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As a result of calcium ion binding, the calcium-dependent regulatory protein calmodulin (CaM) undergoes
a conformational change, enabling it to bind to and activate a variety of enzymes. However, the
detoxification enzyme glutathione S-transferase (GST) is notably not among the enzymes activated by
CaM. In this study, we demonstrate the feasibility of establishing, in vitro, an artificial regulatory link
between CaM and GST using bifunctional chemical transducer (CT) molecules possessing binders for
CaM and GST. We show that the CTs convert the constitutively active GST into a triggerable enzyme
whose activity is unnaturally regulated by the CaM conformational state and consequently, by the level
of calcium ions. The ability to reconfigure the regulatory function of CaM demonstrates a novel mode by
which CTs could be employed to mediate artificial protein crosstalk, as well as a new means to achieve
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also investigated the impact of covalent interaction between the CTs and the enzyme target. This

DOI: 10.1039/d45c026359 investigation offers further insights into the mechanisms governing the function of CTs and the

Open Access Article. Published on 05 August 2024. Downloaded on 10/19/2025 8:44:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

Owing to the critical role irregular enzyme activity plays in
disease, significant efforts have been devoted to creating
synthetic agents that can interact with enzyme active sites and
disrupt their function.' Although this mode of regulation has
proven successful in the development of various small-
molecule-based drugs, in recent years, an alternative strategy
for controlling enzyme function has emerged. Rather than
disrupting enzyme activity, chemists have become fascinated by
the idea of artificially activating them.>?* The motivation for
developing artificially triggered enzymes lies in the potential to
apply them across various research fields, such as sensing,*
cell signaling regulation,**® artificial biology,>® catalyst devel-
opment,>'>™ multi-step biocatalytic reactions,’ and therapy."”>™*°
Furthermore, in the context of biomimicry, these systems
contribute to our ability to understand and thereby imitate and
exploit natural enzyme activation mechanisms such as the ones
underlying the activation of apoenzymes,>'*** zymogens®~>71>1¢
or allosteric enzymes.>***
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possibility of rendering them isoform specific.

An essential role that activable enzymes play in cells is
mediating signaling transduction pathways. In these pathways,
enzymes are remotely activated by a network of protein-protein
interactions that transduce the response of cells to signaling
molecules and ions.** Inspired by the pivotal role these inter-
actions play in the activation of signaling enzymes, we have
been developing artificially triggered enzymes that respond to
the binding of non-native protein partners (Fig. 1a).'**° This
unnatural activation mode, which imitates the way enzymes are
activated by ligands or effectors, does not require that the
protein scaffold constituting the unnaturally triggered enzymes
be chemically or genetically modified. Instead, our approach is
based on bifunctional chemical transducer (CT) molecules that
possess binders for two proteins of interest (POIs): the enzyme
of choice (POI-1) and an unnatural, activating protein partner
(POI-2) (Fig. 1a). As illustrated, the transducer binds to POI-1
and inhibits it (Fig. 1a, state I). However, when the unnatural
activating partner is present, it interacts with an excess of the
unbound CT molecules in the solution, reducing their affinity
for POI-1. This decrease in affinity, which often results from
proximity-induced, non-specific interactions between the CT
and the surface of POI-2,* shifts the equilibrium toward the
dissociation of the CT-POI-1 complex, ultimately leading to an
unnatural activation of POI-1 by POI-2 (state II). In the context of
enzyme mimicry, the enzyme-bound CTs emulate the function
of natural inhibitory domains (IDs) that govern the function of
various activable enzymes.?” Similar to IDs, the binding of the
synthetic ID (sID) to the non-native protein effector (POI-2)
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Fig. 1 Schematic illustration of the (a) mechanism underlying CT-
mediated artificial protein crosstalk. (b) Top: crystal structures indi-
cating the conformational changes that occur on CaM upon binding to
calcium ions (I — 1l) and subsequently, to a mastoparan peptide (Il —
II) (PDB: 1CFC,ACLL, and 1CDL). Bottom: representation of the
different structural states. (c) A schematic illustration showing how the
binding of CaM(Ca?*) to the inhibitory domain (ID) of CaMKII leads to
the activation of CaMKII.

leads to the liberation of the sID from the active site of POI-1
and subsequently to enzyme activation (Fig. 1a, state II).

