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Abstract

Thioredoxin 1 (Trx1) and glutaredoxin 1 (Grx1) are two ubiquitous redox enzymes that are central
for redox homeostasis, but also are implicated in many other processes, including stress sensing,
inflammation, and apoptosis. In addition to their enzymatic redox activity, there is increasing
evidence showing that Trx1 and Grx1 play regulatory roles via protein-protein interactions with
specific proteins, including Askl1. The currently available inhibitors of Trx1 and Grx1 are thiol-
reactive electrophiles or disulfides that may suffer from low selectivity due to their thiol reactivity.
In this report, we used a phage peptide library to identify a 7-mer peptide, 2GTP1, that binds to
both Trx1 and Grx1. We further showed that a cell-permeable derivative of 2GTP1, TAT-2GTP1,
disrupts the Trx1-Ask1 interaction, which induces Ask1 phosphorylation with subsequent
activation of JNK, stabilization of p53, and reduced viability of cancer cells. Notably, as opposed
to a disulfide-derived Trx1 inhibitor (PX-12), TAT-2GTP1 was selective for activating the Askl
pathway without affecting other stress signaling pathways, such as ER stress and AMPK
activation. Overall, 2GTP1 will serve as a useful probe for investigating protein interactions of
Trx1.

INTRODUCTION

Thioredoxin 1 (Trx1) and glutaredoxin 1 (Grx1) are two ubiquitous redox enzymes that
belong to a thioredoxin-fold family with one or two conserved cysteine residues in the active
site for redox activity.1: 2 These two small oxidoreductases play pleiotropic functions that
can be overlapping, but also distinct in cellular protection. For example, both Trx1 and Grx1
provide the reducing power to central antioxidant enzymes to maintain redox homeostasis.!
In addition, Trx1 and Grx1 directly modulate the redox status of a broad range of signaling
proteins, transcription factors and others,? including p53,3: 4 Nf-kB,> 6 and ribonucleotide
reductase (RNR),’ by several distinct mechanisms, including disulfide reduction, de-
nitrosylation, and de-glutathionylation.2 Moreover, Trx1 and Grx1 are secreted to the
extracellular matrix where Trx1 or its truncated form acts as cytokines for activating immune
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cells,8 9 whereas the exact role of Grx1 is unclear. Overall, Trx1 and Grx1 are implicated in
diverse processes, ¢€.g., enhancing DNA synthesis, activating inflammation, and suppressing
apoptosis.10: 11 Indeed, a high level of Trx1 was found in many cancer cell lines and in
patient tumors.12-15 Extensive data support that a high level of Trx1 strongly correlates with
tumor proliferation, drug resistance, tumor invasion and metastasis, and poor clinical
prognosis.16-20 A Trx1 knockout is lethal in mice.?! The exact role of Grx1 in cancer is less
understood, but an increased level of Grx1 was also found in pancreatic carcinoma tissue, 22
and murine allergic airway disease,23 but at low levels in alveolar macrophages of
sarcoidosis and allergic alveolitis.2* Grx1 knockdown decreases lipopolysaccharide-induced
inflammation and alveolar macrophage activation.

The redox activity of Trx1 for disulfide reduction and Grx1 for de-glutathionylation is
essential for their biological activity in various processes. However, there is increasing
evidence to show that Trx1 and Grx1 play regulatory functions via non-covalent or covalent
protein-protein interactions with specific partners, including apoptosis signal-regulating
kinase 1 (Ask1),26-29 thioredoxin-interacting protein,30: 31 RNR,32 and murine protein
Ser/Thr kinase 38 (MPK38).32 One example is suppression of apoptosis in cancer cells by
inhibiting Ask1.34 Ask1 is a stress-sensing kinase that is activated by a variety of stimuli,
including reactive oxygen species (ROS) and cytokines.3* 35 Trx1 and Grx1 negatively
inhibit activation of Askl by binding to an N-terminal Trx-binding domain and a C-terminal
oligomerization domain of Ask1, respectively.2% 36 At a molecular level, Trx1 binds to Ask1
via non-covalent interactions28: 27 or disulfide formation.3”: 38 In response to ROS, Trx1 and
Grx1 are oxidized and dissociate from Ask1,22: 36 which allows for Ask1 activation by
autophosphorylation3® or an upstream kinase, such as MPK38.40 Ask1 activation induces a
cascade of the MAPK pathway, phosphorylating MKK 3/6 and 4/7 with subsequent
activation of JNK and p38.3> The sustained activation of JNK and p38 is associated with
apoptosis; thus, up-regulation of Trx1 and/or Grx1 contributes to inhibiting apoptosis in
tumor cells.

