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Abstract

Protein disulfide isomerase Al (PDIAL) is an endoplasmic reticulum (ER)-localized thiol-
disulfide oxidoreductase that is an important folding catalyst for secretory pathway proteins.
PDIAL1 contains two active-site domains (aand a"), each containing a Cys-Gly-His-Cys (CGHC)
active-site motif. The two active-site domains share 37% sequence identity, and function
independently to perform disulfide-bond reduction, oxidation and isomerization. Numerous
inhibitors for PDIA1 have been reported, yet the selectivity of these inhibitors toward the a and a’
sites are poorly characterized. Here, we identify a potent and selective PDIAL inhibitor, KSC-34,
with 30-fold selectivity for the a site over the a” site. KSC-34 displays time-dependent inhibition
of PDIA1 reductase activity /7 vitrowith a Kinaei/ Kj = 9.66 x 103 M~1s71 and is selective for
PDIA1 over other members of the PDI family, and other cellular cysteine-containing proteins. We
provide the first cellular characterization of an a-site selective PDIAL inhibitor and demonstrate
that KSC-34 has minimal sustained effects on the cellular unfolded protein response (UPR),
indicating that a-site inhibition does not induce global protein-folding-associated ER stress.
KSC-34 treatment significantly decreases secretion of a destabilized, amyloidogenic antibody light
chain, thereby minimizing pathogenic amyloidogenic extracellular proteins that rely on high
PDIAL1 activity for proper folding and secretion. Given the poor understanding of the contribution
of each PDIA1 active site to the (patho)physiological functions of PDIA1, site-selective inhibitors
like KSC-34 provide useful tools for delineating the pathological role and therapeutic potential of
PDIAL.
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INTRODUCTION

Proper folding of nascent proteins in the cell is accelerated by chaperones that serve to
stabilize protein domains and overall structure. One such family of protein-folding catalysts
comprise dithiol-disulfide oxidoreductases of the protein disulfide isomerase (PDI) family.
The PDI family is primarily located in the endoplasmic reticulum (ER), and includes 21
proteins with at least one thioredoxin-like domain. PDlIs typically contain two different types
of thioredoxin-like domains, catalytic (a) and non-catalytic (b)} 2. The catalytic a domains
of the PDIs are responsible for catalyzing the oxidation, reduction, and isomerization of
disulfide bonds in nascent proteins. The non-catalytic b domains are rigid spacers between
the catalytic domains that are involved in recognizing and recruiting unfolded protein
substrates?.

Protein disulfide isomerase Al (PDIA1) was the first PDI family member to be
discovered® 4.5 6, PDIA1 is a 57 kDa oxidoreductase and molecular chaperone that
localizes in the lumen of the ER, and accounts for roughly 0.8% of total cellular protein’.
PDIAL1 catalyzes the oxidation, reduction, and isomerization of disulfide bonds between
cysteine residues on its protein substrates, and is organized into four globular domains, a, b,
b’, and a’, as well as a highly acidic C-terminal extension with a KDEL ER-retention
sequence (Figure 1A)3 4. The aand a” domains functionally resemble thioredoxin, and
contain redox catalytic Cys-Gly-His-Cys (CGHC) active-site motifs. It is known that the a
and a’ domains operate independently of each other because mutation of either active-site
cysteine eliminated 50% of the catalytic activity of PDIAL /n vitro, while mutations in both
active sites completely abolished activity8. The non-catalytic domains, b and b’, are
primarily for spacing and substrate recruitment. The b” domain is the major substrate
binding site of PDIAL, containing a large hydrophobic cavity between helices a1 and a3 to
interact with unfolded protein substrates® 9.

