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A B S T R A C T

Bruton’s Tyrosine Kinase (BTK) is a key driver of hematological malignancies, autoimmune disorders, and 
neuroinflammation, making it an attractive therapeutic target. Proteolysis targeting chimeras (PROTACs) offer a 
novel strategy for BTK degradation via the E3 ubiquitin ligase pathway. Here, we evaluated nine 
azaspirooxindolinone-based PROTAC derivatives for their cytotoxicity and BTK-targeting activity. Several 
compounds exhibited potent cytotoxicity against BTK-high RAMOS lymphoma cells without affecting non-cancer 
fibroblasts or normal T/B-cell lymphocytes. Among them, PROTAC 25 emerged as the most effective degraded, 
achieving a Dmax of 72.84 % and DC50 of 0.27 μM in a proteasome-dependent manner. Although PROTAC 25 
was cytotoxic to IL-2-inducible T cell Kinase (ITK)-positive cells, ITK protein levels remained unaffected. 
Furthermore, kinase assays revealed that PROTAC 25 inhibited BTK kinase activity (IC₅₀ = 0.44 μM) with 
moderate selectivity over ITK (IC₅₀ = 2.16 μM). Notably, PROTAC 25 suppressed BTK-mediated downstream 
signaling in RAMOS cells, as evidenced by reduced phosphorylation of BTK and its downstream effector, p38 
MAPK. These findings highlight PROTAC 25 as a promising BTK degrader with therapeutic potential and un-
derscore the value of azaspirooxindolinone-based PROTACs in targeting BTK-driven diseases.

1. Introduction

Bruton’s Tyrosine Kinase (BTK), a non-receptor protein-tyrosine ki-
nase of the Tec family, plays a critical role in hematopoietic cell 
signaling [1]. Aberrant BTK activity is implicated in various human 
diseases, including B-cell malignancies, autoimmune diseases, and 
neuroinflammation [2–4]. Beyond its role in B cells, BTK contributes to 
mast cell, macrophage, and dendritic cell functions, underscoring its 
potential as a therapeutic target [5]. Clinical studies have shown that 
targeting BTK can enhance treatments for diseases such as chronic 
lymphocytic leukemia and multiple sclerosis by modulating immune cell 
functions [6,7]. However, resistance mutations, such as C481S, reduce 

the efficacy of covalent BTK inhibitors like ibrutinib, creating an urgent 
need for alternative therapeutic strategies [8–10].

Proteolysis targeting chimeras (PROTACs) have emerged as a 
transformative approach for selective protein degradation, overcoming 
the limitations of traditional inhibitors. Recent advancements have 
highlighted the potential of BTK-targeting PROTACs to overcome 
resistance mutations, including the C481S while offering sustained 
suppression of BTK-mediated signaling pathways [8,11–13]. For 
example, NX-2127, a BTK PROTAC in clinical trials, not only degrades 
BTK but also modulates immune responses via CRBN-mediated degra-
dation of neosubstrates IKZF1/3 [14].

This study focuses on developing azaspirooxindolinone-based 
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Olomouc, Hněvotínská 1333/5, 779 00 Olomouc, Czech Republic.
E-mail addresses: rgundla@gitam.edu (R. Gundla), viswanath.das@upol.cz (V. Das). 

Contents lists available at ScienceDirect

Bioorganic Chemistry

journal homepage: www.elsevier.com/locate/bioorg

https://doi.org/10.1016/j.bioorg.2025.108316
Received 27 November 2024; Received in revised form 4 February 2025; Accepted 23 February 2025  

mailto:rgundla@gitam.edu
mailto:viswanath.das@upol.cz
www.sciencedirect.com/science/journal/00452068
https://www.elsevier.com/locate/bioorg
https://doi.org/10.1016/j.bioorg.2025.108316
https://doi.org/10.1016/j.bioorg.2025.108316
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioorg.2025.108316&domain=pdf


Bioorganic Chemistry 157 (2025) 108316

2

PROTAC derivatives designed to target BTK. While cell lines expressing 
IL-2 inducible T cell Kinase (ITK), another Tec family kinase [15], was 
included in cytotoxicity assays to explore potential off-target effects, the 
primary objective was to evaluate BTK degradation and its downstream 
impact. Building on our prior work with azaspirooxindolinone de-
rivatives exhibiting activity against BTK and ITK-positive cell lines [16], 
we synthesized nine PROTAC derivatives to evaluate their anti-cancer 
potential. To enhance BTK selectivity and potency, we conducted 
structure-activity relationship (SAR) studies, focusing on PROTACs with 
varying linker lengths and compositions, motivated by the reported 
effectiveness of CRBN-based degraders such as PTD10 [9]. These linkers 
were carefully selected to optimize flexibility and spatial compatibility, 
facilitating efficient ternary complex formation, a critical step for 
enabling selective degradation via the proteasome pathway. We iden-
tified a hit compound, PROTAC 25, which emerged as a selective BTK 
degrader with potent cytotoxicity in BTK-positive lymphoma cells and 
minimal off-target effects.

2. Result and discussions

2.1. Chemistry

The PROTACs were designed based on the azaspirooxindolinone 
derivative PT-II-12, previously synthesized by our group, which showed 
good cytotoxicity against ITK and BTK-positive cancer cell lines [16] 

(Fig. 1a). To enhance the activity of PT-II-12, the PROTAC strategy was 
employed by linking the azaspirooxindolinone scaffold, which targets 
BTK as the protein of interest (POI), to a CRBN-binding thalidomide 
moiety (Fig. 1b). Docking studies conducted prior to synthesis revealed 
that the piperidine ring of PT-II-12 and phenyl ring of thalidomide 
extended into a solvent-exposed region suitable for linker attachment, 
enabling POI binding and CRBN recruitment (Fig. 1c).

The linkers were selected based on reported data for CRBN-recruiting 
PROTACs, which emphasize the importance of linker length and 
composition in facilitating the ternary complex formation and effective 
protein degradation [17,18]. Specifically, PEG-based, alkyl chain and 
mixed linkers were chosen to ensure flexibility and spatial compatibility 
between the POI and CRBN. Using this strategy, we designed a library of 
PROTAC derivatives with varying linker lengths and compositions. From 
this library, nine compounds were selected for synthesis and evaluation 
based on interaction profiles and docking scores, prioritizing those 
predicted to form favorable interactions with BTK (Fig. 1d). These 
compounds were subsequently tested for their effect on BTK degradation 
and cellular activity.

To synthesize compound 3 (Scheme 1), azaspirooxindolinone 1 was 
treated with 5-fluoro thalidomide (2). For compound 7, tertiary butyl 
glycine was first substituted with 2, followed by tert-butyl deprotection 
(Scheme 1) and coupling with 1 (Scheme 2). Compound 10 was pre-
pared by reacting to 7-amino heptanoic acid with 2 (Scheme 1), fol-
lowed by amide coupling with 1 (Scheme 2). For compound 14, 

Fig. 1. Rational design of azaspirooxindolinone-based BTK-targeting PROTACs. (a) The parent azaspirooxindolinone compound, previously reported to exhibit 
cytotoxic activity against BTK-high RAMOS and ITK-positive Jurkat cells (IC50 = 2.5 μM and 16.4 μM, respectively) [16], was selected as the scaffold for targeting the 
POI. (b) Thalidomide was used as the E3 ligase recruiter to bind CRBN. (c) Docking studies identified solvent-exposed regions within the BTK binding pocket 
interacting with the azaspirooxindolinone scaffold (left) and thalidomide (right). (d) Design of PROTAC 25, showing the azaspirooxindolinone scaffold (PT-II-12) 
linked to thalidomide via a 2-methylene chain linker. (e) Structures of alternative linkers used for generating different PROTAC derivatives.
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nucleophilic substitution of 11 with 2 was followed by deprotection 
(Scheme 1) and coupling with 1 (Scheme 2). Compound 18 was syn-
thesized by treating 1 with 15, followed by boc deprotection (Scheme 3) 
and substitution with 2 (Scheme 4). To obtain compound 21, 8-amino 
octanoic acid was reacted with 2 (Scheme 1), followed by amide 
coupling with 1 (Scheme 2). For compound 25, 1 was reacted with 22, 
followed by boc deprotection (Scheme 3) and substitution with 2 
(Scheme 4). Similarly, compound 29 was synthesized by reacting 1 with 
26, followed by boc deprotection (Scheme 2) and substitution with 2 
(Scheme 4). Finally, for compound 33, 2 was substituted with 30, fol-
lowed by tert-butyl deprotection (Scheme 1) and coupling with 1 
(Scheme 2).

2.2. Docking analysis of PROTAC derivatives of azaspirooxindolinone

Building on prior docking studies, which guided the rational design 
of linkers by identifying solvent-exposed regions suitable for attach-
ment, we evaluated the nine synthesized PROTAC derivatives for their 
interactions with the BTK active site. Ibrutinib bound to BTK (PDB ID: 
5P9J) was used as a reference for comparison in these docking analyses. 
Table 1 shows a summary of the docking scores and the specific amino 
acid interactions for each of the tested compounds. PROTAC 3, 7, 10, 14, 
18, 21, and 25 showed favorable interactions with key BTK resides, such 
as Thr474, Leu408, and Arg525, through various types of bonds. These 
findings are consistent with other studies demonstrating that BTK forms 
significant hydrogen bonds with residues, including Thr474, Met477, 
Leu408, and Arg525 [19,20]. Notably, PROTAC 25 displayed unique 
hydrogen bonds with Asp521 and Asn526, which were not observed 
together in the other PROTACs tested in this study (Fig. 2). Similar in-
teractions have also been observed with the BTK inhibitor remibrutinib, 
which forms non-covalent bonds with residues such as Gln412, Phe413, 

Asp521, Asn526, and Tyr551 [21]. Due to these interactions with BTK, 
we next subjected the synthesized compounds to cytotoxicity profiling 
in a panel of ITK/BTK-null and ITK-BTK-positive cancer and non-cancer 
cell lines.

2.3. Evaluation of PROTAC cytotoxicity in ITK/BTK-positive and -null 
cell line panel

The cytotoxic efficacy of all nine PROTACs was evaluated in vitro in 
a panel of human cancer and non-cancer cell lines, positive or negative 
for ITK and BTK expression, and representing both sexes [22]. In total, 
67 % of the cell lines were male-derived, and 33 % were female-derived. 
Among ITK- and BTK-positive cell lines, the distribution was evenly split 
between male and female (50 % each), while ITK/BTK-null lines 
comprised 80 % male and 20 % female (Table 2). Among ITK-positive 
cell lines, the female-derived CCRF-CEM consistently showed higher 
sensitivity than the male-derived JURKAT, with PROTAC 7 and 14 
exhibiting lower IC50 values in CCRF-CEM. This increased sensitivity of 
parental CCRF-CEM may be due to inherent cellular mechanisms that 
make them more susceptible to cytotoxic agents [23]. For BTK-positive 
cell lines, the male-derived RAMOS displayed significant sensitivity to 
multiple compounds, whereas the female-derived K562 was resistant, 
likely due to the presence of the BCR-ABL fusion gene [24]. In ITK/BTK- 
null cell lines, no clear sex-specific differences were observed. Overall, 
the cytotoxic response was primarily influenced by ITK/BTK expression. 
However, subtle sex-specific differences were noted, particularly among 
ITK- and BTK-positive lines, indicating that biological differences 
related to sex may contribute to variations in sensitivity to our synthe-
sized compounds. Further investigation is needed to confirm these 
findings, which is beyond the scope of this study.

Combining glycine as a linker with thalidomide (2) and our POI 

Scheme 1. Reaction conditions: a) DIPEA, DMSO, 100 ◦C, 1 h. b) TFA, DCM, RT, 16 h.
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Scheme 2. Reaction conditions: a) HATU, DIPEA, DMF, RT, 2 h. b), TFA, DCM, RT, 16 h.

Scheme 3. Reaction conditions: a) K2CO3, DMF, RT, 16 h. b), TFA, DCM, RT, 16 h.