The strong correlation of Trx1 with cancer proliferation led to the development of Trx1
inhibitors,*1-43 including sec-butyl 2-imidazoylyl disulfide known as PX-12,4 which was
evaluated in clinical trials.*>: 46 The currently available inhibitors are thiol-reactive
electrophiles or disulfides in which inhibition is primarily mediated by covalent modification
of the redox-active cysteine in Trx1. Similarly, Grx1 inhibitors, including cadmium,
primarily rely on cysteine reactivity in Grx1.47-4% Many of these electrophilic or reactive
inhibitors have low selectivity due to their thiol reactivity. Here, we employed phage display
to develop a redox-inactive peptide-based inhibitor (2GTP1) that has high binding affinity to
both Trx1 and Grx1. We further show that a cell-permeable derivative of 2GTP1,
TAT-2GTP1, selectively disrupts the Trx1-Ask1 interaction, thus activating Ask1 and JNK.

MATERIAL AND METHODS

Phage display selection

The initial phage library (New England Biolabs, phage titer 4 x 1011 pfu/pl) was incubated
with Ni-NTA beads overnight to remove non-selective phage binding to beads, and the non-
bound phage were used for selection against Grx1 or Trx1. Human His-tagged Grx1 or Trx1
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(1 uM) was immobilized on fresh Ni-NTA magnetic beads, which were then incubated with
the pre-cleared phage library. All bio-panning procedures were conducted in a TBST buffer
containing DTT (1 mM) to exclude phage that form disulfide bond with a bait protein.
EDTA (50 mM) or 1GP3 (50 uM) was used to elute the bound phage. Eluted phage were
used to infect bacteria (£. co/i ER2738) for amplification. After growing bacterial cells
overnight, the amplified phage in supernatant were precipitated by addition of 20%
polyethyleneglycol-8000 and 2.5 M NaCl. The collected phage were used in the next round
of bio-panning. After three or four rounds of bio-panning, bacteria infected with eluted
phage were cultured on IPTG/X-gal plates. The activity of p-galactosidase in bacterial cells,
which is produced by combination of a lacZa gene of phage and a lacZ omega-gene of £.
coli, was detected by addition of IPTG that induces expression of p-galactosidase, and X-gal
(5-bromo-4-chloro-3-indolyl-B-D-galactoside) that is hydrolyzed to a blue product by -
galactosidase. The blue bacterial colonies were randomly selected. The DNA sequences
were amplified by colony PCR, and subjected to DNA sequencing.

Trx1 and Grx1 binding assay

Streptavidin agarose beads were washed with 0.1 M TBS (pH 7.4) and incubated with
biotinylated peptides (20-50 pM) for 15 min, and washed the unbound peptides, followed by
the addition of Grx1, Trx1, or Grx3 (25-50 ug). Alternatively, Grx1 or Trx1 was pre-
incubated with reduced glutathione (0-5 mM), H,O,, or GSSG (10 molar equivalents to
Grx1 or Trx1) for 1 h before addition to the beads. The bead mixture was incubated for 1 h
at room temperature, and unbound protein was removed by washing with TBST (0.1%
Tween) (10 mL). Protein bound to beads was eluted by using 0.1 M glycine-HCI (pH 2.8)
and neutralized immediately by addition of 1 M Tris-HCI (pH 8.0) or eluted by addition of
an SDS loading dye. Eluted proteins were analyzed on an SDS-PAGE gel by Coomassie
staining or Western blotting.

Measuring the binding affinity

The bio-layer interferometry (BLI) technology (BLItz system, ForteBio) was used to
measure the binding affinity of 2GTP1 to Grx1 or Trx1. The streptavidin-coated biosensor
was hydrated in buffer A containing Tris-HCI (100 mM), NaCl (150 mM), EDTA (3 mM),
Tween-20 (0.005%) and DTT (1 mM) for 10 min. The hydrated biosensor was transferred to
the following solutions in sequence: 1) biotin-2GTP1 solution for 120 sec, 2) buffer A for 30
sec, 3) varying concentrations (0.078 — 25 pM) of Grx1 or Trx1 in buffer A for 120 sec, and
4) buffer A for 120 sec. The sensor responses were plotted versus increasing concentrations
of proteins to calculate the apparent dissociation constant (Ky). The binding affinity of 1GP3
with Grx1 was measured under the similar conditions by using surface plasma resonance
(SPR) (Biacore 2000, GE Healthcare) with a CM-5 biosensor chip.