The dysregulation of PDIA1 activity has been implicated in a variety of diseases, including
cancer3 1012 cardiovasculart3-15, and neurodegenerativel6-19 diseases. PDIA1 is retained
in the ER through a C-terminal KDEL retention signal sequence, however, the presence of
PDIAL in the extracellular milieu is well documented: 20: 21, Extracellular PDIAL is
involved in many biological processes such as platelet activation, thrombus formation, and
viral infection. For example, PDIAL can catalyze the reduction of structural disulfides on
gp120, which results in a major conformational change, allowing the HIV virus to interact
with the cell surface?C,

The demonstrated role of increased PDIAL activity in various diseases has spurred the
development of a variety of small-molecule inhibitors targeting PDIAL. Juniferdin,
discovered in a high-throughput screen of natural products, inhibits extracellular PDIA1-
mediated disulfide-bond reduction of gp120 and inhibits HIV entry into host cells2C,
Quercetin-3-rutinoside binds to the b”"x region of extracellular PDIA1 to induce a compact
conformation, and inhibit thrombus formation?2. T8, and derivative JP04-042, sensitizes
cancer cells to sub-toxic concentrations of etoposide through inhibition of PDIA1 by
reversible binding23. Another reversible inhibitor of PDIA1, LOC14, was identified from a
high-throughput screen of ~10,000 compounds, and induces an oxidized conformation that
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is neuroprotective in PC12 cells expressing mutant huntingtin protein?4. PACMAZ31. is an
irreversible PDIA1 inhibitor that reacts through a propynoic acid carbamoyl methyl amide
moiety, and suppresses tumor growth in a mouse xenograft model of ovarian cancer?®, S-
CW3554 possesses a 2-chloropropionamide reactive group, and is cytotoxic to various
multiple myeloma cell lines28. 16F16, an irreversible inhibitor that reacts with PDIA1 via a
chloroacetamide electrophile, prevents neuronal cell death in a cell-based model of
Huntington’s diseasel®. Lastly, P1, an irreversible inhibitor, which reacts via a vinyl-sulfone
electrophile, displays anti-proliferative effects in a variety of cancers?’.

In 2013 we reported RB-11-ca (Figure 1B), a cell-permeable, irreversible inhibitor of
PDIA128 RB-11-ca is a tri-functionalized triazine-based covalent inhibitor that contains an
alkyne-handle for reporter-tag conjugation via copper-catalyzed azide-alkyne cycloaddition
(CuAAC), an octylamine diversity element for binding specificity, and an electrophilic
chloroacetamide for irreversible modification of proximal cysteine residues. PDIA1 was
identified as the primary target of RB-11-ca after CUAAC-mediated conjugation of a biotin
group, avidin enrichment, and subsequent target identification via LC/LC-MS/MS. The
specific cysteine residue targeted by RB-11-ca was determined using cysteine-to-alanine
mutants of each cysteine residue within the CXXC motifs of the two a domains. RB-11-ca
was confirmed to bind to C53, the N-terminal cysteine in the a domain of PDIA1%8, RB-11-
ca was therefore unique in that it was the first characterized a-domain selective inhibitor for
PDIAL.

Herein, we report on KSC-34, an optimized PDIA1 inhibitor, which demonstrates a 30-fold
selectivity for the a domain over the a’ domain. KSC-34 displays high selectivity for PDIA1
in complex proteomes with minimal engagement of other members of the PDI family. Given
the critical role of PDIA1 in normal protein homeostasis, PDIA1 inhibitors that shut down
both active sites demonstrate high cytotoxicity. By selectively inhibiting a single active-site
domain of PDIA1, we hypothesized that basal PDIAL activity could be maintained to
minimize cytotoxicity, whilst selectively inhibiting pathogenic functions that are dependent
on elevated PDIAL activity. We demonstrate that a-site selective PDIA1L inhibition shows
negligible toxicity, and minimal induction of sustained cellular protein-folding stress as
demonstrated by low activation of the unfolded protein response (UPR). PDIAL inhibition
by KSC-34 has the potential to display targeted effects on the secretion of pathogenic
proteins that utilize PDIA1 for folding and secretion. In particular, antibody light chains
contain a disulfide bond within the hydrophobic core of the protein, and the folding of
antibody light chains has been shown to involve PDIA1 activity?°. Dysregulated light-chain
secretion from a clonal expansion of plasma cells can lead to immunoglobulin light-chain
amyloidosis30. Here we demonstrate that KSC-34 treatment decreases secretion of a
destabilized, amyloidogenic antibody light chain at non-toxic concentrations. Together, we
identify a potent and selective PDIA1 inhibitor that uniquely targets the a active-site domain
of PDIA1 with the ability to affect the secretion of pathogenic proteins whose folding
involves PDIA1 activity.
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MATERIALS/EXPERIMENTAL DETAILS

See the Supporting Information for details related to materials, synthesis and structural
characterization of all compounds, and methods for in-gel fluorescence, mass-spectrometry
proteomics, UPR target gene analysis and FT-ALLC secretion.