Scheme 4. Reaction condition: a) DMSO, DIPEA, 100 ◦C, 1 h.
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moiety (1), the PROTAC 7 was generated that showed high cytotoxic 
activity against ITK- and BTK-positive cell lines with IC50 values in the 
sub-micromolar range (Table 2). Further modifications, increasing the 
linker length to a 6-methylene chain (PROTAC 10) and a 7-methylene 
chain (PROTAC 21), surprisingly led to a loss of anticancer activity.

Changing the linker to alkyl chains resulted in 18 (6-Methylene) and 
25 (2-Methylene), with slight variation in their cytotoxicity in BTK/ITK- 
positive cell lines (Table 2). Notably, compared to the parental azas-
pirooxindolinone (PT-II-12), which demonstrated moderate cytotoxicity 
in BTK-positive RAMOS cells (IC50 = 16.4 μM) [16], the PROTAC 
strategy significantly enhanced the activity of PROTAC 25 in RAMOS 
cells (IC50 = 9.79 μM). This improvement suggests a possible advantage 
of the PROTAC approach, which enables targeted protein degradation 
over the inhibition mechanism of the parental compound (see next 

sections for evidence supporting BTK degradation).
Using an amino-PEG2-acetic acid linker resulted in 14, resulting in 

increased cytotoxicity in RAMOS cells (0.54 ± 0.14 μM) than in Jurkat 
cells (48 ± 3.41 μM). Interestingly, 14 was highly cytotoxic to the other 
ITK cell line, CCRF-CEM (0.38 ± 0.08 μM).

Longer chain PEG8 and PEG6 linkers (PROTACs 29 and 33) pro-
duced weak-moderate cytotoxicity against BTK/ITK cell lines. In 
contrast, 3 without a linker showed no cytotoxic effects in any of the 
tested BTK/ITK cell lines. Of all derivatives, only 18 showed moderate 
cytotoxicity against ITK/BTK null cell lines, specifically A549 (32.70 ±
6.60 μM), HCT116 (22.46 ± 3.34 μM), and U2OS (22.41 ± 5.32 μM), 
possibly suggesting off-target activity.

None of the active derivatives had cytotoxicity against non- 
cancerous fibroblasts (Table 2) or normal resting or mitogen-activated 
T/B-cell lymphocytes (Table S1). Overall, incorporating PROTAC 
technology substantially enhanced the cytotoxic activity of our previ-
ously synthesized azaspirooxindolinone derivatives [16].

2.4. PROTAC 25 selectively degrades BTK and inhibits its kinase activity

We selected PROTACs 7, 14, and 25 based on their docking scores 
and cytotoxicity profile to evaluate their BTK-degrading potential 
(Fig. 3a). RAMOS cells were treated with 0–20 μM of each compound, 
and BTK protein levels in whole-cell lysates were evaluated by western 
blotting. PROTAC 7 induced weak BTK degradation, with a maximum 
degradation (Dmax) of 49.70 ± 0.40 % and a half-maximal degradation 
concentration (DC50) of 1.29 ± 0.17 μM (Fig. 3b, c). In contrast, PRO-
TAC 14, despite its high cytotoxicity in RAMOS cells, failed to induce 
BTK degradation (Fig. 3c). Since BTK levels remained above 50 % at all 
tested concentrations, a DC50 value could not be determined and is 
reported as DC50 > 20 μM, confirming that PROTAC 14 lacks efficient 
BTK degradation activity. Among the three compounds, PROTAC 25 
demonstrated the strongest BTK degradation, achieving a Dmax of 72.84 
± 2.81 %, indicating high degradation efficiency, and a DC50 of 0.27 ±
0.02 μM, suggesting a moderate potency (Fig. 3b, c).

To determine whether PROTAC 25-mediated BTK degradation re-
sults in functional inhibition, we performed an in vitro kinase assay. 
PROTAC 25 inhibited BTK enzymatic activity with an IC50 of 0.44 ±
0.16 μM, while its inhibition of ITK was weaker, with an IC50 of 2.16 ±
0.46 μM (Fig. 3d), demonstrating BTK selectivity. Notably, PROTAC 25 
did not reduce ITK protein levels in JURKAT cells, even when tested at 
cytotoxic or twofold higher concentrations (Fig. 3e). As expected, 
ibrutinib potently inhibited both BTK and ITK at nanomolar to sub-
nanomolar concentrations (Fig. S1), consistent with its known dual- 
inhibitory profile.

Finally, to further validate the mechanism of BTK degradation, 
RAMOS cells were co-treated with PROTAC 25 and the proteasome in-
hibitor bortezomib (BTZ). BTZ completely blocked PROTAC 25-medi-
ated BTK degradation, confirming that BTK loss is proteasome- 
dependent (Fig. 3f).

These findings collectively establish PROTAC 25 as a potent and 
selective BTK degrader that functions through proteasome-dependent 
degradation with no detectable effect on ITK.

2.5. PROTAC 25-mediated BTK degradation suppresses downstream 
signaling

BTK phosphorylation and activation of the BCR signaling cascade in 
RAMOS cells occur following anti-IgM or lipopolysaccharide (LPS) 
stimulation, leading to MAPK signaling activation [22,25–27]. To 
determine whether PROTAC 25-mediated BTK degradation inhibits 
downstream signaling, RAMOS cells were pre-treated with PROTAC 25 
for 24 h, followed by anti-human IgM antibody or LPS stimulation for 10 
min.

BTK phosphorylation at Tyr551 and Tyr223 was significantly 
reduced in treated cells, along with a reduction in p38 phosphorylation 

Table 1 
Docking scores and amino acid interactions of azaspirooxindolinone derivatives 
with BTK.

PROTAC Docking 
score

Amino acid interactions

3 − 11.5

Lys558, Tyr551, Asp521, Asn526, Gln412, Gly411, 
Leu408, Ser538, Val458, Meta449, Leu542- van der 
Waals; Arg525, Thr474- carbon hydrogen bond; Asp539- 
pi anion; Val416, Ala428, Lys430, Ile472, Leu460, 
Cys481- pi alkyl; Leu528- pi sigma; Phe540- pi-pi T- 
shaped

7 − 12.1

Tyr551, Gly411, Gln412, Asp512, Leu408, Ser538, 
Leu542, Met449, Asn526, Val458, Leu408- van der 
Waals; Lys558, Arg525- conventional hydrogen bond; 
Asp539, Thr474- carbon hydrogen bond; Leu528- pi 
sigma; Phe540- pi-pi T-shaped; Val416, Ala428, Lys430, 
Ile472, Leu460- pi-alkyl

10 − 10.9

Ile472, Thr474, Glu475, Val458, Tyr476, Met477, 
Gly480, Gly409, Trp563, Asn603, Thr410, Pro560, 
Phe559, Cys481, Arg525, Asp521, Gln412, Asn526, 
Leu542- van der Waals; Lys430, Asp539, Ser538, Lys558- 
conventional hydrogen bonds; Val416- pi sigma; Tyr551- 
pi T-shaped; Ala428, Leu528- pi alkyl

14 − 11.2

Met477, Tyr476, Ser538, Val458, Ile472, Lys430, 
Asp539, Cys481, Gly409, Thr410, Gly480, Gly411, 
Asn526, Gln412, Ser543, Pro560, Trp563, Asn603, 
Asn562- van der Waals; Thr474, Asp521- conventional 
hydrogen bond; Leu408, Lys558- carbon hydrogen bond; 
Glu475- unfavorable donor; Arg525- pi anion; Val416- pi 
sigma; Tyr550- pi-pi T-shaped; Ala428, Leu528- pi alkyl

18 − 11.1

Thr474, Val458, Gly411, Ser538, Met477, Tyr476, 
Gly480, Gly409, Asn526, Leu483- van der Waals; 
Lys430, Leu408, Arg525- conventional hydrogen bonds; 
Asn484- carbon hydrogen bonds; Asp539- pi anion; 
Ile472, Ala428, Val416, Leu528, Cys481- pi alkyl

21 − 11.4

Asn526, Thr474, Val458, Tyr476, Ala478, Gly480, 
Ser538, Leu408, Thr410, Leu483, Gly411- van der 
Waals; Met477, Lys430, Cys481, Asn484- conventional 
hydrogen bond; Glu475, Gly411, Gly409- carbon 
hydrogen bonds; Asp539- pi anion; Ile472, Val416, 
Leu528, Ala428, Arg525- pi alkyl

25 − 11.2

Leu408, Tyr551, Gln412, Phe413, Leu542, Gly411, 
Cys481, Ser538, Phe540, Met449- van der Waals; 
Asp521, Asn526, Arg525- conventional hydrogen bonds; 
Lys430- unfavorable donor; Thr474- carbon hydrogen 
bonds; Asp539- pi anion; Leu528- pi sigma; Ile472, 
Val458, Leu460, Val416, Ala428- pi alkyl

29 − 8.4

Met477, Tyr551, Ser538- conventional hydrogen bonds; 
Lys558, Gly411, Leu435- carbo hydrogen bonds; 
Asp539, Lys435- pi anion; Leu528, Ile432, Val416, 
Ala428- pi alkyl

33 − 10.7

Asp521, Phe419, Lys558, Trp563, Met596, Leu483, 
Thr410, Cys481, Gly409, Ser538, Val458, Glu475, 
Tyr476, Ala478, Asn484- van der Waals; Arg525, 
Met477- conventional hydrogen bonds; Asn526, Gly411, 
Gly480- carbon hydrogen bond; Asp539, Lys430- pi 
anion; Thr474, Leu528- pi Sulphur; Asp539, Lys430- pi 
anion, Tyr551- pi-pi T-shaped; Leu408, Val416, Ala428, 
Ile472- pi alkyl
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Fig. 2. Ligand interaction diagram for PROTAC 25. The diagram illustrates the binding interactions of PROTAC 25 with the BTK protein, highlighting key residues 
involved in the interactions. PROTAC 25 forms unique conventional hydrogen bonds with Asp521 and Asn526, which are highlighted by the darkest shade of green. 
These interactions were not observed together in other PROTACs tested in this study. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Table 2 
IC50 values of PROTACs in μM. Data are presented as Mean ± SD, n ≥ 6 for cell lines. Representative IC50 curves of compounds are shown in the supplementary 
information.

PROTAC

Cell line 
(Cancer type, sex, ITK/BTK status)

3 7 10 14 18 21 25 29 33

A549 
(lung adenocarcinoma, ♂, ITK/BTK null)

>50 >50 >50 >50 32.70 ± 6.60 >50 >50 >50 >50

HCT116 
(colorectal carcinoma, ♂, ITK/BTK null)

>50 >50 >50 >50 22.46 ± 3.34 >50 >50 >50 >50

U2OS 
(osteosarcoma, ♀, ITK/BTK null) >50 >50 >50 >50 22.41 ± 5.32 >50 >50 >50 >50

JURKAT 
(T-cell leukemia, ♂, ITK positive) >50 0.73 ± 0.13 >50 > 50 3.52 ± 0.32 >50 3.42 ± 0.57 42.00 ± 3.82 39.23 ± 1.31

CCRF-CEM 
(T-cell leukemia, ♀, ITK positive)

>50 0.25 ± 0.03 >50 0.38 ± 0.08 2.43 ± 0.28 >50 3.81 ± 0.75 35.43 ± 6.89 35.68 ± 3.19

RAMOS 
(B-cell lymphoma, ♂, BTK positive)

>50 0.13 ± 0.03 >50 0.48 ± 0.06 1.27 ± 0.35 >50 9.79 ± 3.39 26.95 ± 3.99 23.54 ± 4.36

K562 
(myeloid leukemia, ♀, BTK positive) >50 >50 >50 >50 >50 >50 >50 >50 >50

MRC-5 
(Normal lung fibroblast, ♂, ITK/BTK null)

>50 >50 >50 >50 >50 >50 >50 >50 >50

BJ 
(Normal skin fibroblast, ♂, ITK/BTK null)

>50 >50 >50 >50 >50 >50 >50 >50 >50
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(p-p38 Thr180/Tyr182) compared to untreated cells (Fig. 4a-d). Since 
Tyr551 phosphorylation by Scr-family kinases initiates BTK activation 
and Tyr223 autophosphorylation stabilizes its active conformation [28], 
their reduction by PROTAC 25 suggests that it prevents BTK activation 
and sustained signaling. This selective activity is likely due to the 
effective binding of PROTAC 25 to key BTK residues (Asp521 and 
Asn526), similar to the BTK inhibitor remibrutinib [21]. Overall, these 
findings demonstrate that PROTAC 25 efficiently degrades BTK and 
suppresses its downstream signaling, disrupting BCR-driven signaling 
pathways.

