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2006; Hogg, 2003; Hogg, 2009). TRX can be located outside cells, in the cytoplasm, in
the nucleus, or in mitochondria with a cellular concentration of 2-12 yM and a plasma
concentration of up to 6 nM. TRX reductase and NADPH are required for TRX catalytic
activity (Holmgren and Bjornstedt, 1995; Mustacich and Powis, 2000). GRX concentration
in red blood cells can be 1 yM with an optimal pH 8 for catalytic activity. GRX activity also
requires a reductase and NADPH or GSH as a cofactor. In this study, the recombinant
enzymes TRX and GRX demonstrated catalytic activities for cleavage of disulfide bonds
in xenobiotics. The catalytic activities of disulfide cleavage in whole blood are consistent
with the activities of TRX and GRX, although low cofactor concentrations in blood may
limit their optimal catalytic activities toward xenobiotic disulfides.

During the process of testing for disulfide stability in buffer in the presence of GSH or
cysteine and whole blood, distinct stability profiles were observed for disulfides with few
substitutions at the adjacent carbons. These results suggested that a biological
mechanism exists to catalyzes certain disulfide cleavages. Subsequently, we conducted
experiments to investigate the potential catalytic activity of TRX and GRX, two common
oxidoreductase enzymes that are present in whole blood (Pei et al., 2018; Bjornstedt et
al., 1995; Butera et al., 2014; Holmgren and Bjornstedt, 1995). Incubation of small
molecule disulfide compounds with TRX produced the expected products. Incubation of
these enzymes with the disulfide-linker ADC also produced the expected payload 2. In
addition, incubation of an ADC containing both a disulfide prodrug and a disulfide linker
produced several products that were consistent with cleavage of either disulfide bond.
These results suggested that TRX and GRX can catalyze cleavage of disulfide bonds in
small molecules as well as in the linker of an ADC.

Materials and Methods:

Materials

Ammonium formate, formic acid, NADPH, human recombinant human TRX, rat liver TRX
reductase, and a proprietary TRX reductase inhibitor (catalog # T9199) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Human GRX |, rat recombinant TRX, and GRX
reductase were purchased from Creative Biomart (Shirley, NY). Compounds 1-10 and 12
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were made as described previously (Pei et al., 2018). Synthesis of compounds 11 and
B8 are described in the Supplemental Information section. Human CD22 antibodies with
two engineered cysteine residues were generated as described previously (Ohri et al.,
2018; Bhakta et al., 2013; Junutula et al., 2016). ADC 13 was synthesized from the linker
drug B8 as described previously (Zhang et al., 2016; Staben et al., 2016). The antibody
to drug ratio was 1.9 and 2.0 for ADCs 12 and 13, respectively.

In vitro incubations in buffer or with enzymes

The compounds were incubated at 10 uM with 0.03 or 0.2 mM cysteine, or 4 mM GSH,
in 100 mM Tris buffer pH 7.0 containing 5% methanol at 37°C. Aliquots were taken at 0,
1, 4, and 24 h and the samples were analyzed by LC-MS/MS.

Selected disulfide prodrugs 3, 5, and 10 at 10 uM and ADCs 12 and 13 at 1.6 yM (0.25
mg/mL) were separately incubated with human or rat recombinant TRX at 100 nM (1
pug/mL), with TRX reductase at 20 nM and NADPH (5 mM), or with human recombinant
GRX at 100 nM (1.2 pg/mL) and 80 uM GSH, all in 100 yL of Tris buffer (100 mM, pH 7.4)
for 1 or 2 h at 37°C in a water bath with shaking at 120 rpm. Control incubations without
NADPH or GSH were also included. In addition, the proprietary TRX reductase inhibitor
at 1 mM was used in some of incubations. Acetonitrile (0.2 mL) was added to quench the
reactions. After centrifugation, aliquots of 10 yL were injected for LC/MS analysis using
the conditions described in next section.

LC/MS analysis for identification of small molecular catabolites

The samples from in vitro incubations of buffer, enzymes, or whole blood were injected
into a Sciex TripleTOF 5600 with a Hypersil Gold C18 column (100x2.1 mm, 1.9 uM,
Thermo Scientific). The column was eluted at a flow rate of 0.4 mL/min with buffer A (0.1%
formic acid in 10 mM ammonium acetate) and buffer B (0.1% formic acid in 10 mM
ammonium acetate in 90% acetonitrile) with the following gradient profile: 5% B at 0-0.5
min, 5-25% B at 0.5-8 min, 25-75% B at 8-13 min, 75-95% B at 13-13.5 min, 95% B at
13.5-14.5 min, and 95-5% B at 14.5-15 min. All products were separated and
characterized by LC-MS/MS in a positive ESI ion mode. All analytes had the protonated
molecular ([MH]") as the major species with little source fragmentation. Full scan accurate
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mass peak areas were used to estimate relative abundance of each species. The
disappearance of starting material, estimated on the basis of relative full scan peak areas,
was consistent with that estimated based on the relative abundance compared to time 0
h by MS or UV (200-350 nm). The disulfide cleavage versus time profiles were obtained

and percent parent remaining at individual time points was reported.

