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ABSTRACT: Targeted protein degradation (TPD) strategies exploit
bivalent small molecules to bridge substrate proteins to an E3 ubiquitin
ligase to induce substrate degradation. Few E3s have been explored as
degradation effectors due to a dearth of E3-binding small molecules. We
show that genetically induced recruitment to the GID4 subunit of the
CTLH E3 complex induces protein degradation. An NMR-based fragment
screen followed by structure-guided analog elaboration identified two
binders of GID4, 16 and 67, with Kd values of 110 and 17 μM in vitro. A
parallel DNA-encoded library (DEL) screen identified five binders of GID4,
the best of which, 88, had a Kd of 5.6 μM in vitro and an EC50 of 558 nM in
cells with strong selectivity for GID4. X-ray co-structure determination
revealed the basis for GID4−small molecule interactions. These results
position GID4-CTLH as an E3 for TPD and provide candidate scaffolds for
high-affinity moieties that bind GID4.

■ INTRODUCTION
Over the last decade, targeted protein degradation (TPD) has
evolved into a therapeutic strategy with great potential, with at
least 17 TPD therapeutics in clinical trials at the beginning of
2022.1,2 TPD approaches are based on two classes of small
molecules, namely, molecular glues and hetero-bifunctional
agents termed proteolysis targeting chimeras (PROTACs), both
of which function by recruiting a target protein of interest to an
E3 ubiquitin ligase. This juxtaposition causes target poly-
ubiquitination and subsequent degradation by the 26S
proteasome, thereby eliminating target protein function.
Molecular glues enhance or introduce complementarity
between an E3 ligase and a neo-substrate3 and, to date, have
been discovered serendipitously due to difficulties in de novo
design. In contrast, the bivalent chemical architecture of
PROTACs is well suited to rational design. PROTACs are
composed of a moiety that binds an E3 ligase joined by a flexible
linker to a moiety that specifically binds the target protein.4

Because PROTACs do not require the E3 ligase and target to
engage each other directly, ligand development against the E3
ligase and target can be explored through modular combinations
of binding and linker moieties. PROTACs also present many
opportunities to repurpose existing small molecule binders
against a multitude of targets for induced degradation.
Most PROTACs reported or in development exploit ligands

to a restricted set of E3 ligases, most notably cereblon

(CRBN)5,6 and Von Hippel−Lindau (VHL),7 which are
substrate recruitment factors for two different cullin-RING E3
ligase complexes. The use of CRBN and VHL binding moieties
stems from the availability of structurally well-characterized,
high-affinity small molecule ligands with physiochemical
properties compatible with therapeutic development.8 Only a
handful of other E3 ligases have been explored for PROTAC
development, with an untapped pool of over 600 E3 ligases
encoded by the human genome that can potentially be exploited
for TPD. Expansion of the E3 ligase toolbox for PROTAC
development would improve the potential for spatial and
temporal control of degradation within cells and tissues and the
potential to maximize target degradation efficiency in specific
contexts.9 Currently, structural information is available for a
number of E3 ligases, some of which have well-characterized
modes of substrate recognition.8 One such example is glucose-
induced degradation protein 4 homolog (GID4), which
functions as a substrate receptor in the human CTLH (C-
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terminal to LisH) E3 ligase complex and the orthologous GID
complex in yeast.10−13 As GID4 is detectably expressed in most
tissue types,14 it is an attractive new candidate E3 for targeted
protein degradation strategies. Additionally, consistent with
other subunits of the CTLH complex, GID4 localizes to the
cytosol and nucleus,15 thereby providing an opportunity for
induced degradation of targets in both cellular compartments.
GID4 comprises an eight-strand β-barrel that forms a deep

cavity for substrate binding at one opening (PDB: 6CDC).16

GID4 recognizes short linear peptide motifs, termed degrons, at
the free amino-terminus of substrate proteins, which often
commence with a hydrophobic residue such as Pro, Val, Ile, and
Phe.16−20 Co-structures of GID4 bound to degron peptides16−19

reveal a substantial degree of plasticity within the ligand binding
pocket that appears well suited for engagement of small
molecule ligands. Indeed, unpublished co-structures of two
small molecules in complex with GID4 have been reported by
the Structural Genomics Consortium (PDB: 7SLZ and 7S12).21

Here, we show genetically that GID4 induces the degradation
of a protein substrate when brought into close proximity to
GID4. We undertook two campaigns to discover novel small
molecule binders of GID4 using fragment-based NMR and
DNA-encoded library (DEL) screening approaches. Determi-
nation of X-ray structures of these compounds in complex with
GID4 revealed distinct binding modes with the GID4 substrate
recognition pocket. Structure−activity relationship (SAR) series
based on these hits produced further optimized binders with
dissociation constant (Kd) values ranging from 5.6 to 110 μM.
The highest affinity binder engaged GID4 in cells with an EC50
value of 558 nM and high selectivity as assessed by mass-
spectrometry-based thermal proteome profiling. The com-
pounds and binding modes identified in this study provide a
structural framework to support the development of high-affinity
small molecule binders to GID4, which in turn will allow the
exploration of GID4 and the CTLH complex in TPD design
strategies.

■ RESULTS AND DISCUSSION
GID4 Recruitment Induces the Degradation of a

Model Protein Substrate. To investigate the potential of
the CTLH E3 ligase complex for TPD, we assessed whether
direct recruitment of the model substrate EGFP to the substrate
receptor subunit GID4 could induce EGFP degradation in living
cells. We developed a genetic reporter system that recapitulates
proximity-dependent degradation by TPD effectors. E3
substrate recognition subunits GID4, CRBN (positive control),
VHL (positive control) or unrelated protein Renilla luciferase
(RLuc) (negative control), were fused to an anti-GFP nanobody
(vhhGFP) and transfected into anHEK293T cell line that stably
expresses EGFP (Figure 1A). Binding of the vhhGFP-E3
effector fusion to EGFP is predicted to cause ubiquitination and
degradation of EGFP, manifesting as a decrease in EGFP
fluorescence signal measured by flow cytometry. As for the
established degradation effectors CRBN and VHL, but not
RLuc, the GID4-vhhGFP fusion decreased EGFP fluorescence
(Figure 1). The low efficacy of GID4 compared to VHL and
CRBN in this assay may reflect a higher intrinsic activity of the
VHL and CRBN E3 complexes or assay parameters including
effector-vhhGFP expression levels, catalytic access to lysine
residues in EGFP, the geometry of substrate reporter fusions (N-
versus C-terminal tagging), and/or efficiency of E3 effector
fusion incorporation into multi-subunit E3 ligases.22,23 None-
theless, this result demonstrated that GID4 can target
ectopically recruited substrates for degradation and provided a
rationale for our subsequent efforts to develop small molecule
binders to GID4.

NMR Fragment Screen for Binders to GID4. To initiate
the development of heterobifunctional degraders that recruit
neo-substrates to the CTLH E3 ligase complex, we set out to
discover small molecule binders of the GID4 substrate
recognition subunit. Given the favorably modest size of the
substrate binding domain of GID4 (residues 124−289; 19.5
kDa), we investigated the use of NMR in a small molecule

Figure 1. Renilla luciferase (RLuc), VHL, CRBN, or GID4 effector proteins fused by a poly Gly-Ser (GS) linker to a nanobody that binds GFP
(vhhGFP) were transfected into the reporter cell line expressing EGFP fused to ABI1 alongside DsRed to monitor transfection efficiency. Forty-eight
hours post-transfection, EGFP fluorescence was measured by flow cytometry for DsRed positive cells. (A) EGFP intensity overlapping histograms for
VHL, CRBN, and GID4 (solid line) versus reporter cells transfected with an unrelated plasmid control (dotted line). (B) Median EGFP signal was
normalized to control transfected reporter cells (dashed line). Experiment was done in duplicate. Statistical significance was calculated with unpaired
two-tailed t test assuming equal variance and corrected for multiple hypotheses with the false discovery rate (FDR) approach of Benjamini, Krieger, and
Yekutieli (***, p < 0.001; **, p < 0.01; *, p < 0.05). Note that the ABI1 element of the EGFP reporter was not used for effector recruitment in this
experiment.
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screening assay format. N15-labeled GID4124−289 (referred to as
GID4 hereafter) displayed an excellent H1-N15-HSQC spectrum
in the presence of 2.5% DMSO, with 152 resonance peaks
detected out of 163 expected using a 10 min acquisition time
(Figure S1A). We demonstrated the potential of NMR to detect
low-affinity binders using a degron peptide of sequence
PGLWKSC that binds GID4 with a dissociation constant (Kd)
of 1.9 μM.16 This peptide elicited marked global changes to the
GID4 HSQC spectrum, with evident chemical shift perturba-
tions and line broadening for many peaks (Figure S1B).
We screened the commercially available 1000-compound

Maybridge Ro3 fragment library in 200 pools of five fragments at
5 mM each (Figure 2A). Pools were ranked based on the degree
of HSQC chemical shift perturbations relative to a DMSO
control. The top eight pools were chosen for deconvolution of
candidate binders within each pool in an additional 40 NMR
experiments. Nine individual fragments (denoted 1 to 9, see
Figure 2B for chemical structures) yielded HSQC perturbations
similar to the original hit pools (Figure S1C). For one of the hit
pools, 1 and 3 both elicited HSQC perturbations that, when
combined, resembled those observed in the original pool. Fresh
powders of compounds 1 through 8 were purchased from
commercial sources (9 was not available for purchase), and all
produced HSQC perturbations similar to those observed in the
hit deconvolution experiments (data not shown).
To validate the NMR screen hits and obtain an approximate

rank order of binding affinity, we used differential scanning
fluorimetry (DSF) to measure melting curve changes upon
binding. GID4 on its own exhibited a melting temperature (Tm)

of 37 °C, and the addition of the PGLWKS degron peptide
resulted in a 9.4 °C increase of the Tm (Figure 2C). Of the eight
compounds purchased, six stabilized GID4 by greater than 1 °C,
with 1, 4, and 7 producing the largest effects (6.7, 4.5, and 3.2 °C
increases, respectively) (Figure 2C).

X-ray Crystal Structures of NMR Fragment Hits Bound
to GID4.To understand hit compound bindingmodes to GID4,
we set up co-crystallization trials of GID4 with each of the eight
hit fragments. Co-crystals and structures were obtained for 1
(PDB: 7U3E), 4 (PDB:7U3F ), and 7 (PDB: 7U3H) (Figure 3;
see Table S1 for X-ray structure determination and refinement
statistics). The substrate recognition domain of GID4 consists
of an eight-strand β-barrel with an insert containing three α-
helices (Figure S2A). One end of the β-barrel contains a deep
pocket flanked by four loops denoted L1 to L4 that comprise the
degron peptide binding pocket. The co-crystal structures of 1, 4,
and 7 revealed that all three fragments bind to this same pocket
on GID4 (Figure S2A).
Although the three fragment hits are structurally distinct, their

binding to GID4 is anchored by a common hydrogen bond
between the Glu237 side chain of GID4 and a secondary amino
group within the fragments (Figure 3, Figure S2B). Notably,
Glu237 coordinates the amino terminus of degron peptides in
previously reported crystal structures.16,17,19 Each of the three
fragments contains a hydrophobic aromatic ring that engages a
hydrophobic pocket in GID4 lined by Tyr273, Phe254, Leu171,
Ala252, Leu164, Ile161, and Leu159. This same pocket
accommodates bulky hydrophobic groups in degron peptides
(e.g., Phe in the FDVSWFMG degron).17 Similar to degron

Figure 2. (A) Workflow of the NMR screening approach to identify GID4 binders. (B) Chemical structures of hit fragments 1 to 9. (C) DSF data for
the degron peptide PGLWKS and hit fragments 1 to 9.ΔTm values were calculated by subtracting theTm of GID4 from theTm of GID4 with the ligand.
Each bar represents the mean ± SEM of determinations in triplicate. (B, C) Fragments that yielded co-crystal structures are colored.
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peptide binding, the binding of each hit fragment elicits major
conformational changes to the substrate binding pocket of GID4
relative to the apo structure (PDB: 6CCR) (Figure S2A,B).
These conformational changes differ considerably for each hit
fragment, highlighting the plasticity of the degron binding cavity
of GID4. The specific binding interactions and conformational
changes evoked by each compound relative to the apo structure
are as follows:

Binding mode of fragment 7. This fragment comprises a
secondary amine flanked by fluorophenyl and dihydrothiazole
moieties (Figure 2B, Figure S2C). Within racemate 7, the (R)-
enantiomer was selectively bound to GID4 (Figure 3A). Binding
of 7 drives a conformational shift in loop L2 (∼6.1 Å) away from
the ligand binding cavity of GID4 (Figure S2B). Within the
hydrophobic pocket of GID4, the fluorophenyl group of 7 forms
π−π interactions with Phe254, while the dihydrothiazole group
forms hydrophobic contacts with Tyr273 (Figure 3A).
Favorable polar interactions include hydrogen bonds between
the Glu237 side chain of GID4 and each of the two nitrogen

atoms in 7, and between the Tyr258 side chain and the imine
nitrogen of 7. Carbon atoms in the phenyl 2,3-positions, as well
as sulfur atom and methyl substituent, are all oriented to the
solvent and represent sites for potential fragment elaboration
(Figure S2C).