3. Conclusion

We synthesized nine azaspirooxindolinone-based PROTAC de-
rivatives to enhance BTK-selective degradation and cytotoxic activity in 
BTK-positive cancer cell lines. Compared to the parent azaspiroox-
indolinone (PT-II-12), the PROTAC approach significantly improved 
potency while maintaining selectively, with no detectable toxicity in 
non-cancer fibroblasts or primary T- or B-cells. Among the synthesized 
compounds, PROTAC 25 emerged as the most effective degrader with a 
Dmax of ~73 % and a DC50 of 0.27 ± 0.02 μM. Mechanistically, PRO-
TAC 25 degraded BTK in a proteasome-dependent manner and inhibited 
its kinase activity selectively over ITK, demonstrating preferential BTK 
targeting. Its enhanced activity is attributed to its strong binding to key 
BTK residues, similar to the BTK inhibitor remibrutinib [21]. While this 

study focuses on the BTK degradation efficacy of PROTAC 25, its po-
tential effects on CRBN neosubstrates, such as IKZF1/3, remain unex-
plored. Additionally, the in vivo pharmacokinetics, bioavailability, and 
potential toxicity of PROTAC 25 require further evaluation. Future ef-
forts will focus on systematic SAR studies, including linker modifications 
and selectivity profiling, to develop optimized PROTACs with enhanced 
BTK degradation potency and selectivity, which will then be evaluated 
for in vivo efficacy and safety in preclinical models to determine their 
therapeutic potential. Nonetheless, our findings highlight the potential 
of azaspirooxindolinone-based PROTACs as targeted therapeutics for 
BTK-driven diseases, including hematological malignancies, autoim-
mune disorders, and neuroinflammation.

4. Experimental

4.1. Materials and physical measurements

All chemicals were purchased from Lancaster (Alfa Aesar, Johnson 
Matthey Co, Ward Hill, MA, USA), Sigma-Aldrich (St Louis, MO, USA), 
and Spectrochem Pvt. Ltd. (Mumbai, India). Amino acids and amino acid 
esters were procured from Combi-Blocks, Inc. (San Diego, USA) and BLD 
Pharm (India). Reactions were monitored by TLC on aluminum plates 
coated with silica gel and a fluorescent indicator (F254S). Visualization 
was achieved using UV light, KMnO4 strain, and iodine indicator.

1H NMR and 13C NMR spectra were recorded on Bruker 400 MHz 

Fig. 3. PROTAC 25 selectively degrades BTK and Inhibits Enzymatic Activity. (a) Chemical structures of PROTAC 7, 14, and 25. (b) Dose-response curves and 
corresponding DC50 and Dmax values for the three PROTACs in RAMOS cells treated at 0–20 μM after 24 h. Control cells (0 μM) were treated with 0.02 % DMSO, 
matching the DMSO percentage at 20 μM. DC50 and Dmax values represent the average of two independent replicates in duplicate (n = 4). Dose-response curves 
were fitted using a 4PL model (R2 

> 0.95) and are presented as mean ± SEM. (c) Western blot analysis of BTK levels in RAMOS cells treated with 7, 14, and 25 for 24 
h. (d) Dose-response curves of PROTAC 25 on BTK and ITK enzyme activity. Curves were fitted using a 4PL model (R2 > 0.95). Mean ± SEM (n = 3). (e) Western blot 
analysis of ITK levels in JURKAT cells treated with PROTAC 25 at 0, 5, 10, and 20 μM for 24 h. Dotted vertical lines indicate lane rearrangement. (f) Representative 
blot showing bortezomib (BTZ) treatment blocks PROTAC 25-mediated BTK degradation in RAMOS cells (n = 3). Full blot images of panels (c), (e), and (f) are 
provided in the Supplementary Material.
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NMR Magnet (Billerica, Massachusetts, USA). Chemical shifts were re-
ported in ppm, downfield from internal TMS standard. Spectral patterns 
are designated as follows: s (singlet), d (doublet), dd (doublet of dou-
blets), t (triplet), td (triplet of doublets), bs (broad singlet), m (multi-
plet). ESI spectra were recorded on a Microaass Quattro LC using ESI+
software, a capillary voltage of 3.98 kV, and a positive ion trap detector. 
IR spectra were recorded on an FT-IR spectrometer, with only major 
peaks reported in cm− 1. All solutions were prepared in deionized 
distilled water. All other reagents were of standard quality and 
commercially available.

4.2. Chemistry

4.2.1. General procedure for amide coupling
To a solution of amine (1.0 equiv.) in DMF (10 v) at 0 ◦C under a 

nitrogen atmosphere, the acid (1.2 equiv.), HATU (1.5 equiv.) and dii-
sopropylethylamine (DIPEA) (3 equiv.) were subsequently added. The 
reaction mixture was stirred at room temperature for 2 h, with the 
progress monitored by TLC. After completion, the reaction mixture was 
diluted with 5 mL water and extracted with ethyl acetate (3 × 10 mL). 
The combined organic layers were washed with brine (2 × 10 mL), dried 
over sodium sulfate, and concentrated under reduced pressure to yield 
the crude product. The crude product was first purified using normal- 
phase chromatography on a 12 g silica cartridge (REVELERIS) with 
2–5 % methanol in DCM. Further purification was performed using 
reverse-phase C18 chromatography on a 12 g C18 cartridge (REV-
ELERIS), with a gradient of 30–40 % acetonitrile in 0.1 % in formic acid- 
water. The purified fraction was lyophilized to yield the final product as 
a solid.

4.2.2. General procedure for substitution reaction
To a solution of 2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3- 

dione (1 equiv.) in DMSO (10 v) at room temperature, amine (1.2 equiv.) 
and DIPEA (3 equiv.) were added in a sealed tube. The reaction mixture 
was stirred at 100 ◦C for 1 h, with progress monitored by TLC. Upon 
completion, the reaction mixture was poured into 5 mL water and 
extracted with ethyl acetate (3 × 10 mL). The combined organic layers 
were washed with brine (2 × 10 mL), dried over sodium sulfate, and 
concentrated under reduced pressure to obtain the crude product. The 
crude product was purified using GRACE normal-phase chromatography 
on a 12 g silica cartridge (REVELERIS) with a gradient of 50–100 % ethyl 
acetate in petroleum ether, yielding the final product.

4.2.3. General procedure for global de-protection of Boc and tertiary butyl 
ester groups

To a solution of Boc-protected amine or tertiary butyl ester in dry 
DCM (10 v) at 0 ◦C, trifluoroacetic acid (TFA, 5.0 equiv.) was added 
dropwise. The reaction mixture was stirred at room temperature for 16 
h, with progress monitored by TLC. Upon completion, the reaction 
mixture was concentrated under reduced pressure to remove volatiles. 
The residue was co-distilled with diethyl ether to afford the TFA salt of 
the product. This TFA salt was used directly in the next step without 
further purification.

4.2.4. General procedure for N-alkylation reaction
To a solution of amine (1 equiv.) in DMF (10 v) at room temperature, 

the bromo derivative (1.2 equiv.) and potassium carbonate (1.5 equiv.) 
were added. The reaction mixture was stirred at room temperature for 
16 h, with progress monitored by TLC. Upon completion, the reaction 
mixture was poured into water (5 mL) and extracted with ethyl acetate 
(3 × 10 mL). The combined organic layers were washed with brine (2 ×
5 mL), dried over sodium sulfate, and concentrated under reduced 
pressure to obtain the crude product. The crude product was purified 
using Biotage chromatography on a 12 g silica cartridge (REVELERIS), 

Fig. 4. PROTAC 25-mediated BTK degradation suppresses downstream signaling. (a, b) Western blots of BTK and p38 phosphorylation in Ramos cells pre- 
treated with PROTAC 25, followed by IgM (a) or LPS (c) stimulation. Full blot images for panels are provided in the Supplementary Material. (c, d) Quantifica-
tion of p-BTK/BTK and p-p38/p38 ratios for IgM (c) and LPS (d) stimulation. Mean ± SEM (n = 3 for IgM; n = 2 for LPS). *P < 0.05, **P < 0.01, ***P < 0.001, one- 
way ANOVA (Dunnett’s test).
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with elution using a gradient of 2–5 % methanol in DCM, to afford the 
final product.

4.2.4.1. Procedure for 5′-(benzo[d][1,3]dioxol-5-yl)spiro[piperidine-4,3′- 
pyrrolo[2,3-b]pyridin]-2’(1′H)-one (compound 1). Compound 1 was 
synthesized following the previously reported procedure [29].

4.2.4.2. Procedure for 2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3- 
dione (compound 2). A mixture of 4-fluoroisobenzofuran-1,3-dione (2 g, 
12.19 mmol), 3-aminopiperidine-2,6-dione hydrochloride (2.02 g, 
12.19 mmol), and sodium acetate (1.5 g, 18.29 mmol) in acetic acid (20 
mL) was stirred at 135 ◦C for 16 h. After completion, the reaction 
mixture was cooled to room temperature and concentrated under 
reduced pressure. The resulting residue was suspended in water (100 
mL) and stirred at room temperature for 2 h. The precipitated solid was 
collected by filtration, washed, and dried under vacuum to afford 2-(2,6- 
dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (2) as a beige solid 
(3.0 g, 91 % yield).

MS (M + H)
+
: m/z = 277.25.

This compound (2) was synthesized following a previously reported 
procedure[30].

4.2.4.3. Procedure for (4-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo-1′,2′- 
dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)-2-(2,6- 
dioxopiperidin-3-yl)isoindoline-1,3-dione (compound 3). To a solution 
of 2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (2) (42.7 
mg, 0.154 mmol, 1.0 equiv.) and 5′-(benzo[d][1,3]dioxol-5-yl)spiro 
[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one (1) (50 mg, 0.154 
mmol, 1.0 equiv.) in DMSO (0.5 mL), DIPEA (0.08 mL, 0.467 mmol, 3 
equiv.) was added. The reaction mixture was stirred at 100 ◦C for 1 h, 
with the progress monitored by TLC and LC-MS. Upon completion, the 
reaction mixture was cooled to room temperature, diluted with ethyl 
acetate (10 mL), and washed with water (3 × 5 mL). The organic layer 
was separated, washed with brine, dried over sodium sulfate, filtered, 
and concentrated under reduced pressure to yield the crude product. 
The crude product was purified twice using GRACE reverse-phase 
chromatography on a 12 g C18 silica cartridge (REVELERIS), eluted 
with a gradient of 20–30 % acetonitrile in 0.1 % formic acid in water. 
The purified fractions were lyophilized to yield 4-(5′-(benzo[d][1,3] 
dioxol-5-yl)-2′-oxo-1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyr-
idin]-1-yl)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (3) (10 mg, 
10 %) as a pale yellow solid.