The identification of compounds was performed by LC/MS on a Triple TOF 5600 mass
spectrometer (AB Sciex) coupled with HPLC separation. The PBD-dimer (2) was
identified by a molecular ion at m/z 585.2730 (calculated at 585.2713; C33H37N4Os) and
by major fragments at m/z 504.2144 and 259.1096. Compound 11 was identified by a
molecular ion at m/z 781.2968 (calculated at 781.2941; C39H49N4O9S2) and by a major
fragment at m/z 719.2991. Compound 16 was identified by a molecular ion at m/z
841.2889 (calculated at 841.2788; CaoH49N4O12S2) and by major fragments at m/z
823.2696, 705.2538, 608.2086, and 535.1915. Other compounds were identified by

comparison with synthetic materials.

Whole blood stability

Blood of human and rat (100 L of pool of mixed gender) was incubated with 10 uM of
each compound (1-10) at 37°C for 0, 4, and 24 h (n = 3). Acetonitrile (300 yL) was used
to quench the reaction. After vortexing and sonication for 5 min, the samples were

centrifuged for 10 min at 2000 xg. The supernatant (50 pL) was mixed with 200 uL of
water and 10 pL was analyzed by LC-MS/MS. The GSH analysis was carried out with a
Shimadzu Nexera UPLC system coupled to a QTRAP 5500 AB Sciex in positive ion
mode. Mobile phase A was water with 0.1% formic acid, and mobile phase B was
acetonitrile with 0.1% formic acid. The chromatography was performed on a Thermo
HyperCarb column 50x2.1 mm, 3 um (Bellefonte PA, USA). Propranolol (100 nM) was
used as the internal standard. The calibration curve for quantitation of each compound
was constructed by plotting the compound to internal standard peak area ratio versus the
nominal concentration of the analyte with a weighted 1/x quadratic regression.

In preparation for the incubation of ADCs in whole blood, the vendor (Bioreclamation,
Westbury NY) shipped cold, whole blood overnight, and stability samples were created
immediately upon arrival. Initial dilutions of the ADC source material were made in buffer
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(1XPBS, pH7.4,0.5% BSA, 15 ppm ProClin) so that all molecules were at a concentration
of 1 mg/mL. This was followed by a 1:10 dilution (36 pL of 1 mg/mL solution was diluted
in 324 pL blood or buffer) to generate stability samples with a final concentration of 100
pug/mL. Once mixed, 150 uL of the whole blood/buffer stability samples was aliquoted into
two separate sets of tubes for the two different time points (0 and 24 h). The 0 h samples
were placed in a -80°C freezer and the 24 h samples were placed in a 37°C incubator
and shaken (~700 rpm). After 24 h, samples were removed from the incubator and stored
in a -80°C freezer until affinity-capture LC-MS was performed. The matrices used to
generate the samples were mouse (CB17 SCID), rat (Sprague-Dawley), and human.
Whole blood stability samples were analyzed by affinity-capture LC-MS with modifications
to the method described previously (Xu, et al., 2011). Briefly, streptavidin-coated (SA)
magnetic beads (Thermo Fisher Scientific, Waltham, MA) were washed 2x with HBS-EP
buffer (GE Healthcare, Sunnyvale, CA), then mixed with either biotinylated extracellular
domain of target (e.g., human erb2) or anti-idiotypic antibody for specific capture using a
KingFisher Flex (Thermo Fisher Scientific, Waltham, MA) and incubated for 2 h at room
temperature with gentle agitation. After the 2 h, the SA-bead/biotin-capture probe
complex was washed 2x with HBS-EP buffer, mixed with stability samples that were
diluted 1:16 with HBS-EP buffer and then incubated for 2 h at room temperature with
gentle agitation. After 2 h, the SA-bead/biotin-capture probe/sample complex was
washed 2x with HBS-EP buffer, followed by deglycosylation overnight with PNGase F
(New England BiolLabs, Ipswich, MA). The SA-bead/biotin-capture probe/sample
complex was then washed 2x with HBS-EP buffer, followed by 2x washes of water
(Optima H20, Fisher Scientific, Pittsburgh, PA) and finally a 1x wash with 10%
acetonitrile. The beads were then placed in a solution of 30% acetonitrile and 0.1% formic
acid for elution and incubated for 30 min at room temperature with gentle agitation before
being collected. The eluted samples were then loaded onto an LC/MS (Synapt G2-S,
Waters, Milford, MA) for analysis.

