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ABSTRACT: Tissue transglutaminase (TG2) is a multifunctional
enzyme involved in the cross-linking of extracellular matrix
proteins, formation of complexes with fibronectin (FN) and
integrins, and GTP hydrolysis. TG2 is activated in several
pathological conditions, including cancer. We recently described
a novel series of ligands that bind to TG2 and inhibit its interaction
with FN. Because TG2 acts via multiple mechanisms, we set out to
pursue a targeted protein degradation strategy to abolish TG2’s
myriad functions. Here, we report the synthesis and character-
ization of a series of VHL-based degraders that reduce TG2 in
ovarian cancer cells in a proteasome-dependent manner. Degradation of TG2 resulted in significantly reduced cancer cell adhesion
and migration in vitro in scratch-wound and migration assays. These results strongly indicate that further development of more
potent and in vivo efficient TG2 degraders could be a new strategy for reducing the dissemination of ovarian and other cancers.

■ INTRODUCTION
Tissue transglutaminase (TG2) is a 77-kD protein belonging to
the transglutaminase family, which includes transglutaminases
1−7, Factor XIII, and erythrocyte protein 4.2. These related
proteins have similar catalytic activity; however, their substrate
preferences and patterns of expression in tissues vary. TG2 has
four domains: an N-terminus β-sandwich domain, which binds
to fibronectin (FN), a catalytic domain that harbors the catalytic
triad C277H335D358, which carries out the acyl-transfer function,
and two β-barrel domains.1,2 A GTP/GDP-binding site is
located between the catalytic and the first β-barrel domain. TG2
does not have a classical switch region, characteristic of G-
proteins, and it remains unclear how its binding to GTP/GDP
affects signaling. TG2 was shown to interact with PLCγ through
a region located in its C-terminus and thus has been implicated
in adrenergic signaling.3 The functions of the protein are
modulated through allosteric changes, regulated by the
concentrations of GTP and Ca2+. The crystal structure of
GTP-bound TG2 (PDB 1KV3) has a compact conformation
with the two β-barrel domains folding over the catalytic triad,
obstructing the accessibility of Cys277 and blocking the
enzymatic activity. The X-ray crystal structure of TG2 obtained
in the presence of Ca2+ (PDB 2Q3Z) is open and exposes the
catalytic core. In this “open” state, TG2 cannot bind GTP/GDP
but interacts with substrates for transamidation.
Consequently, the physiological functions of TG2 are

regulated by cellular context and localization. At the plasma
membrane, TG2 binds to the 42 kDa gelatin-binding domain of
FN (FN42), providing a binding site for β1 and β3 integrins4−6

and other membrane receptors such as PDGFR-β7,8 and
Frizzled-7.9 Mutations in the catalytic core have been shown

to not affect the formation of the FN/integrin/TG2 complex,
proving that this function of the protein is independent of its
transamidase role.5 Within the cytosol, where Ca2+ concen-
trations are low, the protein assumes a closed conformation and
binds to GTP and other partners, thereby altering cellular
signaling.3,10 In the extracellular matrix (ECM), where Ca2+
levels are high and nucleotide concentrations are low, TG2
functions as a transamidase, facilitating Ca2+-dependent
incorporation of amines into proteins and acyl-transfer between
glutamine and lysine residues, leading to protein cross-linking
and facilitating matrix remodeling.11 The catalytic activity of
TG2 can also be inhibited by various oxidants through
intramolecular disulfide bridge formation.12,13 Several matrix
proteins have been shown to be TG2 substrates, including FN,14

fibrin,15 osteopontin,16 laminin,17 collagen,18 and others. These
functions suggest that TG2 plays important roles in cell
adhesion, migration, and stromal assembly, which are involved
in fibrotic processes and cancer.
Over the past decade, TG2’s role in cancer has been firmly

established. The enzyme was found to be upregulated in
ovarian,19,20 pancreatic,21 lung,22 breast cancer,23 and glioblas-
toma.24 TG2 expression was correlated with poor clinical
outcomes in ovarian,25 pancreatic,26 and lung cancer,27
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suggesting that it functions as a tumor promoter. Functionally,
TG2 was linked to chemotherapy resistance28 through
activation of the NF-κB survival pathway29,30 and of “outside-
in” signaling,26 and with metastatic progression in ovarian
cancer models19,20 through induction of epithelial-to-mesen-
chymal transition (EMT). More recently, TG2 was reported to
be highly expressed in cancer stem cells (CSCs), facilitating their
interaction with the metastatic niche and activating pro-survival
pathways.31 While the pro-tumorigenic role of TG2 is clear,
there is still a lack of consensus regarding which function and
domain of the protein is responsible and should be targeted. We
and others have shown that interactions with integrins and FN at
the plasmamembrane activate outside-in signaling (FAK, Akt, β-
catenin, EGFR)32,33 and regulate cancer metastasis and
stemness. However, in other contexts, the transamidase function
was shown to have pro-tumorigenic functions: IκBα is cross-
linked by TG2, leading to NF-κB activation;34 RhoA is
transamidated by TG2 and becomes constitutively active.35

Other studies using TG2mutants (R580A, which is unable to bind
GTP; and C277, which is enzymatically inactive) suggested that
the nucleotide-binding function of TG2 is required for
maintaining cancer stemness.36,37 Thus, it remains unclear
how to best target TG2, and the development of effective
inhibitors has been challenging. Several strategies have been
attempted, including small-molecule inhibitors for the TGase

activity,38,39 for the TG2/FN complex,40,41 or for the GTPase
function. While some anti-oncogenic activity was observed with
each of the classes of proposed inhibitors, an active in vivo anti-
TG2 strategy does not currently exist. We believe that this
roadblock is caused by the multifunctional properties of the
protein and the need to block all its functions through a single
modality.
A new therapeutic modality that overcomes many of the

challenges associated with difficult-to-target proteins is the
PROteolysis-TArgeting Chimera (PROTAC) drugs, which act
by inducing the degradation of a target protein.42,43 PROTACs
are bifunctional molecules, with one end binding to a protein of
interest and the other end binding to an E3 ubiquitin ligase. The
PROTAC simultaneously binds to these two proteins to bring
them into close proximity and form a ternary complex which
facilitates the transfer of a ubiquitin molecule to the protein of
interest and subsequent proteasomal degradation. The recent
development of PROTACs as a new strategy to therapeutically
target proteins has begun to significantly impact translational
research.44−48 There are currently more than ten different
PROTACs in clinical development.44−51 Available human
clinical data for these compounds have shown promising
tolerability, pharmacokinetic (PK), and efficacy, further
validating PROTACs as potential drugs.

Figure 1. Representative structures of known TG2 inhibitors (same numbering/naming as in references).
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There are several key advantages of PROTACs over
traditional small-molecule inhibitors. First, it has been shown
that degrading a target protein results in more intense and
sustained inhibition of its functions.52 Second, because the
compound is required to bind the target protein and the E3
ligase protein simultaneously and in the proper orientation,
there is often greater selectivity regarding which proteins are
degraded compared with which proteins are inhibited by the
ligand. For instance, when promiscuous inhibitor warheads are
used, typically, very few of the inhibited targets are degraded by
the PROTACs because of the more stringent structural
requirements of binding two proteins to form a ternary
complex.43 Third, many proteins, including TG2, have been
shown to possess functions in addition to their enzymatic/
signaling aspects, such as scaffolding partners. Existing inhibitors
impact either TG2 enzymatic activity, or inhibit enzyme activity
and GTP binding,53 and others only suppress FN binding, while
PROTAC-induced degradation can abolish all of a protein’s
functions and provide more functionally relevant effects.54

Because of the potential therapeutic relevance of TG2, there
has been considerable interest in developing small-molecule
inhibitors. Several reports have studied covalent inhibitors,
including bromodihydroisoxazole (DHI) derivatives and
Michael acceptors.55 In 2014, Khosla and co-workers reported
structure−activity relationship (SAR) studies on various DHI
analogs, in which the proline-containing inhibitor ERW1041E
was used as a starting point for lead optimization to improve
upon its potency, selectivity, and PK profile (Figure 1).56 More
recently, van Dam and co-workers reported that Michael
acceptor BJJF078, as well as ERW1041E, potently inhibited
both mouse and human TG2 (and TG1) but did not inhibit the
TG2-fibronectin interaction.57 Several peptidomimetic inhib-
itors containing Michael acceptors have also been recently
described, including ZED1227 from the biotech company
Zedira, which is the first known TG2 inhibitor undergoing
clinical trials.58

Furthermore, there are several reports of Nε-acryloyllysine
irreversible inhibitors of TG2. CHDI and Evotec reported
irreversible TG2 inhibitors with an acrylamide moiety that were
derived from a known lysine dipeptide.59 Compounds in the

series had several favorable properties, including improved polar
surface area, excellent plasma stability, and improved potency
relative to the benchmark dipeptide; however, they generally
suffered from high P-gp efflux and a high rate of oxidative
metabolism. The structures of one of these compounds, 4l, is
shown above (Figure 1). Akbar and co-workers also reported on
Nε-acryloyllysine irreversible inhibitors.53 Novel inhibitors were
developed that blocked both the transamidation function and
GTP binding ability of hTG2. One of these compounds, AA9,
was determined to have a good balance of affinity, efficiency, and
physicochemical properties.
In later work, McNeil et al. reported compounds that retained

the naphthoyl piperazine C-terminal functionality of AA9 but
optimized the N-terminal functionality since substituents here
were shown to contribute significantly to binding affinity.60

Their efforts resulted in compounds like compound 72 with
improved parameters overAA9, including fewer hydrogen-bond
acceptors, lower polar surface area, and fewer rotatable bonds, all
of which may help improve bioavailability. Wodtke et al.
described Nε-acryloyllysine piperazines in which substituents at
the α-amino group and the piperazine ring were modified,
resulting in compounds like 7b, which is a potent and selective
TGase 2 inhibitor.61 In future work, this compound was
modified to its 18F analogue to facilitate physiological studies of
TGase 2 both in vitro and in vivo.62 Similarly, via a palladium-
mediated [11C]CO aminocarbonylation reaction, van der Wildt
et al. described the synthesis of Nε-acryloyllysine carbon-11-
labeled PET tracers to further understand TG2 biology.63

The first reported reversible inhibitors of TG2 contained a
thieno[2,3-d]pyrimidin-4-one core.64,65 Case and Stein later
reported on compound LDN-27219, a reversible and slow-
binding inhibitor that appeared to not bind to TG2’s active site
but at the GTP site.66 Recent studies have also shown that
competitive, reversible cinnamoyl-based inhibitors of TG2, like
compound 15a, showed promising in vitro activity against
TG2.67 In 2014, Kim and co-workers demonstrated that
reversible TG2 inhibitor GK921 showed promise against renal
cell carcinoma in xenograft models.68 There are several reports
of compounds that disrupt the TG2/fibronectin interaction.
Khanna et al. reported that compound ITP-79 was able to

Figure 2. Structures of TG2 PROTACs.
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disrupt this interaction in ovarian cancer cells.69 Our group has
recently reported on a novel series of TG2 inhibitors.40 This
class of aminopyrimidine compounds, as exemplified by TG53
(Figure 1), inhibited the TG2/fibronectin interaction and was
initially identified using an AlphaLISA-based high-throughput
screen. Subsequent work modified this initial hit to improve
potency and solubility and resulted in inhibitor MT4.41

Based on our previously described TG2 inhibitors,40,41 we
hypothesized that we could develop a protein degrader for TG2,
which would abolish all of its pro-tumorigenic functions. Here,
we describe this series of novel TG2-targeting protein degraders.
We prepared a small library of bifunctional molecules
incorporating ligands for either cereblon (CRBN) or Von
Hippel-Lindau (VHL) protein and connected them via
poly(ethylene glycol) (PEG) linkers to our TG2 ligand.
Screening of these compounds for TG2 degradation in ovarian
cancer cells identified two molecules that caused protein
degradation. We confirmed the proteasome-dependent mech-

anism of action of these compounds using competition assays
and negative control derivatives. Finally, as an in vitro proof of
concept, we showed that these PROTACs inhibit TG2-
mediated ovarian cancer migration. These results demonstrate
the feasibility and utility of pursuing a targeted protein
degradation approach for TG2 that has the potential to
ameliorate ovarian cancer growth and metastasis.

■ RESULTS AND DISCUSSION
Synthesis of New TG2 PROTACs. We synthesized a small

library of heterobifunctional derivatives to assess their potential
to degrade TG2 (Figure 2). We chose to use our previously
reported TG2 inhibitor (MT4, Figure 1) for our TG2-binding
ligand,41 as this compound has better solubility than another
compound (TG53, Figure 1) that we have also recently
published,9 it is more potent in cellular experiments than
TG53,41 and we have previously characterized its binding
affinity to TG2.41 To determine an initial attachment point for

Scheme 1. Synthesis of New CRBN-Based TG2 Degrader Compoundsa

aReagents and conditions: (a) diisopropylamine (DIPEA), tetrahydrofuran (THF), methylamino-PEGn-OH, 20 °C, 12 h; (b) N-(4-aminophenyl)-
2-phenyl-acetamide, AcOH, Isopropanol (IPA), 80 °C, 12 h; (c) TosCl, triethylamine (TEA), dichloromethane (DCM), 20 °C, 8 h; (d) NaN3,
dimethylformamide (DMF), 50 °C, 12 h; (e) H2, Pd/C, NH4OH, MeOH, 20 °C, 12 h; (f) 2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-
dione, DIPEA, dimethylsulfoxide (DMSO), 60 °C, 12 h; and (g) 2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetic acid, HATU,
DIPEA, DMF, 20 °C, 12 h.
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the linkers of our bifunctional compounds, we first docked MT4
into the fibronectin-binding site of the crystal structure of TG2
(PDB 4PYG) to gain an understanding of the most likely
solvent-accessible site (Supplementary Figure 1). Based on the
docked pose, several potential interactions were identified that
contribute to ligand binding, including a hydrogen bond
between the amide N−H and Ser101 and a hydrogen bond
between the protonated pyrimidine and Asp94 (Supplementary
Figure S1A). The phenyl ring appears to be positioned in the
interior of the protein in a hydrophobic region formed by Leu12,
Leu14, and Trp40. A potential hydrogen bond between Thr42
and the benzyl group pi system may also be present. In contrast,
the dimethylamino group appears to be positioned toward the
solvent-accessible region of the binding site (Supplementary
Figure S1B). Based on this, as well as the relatively
straightforward nucleophilic aromatic substitution chemistry
needed to install linker amines at the pyrimidine-4-position, we
elected to prepare our initial set of PROTACs with linkers
coming off the amine group.
Our compound set included CRBN-binding ligands attached

via either amines or ethers, as well as a VHL ligand attached by
its terminal amine. All compounds used poly(ethylene glycol)

(PEG) linkers of varying lengths. The synthesis of our CRBN-
based compounds began with reacting 2,4-dichloro-6-methyl-
pyrimidine (14) with amino-PEGn=1−3 linkers to give 4-amine-
linked derivatives 15−17 in 20−39% yields (Scheme 1).
Following this amination, displacement of the chlorine in the
2-position of the pyrimidine ring was done using commercially
available N-(4-aminophenyl)-2-phenyl-acetamide in the pres-
ence of acetic acid in isopropanol to afford 2,4-diaminopyr-
imidines 18−20 in good-to-moderate yields. The hydroxyl
group was tosylated, followed by a reaction with sodium azide to
give azides 24−26 in good yields. Hydrogenation of the azide to
amines 27−29 followed by a nucleophilic aromatic substitution
reaction with 2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-
1,3-dione gave final compounds 1−3. Alternatively, an amide
coupling reaction between amines 27−29 and 2-((2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetic acid
gave compounds 4−6. For VHL-based PROTACs (Scheme
2), the commercially available methylamino-PEGn-t-butyl esters
were reacted with 2,4-dichloro-6-methylpyrimidine (14) to give
the PEGn=1−5 pyrimidines 30−34 in 32−82% yields. Nucleo-
philic aromatic displacement of the pyrimidines with N-(4-
aminophenyl)-2-phenyl-acetamide in refluxing isopropanol