1H NMR (400 MHz, DMSO‑‑d6): δ 11.15 (s, 1H), 11.08 (s, 1H), 8.34 
(m, 1H), 8.14 (s, 1H), 7.73 (t, J = 7.6 Hz, 1H), 7.47 (d, J = 8.4 Hz, 1H), 
7.38–7.33 (m, 2H), 7.18 (d, J = 8.0 Hz, 1H), 6.99 (d, J = 8.0 Hz, 1H), 
6.05 (s, 2H), 5.13–5.08 (m, 1H), 3.74–3.62 (m, 4H), 2.89–2.87 (m, 1H), 
2.67–2.55 (m, 2H), 2.05–2.02 (m, 5H); 13C NMR (400 MHz, DMSO‑‑d6): 
180.5, 172.7, 170.0, 167.3, 166.3, 155.0, 150.0, 147.9, 146.7, 144.1, 
135.7, 133.6, 131.6, 129.9, 129.6, 128.5, 124.2, 120.1, 116.3, 114.6, 
108.6, 107.1, 101.0, 69.7, 48.7, 46.2, 46.1, 45.0. 31.9, 30.9, 22.0. LC- 
MS (ES-API): m/z = 580.1 (M + H) +.

4.2.4.4. Preparation of tert-butyl (2-(2,6-dioxopiperidin-3-yl)-1,3- 
dioxoisoindolin-4-yl)glycinate (compound 5). To a solution of 2-(2,6- 
dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (2) (50 mg, 0.181 
mmol, 1.0 equiv.) and tert-butyl glycine (4) (28 mg, 0.217 mmol, 1.2 
equiv.) in DMSO (0.5 mL), DIPEA (0.1 mL, 0.543 mmol, 3.0 equiv.) was 
added at room temperature. The reaction mixture was stirred at 100 ◦C 
for 1 h and monitored by TLC and LC-MS. Upon completion of the re-
action, the mixture was cooled, diluted with water (10 mL), and 
extracted with ethyl acetate (3 × 15 mL). The combined organic layers 
were washed with water and brine, dried over sodium sulfate, filtered, 
and concentrated under reduced pressure to yield the crude product. 
The crude product was purified by GRACE normal-phase 

chromatography on a 12 g silica cartridge (REVELERIS), using a 
gradient of 40–50 % ethyl acetate in petroleum ether. The purified 
product was obtained as a pale yellow foamy solid (64 mg, 64 % yield) 
and identified as tert-butyl (2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-yl)glycinate (5).

1H NMR (400 MHz, CDCl3): δ 7.95 (bs, 1H), 7.51 (t, J = 8.0 Hz, 1H), 
7.16 (d, J = 7.2 Hz, 1H), 6.77–6.71 (m, 2H), 4.94–4.90 (m, 1H), 3.98 (d, 
J = 6.0 Hz, 2H), 2.98–2.61 (m, 3H), 2.14–2.11 (m, 1H), 1.50 (m, 9H); 
LC-MS (ES-API): m/z = 388.2 (M + H)+.

4.2.4.5. Preparation of (2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-yl)glycine (compound 6). To a solution of tert-butyl (2- 
(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)glycinate (5) (100 
mg, 0.258 mmol, 1.0 equiv.) in DCM (1 mL) at 0 ◦C, trifluoroacetic acid 
(TFA, 0.147 mL, 1.291 mmol, 5.0 equiv.) was added dropwise. The re-
action mixture was stirred at room temperature for 16 h, with progress 
monitored by TLC and LC-MS. Upon completion, the reaction mixture 
was concentrated under reduced pressure and co-distilled with diethyl 
ether to yield the crude product, (2-(2,6-dioxopiperidin-3-yl)-1,3-diox-
oisoindolin-4-yl)glycine (6) (100 mg), as a pale-yellow viscous liquid. 
This crude product was used directly in the next step without further 
purification.

LC-MS (ES-API): m/z = 332.5 (M + H)+, consistent with the pre-
viously reported data [31].

4.2.4.6. Preparation of 4-((2-(5′-(benzo[d][1,3]dioxol-5-1yl)-2′-oxo- 
1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)-2- 
oxoethyl)amino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione 
(compound 7). To a stirred solution of 5′-(benzo[d][1,3]dioxol-5-yl) 
spiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one (1) (100 mg, 
0.309 mmol, 1.0 equiv.) in DMF (1 mL) at 0 ◦C under a nitrogen at-
mosphere, (2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
glycine (6) (100 mg, 0.309 mmol, 1.0 equiv.), HATU (172 mg, 0.465 
mmol, 1.5 equiv.) and DIPEA (0.26 mL, 1.54 mmol, 5.0 equiv.) were 
added. The reaction mixture was stirred at room temperature for 2 h, 
with progress monitored by TLC. After completion, the mixture was 
diluted with water (5 mL) and extracted with ethyl acetate (3 × 15 mL). 
The combined organic layers were washed with brine (2 × 10 mL), dried 
over sodium sulfate, and concentrated under reduced pressure to afford 
the crude product. Purification was performed twice using GRACE 
reverse-phase chromatography on a 12 g C18 silica cartridge (REV-
ELERIS) with a 35–40 % acetonitrile gradient in 0.1 % formic acid/ 
water. The collected fractions were lyophilized to yield 4-((2-(5′-(benzo 
[d][1,3]dioxol-5-yl)-2′-oxo-1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo 
[2,3-b]pyridin]-1-yl)-2-oxoethyl)amino)-2-(2,6-dioxopiperidin-3-yl)iso-
indoline-1,3-dione (7) as a pale-yellow solid (40 mg, 21 % yield).

1H NMR (500 MHz, DMSO‑‑d6): δ 11.17 (bs, 1H), 11.08 (s, 1H), 8.34 
(s, 1H), 8.10 (s, 1H), 7.62 (t, J = 8.0 Hz, 1H), 7.31 (s, 1H), 7.18–7.16 (m, 
3H), 7.08 (d, J = 7.0 Hz, 1H), 6.98 (d, J = 8.0 Hz, 1H), 6.04 (s, 2H), 
5.09–5.05 (m, 1H), 4.34–4.31 (m, 1H), 4.30–4.19 (m, 1H), 3.99–3.16 
(m, 1H), 3.89–3.83 (m, 3H), 2.89–2.86 (m, 1H), 2.69–2.55 (m, 1H), 
2.05–2.03 (m, 1H), 1.95–1.75 (m, 1H); 13C NMR (500 MHz, DMSO‑‑d6): 
180.5, 172.8, 170.1, 168.8, 167.3, 166.4, 155.2, 147.9, 146.7, 145.3, 
144.1, 136.1132.0, 131.6, 129.8, 129.5, 128.2, 119.9, 118.2, 110.7, 
109.5, 108.6, 106.9, 101.1, 48.5, 45.1, 43.7, 37.3, 31.6. 31.2, 30.9, 
22.15; LC-MS (ES-API): m/z = 637.2 (M + H) +. IR: 1708.9 cm− 1(C––O 
stretching); Mp: 215–218 ◦C.

4.2.4.7. Preparation of 7-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-yl)amino)heptanoic acid (compound 9). To a solution of 2- 
(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (2) (100 mg, 
0.362 mmol, 1.0 equiv.) and 7-aminoheptanoic acid (8) (63 mg, 0.434 
mmol, 1.2 equiv., BLD pharma) in DMSO (1 mL) at room temperature, 
DIPEA (0.31 mL, 1.81 mmol, 5 equiv.) was added. The reaction mixture 
was stirred at 100 ◦C for 1 h and monitored by TLC and LC-MS. After 
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completion, the reaction mixture was cooled to room temperature, 
diluted with water (5 mL), and extracted with ethyl acetate (3 × 10 mL). 
The combined organic layers were washed sequentially with water and 
brine and dried over sodium sulfate, filtered, and concentrated under 
reduced pressure to obtain the crude product. The crude product was 
purified by GRACE normal-phase chromatography on a 12 g silica car-
tridge (REVELERIS), eluted with a gradient of 5–10 % methanol in DCM, 
to yield 7-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino) 
heptanoic acid (9) as a pale yellow foamy solid (52 mg, 35 % yield) [32].

LC − MS (ES − API) : m/z = 402.2 (M + H)
+.

4.2.4.8. Preparation of 4-((7-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo- 
1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)-7- 
oxoheptyl)amino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione 
(compound 10). To a stirred solution of 5′-(benzo[d][1,3]dioxol-5-yl) 
spiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one (1) (40 mg, 
0.123 mmol) in DMF (0.5 mL) at 0 ◦C under a nitrogen atmosphere, 7- 
((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)heptanoic 
acid (9) (40 mg, 0.123 mmol), HATU (70 mg, 1.84 mmol, 1.5 equiv.) and 
DIPEA (0.064 mL, 0.369 mmol, 3 equiv.) were added. The reaction 
mixture was stirred at room temperature for 2 h, with progress moni-
tored by TLC. Upon completion, the reaction mixture was diluted with 5 
mL of water and extracted with ethyl acetate (3 × 10 mL). The combined 
organic layers were washed with brine (2 × 10 mL), dried over sodium 
sulfate, filtered, and concentrated under reduced pressure to yield the 
crude product. Purification was performed using GRACE reverse-phase 
chromatography on a 12 g C18 cartridge (REVELERIS), eluting with 
35–40 % acetonitrile/0.1 % formic acid in water. The collected fractions 
were lyophilized to yield 4-((7-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo- 
1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)-7-oxo-
heptyl)amino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (10) as 
a pale-yellow solid (25 mg, 29 %).

1H NMR (400 MHz, DMSO‑‑d6): δ 11.17 (s, 2H), 8.53 (s, 1H), 8.33 
(m, 1H), 8.10 (s, 1H), 7.57 (t, J = 8.4 Hz, 1H), 7.32 (s, 1H), 7.17 (dd, J =
1.6 Hz, 8.4 Hz, 1H), 7.10 (d, J = 8.4 Hz, 1H), 7.02–6.67 (m, 2H), 6.54 (t, 
J = 6.4 Hz, 1H), 6.05 (s, 2H), 5.06–5.02 (m, 1H), 3.83–3.75 (m, 4H), 
3.31–3.30 (m, 2H, merged with moister), 2.87–2.84 (m, 1H), 2.59–2.55 
(m, 2H), 2.39–2.33 (m, 2H), 2.03–2.00 (m, 1H), 1.81–1.73 (m, 4H), 
1.61–1.50 (m, 4H), 1.49–1.32 (m, 4H). LC-MS (ES-API): m/z = 707.2 
(M + H) +. IR: 1701.2 cm− 1(C––O stretching). Mp: 197–200 ◦C.

4.2.4.9. Preparation of tert-butyl 2-(2-(2-((2-(2,6-dioxopiperidin-3- 
yl)-1,3-dioxoisoindolin-4-yl)amino)ethoxy)ethoxy)acetate (com-
pound 12). To a solution of 2-(2,6-dioxopiperidin-3-yl)-4-fluo-
roisoindoline-1,3-dione (2) (130 mg, 0.471 mmol) and compound 11 
(123 mg, 0.565 mmol, 1.2 equiv., BLD Pharma) in DMSO (1.3 mL) at 
room temperature, DIPEA (0.25 mL, 1.41 mmol, 3.0 equiv.) was added. 
The reaction mixture was stirred at 100 ◦C for 1 h, with progress 
monitored by TLC and LC-MS. After completion, the reaction mixture 
was cooled to room temperature, diluted with 5 mL of water, and 
extracted with ethyl acetate (2 × 10 mL). The combined organic layers 
were washed sequentially with water and brine, dried over anhydrous 
sodium sulfate, filtered, and concentrated under reduced pressure to 
obtain the crude product. The crude product was purified using GRACE 
normal-phase chromatography on a 12 g silica cartridge (REVELERIS), 
with elution using a gradient of 5–10 % methanol in DCM. The purified 
product was obtained as tert-butyl 2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)- 
1,3-dioxoisoindolin-4-yl)amino)ethoxy)ethoxy)acetate (12), a pale- 
yellow solid (65 mg, 29 % yield).

1H NMR (400 MHz, CDCl3): δ 7.92 (s, 1H), 7.50 (t, J = 8.0 Hz, 1H), 
7.10 (d, J = 7.2 Hz, 1H), 6.93 (d, J = 8.4 Hz, 1H), 6.49–6.47 (m, 1H), 
4.93–4.88 (m, 1H), 4.11 (s, 2H), 3.75–3.71 (m, 6H), 3.61–3.46 (m, 2H), 
2.91–2.72 (m, 3H), 2.14–2.11 (m, 1H), 1.47 (m, 9H); LC-MS (ES-API): 
m/z = 476.2 (M + H)+.