Glutaredoxin enzyme assay

Grx1 activity was measured by using a glutathione reductase (GR) coupled enzyme assay.>°
In this assay, Cys-SSG (Toronto Research Chemical) was used as a substrate of Grx1. Cys-
SSG was reduced by Grx1, forming oxidized glutathione disulfide (GSSG). GSSG was
reduced by GR with oxidation of NADPH to NADP*. The NADPH concentration was
measured by UV absorbance at 340 nm. Grx1 inhibition was assayed in 0.1 M phosphate
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buffer (pH 7.4), containing EDTA (1 mM), BSA (0.1 mg/uL), NADPH (0.2 mM), yeast GR
(4 units), GSH (0.25 mM), and Cys-SSG (100 uM) as the substrate. Grx1 (40 ng) was
incubated with increasing concentrations (10-200 uM) of peptide inhibitors. The initial rates
were calculated from the change of UV versus time with increasing concentrations of
peptide inhibitors, which were used to calculate the percent inhibition.

enzyme assay

Trx1 activity was measured as reported previously.>! Insulin was used as a substrate of Trx1.
Trx1 reduces the disulfide in insulin, and the reduced insulin induces turbidity, which was
measured by the absorbance at 650 nm. Trx1 activity was assayed in 0.1 M phosphate buffer
(pH 7.4), containing EDTA (2 mM), insulin (35 pM), and DTT (125 pM). Trx1 (10 nM) was
incubated with increasing concentrations (1-100 uM) of peptide inhibitors. Absorbance at
650 nm in the presence of peptide inhibitors was measured at the specific time point, which
was used to calculate the percent inhibition.

Cell viability assay

Cell viability was measured by using a Trypan blue assay. MDA-MB-231 cells were plated
in a 6-well plate. Cells were then treated with TAT-re-2GTP1, TAT-2GTP1, or PX-12 and
incubated for 48 h at 37 °C. After washing with PBS once, cells were treated with trypsin to
detach cells from the plates. Cells were then re-suspended in culture medium, and mixed
with 0.4% trypan blue solution. The suspended cells were then loaded into the chamber on
the counting slide (BioRad) and cell number was determined by using a TC20 automated
cell counter (BioRad).

Detection of ROS induction

ROS induction was measured by a 2”,7”-dichlorofluorescein diacetate (DCF-DA)
fluorescence assay. MDA-MB-231 cells were plated in a 96-well plate with 25,000 cells per
well. After plating, cells were incubated with DCF-DA (25 uM) in a phenol red-free DMEM
medium for 45 min at 37 °C. The medium containing DCF-DA was then removed, and cells
were incubated with TAT-re-2GTP1, TAT-2GTP1, or PX-12 for 5 h at 37 °C. Fluorescence
intensity was measured at 485 nm (excitation) and 535 nm (emission).

Western Blotting

MDA-MB-231, MCF-7 and MDA-MB-453 cells in 6 cm dishes were treated with TAT, TAT-
re-2GTP1, TAT-2GTP1, and PX-12, and incubated at 37 °C for 6 h. Cells were then lysed
with TBST containing Triton-X 100 (0.1%), NaF (50 mM) and an EDTA-free protease-
inhibitor cocktail. The same amount of proteins in lysates were loaded and separated by
SDS-PAGE, transferred to PVDF membrane, and incubated with individual primary
antibodies at 4 °C overnight, followed by a secondary antibody conjugated with HRP.
Individual proteins were detected by measuring chemiluminescence with a FluorChem Q
imager (BioRad). Antibodies for p53, Askl, GRP78, and Grx1 were obtained from
SantaCruz, and antibodies for INK, p-JNK (Thr183/Tyr185), p-Askl (Thr845), AMPK, p-
AMPK (Thrl72), p38, p-p38 (Thr180/Tyr182), and Trx1 were obtained from Cell Signaling.
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Co-immunoprecipitation of Askl and Trx1

pcDNAS3.1 plasmids containing FLAG-Ask1 (gift from Yardena Samuels, Addgene plasmid
# 47104) or HA-Trx1 were transfected to HEK 293 cells. Cells were then treated with TAT-
re-2GTP1, TAT-2GTP1, or PX-12 (50-100 puM) for 6 h. Cells were then lysed with TBST
containing Triton-X 100 (0.1%), NaF (50 mM) and an EDTA-free protease inhibitor
cocktail. Lysates (0.5 mg proteins) were incubated with FLAG-antibody and pre-washed
protein G agarose beads, and incubated for 16 h at 4 °C. The beads were washed with TBST,
and bound proteins were eluted and analyzed by Western blotting.