ADC samples (10 pyL) were injected and loaded onto a PepSwift reversed phase
monolithic column (500 ym x 5 cm) (Thermo Fisher Scientific, Waltham, MA) maintained
at 65°C using a Waters Acquity UPLC system at a flow rate of 20 yL/min with the following
gradient: 20% B (100% acetonitrile and 0.1% formic acid; A is 0.1% formaic acid in water)
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at 0-2 min, 35% B at 2.5 min, 65% B at 5 min, 95% B at 5.5 min, and 5% B at 6 min.
The column was directly coupled for online detection with Waters Synapt G2-S Q-TOF
mass spectrometry operated in positive ESI mode with an acquisition range of m/z 500
to 5000.

For stability data analysis, deconvolution of the raw spectrum within a selected ADC
elution time window was implemented with Waters BiopharmalLynx 1.3.3 software. Drug
loss or modifications were identified according to the corresponding mass shifts from the
starting ADC material. Peak labeling and the drug-to-antibody ratio (DAR) calculation
were performed with a custom Vortex script (Dotmatics, Bishops Stortford, United
Kingdom). Drug loss, cleavage, and formation of adducts were identified according to the
corresponding mass shifts from the starting ADC material. The relative abundance of
each ADC species in the analytical sample was represented by its MS signal intensity.
The relative ratios of ADC with different DARs were calculated by dividing the intensity of
the specific ADC species with the intensity of the total ADC species. DAR percent was
calculated as previously reported (Staben et al., 2016).

10
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Results

The stability of disulfide bonds in substituted disulfide-containing PBD monomer prodrugs
(3-10) was tested in incubations with GSH and cysteine (Figure 1). Subsequent tests
showed that some stable compounds, which had been selected from a
glutathione/cysteine reduction assay, were unstable in incubations in whole blood of
humans and rats. Compounds 3-6, all of which contain the disulfide prodrug functionality,
were relatively stable in incubations with 4 mM GSH or 30 uM cysteine up to 24 h at 37°C
(Table 1). In incubations of human or rat whole blood, however, these compounds had a
low percent remaining of the starting material at the end of the incubation and were,
therefore, unstable under these conditions (Table 1 and Figure S1). In addition, more
enzymatic cleavage was observed in rat blood than in human blood. Interestingly,
disulfide compounds 7-10, which have more substitutions on the carbon atoms next to
the disulfide bond, showed improved stability compared to the less substituted disulfide
compounds 3-6 in both GSH/cysteine reduction assays and whole blood incubations. The
product from these whole blood incubations was the expected PBD monomer 1. Figure 2
(pathway A) shows that chemical reduction of the disulfide bond followed by immolation
of the B-mercaptoethyl-carbamate linker produced PBD monomer 1. To better understand
the role of free thiols in the degradation of these disulfide compounds in blood, we also
determined GSH and cysteine concentrations in whole blood and in blood cells of rats
and humans (Table S1). GSH and cysteine concentrations in the plasma of rats and
humans were relatively low at single uM ranges. On the other hand, GSH concentrations
in blood cells reached mM ranges, while cysteine concentrations were at low yM ranges.
These results are consistent with literature values (Gamcsik et al., 2012; Hatem et al.,
2017; Johnson et al., 2008; Otani et al.,, 2011; Sato et al., 2005). In these in vitro
incubations, the concentrations of the reductants were higher than those found in whole
blood or blood cells of human or rat, yet they resulted in much less disulfide cleavage.

Figures 3A and 3C show product profiles of ADC 12 from 24 h incubations in whole blood
of human and rat. ADC 12, which contains a disulfide linker, showed relatively good
stability with only low levels of deconjugation products (P-1) observed in both human and
rat blood samples after a 24 h incubation at 37°C.

11

6T0Z ‘ST JOQWIBAON UO SeuInor 134S Y e BIo'sjeulno flsdse:puup wo. ) pepeojumoq


http://dmd.aspetjournals.org/

253
254
255
256
257
258
259
260
261
262
263
264
265

266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281

DMD Fast Forward. Published on May 13, 2019 as DOI: 10.1124/dmd.118.086132
This article has not been copyedited and formatted. The final version may differ from this version.