4.2.4.10. Preparation of 2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-diox-
oisoindolin-4-yl)amino)ethoxy)ethoxy)acetic acid (compound 13). To a 
solution of tert-butyl 2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-yl)amino)ethoxy)ethoxy)acetate (12) (65 mg, 0.136 mmol) 
in DCM (1 mL) at 0 ◦C, trifluoroacetic acid (TFA, 0.078 mL, 0.684 mmol, 
5.0 equiv.) was added dropwise. The reaction mixture was stirred at 
room temperature for 16 h, with progress monitored by TLC and LC-MS. 
Upon completion, the reaction mixture was concentrated under reduced 
pressure and co-distilled with diethyl ether to afford the crude product 
(80 mg), identified as 2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-yl)amino)ethoxy)ethoxy)acetic acid (13), a pale-yellow 
viscous liquid.

LC-MS (ES-API): m/z = 420.2 (M + H)+, consistent with previously 
reported data [32].

4.2.4.11. Preparation of 4-((2-(2-(2-(5′-(benzo[d][1,3]dioxol-5-yl)- 
2′-oxo-1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1- 
yl)-2-oxoethoxy)ethoxy)ethyl)amino)-2-(2,6-dioxopiperidin-3-yl) 
isoindoline-1,3-dione (compound 14). To a stirred solution of 5′-(benzo 
[d][1,3]dioxol-5-yl)spiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]- 
2’(1′H)-one (1) (75 mg, 0.185 mmol) in DMF (0.5 mL) at 0 ◦C under a 
nitrogen atmosphere, 2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-yl)amino)ethoxy)ethoxy)acetic acid (13) (60 mg, 0.185 
mmol), HATU (105 mg, 0.277 mmol, 1.5 equiv.), and DIPEA (0.09 mL, 
0.55 mmol, 3.0 equiv.) were added. The reaction mixture was stirred at 
room temperature for 2 h, with progress monitored by TLC. Upon 
completion, the reaction mixture was diluted with 5 mL of water and 
extracted with ethyl acetate (3 × 12 mL). The combined organic layers 
were washed with brine (2 × 10 mL), dried over anhydrous sodium 
sulfate, filtered, and concentrated under reduced pressure to yield the 
crude product. The crude product was purified twice using GRACE 
reverse-phase chromatography on a 12 g C18 silica cartridge (REV-
ELERIS), with elution using a gradient of 35–40 % acetonitrile in 0.1 % 
formic acid in water. The collected fractions were lyophilized to yield 4- 
((2-(2-(2-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo-1′,2′-dihydrospiro[piper-
idine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)-2-oxoethoxy)ethoxy)ethyl) 
amino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (14) as a pale- 
yellow solid (20 mg, 15 % yield).

1H NMR (400 MHz, DMSO‑‑d6): δ 11.17 (bs, 1H), 11.08 (s, 1H), 8.35 
(s, 1H), 8.10 (s, 1H), 7.56 (t, J = 8.4 Hz, 1H), 7.31 (s, 1H), 7.17–7.11 (m, 
2H), 7.00 (dd, J = 17.6, 8.4 Hz, 2H), 6.54 (t, J = 6.4 Hz, 1H), 6.04 (s, 
2H), 5.05–5.00 (m, 1H), 4.26–4.17 (m, 2H), 3.85–3.76 (m, 3H), 
3.65–3.62 (m, 7H), 3.47–3.46 (m, 2H), 2.85–2.81 (m, 1H), 2.02–1.98 
(m, 2H), 1.82–1.75 (m, 4H); 13C NMR (400 MHz, DMSO‑‑d6): 180.3, 
172.7, 170.0, 168.9, 167.3, 167.2, 154.9, 147.9, 146.7, 146.3, 144.1, 
136.1, 132.0, 131.5, 129.9, 129.5, 128.2, 120.0, 117.3, 110.6, 109.2, 
108.6, 107.0, 101.1, 69.8, 69.5, 68.8, 48.5, 45.3, 41.7, 36.7, 31.9,31.2, 
30.9, 22.1. IR: 1701.2 cm− 1(C––O stretching); LC-MS (ES-API): m/z =
725.3 (M + H) +. IR: 1701.2 cm− 1(C––O stretching). Mp: 167–169 ◦C.

4.2.4.12. Preparation of tert-butyl (6-(5′-(benzo[d][1,3]dioxol-5-yl)- 
2′-oxo-1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl) 
hexyl)carbamate (compound 16). To a solution of 5′-(benzo[d][1,3] 
dioxol-5-yl)spiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one (1) 
(50 mg, 0.154 mmol) and tert-butyl (6-bromohexyl)carbamate (15) (43 
mg, 0.154 mmol, 1.0 equiv.; BLD Pharma) in DMF (1 mL) at 0 ◦C, po-
tassium carbonate (42 mg, 0.308 mmol, 2.0 equiv.) was added. The 
reaction mixture was stirred at room temperature for 16 h, with progress 
monitored by TLC and LC-MS. Upon completion, the reaction mixture 
was diluted with 10 mL of water and extracted with ethyl acetate (2 ×
15 mL). The combined organic layers were washed sequentially with 
water and brine, dried over anhydrous sodium sulfate, filtered, and 
concentrated under reduced pressure to afford the crude product. The 
crude product was purified using GRACE normal-phase chromatography 
on a 12 g silica cartridge (REVELERIS), with elution using a gradient of 
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2–5 % methanol in DCM, to yield tert-butyl (6-(5′-(benzo[d][1,3]dioxol- 
5-yl)-2′-oxo-1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1- 
yl)hexyl)carbamate (16) as a pale-yellow solid (75 mg, 93 % yield).

1H NMR (400 MHz, CDCl3): δ 8.44 (bs, 1H), 8.27 (d, J = 2.0 Hz, 
1H), 7.76 (d, J = 2.0 Hz, 1H), 6.97–6.95 (m, 2H), 6.90 (d, J = 8.0 Hz, 
1H), 6.02 (s, 2H), 4.52 (m, 1H), 3.11–2.54 (m, 8H), 2.06–1.89 (m, 4H), 
1.53–1.36 (m, 18H); LC-MS (ES-API): m/z = 523.3 (M + H)+.

4.2.4.13. Preparation of 1-(6-aminohexyl)-5′-(benzo[d][1,3]dioxol- 
5-yl)spiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one (com-
pound 17). To a solution of tert-butyl (6-(5′-(benzo[d][1,3]dioxol-5-yl)- 
2′-oxo-1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl) 
hexyl)carbamate (16) (75 mg, 0.143 mmol) in DCM (1 mL) at 0 ◦C, 
trifluoroacetic acid (TFA, 0.08 mL, 0.718 mmol, 5.0 equiv.) was added 
dropwise. The reaction mixture was stirred at room temperature for 16 
h, with progress monitored by TLC and LC-MS. Upon completion, the 
reaction mixture was concentrated under reduced pressure and co- 
distilled with diethyl ether to remove residual volatiles. The crude 
product, identified as 1-(6-aminohexyl)-5′-(benzo[d][1,3]dioxol-5-yl) 
spiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one TFA salt (17), 
was obtained as a pale-yellow viscous liquid (95 mg). This crude product 
was used directly in the subsequent step without further purification.

LC − MS (ES − API) : m/z = 422.1 (M + H)
+
.

4.2.4.14. Preparation of 4-((6-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo- 
1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)hexyl) 
amino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (compound 
18). To a stirred solution of 2-(2,6-dioxopiperidin-3-yl)-4-fluo-
roisoindoline-1,3-dione (2) (50 mg, 0.181 mmol) and 1-(6-aminohexyl)- 
5′-(benzo[d][1,3]dioxol-5-yl)spiro[piperidine-4,3′-pyrrolo[2,3-b]pyr-
idin]-2’(1′H)-one TFA salt (17) (76 mg, 0.181 mmol, 1.0 equiv.) in 
DMSO (1 mL) at room temperature, DIPEA (0.16 mL, 0.90 mmol, 5.0 
equiv.) was added. The reaction mixture was stirred at 100 ◦C for 1 h, 
with progress monitored by TLC and LC-MS. Upon completion, the re-
action mixture was cooled to room temperature, diluted with 5 mL of 
water, and extracted with ethyl acetate (3 × 15 mL). The combined 
organic layers were washed sequentially with water and brine, dried 
over anhydrous sodium sulfate, filtered, and concentrated under 
reduced pressure to obtain the crude product. The crude product was 
purified using GRACE reverse-phase chromatography on a 12 g C18 
silica cartridge (REVELERIS), eluting with a gradient of 25–30 % 
acetonitrile/0.1 % formic acid in water. The collected fractions were 
lyophilized to yield 4-((6-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo-1′,2′- 
dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)hexyl)amino)- 
2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (18) as a pale-yellow 
solid (32 mg, 25 % yield).

1H NMR (400 MHz, DMSO‑‑d6): δ 11.08 (bs, 2H), 8.31 (s, 1H), 7.58 
(t, J = 8.4 Hz, 1H), 7.29 (s, 1H), 7.15–7.07 (m, 2H), 7.01 (t, J = 6.8 Hz, 
2H), 6.54 (t, J = 5.6 Hz, 1H), 6.06 (s, 2H), 5.06–5.02 (m, 1H), 2.92–2.83 
(m, 2H), 2.56–2.55 (m, 3H), 2.03–2.00 (m, 3H), 1.95–1.73 (m, 4H), 
1.60–1.49 (m, 5H), 1.42–1.32 (m, 5H), 1.23 (s, 9H), 0.85 (t, J = 5.6 Hz, 
2H); 13C NMR (500 MHz, CD3OD): 183.1, 175.4, 172.5, 171.7, 170.1, 
156.9, 150.8, 149.8, 149.1, 146.6, 138.1, 134.1, 134.0, 132.1, 130.4, 
122.4, 118.8, 112.6, 111.9, 110.6, 109.1, 103.5, 59.7, 44.1, 33.0, 32.9, 
30.7, 28.7, 28.4, 27.1, 24.6; LC-MS (ES-API): m/z = 679.3 (M + H)+; 
IR: 1701.2 cm− 1(C––O stretching); Mp: 181–185 ◦C.

4.2.4.15. Preparation of 8-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-4-yl)amino)octanoic acid (compound 20). To a solution of 2- 
(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (2) (150 mg, 
0.543 mmol) and 8-aminooctanoic acid (19) (95 mg, 0.597 mmol, 1.1 
equiv., Alfa Aesar) in DMSO (1.5 mL) at room temperature, DIPEA (0.28 
mL, 1.62 mmol, 3 equiv.) was added. The reaction mixture was stirred at 
100 ◦C for 1 h, with progress monitored by TLC and LC-MS. Upon 

completion, the reaction mixture was cooled to room temperature, 
diluted with 5 mL of 1 N HCl, and extracted with ethyl acetate (3 × 10 
mL). The combined organic layers were washed sequentially with water 
and brine, dried over anhydrous sodium sulfate, filtered, and concen-
trated under reduced pressure to yield the crude product. The crude 
product was purified using GRACE reverse-phase chromatography on a 
12 g C18 silica cartridge (REVELERIS), with elution using a gradient of 
50–55 % acetonitrile/0.1 % formic acid in water. The collected fractions 
were concentrated under reduced pressure to yield 8-((2-(2,6-dioxopi-
peridin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)octanoic acid (20) as a 
green solid (73 mg, 33 % yield).

LC-MS (ES-API): m/z = 416.2 (M + H) +, as reported previously 
[33].