Scheme 2. Synthesis of New VHL-Based TG2 Degrader Compoundsa

aReagents and conditions: (a) DIPEA, THF, methylamino-PEGn-t-butyl ester, 0 to 15 °C, 10 h; (b) N-(4-aminophenyl)-2-phenyl-acetamide,
AcOH, IPA, 80 °C, 12 h; (c) HCl in ethyl acetate (4 M), 25 °C, 12 h; (d) (S,R,S)-AHPC, HATU, DIPEA, DMF, 25 °C, 12 h; and (e) (S,S,S)-
AHPC hydrochloride, HATU, DIPEA, DMF, 25 °C, 12 h.
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Figure 3. Characterization of TG2 degradation in OVCAR5 and SKOV3 cells. (A) Western blot analysis of TG2 in OVCAR5 cells treated with
compounds 7 and 11 at 0.1, 1, and 10 μM at 6 h. DMSO was used as a control. (B) Western blot analysis of TG2 in SKOV3 cells treated with
compounds 7 and 11 for 6 h at 1 and 10 μM.DMSOwas used as a control. (C)Western blot analysis of TG2 inOVCAR5 cells treated with compounds
7 and 11 at 0.1, 1, and 10 μMat 24 h. DMSOwas used as a control. (D)Western blot analysis of TG2 in SKOV3 cells treated with compounds 7 and 11
for 24 h at 1 and 10 μM. DMSO was used as a control. (E) Quantification of western blots is shown in (A) (n = 3 experimental replicates; *p < 0.05;
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delivered the 2,4-diamino-substituted intermediates 35−39.
The t-butyl ester was deprotected using HCl to give the
carboxylic acids (40−44) in good yield. This was followed by an
amide coupling with the appropriate VHL ligand to give desired
compounds 7−11 as shown in Scheme 2. To prepare the
negative control versions of active degraders 7 and 11, in which
the stereochemical configuration of the C4 center on the VHL
ligand pyrrolidine ring was inverted, we carried out a 2-(7-
azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexa-
fluorophosphate (HATU)-promoted amide coupling of acids
40 and 44 with the commercially available S,S,S-isomer to give
negative control compounds 12 and 13 in moderate yields.

Screening for TG2 Degradation in Ovarian Cancer Cell
Lines. We tested whether the synthesized compounds induced
TG2 degradation in ovarian cancer cell lines OVCAR5 and
SKOV3 using concentration range (0.1−10 μM) and time
course (6−24 h) experiments. The limited solubility of the
compounds precluded their evaluation at concentrations above
10 μM. Among this set of compounds, 7 and 11 both
significantly reduced the level of TG2 within 6 h, in a
concentration-dependent manner in both OVCAR5 and
SKOV3 cells (Figure 3A,B and E,F), whereas no TG2
degradation was obtained after treatment with the other
compounds (data not included). However, longer (24 h)
treatment with compounds 7 and 11 did not induce reduction in
TG2 levels (Figure 3C,D and G,H). To further study the
dynamics of TG2 degradation induced by our active degraders,
SKOV3 cells were treated with different concentrations of
compounds 7 and 11 at different time points. Using western
blotting analysis, we observed a concentration-dependent
response (0.1, 0.3, 1, 3, 10, 30 μM) after 2-, 4-, 6-, and 12-
hour treatment with 7 (Figure 3I, n = 3 replicates,
Supplementary Figure S2) and 11 (Figure 3J, n = 3 replicates,
Supplementary Figure S2). Both compounds induced TG2
degradation in a time-dependent manner, with maximal
degradation observed at 6 h using higher concentrations (10
and 30 μM). After this degradation maximum, the TG2 levels
started to increase at 12 h, returning to levels close to control at
24 h. However, repeated dosing with compounds 7 or 11 over a
24-hour period (every 6−8 h) resulted in persistent and dose-
dependent decreased TG2 levels at 24 h in both OVCAR5 and
SKOV3 cells (Figure 3K,L). To exclude the possibility that the
observed decreased TG2 levels induced by our degraders were
related to cell death, viability assays were carried out. For this, we
treated OVCAR5 and SKOV3 cells with compounds 7 and 11
every 6−8 h for a period of 5 days. No significant cell death was
observed after treatment with any concentrations of compounds
7 (Figure 3M) or 11 (Figure 3N).

Degradation of TG2 is Proteasome-Dependent.
PROTACs act by engaging proteasome-dependent protein
degradation mechanisms. To determine whether the com-
pounds required proteasome activity for the degradation of
TG2, we tested their effects in the presence or absence of the
proteasome inhibitor MG132. Treatment with MG132
prevented TG2 degradation in both OVCAR5 (Figure 4A,B)
and SKOV3 (Figure 4C,D) cells, supporting the proteasome-
dependent nature of TG2 degradation. To further confirm this
mechanism, we tested whether treatment with the von Hippel-
Lindau (VHL) ligand (VHL-L) would compete with the
bifunctional degraders for VHL binding, thereby abrogating
their effects. Indeed, treatment with VHL-L did not alter levels
of TG2, while co-treatment of VHL-L with either 7 or 11
prevented degradation of TG2 in both OVCAR5 (Figure 4E,F)
and SKOV3 (Figure 4G,H) cells. To further establish that
degradation by compounds 7 and 11 is proteasome-dependent,
we prepared negative control versions of these degraders. These
compounds, 12 and 13 (Scheme 2), have inverted config-
urations of the C4 stereocenter of the pyrrolidine ring and are
unable to bind VHL,70,71 and therefore do not induce
proteasome-dependent degradation. Treatment of OVCAR5
cells (Figure 4I,K) or SKOV3 cells (Figure 4J,L) with
compounds 12 and 13 for 6 h did not induce TG2 degradation
at either 0.1, 1, or 10 μM in three separate replicates,
demonstrating that recruitment of the VHL E3 ligase complex
by 7 and 11 is necessary for the degradation of TG2.

Degradation of TG2 Inhibits Ovarian Cancer Cell
Migration. After demonstrating that compounds 7 and 11
effectively degrade TG2 in OC cell lines, we tested their
functional effects. It has been established that the genetic
knockdown of TG2 using shRNAs reduces the migration and
invasion of cancer cells by blocking TG2-induced EMT.20,41 We
confirmed that TG2 knockdown in OVCAR5 cells decreased
cell migration, as measured through a scratch assay (Supple-
mentary Figure S3), supporting the role of TG2 in cell motility.
We therefore tested the effects of the TG2 degraders on cell
migration and invasion by using wound-healing and transwell
migration assays. Degraders 7 and 11 each potently inhibited the
migration of OVCAR5 cells in both wound-healing assays
(Figure 5A, p < 0.05) and transwell migration assays (Figure 5B,
p < 0.05). We found that compounds 7 and 11 similarly
inhibited the migration of SKOV3 cells (Figure 5C, p < 0.05 and
Figure 5D, p < 0.05) in wound-healing and transwell migration
assays, respectively. As TG2 is involved in the adhesion of cells
on fibronectin,41,72 we also tested the effects of the TG2
degraders on the adhesion of OVCAR5 and SKOV3 cells to
fibronectin. Treatment with 7 and 11 significantly reduced the

Figure 3. continued

***p < 0.001; ****p < 0.0001). (F) Quantification of western blots is shown in (B) (n = 3 experimental replicates; **p < 0.01). (G) Quantification of
western blots shown in (C) (n = 3 experimental replicates; n.s.). (H) Quantification of western blot shown in (D) (n = 3 experimental replicates; n.s.).
(I) Kinetics of TG2 degradation with compound 7 based on western blot analysis in SKOV3 cells. Western blot for TG2 was performed at 0, 2, 6, 12,
and 24 h using 0.1, 0.3, 1, 3, 10, and 30 μM of Compound 7. Maximum inhibition was observed at 6 h using the highest concentrations (n = 3
experimental replicates included in Supplementary Figure S2; ***p < 0.001; ****p < 0.0001). (J) Kinetics of TG2 degradation with compound 11
based on western blot analysis in SKOV3 cells. Western blot for TG2 was performed at 0, 2, 6, 12, and 24 h using 0.1, 0.3, 1, 3, 10, and 30 μM of
Compound 11. Maximum inhibition was observed at 6 and 12 h using the highest concentrations (n = 3 experimental replicates included in
Supplementary Figure S2; ***p< 0.001; ****p < 0.0001). (K)Western blot analysis of compounds 7 and 11 dosed every 6−8 h over 24 h inOVCAR5
cells at doses of either 1 or 10 μM. (L)Western blot analysis of compounds 7 and 11 dosed every 6−8 h over 24 h in SKOV3 cells at doses of either 1 or
10 μM. (M) The cell viability assay of OVCAR5 and SKOV3 cells treated with compound 7; no cell death was observed in either cell line when using
0.1, 0.3, 1, 3, 10, and 30 μM over the course of 5 days, dosed every 6−8 h (n = 3 replicates; n.s.). (N) The cell viability assay of OVCAR5 and SKOV3
cells treated with compound 11; no cell death was observed in either cell line using 0.1, 0.3, 1, 3, 10, and 30 μM over the course of 5 days, dosed every
6−8 h (n = 3 replicates; n.s.).
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Figure 4.TG2 degradation is proteasome-dependent. (A)Western blot analysis for TG2 inOVCAR5 cells treated with 10 μMof compounds 7 and 11
for 6 h and the proteasome inhibitor MG132 (20 μM) for 8 h. (B) Quantification of the western blot is shown in (A). Bars represent band intensity for
each condition relative to control (DMSO) (n = 3 replicates; ****p < 0.0001). (C) Western blot analysis for TG2 in SKOV3 cells using the same
conditions as in (A). (D) Quantification of the western blot is shown in (C) (n = 3 replicates; ****p < 0.0001). (E) Western blot analysis for TG2 in
OVCAR5 cells treated with 10 μMof Compounds 7 and 11 for 6 h along with 10 μMof the VHL ligand as a competitive inhibitor. (F) Quantification
of the western blot is shown in (E) (n = 3 replicate; **p < 0.01). (G)Western blot analysis for TG2 in SKOV3 cells treated using the same conditions as
in (E). (H) Quantification of the western blot is shown in (G) (n = 3 replicates; **p < 0.01; ***p < 0.001). (I) Western blot analysis using negative
control compounds 12 and 13 in OVCAR5 cells. (J) Western blot analysis using negative control compounds 12 and 13 in SKOV3 cells. (K−L)
Quantification of the western blot is shown in (I) and (J) (n = 3 replicates; n.s.).
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Figure 5. Compounds 7 and 11 reduce the migration and adhesion capability of cancer cells. Cell migration was analyzed on both OVCAR5 and
SKOV3 cells. (A) The wound-healing assay of the OVCAR5 cells treated with compounds 7 and 11, including quantification (n = 3 replicates; *p <
0.05). (B) The transwell migration assay of the OVCAR5 cells treated with compounds 7 and 11, including quantification (n = 3 replicates; *p < 0.05).
(C) The wound-healing assay of the SKOV3 cells treated with compounds 7 and 11 and quantification (n = 3 replicates; ****p < 0.0001). (D) The
transwell migration assay of the SKOV3 cells (n = 3; *p < 0.05). (E) The solid phase assay measures the adhesion of OVCAR5 and SKOV3 cells to
fibronectin in the presence of control or of compounds 7 and 11 (n = 3 replicates; ***p < 0.001; ****p < 0.0001).
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adhesion of cells to fibronectin (Figure 5E, p < 0.05). On the
other hand, treatment of both OVCAR5 and SKOV3 cells with
inactive degraders 12 and 13 did not affect cell migration
(Supplementary Figure 4A,B) and adhesion (Supplementary
Figure 4C). Altogether, these results indicate that targeted
protein degradation of TG2 has significant functional effects on
the phenotype of ovarian cancer cells, affecting migration,
invasion, and cell adhesion to the matrix.

MT4 and PROTAC Bind to TG2. To confirm the direct
binding of our PROTAC with TG2 and evaluate the effect of
modifying our inhibitor into a bifunctional degrader on affinity,
we carried out binding studies using isothermal calorimetry
(ITC). We first measured the affinity of our parental inhibitor,
MT4, toward full-length TG2.40 Titration of MT4 into a
solution of TG2 showed an equilibrium dissociation constantKD
= 7.8 μM (Figure 6A), which is in close agreement with the
result we recently published for this compound (5.1 μM).41 We
then tested the binding affinity of the two active PROTACs 7
and 11 to TG2. Compound 11, with a PEG5 linker, showed a KD
= 68.9 μM, which was a decrease of 8.8-fold relative to the
parental compound (Figure 6B). Compound 7 did not show a

significant dose-dependent saturation under these experimental
conditions, indicating its KD > 100 μM or a >12.8-fold decrease
in affinity (Supplementary Figure S8).