RESULTS AND DISCUSSION

Generation of a targeted library of RB-11-ca analogs

In previous published studies, we identified a cysteine-reactive triazine-based compound,
RB-11-ca, as an a-site selective covalent modifier of PDIA128. In order to further optimize
the selectivity and potency of RB-11-ca, we sought to develop a second-generation library of
triazine-based covalent inhibitors for PDIAL. To gain deeper insight into the binding mode
of our lead compound, RB-11-ca (Figure 1B) within the a domain of PDIA1, we embarked
on some preliminary docking studies. Only one high-resolution crystal structure of full-
length PDIA1 is available31, and this structure was utilized to predict a binding model for
RB-11-ca using the Covalent Dock workflow from Schrodinger, Inc (New York, NY)
(Figure 1C)32. In the predicted binding pose, RB-11-ca is covalently bound to the N-
terminal cysteine (C53) of the CGHC active-site motif within the a domain, and the
octylamine diversity element interacts with a large hydrophobic pocket at the domain
periphery. Based on this predicted binding mode of RB-11-ca, we hypothesized that
variations to the octylamine diversity element could likely enhance the predicted interactions
with the observed hydrophobic pocket, and serve to improve the potency of the compound.
Therefore, a second-generation library of 15 compounds (Figure 1D) was synthesized
according to previous methods with minor modifications (Scheme S1)28. These second-
generation compounds contain diversity elements that possess hydrocarbons of varying
lengths, cyclic, branched, and benzyl-functionalized hydrocarbons.

Identification of KSC-34 as a potent and selective covalent modifier of PDIA1

To streamline the selection of an optimized PDIA1 inhibitor, we first screened for
compounds with improved covalent modification of PDIAL using a gel-based fluorescence
screening platform. Given that the extent of covalent modification of active-site cysteines
directly correlate with PDIA1 inhibition, screening for improved covalent modifiers acts as a
proxy for increased PDIA1 inhibition. In the first screening step, covalent modification of
purified, recombinant PDIA1 was evaluated to identify compounds that demonstrated
increased covalent modification of PDIAL relative to RB-11-ca. Briefly, PDIA1 (50 pg/mL)
was incubated with RB-11-ca and second-generation library members (5 uM) for 1 hour.
After incubation, covalent modification of PDIA1 was monitored by appending a
tetramethylrhodamine (TAMRA) fluorophore to the alkyne group of each compound using
CuAAC 3334 followed by in-gel fluorescence to quantify the amount of compound-bound
PDIAL (Figure 2A). Seven library members (KSC-4, 7, 10, 11, 24, 26 and 34) that possessed
equal or greater potency compared to RB-11-ca were advanced to the next round of
selection.
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In the second screening step, library members were assessed against purified, recombinant
PDIA1 (50 pg/mL) in the background of MCF-7 cell lysates (1 mg/mL) to evaluate whether
other cellular proteins interfere with the ability of each compound to covalently modify
PDIAL (Figure S2). Four library members (KSC-7, 24, 26, and 34) possessed equal or
greater potency to RB-11-ca, and thus were advanced to the next stage. In the third screening
step, library members were evaluated in MCF-7 lysates (2 mg/mL) for their ability to
covalently modify endogenous PDIA1 (Figure 2B). This analysis afforded three library
members (KSC-24, 26 and 34) that had equal or greater potency toward PDIA1 compared to
RB-11-ca. Of these, the two most potent library members, KSC-24 and KSC-34, were
advanced to the final stage.

In the fourth and final step of this multilayered assay, the cell permeability and ability of the
compounds to engage with ER-localized PDIAL directly in living cells was assessed. MCF-7
cells were treated with compound for 3 hours at 37 °C, followed by in-gel fluorescence
analysis (Figure 2C). KSC-34, which contains a (4-phenylbutyl)methylamine diversity
element, was found to covalently modify PDIA1 directly in living cells with approximately
8-fold increased potency compared to RB-11-ca. The presence of a single robust fluorescent
band at ~60 kD demonstrates the high potency and selectivity of KSC-34 for covalent
modification of PDIAL within the background of other highly abundant cysteine-containing
proteins.