4.2.4.16. Preparation of 4-((8-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo- 
1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)-8- 
oxooctyl)amino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione 
(compound 21). To a stirred solution of 5′-(benzo[d][1,3]dioxol-5-yl) 
spiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one (1) (55 mg, 
0.170 mmol, 1.0 equiv.) in DMF (0.5 mL) at 0 ◦C under a nitrogen at-
mosphere, 8-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)octanoic acid (20) (70.5 mg, 0.170 mmol, 1.0 equiv.), HATU (97 
mg, 0.252 mmol, 1.5 equiv.) and DIPEA (0.08 mL, 0.51 mmol, 3.0 
equiv.) were added sequentially. The reaction mixture was stirred at 
room temperature for 2 h, with progress monitored by TLC. Upon 
completion, the reaction mixture was diluted with 3 mL of water and 
extracted with ethyl acetate (3 × 12 mL). The combined organic layers 
were washed with brine, dried over anhydrous sodium sulfate, filtered, 
and concentrated under reduced pressure to afford the crude product.

The crude product was purified twice using GRACE reverse-phase 
chromatography on a 12 g C18 silica cartridge (REVELERIS), eluted 
with a gradient of 35–40 % acetonitrile/0.1 % ammonium bicarbonate 
in water. The collected fractions were lyophilized to yield 4-((8-(5′- 
(benzo[d][1,3]dioxol-5-yl)-2′-oxo-1′,2′-dihydrospiro[piperidine-4,3′- 
pyrrolo[2,3-b]pyridin]-1-yl)-8-oxooctyl)amino)-2-(2,6-dioxopiperidin- 
3-yl)isoindoline-1,3-dione (21) as a pale-yellow solid (10 mg, 10 % 
yield).

1H NMR (500 MHz, CDCl3): δ 8.35–8.29 (m, 2H), 8.21 (bs, 1H), 
7.62 (d, J = 2.5 Hz, 1H), 7.50–7.46 (m, 1H), 7.08 (d, J = 7.0 Hz, 1H), 
6.97–6.64 (m, 2H), 6.90–6.87 (m, 2H), 6.25–6.24 (m, 1H), 6.02 (s, 2H), 
4.91–4.83 (m, 1H), 4.15–4.12 (m, 1H), 4.05–3.95 (m, 1H), 3.95–3.87 
(m, 1H), 3.75–3.60 (m, 1H), 3.25 (q, 2H), 2.92–2.87 (m, 1H), 2.81–2.70 
(m, 2H), 2.34–2.33 (m, 2H), 2.15–2.10 (m, 1H), 2.05–1.93 (m, 2H), 
1.85–1.81 (m, 2H), 1.81–1.71 (m, 4H), 1.44–1.40 (m, 6H); 13C NMR 
(500 MHz, CD3OD): 175.5, 175.2, 172.5, 171.7, 150.7, 149.8, 146.3, 
138.0, 134.7, 134.1, 134.0, 132.2, 130.8, 122.4, 118.8, 112.5, 110.5, 
109.1, 103.5, 44.2, 43.5, 39.3, 34.9, 33.9, 33.0, 31.1, 31.0, 28.6; LC-MS 
(ES-API): m/z = 721.5 (M + H)+; IR: 1697.3 cm− 1(C––O stretching); 
Mp: 162–164 ◦C.

4.2.4.17. Preparation of tert-butyl (6-(5′-(benzo[d][1,3]dioxol-5-yl)- 
2′-oxo-1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl) 
hexyl)carbamate (compound 23). To a solution of 5′-(benzo[d][1,3] 
dioxol-5-yl)spiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one (1) 
(100 mg, 0.309 mmol) and tert-butyl (2-bromoethyl)carbamate (22) 
(69 mg, 0.309 mmol, 1.0 equiv., Combi) in DMF (1 mL), potassium 
carbonate (125 mg, 0.928 mmol, 3.0 equiv.) was added. Upon 
completion, the reaction mixture was diluted with 5 mL of water and 
extracted with ethyl acetate (2 × 12 mL). The combined organic layers 
were washed sequentially with water and brine, dried over anhydrous 
sodium sulfate, filtered, and concentrated under reduced pressure to 
obtain the crude product. The crude product was purified using GRACE 
normal-phase chromatography on a 12 g silica cartridge (REVELERIS), 
with elution using a gradient of 2–5 % methanol in DCM. The final 
product, tert-butyl (6-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo-1′,2′- 
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dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)hexyl)carba-
mate (23), was obtained as a pale-yellow solid (53 mg, 35 % yield).

1H NMR (400 MHz, CDCl3): δ 8.31 (bs, 1H), 8.28 (s, 1H), 6.99–6.90 
(m, 3H) 6.02 (s, 2H), 5.06 (s, 1H), 3.29 (bs, 2H), 2.97 (bs, 2H), 2.64 (m, 
4H), 2.10 (bs, 2H), 1.86 (bs, 2H), 1.47 (s, 9H); LC-MS (ES-API): m/z =
467.3 (M + H)+.

4.2.4.18. Preparation of 1-(2-aminoethyl)-5′-(benzo[d][1,3]dioxol- 
5-yl)spiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one (com-
pound 24). Tert-butyl (6-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo-1′,2′- 
dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)hexyl)carba-
mate (23) (100 mg, 0.214 mmol) was treated with trifluoroacetic acid 
(0.12 mL, 1.070 mmol, 5 equiv.) in DCM (1 mL) at 0 ◦C. The reaction 
mixture was stirred at room temperature for 16 h, with progress moni-
tored by TLC and LC-MS. Upon completion, the reaction mixture was 
concentrated under reduced pressure and co-distilled with diethyl ether 
to yield 1-(2-aminoethyl)-5′-(benzo[d][1,3]dioxol-5-yl)spiro[piperi-
dine-4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one as the TFA salt (24) as a 
pale-yellow viscous liquid (110 mg). The product was used directly in 
the next step without further purification.

LC − MS (ES − API) : m/z = 422.1 (M + H)
+
.

4.2.4.19. Preparation of 4-((2-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo- 
1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)ethyl) 
amino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (compound 
25). To a solution of 1-(2-aminoethyl)-5′-(benzo[d][1,3]dioxol-5-yl) 
spiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one TFA salt (24) 
(95 mg, 0.259 mmol, 1.0 equiv.) and 2-(2,6-dioxopiperidin-3-yl)-4-flu-
oroisoindoline-1,3-dione (2) (71 mg, 0.259 mmol, 1.0 equiv.) in DMSO 
(1.5 mL), DIPEA (0.22 mL, 1.29 mmol, 5.0 equiv.) was added at room 
temperature. The reaction mixture was stirred at 100 ◦C for 1 h, with 
progress monitored by TLC and LC-MS. Upon completion, the reaction 
mixture was cooled to room temperature, diluted with 4 mL of water, 
and extracted with ethyl acetate (2 × 10 mL). The combined organic 
layers were washed sequentially with water and brine, dried over 
anhydrous sodium sulfate, filtered, and concentrated under reduced 
pressure to yield the crude product. The crude product was purified 
twice using GRACE reverse-phase chromatography on a 12 g C18 silica 
cartridge (REVELERIS), eluting with a gradient of 32–38 % acetonitrile/ 
0.1 % formic acid in water. The collected fractions were lyophilized to 
afford 4-((2-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo-1′,2′-dihydrospiro 
[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)ethyl)amino)-2-(2,6-dioxo-
piperidin-3-yl)isoindoline-1,3-dione (25) as a pale-yellow solid (70 mg, 
21 % yield).

1H NMR (500 MHz, CDCl3): δ 8.49 (bs, 2H), 8.27 (d, J = 2.0 Hz, 
1H), 7.75 (d, J = 1.5 Hz, 1H), 7.51 (t, J = 8.0 Hz, 1H), 7.11 (d, J = 7.0 
Hz, 1H), 6.99–6.98 (m, 2H), 6.93–6.85 (m, 1H), 6.03 (s, 2H), 4.93–4.90 
(m, 1H), 3.49–3.43 (m, 2H), 3.10–3.01 (m, 2H), 2.88–2.61 (m, 8H), 
2.13–2.04 (m, 5H); 13C NMR (500 MHz, DMSO‑‑d6): 180.6, 
172.7170.0, 168.8, 167.3, 155.0, 147.9, 146.7, 146.3, 144.1, 136.2, 
132.1, 131.8, 129.7, 128.7, 120.1, 117.4, 110.4, 109.2, 108.7, 107.1, 
101.1, 55.9, 48.5, 47.9, 45.38, 31.9, 30.9, 22.12; LC-MS (ES-API): m/z 
= 623.3 (M + H)+; IR: 1703.1 cm− 1(C––O stretching); Mp: 195–199 ◦C.

4.2.4.20. Preparation of tert-butyl (27-(5′-(benzo[d][1,3]dioxol-5- 
yl)-2′-oxo-1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]- 
1-yl)-27-oxo-3,6,9,12,15,18,21,24-octaoxaheptacosyl)carbamate 
(compound 27). To a stirred solution of 5′-(benzo[d][1,3]dioxol-5-yl) 
spiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one (1) (60 mg, 
0.184 mmol, 1.0 equiv.) in DMF (0.6 mL) at 0 ◦C under a nitrogen at-
mosphere, 2,2-dimethyl-4-oxo-3,8,11,14,17,20,23,26,29-nonaoxa-5- 
azadotriacontan-32-oic acid (26) (100 mg, 0.184 mmol, 1.0 equiv.), 
HATU (104 mg, 0.276 mmol, 1.5 equiv.) and DIPEA (0.09 mL, 0.55 
mmol, 3.0 equiv.) were added sequentially. The reaction mixture was 

stirred at room temperature for 2 h, with progress monitored by TLC. 
Upon completion, the reaction mixture was diluted with 4 mL of water 
and extracted with ethyl acetate (3 × 5 mL). The combined organic 
layers were washed with brine, dried over anhydrous sodium sulfate, 
filtered, and concentrated under reduced pressure to obtain the crude 
product. The crude product was purified twice using GRACE reverse- 
phase chromatography on a 12 g C18 silica cartridge (REVELERIS), 
eluted with a gradient of 25–30 % acetonitrile/0.1 % ammonium bi-
carbonate in water. The collected fractions were lyophilized to yield 
tert-butyl (27-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo-1′,2′-dihydrospiro 
[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)-27-oxo- 
3,6,9,12,15,18,21,24-octaoxaheptacosyl)carbamate (27) as a pale- 
yellow solid (55 mg, 32 % yield).

1H NMR (400 MHz, CDCl3): δ 8.28 (d, J = 2.0 Hz, 1H), 8.00 (bs, 
1H), 7.63 (d, J = 2.0 Hz, 1H), 6.96–6.95 (m, 1H), 6.91–6.90 (m, 1H), 
6.02 (s, 2H), 5.11 (bs, 1H), 4.20–4.00 (m, 2H), 3.95–3.85 (m, 4H), 
3.65–3.61 (m, 30H), 3.55–3.54 (m, 3H), 1.44 (s, 9H); LC-MS (ES-API): 
m/z = 847.5 (M + H)+.

4.2.4.21. Preparation of 1-(1-amino-3,6,9,12,15,18,21,24-octaox-
aheptacosan-27-oyl)-5′-(benzo[d][1,3]dioxol-5-yl)spiro[piperidine- 
4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one (compound 28). To a stirred 
solution of tert-butyl (27-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo-1′,2′- 
dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)-27-oxo- 
3,6,9,12,15,18,21,24-octaoxaheptacosyl)carbamate (27) (100 mg, 
0.118 mmol, 1.0 equiv.) in DCM (1 mL), trifluoroacetic acid (TFA, 0.06 
mL, 0.591 mmol, 5.0 equiv.) was added dropwise at 0 ◦C. The reaction 
mixture was stirred at room temperature for 16 h, with progress moni-
tored by TLC and LC-MS. Upon completion, the reaction mixture was 
concentrated under reduced pressure and co-distilled with diethyl ether 
to remove residual volatiles. The crude product, identified as 1-(1- 
amino-3,6,9,12,15,18,21,24-octaoxaheptacosan-27-oyl)-5′-(benzo[d] 
[1,3]dioxol-5-yl)spiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)- 
one (28) TFA salt, was obtained as a yellow viscous liquid (80 mg). This 
material was used directly in the subsequent step without further 
purification.