■ CONCLUSIONS
Over the last 10−15 years, there has been increasing awareness
that TG2 plays a key role in a variety of tumorigenic and
metastatic processes. We and others have made important
discoveries showing that TG2 exerts several functions that drive
pro-tumorigenic activity and has therefore been an attractive
target for drug discovery.
However, in spite of significant efforts, no clinically effective

TG2-targeting small molecules have been developed to date for
cancer models. Given the multitude of functions exerted by this
complex protein, it is likely that disrupting only one particular
domain will be insufficient to provide efficacy. Because of the
limited ability of traditional small-molecule inhibitors to target
multiple protein functions simultaneously, we initiated a
PROTAC strategy to target TG2. One of the key applications
of targeted degradation approaches is for proteins that possess
multiple functions or may serve as scaffold proteins. These

Figure 6. Isothermal calorimetry (ITC) binding studies of compounds to TG2. (A) Calorimetric titrations of 100 μMMT4 into 2 μMTG2 at 30 °C;
each peak corresponds to a single injection of 2 μL. Binding of MT4 to TG2 shows a KD = 7.8 μM. The c value for this experiment is 0.26. (B)
Calorimetric titrations of 200 μM 11 into 20 μMTG2 at 30 °C; each peak corresponds to a single injection of 2 μL. The binding of 11 to TG2 shows a
KD = 68.9 μM. The c value for this experiment is 0.29.
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targets have traditionally been very difficult to address with
small-molecule enzymatic or protein−protein inhibitors. Our
hypothesis is that degrading the TG2 protein will serve to
abolish its myriad functions and thereby provide more robust
and meaningful efficacy in cancers where TG2 plays a key role,
such as ovarian cancer.
To test this approach, we used the inhibitor scaffold we have

previously described as the PROTAC ligand for our protein of
interest.40,41 This compound was attached via PEG linkers of
varying lengths to known ligands for CRBN and VHL E3 ligases.
This set of compounds was then tested in multiple ovarian
cancer cell lines that express TG2 for their ability to degrade the
protein. We found that two VHL-containing bifunctional
degraders induced the robust reduction of the TG2 protein in
multiple ovarian cancer cell lines. Mechanism of action studies
using co-treatment with the proteasome inhibitor MG132 or
with the excess VHL ligand confirmed the proteasome-
dependent nature of degradation. We also synthesized negative
control versions of our active degraders that were unable to bind
VHL and found that these compounds failed to degrade TG2,
further confirming the E3 ligase-dependent nature of degrada-
tion. We further evaluated the kinetics of degradation and found
that the maximum reduction of TG2 occurred at 6 h, with
recovery by 24 h. Importantly, in SKOV3 and OVCAR5 cells,
the proposed TG2 PROTACs significantly reduced in vitro
migration as assessed by both wound-healing and scratch assays.
These effects were not seen with PROTAC-negative control
compounds. These “chemical knockdown” experiments excit-
ingly confirmed that TG2 is necessary for the migration of
ovarian cancer cells and supported the results of previous studies
using genetic methods to deplete TG2.31

To confirm the direct binding of our PROTACs with TG2
and further correlate the functional activity of our degraders to
their binding and degradation of TG2, we carried out binding
studies using ITC. Encouragingly, our results with the parental
TG2 inhibitor MT4 were very close to the value we recently
reported.41 The affinity of PROTAC 11 with TG2 showed a
clear binding effect, and the KD was measured to be 68.9 μM,
which is a 8.8-fold decrease in affinity versus MT4. The decrease
in the affinity of the PROTAC relative to the parental inhibitor is
not unexpected, as many others have observed this as well,
including with BRD4,70,73 where they found a 7.8-fold decrease
in affinity for the PROTAC versus the inhibitor for BRD4-BD1,
as well as when looking at PROTACs for a large set of kinases.43

This ITC result demonstrates that PROTAC 11 binds TG2 and
further supports the proposed proteasome-mediated (i.e.,
PROTAC) mechanism. This result is also consistent with data
presented for inactive control compound 13, which failed to
induce TG2 degradation or ovarian cancer cell migration. Data
for degrader 7 did not show a binding effect under the
experimental conditions we used, which could only show
binding affinity up to a KD < 100 μM,74 suggesting that this
compound’s affinity is >100 μM. We also observed a strong
sensitivity of the TG2 protein to DMSO concentration, which
limited our use of DMSO to 1%. The ITC data for 7 could also
reflect this compound’s poorer solubility than compound 11 in
low DMSO concentrations, as it has a single PEG group in the
linker, while 11 has a PEG5 unit, which presumably gives it better
solubility.
The TG2 PROTACs described here are the first known

targeted degraders of TG2 and provide a unique and useful new
set of molecular tools to study the functions of this important
protein. Importantly, our approach uses a series of TG2-

targeting compounds as the PROTAC ligands that are assumed
to bind to the fibronectin-binding site. This site is separate from
the transamidase enzymatic site, which is conformationally
regulated by the presence of Ca2+ and GTP/GDP binding. By
targeting the less-dynamic FN-binding site, we expect our
PROTACs to be capable of degrading TG2 under a wider range
of conditions. While our results clearly show the dependency of
TG2 on migratory phenotypes, further work to optimize their
potency, efficacy, and pharmaceutical properties will be
necessary to develop them into compounds usable in in vivo
cancer models. Work to modify the TG2-binding moiety, the E3
ligase ligand chemistry, and linker composition is ongoing with
the goal of optimizing agents to help further define the role of
TG2 in disease and potentially as a new therapeutic strategy for a
variety of cancers.

■ EXPERIMENTAL SECTION
General Chemical Methods. All chemical reagents were obtained

from commercial suppliers and used without further purification unless
otherwise stated. Anhydrous solvents were purchased from Sigma-
Aldrich and dried over 3 Å molecular sieves when necessary. Normal-
phase flash column chromatography was performed using Biotage KP-
Sil 50 μm silica gel columns and ACS grade solvents on a Biotage Isolera
flash purification system. Reverse phase prep conditions are detailed for
each compound in the experimental write-up. Analytical thin-layer
chromatography (TLC) was performed on EM Reagent 0.25 mm silica
gel 60 F254 plates and visualized by UV light. Proton (1H) and carbon
(13C) NMR spectra were recorded on a 500 MHz Bruker Avance III
with a direct cryoprobe spectrometer. Chemical shifts were reported in
ppm (δ) and were referenced using residual nondeuterated solvent as
an internal standard (CDCl3 at 7.24 ppm for 1H-NMR and 77.0 ppm for
13C-NMR; CD3OD at 3.33 ppm for 1H-NMR and 47.6 ppm for 13C-
NMR; DMSO-d6 at 2.52 ppm for 1H-NMR and 39.9 ppm for 13C-
NMR). Proton coupling constants are expressed in hertz (Hz). The
following abbreviations were used to denote spinmultiplicity for proton
NMR: s = singlet, d = doublet, t = triplet, q = quartet, m =multiplet, brs
= broad singlet, dd = doublet of doublets, dt = doublet of triplets, quin =
quintet, and tt = triplet of triplets. Low-resolution liquid chromatog-
raphy/mass spectrometry (LCMS) was performed on a Waters
Acquity-H UPLC/MS system with a 2.1 mm × 50 mm, 1.7 μm,
reversed-phase BEH C18 column, and LCMS grade solvents. Gradient
elution from 95% water + 0.1% formic acid/5% acetonitrile + 0.1%
formic acid to 95% acetonitrile + 0.1% formic acid/5% water + 0.1%
formic acid over 2 min plus a further minute continuing this mixture at a
flow rate of 0.85 mL/min was used as the eluent. Total ion current
traces were obtained for electrospray positive and negative ionization
(ESI+/ESI−). Reactions were monitored via the integration of the
appropriate UV traces, which corresponded to the desired mass of the
product. High-resolution mass spectra were obtained using an Agilent
6230 LC-TOF spectrometer in the positive ion mode using
electrospray ionization with an Agilent G1312A HPLC pump and an
Agilent G1367B autoinjector at the Integrated Molecular Structure
Education and Research Center (IMSERC), Northwestern University.
All final compounds tested in biological assays are >95% pure by HPLC
analysis. HPLC chromatograms of all final compounds are provided in
the Supporting Information (SI).

N-(4-((4-((2-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-
4-yl)amino)ethoxy)ethyl)(methyl)amino)-6-methylpyrimidin-2-yl)-
amino)phenyl)-2-phenylacetamide (1). To a mixture of 2-(2-
(methylamino)ethoxy)ethan-1-ol (1.10 g, 9.2 mmol) in tetrahydrofur-
an (10 mL) were added 2,4-dichloro-6-methylpyrimidine, 14 (1 g, 6.13
mmol), and DIPEA (1.59 g, 2.14 mL). The mixture was stirred at 20 °C
for 12 h. LCMS showed that all starting materials were consumed, and
around 50% of the desired product could be detected. The reaction
mixture was diluted with water (10mL) and extracted with ethyl acetate
(15 mL × 2). The combined organic layers were washed with aqueous
NaCl (20mL× 2), dried over Na2SO4, filtered, and concentrated under
reduced pressure to give a residue. The residue was purified by column
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chromatography (SiO2, dichloromethane/methyl alcohol = 100:0 to
2:1) to give 2-(2-((2-chloro-6-methylpyrimidin-4-yl)(methyl)amino)-
ethoxy)ethan-1-ol, 15 (0.5 g, yield 31%) as a light yellow solid. 1H-
NMR: (400MHz, CDCl3): δ 1.86−2.01 (m, 1H), 2.35 (s, 3H), 3.11 (br
s, 3H), 3.54−3.62 (m, 2H), 3.67−3.85 (m, 6H), 6.15−6.25 (m, 1H).

To a mixture of N-(4-aminophenyl)-2-phenylacetamide (920 mg,
4.07 mmol) in isopropan-2-ol (5 mL) were added 2-(2-((2-chloro-6-
methylpyrimidin-4-yl)(methyl)amino)ethoxy)ethan-1-ol, 15 (0.5 g,
2.03 mmol), and acetic acid (8.64 mg, 143.79 μmol, 8.22 μL). The
mixture was stirred at 80 °C for 12 h. LCMS showed that all starting
materials were consumed, and 60% of the desired compound was
detected. The reaction mixture was diluted with water (15 mL) and
extracted with ethyl acetate (20 mL). The combined organic layers
were washed with aqueous NaCl (20 mL), dried over Na2SO4, filtered,
and concentrated under reduced pressure to give a residue. The residue
was purified by column chromatography (SiO2, dichloromethane/
methyl alcohol = 100:0 to 3:1) to give N-(4-((4-((2-(2-
hydroxyethoxy)ethyl)(methyl)amino)-6-methylpyrimidin-2-yl)-
amino)phenyl)-2-phenylacetamide, 18 (0.8 g, yield 81%), as a light
yellow solid. 1H-NMR: (400 MHz, DMSO-d6) δ 1.24−1.30 (m, 1H),
2.25−2.31 (m, 3H), 3.10−3.19 (m, 3H), 3.39−3.50 (m, 4H), 3.61−
3.64 (m, 4H), 3.67−3.83 (m, 2H), 4.49−4.68 (m, 1H), 6.29−6.41 (m,
1H), 7.21−7.27 (m, 1H), 7.29−7.38 (m, 4H), 7.44−7.52 (m, 2H),
7.53−7.64 (m, 2H), 9.67−9.81 (m, 1H), 10.19−10.30 (m, 1H).

A mixture of N-(4-((4-((2-(2-hydroxyethoxy)ethyl)(methyl)-
amino)-6-methylpyrimidin-2-yl)amino)phenyl)-2-phenylacetamide,
18 (0.5 g, 1.1 mmol), TosCl (262mg, 1.13 mol), and TEA (232mg, 2.3
mmol) in DCM (5 mL) was degassed and purged with N2 3 times at 0
°C, and the mixture was stirred at 20 °C for 8 h. LCMS showed that all
starting materials were consumed, and 60% of the desired compound
was detected. The reaction mixture was diluted with water (20mL) and
extracted with DCM (10 mL). The organic layers were washed with
aqueous NaCl (20 mL), dried over Na2SO4, filtered, and concentrated
under reduced pressure to give a residue. The residue was purified by
column chromatography (SiO2, dichloromethane/methyl alcohol =
100:0 to 3:1) to give 2-(2-(methyl(6-methyl-2-((4-(2-
phenylacetamido)phenyl)amino)pyrimidin-4-yl)amino)ethoxy)ethyl-
4-methylbenzenesulfonate, 21 (0.2 g, yield 28%), as a light yellow solid.
1H-NMR: (400 MHz, CDCl3): δ 2.21−2.28 (m, 3H), 2.39−2.47 (m,
3H), 2.98−3.06 (m, 3H), 3.52−3.77 (m, 8H), 4.12 (s, 2H), 5.72−5.84
(m, 1H), 6.82−6.90 (m, 1H), 7.29−7.38 (m, 7H), 7.40−7.47 (m, 3H),
7.49−7.55 (m, 2H), 7.73−7.82 (m, 2H).

To a mixture of 2-(2-(methyl(6-methyl-2-((4-(2-phenylacetamido)-
phenyl)amino)pyrimidin-4-yl)amino)ethoxy)ethyl-4-methylbenzene-
sulfonate, 21 (0.2 g, 0.3 mmol), in DMF (2 mL) was added sodium
azide (26 mg, 0.46 mmol). The mixture was stirred at 50 °C for 12 h.
LCMS showed that all starting materials were consumed, and 62% of
the desired product could be detected. The reaction solution was
diluted with water (10 mL) and extracted with ethyl acetate (20 mL).
The combined organic layers were washed with aqueous NaCl (5 mL),
dried over Na2SO4, filtered, and concentrated under reduced pressure
to give a residue. The residue was purified by prep-TLC (SiO2,
dichloromethane/methyl alcohol = 100:0 to 3:1) to giveN-(4-((4-((2-
(2-azidoethoxy)ethyl)(methyl)amino)-6-methylpyrimidin-2-yl)-
amino)phenyl)-2-phenylacetamide, 24 (0.15 g, yield 95%), as a yellow
oil. 1H-NMR: (400 MHz, CDCl3): δ 2.14−2.20 (m, 3H), 3.00−3.09
(m, 3H), 3.34−3.40 (m, 2H), 3.56−3.73 (m, 8H), 5.90−6.02 (m, 1H),
7.18−7.35 (m, 5H), 7.39−7.48 (m, 2H), 7.58−7.71 (m, 2H), 8.85−
8.98 (m, 1H), 9.94−10.01 (m, 1H).

To a mixture of N-(4-((4-((2-(2-azidoethoxy)ethyl)(methyl)-
amino)-6-methylpyrimidin-2-yl)amino)phenyl)-2-phenylacetamide,
24 (0.15 g, 0.3 mmol), in methanol (3 mL) and ammonium hydroxide
(1 mL) was added Pd/C (60.38 mg, 20%). The mixture was stirred at
20 °C for 12 h under H2 (15 Psi). LCMS showed that all starting
materials were consumed, and 67% of the desired compound was
detected. The product was filtered, and the filtrate was concentrated
under high vacuum at 40 °C to give a white solid. The crude productN-
(4-((4-((2-(2-aminoethoxy)ethyl)(methyl)amino)-6-methylpyrimi-
din-2-yl)amino)phenyl)-2-phenylacetamide, 27 (0.4 g, yield 56%), was
used in the next step without further purification. 1H-NMR: (400MHz,

DMSO-d6) δ 2.15−2.18 (m, 3H), 2.59−2.64 (m, 2H), 3.01 (br s, 3H),
3.15−3.19 (m, 2H), 3.35−3.36 (m, 1H), 3.55−3.62 (m, 4H), 3.63−
3.73 (m, 2H), 4.05−4.13 (m, 1H), 5.87−6.02 (m, 1H), 7.19−7.27 (m,
1H), 7.29−7.34 (m, 4H), 7.39−7.46 (m, 2H), 7.61−7.67 (m, 2H),
8.81−8.99 (m, 1H), 9.90−10.01 (m, 1H).

To a solution of N-(4-((4-((2-(2-aminoethoxy)ethyl)(methyl)-
amino)-6-methylpyrimidin-2-yl)amino)phenyl)-2-phenylacetamide,
27 (50 mg, 115.07 μmol), and 2-(2,6-dioxopiperidin-3-yl)-4-
fluoroisoindoline-1,3-dione (38.14 mg, 138.08 μmol) in DMSO (1
mL) was added DIPEA (29.74 mg, 230.13 μmol, 40.08 μL). The
reaction mixture was stirred at 60 °C for 12 h. LCMS showed that all
starting materials were consumed, and 25% of the desired compound
was detected. The reaction mixture was filtered, and the filtrate was
concentrated under high vacuum at 40 °C. The residue was purified by
prep-HPLC (Phenomenex Luna C18 100 mm × 40 mm × 5 μm,
mobile phase: [water (0.1%TFA) − ACN]: 25−53%, 8 min) to giveN-
(4-((4-((2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-
amino)ethoxy)ethyl)(methyl)amino)-6-methylpyrimidin-2-yl)-
amino)phenyl)-2-phenylacetamide (1, 10 mg, yield 13%) as a yellow
solid. 1H-NMR (400 MHz, DMSO-d6): δ 1.99 (br s, 1H), 2.18−2.30
(m, 3H), 2.56−2.62 (m, 2H), 2.85 (br s, 1H), 2.94−3.04 (m, 1H),
3.09−3.19 (m, 3H), 3.52 (br s, 2H), 3.63 (s, 6H), 3.75 (br s, 1H), 5.03
(br s, 1H), 6.30−6.56 (m, 1H), 7.01 (d, J = 7.03 Hz, 1H), 7.09 (br s,
1H), 7.21−7.28 (m, 1H), 7.29−7.36 (m, 4H), 7.43 (br s, 2H), 7.48−
7.55 (m, 1H), 7.60 (br d, J = 8.82 Hz, 2H), 9.75 (br s, 1H), 10.19 (s,
1H), 11.04−11.17 (m, 1H), 12.33 (br s, 1H). HRMS (ESI+): m/z
calcd for C37H38N8NaO6: 713.2807 [M +Na]+; found: 713.2813, [M +
Na]+.