RESULTS

Phage display to find peptides binding to Trx1 or Grx1

To develop a potential high-affinity binder to Trx1 or Grx1, we used a phage peptide library
(Ph.D.™) that displays an N-terminal 7-mer peptide fused to a coat protein plll on M13
phage. We initially used Grx1 as a bait protein immobilized on beads by N-terminal His-
tagging, and performed three rounds of bio-panning while eluting with EDTA (Figure 1 and
Table 1, trial 1). All bio-panning procedures were conducted in a reducing condition (DTT, 1
mM) to prevent disulfide bond between phage and a bait protein. After the last bio-panning,
bacteria were infected with eluted phage and plated to find infected bacterial colonies. The
sequencing of 16 selected bacterial colonies identified three peptides (1GP1, 1GP2, and
1GP3 in trial 1, Table 1). Notably, 1GP3 was found in 12 out of 16 colonies, showing its
high enrichment. To confirm their binding to Grx1, we synthesized biotinylated peptides
(biotin-1GPs) (Figure S1-2). /n vitro binding assays showed that 1GP2 and 1GP3 bind to
Grx1, whereas 1GP1 did not show significant binding with Grx1 (Figure S1C). We further
evaluated whether these peptides can inhibit Grx1 enzyme activity of de-glutathionylation.
While 1GP2 did not have any inhibitory activity, 1GP3 showed dose-dependent inhibition of
Grx1 de-glutathionylation (ICsq = 46 M, Figure S1D). To measure binding affinity of 1GP3
with Grx1, we used SPR with biotin-1GP3, which confirmed direct binding of 1GP3 to Grx1
(Ky=38+2puM, Table 1 and Figure S1E).

To improve the binding affinity, we re-designed the phage display screening in which bound
phage were eluted with free 1GP3 to enrich for phage that bind specifically to Grx1. During
screening, both Grx1 and Trx1 were used as bait proteins independently immobilized on
beads (Table 1, trial 2 and 3). Note that both Grx1 and Trx1 belong to a thioredoxin-fold
family with high structural similarity.> Thus, we envisioned that 1GP3 could be used as a
competitor during bio-panning with Trx1. After three rounds of bio-panning, the sequencing
results identified a relatively small number of peptide sequences (Table 1). Notably, there
was significant enrichment of one peptide, 2GTP1, which was identified in both bio-panning
involving Grx1 or Trx1 (23/26 colonies in the 3™ rounds with Grx1; 26/30 colonies in the
3" rounds with Trx1). We synthesized five peptides identified from bio-panning with either
Grx1 or Trx1, among which only 2GTP1 showed significant inhibitory activity to both Grx1
de-glutathionylation and Trx1 disulfide reduction (Figure S4). Therefore, 2GTP1 was
selected and used for further analyses.
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Biochemical analyses of 2GTP1 with Trx1 and Grx1

Initially, we synthesized a biotinylated 2GTP1 peptide (biotin-2GTP1) to evaluate its
binding to Grx1 and Trx1 (Figure 2A and S2-3). Biotin-2GTP1 was bound to streptavidin-
beads, and incubated with Grx1, Trx1, or Grx3 (also known as PICOT®2). Note that Grx3
contains three thioredoxin-fold domains, including one Trx-like domain and two Grx-like
domains.1! Therefore, Grx3 was used as a control protein to examine selective binding of
2GTP1 to Trx1 and Grx1. A binding assay showed that 2GTP1 binds to Grx1 and Trx1, but
not Grx3 (Figure 2B). Similarly, the competition experiment with non-biotinylated 2GTP1
confirmed that 2GTP1 specifically binds to Grx1 and Trx1, but not Grx3 (Figure 2C),
showing selectivity of 2GTP1 to Grx1 and Trx1 over Grx3. Importantly, Trx1 and Grx1 can
be oxidized to form an intramolecular disulfide and glutathionylated disulfide
(glutathionylation), respectively. Thus, we evaluated whether oxidation or the presence of
glutathione can affect binding of 2GTP1 to Trx1 and Grx1. Interestingly, incubation with
reduced glutathione did not change binding of 2GTP1 to either Grx1 or Trx1 (Figure 2D),
which agrees with the fact that human Grx1 does not have significant binding affinity with
reduced glutathione.53 In contrast, Grx1 or Trx1 incubated in oxidizing conditions decreased
their binding with 2GTP1 (Figure 2E), suggesting that 2GTP1 binds to reduced forms of
Trx1 and Grx1.