Binding mode of fragment 4. This fragment comprises a
tetrahydrothienopyridine group bearing a para-methoxyphenyl
substituent (Figure 2B, Figure S2C). While 4 was synthesized as
a racemic mixture, GID4 bound only to the (R)-stereoisomer
(Figure 3B). Unlike 7, the binding of 4 drives a major
conformational change in the N-terminal segment of loop L3
(∼13.7 Å) away from the ligand binding cavity of GID4 (Figure
S2B). The C-terminal segment of loop L3 adopts an alpha-
helical structure in apo GID4 that is unraveled and translated
(∼8.3 Å) toward the binding cavity upon binding to 4. Within
the hydrophobic pocket of GID4, the methoxyphenyl group of 4
forms π−π interactions with Phe254, while the tetrahydrothie-
nopyridine ring forms hydrophobic interactions with Tyr273
(Figure 3B). Favorable polar interactions include hydrogen

Figure 3. (Left) Co-crystal structures of GID4 in complex with (A) 7 (PDB: 7U3H), (B) 4 (PDB: 7U3F), and (C) 1 (PDB: 7U3E) with hydrogen
bonds depicted as black dashed lines. (Right) Graphical representation showing the key interactions between GID4 and each hit fragment.
Hydrophobic interactions are represented as eyelashes, while hydrogen bonds are represented by blue dashed lines, each with an associated distance in
angstroms.
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bonds between the Glu237 and Tyr258 side chains of GID4 and
the secondary amine of 4. The thiazole ring of 4 notably orients
toward the solvent (Figure S2C).

Binding mode of fragment 1. This fragment is composed of
a bridged bicyclic piperazine protected with a single tert-
butoxycarbonyl group (Figure 2B, Figure S2C). The co-crystal
structure of 1 bound to GID4 shows exclusive binding of the
(1S,4S)-enantiomer as opposed to its (1R,4R) counterpart
(Figure 3C). Binding of 1 elicits similar conformational changes
in loop L3 as binding of 4 (Figure S2B). Fragment 1 lacks a
constituent occupying the deep hydrophobic pocket of GID4.
Instead, the side chain of Phe254 intramolecularly fills the
hydrophobic cavity, forming hydrophobic interactions with the
bridged piperazine of 1. Favorable polar interactions include
hydrogen bonds between the Glu237 side chain of GID4 and the
secondary amine of 1 and between the backbone amine of
Ser253 and carbonyl group of 1. The t-butyl group of 1 is
oriented toward the solvent (Figure S2C).

Structure-Guided Optimization of GID4 Binding Frag-
ments. With the binding mode of each hit fragment to GID4 in
hand, we set out to optimize binding affinity by exploring SAR
for each fragment. We first reassessed the binding affinity of
GID4 for 7, 4, and 1 using isothermal titration calorimetry
(ITC). All three fragments displayed binding signals that were
too weak to quantify accurately (data not shown). We
commercially sourced or synthesized analogs of 7, 4, and 1
and explored SAR for each as follows:

Fragment 7 SAR. An online search of the Molport chemical
database for commercial compounds with 50% structural
similarity to 7 yielded 458 compounds. We selected 22 analogs,
10−31, for purchase (see Experimental Procedures for details)
that vary in substitution pattern and scaffold relative to 7 (Table
1). Each of these analogs was first assessed for binding to GID4
by DSF. The three analogs, 15, 16, and 20, each improved the
stability of GID4 by at least 1 °C relative to 7 (Table 1). To
compare the relative binding affinities of 15, 16, and 20 for

Table 1. Structure−Activity Relationships of 7

aΔTm values were calculated from DSF experiments by subtracting the Tm of GID4 from the Tm of GID4 in the presence of the compound. Each
value represents the mean ± SEM of determinations in triplicate. bIC50 values were calculated by averaging displacement curves from FP
competition assays. Each value represents the mean ± SEM of determinations in triplicate.
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GID4, we carried out competition studies using a fluorescently
labeled PGLWKS substrate peptide as a probe in fluorescence
polarization (FP) assays (Kd = 4.0 μM, Figure S3). Analog 15
was the weakest binder of the three analogs (IC50 = 264.0 μM),
while 16 and 20 displayed comparable binding affinities (IC50
values of 148.5 and 113.2 μM, respectively) (Table 1, Figure
S4). Analogs 16 and 20 differ from 15 by the constituents on
their benzene rings where themeta-fluoro group in 20 is replaced
with a meta-hydroxyl group in 16 and is entirely absent in 20.
Further analysis of rac-16 by ITC yielded aKd of 110 μM(Figure
S5A).
We determined the co-crystal structure of 16 bound to GID4

(PDB: 7U3I, Figure 4, Figure S5B, Table S1). In contrast to the
selective binding of (R)-7, the co-structure of 16 unveiled
preference for the (S)-enantiomer. Because only one stereo-
isomer in the 16 racemate was observed to bind GID4, its
binding affinity is likely underestimated (Kd < 110 μM). On the
phenyl moiety, 16 is decorated with a meta-hydroxyl as opposed
to the para-fluoro of 7. This difference allows for an additional
hydrogen bond between the hydroxyl group of 16 and the side
chain of Ser253 and preferential binding of the (S)-stereo-
isomer. Globally, the binding cavity on GID4 remains
unchanged upon binding to 7 or 16.

Fragment 4 SAR. An online search of the Molport chemical
database for analogs with 50% structural similarity to 4 yielded
1000 compounds bearing little resemblance to the parent.
Nonetheless, in silico docking analysis using Glide24−26

predicted analogs 32−40 to have improved affinity to GID4
(see Experimental Procedures for details; Figure S6). The nine
analogs were purchased and tested by DSF, but none enhanced
the stability of GID4 by >1.5 °C, suggesting a lack of binding
(Figure S6). We next synthesized a series of 30 analogs, 41−71,
to explore subtler modification of 4 (Table 2; see Experimental
Procedures for synthetic routes). Of these, 15 analogs stabilized
GID4 by at least 1 °C better than 4 in DSF experiments (Table
2). Further analysis of these 15 analogs using the FP competition
assay revealed 67 as the best binder to GID4 with an IC50 of 18.9
μM (Table 2, Figure S4). Quantification of the binding affinity
of 67 by ITC yielded a Kd of 17 μM (Figure S7A).
Fragment 67 harbors a 5-amino-tetrahydroisoquinoline

scaffold in lieu of the tetrahydrothienopyridine in 4 and lacks
the para-positioned methoxy substituent. As observed for 4, co-
structure analysis of 67 (PDB: 7U3G) revealed a similar overall
positioning within GID4 and exclusive binding to the (R)-
enantiomer in the racemic mixture, suggesting that its binding

affinity is also underestimated (Kd < 17 μM) (Figure 5, Figure
S7B). The protruding amine group of 67 introduces a hydrogen
bond with the side chain of Gln282.

Fragment 1 SAR. An online search of the Molport chemical
database for analogs of 1 yielded 922 compounds, most of which
displayed major structural differences from 1. We conducted in
silico docking analysis with Glide24−26 to prioritize nine analogs,
72−80, for purchase, but none enhanced the stability of GID4
relative to 1 as assessed by DSF (Figure S8). This prompted us
to synthesize a series of analogs, 81−87, focused on the Boc
group (Table S2). The seven synthetic analogs were tested by
DSF and displayed no evidence of improved binding to GID4.
Variants of the t-butyl group introduced truncation or polarity
that abrogated the stabilization of GID4, suggesting that the
hydrophobic interactions made by this substituent are essential
binding elements of 1 (Figure 3C, Figure S2C).
.
DNA-Encoded Library Screen against GID4. The

identification of low-molecular-weight (<250 Da) binders to
GID4 with Kd values ranging from 17 to 110 μM using an NMR
fragment screening and SAR optimization strategy suggested
that it may be possible to identify more complex chemical
moieties that bind GID4 with higher affinity. DNA encoded
library (DEL) technology affords a means to screen vast libraries
generated by combinatorial chemistry, typically using binding
selection assays with recombinant proteins.27−29 We therefore
screened a 4.4 billion-compound DEL offered through the
DELopen program (https://hits.wuxiapptec.com/delopen)
against recombinant GID4. Binding selections were carried
out with three protein samples immobilized on nickel chelate
affinity resin: GID4 wild-type (WT) alone, GID4 WT in the
presence of PGLWKS degron peptide (Kd = 4.0 μM by FP;
Figure S9A), and the GID4Q282A mutant that is defective in
binding to the PGLWKS peptide (Figure S9A; see experimental
workflow in Figure 6A). Selection against nickel chelate affinity
resin alone was used as a nonspecific binding control. For each of
the four samples, three successive rounds of DEL selections were
carried out to enrich for robust binders. The second round of
selections was chosen for deep sequencing based on the total
retained DNA content. Sequenced hits were filtered to remove
commonly encountered false positives and nonspecific binders
to the affinity resin. Enrichment scores for 1430 hit molecules
were calculated based on DNA copy number, sub-library size,
and number of sequencing reads.30 Almost all hits produced
comparable enrichment scores in the GID4 WT and GID4 WT

Figure 4. (Left) Chemical structure of 16. (Middle) Co-crystal structure of GID4 in complex with 16 (PDB: 7U3I) with hydrogen bonds depicted as
black dashed lines. (Right) Graphical representation showing the key interactions between GID4 and 16. Hydrophobic interactions are represented as
eyelashes, while hydrogen bonds are represented by blue dotted lines, each with an associated distance in angstroms.
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+ PGLWKS degron peptide samples, which may reflect the
inability of the low-affinity PGLWKS degron peptide to
completely occlude the GID4 binding site. In contrast, many
hits in the GID4 WT sample displayed approximately 2-fold
reduced enrichment scores in the GID4Q282A mutant sample,
suggesting that these hits might engage the degron binding
cavity of GID4. We focused our downstream validation studies
on this latter class of hits.
Across the 904molecules enriched (>100-fold enrichment) in

the GID4WT sample, patterns of recurring building blocks were
apparent in each of the three building block positions (denoted
BB1, BB2, and BB3), suggesting the presence of structurally
related families (Figure 6B). We categorized the top 200 hits
into five families based on the identity of the building block in
position BB3. We next selected a high-scoring representative

molecule (denoted 88 through 92) from each of the families for
resynthesis without the DNA tag (Figure 6B). All five hit
molecules can be viewed as di-peptides with non-natural R
groups in building block positions BB2 and BB1 and
incorporating an N-terminal substituent in BB3. Ordered from
N to C termini, the N-terminus of BB2 is attached to BB3 and
the C-terminus of BB2 is attached to BB1 through a peptide
bond. The C-terminus of BB1 (corresponding to the position of
DNA tag attachment in the original screen) is blocked by
amidation with methylamine.