LC-MS (ES-API): m/z = 745.4 (M + H)+.

4.2.4.22. Preparation of 4-((27-(5′-(benzo[d][1,3]dioxol-5-yl)-2′- 
oxo-1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)- 
27-oxo-3,6,9,12,15,18,21,24-octaoxaheptacosyl)amino)-2-(2,6- 
dioxopiperidin-3-yl)isoindoline-1,3-dione (compound 29). To a solu-
tion of 2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (2) 
(35 mg, 0.128 mmol) and 1-(1-amino-3,6,9,12,15,18,21,24-octaox-
aheptacosan-27-oyl)-5′-(benzo[d][1,3]dioxol-5-yl)spiro[piperidine- 
4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one (28) (94 mg, 0.128 mmol) in 
DMSO (0.5 mL), DIPEA (0.06 mL, 0.384 mmol, 3.0 equiv.) was added at 
room temperature. The reaction mixture was stirred at 100 ◦C for 1 h, 
with progress monitored by TLC and LC-MS. Upon completion, the re-
action mixture was cooled to room temperature, diluted with 2 mL of 
water, and extracted with ethyl acetate (3 × 5 mL). The combined 
organic layers were washed sequentially with water and brine, dried 
over anhydrous sodium sulfate, filtered, and concentrated under 
reduced pressure to obtain the crude product. The crude product was 
purified twice using GRACE reverse-phase chromatography on a 12 g 
C18 cartridge (REVELERIS), eluted with a gradient of 32–35 % aceto-
nitrile/10 mM ammonium bicarbonate in water. The collected fractions 
were lyophilized to yield 4-((27-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo- 
1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)-27-oxo- 
3,6,9,12,15,18,21,24-octaoxaheptacosyl)amino)-2-(2,6-dioxopiperidin- 
3-yl)isoindoline-1,3-dione (29) as a pale-yellow solid (21 mg, 19 % 
yield).

1H NMR (500 MHz, DMSO‑‑d6): δ 11.11 (s, 1H), 11.10 (s, 1H), 8.33 
(d, J = 2.0 Hz, 1H), 8.08 (d, J = 2.0 Hz, 1H), 7.57 (t, J = 7.5 Hz, 1H), 
7.31 (d, J = 1.5 Hz, 1H), 7.18–7.13 (m, 2H), 7.01 (d, J = 7.0 Hz, 1H), 

N.K. Rampeesa et al.                                                                                                                                                                                                                           



Bioorganic Chemistry 157 (2025) 108316

13

6.98 (d, J = 7.0 Hz, 1H), 6.59 (t, J = 5.5 Hz, 1H), 6.02 (s, 2H), 5.06–5.02 
(m, 1H), 3.87–3.75 (m, 4H), 3.67 (t, J = 7.0 Hz, 2H), 3.62 (t, J = 5.5 Hz, 
2H), 3.56–3.44 (m, 32H), 2.91–2.85 (m, 1H), 2.71–2.65 (m, 1H), 
2.62–2.55 (m, 2H), 2.05–1.95 (m, 1H), 1.82–1.74 (m, 4H); 13C NMR 
(500 MHz, CD3OD): 183.4, 175.5, 173.2, 172.3, 171.5, 156.8, 150.7, 
149.8, 149.0, 146.3, 138.1, 134.7, 134.1, 133.9, 132.2, 130.8, 122.4, 
119.1, 112.9, 110.6, 109.1, 103.5, 72.4, 72.3, 72.2, 72.1, 71.4, 69.3, 
44.1, 43.7, 39.4, 35.3, 34.6, 33.8, 33.0, 24.6; LC-MS (ES-API): m/z =
1003.8 (M + H)+; IR: 1703.1 cm− 1(C––O stretching).

4.2.4.23. Preparation of tert-butyl 1-((2-(2,4-dioxotetrahydropyr-
imidin-1(2H)-yl)-1,3-dioxo-2,3-dihydro-1H-inden-4-yl)amino)- 
3,6,9,12,15,18-hexaoxahenicosan-21-oate (compound 31). To a so-
lution of 2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (2) 
(300 mg, 1.08 mmol, 1.0 equiv.) and tert-butyl 1-amino-3,6,9,12,15,18- 
hexaoxahenicosan-21-oate (30) (467 mg, 1.08 mmol, 1.0 equiv.) in 
DMSO (3 mL), DIPEA (1 mL, 3.24 mmol, 3.0 equiv.) was added at room 
temperature. The reaction mixture was stirred at 100 ◦C for 1 h, with 
progress monitored by TLC and LC-MS. Upon completion, the reaction 
mixture was cooled to room temperature, diluted with 10 mL of water, 
and extracted with ethyl acetate (3 × 15 mL). The combined organic 
layers were washed sequentially with water and brine, dried over 
anhydrous sodium sulfate, filtered, and concentrated under reduced 
pressure to obtain the crude product. The crude product was purified 
using GRACE reverse-phase chromatography on a 12 g silica cartridge 
(REVELERIS), eluted with a gradient of 50–55 % acetonitrile/0.1 % 
formic acid in water. The fractions containing the compound were 
pooled and concentrated to afford tert-butyl 1-((2-(2,4-dioxotetrahy-
dropyrimidin-1(2H)-yl)-1,3-dioxo-2,3-dihydro-1H-inden-4-yl)amino)- 
3,6,9,12,15,18-hexaoxahenicosan-21-oate (31) as a green solid (205 
mg, 28 % yield).

1H NMR (400 MHz, CDCl3): δ 8.19 (s, 1H), 7.81–7.47 (m, 1H), 7.11 
(d, J = 7.2 Hz, 1H), 6.92 (d, J = 8.8 Hz, 1H), 6.49–6.48 (m, 1H), 
4.93–4.88 (m, 1H), 3.73–3.59 (m, 23H), 3.45 (q, 2H), 2.90–2.65 (m, 
2H), 2.14–2.11 (m, 2H), 2.51 (t, 2H), 1.44 (s, 9H); LC-MS (ES-API): m/z 
= 666.3 (M + H)+.

4.2.4.24. Preparation of 1-((2-(2,4-dioxotetrahydropyrimidin-1 
(2H)-yl)-1,3-dioxo-2,3-dihydro-1H-inden-4-yl)amino)- 
3,6,9,12,15,18-hexaoxahenicosan-21-oic acid (compound 32). To a 
solution of tert-butyl 1-((2-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)- 
1,3-dioxo-2,3-dihydro-1H-inden-4-yl)amino)-3,6,9,12,15,18-hexaox-
ahenicosan-21-oate (31) (180 mg, 0.270 mmol, 1 equiv.) in DCM (2 mL) 
at 0 ◦C, trifluoroacetic acid (0.15 mL, 1.35 mmol, 5 equiv.) was added. 
The resulting reaction mixture was stirred at room temperature for 16 h, 
with progress monitored by TLC and LC-MS. Upon completion, the re-
action mixture was concentrated under reduced pressure and co- 
distilled with diethyl ether to obtain 175 mg of 1-((2-(2,4-dioxote-
trahydropyrimidin-1(2H)-yl)-1,3-dioxo-2,3-dihydro-1H-inden-4-yl) 
amino)-3,6,9,12,15,18-hexaoxahenicosan-21-oic acid (32) as a yellow 
viscous liquid. This material was used directly in the subsequent step 
without further purification.

LC-MS (ES-API): m/z = 610.3 (M + H) +.

4.2.4.25. Preparation of 1-(4-((21-(5′-(benzo[d][1,3]dioxol-5-yl)-2′- 
oxo-1′,2′-dihydrospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)- 
21-oxo-3,6,9,12,15,18-hexaoxahenicosyl)amino)-1,3-dioxo-2,3- 
dihydro-1H-inden-2-yl)dihydropyrimidine-2,4(1H,3H)-dione (com-
pound 33). To a stirred solution of 5′-(benzo[d][1,3]dioxol-5-yl)spiro 
[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-2’(1′H)-one (1) (80 mg, 0.246 
mmol, 1.0 equiv.) in DMF (2 mL) at 0 ◦C under a nitrogen atmosphere 
were added 1-((2-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)-1,3-dioxo- 
2,3-dihydro-1H-inden-4-yl)amino)-3,6,9,12,15,18-hexaoxahenicosan- 
21-oic acid (32) (150 mg, 0.246 mmol, 1.0 equiv.), HATU (140 mg, 
0.369 mmol, 1.5 equiv.), and DIPEA (0.13 mL, 0.738 mmol, 3.0 equiv.). 

The reaction mixture was stirred at room temperature for 1 h, with 
progress monitored by TLC. Upon completion, the reaction mixture was 
diluted with 5 mL of water and extracted with ethyl acetate (3 × 10 mL). 
The combined organic layers were washed with brine, dried over 
anhydrous sodium sulfate, and concentrated under reduced pressure to 
obtain the crude product. The crude product was purified twice using 
GRACE reverse-phase chromatography on a 12 g C18 silica cartridge 
(REVELERIS), eluted with a gradient of 40–45 % acetonitrile/10 mM 
ammonium bicarbonate in water. The collected fractions were lyophi-
lized to yield 1-(4-((21-(5′-(benzo[d][1,3]dioxol-5-yl)-2′-oxo-1′,2′-dihy-
drospiro[piperidine-4,3′-pyrrolo[2,3-b]pyridin]-1-yl)-21-oxo- 
3,6,9,12,15,18-hexaoxahenicosyl)amino)-1,3-dioxo-2,3-dihydro-1H- 
inden-2-yl)dihydropyrimidine-2,4(1H,3H)-dione (33) as an off-white 
solid (45 mg, 20 % yield).

1H NMR (400 MHz, DMSO‑‑d6): δ 11.11 (bs, 2H), 8.33 (t, J = 2.0 Hz, 
1H), 8.08 (d, J = 2.0 Hz, 1H), 7.59–7.55 (m, 1H), 7.31 (d, J = 2.0 Hz, 
1H), 7.18–7.12 (m, 2H), 7.03 (d, J = 7.2 Hz, 1H), 6.98 (d, J = 7.2 Hz, 
1H), 6.05 (s, 2H), 5.06–5.02 (m, 1H), 3.84–3.77 (m, 4H), 3.65 (t, J = 6.4 
Hz, 1H), 3.61 (t, J = 5.2 Hz, 1H), 3.55–3.45 (m, 23H), 2.91–2.81 (m, 
1H), 2.67–2.65 (m, 1H), 2.62–2.57 (m, 3H), 2.05–2.00 (m, 1H), 
1.85–1.71 (m, 4H); 13C NMR (500 MHz, CD3OD): 175.2, 173.1, 172.3, 
151.5, 149.5, 148.2, 146.3, 138.0, 132.2, 130.9, 122.4, 119.1, 112.8, 
110.6, 109.1, 103.5, 72.4, 72.3, 71.4, 69.5, 44.1, 43.7, 35.4, 34.6, 33.8, 
33.0, 24.6; LC-MS (ES-API): m/z = 915.3 (M + H)+, IR: 1703.1 
cm− 1(C––O stretching); Mp: 105–110 ◦C.

4.3. Computational analysis

4.3.1. Preparation of input files
The PDB files were gathered from the Protein Data Bank (PDB; 

accessible at https://www.rcsb.org/). The CRBN and target protein 
chains were purified to eliminate non-protein entities. The 5P9J struc-
ture (BTK1 co-crystallized with ibrutinib) was manually extracted from 
the PDB [21]. When the PROTAC was absent in the structure, other 
structures with the same domains and ligands were aligned, and the 
ligand coordinates were duplicated. Hydrogens were added to the li-
gands using UCSF Chimera, a software tool [34]. Side-chain repacking 
and minimization were performed after adding the protonated ligands to 
the structures. The ligand was replaced with its minimized equivalent to 
maintain the original coordinates and atom numbering. The SMILES 
representation of the linker was obtained from the PDB. If the structure 
was unavailable in the PDB, it was sourced from the research article 
where the structure was first described.