KSC-34 demonstrates time-dependent inhibition of PDIAL in vitro

To confirm that improved covalent modification of PDIAL by KSC-34 correlated with
increased inhibitory potency, we utilized an /n vitro insulin turbidity assay that monitors PDI
reductase activity3°. The reduction of disulfide bonds in insulin results in aggregation of the
insulin B chain causing a measurable increase in turbidity. Due to the covalent nature of
RB-11-ca and KSC-34, PDIAL-induced insulin aggregation was monitored upon treatment
with each inhibitor at varying concentrations and pre-incubation times. We also compared
RB-11-ca and KSC-34 to the commercially available PDIA1 inhibitor, 16F161°, which also
contains a chloroacetamide electrophile for covalent modification of PDIAL, similar to our
triazine-based compounds. KSC-34 inhibited PDIAL in a concentration and time-dependent
manner, with a Ainact/ Ki = 9.66 x 103 M~1 571 (Figure 3A), which is ~3-fold more potent
than RB-11-ca (Kkinact/ K = 3.35 x 103 M1 s71), and 38-fold more potent than the
commercial PDIAL inhibitor 16F16 (Kinact/ K = 2.52 x 102 M1 s71),

KSC-34 is a highly selective covalent modifier of PDIA1

Upon confirmation of the ability of KSC-34 to covalently modify and inhibit PDIAL activity,
we sought to determine the selectivity of KSC-34 for the aand a’ active sites of PDIAL.
Given that our first-generation compound RB-11-ca was a-site selective, we expected
KSC-34 to bind in a similar fashion. Site-selectivity was assessed by recombinantly
expressing wild-type PDIAL (WT) and cysteine-to-alanine mutants of each of the two
active-site nucleophilic residues (C53A and C397A). Each recombinant PDIAL protein (50
pg/mL) was incubated with KSC-34 (5 pM) for 1 hour, and subjected to CUAAC prior to in-
gel fluorescence. The absence of fluorescence in the C53A sample indicates that the binding
of KSC-34 to PDIAL is reliant on the presence of C53. Therefore, KSC-34 maintains
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selectivity for C53 in the a domain of PDIAL with minimal binding to C397 in the a’
domain. To further quantify the selectivity for the aand a’ domains, 1Csq values were
obtained for binding to each active site (Figure 3C). To attain ICgq values, PDIAL1 C53A and
C397A (50 pg/mL), in the background of MCF-7 lysates (1 mg/mL), were treated with
increasing concentrations of KSC-34, RB-11-ca and 16F16. Following incubation, samples
were then treated with chloroacetamide-rhodamine (CA-Rh) (8 uM, Figure S4), to append a
fluorophore to residual, unmodified active-site cysteines in each PDIAL1 mutant. Loss in CA-
Rh labeling of each active-site mutant is indicative of inhibitor binding, and informs on the
affinity of each compound to the aand a’ domains. KSC-34 demonstrated a 30-fold
selectivity for the a domain over the @’ domain, with RB-11-ca and 16F16 displaying 21-
fold and 2-fold selectivity, respectively (Figure 3B). KSC-34 is therefore the most selective
and potent a-site inhibitor of PDIA1 reported to date.

Owing to structural similarity amongst PDI family members, we next assessed the selectivity
of KSC-34 for PDIAL relative to two other PDI family members, PDIA3 and PDIA4, which
display 34% and 36% similarity to PDIAL, respectively. Briefly, PDIAL, PDIA3 and PDIA4
(50 pg/mL) were incubated in the presence or absence of MCF-7 lysates (1 mg/mL), and
subjected to CUAAC, and in-gel fluorescence (Figure 3D). As indicated by the absence of
fluorescence in the PDIA3 and PDIA4 samples, KSC-34 is selective for PDIAL over other
PDI family members. The band observed in the cell-lysate samples for PDIA3 and PDIA4 is
the endogenous PDIAL in the MCF-7 cell lysates, further confirming the selectivity of
KSC-34 in that the presence of a large excess of PDIA3 and PDIA4 does not affect the
targeting of PDIAL by KSC-34.