2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)-N-
(2-(2-(methyl(6-methyl-2-((4-(2-phenylacetamido)phenyl)amino)-
pyrimidin-4-yl)amino)ethoxy)ethyl)acetamide (4).To amixture of 2-
((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetic acid
(40 mg, 0.11 mmol) and N-(4-((4-((2-(2-aminoethoxy)ethyl)-
(methyl)amino)-6-methylpyrimidin-2-yl)amino)phenyl)-2-phenylace-
tamide, 27 (36 mg, 0.11 mmol), in DMF (1 mL) were added DIPEA
(23 mg, 191.34 μmol) and HATU (52 mg, 143.50 μmol). The mixture
was stirred at 20 °C for 12 h. LCMS showed that all starting materials
were consumed, and 25% of the desired compound was detected. The
reaction mixture was filtered, and the filtrate was concentrated to give a
residue, which was purified by prep-HPLC (Phenomenex Luna C18
100 mm × 40 mm × 5 μm, mobile phase: [water (0.1%TFA) − ACN]:
25−53%, 8 min) to give 2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi-
soindol in-4-y l)oxy)-N -(2-(2-(methyl(6-methyl -2-((4-(2-
phenylacetamido)phenyl)amino)pyrimidin-4-yl)amino)ethoxy)-
ethyl)acetamide (4, 19 mg, yield 28%), as a white solid. 1H-NMR (400
MHz, DMSO-d6): δ 2.01 (br d, J = 10.76Hz, 1H), 2.25 (s, 3H), 2.58 (br
s, 2H), 2.77−2.95 (m, 2H), 3.14 (br s, 3H), 3.30 (br s, 2H), 3.39−3.43
(m, 2H), 3.62 (s, 4H), 3.74 (br s, 1H), 4.74 (s, 2H), 5.10 (dd, J = 12.90,
5.20 Hz, 1H), 6.21−6.56 (m, 1H), 7.20−7.28 (m, 1H), 7.32 (d, J = 4.77
Hz, 3H), 7.36−7.45 (m, 3H), 7.49 (br d, J = 6.97 Hz, 1H), 7.59 (br d, J
= 8.80 Hz, 2H), 7.75−7.83 (m, 1H), 7.89 (br s, 1H), 9.68 (br s, 1H),
10.18 (s, 1H), 11.12 (br s, 1H).

HRMS (ESI+): m/z calcd for C39H41N8O8: 749.3042 [M + H]+;
found: 749.3045 [M + H]+.

N-(4-((4-((2-(2-(2-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoin-
dolin-4-yl)amino)ethoxy)ethoxy)ethoxy)ethyl)(methyl)amino)-6-
methylpyrimidin-2-yl)amino)phenyl)-2-phenylacetamide (2). To a
mixture of 2-((1-(2-methoxyethoxy)-3-(methylamino)propan-2-yl)-
oxy)ethan-1-ol (2.86 g, 13.80 mmol) in tetrahydrofuran (28 mL)
were added 2,4-dichloro-6-methylpyrimidine, 14 (1.5 g, 9.20 mmol),
and DIPEA (2.38 g, 18.40 mmol, 3.21 mL). The mixture was stirred at
20 °C for 12 h. LCMS showed that all starting materials were
consumed, and around 50% of the desired product could be detected.
The reaction mixture was diluted with water (20 mL) and extracted
with ethyl acetate (20 mL × 2). The combined organic layers were
washed with aqueous NaCl (20 mL × 2), dried over Na2SO4, filtered,
and concentrated under reduced pressure to give a residue. The residue
was purified by column chromatography (SiO2, dichloromethane/
methyl alcohol = 100:0 to 10:1) to give 2-(2-chloro-6-methylpyrimidin-
4-yl)-5,8,11-trioxa-2-azatridecan-13-ol, 16 (1.34 g, yield 39%), as a light
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yellow solid. 1H-NMR: (400 MHz, CDCl3) δ 2.27 (s, 3H), 3.04 (br s,
3H), 3.52−3.57 (m, 9H), 3.57−3.62 (m, 5H), 3.63−3.67 (m, 3H), 6.14
(br s, 1H).

To amixture ofN-(4-aminophenyl)-2-phenylacetamide (1.30 g, 5.76
mmol) in isopropan-2-ol (13 mL) were added 2-(2-chloro-6-
methylpyrimidin-4-yl)-5,8,11-trioxa-2-azatridecan-13-ol, 16 (0.48 g,
1.44 mmol), and acetic acid (8.64 mg, 143.79 μmol, 8.22 μL). The
mixture was stirred at 80 °C for 12 h. LCMS showed that all starting
materials were consumed, and 60% of the desired compound was
detected. The reaction mixture was diluted with water (15 mL) and
extracted with ethyl acetate (20 mL). The combined organic layers
were washed with aqueous NaCl (20 mL), dried over Na2SO4, filtered,
and concentrated under reduced pressure to give a residue. The residue
was purified by column chromatography (SiO2, dichloromethane/
methyl alcohol = 100:0 to 10:1) to give N-(4-((4-((2-(2-(2-(2-
hydroxyethoxy)ethoxy)ethoxy)ethyl)(methyl)amino)-6-methylpyri-
midin-2-yl)amino)phenyl)-2-phenylacetamide, 19 (1.5 g, yield 64%),
as a light yellow solid. 1H-NMR: (400MHz, DMSO-d6) δ 2.31 (br d, J =
8.07 Hz, 3H), 3.18 (br d, J = 7.95 Hz, 3H), 3.38 (br d, J = 5.01 Hz, 4H),
3.43−3.48 (m, 11H), 3.65 (s, 3H), 6.38−6.51 (m, 1H), 7.25 (br d, J =
6.85 Hz, 1H), 7.29−7.37 (m, 4H), 7.40−7.49 (m, 2H), 7.63 (br d, J =
8.07Hz, 2H), 10.10−10.18 (m, 1H), 10.34 (br s, 1H), 12.66 (br s, 1H).

To a mixture of N-(4-((4-((2-(2-(2-(2-hydroxyethoxy)ethoxy)-
ethoxy)ethyl)(methyl)amino)-6-methylpyrimidin-2-yl)amino)-
phenyl)-2-phenylacetamide, 19 (1.5 g, 2.86mmol), in dichloromethane
(15 mL) were added tosyl chloride (655.38 mg, 3.44 mmol) and
triethylamine (579.74 mg, 5.73 mmol, 797.45 μL). The mixture was
stirred at 20 °C for 12 h. LCMS showed that all starting materials were
consumed, and 60% of the desired compound was detected. The
reaction mixture was diluted with water (20 mL) and extracted with
ethyl acetate (20 mL). The organic layers were washed with aqueous
NaCl (20 mL), dried over Na2SO4, filtered, and concentrated under
reduced pressure to give a residue. The residue was purified by column
chromatography (SiO2, dichloromethane/methyl alcohol = 100:0 to
10:1) to give 2-(6-methyl-2-((4-(2-phenylacetamido)phenyl)amino)-
pyrimidin-4-yl)-5,8,11-trioxa-2-azatridecan-13-yl 4-methylbenzenesul-
fonate, 22 (1.5 g, yield 70%), as a light yellow solid. 1H-NMR: (400
MHz, CDCl3): δ 2.24−2.29 (m, 1H), 2.27 (s, 2H), 2.43 (s, 3H), 3.10 (s,
3H), 3.57 (d, J = 2.93 Hz, 8H), 3.65−3.69 (m, 4H), 3.73 (s, 4H), 5.84
(s, 1H), 7.30−7.43 (m, 11H), 7.52 (br d, J = 8.68 Hz, 2H), 7.78 (d, J =
8.19 Hz, 2H).

To a mixture of 2-(6-methyl-2-((4-(2-phenylacetamido)phenyl)-
amino)pyrimidin-4-yl)-5,8,11-trioxa-2-azatridecan-13-yl 4-methylben-
zenesulfonate, 22 (1 g, 1.48 mmol), in DMF (10 mL) was added
sodium azide (115.09mg, 1.77mmol). Themixture was stirred at 50 °C
for 12 h. LCMS showed that all starting materials were consumed, and
64% of the desired product could be detected. The reaction solution
was diluted with water (10 mL) and extracted with ethyl acetate (20
mL). The combined organic layers were washed with aqueous NaCl (5
mL), dried over Na2SO4, filtered, and concentrated under reduced
pressure to give a residue. The residue was purified by prep-TLC (SiO2,
dichloromethane/methyl alcohol = 100:0 to 5:1) to giveN-(4-((4-((2-
(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)(methyl)amino)-6-meth-
ylpyrimidin-2-yl)amino)phenyl)-2-phenylacetamide, 25 (0.6 g, yield
67%), as a dark brown solid. 1H-NMR: (400 MHz, CDCl3) δ 2.28 (s,
3H), 3.11 (s, 3H), 3.35−3.39 (m, 2H), 3.58−3.62 (m, 1H), 3.61 (br d, J
= 4.40 Hz, 3H), 3.64 (s, 4H), 3.65−3.70 (m, 4H), 3.74 (s, 4H), 5.84 (s,
1H), 7.11 (br s, 1H), 7.32−7.44 (m, 8H), 7.52 (br d, J = 8.80 Hz, 2H).

To a mixture of N-(4-((4-((2-(2-(2-(2-azidoethoxy)ethoxy)-
ethoxy)ethyl)(methyl)amino)-6-methylpyrimidin-2-yl)amino)-
phenyl)-2-phenylacetamide, 25 (0.6 g, 1.09 mmol), in methanol (9
mL) and ammonia hydrate (3 mL) was added Pd/C (116.38 mg, 20%).
The mixture was stirred at 20 °C for 12 h under H2 (15 Psi). LCMS
showed that all starting materials were consumed, and 70% of the
desired compound was detected. The product was filtered, and the
filtrate was concentrated under high vacuum at 40 °C to give a white
solid. The crude product N-(4-((4-((2-(2-(2-(2-aminoethoxy)-
ethoxy)ethoxy)ethyl)(methyl)amino)-6-methylpyrimidin-2-yl)-
amino)phenyl)-2-phenylacetamide, 28 (0.4 g, yield 56%), was used in
the next step without further purification. 1H-NMR: (400 MHz,

CDCl3) δ 2.20 (br s, 1H), 2.26 (s, 3H), 2.34−2.42 (m, 1H), 2.86 (t, J =
5.14 Hz, 2H), 3.08 (s, 3H), 3.49−3.53 (m, 2H), 3.60 (br s, 8H), 3.64−
3.69 (m, 2H), 3.74 (s, 4H), 5.82 (s, 1H), 7.30−7.45 (m, 8H), 7.47−
7.55 (m, 3H).

To a mixture of N-(4-((4-((2-(2-(2-(2-aminoethoxy)ethoxy)-
ethoxy)ethyl)(methyl)amino)-6-methylpyrimidin-2-yl)amino)-
phenyl)-2-phenylacetamide, 28 (100 mg, 191.34 μmol), in DMSO (1
mL) were added 2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-
dione (63.42 mg, 229.60 μmol) and DIPEA (49.46 mg, 382.67 μmol,
66.65 μL). The mixture was stirred at 60 °C for 12 h. LCMS showed
that all starting materials were consumed, and 30% of the desired
compound was detected. The reaction mixture was filtered, and the
filtrate was concentrated under high vacuum at 40 °C. The residue was
purified by prep-HPLC (Phenomenex Luna C18 100mm × 40 mm× 5
μm, mobile phase: [water (0.1%TFA) − ACN]: 25−53%, 8 min) to
give N-(4-((4-((2-(2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-yl)amino)ethoxy)ethoxy)ethoxy)ethyl)(methyl)amino)-
6-methylpyrimidin-2-yl)amino)phenyl)-2-phenylacetamide (2, 8 mg,
yield 5%) as a yellow solid. 1H-NMR: (400MHz, DMSO-d6) 2.01 (br s,
1H), 2.32 (br s, 3H), 2.59 (br s, 2H), 2.80−2.92 (m, 1H), 3.11−3.18
(m, 3H), 3.48 (br d, J = 12.23 Hz, 10H), 3.58 (br t, J = 5.32 Hz, 4H),
3.61−3.77 (m, 5H), 5.04 (dd, J = 12.90, 5.69 Hz, 1H), 6.33−6.51 (m,
1H), 7.03 (d, J = 6.97 Hz, 1H), 7.10 (d, J = 8.56 Hz, 1H), 7.25 (br d, J =
3.18 Hz, 1H), 7.29−7.36 (m, 4H), 7.43 (br s, 2H), 7.52−7.64 (m, 3H),
9.67−9.90 (m, 1H), 10.20 (s, 1H), 11.09 (s, 1H), 12.26 (s, 1H). HRMS
(ESI+): m/z calcd for C41H47N8O8: 779.3512 [M + H]+; found:
779.3533 [M + H]+.

2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)-N-
(2-(6-methyl-2-((4-(2-phenylacetamido)phenyl)amino)pyrimidin-4-
yl)-5,8,11-trioxa-2-azatridecan-13-yl)acetamide (5). To the mixture
of 2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetic
acid (38.14 mg, 114.80 μmol, 1.2 equiv) and N-(4-((4-((2-(2-(2-(2-
aminoethoxy)ethoxy)ethoxy)ethyl)(methyl)amino)-6-methylpyrimi-
din-2-yl)amino)phenyl)-2-phenylacetamide, 28 (50 mg, 95.67 μmol, 1
equiv), in DMF (1 mL) were added DIPEA (24.73 mg, 191.34 μmol, 2
equiv) and HATU (54.56 mg, 143.50 μmol, 1.5 equiv). The mixture
was stirred at 20 °C for 12 h. LCMS showed that all starting materials
were consumed, and 30% of the desired compound was detected. The
reaction mixture was filtered, and the filtrate was concentrated to give a
residue, which was purified by prep-HPLC (Phenomenex Luna C18
100 mm × 40 mm × 5 μm, mobile phase: [water (0.1%TFA) − ACN]:
25−53%, 8 min) to give 2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-yl)oxy)-N-(2-(6-methyl-2-((4-(2-phenylacetamido)-
phenyl)amino)pyrimidin-4-yl)-5,8,11-trioxa-2-azatridecan-13-yl)-
acetamide, 5 (20 mg, yield 24%), as a white solid. 1H-NMR (400 MHz,
DMSO-d6): 2.04 (br s, 1H), 2.30 (br s, 3H), 2.56 (br s, 1H), 2.59−2.62
(m, 1H), 2.59−2.62 (m, 1H), 2.60 (br s, 1H), 2.83−2.94 (m, 1H), 3.15
(s, 3H), 3.29 (br d, J = 5.14 Hz, 1H), 3.46−3.48 (m, 9H), 3.58 (br s,
2H), 3.63 (s, 3H), 3.72 (br d, J = 16.26 Hz, 2H), 4.77 (s, 2H), 5.07−
5.19 (m, 1H), 6.38−6.51 (m, 1H), 7.25 (br s, 1H), 7.33 (br d, J = 3.42
Hz, 4H), 7.38 (br d, J = 8.31 Hz, 2H), 7.42−7.46 (m, 1H), 7.49 (br d, J
= 7.34 Hz, 1H), 7.61 (br d, J = 7.70 Hz, 2H), 7.77−7.82 (m, 1H), 7.97
(br s, 1H), 9.69 (br s, 1H), 10.20 (s, 1H), 11.11 (s, 1H), 12.14 (br s,
1H). HRMS (ESI+):m/z calcd for C43H49N8O10: 837.3567 [M + H]+;
found: 837.3579 [M + H]+.