Validation of DEL Screen Hits. We first assessed the
binding of each of the five DEL-derived molecules to GID4 by
DSF using resynthesized hits. Four out of five molecules
displayed robust stabilizing effects on GID4 with the best
stabilizer, 88, producing a ΔTm of 16.0 °C relative to apo-GID4

Table 2. Structure−Activity Relationships of 4

cmpd X R1 R2 R3 R4 ΔTm (°C)a IC50 (μM)b

4 S 4-MeO-Ph N/A N/A N/A 4.5 ± 1.4
41 S H N/A N/A N/A 1.9 ± 0.7
42 S pyrid-3-yl N/A N/A N/A 2.5 ± 0.4
43 S Ph N/A N/A N/A 7.9 ± 0.5 ND (>250)
44 O Ph N/A N/A N/A 8.7 ± 0.5 90.8 ± 17.4
45 NH Ph N/A N/A N/A 9.2 ± 0.4 108.3 ± 16.2
46 S 4-AcO-Ph N/A N/A N/A 3.3 ± 0.8
47 S 4-CF3-Ph N/A N/A N/A 2.7 ± 0.8
48 S 4-CN-Ph N/A N/A N/A 2.0 ± 0.8
49 S 4-Br-Ph N/A N/A N/A 4.2 ± 0.7
50 S 4-Cl-Ph N/A N/A N/A 5.1 ± 0.8
51 S 4-F-Ph N/A N/A N/A 3.8 ± 1.7
52 S 4-NH2-Ph N/A N/A N/A 7.1 ± 0.3 ND (>250)
53 S 4-(HOCH2)-Ph N/A N/A N/A 4.4 ± 0.6
54 S 4-Me-Ph N/A N/A N/A 5.9 ± 0.7 55.0 ± 3.7
55 S 3-Cl-Ph N/A N/A N/A 7.3 ± 0.7 49.3 ± 17.8
56 S 3-OH-Ph N/A N/A N/A 6.1 ± 0.6 ND (>250)
57 S 3-NH2-Ph N/A N/A N/A 6.6 ± 0.4 235.3 ± 103.4
58 S 3-MeO-Ph N/A N/A N/A 7.6 ± 0.7 ND (>250)
59 S 3-CN-Ph N/A N/A N/A 3.9 ± 0.6
60 S 3-NO2-Ph N/A N/A N/A 4.9 ± 0.6
61 S 2-F-Ph N/A N/A N/A 5.8 ± 0.7 149.1 ± 84.6
62 S 2-Cl-Ph N/A N/A N/A 5.0 ± 0.8
63 S 2-NH2-Ph N/A N/A N/A 2.8 ± 0.2
64 S 2-NO2-Ph N/A N/A N/A 4.1 ± 0.5
65 S 2-CF3-Ph N/A N/A N/A 5.3 ± 0.7
66 N/A N/A Br H Ph 7.0 ± 0.8 64.8 ± 8.8
67 N/A N/A NH2 H Ph 8.5 ± 0.9 18.9 ± 3.5
68 N/A N/A OMe H Ph 4.4 ± 0.7
69 N/A N/A H OMe Ph 6.4 ± 0.9 ND (>250)
70 N/A N/A H H 3-MeO-Ph 7.8 ± 0.7 35.5 ± 2.8
71 N/A N/A H H 4-MeO-Ph 6.7 ± 0.7 89.8 ± 28.6

aΔTm values were calculated from DSF experiments by subtracting the Tm of GID4 from the Tm of GID4 in the presence of compound. Each value
represents the mean ± SEM of determinations in triplicate. bIC50 values were calculated by averaging displacement curves from FP competition
assays. Each value represents the mean ± SEM of determinations in triplicate. ND = not determined.
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and 6.6 °C relative to the PGLWKS degron peptide (Figure 6C).
Molecules 91, 89, and 90 produced ΔTm values of 8.8, 8.7, and
4.5 °C, respectively, relative to apo GID4, while 92 had a
marginal stabilizing effect (∼0.1 °C). The degree of GID4
stabilization by each DEL-derived molecule correlated approx-
imately with affinity in the FP competition assay (IC50 = 5.4, 4.8,
and 4.7 μM, for 88, 91, and 89 and unquantifiable values for 90
and 92, respectively) (Figure 6C). Given the similar size,
chemical structure, and potencies (i.e., IC50 values) of 88, 89,
and 91, we chose 88 as a representative molecule for follow-up
analysis by ITC, which revealed a Kd of 5.6 μM for GID4 (Figure
S9B).
To determine whether the original apparent 2-fold decrease in

enrichment observed for 88 (and other DEL screen hits) in the
GID4Q282A versus the GID4 WT DEL screen samples correlates
with a decrease in affinity of 88 for GID4Q282A in vitro, we
measured the binding affinities by ITC. Although the Q282A
mutation abrogated GID4 binding to the PGLWKS degron
peptide as assessed by FP (Figure S9A), to our surprise, the same
mutation enhanced binding to 88 (Kd = 0.28 μM) relative to
GID4 WT (Kd = 5.6 μM) (Figure S9B). We speculate that the
discrepancy between binding in the DEL screen (i.e., enrich-
ment score) and in the ITC experiment may be due to the
absence of linker and DNA tag sequences in the resynthesized
88 sample.
To determine if 88 could engage full-length GID4 in the

context of a complex cellular lysate, we conducted cellular
thermal shift assay (CETSA) experiments. Because we could not
identify an antibody that detects endogenous GID4, we first
generated a HEK293 cell line with tetracycline-inducible
expression of 3xFLAG epitope-tagged full-length GID4
(denoted FLAG-GID4). Incubation of tetracycline-induced
lysates with 50 μM 88 revealed a Tm shift of 5.4 °C, while 92,
used as a negative binding control, produced a minor Tm shift of
0.3 °C relative to lysates treated with DMSO (Tm = 56.4 °C)
(Figure 7AB, Figure S10A). For comparison, our best NMR
fragment-derived binder, 67, produced a Tm shift of 3.8 °C,
while the fragment binder 16 and the PGLWKS degron peptide
produced Tm shifts of <0.5 °C at a concentration of 50 μM
(Figure 7AB, Figure S10A). Next, we examined the dose-
dependent stabilization of GID4 by conducting isothermal
dose−response fingerprinting cellular thermal shift assay
(ITDRF-CETSA) experiments (Figure 7CD, Figure
S10B).31,32 Here, FLAG-GID4 expressing cell lysates were
incubated with increasing compound concentrations and

subjected to heat treatment at 57 °C (the Tm of FLAG-GID4
in the absence of a small molecule binder).
Titrations of 88 (Kd = 5.6 μM; Figure S9B) displayed

saturable binding with an EC50 of 558 nM, while our best NMR
fragment binder, 67 (Kd = 17 μM; Figure S7A), showed
nonsaturable stabilization of GID4 (EC50 value could not be
determined) (Figure 7CD). In contrast, the weaker binders, 16
and the PGLWKS degron peptide, showed no stabilizing effects
on GID4 at all concentrations tested (Figure 7CD, Figure
S10B). These results confirm the ability of a subset of small
molecules developed through both NMR fragment and DEL
screening approaches to bind GID4 in cell lysates.
We next employed live-cell CETSA to test whether our best

binder, 88, could permeate the cell membrane and engage
FLAG-GID4 in living cells. Western blot analysis of cells treated
with 88 showed a 3.8 °C stabilization of FLAG-GID4 relative to
cells treated with DMSO, indicating that 88 is cell-permeable
and can engage FLAG-GID4 in cells (Figure 8, Figure S11). To
investigate the binding specificity of 88, we conducted thermal
proteome profiling33 of HEK293 lysates treated with DMSO or
88.31 Of the 5663 endogenous proteins detected by mass
spectrometry in this experiment, GID4 exhibited the greatest Tm
shift of 7.4 °C in the presence of 88, whereas 14 other proteins,
representing possible off-target binders, produced smaller Tm
shifts ranging from −3.7 to 4.6 °C (Figure 9, Table S3).
Together, these results demonstrate the ability of 88 to engage
endogenous GID4 protein in cells with considerable selectivity.

X-ray Crystal Structures of DEL Molecules Bound to
GID4. To delineate binding modes to GID4, we set up co-
crystallization trials with each of the five DEL-derivedmolecules.
Co-crystals and structures were obtained for the three strongest
stabilizers of GID4, namely, 88 (PDB: 7U3J), 89 (PDB: 7U3K),
and 91 (PDB: 7U3L) (Figure 10, Figure S12; see Table S1 for X-
ray structure determination and refinement statistics). Con-
sistent with their ability to compete with degron peptide binding
(Figure 6C), all three DEL molecules bound to the degron
binding pocket of GID4 (Figure S12A). We note that all three
DEL molecules possess two stereocenters, and while 89 and 91
were synthesized as homochiral (R,S)-molecules, 88 was
synthesized as a diastereoisomeric mixture (roughly 50% each
of (S,S) and (R,S)). The crystal structure confirmed the
expected (R,S) chirality of 89 and 91 and showed exclusive
binding of the (S,S)-stereoisomer of 88 to GID4. This result
implied that the apparent Kd of 88 (5.6 μM) determined by ITC

Figure 5. (Left) Chemical structure of 67. (Middle) Co-crystal structure of GID4 in complex with 67 (PDB: 7U3G) with hydrogen bonds depicted as
black dashed lines. (right) Graphical representation showing the key interactions between GID4 and 67. Hydrophobic interactions are represented as
eyelashes, while hydrogen bonds are represented by blue dashed lines, each with an associated distance in angstroms.
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is likely underestimated by a factor of 2, which is in agreement
with a higher-than-expected N value of 1.5 (Figure S9B).
Superimposition of the PGLW degron peptide co-structure

with the three DEL molecule co-structures revealed remarkable
similarity in binding modes, including the near-perfect overlap
of (i) the backbone atoms of Pro1 with the backbone atoms of
BB3, (ii) the backbone atoms of Gly2 with the backbone atoms
of BB2, and (iii) the amino group of Leu3 with the amino group
of BB1 (Figure 6B). Similarities in hydrogen bonding patterns
include hydrogen bonds between (i) the secondary amine of
BB3 and the GID4 side chains of Glu237 and Tyr258, (ii) the

backbone amine of BB2 and the main chain carbonyl of Ser253,
and (iii) the backbone amine of BB1 and the side chain carbonyl
of Gln282 (Figure 10). Three distinct cavities in GID4 mediate
analogous recognition of the hydrophobic portions in each DEL
building block and the hydrophobic side chains in the PGLW
degron peptide, as follows.
The deepest penetrating cavity lined by Phe254, Ile249,

Leu171, Thr173, Ile161, and Leu159 side chains engages Pro1
of the degron and BB3 of the DEL molecules. In 88 and 91, the
BB3 hydrophobic moiety is a substituted phenyl ring, whereas in
89, the hydrophobic moiety is a butyl group. A second cavity

Figure 6. (A) Workflow of the DEL screening approach to identify GID4 binders. (B) Chemical structures of degron peptide PGLW and hit DEL
compounds 88 to 92 aligned by their peptide bonds. Moieties in the three building block positions are colored red for BB3, blue for BB2, and green for
BB1. (C, top) Displacement curves from FP competition assays of GID4 bound to PGLWKS-FITC in the presence of the indicated ligand competitor.
Quantified IC50 values together with ΔTm values determined by DSF.ΔTm values were calculated by subtracting the Tm of GID4 from the Tm of GID4
with the ligand. Each value represents the mean ± SEM of determinations performed in triplicate.
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engages Gly2 of the degron and BB2 of the DEL molecules. In
each of the three DEL molecules, the moieties occupy different
spatial positions due to the large rearrangement of GID4 loops
L2 and L3 (Figure S12A,B). While the thiophene of BB2 in 88
and the propenylbenzyl of BB2 in 91 similarly interact with
Tyr139 and Tyr273, the 4-tert-butylbenzyl moiety of BB2 in 89
interacts with Ile249, Leu164, and Ile161. A third cavity, lined by
Trp280 and Tyr139, borders Leu3 of the degron and BB1 of the
DEL molecules. All three DEL molecules have an aryl ring-

containing group in the BB1 position that overlaps well with the
Leu3 side chain of the degron.