Next, we further evaluated 2GTP1 for its enzyme inhibitory activity and binding affinity to
Grx1 and Trx1. Encouragingly, a Grx1 de-glutathionylation enzyme assay showed that
2GTP1 inhibits Grx1 more potently than 1GP3 (IC5¢ 11 uM for 2GTP1 vs. 46 UM for 1GP3)
(Figure 2F, left, and S1D). The subsequent BLI binding analysis also confirmed binding
interaction of 2GTP1 with Grx1 (Ky= 1.2 £ 0.2 pM) (Figure 2F, right), which is
significantly higher affinity than 1GP3 (Ky= 38 £ 2 uM) (Table 1). Similarly, we evaluated
2GTP1 for potential inhibition of Trx1 activity. 2GTP1 showed dose-dependent inhibition of
Trx1 activity in an insulin-reduction assay (Figure 2G, left) albeitincomplete inhibition even
at high concentrations. In contrast, PX-12, a disulfide-derived Trx1 inhibitor, showed higher
inhibitory potency and efficacy to Trx1 activity in this assay (Figure 2G, left). The BLI
binding analysis confirmed binding interaction of 2GTP1 to Trx1 (Kgq = 2.5 + 0.5 uM)
(Figure 2G, right). Interestingly, direct binding of 2GTP1 to Trx1 was decreased in the
presence of PX-12 (Figure S5), which suggests overlapping binding sites of 2GTP1 and
PX-12 in Trx1. Overall, despite the shallow surface in the active site of Trx1 and Grx1,
2GTP1 was found to bind to both Trx1 and Grx1.

2GTP1 disrupts the Trx1-Ask1 interaction

Both Trx1 and Grx1 bind to Ask1, protecting Ask1 from activation.2% 36 It was previously
shown that oxidation of Trx1 and Grx1 induces their dissociation from Ask1, leading to
activation and phosphorylation of Ask1.29 36 To evaluate 2GTP1 in cells, we made a cell-
permeable derivative of 2GTP1 by adding the TAT-sequence (TAT-2GTP1), along with two
control peptides, TAT only and the reverse sequence of 2GTP1 with TAT (TAT-re-2GTP1)
(Figure 3A and S3). An in vitro binding assay confirmed that TAT-2GTP1 binds to Trx1 and
Grx1, while TAT-re-2GTP1 does not (Figure 3B).
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TAT-2GTP1 was then examined for disrupting the Trx1-Ask1 interaction in MDA-MB-231
cells that express a high level of Trx1 (Figure 4C). After incubation of TAT-2GTP1 to cells,
co-immunoprecipitation (co-1P) experiments showed that TAT-2GTP1 decreased binding of
Trx1 with Askl (Figure 3C, lane 1 vs 3, and Figure S6A). Interestingly, treatment of
TAT-2GTP1 induced phosphorylation of Askl1 (Figure 3D, lane 1 vs. 3, and Figure S6B),
suggesting that Trx1 dissociation from Ask1 even without ROS stimulus induces activation
of Askl. In the control, TAT-re-2GTP1 did not induce disruption of the Trx1-Askl
interaction (Figure 3C, lane 1 vs. 2, and Figure S6A) nor phosphorylation of Ask1 (Figure
3D, lane 1 vs. 2, and Figure S6B), showing the specific effect of TAT-2GTPL1. In the same
manner, PX-12 also disrupted the Trx1-Ask1 interaction (Figure 3C, lane 1 vs 4, and Figure
S6A) and activated Askl by phosphorylation (Figure 3D, lane 1 vs 4). On the other hand,
under similar conditions, we did not observe significant loss of the Ask1-Grx1 interaction
upon incubation of TAT-2GTP1 or TAT-re-2GTP1 (Figure S6C).

To confirm the direct effect of 2GTP1 in disrupting Trx1-Askl and Grx1-Askl, FLAG-Askl
was transfected to HEK293 cells, isolated by using FLAG-antibody, and incubated with
Grx1 or Trx1 in vitroin the presence of 2GTP1. The Trx1-Askl interaction was significantly
decreased upon incubation of 2GTP1 (Figure 3E, top), whereas the Grx1-Ask1 interaction
was decreased, but relatively at a modest level (Figure 3E, bottom), which suggests that
2GTP1 may have low potency in disrupting Grx1-Ask1, resulting in no disruption of the
Grx1-Askl interaction by TAT-2GTP1 in cells. Overall, our data demonstrate that
TAT-2GTP1 can disrupt the Trx1-Ask1 interaction in cells with subsequent activation and
phosphorylation of Ask1.