A probe ADC molecule 13 was designed to contain both a disulfide prodrug functionality
and a disulfide linker on PBD dimer 2. Compared to ADC 12, which was relatively stable
in whole blood incubations (Figures 3A and 3C), the prodrug ADC 13 was not stable in
whole blood of human or rat and showed the formation of multiple products. These
products resulted from the loss of one or two prodrug functionalities (-196 Da), or the loss
of one or two linker drugs (-LD), or a combination of these degrading processes. Figures
3B, D, E, F show the degradation profiles of ADC 13. Although the antibody-related
product profiles look similar between human and rat, the payload-related product profiles
are very different (Figure 4). In incubations with human blood, the intramolecular disulfide
16 was the dominant product with payload 2 and prodrug 11 as minor products. In
contrast, incubation in rat blood generated all three compounds (2, 11, 16) as prominent
products. Rat blood presumably has a higher level of degradation activity than human
blood, leading to a greater extent of cleavage of 16 and a higher concentration of 2.

Figure 3 shows the degradation pathway of ADC 13 in human and rat blood. In this
pathway, cleavage of the linker disulfide bond resulted in formation of intermediate 14,
which can quickly immolate to form 11. Disulfide cleavage in the prodrug functionality of
ADC 13 generated intermediate 15, which can immolate to form conjugate 12 (which is
also labeled as P3 in the chromatograms). Intermediate 15 can also lead to formation of
16 through intramolecular disulfide formation. Immolation of the less substituted B-
mercaptoethyl-carbamate linker in 15 might be slower than that of the -
mercaptoisopropyl-carbamate linker in 14 (Zhang et al., 2018), which would allow for
sufficient time to form the intramolecular disulfide 16. Cleavage of the prodrug disulfide
bond appeared to be operative in both human and rat blood. Further degradation of 11,
12, or 16 released payload 2. In this context, cleavage of the linker disulfide bond could
be a minor pathway in human blood but a major pathway in rat blood. ADC 13 primarily
underwent prodrug disulfide bond cleavage in both human and rat blood to form the
intramolecular disulfide 16. The antibody-related product profile also indicated that
cleavage of the prodrug disulfide bond lead to loss of a 196 Da species to form P1-P4
(Figures 3B and D).

12
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The disulfide stability data from the PBD monomer model compounds 3-6 and ADC 13
suggest that there may be an enzymatic mechanism in whole blood that causes
instability of these otherwise stable disulfides. Figure 2 (pathway B) shows a proposed
mechanism for catalysis of disulfide cleavage through linker immolation, leading to the
release of PBD monomer 1 or PBD dimer 2.

There is a good level (nM to uM) of TRX and GRX in whole blood in human and animals
(Pei et al., 2018; Bjornstedt et al., 1995; Butera et al., 2014; Holgren et al., 1995), which
may have caused the instability of the disulfide compounds 3-6. Experiments were,
therefore, conducted using recombinant TRX and GRX enzymes in incubations with these
disulfide compounds. The results showed that an appreciable level of PBD monomer 1
was produced from compound 3 in the presence of TRX, TRX-reductase, and NADPH;
however, GRX did not form any PBD monomer 1 from 3 in the presence of GSH at a
concentration (80 yM) that did not chemically cleave the disulfide bonds (Figure 5A).
Surprisingly, GRX formed a similarly low level of PBD monomer 1 from compounds 5 and
10 (Table 2S), which have different disulfide structures from that in compound 3. These
results suggest that GRX has different specificity and perhaps a narrower range of

substrate acceptance than does TRX for catalytic cleavage of disulfide bonds.

We next investigated whether the disulfide linker in ADC 12 is subject to catalytic disulfide
cleavage by TRX or GRX. Figure 5B (conditions a, b, and c) showed that incubations of
ADC 12 with both human and rat TRX produced PBD dimer 2 after 1-2 h incubations. In
comparison, a minimal level of PBD dimer 2 formed in incubations of human TRX without
NADPH or in the presence of a TRX-reductase inhibitor (Figure 5B, conditions g and h).
Incubations of ADC 12 with GRX produced a lower level of PBD dimer 2 (3-4 fold lower
than TRX incubations) (Figure 5B, conditions d, e, and f). No PBD dimer 2 was formed in
the control incubation in the presence of 80 uM GSH cofactor without GRX. The TRX-
mediated cleavage of the linker disulfide bond, therefore, appeared to be time- and
NADPH-dependent and inhibited by a TRX reductase inhibitor (Figure 5B).