In our previous research, two classes of CT molecules were
developed. With the first,”* we demonstrated the feasibility of
establishing unnatural protein effector-mediated enzyme acti-
vation in vitro, as well as showcased its potential for prodrug
activation by non-enzyme disease markers. A similar approach
was recently used to create a triggerable biopharmaceutical
release system.'® With the second transducer class,* such arti-
ficial enzyme activation was established within native (non-
engineered) cells. Although these developments bring us
closer to rewiring intracellular signaling events, the artificial
CT-mediated enzyme activation demonstrated thus far'** was
triggered by an increase in the concentration® or the expression
levels® of the non-native protein activators. Although impor-
tant, a limitation of this activating mode is that it represents
just one, relatively slow mechanism by which signals are
transduced within cells. Moreover, when considering the
application of artificially regulated enzymes in an extracellular
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environment,® achieving reversibility becomes challenging due
to the difficulty of removing the unnatural protein ‘effector’
(POI-2) from the solution.

To broaden the scope of CT-mediated enzyme activation,
and potentially allow faster response rates and reversible
control over enzyme function, we examined additional ways by
which enzymes are activated during cellular signaling.”® A
common activation mode, which does not rely on changes in
the protein expression levels, is based on regulatory proteins
that act as conformational switches.”*** In response to
upstream signals, these proteins undergo rapid conformational
changes that enable them to bind to downstream signaling
enzymes and activate them. We postulated that endowing
a regulatory switch with the ability to activate an unrelated
enzyme would demonstrate the wide applicability of CTs in
controlling the function of proteins by creating artificial regu-
latory links between them. Furthermore, given our recent
demonstration of expression-dependent, artificial protein
crosstalk in cells,* it would demonstrate an initial step towards
utilizing CTs to dynamically reconfigure rapidly evolving cell
signaling pathways.

Herein, we present a third class of chemical transducers,
denoted as CT-3, which mediate, in vitro, an unnatural regula-
tory connection between the calcium sensor calmodulin (CaM)
and glutathione S-transferase (GST). We show that this artificial
linkage makes GST's activity unnaturally dependent on the CaM
conformational state and consequently, on the calcium ion
levels. Given that CaM activates a variety of intracellular
enzymes in a calcium-dependent manner, and that the activity
of GST does not naturally rely on calcium ions or calcium-
dependent CaM structural changes, these findings highlight
the versatile nature of the CT technology and, in particular, its
potential use in rewiring the regulatory function of enzyme
modulating proteins. By switching the activity of GST on and off
using Ca®* and an EDTA chelator, we also demonstrated how
reversible, metal-dependent artificial enzyme regulation can be
uniquely achieved, without introducing unnatural metal
binding sites to the enzyme, cofactor, inhibitor, or substrates.
Finally, within this study, we also investigate the impact of
covalent interaction between the CTs and the enzyme target.
This investigation offers further insights into the mechanisms
governing the function of CTs and the possibility of establishing
a new mode by which artificial enzyme activation could be
rendered isoform dependent.”

Results and discussion

To demonstrate the possibility of reconfiguring the enzyme
modulation abilities of regulatory proteins, we aimed to estab-
lish unnatural communication between CaM and GST. CaM is
a signaling protein found in all eukaryotic cells, functioning as
a primary calcium sensor. In the presence of calcium ions
(Ca*"), CaM adopts a dumbbell-like conformation (Fig. 1b, I —
II) and exposes a hydrophobic patch, enabling it to bind to
distinct peptides like mastoparan® (II — III), as well as activate
various enzymes as a result of these interactions. For example,
the binding of CaM(Ca*") (calcium-bound CaM) to the ID of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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calcium/calmodulin-stimulated protein kinase II (CaMKII)
liberates the ID from the active site, resulting in CaMKII acti-
vation®*? (Fig. 1c). Enzyme activation by CaM(Ca>") plays major
role in the regulation of various cellular processes such as
proliferation and apoptosis.”® GST is a detoxification enzyme®
that operates independently of CaM or calcium. Its primary
function is to catalyze the conjugation of -electrophilic
substrates to glutathione, facilitating their neutralization and
excretion. Its activity can be disrupted by small-molecule
inhibitors such as bis-ethacrynic amides (bis-EAs).****