Analysis of Embedded SAR in the DEL Screen Hit List.
Patterns of recurring building blocks in the DEL screen hit list
suggest rich SAR information that could guide future hit
optimization. Using our best binder 88 as an exemplar, we
searched for the top three most enriched building blocks in each
of the BB3, BB2, and BB1 positions while maintaining the two
other building block positions fixed (Table 3). Enrichment
scores in the GID4 WT sample served as a rough proxy for

Figure 7. (A) Representative western blot analysis of CETSA experiments in the presence of DMSOor 50 μM 88, 92, 67, 16, or PGLWKS peptide. (B)
Band intensities were quantified across duplicates by densitometry and plotted. (C) Representative western blot analysis of ITDRF-CETSA
experiments in the presence of 88, 67, 16, or PGLWKS peptide. Input refers to lysate that has not been heat treated. (D) Band intensities were
quantified by densitometry from duplicate blots and plotted. (A, C) Anti-FLAG antibody was used to detect FLAG-GID4 from FLAG-GID4
expressing HEK293 cell lysates, while anti-SOD1 antibody was used to detect SOD1 as a loading control. See Figure S10A for duplicate blots. (B, D)
Each point represents the mean ± SEM of determinations performed in duplicate.
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relative binding affinity. The most enriched moieties in the BB3
position all contain an aromatic ring that can be rationalized by
the hydrophobic nature of the pocket to which it binds. Analogs
88-A1 and 88-A2 but not 88-A3 have an amino group, and the
absence of this group correlates with a dramatic loss of
enrichment for 88-A3 (Table 3). This likely reflects a loss of
binding affinity because all known GID4 binders characterized
to date (whether degron peptides or NMR-derived fragments
and DEL-derived molecules in this study) contain an amino
group that hydrogen bonds with Glu237 of GID4. The top three
most enrichedmoieties in the BB2 position (present in 88-A4 to
88-A6) all contain an aromatic moiety (either a thiophene
moiety or a phenyl group), which is again consistent with the
hydrophobic nature of the binding pocket that they engage. The
top three most enriched moieties in the BB1 position (present in
88-A7 to 88-A9) contain phenyl or cyclohexane ring structures
that correlate with the hydrophobic nature of the binding
pocket.

Comparisons to the Binding Mode of PFI-7. The
Structural Genomics Consortium (SGC) has reported an
unpublished small molecule binder of GID4 called PFI-7
(https://www.thesgc.org/chemical-probes/PFI-7). PFI-7 binds
GID4 with a Kd of 80 nM as determined by surface plasmon

resonance, an IC50 of 4.1 μM in an FP competition assay, and an
EC50 of 600 nM in a NanoBRET cellular target engagement
assay. Furthermore, the PFI-7 binding mode has been
determined by X-ray crystallography (PDB: 7SLZ).21 These
performance measurements are superior to the fragment-
derived molecules 16 and 67 (Kd of 16 = 110 μM and Kd of
67 = 17 μM) but similar to the DEL-derived binder 88 (Kd = 5.6
μM, IC50 = 5.4 μM, and EC50 = 558 nM), whose potency is likely
2-fold underrepresented due to the presence of two enantiomers
in the racemic mixture used in our determinations. We note that
the cellular EC50 values observed for both 88 and PFI-7 are
lower than expected considering their respective potencies in
vitro (i.e., IC50 values in FP competition assays). We speculate
that this difference may be due to enhanced binding of 88 and
PFI-7 to full-length GID4 in cell lysates compared to the isolated
ligand binding domain of GID4 used in FP competition
experiments.
Superimposition of the PFI-7-GID4 complex structure (PDB:

7SLZ) with the small molecule co-structures reported here
reveals overlaps between PFI-7 and the lead NMR-derived
fragments 16 and 67 (Figure S13A) and between PFI-7 and the
BB3 to BB2 portions of the DEL molecules 88, 89, and 91
(Figure S13B). Notably, all binding events involve a hydrogen

Figure 8. Representative western blot analysis of the live cell CETSA experiment using FLAG-GID4 expressing HEK293 cells in the presence of
DMSO or 50 μM 88. Anti-FLAG antibody was used to detect FLAG-GID4, while anti-SOD1 antibody was used to detect SOD1 as a loading control.
Band intensities were quantified by densitometry, and melting curves were plotted on the right. Each point represents the mean ± SEM of
determinations performed in duplicate (see duplicate blots in Figure S11).

Figure 9. Thermal proteome profiling of HEK293 lysates treated with 20 μM 88. (A) Scatter plot of ΔTm values calculated from the two replicates of
88 versus vehicle treatment experiment. 88-inducedΔTm values for proteins that passed the significance criteria are shown in red (see Table S3 for the
list of shifted proteins).We note that an overall temperature drift in the 88 versus vehicle treated samples led us to implement stricter statistical tests for
identifying proteins that were affected by the compound. (B) Melting curves for GID4 from two replicates of cells treated with 88 or the vehicle.
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bond between an amino group in the small molecules and the
Glu237 side chain in GID4 and overlapping hydrophobic
interactions. Compared to fragment molecules 67 and 16, PFI-7
is ∼50% larger in size and has more extensive contacts with
GID4. Common binding features of 16, 67, and PFI-7 include
overlaps between the benzene rings of the fragments and the
benzimidazole moiety of PFI-7, which make similar hydro-
phobic contacts with GID4. Another common feature of 16 and
PFI-7 includes a second hydrogen-bonding interaction with
Glu237 (in addition to that shared by all GID4 binders)
involving the exocyclic nitrogen of 16 and the benzimidazole
moiety of PFI-7. In contrast to the lead fragments, PFI-7
contains a cyclohexane and 2-indole moiety with no functional
overlap with 16 or 67. These groups form hydrophobic and
hydrophilic interactions with GID4 that may be partially
responsible for the added potency of PFI-7 over 67 and 16.

Compared to the DEL-derived molecules 88, 89, and 91, PFI-
7 forms unique hydrogen bonds with GID4 that likely account
for its somewhatmore efficient bindingmode on a permass basis
(i.e., comparable potency with ∼30% less mass). The 2-indole
moiety of PFI-7 resides in the same cavity as the BB2 building
block of 88, 89, and 91 but forms a unique hydrogen bond with
Glu237 of GID4. This hydrogen bond is likely strengthened by
the cyclohexane moiety of PFI-7 that appears to restrain the 2-
indole group orientation. Moreover, the benzimidazole group of
PFI-7, which overlaps with the BB3 building blocks of 88, 89,
and 91, also forms hydrogen bonds with GID4. Unique contacts
exploited by 88, 89, and 91 but not PFI-7 are mediated by the
BB1 building block and amine linker (used for DNA attachment
in the original screen; Figure 6B), which engage in both
hydrogen bonding and hydrophobic interactions with GID4.

Prospects for Further GID4 Binder Optimization. The
majority of PROTACs reported to date exploit either CRBN via

Figure 10. (Left) Co-crystal structures of GID4 in complex with DEL compound (A) 88 (PDB: 7U3J), (B) 89 (PDB: 7U3K), and (C) 91 (PDB:
7U3L) with hydrogen bonds depicted as black dashed lines. (Right) Graphical representation showing the key interactions betweenGID4 and each hit
DEL compound. Hydrophobic interactions are represented as eyelashes, while hydrogen bonds are represented by blue dashed lines, each with an
associated distance in angstroms.
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thalidomide and its analogs34 or VHL via hydroxyproline
derivatives.7 Moieties that bind VHL with comparable binding
potencies (IC50 values ranging 2.5 to 16 μM) to those described
here for GID4 (IC50 values ranging from 5.4 to 18.9 μM for 88
and 67) can promote protein degradation when incorporated in
a PROTAC.23,35,36 These comparable affinities suggest that our
current GID4 binders may also be capable of inducing target
protein degradation when incorporated in a PROTAC.
However, given that most reported PROTACs exploit higher-
affinity binders such as thalidomide and VHL032, further
optimization of GID4 binders may be warranted before
development into PROTACs. Four discernable optimization
strategies that may improve the affinity of our small molecule
binders to GID4 are fragment merging,37 fragment extension,38

design-based strategies, and further SAR exploration of
suboptimal elements. With respect to fragment merging,
whereby favorable features of different fragments are combined
into a single molecule, one particular possibility is noteworthy.

Merging of the 3-aminophenol group within 16 with the 5-
amino-tetrahydroisoquinoline motif within 67 would afford a
fragment chimera in which both hydrogen bonding and
favorable hydrophobic contacts were increased (Figure S13C).
With respect to fragment extension, crystal structures of
previously reported degron peptides and the DEL screen-
derived binders described here uncover fragment extension
opportunities such as at the aniline nitrogen in 67 (Figure
S13D).
The addition of favorable hydrogen bonding groups may be a

particularly useful design strategy to enhance the affinity of the
DEL-derived binder, 88. Introduction of hydrogen bonding
atoms to the aromatic rings of 88, similar to those observed in
PFI-7, is one attractive option. In PFI-7, constraint is introduced
through the turn-inducing cis-cyclohexane group that positions
constituents in optimal positions for potent interactions with
GID4. Within DEL hit 88, introducing constraints that
preorganize high-affinity poses such as linking the proximal

Table 3. Structure−Activity Relationships of 88
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BB3 resorcinol and BB2 thiophene side changes through the
introduction of a macrocyclic structure may increase potency.
Finally, with respect to further rounds of SAR analysis, analogs of
the BB1 building block position in DEL-derived compounds 88,
89, and 91 may prove fruitful as the hydrophobic R groups
display relatively poor complementarity with GID4 and might
benefit from SAR exploration. The implementation of the
strategies outlined above provides potential points of departure
to improve the affinity of the small molecule binders to GID4
presented here.

■ CONCLUSIONS
In this study, we successfully applied both NMR fragment and
DEL screening approaches to identify new small molecule
ligands for GID4. The NMR fragment screen yielded three
lower-affinity binders with estimated Kd values in the mM range.
Modest structure-guided optimization of these hits yielded two
GID4 binders with Kd values of 110 and 17 μM. Attractive
features of these optimized binders include their small size
(<250 Da) and non-peptide-like structures. The DEL screening
approach yieldedmolecules with better apparent binding affinity
to GID4. In particular, our best binder, 88, which had a Kd of 5.6
μM in vitro, was able to bind GID4 in cells and exhibited binding
selectivity in cell lysates. Attractive features of the DEL screening
approach included the embedded SAR information in an
extensive hit list, overall lower cost, and rapid turnaround time
afforded by the WuXi AppTec DELopen program. In addition,
by virtue of the DEL library design, a linker attachment site for
future PROTAC design can be inferred from the DNA barcode
attachment site. Improvement of the drug-like properties of
DEL hits may be achieved in part through machine-learning-
based extraction of more subtly embedded SAR information
from DEL profiles.39 The small molecule binders to GID4
resulting from this study provide a point of departure for further
optimization of E3 binding moieties that may allow the CTLH
E3 ligase complex to be co-opted for PROTAC design.

■ EXPERIMENTAL PROCEDURES
Cell Culture. Generation of stable HEK293 cells integrated with N-

terminally tagged 3X-FLAG-GID4 was performed using HEK293 Flp-
In T-REx cells. GID4 ORF with a stop codon was cloned into the
Gateway entry pDONR223 and then transferred to the pDEST-
pcDNA5-3X-FLAG vector for expression. When cells reached 70%
confluence, recombinant protein expression was induced with 1 μg/mL
tetracycline for 16 h. The monoclonal HEK293T reporter cell line used
for the induced proximity degradation assay was generated expressing
ABI1-EGFP-IRES-TagBFP (blasticidin, 6 μg/mL). Single cells were
sorted and expanded, and a clone showing high EGFP and TagBFP
expression was selected for subsequent experiments. Cells were grown
in high-glucose DMEM supplemented with 10% FBS at 37 °C and 5%
CO2.

Induced Proximity Degradation Assay. Degradation assays
were performed in a 48-well cell culture format by transient transfection
of the clonal EGFP reporter cell line stably co-expressing ABI-GFP with
15 ng of transfection control plasmid expressing triple FLAG-tagged
DsRed and 200 ng of the effector protein fused to vhhGFP using
Lipofectamine 2000 (Life Technologies). Forty-eight hours post-
transfection, cells were washed in PBS, treated with a cell dissociation
buffer (1 mMEDTA, 150mMNaCl, 5 mMNaHCO3, 0.1% glucose, 10
mM KCl), and resuspended in a fluorescence activated cell sorting
(FACS) sorting buffer (1× PBS, 5 mM EDTA, 25 mMHEPES pH 7.0,
1% BSA). Cells were spun down in a microcentrifuge at 1000 rpm for 5
min. Cell pellets were resuspended in the FACS sorting buffer and
analyzed using BD LSR Fortessa X20 (BD Biosciences; University of
Toronto Faculty of Medicine Flow Cytometry Facility).