To more comprehensively assess the selectivity of KSC-34 across other cellular PDIs, as
well as any proteins bearing highly reactive cysteine residues, the protein targets of KSC-34
were globally investigated. To achieve this, MCF-7 cells were incubated with KSC-34 (5
M) or DMSO. Upon cell lysis, KSC-34-labeled proteins were then appended to biotin-
azide using CUAAC, enriched on streptavidin beads, subjected to on-bead tryptic digestion,
and subsequent LC/LC-MS/MS analysis. Spectral counts (number of fragmentation spectra)
generated for each protein in the KSC-34-treated samples were compared to the DMSO
control (Figure 4, Table S2). In KSC-34-treated samples, an average of ~2000 spectral
counts were matched to PDIA1 (with an average of ~5 spectral counts in the DMSO
control). The second most enriched protein was prostaglandin E synthase 2 (PTGES2),
which was identified with an average of ~120 spectral counts in the KSC-34-treated sample,
significantly lower than that for PDIAL. PDIA6 was the only other PDI that was enriched by
KSC-34, albeit with low spectral counts of ~20. KSC-34 is therefore highly selective for
PDIA1 over other PDIs, as well as cellular proteins bearing reactive cysteines that could
potentially be modified by the chloroacetamide electrophile on KSC-34.

Inhibition of PDIA1 has minimal effects on the cellular unfolded protein response

Given the critical role of PDIA1 in disulfide-bond formation on nascent proteins in the ER,
complete loss of PDIA1 activity will likely result in the accumulation of unfolded or
misfolded proteins in the ER. Misfolded protein accumulation in the ER typically activates a
series of complex stress-responsive signaling pathways known as the unfolded protein
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response (UPR)36-38, UPR activation involves three different pathways, which implicate
inositol-requiring 1la (IREla), PKR-like ER kinase (PERK), and activating transcription
factor-6a. (ATF6a)3% 40, Initial consequences of UPR activation include inhibition of
translation, and increased ER protein-folding capacity. Chronic and sustained ER stress will
eventually trigger cellular apoptosis. We sought to investigate the effects of KSC-34-
mediated a-site inhibition of PDIAL on each of these three arms of the UPR.

First, we identified an optimal concentration range of KSC-34 to utilize in our UPR assays,
which would provide maximal PDIAL target engagement with minimal toxicity. To quantify
PDIAL target occupancy at varying concentrations of KSC-34, we first synthesized a non-
alkyne containing analog, KSC-34na, with identical PDIAL binding properties to KSC-34,
but lacking the biorthogonal handle for further functionalization with reporter tags (Figure
S5). To determine PDIAL occupancy in cells, MCF-7 cells were treated with varying
concentrations of KSC-34na. Following cell lysis, protein concentrations were normalized,
and the lysates were incubated with KSC-34 (5 uM) to covalently modify any residual, non-
inhibitor bound a-site C53 on PDIAL. In-gel fluorescence measurements were used to
quantify the amount of PDIAL that was not occupied by KSC-34na at each concentration.
These measurements provided an ECsgq of 4 uM for KSC-34na labeling of PDIA1 in MCF-7
cells, and demonstrated that complete occupation of C53 of PDIAL in cells occurs at
concentrations less than ~10 uM. To determine toxicity of KSC-34 at these same
concentrations, MTT cell-viability assays were performed in MCF-7 cells, generating an
ECsq value of 82 uM (Figure S6), which underscores the relatively low toxicity of a-site
selective PDIA1 inhibitors in MCF-7 cells.