Based on these properties, namely, the constitutive activity
of GST, the calcium-dependent conformation of CaM, the
ability of CaM to activate enzymes by binding to their IDs
(Fig. 1c),>**” the unrelated functions of CaM and GST, and the
fact that these proteins can be targeted by small-molecule or
peptide binders, we thought that these proteins would serve as
excellent candidates for testing the concept of rewiring enzyme
activation by regulatory proteins. Specifically, we anticipated
that linking bis-EA to a CaM(Ca®") binding peptide (Fig. 2a)
could result in a new class of CTs (CT-3a and CT-3b) serving as
sIDs of GSTs (Fig. 2b, step I). This would make the activity of
GSTs unnaturally dependent on calcium-induced CaM confor-
mational changes (Fig. 2b, step II). Another reason for choosing
GST as the artificially regulated enzyme is the ability of EAs to
distinctly inhibit GST-M1 and the thiol-containing GST-P1
isozymes. Whereas EAs non-covalently bind GST-M1, GST-P1
is covalently inhibited by EAs.*” We anticipated that this
difference would provide a powerful tool for investigating the
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mechanism underlying the CTs function, while also demon-
strating a way to render it isoform specific.

The structure of the CTs (Fig. 2a, CT-3a and CT-3b) integrates
a bis-EA derivative and a 14-mer mastoparan peptide, which
have been shown to bind with low nanomolar affinities to
GST***' and CaM(Ca®"),** respectively. Mastoparan has been
elongated with two additional amino acids, namely, glycine
(Gly) and cysteine (Cys), to enable its linkage to a maleimide-
modified bis-EA inhibitor. To facilitate the investigation of
their binding interactions, the CTs were also modified with
distinct fluorescent reporters. CT-3a bears an ‘always on’ sulfo-
cyanine 5 (sCy5) dye. sCy5 is one of the most popular dyes for
studying biomolecular interactions, owing to its water solubility
compatibility with various analytical instrumentations, such as
plate readers and imagers. To probe proximity-induced inter-
actions between the CT and the surface of CaM(Ca**), CT-3b was
equipped with an environmental responsive solvatochromic
dansyl dye, previously used by our group to sense proximity-
induced interactions with CaM(Ca**).?* Another reason for
choosing these dyes is the polarity difference between them. In
our previous study, we demonstrated that hydrophobic groups
contribute to the formation of proximity-induced interactions
with CaM(Ca®"), whereas negatively charged groups disrupt
these interactions.** Therefore, we hypothesized that the
difference between the negatively charged sCy5 and the hydro-
phobic dansyl might impact the ability of the CTs to mediate
CaM-GST crosstalk (Fig. 2b). In this study, the bis-EA units used
to construct the CTs (Fig. 2a, bis-EA-a and bis-EA-b) also served
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Fig. 2 (a) Structures of CT-3a and CT-3b, generated by conjugating a GST binding molecule (bis-EA-a and bis-EA-b) to a CaM(Ca?") binding

peptide (Cys-Gly-modified mastoparan). (b) Operating principles of the

CTs: upon binding to GST, CT-3 acts as a synthetic inhibitory domain

(sID) (step 1) with which the constitutively active enzyme is transformed into an activable enzyme whose activity is triggered by a calcium-induced

CaM conformational change (step I1).
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as control compounds. These compounds lack the mastopap-
ran peptide; therefore, they are not expected to mediate a CaM-
GST crosstalk.