2GTP1 induces selective activation of Askl stress signal pathway

Ask1 phosphorylation induces activation and phosphorylation of MAP kinase, such as JINK
and/or p38.35 The sustained activation of JNK induces apoptosis and stabilization of p53.54
Therefore, we further evaluated the effects of TAT-2GTP1 in downstream pathways of Askl.
Incubation of TAT-2GTP1 to MDA-MB-231 cells induced phosphorylation of JNK and
stabilization of p53 (Figure 4A) while TAT or TAT-re-2GTP1 did not induce
phosphorylation of JNK nor stabilization of p53 (Figure 4A). On the other hand, p38 was
not phosphorylated upon incubation of TAT-2GTP1 (Figure 4A). Similarly, PX-12 also
induced JNK phosphorylation and p53 stabilization without p38 phosphorylation (Figure
4A). In addition to MDA-MB-231 cells, we found that Trx1 is highly expressed in MCF7
cells while it is expressed in low levels in MDA-MB-453 cells (Figure 4C). Interestingly,
TAT-2GTP1 also induced JNK activation and p53 stabilization in MCF7 cells, but not in
MDA-MB-453 cells (Figure 4B), suggesting the potential effect of TAT-2GTP1 targeting
Trx1 for JNK activation and p53 stabilization.

TAT-2GTP1 is a non-electrophilic peptide that binds to Trx1 while PX-12 relies on disulfide
reactivity that may induce ROS or activate other stress signaling pathways. Notably, an
increasing dose of PX-12 induced a high level of ROS, while TAT-2GTP1 did not show any
significant induction of ROS (Figure 4D). We further evaluated the effect of TAT-2GTP1 on
activation of other stress-signaling pathways. Glucose-regulated protein 78 (GRP78/Bip) is
induced in response to ER stress,>® and AMPK is phosphorylated in energy- or ATP-
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depletion, or in response to ROS.%6 TAT-2GTP1 did not induce GRP78 nor phosphorylation
of AMPK, while PX-12 induced expression of GRP78 and phosphorylation of AMPK
(Figure 4A), suggesting that there are differential effects of TAT-2GTP1 versus PX-12.
Overall, our data support that TAT-2GTP1 is selective in disrupting Trx1-Ask1 interaction
and activating Ask1 downstream pathways, without significant effects on cellular redox state
or other stress signaling pathways.

2GTP1 decreases viability of cancer cells

The sustained activation of Askl and JNK, induction of ER stress, and activation of AMPK
are associated with apoptosis in cancer cells. Therefore, we evaluated the viability of cancer
cells upon incubation of TAT-2GTP1 versus PX-12. PX-12 significantly decreased viability
of MDA-MB-231 cells (Figure 5). In contrast, TAT-2GTP1 decreased viability of MDA-
MB-231 cells in a dose-dependent manner, but less potently than PX-12 (Figure 5). In
controls, TAT-re-2GTP1 did not show any inhibitory effect on the viability of MDA-MB-231
cells (Figure 5). The difference between TAT-2GTP1 and PX-12 in cell viability may be
attributed to the selective effect of TAT-2GTP1 on Ask1 activation without affecting ER
stress and AMPK activation.

DISCUSSION

Trx1 is a well-appreciated target protein for anti-cancer therapy, due to its role in cancer
proliferation, inflammation, and anti-apoptosis.>’ While the role of Grx1 in cancer is not
clearly understood, Grx1 plays a role in inflammatory responses.?®> Accordingly, there have
been previously many inhibitors developed for Trx1 and a few inhibitors for

Grx1.41-44, 47-49 However, most of the available inhibitors of Trx1 and Grx1 rely on their
thiol-reactivity, covalently conjugating to redox active cysteine residues in the active site.

In this report, we developed a non-reactive 7-mer peptide that binds to and inhibits Trx1 and
Grx1 in vitro (Figure 2). Notably, 2GTP1 showed partial inhibition of Trx1 activity even at
high concentrations (Figure 2G), which may explain its lack of ROS induction, and no effect
on ER stress and AMPK phosphorylation in cells (Figure 4A and D). However, TAT-2GTP1
could disrupt the Ask1-Trx1 interaction and activate Askl (Figure 3) and its downstream
pathway (Figure 4). In contrast, the disulfide-derived PX-12 induced a high level of ROS
and activated other stress-associated pathways, such as ER stress and AMPK
phosphorylation (Figure 4A), which could be due to inhibiting Trx1 redox activity (Figure
2G), but also may be attributed to a high level of ROS (Figure 4D). Indeed, ROS can induce
AMPK phosphorylation,>8 59 whereas Trx1 was shown to suppress ER stress.50 However, it
is worth noting that ROS detection by a fluorescent probe, DCF-DA, has been criticized due
to its lack of selectivity to various oxidants.5! Therefore, the increased signal detected by
DCF-DA in our study may result from ROS or any other oxidants in cells. Overall, these
data suggest that TAT-2GTP1 selectively targets the Trx1-protein interaction without
significantly altering the cellular redox state.