Upon identifying non-toxic concentrations of KSC-34 for cellular studies, quantitative
transcriptional-profiling methods were utilized to monitor activation of known UPR target
genes. Briefly, MCF-7 cells were treated with DMSO, thapsigargin (Tg) (5 uM), and varying
concentrations of KSC-34 (4-40 uM) for 3 hours at 37 °C. Tg is a sesquiterpene lactone that
induces ER stress by inhibiting sarcoplasmic/endoplasmic reticulum calcium ATPase
(SERCA). Treated cells were then subjected to gPCR analysis for mRNA encoding known
downstream targets preferentially regulated by each of the three arms of the UPR, including
SEC24D and ERDJ4 (IREla-regulated), B/Pand HYOUI (IREla and ATF6-regulated),
CHOPand GADD34 (PERK-regulated) and, GRP94 (ATF6-regulated). KSC-34 treatment
showed no significant activation of the PERK and ATF6 arms of the UPR (Figure 5A).
Interestingly, a small but reproducible increase in SEC24D and ERDJ4 mRNA levels was
observed (~2-fold) at >20 UM concentrations of KSC-34, suggesting selective activation of
the IRE1a arm under these conditions consistent with minor induction of XBPI splicing
upon KSC-34 treatment (Figure S7). Treatment with an IRELla inhibitor, 4u8c, confirmed
that the observed effects on SEC24D, ERDJ4, BiP, and HYOUI were mediated directly
through IRE1la (Figure 5B and Figure S6). Further characterization determined that IRE1la
activation only occurs within a short timeframe (<6 hours), since longer incubation times led
to a loss in upregulation of IRE1a-dependent transcripts (Figure S8). Evaluation of other
cell lines demonstrated that this effect cell type-dependent, as no significant effects were
observed in SKOV-3 and A549 cells (Figure S9). Together, these data suggest that a-site
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inhibition of PDIA1 by KSC-34 has minimal effects on activation of the PERK and ATF6
arms of the UPR, with some short-lived, and cell line-dependent effects on the IRE1a arm.

PDIAL Inhibition by KSC-34 decreases secretion of an amyloidogenic light chain

PDIA1 influences the folding of disulfide-containing secretory proteins including antibody
light chains2®: 41-43_ Therefore, we sought to evaluate the functional consequence of
KSC-34-mediated inhibition of PDIAL in cell-culture models expressing the destabilized,
disease-associated antibody light chain ALLC**. We first performed co-
immunoprecipitation (co-1P) experiments to determine how KSC-34-dependent inhibition of
PDIAL1 influences its interaction with flag-tagged ALLC (FTALLC) in HEK293PAX cel|s38,
PDIA1 was enriched in FTALLC IPs in the absence of KSC-34, confirming that PDIA1
interacts with this destabilized light chain in mammalian cells (Figure 6A). The addition of
KSC-34 disrupted this interaction, shown by a decrease in the co-isolation of PDIAL with
FTALLC (Figure 6A). However, the closely related ER protein PDIA4 co-purifies with
FTALLC in cells treated with or without KSC-34, demonstrating that this compound does
not influence the interaction between these proteins. These results show that KSC-34
selectively disrupts the interaction between FTALLC and PDIA1, demonstrating the high
selectivity of KSC-34 for PDIA1 under these cellular conditions.

Next, we determined whether KSC-34-dependent inhibition of PDIAL influences ALLC
secretion. We treated HEK293T'eX cells stably expressing FTALLC with KSC-34, and
monitored secretion by ELISA. Treatment with KSC-34 reduced levels of FTALLC in the
conditioned media by 40%, as compared to vehicle (Figure 6B). This treatment did result in
a modest 20% reduction in cellular viability, however this decrease is not sufficient to
account for the observed changes in secreted FTALLC. To further define the impact of
KSC-34 on FTALLC secretion, we monitored the fraction of newly-synthesized FTALLC
secreted from HEK293PAX cells treated with or without KSC-34 using [3°S] metabolic
labeling (Figure 6C). Pretreatment with KSC-34 reduced the fraction of [3°S]-labeled
FTALLC secreted by 30%, confirming the results observed by ELISA (Figure 6C). Next, we
sought to determine the PDIA1-dependence of these effects on LC secretion utilizing
HEK293PAX cells stably expressing PDIAI shRNA. We confirmed PD/AI knockdown in
these cells by gPCR (Figure S10). Depletion of PD/A1 attenuated the KSC-34-dependent
reduction in FTALLC secretion measured by ELISA (Figure 6D) and [3°S] metabolic
labeling (Figure 6E, Figure S10). This shows that KSC-34 decreases destabilized ALLC
secretion through a mechanism dependent on PDIAL. These data support the utility of a-site
selective PDIAL inhibitors to selectively affect secretion of amyloidogenic proteins like
destabilized antibody light chains.