N-(4-((4-((17-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yl)amino)-3,6,9,12,15-pentaoxaheptadecyl)(methyl)amino)-6-
methylpyrimidin-2-yl)amino)phenyl)-2-phenylacetamide (3). To a
mixture of 13-((methylamino)methyl)-2,5,8,11,14-pentaoxahexade-
can-16-ol (2.9 g, 9.82 mmol) in tetrahydrofuran (29 mL) were added
2,4-dichloro-6-methylpyrimidine, 14 (1.5 g, 9.82 mmol), and DIPEA
(2.38 g, 19.64 mmol, 3.42 mL). The mixture was stirred at 20 °C for 12
h. LCMS showed that all starting materials were consumed, and around
50% of the desired product could be detected. The reactionmixture was
diluted with water (20 mL) and extracted with ethyl acetate (20 mL ×
2). The combined organic layers were washed with aqueous NaCl (20
mL × 2), dried over Na2SO4, filtered, and concentrated under reduced
pressure to give a residue. The residue was purified by column
chromatography (SiO2, dichloromethane/methyl alcohol = 100:0 to
10:1) to give 2-(2-chloro-6-methylpyrimidin-4-yl)-5,8,11,14,17-pen-
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taoxa-2-azanonadecan-19-ol, 17 (0.89 g, yield 20.41%), as a light yellow
solid. 1H-NMR: (400 MHz, DMSO-d6) δ ppm 2.23 (s, 3H), 3.04 (br s,
3H), 3.37−3.43 (m, 3H), 3.47−3.51 (m, 17H), 3.57−3.67 (m, 4H),
4.56 (t, J = 5.32 Hz, 1H), 6.50−6.59 (m, 1H).

To a mixture of N-(4-aminophenyl)-2-phenylacetamide (0.477 g,
2.11 mmol) in isopropan-2-ol (10 mL) were added 2-(2-chloro-6-
methylpyrimidin-4-yl)-5,8,11,14,17-pentaoxa-2-azanonadecan-19-ol,
17 (0.89 g, 2.11 mmol), and acetic acid (12.67 mg, 0.211 mmol). The
mixture was stirred at 80 °C for 12 h. LCMS showed that all starting
materials were consumed, and 60% of the desired compound was
detected. The reaction mixture was diluted with water (15 mL) and
extracted with ethyl acetate (20 mL) three times. The combined
organic layers were washed with aqueous NaCl (20 mL), dried over
Na2SO4, filtered, and concentrated under reduced pressure to give a
residue. The residue was purified by column chromatography (SiO2,
dichloromethane/methyl alcohol = 100:0 to 10:1) to give N-(4-((4-
((17-hydroxy-3,6,9,12,15-pentaoxaheptadecyl)(methyl)amino)-6-
methylpyrimidin-2-yl)amino)phenyl)-2-phenylacetamide, 20 (1 g,
yield 54.25%), as a light yellow solid. 1H-NMR: (400 MHz, DMSO-
d6) δ ppm 2.31 (br s, 3H), 3.17 (br s, 4H), 3.45−3.50 (m, 20H), 3.59−
3.65 (m, 4H), 6.34−6.54 (m, 1H), 7.21−7.35 (m, 5H), 7.43−7.51 (m,
2H), 7.63 (br d, J = 8.55 Hz, 2H), 10.11 (br s, 1H), 10.34 (s, 1H).

To a mixture of N -(4-((4-((17-hydroxy-3,6 ,9 ,12,15-
pentaoxaheptadecyl)(methyl)amino)-6-methylpyrimidin-2-yl)-
amino)phenyl)-2-phenylacetamide, 20 (1 g, 2.86 mmol), in dichloro-
methane (10 mL) was added tosyl chloride (655.38 mg, 3.44 mmol)
and triethylamine (579.74 mg, 5.73 mmol). The mixture was stirred at
20 °C for 12 h. LCMS showed that all starting materials were
consumed, and 60% of the desired compound was detected. The
reaction mixture was diluted with water (20 mL) and extracted with
ethyl acetate (20 mL). The organic layers were washed with aqueous
NaCl (20 mL), dried over Na2SO4, filtered, and concentrated under
reduced pressure to give a residue. The residue was purified by column
chromatography (SiO2, dichloromethane/methyl alcohol = 100:0 to
10:1) to give 2-(6-methyl-2-((4-(2-phenylacetamido)phenyl)amino)-
pyrimidin-4-yl)-5,8,11,14,17-pentaoxa-2-azanonadecan-19-yl 4-meth-
ylbenzenesulfonate, 23 (1.5 g, yield 70%), as a light yellow solid. 1H-
NMR: (400 MHz, CDCl3) δ ppm 2.29 (s, 3H), 2.44 (s, 3H), 3.12 (s,
3H), 3.50 (s, 2H), 3.56 (s, 7H), 3.62 (br s, 8H), 3.66 (br d, J = 5.14 Hz,
4H), 3.73 (s, 4H), 4.12−4.16 (m, 2H), 5.85 (s, 1H), 7.33−7.42 (m,
10H), 7.52 (br d, J = 8.56 Hz, 2H), 7.79 (d, J = 8.19 Hz, 2H).

To a mixture of 2-(6-methyl-2-((4-(2-phenylacetamido)phenyl)-
amino)pyrimidin-4-yl)-5,8,11,14,17-pentaoxa-2-azanonadecan-19-yl
4-methylbenzenesulfonate, 23 (1 g, 1.31 mmol), in DMF (10 mL) was
added sodium azide (101.85 mg, 1.57 mmol). The mixture was stirred
at 50 °C for 12 h. LCMS showed that all starting materials were
consumed, and 64% of the desired product could be detected. The
reaction solution was diluted with water (10 mL) and extracted with
ethyl acetate (20 mL) three times. The combined organic layers were
washed with aqueous NaCl (5 mL), dried over Na2SO4, filtered, and
concentrated under reduced pressure to give a residue. The residue was
purified by prep-TLC (SiO2, dichloromethane/methyl alcohol = 100:0
to 5:1) to give N-(4-((4-((17-azido-3,6,9,12,15-pentaoxaheptadecyl)-
(methyl)amino)-6-methylpyrimidin-2-yl)amino)phenyl)-2-phenylace-
tamide, 26 (1 g, yield 90.21%), as a dark brown solid. 1H-NMR: (400
MHz, CDCl3) δ ppm 2.29 (s, 3H), 3.11 (br s, 3H), 3.35−3.40 (m, 2H),
3.58 (br s, 4H), 3.65 (br d, J = 5.99 Hz, 16H), 3.74 (br s, 4H), 5.84 (s,
1H), 7.30−7.55 (m, 11H).

To a mix tu re o f N - (4 - ( (4 - ((17 - a z ido -3 ,6 , 9 , 12 ,15 -
pentaoxaheptadecyl)(methyl)amino)-6-methylpyrimidin-2-yl)-
amino)phenyl)-2-phenylacetamide, 26 (1 g, 1.18 mmol), in methanol
(15 mL) and ammonia hydrate (5 mL) was added Pd/C (100 mg,
10%). The mixture was stirred at 20 °C for 12 h under H2 (15 Psi).
LCMS showed that all starting materials were consumed, and 70% of
the desired compound was detected. The product was filtered, and the
filtrate was concentrated under high vacuum at 40 °C to give a white
solid. The crude product N-(4-((4-((17-amino-3,6,9,12,15-
pentaoxaheptadecyl)(methyl)amino)-6-methylpyrimidin-2-yl)-
amino)phenyl)-2-phenylacetamide, 29 (360 mg, yield 50.1%), was
used in the next step without further purification.1H-NMR: (400 MHz,

CDCl3) δ ppm 2.26 (s, 3H), 3.07 (s, 3H), 3.49−3.68 (m, 24H), 3.72−
3.78 (m, 4H), 5.81 (s, 1H), 7.29−7.41 (m, 6H), 7.42−7.56 (m, 4H).

To a mix ture o f N - (4 -((4 -((17-amino-3 ,6 ,9 ,12 ,15 -
pentaoxaheptadecyl)(methyl)amino)-6-methylpyrimidin-2-yl)-
amino)phenyl)-2-phenylacetamide, 29 (50mg, 69.59 μmol), in DMSO
(0.5 mL) were added 2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-
1,3-dione (23.07 mg, 83.50 μmol) and DIPEA (17.99 mg, 139.17
μmol). Themixture was stirred at 60 °C for 12 h. LCMS showed that all
starting materials were consumed, and 30% of the desired compound
was detected. The reaction mixture was filtered, and the filtrate was
concentrated under high vacuum at 40 °C. The residue was purified by
prep-HPLC (Phenomenex Luna C18 100 mm × 40 mm × 5 μm,
mobile phase: [water (0.1%TFA) − ACN]: 25−53%, 8 min) to giveN-
(4-((4-((17-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-
amino)-3,6,9,12,15-pentaoxaheptadecyl)(methyl)amino)-6-methyl-
pyrimidin-2-yl)amino)phenyl)-2-phenylacetamide (3, 8 mg, yield
12.86%) as a yellow solid. 1H-NMR: (400 MHz, DMSO-d6) δ ppm
2.01 (br d, J = 10.76 Hz, 1H), 2.29 (br s, 3H), 2.55−2.57 (m, 2H),
2.81−2.90 (m, 1H), 3.15 (s, 3H), 3.44 (br s, 9H), 3.52 (br d, J = 7.09
Hz, 11H), 3.57−3.64 (m, 10H), 3.69 (br s, 5H), 5.05 (dd, J = 13.02,
5.20 Hz, 1H), 6.36−6.52 (m, 1H), 6.55−6.61 (m, 1H), 7.03 (d, J = 6.97
Hz, 1H), 7.12 (d, J = 8.56 Hz, 1H), 7.24 (br s, 1H), 7.29−7.35 (m, 4H),
7.43 (br s, 2H), 7.53−7.65 (m, 3H), 9.73 (s, 1H), 10.20 (s, 1H), 11.09
(s, 1H), 12.14−12.81 (m, 1H). HRMS (ESI+): m/z calcd for
C45H55N8O10: 867.4036 [M + H]+; found: 867.4054 [M + H]+.

2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)-N-
(2-(6-methyl-2-((4-(2-phenylacetamido)phenyl)amino)pyrimidin-4-
yl)-5,8,11,14,17-pentaoxa-2-azanonadecan-19-yl)acetamide (6).
To the mixture of 2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindo-
lin-4-yl)oxy)acetic acid (27.75 mg, 83.50 μmol) and N-(4-((4-((17-
amino-3,6,9,12,15-pentaoxaheptadecyl)(methyl)amino)-6-methylpyri-
midin-2-yl)amino)phenyl)-2-phenylacetamide, 29 (50 mg, 69.59
μmol), in DMF (0.5 mL) were added DIPEA (17.99 mg, 139.17
μmol) and HATU (39.69 mg, 104.38 μmol). The mixture was stirred at
20 °C for 12 h. LCMS showed that all starting materials were
consumed, and 30% of the desired compound was detected. The
reaction mixture was filtered, and the filtrate was concentrated to give a
residue, which was purified by prep-HPLC (Phenomenex Luna C18
100 mm × 40 mm × 5 μm, mobile phase: [water (0.1%TFA) − ACN]:
25−53%, 8 min) to give 2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-yl)oxy)-N-(2-(6-methyl-2-((4-(2-phenylacetamido)-
phenyl)amino)pyrimidin-4-yl)-5,8,11,14,17-pentaoxa-2-azanonade-
can-19-yl)acetamide (6, 30 mg, yield 44.74%), as a white solid. 1H-
NMR: (400 MHz, DMSO-d6) δ ppm 1.98−2.06 (m, 1H), 2.29 (br s,
3H), 2.51−2.62 (m, 2H), 2.81−2.94 (m, 1H), 3.14 (s, 3H), 3.26−3.32
(m, 2H), 3.41−3.48 (m, 17H), 3.61 (s, 6H), 4.76 (s, 2H), 5.10 (dd, J =
13.01, 5.29 Hz, 1H), 6.37−6.50 (m, 1H), 7.20−7.26 (m, 1H), 7.28−
7.34 (m, 4H), 7.35−7.50 (m, 4H), 7.60 (br d, J = 8.60 Hz, 2H), 7.79 (t,
J = 7.83 Hz, 1H), 7.99 (br t, J = 5.51 Hz, 1H), 9.89 (br s, 1H), 10.21 (s,
1H), 11.11 (s, 1H), 12.44 (s, 1H). HRMS (ESI+): m/z calcd for
C47H57N8O12: 925.4091 [M + H]+; found: 925.4097 [M + H]+.

(2S,4R)-1-((S)-3,3-Dimethyl-2-(3-(2-(methyl(6-methyl-2-((4-(2-
phenylacetamido)phenyl)amino)pyrimidin-4-yl)amino)ethoxy)-
propanamido)butanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)-
benzyl)pyrrolidine-2-carboxamide (7). To a solution of tert-butyl 3-
(2-(methylamino)ethoxy)propanoate (3.45 g, 9.20 mmol, 1.5 equiv)
and DIPEA (2.38 g, 18.39 mmol, 3.21 mL, 3 equiv) in THF (50 mL)
was added 2,4-dichloro-6-methyl-pyrimidine, 14 (1 g, 6.13 mmol, 1
equiv), at 0 °C under N2. After addition, the reaction mixture was
stirred at 15 °C for 10 h. TLC (petroleum ether/ethyl acetate = 3:1)
showed that the starting material was consumed, and the desired
product was obtained. The reaction mixture was concentrated and
purified by column chromatography on silica gel (pet. ether/ethyl
acetate = 100:1 to 100:20) to give tert-butyl 3-(2-((2-chloro-6-
methylpyrimidin-4-yl)(methyl)amino)ethoxy)propanoate (30, 1.2 g,
3.64 mmol, yield 59.4%) as a colorless oil. 1H-NMR: (400 MHz
CDCl3) δ = 1.43 (s, 9H), 2.33 (s, 3H), 2.50−2.39 (m, 2H), 3.08 (br s,
3H), 3.74−3.52 (m, 6H), 6.17 (br s, 1H). The regioselectivity of this
reaction was confirmed by NOE (see the SI).
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To a solution of N-(4-aminophenyl)-2-phenyl-acetamide (792.39
mg, 3.50 mmol, 1.05 equiv) and AcOH (200.28 mg, 3.34 mmol, 190.74
μL, 1 equiv) in i-PrOH (50 mL) was added tert-butyl 3-(2-((2-chloro-
6-methylpyrimidin-4-yl)(methyl)amino)ethoxy)propanoate, 30 (1.1 g,
3.34 mmol, 1 equiv), at 0 °C under N2. After addition, the reaction
mixture was stirred at 80 °C for 10 h. LCMS showed that the starting
material was consumed, and the desired product was obtained. The
reaction mixture was cooled to 25 °C and filtered to obtain tert-butyl 3-
(2-(methyl(6-methyl-2-((4-(2-phenylacetamido)phenyl)amino)-
pyrimidin-4-yl)amino)ethoxy)propanoate (35, 1.2 g, 2.31 mmol, yield
69.2%) as a brown solid. LCMS (ESI+): m/z 520.1 (M + H)+. 1H-
NMR (400MHz, CDCl3): δ = 1.34−1.43 (m, 9H), 2.29−2.46 (m, 5H),
3.08−3.20 (m, 3H), 3.52−3.68 (m, 5H), 3.72−3.82 (m, 3H), 5.81 (s,
1H), 5.93 (s, 1H), 7.20−7.44 (m, 1H), 7.21−7.34 (m, 4H), 7.36−7.42
(m, 1H), 7.55 (d, J = 8.8 Hz, 2H), 8.55−8.79 (m, 1H), 9.91−10.15 (m,
1H), 13.23−13.52 (m, 1H).