Following the synthesis of CT-3a and CT-3b (ESI, Section 27),
a GST activity assay that follows the conjugation of glutathione
to 1-chloro-2,4-dinitrobenzene (ESI, Section 31) was used to
determine whether the CTs bind to the GST-M1 isoform
(Fig. 3a). Incubation of GST-M1 with increasing concentrations
of CT-3a (Fig. 3a, left) or CT-3b (right) resulted in dose-
dependent inhibition curves, from which the inhibitory
constants for the CT-GST-M1 complexes were determined as K;
=2.7 £ 0.4 nM and 1.6 £ 0.5 nM, respectively. Notably, the CTs
exhibit greater inhibitory potency towards the enzyme than the
does the monovalent EA inhibitor (K; = 1-5 puM)**** (ESI,
Fig. S1f), as expected from a bivalent CT-GST interaction
(Fig. 2b).

To determine the affinity of CT-3a for CaM(Ca”"), it was
incubated with increasing concentrations of CaM in both the
absence and presence of CaCl,, and the change in anisotropy
was measured (Fig. 3b). The resulting binding curve (black line)
revealed a K4 value of 31 + 8 nM for the CT-3a-CaM(Ca*>")

(Y

Relative GST-M1 activity% ~—
3
<}
o

©
o

©

1=}

w
S

Relative GST-M1 activity%
w =23
o o

=
o

0 200 400 600 800 1000
[CT-3a] (nM)

o

200 400 600 800 1000
[CT-3b] ("M)

b) e camca®) C)

® CaM(Ca?)
O apoCaM C

> apoCaM

4000

Bound Fraction
Fluorescence

2000

! ]\l ! 1 T
00 ﬂ}ﬂ i 1
0.0 0.3 0.6 0.9 1.2 0 0.0 0.3 0.6 0.9 1.2
[CaM] (uM) [CaM] (uM)

d)
3
§ .....
@ CaM(Ca?) [ ‘};
I

460 450 500 550 600 650
A (nm)

Fig. 3 (a) Representative inhibition curves that follow changes in the
activity of GST-M1 (10 nM) upon incubation with increasing concen-
trations of CT-3a (left) or CT-3b (right). (b) Fluorescence anisotropy
curve generated by subjecting CT-3a (50 nM) to increasing concen-
trations of CaM(Ca®*) or apoCaM. (c) Fluorescence response of CT-3b
(400 nM) to the addition of increasing concentrations of CaM(Ca®*) or
apoCaM. Excitation: 340 nm. (d) Fluorescence emission spectra of CT-
3b (400 nM) before (black line) and after the addition of apoCaM (1 uM,
grey line), CaCl, (0.3 mM, dashed grey line), or both (green line).
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interaction. This experiment also confirmed that CT-3a does not
interact with apoCaM, namely, CaM without bound calcium
ions (Fig. 3b, blue). To determine the affinity of CT-3b for
CaM(Ca™") (Fig. 3c), we monitored the changes in the fluores-
cence emission spectra of its dansyl dye (Fig. 3d). Inspecting the
emission spectrum of CT-3b following the addition of
CaM(Ca”") revealed an enhancement and a blue shift in the
emission signal (Fig. 3d, green line), indicating the creation of
a hydrophobic environment for the solvatochromic dye.**
Control experiments in which CT-3b was incubated with only
apoCaM (grey line) or Ca®>" (dashed grey line), did not signifi-
cantly impact the fluorescence signal of CT-3b. The fact that
dansyl dye, despite its distance from the mastoparan peptide, is
in contact with the surface of CaM(Ca>") (Fig. 3d), supports the
hypothesis underlying CT function. Specifically, it shows that
the binding of the CT to its protein target could promote
secondary, non-specific interactions with this protein, which
could ultimately disrupt the CT's binding to a second protein.
The fluorescence response of CT-3b to CaM(Ca**) was used to
construct a binding curve (Fig. 3¢, black line), from which a K4
approx value of 16 £ 7 nM was deduced. Collectively, these
measurements confirm that the transducers bind to the indi-
vidual protein targets. It should be noted that, owing to the
engagement of the CTs in non-specific, proximity-induced
interactions, such as those observed for the dansyl dye, the
binding affinities for the CT-protein interactions themselves
cannot be applied to accurately predict the efficiencies of
different CTs.