Cloning, Protein Expression, and Purification. The pET28-
MHL plasmid containing GID4124−289 expression was a gift from
JinrongMin (Structural Genomics Consortium, Toronto). The Q282A
mutation in GID4124−289 was generated using site-directedmutagenesis.
Wild type and the Q282A mutant of GID124−289 were expressed in
Escherichia coli BL21 (DE3) in terrific broth media for use in differential
scanning fluorimetry, fluorescence polarization competition, ITC
assays, X-ray crystallography, and DEL screening and in minimal
media containing 15N for NMR screening. The protein was purified as
previously described;16 briefly, the protein was purified by nickel
chelate affinity chromatography and size-exclusion chromatography,
yielding >95% pure protein as assessed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). Protein identity was
confirmed by mass spectrometry. PGLWKSC and PGLWKS peptides
and PGLWKS C-terminally conjugated to FITC (PGLWKS-FITC)
were synthesized by Bio Basic and confirmed to be >98% pure
(Markham, Ontario, Canada).

NMR Spectroscopy. NMR-heteronuclear single quantum coher-
ence spectroscopy (HSQC) spectra were recorded at 30 °C on a 600
MHz Bruker AVANCE III spectrometer. The 600 MHz spectrometer
was equipped with a 1.7 mm TCI CryoProbe. NMR samples of 40 μL
contained 200 μM of 15N-GID4 124−289 in 20 mM HEPES pH 7.0,
100 mM NaCl, 0.5 mM TCEP, and 10% D2O. As a positive control, an
HSQC spectrum was collected in the presence of 1 mM of peptide
PGLWKSC. For the fragment screen, HSQC spectra of 200 pools, each
containing five different compounds at final concentrations of 1 mM in
2.5% DMSO, were collected. A control sample containing no
compound in 2.5% DMSO was acquired every 40 tubes to monitor
GID4 stability over time. Deconvolution of eight pools required 40
additional NMR experiments where a unique fragment at a final
concentration of 5 mM in 2.5% DMSO was tested in the same
condition as for the screen. Data processing was conducted using
NMRviewJ and NMRpipe,40 and NMR spectra were analyzed using
Analysis.41 (1H, 15N) Chemical shift perturbations were calculated as a
weighted average Δδav = [(ΔδH)2 + (ΔδN × 0.15)2]1/2.

Crystallography. Crystallization trials were conducted with 4 mg/
mL of GID4124−289 and 5mMof DMSO-solubilized 1, 4, 7, 16, or 67, or
1.25 mM of 88, 89, or 91 incubated in 20 mM Tris pH 7.5, 100 mM
NaCl, and 0.25 mM TCEP with a final DMSO concentration of 2.5%.
Sparse-matrix crystallization conditions were initially screened in sitting
drop format at a 1:1 protein/mother liquor ratio. Crystallization
conditions were optimized and harvested from hanging drops unless
specified otherwise. Each GID4124−289-compound complex crystallized
in different conditions. Fragment 1 was co-crystallized in 17%
PEG3350, 0.1 M Bis−Tris pH 6.5, and 0.2 M ammonium acetate.
Fragment 4 was co-crystallized in 15% PEG5000 and 0.1 M Bis−Tris
pH 6.5. Fragment 7 was co-crystallized in 14% PEG3350, 0.1 M Bis−
Tris pH 6.0, and 0.2 M ammonium formate. Fragment 16 was co-
crystallized in 16% PEG3350, 0.1 M Bis−Tris pH 6.0, and 0.2 M
ammonium formate. Fragment 67was co-crystallized in 25% PEG3350,
0.1 M Bis−Tris pH 6.0, and 0.2 M ammonium acetate. Compound 88
was co-crystallized in 18% PEG6000 and 0.1 M HEPES pH 6.5.
Compound 89 was co-crystallized in sitting drop format in 20%
PEG6000, 0.1 M HEPES pH 7.0, and 0.2 M calcium chloride
hexahydrate. Compound 91was co-crystallized in sitting drop format in
20% PEG3350 and 0.2 M sodium fluoride. For cryoprotection, crystals
were soaked in a well solution containing 30% glycerol. Diffraction data
were collected on beamlineNE-CAT (APS, Chicago, IL) and processed
with XDS.42 Molecular replacement was performed using Phaser43 with
the structure of GID4116−300 (PDB: 6CCR) as a search model.
Refinement was performed using PHENIX,44 and model building was
done in Coot.45 X-ray data collection and refinement statistics are
shown in Table S1.

Analog Search and In Silico Docking. Purchasable analogs of the
fragment hits were searched using the Structure Search feature from the
Molport website (https://www.molport.com/shop/index) based on
50% structural similarity for 7 and 4 and 90% for 1. The compounds
from search results of 4 and 1 were prepared using Ligprep
(Schrodinger, NY), while GID4 from each co-structure (PDB: 7U3E
and 7U3F) was prepared using PrepWizard (Schrodinger, NY) for
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bond order assignment, assessment of correct protonation states, and
optimization of hydrogen bond assignment at pH 7.3. Restrained
minimization was conducted using the OPLS3e force field. Receptor
grids were calculated using the co-crystallized fragment as the center for
each respective complex. The respective analog list for each GID4-
fragment complex was docked using Glide24−26 (Schrodinger, NY)
with a hydrogen bond formed between the NH of the fragment and the
OH of the Glu237 side chain. Docking results were visually inspected
and ordered by free energy of binding (MM-GBSA scoring).

Differential Scanning Fluorimetry. A real-time PCR instrument
(LightCycler 480 II, Roche) was used to monitor protein unfolding via
SYPRO orange fluorescent dye (Invitrogen, Carlsbad, CA). Experi-
ments were performed with 55 μM of GID4124−289 and 4 mM of ligand
in 20 mM Tris, 100 mM NaCl, 0.25 μM TCEP pH 7.5, 5× SYPRO
orange, and 2.5% DMSO in a final volume of 20 μL. Samples were
subjected to a temperature range of 20 to 85 °Cwith a ramp rate of 0.01
°C/s. Melting temperature values were deduced by identifying the
minima of the first derivative of each curve in GraphPad Prism, along
with standard error calculation.

Fluorescence Polarization (FP) Binding and Competition
Assays. Binding experiments were performed with 20 nM PGLWKS-
FITC and increasing concentrations of wild-type or Q282A mutant
GID4124−289 proteins in a buffer containing 20 mM Tris pH 7.5, 100
mM NaCl, 1 mM DTT, 0.01% Brij-35, and 0.1 mg/mL BSA.
Competitive displacement assays were performed in the same buffer
using 7 μM GID4124−289 in complex with 20 nM PGLWKS-FITC and
increasing concentrations of competitor peptide/compound in 2.5%
DMSO. Samples were incubated for 30 min in 384-well plates
(Corning, 3573), and fluorescence intensities were measured using a
BioTek Synergy Neo plate reader with excitation and absorbance at
485/528 nm, respectively. Fluorescence polarization was calculated
with the Gen5 Data Analysis Software. Graphs and IC50 values were
generated using a four-parameter dose−response function in GraphPad
Prism.

Isothermal Titration Calorimetry. Isothermal titration calorim-
etry experiments were performed at 23 °C using a MicroCal iTC200
(GE Healthcare). GID4124−289 (50−200 μM) or GID4Q282A (50 μM)
was loaded into the sample cell, and 0.75−1.8 mM of the compound
was loaded into the syringe in a solution containing 20 mM Tris, 100
mM NaCl, 0.5 mM TCEP pH 7.5, and 2.5% DMSO. To account for
heat of dilution, a reference set was collected by titrating the compound
into the buffer. Injections were carried out by serial injection of the
experimental compound; for compounds 16 and 67, one injection of
0.5 μLwas followed by 38 injections of 1 μL, at 150 s intervals, with data
from the first two injections excluded due to pre-equilibration mixing;
for compound 88, one injection of 1 μLwas followed by 18 injections of
2 μL and one injection of 1.9 μL, at 180 s intervals, with data from the
first injection excluded. All experiments were completed in duplicate.
Data collection, analysis, and plotting were performed using the Origin
7 software. Peak areas were integrated, subtracted from the reference
set, and then fitted by nonlinear regression using the one-site model.
Binding isotherms provided the equilibrium association or binding
constant (Ka), the change in enthalpy (ΔH), and the stoichiometry of
binding (N).

Cellular Thermal Shift Assay (CETSA) in Lysates. Assays were
conducted as previously described.46 FLAG-GID4 expressing HEK293
cells were washed in ice-cold PBS, pelleted by centrifugation (400g, 2
min), and frozen at −80 °C. Cell pellets were resuspended in CETSA
lysis buffer (1:10 w/v in PBS will full protease inhibitor cocktail (Sigma
Aldrich P8340) at a final concentration of 1:500). After freeze-thawing
three times, the lysate was clarified by centrifugation at 100,000g for 20
min at 4 °C. Protein concentration (measured with the Pierce BCA
assay) was adjusted to 2000 μg/mL, and lysates were flash-frozen and
stored at −80 °C. Lysates were incubated with 50 μM compound (in
1% DMSO) for 10 min at room temperature and divided into 10 × 50
μL aliquots, which were each exposed to a different temperature for 3
min using a thermocycler (Veriti 96-Well Fast Thermal Cycler). The
samples were then centrifuged at 100,000g for 20 min at 4 °C, and the
soluble fractions were analyzed by SDS-PAGE gel and western blot.
Mouse anti-FLAG antibody (AbCam, 18230) and mouse anti-SOD1

antibody (used as a thermally stable loading control; AbCam, 51254)
were used at 1:3000 in 5% milk and TBST. Secondary antibody
(Abcam, 7068) was used in a 1:15,000 dilution. Band intensities were
quantified using ImageJ, and melting curves were built following a
sigmoidal model in GraphPad Prism where each value was normalized
relative to that at the lowest experimental temperature, which was given
a value of 1.

Isothermal Dose−Response Fingerprinting Cellular Thermal
Shift Assay (ITDRF-CETSA). Assays were performed using the lysis
and incubation protocol described for CETSA, with incubation at room
temperature with the indicated compound concentrations at final
DMSO concentrations of 1% prior to incubation at the single partial
denaturation temperature of 57 °C, centrifugation, and western blot
analysis. Band intensities were quantified using the ImageJ software,
subtracted from the vehicle control, and modeled using a four-
parameter dose−response function in GraphPad Prism.46

Live-Cell CETSA. FLAG-GID4 expressing HEK293 cells were
grown in three 15 cm plates to 80% confluence before 1 h treatment
with 50 μM 88 or 1% DMSO as the vehicle control. Cells were
harvested as described above for CETSA, resuspended in 500 μL of the
CETSA lysis buffer, and divided into 10 × 50 μL aliquots. Each aliquot
was exposed to a different temperature for 3 min. Lysates were spiked
with 1.6% NP-40 in lysis buffer47 and then processed and analyzed as
described for CETSA.