To a solution of tert-butyl 3-(2-(methyl(6-methyl-2-((4-(2-
phenylacetamido)phenyl)amino)pyrimidin-4-yl)amino)ethoxy)-
propanoate, 35 (600 mg, 987.27 μmol, 1 equiv), in ethyl acetate (20
mL) was added HCl/EtOAc (4M, 6 mL), and the reaction mixture was
stirred at 25 °C for 12 h. The reaction mixture was concentrated to give
3-(2-(methyl(6-methyl-2-((4-(2-phenylacetamido)phenyl)amino)-
pyrimidin-4-yl)amino)ethoxy)propanoic acid (40, 400 mg, 73.5%
yield) as a brown solid, which was used in the next step without further
purification.

To a so lu t ion o f 3 - (2 -(methy l (6 -methy l -2 - ((4 -(2 -
phenylacetamido)phenyl)amino)pyrimidin-4-yl)amino)ethoxy)-
propanoic acid, 40 (60 mg, 129.44 μmol, 1 equiv), (2S,4R)-1-((S)-2-
amino-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)-
benzyl)pyrrolidine-2-carboxamide ((S,R,S)-AHPC, CAS 1448297-52-
6 from Bide Pharmatech Ltd.) (55.73 mg, 129.44 μmol, 1 equiv), and
DIPEA (66.92 mg, 517.77 μmol, 90.19 μL, 4 equiv) in DMF (4 mL)
was added HATU (98.44 mg, 258.88 μmol, 2 equiv) at 0 °C. After
addition, the reaction mixture was stirred at 25 °C for 12 h. LCMS
showed that the starting material was consumed and the desired
product was detected. The reaction mixture was concentrated and
purified by prep-HPLC (method: column-Phenomenex Gemini-NX
C18 75mm× 30mm× 3 μm;mobile phase: [water (0.05%NH3H2O +
10 mM NH4HCO3) − MeCN]; 35−55%, 8 min) to give (2S,4R)-1-
((S) -3 ,3 -d imethy l -2 - (3 - (2 - (methy l (6 -methy l -2 - ((4 - (2 -
phenylacetamido)phenyl)amino)pyrimidin-4-yl)amino)ethoxy)-
propanamido)butanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)-
benzyl)pyrrolidine-2-carboxamide (7, 35 mg, 39.95 μmol, 30.9% yield,
100% purity) as a white solid. 1H-NMR: (400 MHz, DMSO-d6) δ 0.93
(s, 9H), 1.90 (ddd, J = 4.5, 8.6, 12.8 Hz, 1H), 1.99−2.08 (m, 1H), 2.16
(s, 3H), 2.34−2.41 (m, 1H), 2.42−2.45 (m, 3H), 2.54−2.63 (m, 1H),
2.94−3.08 (m, 3H), 3.29−3.32 (m, 1H), 3.51−3.71 (m, 10H), 4.21
(dd, J = 5.4, 15.9 Hz, 1H), 4.35 (br s, 1H), 4.39−4.47 (m, 2H), 4.56 (d,
J = 9.2 Hz, 1H), 5.14 (d, J = 3.1 Hz, 1H), 5.94 (s, 1H), 7.18−7.26 (m,
1H), 7.28−7.45 (m, 10H), 7.63 (d, J = 8.8 Hz, 2H), 7.95 (d, J = 9.4 Hz,
1H), 8.57 (t, J = 6.0 Hz, 1H), 8.90 (s, 1H), 8.97 (s, 1H), 9.97 (s, 1H).
13C-NMR (126 MHz, DMSO-d6) δ 16.39, 24.21, 26.76, 35.84, 36.07,
38.41, 42.06, 43.69, 48.94, 56.71, 56.88, 59.15, 67.40, 67.46, 68.40,
69.32, 93.20, 118.87, 119.88, 126.89, 127.83, 128.71, 129.07, 129.50,
130.05, 131.60, 132.63, 136.68, 137.57, 139.94, 148.14, 151.92, 159.53,
162.79, 165.44, 168.90, 169.96, 170.38, 172.39. HRMS (ESI+): m/z
calcd for C47H58N9O6S: 876.4226 [M + H]+; found: 876.4227 [M +
H]+.

(2S,4S)-1-((S)-3,3-Dimethyl-2-(3-(2-(methyl(6-methyl-2-((4-(2-
phenylacetamido)phenyl)amino)pyrimidin-4-yl)amino)ethoxy)-
propanamido)butanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)-
benzyl)pyrrolidine-2-carboxamide (12). To a mixture of 3-(2-
(methyl(6-methyl-2-((4-(2-phenylacetamido)phenyl)amino)-
pyrimidin-4-yl)amino)ethoxy)propanoic acid (40, 30.0 mg, 1 equiv,
64.7 μmol) in DMF (1 mL) was added DIPEA (25.1 mg, 33.8 μL, 3
equiv, 194 μmol) after which HATU (36.9 mg, 1.5 equiv, 97.1 μmol)
was added. The mixture was stirred for 10 min after which (2S,4S)-1-
((S)-2-amino-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthia-
zol-5-yl)benzyl)pyrrolidine-2-carboxamide hydrochloride (30.2 mg, 1
equiv, 64.7 μmol, VHL negative control (S,S,S)-AHPC hydrochloride

from MedChemExpress; Cat # HY-125845A) was added. After 2 h,
LCMS indicated the product. The mixture was stirred for another 1 h,
after which it was purified by RP HPLC (Phenomenex Gemini-NX
C18, 110 Å, 150 mm × 21.2 mm × 5 μm). Eluting with a gradient of 15
to 90% acetonitrile in water with 0.1% formic acid, a flow rate of 20 mL/
min, a gradient time of 30 min, and a detection wavelength of 200 nm to
give (2S,4S)-1-((S)-3,3-dimethyl-2-(3-(2-(methyl(6-methyl-2-((4-(2-
phenylacetamido)phenyl)amino)pyrimidin-4-yl)amino)ethoxy)-
propanamido)butanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)-
benzyl)pyrrolidine-2-carboxamide (12, 25 mg, 41%). 1H-NMR (500
MHz, CD3OD) δ 1.00 (s, 9H), 1.98 (dt, J = 13.2, 4.6 Hz, 1H), 2.36−
2.446 (m, 4H), 2.47 (s, 4H), 2.56 (q, J = 10.7, 7.0 Hz, 1H), 3.26 (s, 3H),
3.63−3.77 (m, 8H), 3.79−3.91 (m, 3H), 3.99 (dd, J = 10.6, 5.1 Hz,
1H), 4.28−4.60 (m, 5H), 6.11 (d, J = 1.3 Hz, 1H), 6.61 (s, 2H), 7.23−
7.29 (m, 1H), 7.31−7.39 (m, 4H), 7.40−7.43 (m, 2H), 7.46 (d, J = 8.3
Hz, 2H), 7.61 (s, 4H), 7.65 (s, 2H), 7.94 (d, J = 8.1 Hz, 1H), 8.90 (s,
1H). 13C-NMR (126 MHz, CD3OD) δ 14.39, 17.59, 25.48, 25.58,
34.65, 35.49, 36.48, 42.35, 43.27, 56.10, 57.89, 59.62, 66.87, 67.85,
70.04, 97.18, 120.11, 121.86, 126.60, 127.63, 128.23, 128.76, 128.93,
128.96, 130.08, 132.03, 133.57, 135.37, 135.63, 138.65, 147.45, 151.58,
153.00, 153.93, 160.27, 170.86, 170.99, 172.41, 173.44. HRMS (ESI+):
m/z calcd for C47H58N9O6S: 876.4226 [M + H]+; found: 876.4234 [M
+ H]+.

( 2S ,4R ) -1 - ( ( S ) -13 - ( t e r t -Bu ty l ) -2 - (6 -methy l -2 - ( (4 - (2 -
phenylacetamido)phenyl)amino)pyrimidin-4-yl)-11-oxo-5,8-dioxa-
2,12-diazatetradecan-14-oyl)-4-hydroxy-N-(4-(4-methylthiazol-5-
yl)benzyl)pyrrolidine-2-carboxamide (8). Amixture of tert-butyl 3-(2-
(2-(methylamino)ethoxy)ethoxy)propanoate (4 g, 16.2 mmol),
DIPEA (6.27 g, 48.5 mmol), and 2,4-dichloro-6-methyl-pyrimidine,
14 (2.64 g, 16.2 mmol), in THF (40mL) was degassed and purged with
N2 3 times and then stirred at 20 °C for 12 h under a N2 atmosphere.
The reaction mixture was diluted with water (250 mL) and then
extracted with ethyl acetate (150mL× 3). The combined organic layers
were washed with aqueous sodium chloride, dried over Na2SO4,
filtered, and concentrated under reduced pressure to give a residue. The
residue was purified by column chromatography on silica gel (eluted
with petroleum ether ethyl acetate = 50:1 to 0:100) to give tert-butyl 3-
(2-(2-((2-chloro-6-methylpyrimidin-4-yl)(methyl)amino)ethoxy)-
ethoxy)propanoate, 31 (2.5 g, yield 41%), as a colorless oil. 1H-NMR
(400 MHz, CDCl3) δ 1.44 (s, 9H), 2.33 (s, 3H), 2.48 (t, J = 6.47 Hz,
2H), 3.10 (br s, 3H), 3.53−3.60 (m, 4H), 3.63−3.82 (m, 6H), 6.19 (br
s, 1H).

A mixture of tert-butyl 3-(2-(2-((2-chloro-6-methylpyrimidin-4-
yl)(methyl)amino)ethoxy)ethoxy)propanoate, 31 (1.50 g, 4.01
mmol), acetic acid (120 mg, 2.01 mmol), and N-(4-aminophenyl)-2-
phenyl-acetamide (907 mg, 4.01 mmol) in isopropanol (20 mL) was
degassed and purged with N2 3 times and then stirred at 80 °C for 12 h
under a N2 atmosphere. The reaction mixture was cooled to 20 °C,
filtered, and concentrated under reduced pressure to give a residue,
which was washed with isopropanol (50 mL) to give tert-butyl 3-(2-(2-
(methyl(6-methyl-2-((4-(2-phenylacetamido)phenyl)amino)-
pyrimidin-4-yl)amino)ethoxy)ethoxy)propanoate, 36 (1.3 g, yield
54%), as a yellow solid. 1H-NMR (400 MHz, CDCl3): δ 1.41−1.46
(m, 9H), 2.34−2.41 (m, 3H), 3.17−3.23 (m, 3H), 3.48−3.72 (m, 9H),
3.76−3.83 (m, 3H), 5.83−6.00 (m, 1H), 7.24−7.30 (m, 1H), 7.31−
7.37 (m, 3H), 7.37−7.45 (m, 3H), 7.49−7.58 (m, 2H), 8.42−8.63 (m,
1H), 10.05−10.16 (m, 1H), 13.40−13.55 (m, 1H).

A mixture of tert-butyl 3-(2-(2-(methyl(6-methyl-2-((4-(2-
phenylacetamido)phenyl)amino)pyrimidin-4-yl)amino)ethoxy)-
ethoxy)propanoate, 36 (0.8 g, 1.42 mmol), and trifluoroacetic acid (1
mL) in dichloromethane (10 mL) was degassed and purged with N2
three times and then stirred at 25 °C for 12 h under a N2 atmosphere.
The reaction mixture was concentrated under reduced pressure to give
3-(2-(2-(methyl(6-methyl-2-((4-(2-phenylacetamido)phenyl)amino)-
pyrimidin-4-yl)amino)ethoxy)ethoxy)propanoic acid, 41 (500 mg,
yield 62%), as a yellow solid. 1H-NMR (400 MHz, T = 273 + 80K,
DMSO-d6) δ 2.33 (s, 3H), 2.41 (t, J = 6.28 Hz, 2H), 3.19 (s, 3H), 3.49
(br d, J = 4.63 Hz, 4H), 3.57−3.69 (m, 6H), 3.72−3.82 (m, 2H), 7.21−
7.26 (m, 1H), 7.28−7.38 (m, 4H), 7.46 (br d, J = 8.38 Hz, 2H), 7.63 (d,
J = 8.82 Hz, 2H), 10.12 (s, 1H), 10.33 (s, 1H).
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A mixture of (2S,4R)-1-((S)-2-amino-3,3-dimethylbutanoyl)-4-
hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxa-
mide ((S,R,S)-AHPC, CAS 1448297-52-6 from Bide Pharmatech Ltd.)
(140 mg, 325 μmol), 3-(2-(2-(methyl(6-methyl-2-((4-(2-
phenylacetamido)phenyl)amino)pyrimidin-4-yl)amino)ethoxy)-
ethoxy)propanoic acid, 41 (150 mg, 295 μmol), HATU (168 mg, 443
μmol), and DIPEA (76.4 mg, 591 μmol,) in DMF (2 mL) was degassed
and purged with N2 three times and then stirred at 25 °C for 12 h under
a N2 atmosphere. The reaction mixture was concentrated under
reduced pressure to give a residue. The residue was purified by Prep-
HPLC (Gilson 281 semi-preparative HPLC system; mobile phase: A:
TFA/H2O = 0.075% v/v; B: acetonitrile; column: Phenomenex Luna
C18 100 mm × 40 mm × 5 μm; flow rate: 50 mL/min; monitoring
wavelength: 220 and 254 nm) to give (2S,4R)-1-((S)-13-(tert-butyl)-2-
(6-methyl-2-((4-(2-phenylacetamido)phenyl)amino)pyrimidin-4-yl)-
11-oxo-5,8-dioxa-2,12-diazatetradecan-14-oyl)-4-hydroxy-N-(4-(4-
methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (8, 35 mg, yield
12%) as a white solid. 1H-NMR (500 MHz, DMSO-d6) δ 0.94 (s, 9H),
1.91 (ddd, J = 4.5, 8.7, 13.1 Hz, 1H), 2.05 (dt, J = 5.0, 9.5 Hz, 1H),
2.24−2.39 (m, 4H), 2.45 (s, 3H), 3.18 (m, 3H), 3.37−3.83 (m, 11H),
4.23 (dd, J = 5.5, 15.9 Hz, 1H), 4.37 (q, J = 3.2 Hz, 1H), 4.40−4.49 (m,
2H), 4.57 (d, J = 9.3 Hz, 1H), 6.46 (m, 1H), 7.26 (dtt, J = 2.3, 4.3, 6.1
Hz, 1H), 7.34 (d, J = 6.5 Hz, 4H), 7.38−7.54 (m, 6H), 7.64 (dd, J = 5.5,
8.8 Hz, 2H), 7.97 (d, J = 9.3 Hz, 1H), 8.63 (t, J = 6.1 Hz, 1H), 9.01 (s,
1H), 10.27 (s, 1H), 10.34 (d, J = 10.1 Hz, 1H), 12.92 (s, 1H). HRMS
(ESI+): m/z calcd for C49H62N9O7S: 920.4488 [M + H]+; found:
920.4503 [M + H]+.