4.3.2. Protein-protein docking
The process of Protein-Protein docking was performed using 

HADDOCK [35]. The results include solutions to the protein-protein 
docking problem, which have been organized into clusters based on a 
2 Å cut-off. A comprehensive evaluation was conducted on a maximum 
of 1000 docking solutions at a global scale for the subsequent phase. 
Specifically designed for docking, the procedure generates a maximum 
of 50 local docking outcomes for each global docking solution obtained 
using HADDOCK.

4.3.3. Generation of constrained PROTAC conformations for docking 
solutions

RDKit was used to generate up to 100 conformations of the PROTAC, 
adhering to the constraints imposed by the two ligands to ensure a 
proper fit within the local docking solution. This sampling process fo-
cuses exclusively on the linker conformation, keeping the conformation 
and position of the two ligands fixed. Due to the atom-distance-based 
limitations, the generated conformations may not initially align with 
the positions of ligands, necessitating an additional alignment step. After 
alignment, a threshold of 0.5 Å RMSD (Root Mean Square Deviation) 
was used to verify the congruence of each ligand with its corresponding 
X-ray conformation, ensuring the ligands’ conformations accurately 
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match their natural states. The constraints in conformation generation in 
RDKit are crucial because generated conformations may not fully adhere 
to the specified constraints, primarily due to the reliance on atom dis-
tances during the process. The local docking position was discarded if no 
suitable conformation was achieved after 1000 trials.

4.3.4. Modeling PROTAC within the ternary complex
Rosetta’s repack methodology was employed to select the most 

optimal PROTAC conformation from the set obtained in the preceding 
stage [21]. In this technique, the side chains of the residues are allowed 
to undergo rotamer switching. The constrained conformations gener-
ated using RDKit are provided as rotamers for the PROTAC, with the first 
conformation used as the initial rotamer. To align conformations based 
on a single atom (the nearby atom), the Rosetta Packer algorithm in-
corporates three virtual atoms with predetermined locations into the set 
of generated residue conformations. The central virtual atom has co-
ordinates corresponding to the center of mass of the two ligands. 
Additionally, two other virtual atoms are positioned 1 Å from the central 
atom along the x and y axes. The central virtual atom is connected to two 
additional nearby atoms. This connection establishes a consistent 3D 
alignment, preventing the sampled conformations from being translated 
and avoiding any lever-arm effects. The repacking process is applied to 
the PROTAC molecule and any residual molecules within 10 Å. 
Following repacking, side-chain minimization was performed on the 
entire structure, except for the PROTAC molecule. Any models with a 
final score greater than or equal to 0 were eliminated from further 
consideration.

4.3.5. Clustering top scoring complexes
The DBSCAN clustering approach was used to group data [36]. 

Clusters were ranked based on the number of models they contained if 
clusters with a higher population corresponded to more optimal solu-
tions. The DBSCAN algorithm can operate using either the coordinates of 
points in n dimensions or a distance matrix with precomputed distances 
between every pair of points. This study utilized Cα RMSD values of the 
moving chain, consistently defined as the target protein. Before per-
forming the analysis, pairwise RMSD was calculated between the final 
solutions to create the distance matrix for the DBSCAN algorithm. The 
clustering process involved grouping the top 200 solutions, determined 
based on the interface score provided by Rosetta [37]. This score was 
calculated by subtracting the energy of the complex from the energy of 
the individual components after side-chain minimization. These top 200 
solutions were selected from a pool of 1000 final solutions generated 
using Rosetta’s repacking methodology. Clusters were ranked based on 
the number of structures they contained. For clusters of equal size, the 
ranking was determined by the average score of the final models. A 
native cluster was operationally defined as a cluster that includes at least 
one member with a Cα RMSD from the native conformation of less than 
4 Å. The cluster reported in the study holds the highest rank among all 
native clusters.

4.4. Biology

4.4.1. Cell lines
All cell lines were obtained from ATCC (Middlesex, UK) and DSMZ 

(Braunschweig, Germany). Cells were maintained at 37 ◦C in a humid-
ified incubator (5 % CO2/atmospheric air) in the recommended growth 
medium, supplemented with 10 % fetal calf serum (Gibco), 1×
Penicillin-Streptomycin solution (Diagnovum), 2 mM glutamine 
(Gibco), 1 mM Sodium bicarbonate (Gibco), 1 mM Sodium pyruvate 
(Gibco), and 20 mM HEPES (Gibco). All cell lines were routinely 
authenticated and checked for mycoplasma contamination fortnightly 
using established protocols in our laboratory [38,39].

4.4.2. Cytotoxicity assay
The cytotoxicity of all compounds in cell lines was assessed by a 3- 

(4,5-dimethylthiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium reduction assay after 72 h of treatment on a 
robotic high-throughput screening platform (HighResBio, Boston, MA, 
USA), using a standard protocol established in our laboratory [40]. IC50 
calculation from dose-response curves of compounds was performed 
using Dotmatics (San Diego, CA, USA), as reported earlier [40]. The data 
was reported to chemists and archived via Portal MedChemBio (www. 
medchembio.imtm.cz).

4.4.3. Kinase assay
BTK and ITK kinase activity assays were performed using the BTK 

Kinase Enzyme System (Promega, Cat. #V2941) and ITK Kinase Assay 
Kit (BPS Biosciences, Inc., Cat. #78429) following the manufacturer’s 
protocol with modifications. BTK and ITK enzymes were diluted to 5 ng/ 
μL in 1× kinase reaction buffer provided in the respective kits. For BTK 
assays, the buffer was modified by adding 50 μM DTT and 2 mM MnCl₂, 
following manufacturer instructions. Serial dilutions of PROTAC 25 
(0–10 μM) and ibrutinib (0–100 nM, MedChemExpress, Cat. #HY- 
10997) were prepared in 1× reaction buffer containing 10 % DMSO and 
dispensed at 1 μL per well in a 384-well white opaque plate (Corning, 
Part #4513). The final DMSO concentration was <0.5 % in all reaction 
wells. The kinase reaction was performed in a total volume of 5 μL, 
following the kit instructions. ADP production was detected using the 
ADP-Glo™ Kinase Assay (Promega, Cat. #V9101). Luminescence was 
measured using a Tecan Infinite 200 PRO plate reader (Tecan Group 
Ltd., Männedorf, Switzerland)) with an integration time of 1000 ms and 
a settle time of 200 ms. Enzyme activity (%) was calculated by 
normalizing luminescence values to DMSO control wells (100 % activ-
ity) and background wells (0 % activity). IC50 values were determined 
by a four-parameter logistic model (4PL) using GraphPad Prism 
(GraphPad Software, version 10; Boston, MA, USA).

4.4.4. Drug treatment and cell stimulation
RAMOS were plated in 6-well plates and treated with test compounds 

at 0–10 μM for 24 h to evaluate the BTK degrading activity of PROTACs. 
JURKAT cells were treated with PROTAC 25 at 0–20 μM concentrations 
for 24 h to examine its effect on protein levels of ITK. For bortezomib 
experiments, RAMOS cells were treated with 2× IC50 concentration of 
PROTAC 25 with or without 10 nM bortezomib (Sigma Aldrich) for 24 h. 
In LPS or IgM stimulation experiments, RAMOS cells were first treated 
with 2× IC50 concentration of PROTAC 25 for 24 h, followed by stim-
ulation with 1 μg/mL LPS (Sigma Aldrich) or 10 μg/ F(ab’)2-Goat anti- 
Human IgG, IgM (H + L) (Thermo Fisher, Cat. #16–5099-85) for 10 min. 
Drug-untreated cells were treated with DMSO at the same concentration 
in the highest tested drug concentration (the percentage of DMSO was 
always less than 0.5 %). Untreated and drug-treated cells were then 
collected and processed for Western blot analysis.

4.4.5. Western blotting
Cells were collected and washed twice with 1× PBS by centrifuga-

tion. The pelleted cells were suspended in RIPA buffer (Thermo Fisher 
Scientific, Massachusetts, USA; Cat. #89901) supplemented with pro-
tease inhibitors (Cat. #04693116001) and phosphatase inhibitors (Cat. 
#04906837001) obtained from Roche (Basel, Switzerland). The cells 
were lysed by sonication (25 % amplitude, 5 s off, 10 s on, for 1 min) 
using a Cup Horn Sonicator (Qsonica, LLC., Connecticut, USA) at 4 ◦C. 
The lysed cells were then centrifuged at 13000 ×g for 30 min at 4 ◦C 
using a benchtop centrifuge. The supernatant was collected in fresh, pre- 
chilled Eppendorf tubes and either analyzed immediately or stored at 
− 80 ◦C for later use. The pelleted cell debris was discarded. The protein 
concentration in the supernatant was quantified using a BCA Protein 
Assay (Thermo Fisher Scientific, Massachusetts, USA, Cat. #23223 and 
Cat. #23224).

Proteins (30–40 μg) were separated by 10 % SDS-PAGE and then 
transferred to a nitrocellulose membrane (Cat. # 170–4270; Bio-Rad) 
using the Trans-Blot Turbo transfer system (Bio-Rad, California, USA). 
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The transferred membranes were blocked in 5 % BSA in 1× Tris-Buffered 
Saline containing 0.1 % Tween® 20 detergent for 1 h at room temper-
ature. Blocked membranes were then incubated with primary antibodies 
for 1 h at room temperature or overnight at 4 ◦C, followed by incubation 
with secondary antibodies for 1–2 h at room temperature in the dark. 
Images of blots were acquired using a Gel Doc XR + Gel Documentation 
System (Bio-Rad, California, USA) with appropriate filters for Alexa 
Fluor 488. Unless otherwise specified, all primary antibodies were 
purchased from Cell Signaling Technology, Inc. (Massachusetts, USA) 
and included: Total BTK (1:1000; Cat. #3533S), Total ITK (1:1000; Cat. 
# 2380S), Phospho (Tyr223) BTK (1:1000; Cat. # 5082S), M4G3LN 
Phospho (Tyr551, Tyr511) BTK/ITK (1 μg/mL, Cat. # 14–9015-82; 
Invitrogen, Massachusetts, USA), Total p38 MAPK (11,000; Cat. # 
9212S), Phospho (Thr180/Tyr182) p38 MAPK (11,000; Cat. # 9211S), 
GAPDH (14 C10) (14,000; Cat # 2118S), and α-Tubulin (12,000; Cat. 
# T51687, Sigma Aldrich). All secondary antibodies were purchased 
from Invitrogen (Massachusetts, USA) and included anti-mouse IgG 
Alexa Fluor 488 (12,000; Cat. #A11034) and anti-rabbit IgG Alexa Fluor 
488 (12,000; Cat. #A21202).

4.4.6. Blot analysis and statistical analysis
Blots were analyzed using ImageJ software (v1.54). Total and 

phosphorylated protein band intensities were normalized to their 
respective loading controls (GAPDH or α-Tubulin), with phosphorylated 
protein levels expressed relative to their respective total protein levels.

DC₅₀ and Dmax values were determined from dose-response curves 
generated using quantitative Western blot data, as elsewhere [41]. 
Briefly, the percentage of protein remaining was calculated relative to 
the DMSO-treated control (set to 100 %), and degradation (%) was then 
determined using the formula: [1 – (Normalized Band Intensity of 
Treated Sample/ Normalized Band Intensity of DMSO Control)] × 100. 
Degradation values were fitted to a 4PL model in GraphPad Prism to 
determine DC₅₀. Dmax was calculated from the bottom plateau of the 
fitted curve, using Dmax  = 100 – Bottom, where Bottom represents the 
lowest plateau of the fitted degradation curve. The analysis was con-
ducted using the method described elsewhere[41].

Statistical analyses were performed using GraphPad Prism software, 
and differences were considered significant at P < 0.05.
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