. Either classical small-molecules or an-
tibodies/antibody fragments stabilizing certain conformational states
could be characterized and identified as potential drug candidates or as
tool compounds to decipher the multifaceted TG2 functions.
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