Thermal Proteome Profiling. HEK293 Flp-In T-REx cells were
lysed following the lysis protocol for CETSA and treated for 10 min at
room temperature with 20 μM 88 or 1% DMSO as the vehicle control.
Lysates were divided into 8 × 100 μL aliquots and each subjected to a
different temperature for 3 min. Heat-treated samples were allowed to
equilibrate at room temperature for 5 min and centrifuged at 100,000g
for 20 min. Twenty-five microliters from each sample was digested
overnight at 37 °C as previously described.48 The digests were
concentrated using a Labconco Centrivap Concentrator and
resuspended in 50% acetonitrile and 0.1% formic acid. The
concentration of digests was measured using the Pierce Colorimetric
Peptide Assay to determine the volume required to achieve 10 μg of
peptide in the 37 °C-treated sample. The same volume was taken from
the remaining samples for TMT labeling as previously described.49

Mixed TMT-labeled peptides were desalted using a Pierce peptide
desalting kit and fractionated using high-pH offline fractionation as
previously described.50 The resulting 60 fractions were concatenated
into 20 fractions by combining multiple early, middle, and late fractions
(i.e., fractions N, N + 20, N + 40) as previously described,51 dried, and
resuspended in 13 μL of 5% formic acid. A second replicate of samples
was created from new cell pellets from different days. All samples were
analyzed using an Eksigent nanoLC 425 (Sciex) and anOrbitrap Fusion
Lumos Tribrid mass spectrometer (ThermoFisher) using a 60 min
gradient. Five microliters of each sample was loaded onto a packed tip
C18 column made in-house (15 cm × 75 μm; Reprosil-Pur 120 C18-
AQ, 3 μm (Dr. Maisch)) at 400 nL/min using the autosampler.
Peptides were separated at 200 nL/min over 60 min with a linear
gradient starting at 2.5% acetonitrile in 0.1% formic acid and ending at
35% acetonitrile in 0.1% formic acid. Following the separation gradient,
acetonitrile concentration was increased to 80% over 10 min and then
returned to starting conditions for 27 min to recondition the column.
The Orbitrap Fusion Lumos mass spectrometer was operated with the
Xcalibur 4.3 software in data-dependent acquisition mode with HCD
and a 3 s cycle time.MS1 scans were performedwith 120k resolution for
400−2000 m/z and MS2 scans at 50k resolution, isolation width of 0.7
m/z, and 32% collision energy, and AGC was set to 2e5 with a 40 ms
maximum scan time. Precursors with charge states of 2−5 were selected
for MS/MS with a dynamic exclusion time of 12 s and acquired in
profile mode. Data were processed using MaxQuant (v 1.6.2.10)52 with
a 1% FDR (PSM and protein) digested by trypsin with a maximum of
two missed cleavages allowing for protein N-terminal acetylation,
methionine oxidation, and a fixed modification of cysteine carbamido-
methyl. TMTpro isobaric labels were selected with a reporter mass
tolerance of 0.003Da. Theminimumpeptide length was set to 7 and the
maximum to 25 with a search tolerance of 20 ppm for MS/MS. Uniprot
UP000005640 (20,598 genes and 80,027 proteins) was used for
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FASTA search file. Decoys were made from reverse sequences.
Quantified proteins were analyzed using the TPP package in R.53

Data were normalized using the nonmelting protein SOD1 (superoxide
dismutase; Uniprot SODC_HUMAN). Because a small 1 °Cdifference
was identified between the median melting temperature of DMSO-
treated samples and 88-treated samples, stringent statistical cutoffs
were used. To be significant, hits were first identified as proteins with an
adjusted p value below 0.05. The Tm difference between both DMSO
replicates in either replicate was less than the Tm difference between
DMSO and 88. Moreover, the sign of the Tm shift was the same for both
replicates. Finally, the minimum slope was set to 0.06. Melting curves
and thermal shifts were calculated as previously described.33 Poor
quality denaturation curves were excluded from analysis by excluding
proteins with denaturation curves with plateaus above 0.3 or an R2 value
below 0.8. In total, 5663 proteins were quantified between both
replicates. Approximately 80% of total proteins passed the minimum
curve quality thresholds. Raw data can be accessed in MassIVE using
the accession MSV000089890 freely accessible for reviewers with
password CTLHGID4.

Chemistry. All solvents and commercially available reagents were
used as obtained. All reactions involving air- or moisture-sensitive
compounds were performed under a nitrogen atmosphere using oven-
or flame-dried glassware. NMR analysis was performed on 400 MHz
Bruker Avance III NMR and 500 MHz Agilent DD2 NMR
spectrometers. Spectra were measured at 298 K unless indicated
otherwise and were referenced relative to the solvent chemical shift.
NMR chemical shifts are expressed in ppm, and coupling constants (J)
are expressed in Hz. Data were reported as follows: (s) singlet, (d)
doublet, (t) triplet, (q) quartet, (m) multiplet, and (br) broad.
Chromatography purification of 41−71 was performed using an Isolera
One system and prepacked RediSep Rf Normal-phase Silica (60 Å
mesh) Flash Cartridges or RediSep Rf C18 Reverse-phase (60 Å mesh)
Flash Cartridges. Purification of 88−92 by silica gel chromatography
was conducted using Biotage automated MPLC systems, and
purification by reverse-phase preparative HPLC was conducted using
Gilson or Shimadzu systems. Purity for all tested compounds was
determined through high-performance liquid chromatography, and all
compounds were >95% pure by HPLC analysis.

Synthesis of Thienopyridines. General Procedure A. 4-Phenyl-
4,5,6,7-tetrahydrothieno[3,2-c]pyridine (43). 2-(2-Thienyl)-ethyl-
amine (100 mg, 0.79 mmol), benzaldehyde (135 mg, 1.27 mmol),
triethylamine (0.05 mL), and EtOH (1 mL) were mixed at room
temperature. The reaction mixture was stirred at room temperature for
15 h and then evaporated in vacuo to obtain the crude oil. The crude oil
was added to TFA (3.8 mL) at once (exothermic reaction). The
reaction mixture was stirred at room temperature for 24−72 h and then
evaporated in vacuo. The crude oil was suspended in dichloromethane
and washed with 2 N NaOH. The aqueous phase was extracted with
dichloromethane (three times). The organic phases were combined,
dried withMgSO4, evaporated in vacuo with silica gel, and purified with
Hex/EtOAc to afford corresponding 102 mg (60%) of 43 as colorless
prisms. 1H NMR (400 MHz, CDCl3) δ ppm 7.33−7.25 (m, 5H), 7.01
(d, J = 5.1 Hz, 1H), 6.45 (d, J = 5.0 Hz, 1H), 5.01 (s, 1H), 3.33−3.28
(m, 1H), 3.13−3.08 (m, 1H), 3.01−2.96 (m, 1H), 2.87−2.82 (m, 1H).
13C NMR (101 MHz, CDCl3) δ ppm 143.9, 136.9, 134.5, 128.4, 128.5,
127.5, 126.5, 121.8, 60.3, 42.6, 26.1. MS (ESI) 216.2 (M + H).

General Procedure B. 4,5,6,7-Tetrahydrothieno[3,2-c]pyridine
(41). The procedure described for compound 43 (general procedure
A) with 2-(2-thienyl)-ethylamine (150 mg, 0.84 mmol), formaldehyde
(1 mL, 1.7 mmol), triethylamine (0.1 mL), EtOH (2 mL), and TFA (6
mL) afforded 41 (19 mg, 16% yield) as a yellow oil. 1H NMR (400
MHz, CDCl3) δ ppm 7.12 (d, J = 5.11 Hz, 1H), 6.78 (d, J = 5.11 Hz,
1H), 3.93−4.07 (m, 2H), 3.24 (t, J = 5.67 Hz, 2H), 2.89 (t, J = 5.67 Hz,
2H), 2.82 (br. s., 2H).13C NMR (101 MHz, CDCl3) δ ppm 134.2,
133.4, 125.0, 122.0, 45.9, 43.6, 26.0. MS (ESI) 140.3 (M + H).

4-(Thiophen-3-yl)-4,5,6,7-tetrahydrothieno[3,2-c]pyridine (42).
The procedure described for compound 43 (general procedure A)
with 2-(2-thienyl)-ethylamine (100 mg, 0.79 mmol), thiophene-3-
carbaldehyde (88 mg, 0.79 mmol), triethylamine (0.05 mL), EtOH (1
mL), and TFA (4 mL) afforded 42 (97 mg, 55% yield). 1H NMR (500

MHz, CDCl3) δ ppm 7.27−7.35 (m, 1H), 7.11 (d, J = 2.89 Hz, 1H),
7.06 (d, J = 5.11 Hz, 2H), 6.64 (d, J = 5.33 Hz, 1H), 5.19 (s, 1H), 3.29
(td, J = 5.33, 12.44 Hz, 1H), 3.14 (ddd, J = 5.00, 7.28, 12.39 Hz, 1H),
2.82−3.01 (m, 2H), 1.89 (br. s., 1H). 13C NMR (101 MHz, CDCl3) δ
ppm 141.8, 136.6, 134.8, 127.4, 126.2, 125.9, 122.6, 121.8, 55.0, 42.0,
26.1 MS (ESI) 222.2 (M + H).

4-Phenyl-4,5,6,7-tetrahydro-1H-pyrrolo[3,2-c]pyridine (45). A
solution of 2-(1H-pyrrol-2-yl)ethanamine (100 mg, 0.9 mmol) in
DCM (2 mL) was treated at room temperature with benzaldehyde (95
mg, 0.9 mmol). The solution was cooled, and glacial acetic acid (109
mg, 1.8 mmol) was slowly added. The reactionmixture was diluted with
DCM. Saturated NaHCO3 was added, and the organic phase was
separated. The aqueous phase was extracted with DCM (30 mL),
evaporated with silica gel, and purified with DCM/ACN to give 45
(105 mg, 59%). 1H NMR (400 MHz, DMSO-d6) δ ppm 2.68 (dt, J =
15.28, 3.92Hz, 1 H) 2.76−2.92 (m, 1H) 2.99−3.14 (m, 1H) 3.18−3.33
(m, 1H) 5.16 (s, 1H) 5.49 (t, J = 2.44 Hz, 1H) 6.59 (t, J = 2.67 Hz, 1H)
7.25−7.47 (m, 5H) 10.71 (br. s., 1H). 13C NMR (101 MHz, DMSO-
d6) δ ppm 141.6, 128.6, 128.1, 127.7, 124.0, 116.4, 115.6, 104.9, 57.4,
41.4, 21.7 MS (ESI) 199.2 (M + H).

4-(4,5,6,7-Tetrahydrothieno[3,2-c]pyridin-4-yl)phenyl Acetate
(46). The procedure described for compound 43 (general procedure
A) with 2-(2-thienyl)-ethylamine (100 mg, 0.79 mmol), 4-formyl-
phenyl acetate (129 mg, 0.78 mmol), triethylamine (0.05 mL), EtOH
(1 mL), and TFA (4 mL) afforded 46 (141 mg, 69% yield). 1H NMR
(400 MHz, CDCl3) δ ppm 7.31 (d, J = 8.44 Hz, 2H), 6.97−7.11 (m,
2H), 6.60−6.66 (m, 1H), 6.44−6.54 (m, 1H), 5.11 (s, 1H), 3.31 (td, J =
4.92, 12.39 Hz, 1H), 2.81−3.20 (m, 3H), 2.31 (s, 3H), 1.88 (s, 1H).13C
NMR (101 MHz, CDCl3) δ ppm 169.5, 149.6, 140.9, 136.2, 135.1,
129.6, 126.3, 122.0, 121.6, 59.3, 42.2, 25.8, 21.2. MS (ESI) 274.2 (M +
H).

4-(4-(Trifluoromethyl)phenyl)-4,5,6,7-tetrahydrothieno[3,2-c]-
pyridine (47). The procedure described for compound 43 (general
procedure A) with 2-(2-thienyl)-ethylamine (100 mg, 0.79 mmol), 4-
(trifluoromethyl)benzaldehyde (137 mg, 0.79 mmol), triethylamine
(0.05 mL), EtOH (1 mL), and TFA (4 mL) afforded 47 (123 mg, 55%
yield). 1H NMR (400 MHz, CDCl3) δ ppm 7.61 (m, J = 8.22 Hz, 2H),
7.45 (m, J = 8.00 Hz, 2H), 7.06 (d, J = 5.11 Hz, 1H), 6.46 (d, J = 5.11
Hz, 1H), 5.12 (s, 1H), 3.32 (dt, J = 12.22, 4.78 Hz, 1H), 3.22−3.10 (m,
1H), 3.08−2.96 (m, 1H), 2.94−2.84 (m, 1H). 19F NMR (377 MHz,
CDCl3) δ ppm −62.44 (s, 3F). 13C NMR (101 MHz, CDCl3) δ ppm
135.8, 135.3, 129.9, 129.6, 128.7, 125.9, 122.2, 59.6, 42.4, 26.0. MS
(ESI) 284.1 (M + H).