Next, we determined whether the CTs can mediate artificial,
CaM-GST crosstalk, in which GST is unnaturally activated by the
addition of calcium ions (Fig. 2b, step II). To this end, the
activity of GST-M1 was measured before and after incubation
with either CT-3a (Fig. 4a, left) or CT-3b (Fig. 4a, right), apoCaM,
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Fig. 4 (a) Activity of GST-M1 (10 nM) before (dotted line) and after
(grey line) the addition of 200 nM of CT-3a (left) or CT-3b (right) and
after subsequent additions, of first, apoCaM (1 uM, black line) and then,
Ca®* (0.3 mM, blue line). (b) Results of a similar experiment performed
with control compounds, bis-EA-3a (left) and bis-EA-3b (right), which
lack the CaM(Ca?*) binding peptide (mastoparan).
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Ca?*, and a combination thereof. The results indicate that in the
presence of the CTs (grey solid line), or CTs and apoCaM (black
line), GST-M1 activity was significantly inhibited. However,
upon introducing Ca®" to the inhibited GST-M1 (CT-bound GST-
M1) in the presence of apoCaM, a substantial recovery of
enzymatic activity was observed (blue line), with the CT-3b-
inhibited enzyme showing a remarkable 100% reactivation
(Fig. 4a, right). The partial reactivation of CT-3a-inhibited GST-
M1 (67%), compared with the full reactivation of CT-3b-
inhibited GST-M1, may be due to a preferable proximity-
induced interaction between the more hydrophobic CT-3b and
CaM(Ca*"). To support our hypothesis that the bifunctionality
of the CTs is essential for achieving Ca®>*-induced activation of
GST-M1, we performed a similar experiment with bis-EA-a and
bis-EA-b, which lack the mastoparan peptide (Fig. 4b). As ex-
pected, almost no change in the activity of bis-EA-inhibited GST-
M1 was observed upon the addition of apoCaM or apoCaM and
calcium, with the slight increase in activity likely resulting from
non-specific interactions.

To further validate the mechanism underlying the CT-
mediated regulation of GST by CaM, we also followed the
binding of the CTs to the thiol-containing GST-P1 isoform and
determined the effect of CaM(Ca®") on this interaction (Fig. 5).
EA-based inhibitors have been shown to form covalent bonds
with GST-P1.>* Therefore, we anticipated that this covalent
interaction would prevent the dissociation of the CT-GST-P1
complexes and the consequent GST activation. Initially, we
determined the ability of the CTs to bind to and inhibit this
isoform by measuring GST-P1 activity following incubation with
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increasing concentrations of the CTs (Fig. 5a). The resulting
inhibition curves show that CT-3a and CT-3b inhibit GST-P1
with ICs50 approx values of 140 + 20 nM, and 144 + 17, respec-
tively. To confirm that the CTs form a covalent bond with GST-
P1, we measured the mass of GST-P1 before and after incuba-
tion with CT-3a (Fig. 5b, top). As a control, we also measured the
mass of GST-M1 following treatment with the same CT (Fig. 5b,
bottom). The spectra reveal that whereas the mass of GST-M1
remained unchanged, the mass of GST-P1 (monomer or
dimer) increased by 3625 Da, corresponding to the calculated
mass of the CT-3a adduct. In the next step, we determined the
effect of CaM(Ca”") on the activity of CT-bound GST-P1 (Fig. 5¢).
The results show that GST-P1 activity was not regenerated
following incubation with CaM and Ca”'. Thus, this control
experiment provides additional evidence that the previously
observed reactivation of GST-M1 (Fig. 4a) by calcium resulted
from a CaM(Ca**)-mediated dissociation of the CTs from GST-
M1.