In conclusion, we report the discovery and characterization of KSC-34, a potent and
selective inhibitor of PDIA1. KSC-34 was identified from a targeted library of compounds
generated around an initial lead compound, RB-11-ca. KSC-34 contains a (4-
phenylbutyl)methylamine diversity element for optimized binding to the active site of the a
domain of PDIA1 with a chloroacetamide electrophile for covalent modification of C53 on
PDIAL. Notably, the presence of a bioothogonal alkyne handle on KSC-34 and derivatives,
facilitated the rapid screening of these compounds for potency and selectivity both in vitro
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against purified PDIs, as well as directly in living cells. Importantly, despite the prominent
reactivity of the chloroacetamide electrophile on KSC-34, extremely high selectivity is
observed for PDIA1 within a complex proteome. The high inhibitory potency of KSC-34
was confirmed in an /7 vitro insulin-reduction assay, where KSC-34 proved to be
approximately 38-fold more potent than the commercially available PDIA1 inhibitor 16F16.
Importantly, KSC-34 is unique in that it displays selective binding to the a domain of
PDIA1, and is the most site-selective PDIA1 inhibitor reported to date. KSC-34 treatment
generally results in minimal sustained activation of the UPR, although some low cell-
specific, short-lived effects were observed with the IRE1a arm in MCF-7 cells. Lastly, the
ability of KSC-34 to reduce the extracellular pathogenic load of amyloidogenic antibody
light-chain is demonstrated, highlighting the potential of site-selective PDIA1 inhibitors to
have therapeutic value by selectively downregulating a subset of PDIAL functions in cells.
The development of KSC-34 validates the potential to selectively, and potently
pharmacologically modulate individual thioredoxin-like active-site domains within a single
member of the PDI family. KSC-34 is a useful tool compound to further interrogate the
cellular functions of the a domain of PDIAL, and additionally, to explore the therapeutic
value of site-selective PDI inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Domain organization of PDIA1 and chemical structures of PDIAL inhibitors. (A) PDIAL

comprises two active site a-type domains that contain a CGHC active site motif, together
with two b-domains implicated in substrate recognition and binding. (B) Chemical structure
of RB-11-ca, a previously reported a-site inhibitor of PDIAL. RB-11-ca contains a central
triazine scaffold, a chloroacetamide reactive group for covalent cysteine modification, an
alkyne bioorthogonal handle for CUAAC, and an octylamine diversity element. (C) Predicted
binding pose of RB-11-ca in a domain active site of PDIAL by the covalent docking
algorithm from Schrodinger, Inc. (D) Structures of second-generation PDIAL inhibitors
obtained by varying the diversity element of RB-11-ca.
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Figure2.
Characterization of PDIAL second-generation library members (A) Library members (5 pM)

were incubated with purified recombinant PDIAL (50 ug/mL) in PBS, and protein labeling
by each compound was evaluated after CUAAC-mediated incorporation of a TAMRA
fluorophore, SDS-PAGE, and in-gel fluorescence (complete gel images provided in Figure
S1). Library members with equal or greater potency than RB-11-ca progressed to the next
step of the assay. (B) In-gel fluorescence studies of library members (5 uM) incubated with
MCF-7 cell lysate (2 mg/mL) to assess potency and selectivity for endogenous PDIA1 in a
complex proteome (complete gel images provided in Figure S3). (C) To assess cell
permeability as well as selectivity of the library, probes (5 pM) were incubated with MCF-7
cells for 3 hours at 37 °C. Following cell lysis and in-gel fluorescence, KSC-34 was found to
be ~8-fold more potent than the lead compound, RB-11-ca, in whole cells against PDIA1
(left panel). Coomassie gel (right panel is provided to show normalized protein abundance).
Fluorescence intensity quantified by Image J (NIH, Bethesda, MD). All data are normalized
to RB-11-ca and error bars represent standard deviation (SD) for n=3 experiments.
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Figure 3.
Evaluation of potency and selectivity of KSC-34. (A) Concentration and time-dependent