4-(4-Bromophenyl)-4,5,6,7-tetrahydrothieno[3,2-c]pyridine (49).
The procedure described for compound 43 (general procedure A) with
2-(2-thienyl)-ethylamine (100 mg, 0.79 mmol), 4-bromobenzaldehyde
(146 mg, 0.94 mmol), triethylamine (0.05 mL), EtOH (1 mL), and
TFA (4 mL) afforded 49 (101 mg, 52% yield). 1H NMR (400 MHz,
CDCl3) δ ppm 7.44−7.53 (m, 2H), 7.15−7.26 (m, 2H), 7.04 (d, J =
5.11 Hz, 1H), 6.47 (d, J = 5.33 Hz, 1H), 5.01 (s, 1H), 3.31 (td, J = 4.78,
12.22 Hz, 1H), 3.08−3.20 (m, 1H), 2.93−3.07 (m, 1H), 2.82−2.91 (m,
1H), 1.89 (s, 1H). 13C NMR (101 MHz, DMSO-d6) δ ppm 142.7,
141.3, 137.6, 134.4, 127.8, 126.2, 126.2, 122.0, 62.7, 59.0, 42.0, 25.1.
MS (ESI) 294.0 (M + H).

4-(4-Fluorophenyl)-4,5,6,7-tetrahydrothieno[3,2-c]pyridine (51).
The procedure described for compound 43 (general procedure A) with
2-(2-thienyl)-ethylamine (100 mg, 0.79 mmol), 4-fluorobenzaldehyde
(98 mg, 0.79 mmol), triethylamine (0.05 mL), EtOH (1 mL), and TFA
(4mL) afforded 51 (125mg, 67% yield) as a white solid. 1HNMR (400
MHz, CDCl3) δ ppm 7.22−7.33 (m, 2H), 6.98−7.08 (m, 3H), 6.47 (d,
J = 5.11Hz, 1H), 5.04 (s, 1H), 3.26−3.41 (m, 1H), 3.10−3.21 (m, 1H),
2.95−3.07 (m, 1H), 2.81−2.94 (m, 1H), 1.89 (br. s., 1H).19F NMR
(377 MHz, CDCl3) δ ppm −115.11 (s, 1F).13C NMR (101 MHz,
CDCl3) δ ppm 163.0, 161.0, 139.6, 136.8, 135.1, 130.3, 126.2, 121.9,
115.3, 59.4, 43.6, 26.7. MS (ESI) 234.1 (M + H).

4-(4,5,6,7-Tetrahydrothieno[3,2-c]pyridin-4-yl)aniline (52). 4-(4-
Nitrophenyl)-4,5,6,7-tetrahydrothieno[3,2-c]pyridine (100 mg, 0.66
mmol) was dissolved in EtOH (1.5 mL). HCl (20%, 0.2 mL) and Fe
(40 mg, 0.71 mmol) were added to the mixture at room temperature.
The resulting reaction mixture was stirred at 95 °C overnight. The
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mixture was diluted with CHzClz (20 mL) and washed with saturated
NaHCO3 aq (10 mL). The organic layer was washed with brine (10
mL), dried over MgSO4, filtered, concentrated, evaporated in vacuo
with silica gel, and purified with DCM/MeOH to afford 52 (102 mg,
60%) as an off-white solid. 1HNMR (400MHz, DMSO-d6) δ ppm 7.23
(d, J = 5.11 Hz, 1H), 6.88−7.00 (m, 2H), 6.49−6.59 (m, 2H), 6.42 (d, J
= 5.11 Hz, 1H), 4.97 (s, 1H), 4.37 (br. s., 2H), 3.15−3.27 (m, 1H),
2.90−3.09 (m, 2H), 2.76−2.88 (m, 1H). 13CNMR (101MHz, DMSO-
d6) δ ppm 148.3, 136.5, 133.5, 129.2, 128.4, 126.2, 122.4, 113.5, 58.4,
41.3, 24.3. MS (ESI) 231.2 (M + H).

(4-(4,5,6,7-Tetrahydrothieno[3,2-c]pyridin-4-yl)phenyl)methanol
(53).The procedure described for compound 43 (general procedure A)
with 2-(2-thienyl)-ethylamine (100 mg, 0.79 mmol), 4-
(hydroxymethyl)benzaldehyde (107 mg, 0.94 mmol), triethylamine
(0.05 mL), EtOH (1 mL), and TFA (4 mL) afforded 53 (101 mg, 52%
yield). 1H NMR (400 MHz, DMSO-d6) δ ppm 7.21−7.31 (m, 4H),
7.17 (d, J = 5.11 Hz, 1H), 6.39 (d, J = 5.33 Hz, 1H), 5.14 (br. s., 1H),
4.90 (s, 1H), 4.49 (s, 2H), 3.15 (td, J = 4.36, 11.28 Hz, 1H), 2.68−2.99
(m, 4H). 13C NMR (101 MHz, DMSO-d6) δ ppm 142.7, 141.3, 137.6,
134.4, 127.8, 126.2, 126.2, 122.0, 62.7, 59.0, 42.0, 25.1. MS (ESI) 246.4
(M + H).

4-(p-Tolyl)-4,5,6,7-tetrahydrothieno[3,2-c]pyridine (54). The pro-
cedure described for compound 43 (general procedure A) with 2-(2-
thienyl)-ethylamine (100 mg, 0.79 mmol), 4-methylbenzaldehyde (96
mg, 0.8 mmol), triethylamine (0.05 mL), EtOH (1 mL), and TFA (4
mL) afforded 54 (51 mg, 28% yield). 1H NMR (400 MHz, CDCl3) δ
ppm 7.14−7.25 (m, 4H), 7.06 (d, J = 5.11Hz, 1H), 6.48 (d, J = 5.13Hz,
1H), 4.98 (s, 1H), 3.19−3.10 (m, 1H), 2.98−3.07 (m, 1H), 2.89−2.96
(m, 1H), 2.36−2.42 (m, 1H). 13C NMR (101 MHz, CDCl3) δ ppm
136.1, 135.3, 131.9, 129.6, 127.5, 126.7, 125.0, 123.2, 63.6, 42.4, 26.4,
20.3. MS (ESI) 230.1 (M + H).

4-(3-Chlorophenyl)-4,5,6,7-tetrahydrothieno[3,2-c]pyridine (55).
The procedure described for compound 43 (general procedure A) with
2-(2-thienyl)-ethylamine (100 mg, 0.79 mmol), 4-chlorobenzaldehyde
(110 mg, 0.79 mmol), triethylamine (0.05 mL), EtOH (1 mL), and
TFA (4 mL) afforded 55 (181 mg, 91% yield). 1H NMR (400 MHz,
CDCl3) δ ppm 7.27−7.29 (m, 1H), 7.24−7.26 (m, 2H), 7.15−7.19 (m,
1H), 7.03 (d, J = 5.26 Hz, 1H), 6.46 (d, J = 5.26 Hz, 1H), 5.00 (t, J =
1.77 Hz, 1H), 3.23−3.35 (m, 1H), 3.07−3.16 (m, 1H), 2.94−3.03 (m,
1H), 2.80−2.88 (m, 1H), 1.82 (br. s., 1H). 13C NMR (101 MHz,
CDCl3) δ ppm 141.7, 136.4, 135.7, 133.7, 130.2, 128.7, 127.7, 126.1,
123.8, 122.0, 59.7, 41.5, 26.0. MS (ESI) 250.0 (M + H).

3-(4,5,6,7-Tetrahydrothieno[3,2-c]pyridin-4-yl)phenol (56). 58
(50 mg, 0.2 mmol) was dissolved in DCM (4 mL). BBr3 in DCM (1
M, 0.6 mL, 0.6 mmol) was added at 0 °C and was stirred overnight at
room temperature. NH4OH (1 mL) was added to the reaction mixture
until pH 7, and the mixture was diluted with EtOAc. The organic layer
was separated and washed with saturated NaHCO3 (10 mL). The
organic layer was washed with brine (10 mL), dried over MgSO4,
filtered, evaporated in vacuo with silica gel, and purified with DCM/
MeOH to afford 56 (21mg, 45%) as a white solid. 1HNMR (400MHz,
, DMSO-d6) δ ppm 9.26 (br. s., 1H), 7.18 (d, J = 5.11 Hz, 1H), 7.08−
7.14 (m, 1H), 6.73 (d, J = 7.56 Hz, 1H), 6.68−6.71 (m, 1H), 6.63−6.67
(m, 1H), 6.42 (d, J = 5.11 Hz, 1H), 4.83 (s, 1H), 3.81 (dd, J = 7.33, 8.67
Hz, 1H), 3.07−3.19 (m, 1H), 2.80−2.97 (m, 2H). 13C NMR (101
MHz, DMSO-d6) δ ppm 157.2, 145.6, 137.5, 134.1, 128.9, 126.2, 125.4,
121.8, 115.0, 114.0, 59.1, 41.9, 25.5. MS (ESI) 232.2 (M + H).

3-(4,5,6,7-Tetrahydrothieno[3,2-c]pyridin-4-yl)aniline (57). 60
(130 mg, 0.86 mmol) was dissolved in EtOH (2 mL). HCl (20%, 0.4
mL) and Fe (65 mg, 1.16 mmol) were added to the mixture at room
temperature. The resulting reaction mixture was stirred at 95 °C
overnight. The mixture was diluted with CHzClz (30 mL) and washed
with saturated NaHCO3 aq (20 mL). The organic layer was washed
with brine (20 mL), dried over MgSO4, filtered, concentrated,
evaporated in vacuo with silica gel, and purified with DCM/MeOH
to afford 57 (104 mg, 52%) as an off-white solid. 1H NMR (400 MHz,
DMSO-d6) δ ppm 7.15 (d, J = 5.11 Hz, 1H), 6.96 (t, J = 7.78 Hz, 1H),
6.38−6.58 (m, 4H), 4.98 (br. s., 2H), 4.75 (s, 1H), 3.17 (td, J = 4.36,
11.28 Hz, 1H), 2.62−2.99 (m, 3H).13C NMR (101 MHz, DMSO-d6) δ

ppm 148.5, 144.3, 137.9, 134.0, 128.4, 126.3, 121.6, 115.9, 113.6, 112.8,
59.6, 42.2, 25.6. MS (ESI) 231.2 (M + H).

4-(3-Methoxyphenyl)-4,5,6,7-tetrahydrothieno[3,2-c]pyridine
(58).The procedure described for compound 43 (general procedure A)
with 2-(2-thienyl)-ethylamine (100 mg, 0.79 mmol), 3-methoxyben-
zaldehyde (107 mg, 0.79 mmol), triethylamine (0.05 mL), EtOH (1
mL), and TFA (4 mL) afforded 58 (85 mg, 44% yield). 1H NMR (400
MHz, CDCl3) δ ppm 7.23−7.32 (m, 1H), 7.04 (d, J = 5.33 Hz, 1H),
6.82−6.94 (m, 3H), 6.53 (d, J = 5.11 Hz, 1H), 5.04 (s, 1H), 3.81 (s,
3H), 3.35 (td, J = 4.78, 12.22 Hz, 1H), 3.09−3.19 (m, 1H), 3.01 (d, J =
7.78 Hz, 1H), 2.82−2.92 (m, 1H), 1.99 (br. s., 1H).13C NMR (101
MHz, CDCl3) δ ppm 159.8, 145.3, 136.6, 135.0, 129.4, 126.4, 121.8,
120.7, 114.0, 113.0, 60.1, 55.2, 42.5, 26.1. MS (ESI) 246.4 (M + H).

3-(4,5,6,7-Tetrahydrothieno[3,2-c]pyridin-4-yl)benzonitrile (59).
The procedure described for compound 43 (general procedure A)
with 2-(2-thienyl)-ethylamine (100 mg, 0.79 mmol), 3-formylbenzoni-
trile (107mg, 0.81mmol), triethylamine (0.05mL), EtOH (1mL), and
TFA (4 mL) afforded 59 (109 mg, 56% yield). 1H NMR (400 MHz,
CDCl3) δ ppm 7.57−7.65 (m, 3H), 7.43−7.50 (m, 1H), 7.08 (d, J =
5.33 Hz, 1H), 6.45 (d, J = 5.11 Hz, 1H), 5.09 (s, 1H), 3.23−3.35 (m,
1H), 3.10−3.20 (m, 1H), 2.96−3.08 (m, 1H), 2.83−2.96 (m, 1H), 1.80
(br. s., 1H). 13C NMR (101 MHz, CDCl3) δ ppm 135.4, 132.9, 132.0,
131.3, 129.3, 125.8, 122.5, 118.8, 59.2, 42.3, 26.0. MS (ESI) 241.3 (M +
H).