Besides serving as a control isoform, an advantage of using
GST-P1 to investigate CaM-GST communication is the ability to
track the formation of GST-P1-CT complexes using fluorescence
gel imaging. Unlike the previous experiments, in which the CT-
GST interactions were determined indirectly by observing
inhibition of the catalytic activity, SDS-PAGE visualization
provides the means to follow the formation of the CT-GST-P1
complex without using colorimetric substrates. We antici-
pated that, in line with enzymatic activity measurements
(Fig. 4a and 5c), incubating the CT with GST-P1 first and then
with CaM(Ca>*) would result in covalent fluorescent labeling of

0 [ I ] 1.GST-P1
=,
2.CaM(Ca®) S s
')
. |cT3a CT3a
5
3 03 "
£ labeled
>
202 L 1.CaM(Ca?) ey
8 1CaM(Ca) 5
s “nnn 26STPI Ly
o
5- 0.1 CT-3a unlabeled
1]
00 ) GST-P1 + + + + + +
0 100 200 300 400 500 600 apoCaM - -+ + + +
. CT-3a -+ o+ o+ o+ o+
Time (sec) Car S PR
= ot B L .
% 0s 12 3 4576
=3 KDa
2
g 1004
g 55 =2
a
v 0.1
= 35
& -
0.0
0 100 200 300 400

500 600

1#: GST-P1, 2: CaM(Ca®)

Time (sec
( ) 1: CaM(Ca®), 2*: GST-P1

(a) Activity of GST-P1 (20 nM) in the presence of increasing concentrations of CT-3a (top) or CT-3b (bottom). (b) MS deconvoluted

spectrum for GST-P1 (1.25 uM) (top) or GST-M1 (bottom) before (black) or after (pale blue) the addition of CT-3a (2.5 uM). (c) Activity of GST-P1
(20 nM) before (dotted line) and after (grey line) the addition of 400 nM of CT-3a (top) or CT-3b (bottom) and after subsequent additions of
apoCaM (1 uM. black line) and Ca®* (0.3 mM, blue line). (d) Schematic illustration of the expected labelling of GST-P1 following incubation with
first CT-3a and then with CaM(Ca?") (top) or following incubation with first CaM(Ca?*) and then GST-P1 (bottom). (e) In-gel fluorescence imaging
of the bands formed following the incubation of CT-3a (300 nM) with different combinations of GST-P1 (300 nM), apoCaM (300 nM), Ca>* (0.09
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© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2024, 15, 14209-14217 | 14213


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc02635g

Open Access Article. Published on 05 August 2024. Downloaded on 10/19/2025 8:44:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

GST-P1 (Fig. 5d, top), which would enable visualizing the CT-
GST-P1 complex using in-gel fluorescence imaging. However,
if CaM(Ca®") indeed disrupts the CT-GST interaction, then
subjecting the transducer to CaM(Ca>") before incubating it
with GST-P1 (Fig. 5d, bottom) should prevent the covalent
labeling of GST-P1 and, consequently, the visualization of gel
bands.