inhibition of PDIAL by KSC-34, RB-11-ca, and 16F16. PDIA1 reductase activity was
measured using an insulin reduction assay in a 100 pL reaction volume containing 0.5 pM
PDIA1L, 0.16 mM insulin, and 1 mM DTT in assay buffer. Turbidity of the insulin solution
was measured over time at various concentrations and pre-incubation times with KSC-34.
Error bars represent SD from n=2 experiments. (B) Labeling of WT, C397A and C53A by
KSC-34. Each recombinant PDIA1 protein (50 pg/ml) was incubated with KSC-34 (5 uM)
for 1 hour, and subjected to CUAAC with TAMRA-azide prior to in-gel fluorescence. (C)
Active-site selectivity for KSC-34, RB-11-ca, and 16F16. KSC-34 was found to have a 30-
fold selectivity for the a domain over the a’ domain, compared to RB-11-ca which exhibited
a 21-fold selectivity and 16F16 which exhibited 2-fold selectivity. Error is calculated by
PRISM as +/- SEM from n=3 experiments. (D) PDI isoform selectivity. KSC-34 was found
to only covalently modify PDIA1, over PDIA3 and PDIA4, two closely related family
members. Fluorescent bands in cell lysate lanes for PDIA3 and PDIA4 samples represent
endogenous PDIA1 protein.
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Figure 4.
Evaluation of proteome-wide selectivity of KSC-34. Mass spectrometry analysis of proteins

enriched in KSC-34 (5 uM) and DMSQ treated MCF-7 cells. The spectral count difference
between KSC-34-treated and DMSO-treated samples are plotted for all proteins identified
(Table S2). Error bars indicate SD for n=2 experiments.
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Figure5.
Effects of KSC-34 on cell viability and the unfolded protein response. (A) gPCR analysis of

UPR target genes following concentration-dependent treatment of MCF-7 cells with KSC-34
for 3 hours at 37 °C. qPCR data are reported as the mean fold change relative to the
corresponding DMSO-treated cells +/—- SEM from n=3 biological replicates. (B) gPCR
analysis of UPR target genes following co-treatment of MCF-7 cells with KSC-34 (20 uM)
and IRE1a inhibitor, 4u8c. gPCR data are reported relative to the corresponding DMSO-
treated cells +/- SEM from n=3 biological replicates.
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Figure 6.
KSC-34 reduces secretion of destabilized ALLC from mammalian cells. (A) Immunaoblot of

anti-FLAG IPs of lysates prepared from HEK293PAX cells transiently transfected with
FTALLC and pre-treated for 1 h with vehicle or KSC-34 (40 uM). Cells were crosslinked for
30 min with DSP (500 puM) prior to lysis. Mock transfected cells are included as a control.
(B) Graph showing secreted FTALLC (grey) and viability (blue) of HEK293TreX cells stably
expressing FTALLC pretreated for 4 h with KSC-34 (40 uM). Media was conditioned for 2 h
in the presence or absence of KSC-34 (40 uM) prior to quantification of secreted FTALLC
by ELISA. Viability was measured following media conditioning by Cell Titre Glo. All data
are normalized to vehicle-treated cells. Error bars show SEM for n=3 experiments.
***n<0,005. (C) Representative autoradiogram and quantification of the fraction [3°S]-
labeled FTALLC secreted from HEK293PAX cells using the experimental paradigm shown.
Experiments were performed in the absence or presence of KSC-34 (40 uM) added 1 h prior
to labeling and then again throughout the experiment. Fraction secreted was calculated as
described in the Supporting Information 44. Error bars show SEM for n=4. ***p<0.005. (D)
Graph showing secreted FTALLC (grey) and viability (blue) of HEK293PAX cells transiently
expressing FTALLC pretreated for 4 h with KSC-34 (40 uM). HEK293PAX cells stably
expressing PDIA1shRNA are indicated. Media was conditioned for 2 h in the presence or
absence of KSC-34 (40 uM) prior to quantification of secreted FTALLC by ELISA. Viability
was measured following media conditioning by Cell Titre Glo. All data are normalized to
vehicle-treated controls. Error bars show SEM for n=3 experiments. *p<0.05. (E) Graph
showing the fraction [3°S]-labeled FTALLC secreted at t=4 h from HEK293PAX cells
transiently transfected with FTALLC quantified using the same experimental paradigm
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shown in Fig. 6C. HEK293PAX cells stably expressing PD/IAI shRNA are indicated.
Experiments were performed in the absence or presence of KSC-34 (40 uM) added 1 h prior
to labeling and then again throughout the experiment. Error bars show SEM for n=4
experiments. *p<0.05, ***p<0.005.
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