( 2S ,4R ) -1 - ( ( S ) -16 - ( t e r t -Bu ty l ) -2 - (6 -methy l -2 - ( (4 - (2 -
phenylacetamido)phenyl)amino)pyrimidin-4-yl)-14-oxo-5,8,11-tri-
oxa-2,15-diazaheptadecan-17-oyl)-4-hydroxy-N-(4-(4-methylthia-
zol-5-yl)benzyl)pyrrolidine-2-carboxamide (9). To a solution of tert-
butyl 5,8,11-trioxa-2-azatetradecan-14-oate (4.27 g, 9.20 mmol, 1.5
equiv) and DIPEA (7.14 g, 55.20 mmol, 3.0 equiv) in tetrahydrofuran
(50 mL) was added 2,4-dichloro-6-methyl-pyrimidine, 14 (1 g, 6.13
mmol, 1 equiv), at 20 °C under N2. After addition, the reaction mixture
was stirred at 25 °C for 10 h. The reaction mixture was concentrated
and purified by column chromatography on silica gel (petro ether:ethyl
acetate = 100:1 to 40:100) to give tert-butyl-2-(2-chloro-6-methylpyr-
imidin-4-yl)-5,8,11-trioxa-2-azatetradecan-14-oate, 32 (1.2 g, yield
46.8%), as a colorless oil. 1H-NMR: (400 MHz CDCl3) δ 1.45 (s,
9H), 2.34 (s, 3H), 2.50 (t, J = 6.5 Hz, 2H), 3.11 (br s, 3H), 3.55−3.64
(m, 8H), 3.65−3.74 (m, 5H), 6.09−6.29 (m, 1H).

To a solution of tert-butyl 2-(2-chloro-6-methylpyrimidin-4-yl)-
5,8,11-trioxa-2-azatetradecan-14-oate, 32 (1.13 g, 2.70 mmol, 1 equiv),
and N-(4-aminophenyl)-2-phenyl- acetamide (642.39 mg, 2.70 mmol,
1 equiv) in isopropanol (10 mL) was added acetic acid (11.87 mg, 0.1
equiv) at 0 °C under N2. After addition, the reactionmixture was stirred
at 80 °C for 12 h. The reaction mixture was cooled to 25 °C and filtered
to obtain tert-butyl-2-(6-methyl-2-((4-(2-phenylacetamido)phenyl)-
amino)pyrimidin-4-yl)-5,8,11-trioxa-2-azatetradecan-14-oate, 37 (1.6
g, yield 97.37%), as a brown solid. LCMS (ESI+):m/z 608.5 (M +H)+.

To a solution of tert-butyl 2-(6-methyl-2-((4-(2-phenylacetamido)-
phenyl)amino)pyrimidin-4-yl)-5,8,11-trioxa-2-azatetradecan-14-oate,
37 (600 mg, 987.27 μmol, 1 equiv), in ethyl acetate (2 mL) was added
ethyl acetate/HCl (4 M, 6 mL) and the reaction mixture was stirred at
25 °C for 12 h. The reaction mixture was concentrated to give 2-(6-
methyl-2-((4-(2-phenylacetamido)phenyl)amino)pyrimidin-4-yl)-
5,8,11-trioxa-2-azatetradecan-14-oic acid, 42 (400 mg, 73.45% yield),
as a brown solid, which was used without further purification. LCMS
(ESI+): m/z 552.4 (M + H)+.

To a solution of 2-(6-methyl-2-((4-(2-phenylacetamido)phenyl)-
amino)pyrimidin-4-yl)-5,8,11-trioxa-2-azatetradecan-14-oic acid, 42
(100 mg, 160.11 μmol, 1 equiv), and (2S,4R)-1-((S)-2-amino-3,3-
dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)-
pyrrolidine-2-carboxamide ((S,R,S)-AHPC, CAS 1448297-52-6 from
Bide Pharmatech Ltd.) (68.94 mg, 160.11 μmol, 1 equiv) in DMF (2
mL)were addedHATU (121.76mg, 320.23 μmol, 2 equiv) andDIPEA
(82.7761mg, 640.46 μmol, 4 equiv) at 0 °C. After addition, the reaction
mixture was stirred at 25 °C for 12 h. LCMS showed that the starting
material was consumed. The reaction mixture was treated with water (3

mL) and extracted with ethyl acetate (3 × 3 mL). The combined
organic phases were washed with brine (3 mL), dried over anhydrous
sodium sulfate, filtered, and concentrated under reduced pressure to
obtain a residue, which was purified by prep-HPLC (Phenomenex
Gemini-NX C18 75 mm × 30 mm × 3 μm; mobile phase: [water
(0.05%NH3H2O + 10 mM NH4HCO3) − MeCN]; B%: 30−60%, 8
min) to give (2S,4R)-1-((S)-16-(tert-butyl)-2-(6-methyl-2-((4-(2-
phenylacetamido)phenyl)amino)pyrimidin-4-yl)-14-oxo-5,8,11-tri-
oxa-2,15-diazaheptadecan-17-oyl)-4-hydroxy-N-(4-(4-methylthiazol-
5-yl)benzyl)pyrrolidine-2-carboxamide (9, 20 mg, yield 12.93%) as a
white solid. 1H-NMR: (400 MHz, DMSO-d6) δ 0.93 (s, 9H), 1.90
(ddd, J = 12.84, 8.49, 4.53 Hz, 1H), 1.98−2.08 (m, 1H), 2.16 (s, 3H),
2.30−2.36 (m, 1H), 2.44 (s, 3H), 2.53−2.57 (m, 1H), 3.02 (s, 3H),
3.43−3.51 (m, 8H), 3.54−3.70 (m, 10H), 4.21 (dd, J = 15.85, 5.36 Hz,
1H), 4.35 (br s, 1H), 4.38−4.48 (m, 2H), 4.55 (d, J = 9.42 Hz, 1H),
5.12 (d, J = 3.58 Hz, 1H), 5.95 (s, 1H), 7.20−7.26 (m, 1H), 7.29−7.34
(m, 4H), 7.36−7.45 (m, 6H), 7.64 (d, J = 8.94Hz, 2H), 7.91 (d, J = 9.42
Hz, 1H), 8.56 (t, J = 6.02 Hz, 1H), 8.90 (s, 1H), 8.97 (s, 1H), 9.96 (s,
1H). HRMS (ESI+):m/z calcd for C51H66N9O8S: 964.4750 [M +H]+;
found: 964.4755 [M + H]+.

( 2S ,4R ) -1 - ( ( S ) -19 - ( t e r t -Bu ty l ) -2 - (6 -methy l -2 - ( (4 - (2 -
phenylacetamido)phenyl)amino)pyrimidin-4-yl)-17-oxo-5,8,11,14-
tetraoxa-2,18-diazaicosan-20-oyl)-4-hydroxy-N-(4-(4-methylthia-
zol-5-yl)benzyl)pyrrolidine-2-carboxamide (10). To a solution of tert-
butyl 5,8,11,14-tetraoxa-2-azaheptadecan-17-oate (1.8 g, 3.49 mmol,
65% purity) and DIPEA (901.60 mg, 6.98 mmol) in THF (18 mL) was
added 2,4-dichloro-6-methyl-pyrimidine, 14 (379.04 mg, 2.33 mmol),
at 20 °C. The reaction mixture was stirred at 20 °C for 16 h. The
reaction mixture was concentrated to a residue, which was purified by
column chromatography on silica gel (petro ether:ethyl acetate = 100:1
to 1:2) to give tert-butyl 2-(2-chloro-6-methylpyrimidin-4-yl)-
5,8,11,14-tetraoxa-2-azaheptadecan-17-oate, 33 (1.1 g, yield 81.92%,
80% purity), as a colorless oil. 1H-NMR: (400 MHz CDCl3) δ 1.37 (s,
9H), 2.22−2.30 (m, 3H), 2.39−2.46 (m, 2H), 3.03 (br s, 3H), 3.50−
3.57 (m, 12H), 3.57−3.70 (m, 6H), 6.13 (br s, 1H).

To a solution of tert-butyl 2-(2-chloro-6-methylpyrimidin-4-yl)-
5,8,11,14-tetraoxa-2-azaheptadecan-17-oate, 33 (1.1 g, 2.38 mmol),
and AcOH (14.30mg, 238.11 μmol) in isopropanol (11mL)was added
N-(4-aminophenyl)-2-phenyl-acetamide (538.77 mg, 2.38 mmol) at 20
°C. The reaction mixture was stirred at 80 °C for 12 h. LCMS showed
that the reaction was complete, and the desired compound was
detected. The reaction mixture was diluted with H2O (20 mL) and
extracted with ethyl acetate (3 × 25 mL). The organic layer was
concentrated under reduced pressure to give tert-butyl 2-(6-methyl-2-
((4-(2-phenylacetamido)phenyl)amino)pyrimidin-4-yl)-5,8,11,14-tet-
raoxa-2-azaheptadecan-17-oate, 38 (0.5 g, yield 32.22%), as a white
solid. 1H-NMR: (400MHzCDCl3) δ 1.42 (d, J = 1.32 Hz, 9H), 2.24 (s,
3H), 3.08 (s, 3H), 3.51−3.73 (m, 21H), 5.79 (s, 1H), 7.29−7.38 (m,
6H), 7.45−7.56 (m, 3H), 8.35−8.51 (m, 1H).

To a solution of tert-butyl-2-(6-methyl-2-((4-(2-phenylacetamido)-
phenyl)amino)pyrimidin-4-yl)-5,8,11,14-tetraoxa-2-azaheptadecan-
17-oate, 38 (0.5 g, 767.12 μmol), in ethyl acetate (5 mL) was added
ethyl acetate/HCl (4 M, 5 mL) at 25 °C, and the reaction mixture was
stirred at 25 °C for 12 h. The reaction mixture was concentrated to give
2-(6-methyl-2-((4-(2-phenylacetamido)phenyl)amino)pyrimidin-4-
yl)-5,8,11,14-tetraoxa-2-azaheptadecan-17-oic acid, 43 (0.2 g, yield
43.77%), as a brown solid, which was used without further purification.

To a solution of 2-(6-methyl-2-((4-(2-phenylacetamido)phenyl)-
amino)pyrimidin-4-yl)-5,8,11,14-tetraoxa-2-azaheptadecan-17-oic
acid, 43 (0.1 g, 167.87 μmol), and (2S,4R)-1-((S)-2-amino-3,3-
dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)-
pyrrolidine-2-carboxamide ((S,R,S)-AHPC, CAS 1448297-52-6 from
Bide Pharmatech Ltd.) (72.28 mg, 167.87 μmol) in DMF (1 mL) was
added HATU (127.66 mg, 335.75 μmol) and DIPEA (65.09 mg,
503.62 μmol) at 25 °C. The reaction mixture was stirred at 25 °C for 12
h. LCMS showed that the starting material was consumed, and LCMS
indicated the desired product. The reaction mixture was treated with
water (3 mL) and extracted with ethyl acetate (3 × 3 mL). The
combined organic phases were washed with brine (3 mL), dried over
anhydrous sodium sulfate, filtered, and concentrated under reduced
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pressure to obtain a residue, which was purified by prep-HPLC
(Phenomenex Gemini-NX C18 75 mm × 30 mm × 3 μm; mobile
phase: [water (0.05%NH3H2O + 10 mM NH4HCO3) − MeCN]; B%:
30−60%, 8 min) to give (2S,4R)-1-((S)-19-(tert-butyl)-2-(6-methyl-2-
((4-(2-phenylacetamido)phenyl)amino)pyrimidin-4-yl)-17-oxo-
5,8,11,14-tetraoxa-2,18-diazaicosan-20-oyl)-4-hydroxy-N-(4-(4-meth-
ylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (10, 48 mg, yield
28.36%), as a white solid. 1H-NMR: (400 MHz, DMSO-d6) δ 0.93
(s, 9H), 1.90 (ddd, J = 12.78, 8.44, 4.58 Hz, 1H), 1.98−2.08 (m, 1H),
2.16 (s, 3H), 2.25−2.42 (m, 2H), 2.44 (s, 3H), 2.52−2.56 (m, 1H),
3.02 (br s, 3H), 3.46 (s, 7H), 3.49 (br d, J = 0.98 Hz, 4H), 3.53−3.72
(m, 10H), 4.22 (dd, J = 15.77, 5.38 Hz, 1H), 4.35 (br s, 1H), 4.39−4.48
(m, 2H), 4.55 (d, J = 9.41 Hz, 1H), 5.12 (d, J = 3.42 Hz, 1H), 5.95 (s,
1H), 7.20−7.27 (m, 1H), 7.28−7.35 (m, 4H), 7.36−7.47 (m, 6H), 7.64
(d, J = 8.80 Hz, 2H), 7.91 (d, J = 9.41 Hz, 1H), 8.56 (br t, J = 5.93 Hz,
1H), 8.90 (s, 1H), 8.97 (s, 1H), 9.96 (s, 1H). HRMS (ESI+):m/z calcd
for C53H70N9O9S: 1008.5012 [M + H]+; found: 1008.5015 [M + H]+.

( 2S ,4R ) -1 - ( ( S ) -22 - ( t e r t -Bu ty l ) -2 - (6 -methy l -2 - ( (4 - (2 -
phenylacetamido)phenyl)amino)pyrimidin-4-yl)-20-oxo-
5,8,11,14,17-pentaoxa-2,21-diazatricosan-23-oyl)-4-hydroxy-N-(4-
(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (11). To a
solution of tert-butyl 5,8,11,14,17-pentaoxa-2-azaicosan-20-oate (3.5 g,
9.22 mmol, 1.5 equiv) and DIPEA (2.38 g, 18.45 mmol, 3 equiv) in
tetrahydrofuran (30 mL) was added 2,4-dichloro-6-methyl-pyrimidine
(14, 2.06 g, 6.15 mmol, 1 equiv) at 20 °C under N2. After addition, the
reaction mixture was stirred at 20 °C for 16 h. The reaction mixture was
concentrated and purified by column chromatography on silica gel
(petro ether:ethyl acetate = 100:1 to 40:100) to give tert-butyl-2-(2-
chloro-6-methylpyrimidin-4-yl)-5,8,11,14,17-pentaoxa-2-azaicosan-
20-oate (34, 1 g, yield 32.1%) as a colorless oil. 1H-NMR: (400 MHz
CDCl3) δ 1.45 (s, 9H), 2.35 (s, 3H), 2.51 (t, J = 6.56 Hz, 2H), 3.11 (br
s, 3H), 3.60−3.66 (m, 17H), 3.68 (br d, J = 4.65 Hz, 2H), 3.71 (br t, J =
6.62 Hz, 3H), 6.20 (br s, 1H).

To a solution of tert-butyl-2-(2-chloro-6-methylpyrimidin-4-yl)-
5,8,11,14,17-pentaoxa-2-azaicosan-20-oate, 34 (1 g, 1.98 mmol, 1
equiv), and N-(4-aminophenyl)-2-phenyl-acetamide (447.15 mg, 1.98
mmol, 1 equiv) in isopropanol (10 mL) was added acetic acid (11.87
mg, 0.1 equiv) at 0 °C under N2. After addition, the reaction mixture
was stirred at 80 °C for 12 h. Then, the reaction mixture was cooled to
25 °C and filtered to obtain tert-butyl-2-(6-methyl-2-((4-(2-
phenylacetamido)phenyl)amino)pyrimidin-4-yl)-5,8,11,14,17-pen-
taoxa-2-azaicosan-20-oate (39, 800 mg, yield 58.18%) as a brown solid.
1H-NMR: (400 MHz CDCl3) δ 1.45 (s, 9H), 2.25 (s, 3H), 2.49 (t, J =
6.56 Hz, 2H), 3.08 (s, 3H), 3.56−3.67 (m, 19H), 3.67−3.75 (m, 6H),
5.82 (s, 1H), 6.84 (br s, 1H), 7.32−7.42 (m, 7H), 7.52 (d, J = 8.94 Hz,
2H).