Fig. 5e shows the fluorescence imaging of the bands formed
by mixing CT-3a with different combinations of GST-P1, CaM,
Ca** and EDTA. The covalent binding of the transducer to GST-
P1 was verified by the appearance of bands at around 25 kDa
and 50 kDa (lane 2), indicating the binding of CT-3a to a GST-P1
monomer or dimer, respectively. A weaker band at 75 kDa also
appeared. This may indicate that two CT molecules connect
a dimer and a monomer by reacting with an additional cysteine
located outside the catalytic site. The in-gel imaging also
showed that the same fluorescence pattern was obtained
following the addition of apoCaM (lane 3) or apoCaM and Ca”>*
(lane 4) to a mixture containing CT-3a and GST-P1. This indi-
cates that the calcium-induced conformational change of
apoCaM into CaM(Ca®") did not trigger the dissociation of CT-
3a from GST-P1, as expected from the covalent interaction
between the two (Fig. 5d, top). However, when CT-3a was
incubated with apoCaM and Ca®" prior to the addition of GST-
P1, the bands corresponding to the CT-3a-GST-P1 complex
disappeared (Fig. 5e, lane 5). This observation confirms that the
binding of CaM(Ca**) to CT-3a prevents the CT from binding to
GST-P1, in accordance with our hypothesis (Fig. 5d, bottom).
This last experiment was then repeated in the presence of EDTA
(Fig. 5e, lane 6). Specifically, after subjecting CT-3a to apoCaM,
Ca®" and then to GST-P1, EDTA was added. EDTA has been
shown to bind to the Ca®* ions of CaM(Ca®>*) and to shift the
equilibrium toward the formation of an apoCaM conforma-
tion.*® Thus, we expected that in the presence of EDTA, CaM
would no longer be able to bind to the CT, leading to CT release
and its covalent binding to GST-P1. The reappearance of a band
corresponding to a CT-3a-GST-P1 complex (lane 6) confirmed
this hypothesis, providing additional evidence that the CT-GST
interaction depends on the Ca**-induced conformational
change in CaM. Collectively, the gel mobility data support
a fundamental aspect of the CT function, namely, that although
a CT can strongly bind to each of its targets, it cannot bind to
them at the same time.

The simplicity by which metal-ligand interactions can be
reversibly controlled, for example, by adding a competing
chelator or changing oxidation states, makes metal ions
attractive chemical signals for achieving unnatural enzyme
regulation.®'* The observation that the addition of EDTA trig-
gers the liberation of CT-3a from calmodulin and the subse-
quent reformation of a CT-3a-GST-P1 complex (Fig. 5e, lane 6)
suggests the potential for establishing a novel method to arti-
ficially regulate enzyme activity by modulating the coordination
of metal ions. Specifically, the gel mobility data (Fig. 5¢) indicate
that, unlike other artificially regulated enzymes where metal-
dependent control over enzyme activity was achieved by modi-
fying an enzyme® or an unnatural cofactor'* with a metal
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chelating agent, with our approach such control might be
attained by rewiring of metal-responsive regulatory proteins.
To determine whether the CT-3-mediated activation of GST
could be dynamically controlled by subjecting the system to
Ca*" and EDTA, we first determined the effect of EDTA on the
activity of an unnaturally activated GST-M1, namely, GST-M1
subjected to CT-3b and then CaM(Ca®") (Fig. 6a). The results
indicate that, in accordance with the observed exchange of
binding partners (Fig. 5e), the addition of EDTA led to re-
inhibition of GST-M1. In the next step, we determined
whether the indirect response of GST-M1 to Ca®" and EDTA
could also be observed in real time, specifically by introducing
them while monitoring the activity of GST (Fig. 6b). To this end,
GST-M1 was placed in two wells and incubated with CT-3b,
CaM, colorimetric substrates and the catalytic activity of the
enzyme in both wells was followed (Fig. 6b, top). After 210 s,
CaCl, was added to only one of the wells and the measurement
continued. The results show that the addition of calcium ions
led to an immediate GST reactivation. Similarly, we have shown
that the addition of EDTA after 210 s rapidly reversed the
unnatural, calcium-mediated GST-M1 activation (Fig. 6b,
bottom). The reversibility of the system was further demon-
strated by monitoring the response of GST-M1 to the sequential
additions of Ca®" and the more effective Ca*" chelator, EGTA,
resulting in an inhibition-activation cycle (Fig. 6¢). Mastoparan
binding has been shown to increase the affinities of CaM to
Ca®>".* Therefore, we anticipated that EGTA would more
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Fig. 6 (a) Activity of GST-M1 (10 nM) in the presence of CT-3b (200
nM) and apoCaM (1 uM) before (grey line) and after the addition of
CaCl, (0.3 mM, blue line), and after subsequent addition of EDTA
(3 mM. purple line). (b) Changes in the activity of CT-3b-inhibited GST-
M1 upon the addition of CaCl, (0.3 mM) and EDTA (3 mM) att =210 s.
Concentrations: 10 nM GST-M1, 200 nM CT-3b (c) initial velocity (Vo)
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M), (IV) EGTA (80 pM), (V) Ca®* (100 pM), (VI) EGTA (400 pM), (VII) Ca*
(500 uM), and (VIII) EGTA (3 mM).
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efficiently remove calcium from the CaM(Ca®")-CT complex
compared to EDTA. Only a few activation-inhibition steps were
obtained (ESI, Fig. S21) due to the accumulation of CaM's
modulating signals (Ca>* and EGTA) in the solution,
a phenomenon that does not occur in cell signaling. At high
concentrations (step VIII), these species begin to affect the
activity of GST (ESI, Fig. S3t) and possibly other components in
the system, hindering GST reactivation and a direct evaluation
of the CT-mediated GST response. Notably, this unnatural
regulation of GST activity was achieved without introducing
chemical or genetic modifications to GST or CaM, demon-
strating the feasibility of reversibly controlling enzyme function
by establishing an artificial link with a metal-responsive regu-
latory protein.