Figure 5C shows PBD-related product formation from incubation of ADC 13 with TRX or
GRX under various conditions. Payload 2 was the main product from incubations with
human and rat TRX (conditions a, b, and c), while prodrug 11 was a prominent metabolite

13
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formed (conditions a, b, ¢, and d). This activity was not observed when TRX reductase
inhibitor was present in the incubation or no NADPH was used (conditions g and h). The
intramolecular disulfide 16 was a minor product of both TRX and GRX incubations. PBD
dimer 2 was identified following incubations with TRX in the presence of TRX-reductase
and NADPH or GRX at a concentration of GSH that did not cause any level of disulfide
linker cleavage (Figure 5C). Similar to whole blood incubations, cleavage of the disulfide
linker led to formation of proposed intermediate 14 that could quickly immolate to form
prodrug 11. The disulfide in prodrug 11 could be further cleaved to form payload 2.
Alternatively, disulfide cleavage in the prodrug functionality produced intermediate 15 that
underwent relatively slow immolation, leading to formation of intramolecular disulfide 16.
Figure 2S shows the antibody-related product profiles of ADC 12 and 13 in the presence
of human or rat TRX as well as human GRX. The conjugate was more extensively
degraded in the incubation with TRX than in whole blood (Figures 3B and 3D), as
evidenced by an antibody product formed from complete linker cleavage that was not
observed in whole blood incubations. Either the prodrug disulfide bond or linker disulfide
bond in ADC 13 could be cleaved by TRX or GRX to form a mix of products (Figure 5C).
GRX showed a low level of catalytic activity for both types of disulfide bonds.

The linker disulfide bond in ADC 12 was also cleaved by TRX, but the extent of cleavage
was much less than that for ADC 13 as a significant amount of starting ADC 12 remained
in parallel incubations (Figure 2S, conditions b and d). Comparison of the antibody-related
product profiles of ADC 12 and ADC 13 in the presence of TRX clearly showed more
extensive degradation of ADC 13 than 12 (Figure 2S). Overall, the prodrug disulfide bond
is more susceptible to catalytic cleavage by enzymes than is the disulfide linker bond.

Discussion

Incubations of the disulfide-containing prodrugs 3, 5, and 10 with recombinant TRX and
GRX in the presence of cofactors showed that the catalytic activity of these enzymes is
required to cleave the disulfide bonds in these small molecules. Likewise, incubations of
ADC 12 showed the importance of the TRX and GRX enzymes in cleavage of the linker
disulfide bond. Incubation of ADC 13 further demonstrated that TRX and GRX can

14
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catalyze cleavage of both prodrug and linker disulfide bonds from the same molecule.
These data clearly support catalytic disulfide cleavage activities of TRX and GRX. Both
antibody product- and PBD product-profiles were qualitatively similar between the
reactions of disulfide compounds with TRX or GRX enzymes in whole blood. Immolation
following disulfide cleavage for the disulfide-containing compounds selected in these
studies facilitated product analysis and clean assessment of disulfide cleavage. The
disulfide linker cleavage in ADC 12 and 13 suggested that the disulfide bonds that connect
engineered-in cysteines and payloads are accessible to enzymes. The variable stabilities
of the ADC conjugates from the cysteines engineered at different locations on an antibody
may suggest different accessibilities of these linker disulfide bonds to TRX or GRX
enzymes (Ohri et al.,, 2018). Neither of these enzymes is expected to cleave inner
disulfide bonds such as inter-chain disulfides of an antibody.

Cellular disulfide cleavage has been implied in a number of previous reports of cell
incubations (Zhang et al., 2017b; Butera et al., 2014). TRX has been shown to catalyze
the allosteric disulfide bonds in proteins (Hogg, 2003; Hogg, 2009). To our knowledge,
there is no prior report of experimental data showing catalytic cleavage of disulfide bonds
in xenobiotics by a particular enzyme. Disulfide-containing drugs are rare, which may limit
investigations into catalytic disulfide cleavage. Romidepsin is a disulfide-containing
HDAC inhibitor prodrug, which acts as an anticancer agent to treat cutaneous T-cell
lymphoma (Amengual et al., 2018), and it binds to the thiol in the binding pocket of Zn-
dependent histone deacetylase upon disulfide cleavage. TRX and GRX could also be
involved in the metabolism of thiol-containing drugs such as albitiazolium (Caldarelli et
al., 2012).