It is also worth noting that the recent result of PX-12 in clinical trials showed a low
concentration of PX-12 in plasma, potentially due to its conjugation to abundant plasma
proteins,*> 46 suggesting an undesired thiol reactivity. However, 2GTP1 also suffers from
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poor cell permeability. Indeed, a TAT-sequence was necessary to obtain favorable cellular
activity of 2GTP1 at high concentrations (50-100 uM). Further structural optimization will
be necessary to improve the cell-permeability and cellular potency of 2GTP1.

Trx1 has five Cys residues, including catalytic C32 and C35, and redox-sensitive C73. A
thioredoxin-binding domain of Askl1 (Ask1-TBD) also has several Cys residues that can
form disulfide bonds. Therefore, intermolecular disulfide bonds between Trx1 and Ask1-
TBD have been observed, especially with C250 in Ask1, in non-stressed or stressed
conditions.?7- 37. 38 These observations are a basis for supporting covalent binding
interaction between Trx1 and Ask1. However, recent biophysical analyses have also shown
non-covalent interactions between Trx1 and Ask1-TBD in a reducing condition.26: 27
Structural modeling experiments predicted the potential interface between Trx1 and Ask1-
TBD that includes a 3'WCGPC35 motif, and a loop connecting an a.3 helix and a 3 strand
(loop a.3-B3) around the active site of Trx1 (Figure S7).27 Note that these binding motifs in
Trx1 include catalytic C32 and redox-sensitive C73, which are two major Cys residues
oxidized or modified by PX-12.44 Because our data support potentially overlapping binding
sites of 2GTP1 and PX-12 in Trx1 (Figure S5), we predict that 2GTP1 is likely to bind
around C32 and/or C73 in Trx1, which could disrupt the Trx1-Ask1 interaction.

TAT-2GTP1 induced dissociation of the Trx1-Ask1 interaction, Askl phosphorylation, JINK
activation (Figure 3 and 4A). In general, it is well-known that ROS induce activation and
phosphorylation of Ask1.27:29. 34,3738 | contrast, we found that non-reactive TAT-2GTP1
can also induce Ask1 activation, potentially by disrupting the Trx1-Ask1 interaction,
suggesting that Trx1-Ask1 dissociation without stimulus of ROS is enough to induce
phosphorylation of Ask1. While it is unclear whether Ask1 phosphorylation is induced by
trans-phosphorylation of Ask13 or by an upstream kinase MPK38,62 it is interesting to note
that MPK38 is reported to bind non-covalently with Trx1, and it is activated upon Trx1
oxidation or dissociation.33 Thus, it is possible that TAT-2GTP1 may act on dissociation of
Trx1-MPK38 interaction. Further analyses will be necessary to understand the mechanism of
2GTP1 for activating the Askl1 pathway. Overall, these data suggest that TAT-2GTP1 would
be useful for probing protein interactions of Trx1 in the future.

Interestingly, both TAT-2GTP1 and PX-12 induced p53 stabilization in MDA-MB-231 and
MCEF7 cells (Figure 4), which have mutant p53 (R280K in a DNA-binding domain) and
wild-type p53, respectively.%3 It is known that JNK can induce phosphorylation and
stabilization of wild-type p53.24 64. 65 However, to our knowledge, it is unclear whether
JNK can stabilize mutant p53 R280K. Despite single mutation, many hot spot mutations in a
DNA-binding domain of p53, such as R280K, are known to induce significant
conformational changes that confer a pro-oncogenic gain of function.%6: 67 Consequently,
many reports have shown that mutant p53 contributes to metastatic phenotype and survival
of tumor cells.8” Accordingly, stabilization of mutant p53 in MDA-MB-231 cells was
observed previously, which contributed to survival of tumor cells.%8 Therefore, mutant p53
stabilization by TAT-2GTP1 in our data may compromise a cytotoxic effect of TAT-2GTP1
in MDA-MB-231 cells. Similarly, it is notable that PX-12 also shows strong stabilization of
mutant p53 in MDA-MB-231 cells (Figure 4A). However, PX-12 shows potent cytotoxicity
(Figure 5), which could be attributed to activation of INK, ER stress, and AMPK (Figure
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4A). Despite the cytotoxic effect of PX-12, it is important to point out low anti-tumor
activity of PX-12 in clinical evaluation.#> 46 Thus, more analyses will be necessary to
understand effects of PX-12 or Trx1 inhibitors on various stress signaling pathways,
including mutant p53 stabilization.
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Figure 2.