Experimental

All the experimental details are provided in the ESI.}

Conclusions

To summarize, we have demonstrated the feasibility of estab-
lishing, in vitro, an artificial regulatory link between a GST
enzyme and the calcium sensor protein CaM through the
rational design of suitable CT molecules. It was shown that in
the presence of CT-3 the constitutively active GST is converted
into an activatable enzyme. Concurrently, the CaM is trans-
formed into an unnatural effector protein, rendering GST
activity artificially dependent on the Ca®‘-mediated CaM's
conformational state. Given that in nature, GST is not among
the enzymes activated by CaM, these results demonstrate
a potential new mode of artificial enzyme modulation which is
based on reconfiguring the enzyme activation abilities of regu-
latory proteins.

Accordingly, we believe that this development could
contribute to the future development of artificially activated
enzymes in various ways. First, it aligns well with our vision of
utilizing CTs to mediate non-natural cell signaling
processes.’?® Given our recent demonstration of CT-mediated
artificial protein crosstalk within native cells,” the unnatural
regulatory link between CaM and GST indicates the possibility
of creating alternative classes of artificial enzyme activation
steps in which one protein's activity would be artificially linked
to the conformational states of another. This should expand the
choice of proteins that could serve as unnatural effectors, as
well as accelerate artificial protein crosstalk in cells by bypass-
ing the dependence on slow effector expression.”* Another
unique feature of the CTs is their ability to afford artificial,
metal-dependent control of enzyme activity without introducing
an unnatural metal binding site to the components that play
a role in the catalysis. Considering the prevalence of protein
switches that mediate signal transduction steps in a metal-
dependent manner,*®* this approach should provide the
means to unnaturally activate proteins by other metal ions, such
as copper or zinc. This versatility could open the way to paral-
lelly controlling the unnatural activation of distinct enzymes as
well as establishing more robust enzyme activation systems

© 2024 The Author(s). Published by the Royal Society of Chemistry
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capable of undergoing multiple activation-inhibition cycles.
Finally, the inability to establish communication between CaM
and GST-P1 isoform indicates the feasibility of introducing
isoform specificity to CT-mediated artificial protein crosstalk.
Interestingly, although covalent modification of catalytic cyste-
ines has been demonstrated as a powerful method for con-
verting enzymes into activable enzymes (i.e., chemical
zymogens),” with the CTs, this covalent interaction yields the
opposite effect. Specifically, only isoforms lacking a catalytic
cysteine can be converted into artificially triggered enzymes
using the CTs.

Collectively, we expect that these features—rewiring enzyme
activation by regulatory proteins, obtaining a novel mode of
artificial, metal-dependent enzyme regulation, and demon-
strating isoform-dependent artificial protein crosstalk—could
expand the current chemical toolbox used to create artificially
activated enzymes and, consequently, broaden their application
in various research fields.
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