Collectively, results support that TRX and GRX in whole blood may catalyze degradation
of disulfide-containing prodrugs and disulfide-linker ADC conjugates. Through careful
product characterization of disulfide-containing molecules, we demonstrated that TRX
and GRX catalyze the disulfide bond cleavage in xenobiotics; thus, representing a new
function of TRX and GRX.
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Figure legends

Figure 1. Chemical structures of the disulfide-containing prodrugs and ADC conjugates
in this study.

Figure 2. Chemical (A) and catalytic (B) disulfide cleavage mechanisms for disulfide-
containing prodrugs and disulfide linker-containing ADCs.

Figure 3. Degradation product LC-MS profiles of ADC 13 from human and rat blood

incubations.

Figure 4. Proposed payload-related product formation pathways of ADC 13 in incubations
in human and rat blood.

Figure 5. PBD-related product LC-MS profiles of disulfide 3 (A), ADC 12 (B), and ADC 13
(C) in catalytic reactions by TRX and GRX.
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503
504 Table 1. Stabilities of disulfide-containing prodrugs in incubations with GSH, cysteine, or

505 human and rat whole blood.

506
507
% Disulfide remaining
Compound
GSH Cysteine Rat whole Human whole
@4.0 mM? | @30 uM? blood® blood®
3 56 100 0.1 5
4 21 99 0.3 24
5 68 100 5 80
6 44 98 1 45
7 88 100 87 120°
8 100 100 19 120°
9 100 100 100 108°
10 82 99 124° 124°

508 “Disulfide cleavage in the presence of the indicated concentration of GSH or cysteine at 24 h.
509 See Supporting Information for additional details.

510 “The disulfide was incubated in whole blood, and aliquots were analyzed at 24 h. Procaine (10
511  pM) was used as positive control incubation with <3% remaining after 24 h.

512 ° Higher than expected % remaining was reported. This is more likely due to the
513  bioanalytical variability.

514

515
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HPLC Retention Time (min)

ADC12 = Ab + 2*LD
P-1=Ab + LD+ Cys

ADC13 = Ab + 2*LD

P1=Ab +LD +CYS —196Da
P2 = Ab + LD + GSH — 196Da
P3 =Ab +2*LD -2*196Da
P4 = Ab + 2*LD — 196Da
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Table 1S. Concentrations of thiol species (GSH, GSSG, cysteine, cysteine) in plasma,

whole blood, and blood cells of human and rat

GSH GSSG Cysteine Cystine
(UM) (LM) (UM) (UM)

Human Plasma 58+0.6 <24 <24 26.1+£3.2
Blood 284 +9 234 + 25 <24 20.6 +4.0
Blood cells | 855 + 50 315+ 42 <2.4 11.9+5.0
Rat Plasma 7.8x0.9 13.7+1.1 <24 29.8+1.3
Blood 518 + 26 92.0+5.9 <2.4 23.7+15
Blood cells | 1450 + 64 160 £8 294+69 | 129x+3.0

The samples were treated with 5 volumes of 0.5 N perchloric acid with vortex and sonication for

5 min. The samples were analyzed by LC/MS/MS.

N=4, LLOQ =1 pM (GSH), 2.4 uM (cysteine), 2.4 UM (GSSG), and 0.4 pM (cystine).




Table S2. Product formation of disulfide-containing prodrugs and ADC conjugates in

incubation with TRX and GRX under various conditions

Reaction/ Cofactor Parent-> 3 5 10 12 13
Condition Product-> 1 1 1 2 2 16 11
+hTRX 2h +NADPH ++ + + ++ ++ + ++
+hTRX 1h +NADPH ND | ND | ND T+ | 4+ - +
+rTRX 1h +NADPH ND ND ND ++ ++ + ++
+hGRX 2h +GSH - + + + + + ++
+hGRX 1h +GSH ND ND ND + - + +
+hGRX 2h -GSH ND ND ND + - - -
+hTRX+inhibitor 2h +NADPH ND ND ND - - - -
+hTRX 2h -NADPH - - - - - - -
-hTRX 2h +NADPH ND ND ND - - - -
-hGRX +GSH - - - - - - -

Note: ++, +, -, and ND shows decreasing amounts.




Figure 1S. Stability of disulfide-containing prodrugs in human and rat blood incubations

160 -

pradl 4 h ® human
120 - st
100

80

60

a0

0 !

160

24 h

140

120 -

100 - -

80

60

40

2 1 mr ol

5 10 6 3 4 8 7 9 | p

% Parent Remaining

[=]

rocaine



Figure 2S. Antibody-related product profiles of ADC 12 and 13 in incubations with TRX
and GRX.