In vitro binding and inhibitory analyses of 2GTP1 with Trx1 and Grx1. (A) The structure of
biotinylated 2GTP1 (bitotin-2GTP1). (B-E) The binding analyses of 2GTP1 with Trx1 and
Grx1. Biotin-2GTP1 was immobilized on streptavidin beads, and incubated with purified
Trx1, Grx1, or Grx3 (B), which was repeated in the presence of non-biotinylated 2GTP1 as a
competitor (C), reduced glutathione (D), or oxidants (10 molar equivalents to Trx1 or Grx1)
(E). Trx1, Grx1, or Grx3 was analyzed by Western blotting before and after streptavidin
beads. All Western blots represent data from two or three independent experiments. (F)
Inhibitory activity of 2GTP1 for Grx1 deglutathionylation (left) and the binding affinity of
2GTP1 to Grx1 measured by BLI (right). (G) Inhibitory activity of 2GTP1 for Trx1-
mediated insulin reduction (left) and the binding affinity of 2GTP1 to Trx1 measured by BLI
(right). Data represent the mean + SD, n= 3 independent experiments.
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Figure 3.
A cell-permeable derivative of 2GTP1 (TAT-2GTP1) for disruption of the Ask1-Trx1

interaction and activation of Askl. (A) The sequences of TAT, TAT-2GTP1, and TAT-
re-2GTP1 that contains a reverse sequence of 2GTP1. (B) /n vitro validation of TAT-2GTP1
and TAT-re-2GTP1 for binding to Trx1 (left) or Grx1 (right). TAT-2GTP1 or TAT-re-2GTP1
was added to a solution containing Trx1 or Grx1 bound to biotin-2GTP1 on streptavidin
beads. Bound Trx1 or Grx1 was analyzed by Western blotting. (C) Disruption of the Ask1-
Trx1 interaction by TAT-2GTP1. Ask1-Trx1 interaction was analyzed by co-IP after
incubation of TAT-2GTP1 to MDA-MB-231 cells for 6 h. (D) Ask1 activation by
TAT-2GTP1. Askl phosphorylation was analyzed after incubation of TAT-2GTP1 to MDA-
MB-231 cells for 6 h. (E) Disruption of Ask1-Trx1 and Ask1-Grx1 interaction by 2GTP1 /n
vitro. The transfected FLAG-Ask1 was pull-downed by FLAG-antibody, and incubated with
purified Trx1 (top) or Grx1 (bottom) /n vitro in the presence of 2GTP1. Bound Trx1 or Grx1
was analyzed by Western blotting. All Western blots represent data from two or three
independent experiments.
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Figure 4.

The evaluation of TAT-2GTP1 on ROS induction and stress signaling pathways. (A-B) The
effect of TAT-2GTP1 versus PX-12 on Askl downstream signaling pathway, ER stress, or
AMPK activation in MDA-MB-231 (A), MCF7, and MDA-MB-453 cell lines (B).
TAT-2GTP1, TAT-re-2GTP1, TAT, or PX-12 (all 100 uM) was incubated for 6 h. Lysates
were analyzed by Western blotting. (C) The level of Trx1 in different cell lines. All Western
blots represent data from two or three independent experiments. (D) The level of ROS
induced by TAT-2GTP1 versus PX-12. After incubation of TAT-2GTP1, TAT-re-2GTP1, or
PX-12 to MDA-MB-231 cells for 6 h, a DCF-DA assay was used to measure induction of
ROS. Data represent the mean = SD, n= 2 independent experiments. Difference is significant
by two-tailed Student’s unpaired t-test with Welch’s correction, *p < 0.05, **p < 0.01, ***p
< 0.001, and ns (not significant, p > 0.05).
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Cell viability induced by TAT-2GTP1. Trypan blue assay was used to measure viability of
MDA-MB-231 cells after incubation of TAT-2GTP1, TAT-re-2GTP1 or PX-12 for 48 h. Data
represent the mean + SD, n= 2 independent experiments. Difference is significant by two-

tailed Student’s unpaired t-test with Welch’s correction, *p < 0.05, **p < 0.01, ***p <

0.001, and ns (not significant, p > 0.05).
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