To a solution of tert-butyl 2-(6-methyl-2-((4-(2-phenylacetamido)-
phenyl)amino)pyrimidin-4-yl)-5,8,11,14,17-pentaoxa-2-azaicosan-20-
oate (39, 300 mg, 431.13 μmol, 1 equiv) in ethyl acetate (1 mL) was
addedHCl/EtOAc (4M, 5 mL), and the reactionmixture was stirred at
25 °C for 2 h. The reaction mixture was concentrated to give 2-(6-
methyl-2-((4-(2-phenylacetamido)phenyl)amino)pyrimidin-4-yl)-
5,8,11,14,17-pentaoxa-2-azaicosan-20-oic acid (44, 200 mg, yield
72.51%) as a brown solid, which was used without further purification.
LCMS(ESI+): m/z 640.4 (M + H)+.

To a solution of 2-(6-methyl-2-((4-(2-phenylacetamido)phenyl)-
amino)pyrimidin-4-yl)-5,8,11,14,17-pentaoxa-2-azaicosan-20-oic acid
(44, 67.30 mg, 156.31 μmol, 1 equiv) and (2S,4R)-1-((S)-2-amino-
3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)-
pyrrolidine-2-carboxamide ((S,R,S)-AHPC, CAS 1448297-52-6 from
Bide Pharmatech Ltd.) (100mg, 156.31 μmol, 1 equiv) in DMF (1mL)
were added HATU (118.87 mg, 312.63 μmol, 2 equiv) and DIPEA
(60.61 mg, 468.94 μmol, 81.68 μL, 3 equiv) at 0 °C. After addition, the
reaction mixture was stirred at 25 °C for 12 h. TLC (dichloromethane/
methanol = 10:1) showed that the starting material was consumed. The
reactionmixture was treated with water (3mL) and extracted with ethyl
acetate (3 × 3 mL). The combined organic phases were washed with
brine (3 mL), dried over anhydrous sodium sulfate, filtered, and
concentrated under reduced pressure. The residue was purified by prep-
TLC (SiO2, dichloromethane/methanol = 10:1) to give (2S,4R)-1-

((S)-25-(tert-butyl)-2-(6-methyl-2-((4-(2-phenylacetamido)phenyl)-
amino)pyrimidin-4-yl)-23-oxo-5,8,11,14,17,20-hexaoxa-2,24-diazahex-
acosan-26-oyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)-
pyrrolidine-2-carboxamide (11, 20 mg, yield 12.16%) as a white solid.
1H-NMR: (400 MHz, DMSO-d6) δ 0.93 (s, 9H), 1.90 (ddd, J = 12.83,
8.33, 4.49 Hz, 1H), 1.98−2.07 (m, 1H), 2.16 (s, 3H), 2.33−2.39 (m,
1H), 2.44 (s, 2H), 3.02 (s, 3H), 3.30 (s, 1H), 3.45−3.50 (m, 17H),
3.56−3.60 (m, 6H), 3.62−3.70 (m, 4H), 4.21 (dd, J = 15.68, 5.37 Hz,
1H), 4.34 (br s, 1H), 4.39−4.47 (m, 2H), 4.55 (d, J = 9.21 Hz, 1H),
5.13 (d, J = 3.51 Hz, 1H), 5.95 (s, 1H), 7.23 (td, J = 5.75, 2.30 Hz, 1H),
7.30−7.34 (m, 4H), 7.41 (t, J = 8.77 Hz, 6H), 7.64 (d, J = 8.77 Hz, 2H),
7.92 (d, J = 9.43Hz, 1H), 8.57 (t, J = 5.92Hz, 1H), 8.90 (s, 1H), 8.98 (s,
1H), 9.96 (s, 1H). 13C-NMR (126 MHz, DMSO-d6) δ 16.39, 24.19,
26.75, 35.82, 36.03, 36.70, 38.39, 42.06, 43.69, 48.84, 56.71, 56.85,
59.14, 67.37, 68.43, 69.31, 69.88, 70.11, 70.16, 70.18, 70.23, 70.29,
93.17, 118.88, 119.87, 126.89, 127.83, 128.50, 128.71, 129.07, 129.29,
129.49, 130.05, 131.60, 132.65, 136.68, 137.55, 139.94, 148.14, 151.93,
159.54, 162.87, 165.43, 168.87, 169.95, 170.38, 172.39. HRMS (ESI+):
m/z calcd for C55H74N9O10S: 1052.5274 [M + H]+; found: 1052.5279
[M + H]+.

( 2S ,4S ) -1 - ( ( S ) -22 - ( t e r t -Bu ty l ) - 2 - (6 -methy l -2 - ( ( 4 - (2 -
phenylacetamido)phenyl)amino)pyrimidin-4-yl)-20-oxo-
5,8,11,14,17-pentaoxa-2,21-diazatricosan-23-oyl)-4-hydroxy-N-(4-
(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (13). To a
vial containing 2-(6-methyl-2-((4-(2-phenylacetamido)phenyl)-
amino)pyrimidin-4-yl)-5,8,11,14,17-pentaoxa-2-azaicosan-20-oic acid
(44, 30.0 mg, 1 equiv, 46.9 μmol) was added DMF (1 mL) after
which the mixture was cooled to zero degrees and HATU (26.7 mg, 1.5
equiv, 70.3 μmol) was added. Then, DIPEA (18.2 mg, 24.5 μL, 3 equiv,
141 μmol) was added, and the reaction mixture was stirred for 10 min
after which (2S,4S)-1-((S)-2-amino-3,3-dimethylbutanoyl)-4-hydroxy-
N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide hydro-
chloride (21.9 mg, 1 equiv, 46.9 μmol, VHL negative control (S,S,S)-
AHPC hydrochloride from MedChemExpress; Cat # HY-125845A)
was added and the reaction mixture was stirred in the ice bath for 10
min, then at room temperature for 2 h after which the mixture was
directly purified by RP HPLC (Phenomenex Gemini-NX C18, 110 Å,
150 mm × 21.2 mm; 5 μm). Eluting with a gradient of 15 to 90%
acetonitrile in water with 0.1% TFA, a flow rate of 20 mL/min, a
gradient time of 30 min, and a detection wavelength of 200 nm to give
(2S , 4S ) - 1 - ( (S ) - 22 - ( t e r t - bu t y l ) - 2 - ( 6 -me thy l - 2 - ( ( 4 - ( 2 -
phenylacetamido)phenyl)amino)pyrimidin-4-yl)-20-oxo-5,8,11,14,17-
pentaoxa-2,21-diazatricosan-23-oyl)-4-hydroxy-N-(4-(4-methylthia-
zol-5-yl)benzyl)pyrrolidine-2-carboxamide (13, 27 mg, 49%). 1H-
NMR (500 MHz, CD3OD) δ 1.04 (s, 9H), 1.98 (dt, J = 13.1, 4.6 Hz,
1H), 2.38−2.42 (m, 3H), 2.40−2.47 (m, 1H), 2.49 (s, 3H), 2.56 (ddd, J
= 15.0, 7.5, 5.3 Hz, 1H), 3.28 (s, 3H), 3.52−3.62 (m, 15H), 3.64−3.77
(m, 7H), 3.86 (t, J = 5.1 Hz, 2H), 4.02 (dd, J = 10.6, 5.1 Hz, 1H), 4.39
(dt, J = 9.9, 5.3 Hz, 2H), 4.46−4.58 (m, 3H), 6.12 (d, J = 1.1 Hz, 1H),
7.24−7.30 (m, 1H), 7.32−7.39 (m, 4H), 7.39−7.44 (m, 2H), 7.45−
7.49 (m, 2H), 7.62 (s, 4H), 7.95 (d, J = 8.3 Hz, 1H), 8.97 (s, 1H). 13C-
NMR (126 MHz, CD3OD) δ 14.40, 17.60, 25.51, 25.62, 34.79, 35.68,
35.88, 36.51, 42.36, 43.28, 50.13, 56.10, 57.74, 59.58, 66.81, 69.93,
70.02, 70.04, 70.06, 70.08, 70.13, 70.18, 97.15, 120.11, 121.89, 126.61,
127.61, 127.78, 128.24, 128.76, 128.93, 128.96, 130.05, 132.07, 133.58,
135.40, 135.67, 138.68, 147.45, 151.60, 152.92, 160.29, 170.82, 170.95,
172.54, 172.63, 173.48. HRMS (ESI+): m/z calcd for C55H74N9O10S:
1052.5274 [M + H]+; found: 1052.5276 [M + H]+.

Molecular Modeling. The TG2 crystal structure 4PYG was used
for docking studies. The protein was prepared using the default
parameters of the Schrödinger workflow implemented in Maestro. The
protein preparation module was used to complete missing atoms,
relieve torsional inconsistencies, fix protonation states at pH = 7.4, and
the protein was minimized using the OPLS3 force field. A receptor grid
was then generated centered on Leu102, which was assessed to be the
approximate middle of the fibronectin-binding site (residues 88−106),
and the grid extended 25 Å in each direction around this residue to
encompass the FN-binding site. The MT4 structure was prepared for
docking using the ligand preparationmodule to produce the low-energy
conformation at pH = 7.4. Docking was performed using the standard
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parameters of the XP level of Schrödinger Glide, and the low-energy
conformation (among 10 poses) was evaluated.

Cell Lines, Reagents, and Antibodies. SKOV3 cells were
purchased from ATCC. OVCAR5 cells were obtained from Dr. Marcus
Peter at Northwestern University. Cells were maintained at 37 °C in an
environment of 5% CO2 and 100% humidity. The media used for
culturing the cell lines are included in Supplementary Table S1. Cells
lines used in all experiments were at low passages and were confirmed to
be pathogen and mycoplasma-free by Charles River Animal Diagnostic
Services. Cell lines were authenticated by IDEXX BioAnalytics with
short tandem repeat (STR) profiling. MG132 was obtained from
SelleckChem. The anti-TG2 antibody (cat#: MAB3839-I-100UG) was
purchased from Millipore Sigma and the GAPDH antibody (cat#:
H86504M) was purchased from Meridian Bioscience. The full-length
TG2 protein used in the ITC experiments was obtained according to
previously published procedures.40

Western Blotting. Briefly, SKOV3 andOVCAR5 cells were seeded
on 6 cm dishes and treated with different concentrations of compounds
at different time points. Proteins were extracted using radio-
immunoprecipitation assay (RIPA) buffer and quantified using the
Bradford assay. After gel electrophoresis and transfer, poly(vinylidene
difluoride) (PDVF) membranes were blocked with TBS-Tween 5%
bovine serum albumin (BSA) for 1 h and incubated with primary
antibodies (1:1000 dilution, overnight at 4 °C). After incubation with
the secondary antibody (anti-rabbit/mouse-horseradish peroxidase
1:1000 dilution) for 1 h at room temperature, the signal was developed
using the SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher Scientific cat#: 34580) and captured with an
ImageQuant LAS 4000 machine. To detect additional proteins,
membranes were treated with Restore Western Blot Stripping Buffer
(Thermo Fisher Scientific cat#: 21059), blocked, and then incubated
with primary antibody. After Imaging, western blots were quantified
using IMAGEJ, and statistical analysis was performed using GraphPad
prism 8.

Cell Migration. For the scratch assay, confluent 6-well plates were
scratched with a pipette tip, washed, and treated with compounds or
vehicles. The plate was photographed at set time points, and the area of
wound closure was quantified with ImageJ. Cell migration was assessed
by using transwell inserts (8 μm pore size, Merck-Millipore, Watford,
U.K.). Briefly, 15,000 cells were seeded in the upper chambers of
transwells in serum-free media containing compounds or control, while
media containing 10% serum was added to the lower chamber. After 18
h, cells invaded through the transwells were fixed with warm 4%PFA for
20 min at room temperature and stained with crystal violet for 3 min.
Themembranes were removed, mounted on cover slides, and cells were
counted using a microscope at 40× magnification.

Cell Viability Assay. Cells seeded in 96-well dishes were treated
with compounds at different concentrations (0.1, 0.3, 1, 3, 10, 30 μM)
for 24 h. Higher concentrations of compounds were not tested as the
amount of DMSO required to dissolve the compounds would be toxic
to the cells. The mediumwas replaced after 24 h, and cells were allowed
to grow for another 48 h. The numbers of viable cells were quantified by
using the CCK-8 assay (ApexBio) following the manufacturer’s
directions. Absorbance was measured by a spectrophotometer at 495
nm and used to estimate the viability of the cells.

Solid Phase Adhesion Assay. Briefly, wells were coated with 10
μg/mL fibronectin diluted in phosphate-buffered saline (PBS) for 1 h.
Thirty thousand cells pretreated with compounds for 6 h were seeded
and allowed to attach for 30 min. After washing with PBS to remove
unattached cells, cells adhering to coated wells were quantified by using
the CCK-8 assay (ApexBio), following the manufacturer’s protocol.
Relative absorbance was measured at 496 nm and was used to estimate
the relative number of cells attached to fibronectin-coated wells.

Isothermal Titration Calorimetry (ITC). Sample Preparation.
Protein dilutions in PBS with 1% DMSO were prepared from stock
solutions of 108 mMTG240 in PBS. The protein dilutions were initially
equilibrated on ice for 5 min, then for 20 min at 30 °C. The solutions
were filtered using a 0.22 μM Millipore centrifugal device just prior to
insertion in the ITC cell. The solubility of the protein solutions was
confirmed independently by DLS (data not shown), and the

concentration of each solution (after filtration) was measured with a
NanoDrop 2000 Instrument.

For each compound, dilutions were prepared from stocks in DMSO;
specifically, 40 mM stock solutions were used for compound 11 and
compound 7, and a 20 mM stock solution for MT4 due to its lower
solubility than the PROTAC compounds. All compound dilutions were
made in PBS, and the final DMSO concentration in each solution was
carefully adjusted to 1%.

ITC Experiments. All ITC experiments were performed on an
Affinity Low Volume instrument (Waters/TA Instruments) equipped
with a fixed 198 μL gold cell. In each experiment, 320 μL of protein
solution was loaded into the ITC cell, and 200 μL of the corresponding
compound was in the syringe. The data were acquired using ITCRun
data acquisition software. The incremental ITC experiments consisted
of multiple 2 μL injections at 50-350-second intervals with a stirring
speed of 100 revolutions per minute (rpm). The Auto Equilibrate
function allowed for the equilibration of the baseline to a peak-to-peak
standard deviation of less than 12 nW. For each compound, separate
control experiments were performed to evaluate the heat of dilution.
The control experiments were set with identical parameters but
performed with reaction buffer instead of protein in the ITC cell and
consisted of fewer (6−10) injections.

Data Analysis. ITC data were analyzed with Nano Analyze Software
(Waters/TA Instruments) using the “independent sites” model after
correction for heats of dilution. Of note, because of limitations in the
solubility of the compounds and the protein’s sensitivity to higher
(>1%) concentrations of DMSO, these experiments were performed at
c values lower than 1.

Statistical Analysis. Data are presented as means ± standard
deviation (SD) with *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001. Statistical significance was determined by using a two-tailed
Student’s t-test (Prism 8, GraphPad Software). P-values less than 0.05
were considered statistically significant. The number of biological
replicates in each experiment is indicated by n in every figure caption.
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