ADC12 = Ab + 2*LD; P-2 =Ab + LD
ADC13 = Ab + 2*LD; P-3=Ab+LD-196Da; P1=Ab+LD+CYS-196Da;

P3=Ab+2*LD-2*196Da; P4=Ab+2*LD-196Da
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Synthesis of compounds

Compound 11

Boc
TBSO —0 ‘s TBSO | —OTBS

T e

Boc Boc

j/ A4 TBSO NH f/ HOAcITHF/HzO HO~ HN O~ O NH ¢
\ e o N
A6

Y
Boc OH O

KJ@ o B,

To a solution of triphosgene (89.43 mg, 0.300 mmol) and 4A molecular sieves
(50 mg) in DCM (5.0 mL) was added a solution of compound A2 (165.0 mg, 0.710
mmol) and pyridine (168.58 mg, 2.13 mmol) in dichloromethane (DCM) (5.0 mL). The
mixture was stirred at 0 °C for 30 min. The resulting mixture was added dropwise to a
solution of compound A1 (745 mg, 0.780 mmol), pyridine (169 mg, 2.13 mmol) and 4A
MS in DCM (5.0 mL). It was stirred at 0 °C for 30 min, and washed with water (5.0 mL).
The organic phase was dried, concentrated and purified by flash column
chromatography (5% MeOH in DCM) to give the product A3 (698 mg, 81%) as a yellow
oil. LC/MS (5-95, AB, 1.5 min): RT =1.187 min, m/z=606.5 [M/2+1]+.

To a solution of compound A3 (698.0 mg, 0.580 mmol) in DCM (10.0 mL) was

added 2-propanethiol (439 mg, 5.76 mmol). After the mixture was stirred at 20 °C for 1



h, MnO, (100 mg) was added and stirred for 5 min, and filtered. The filtrate was
concentrated and purified by prep-TLC (50% EtOAc in petroleum ether) to give
compound A5 (620 mg, 95%) as a yellow solid. LC/MS (5-95, AB, 1.5 min): RT =1.221
min, m/z=1131.4 [M+1]+.

To a solution of compound A5 (620.0 mg, 0.550 mmol) in THF (6.0 mL) and
water (6.0 mL) was added HOAc (3.29 g, 54.8 mmol). The mixture was stirred at 40 °C
for 16 h and concentrated. It was purified by column chromatography (10% MeOH in
DCM) to afford compound A6 (208 mg, 42%) as yellow oil. LCMS (5-95, AB, 1.5 min):
RT = 0.854 min, m/z=903.3 [M+1]+.

To a solution of compound A6 (208.0 mg, 0.230 mmol) in DCM (8.0 mL) was
added 4A molecular sieves, DMP (224.7 mg, 0.530 mmol). The mixture was stirred at
20 °C for 2 h and was quenched with saturated NaHCO3; and Na,S,0O3 solution (2.0
mL/2.0 mL). After it was stirred for 5 min, DCM (5.0 mL) was added and separated.
The DCM phase was washed with water (2 x 5 mL). It was dried, concentrated and
purified by prep-TLC (5% MeOH in DCM, Rf=0.2) to afford compound A7 (121 mg,
58%) as a light yellow foam. LC/MS (5-95, AB, 1.5 min): RT =0.783 min, m/z=781.3 [M-
100+1]+.

TFA (1.0 mL, 13.5 mmol) was added to compound A7 (121.0 mg, 0.1230 mmol) at
0 °C. After the mixture was stirred for 10 min, it was added to a cold saturated NaHCO3
solution (20 mL) and extracted with DCM (3 x 10 mL). The combined organic layers
were concentrated and purified by prep-TLC (10% MeOH in DCM, Rf = 0.2) followed by
prep-HPLC (ACN, acetonitrile: 42~62%, 0.225%FA) to afford the title compound 11 (7.2

mg, 7.0%). LC/MS (5-95, AB, 1.5 min): RT =0.868 min, m/z=781.3 [M+1]+.
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To a mixture of compound B7 (200 mg, 0.86 mmol) in DCM (10 mL) was added
2-propanethiol (328 mg, 4.31 mmol). The mixture was stirred at 15 °C for 12 h. The
solid was filtered and the solution was concentrated. The residue was purified by
chromatography on silica (100% DCM) to give compound B4 (90 mg, 69%) as a
colorless oil. *HNMR (400 MHz, CDCls) & 3.91-3.86 (m, 2 H), 3.05-3.00 (m, 1H), 2.86-
2.84 (m, 2H), 2.04 (t, J = 6.4 Hz, 1H), 1.32 (d, J = 6.4 Hz, 1H).

To a solution of triphosgene (301 mg, 1.01 mmol) in DCM (5.0 mL) was added a
mixture of compound B2 (500 mg, 2.03 mmol) and pyridine (161 mg, 2.03 mmol) in
DCM (5.0 mL) at O °C under N,. The reaction mixture was stirred at 16 °C for 30 min.

The mixture was concentrated in vacuo and used in the next step directly. To a solution
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of the above mixture in DCM (5.0 mL) was added a mixture of compound B1 (2.76 g,
3.24 mmol) and pyridine (128 mg, 1.62 mmol) in DCM (45.0 mL) at 0 °C. The reaction
mixture was stirred at 0 °C for 1 h. TLC (50% EtOAc in petroleum ether Rf = 0.6)
showed that the product B3 was formed. The reaction mixture was concentrated in
vacuo and purified by chromatography on silica (0-50% EtOAc in petroleum ether) to
give compound B3 (1.50 g, 78.2%) as a yellow solid. LC/MS (5-95, AB, 1.5 min): Ry =
1.09 min, m/z = 1126.7 [M+1]".

To a mixture of compound B3 (200 mg, 0.18 mmol) and EtsN (36 mg, 0.36
mmol) in DCM (4.0 mL) was added triphosgene (26 mg, 0.09 mmol) in DCM (2.0 mL)
at0 °C. After addition, the mixture was stirred at 15 °C for 20 min. LCMS (sample
quenched with MeOH, 5-95, AB, 1.5 min): Ry = 1.164 min, m/z = 1183.4 [M+32+1]".
The mixture was used directly in the next step. To above mixture was added a solution
of compound B4 (38 mg, 0.25 mmol) and EtsN (34 mg, 0.33 mmol) in DCM (1.0 mL).
After the reaction mixture was stirred at 15 °C for 2 h, it was concentrated and purified
by prep-TLC (33% EtOAc in petroleum ether, Rf=0.4) to give compound B5 (160 mg,
72%) as a yellow oil. LC/MS (5-95, AB, 1.5 min): Rt = 1.26 min, m/z = 1304.2 [M+1]".

To a mixture of compound B5 (160 mg, 0.12 mmol) in THF (2.0 mL) and water
(2.0 mL) was added HOAc (3.91 mL, 68 mmol) dropwise. After addition, the mixture
was stirred at 15 °C for 12 h. TLC (5% MeOH in DCM, Rf = 0.5) showed was complete.
The mixture was poured into EtOAc (30 mL), and was washed with water (10 mL x 2),
saturated NaHCO3; (10 mL x 2) and brine (10 mL). The organic layer was dried over

Na SO, and purified by prep-TLC (5% MeOH in DCM, Rf = 0.5) to give compound B6



(120 mg, 93%) as a yellow solid. LC/MS (5-95, AB, 1.5 min): Rt = 0.88 min, m/z =
1075.5 [M+1]".

To a mixture of compound B6 (60 mg, 0.06 mmol) in DCM (5.0 mL) was added
DMP (71 mg, 0.17 mmol). The reaction mixture was stirred at 15 °C for 1 h. LCMS (5-
95AB/1.5min): RT =0.80 min, [M+H]'1071.2 showed 39% of desired product.
The mixture was concentrated and the residue was purified by prep-TLC (7% MeOH in
DCM, Rf = 0.5), followed by prep-HPLC (acetonitrile 45-75/10mM NH4;HCO3-ACN) to
give B8 (10.1 mg, 17%) as a white solid. LC/MS (5-95, AB, 1.5 min): Rt = 0.81 min,
m/z = 1053.1 [M-18+1]*. 'H NMR (400 MHz, CDCls) & 9.22 (s, 1H), 8.30 (d, J = 7.6
Hz, 1H), 7.63 (d, J = 8.8 Hz, 1H), 7.27 (s, 1H), 7.21 (s, 1H), 6.86 (s, 1H), 6.70 (s, 1H),
5.59-5.56 (m, 2H), 5.15 (s, 4H), 4.43-4.29 (m, 4H), 4.17-3.64 (m, 19 H), 3.22-3.20 (m,

1H), 2.94-2.70 (m, 6H), 1.91 (d, J = 6.4 Hz, 4H), 1.64 (s, 2H), 1.26-1.20 (m, 9H).
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