4-(3-Nitrophenyl)-4,5,6,7-tetrahydrothieno[3,2-c]pyridine (60).
The procedure described for compound 43 (general procedure A)
with 2-(2-thienyl)-ethylamine (100 mg, 0.79 mmol), 3-nitrobenzalde-
hyde (119 mg, 0.79 mmol), triethylamine (0.05 mL), EtOH (1 mL),
and TFA (4 mL) afforded 60 (126 mg, 61% yield). 1H NMR (400
MHz, CDCl3) δ ppm 8.10−8.27 (m, 2H), 7.68 (td, J = 1.17, 7.67 Hz,
1H), 7.47−7.57 (m, 1H), 7.08 (d, J = 5.11Hz, 1H), 6.46 (d, J = 5.33Hz,
1H), 5.17 (s, 1H), 3.25−3.38 (m, 1H), 3.11−3.24 (m, 1H), 2.97−3.10
(m, 1H), 2.82−2.94 (m, 1H), 1.98 (br. s., 1H). 13C NMR (101 MHz,
CDCl3) δ ppm 146.1, 135.7, 135.4, 134.6, 129.4, 125.7, 123.3, 122.7,
122.5, 59.3, 42.5, 26.0. MS (ESI) 261.0 (M + H).

4-(2-Fluorophenyl)-4,5,6,7-tetrahydrothieno[3,2-c]pyridine (61).
The procedure described for compound 43 (general procedure A) with
2-(2-thienyl)-ethylamine (100 mg, 0.79 mmol), 2-fluorobenzaldehyde
(98 mg, 0.79 mmol), triethylamine (0.05 mL), EtOH (1 mL), and TFA
(4 mL) afforded 61 (111 mg, 60% yield). 1H NMR (400MHz, CDCl3)
δ ppm 7.24−7.35 (m, 1H), 7.03−7.18 (m, 4H), 6.54 (d, J = 5.11 Hz,
1H), 5.48 (s, 1H), 3.24−3.35 (m, 1H), 3.09−3.20 (m, 1H), 2.86−3.05
(m, 2H), 1.97 (br. s., 1H).19F NMR (377 MHz, CDCl3) δ ppm
−119.86 (s, 1F). 13C NMR (101 MHz, CDCl3) δ ppm 151.7, 139.8,
135.5, 130.0, 129.1, 126.0, 124.0, 122.0, 115.5, 52.6, 42.0, 26.0. MS
(ESI) 234.1 (M + H).

4-(2-Chlorophenyl)-4,5,6,7-tetrahydrothieno[3,2-c]pyridine (62).
The procedure described for compound 43 (general procedure A) with
2-(2-thienyl)-ethylamine (100 mg, 0.79 mmol), 2-chlorobenzaldehyde
(110 mg, 0.79 mmol), triethylamine (0.05 mL), EtOH (1 mL), and
TFA (4 mL) afforded 62 (158 mg, 81% yield). 1H NMR (400 MHz,
CDCl3) δ ppm 7.44 (dd, J = 1.56, 7.56Hz, 1H), 7.22 (dtd, J = 1.56, 7.42,
18.50 Hz, 2H), 7.06−7.12 (m, 2H), 6.54 (d, J = 5.11 Hz, 1H), 5.59 (s,
1H), 3.19−3.27 (m, 1H), 3.10−3.18 (m, 1H), 2.86−3.06 (m, 2H), 2.04
(br. s., 1H). 13C NMR (101 MHz, CDCl3) δ ppm 140.7, 135.7, 135.4,
133.7, 130.2, 129.7, 128.7, 126.8, 126.2, 122.1, 55.8, 41.6, 26.1. MS
(ESI) 250.0 (M + H).

4-(2-Nitrophenyl)-4,5,6,7-tetrahydrothieno[3,2-c]pyridine (64).
The procedure described for compound 43 (general procedure A)
with 2-(2-thienyl)-ethylamine (100 mg, 0.79 mmol), 2-nitrobenzalde-
hyde (107 mg, 0.94 mmol), triethylamine (0.05 mL), EtOH (1 mL),
and TFA (4 mL) afforded 64 (123 mg, 60% yield). 1H NMR (400
MHz, CDCl3) δ ppm 7.87 (dd, J = 1.22, 8.11 Hz, 1H), 7.47−7.56 (m,
1H), 7.39−7.46 (m, 1H), 7.22−7.32 (m, 1H), 7.08 (d, J = 5.33 Hz,
1H), 6.49 (d, J = 5.33 Hz, 1H), 5.55 (s, 1H), 3.11−3.28 (m, 2H), 2.97−
3.07 (m, 1H), 2.83−2.95 (m, 1H), 2.38 (br. s., 1H). 13C NMR (101
MHz, CDCl3) δ ppm 150.0, 137.9, 136.3, 134.9, 132.6, 131.2, 128.3,
126.0, 124.1, 122.4, 54.2, 41.8, 26.0. MS (ESI) 261.3 (M + H).

4-(2-(Trifluoromethyl)phenyl)-4,5,6,7-tetrahydrothieno[3,2-c]-
pyridine (65). The procedure described for compound 43 (general
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procedure A) with 2-(2-thienyl)-ethylamine (100 mg, 0.79 mmol), 2-
(trifluoromethyl)benzaldehyde (123 mg, 0.79 mmol), triethylamine
(0.05 mL), EtOH (1 mL), and TFA (4 mL) afforded 65 (133 mg, 59%
yield). 1H NMR (400 MHz, CDCl3) δ ppm 7.72 (d, J = 8.00 Hz, 1H),
7.46−7.55 (m, 1H), 7.33−7.44 (m, 2H), 7.03 (d, J = 5.11 Hz, 1H), 6.37
(d, J = 5.33 Hz, 1H), 5.50 (s, 1H), 3.33−3.45 (m, 1H), 3.04−3.25 (m,
2H), 2.85−2.97 (m, 1H), 2.14 (br. s., 1H). 19F NMR (377 MHz,
CDCl3) δ ppm −57.59 (s, 3F). 13C NMR (101 MHz, CDCl3) δ ppm
142.7, 136.5, 135.3, 132.0, 131.0, 127.4, 126.2, 125.4, 122.2, 55.2, 43.3,
26.0. MS (ESI) 284.1 (M + H).

N-(2-Bromophenethyl)benzamide. To a solution of 2-(2-
bromophenyl)ethanamine (1 g, 5 mmol) and TEA (1.5 mL) in
DCM (15 mL) at 0 °C was added benzoyl chloride (700 mg, 5 mmol)
dropwise. The mixture was stirred at 20 °C overnight. The mixture was
diluted with DCM (20 mL) and washed with saturated NaHCO3 aq
(20 mL). The organic layer was washed by 1 NHCl (20 mL) and brine
(20 mL), dried over MgSO4, filtered, and concentrated in vacuo to give
N-(2-bromophenethyl)benzamide (1.45 g, 95% yield) as an off-white
solid. MS (ESI) 305.1 (M + H).

5-Bromo-1-phenyl-3,4-dihydroisoquinoline (66-int).To a solution
ofN-(2-bromophenethyl)benzamide (470mg, 1.54mmol) in xylene (3
mL) was added P2O5 (354 mg, 2.49 mmol) in two portions while
stirring. POCl3 (0.7 mL) was added under nitrogen, and the reaction
mixture was stirred at 130 °C for 2 days. The mixture was concentrated
in vacuo, and the residue was diluted with DCM(30mL) and quenched
with cold saturated NaHCO3 aq (20 mL). The organic layer was dried
over MgSO4, filtered, concentrated in vacuo, and purified with DCM/
MeOH to give 67-int (240 mg, 54%), which was used for the next step.
1H NMR (400 MHz, CDCl3) δ ppm 7.63−7.67 (m, 1H), 7.56−7.60
(m, 2H), 7.41−7.49 (m, 3H), 7.23−7.27 (m, 1H), 7.12−7.18 (m, 1H),
3.83−3.94 (m, 2H), 2.89−2.99 (m, 2H). 13CNMR (101MHz, CDCl3)
δ ppm 166.9, 143.5, 138.7, 138.4, 134.7, 132.1, 130.8, 130.0, 129.6,
128.8, 128.2, 127.7, 127.2, 123.5, 47.2, 25.8. MS (ESI) 287.2 (M + H).

5-Bromo-1-phenyl-1,2,3,4-tetrahydroisoquinoline (66). To a
solution of 66-int (200 mg, 0.69 mmol) in MeOH (2 mL) at 20 °C
was added NaBH4 (100 mg, 2.9 mmol) portionwise. The mixture was
stirred at 20 °C for 12 h. The mixture was concentrated in vacuo, and
the residue was diluted with EtOAc (30 mL) and washed by 1 N HCl
(30 mL). The aqueous layer was separated and basified with saturated
N2CO3 aq (25 mL). The mixture was extracted with EtOAc (25 mL ×
2). The combined organic layer was dried over MgSO4, filtered,
concentrated in vacuo, and purified with DCM/ACN to give 96 (150
mg, 75%) as an off-white solid. 1H NMR (400 MHz, CDCl3) δ ppm
7.50−7.58 (m, 1H), 7.33−7.41 (m, 5H), 7.02 (t, J = 7.89 Hz, 1H),
6.73−6.82 (m, 1H), 5.40 (s, 1H), 3.22−3.39 (m, 1H), 2.97−3.21 (m,
3H). 13C NMR (101 MHz, CDCl3) δ ppm 138.3, 133.2, 131.8, 130.0,
129.1, 128.9, 127.6, 125.3, 60.0, 39.9, 27.7. MS (ESI) 289.4 (M + H).

1-Phenyl-1,2,3,4-tetrahydroisoquinolin-5-amine (67). 96 (100
mg, 0.34 mmol), Pd2(dba)3 (95 mg, 0.1 mmol), and Xantphos (65
mg, 0.1 mmol) were mixed in toluene (2 mL). Benzophenone imine
(65 mg, 0.35 mmol) and K3PO4 were added under nitrogen. The
reaction mixture was heated at 100 °C overnight. The reaction mixture
was cooled, and tetrahydrofuran (3 mL) with HCl (3 N, 3 mL) was
added. The reaction mixture was stirred at room temperature for 1 h,
and NaOH was added until pH = 7.5. The resulting mixture was
extracted with CH2Cl2 (three times). The organic phases were
combined, dried with MgSO4, evaporated in vacuo with silica gel,
and purified with DCM/MeOH to afford corresponding 10 mg (13%)
of 67 as an off-white solid.

1H NMR (400 MHz, CDCl3) δ ppm 7.55−7.68 (m, 2H), 7.39−7.50
(m, 3H), 7.03−7.15 (m, 1H), 6.86 (dd, J = 0.89, 8.00 Hz, 1H), 6.68−
6.79 (m, 1H), 3.84−3.97 (m, 2H), 3.74 (br. s., 2H), 2.55−2.70 (m,
2H). 13C NMR (101 MHz, CDCl3) δ ppm 144.8, 144.1, 139.0, 128.7,
127.3, 125.7, 120.5, 118.4, 112.8, 62.1, 42.3, 24.7. MS (ESI) 225.4 (M +
H).

5-Methoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline (68). The
procedure described for compound 43 (general procedure A) with 2-
(2-methoxyphenyl)ethanamine (100 mg, 0.66 mmol), benzaldehyde
(100 mg, 0.94 mmol), triethylamine (0.05 mL), EtOH (1 mL), and
TFA (6 mL) afforded 68 (51 mg, 32% yield). 1H NMR (400 MHz,

CDCl3) δ ppm 7.25−7.38 (m, 5H), 7.06 (t, J = 8.00 Hz, 1H), 6.74 (d, J
= 8.00 Hz, 1H), 6.42 (d, J = 7.78 Hz, 1H), 5.12 (s, 1H), 3.89 (s, 3H),
3.30 (td, J = 5.28, 12.11 Hz, 1H), 3.04−3.15 (m, 1H), 2.85 (t, J = 5.89
Hz, 2H), 1.92 (br. s., 1H). 13C NMR (101 MHz, CDCl3) δ ppm 157.1,
144.8, 139.7, 129.0, 128.4, 127.3, 125.8, 124.7, 120.3, 107.4, 61.9, 55.3,
41.7, 23.9. MS (ESI) 240.1 (M + H).

1-(4-Methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline (71). The
procedure described for compound 43 (general procedure A) with 2-
phenylethanamine (100 mg, 0.66 mmol), 4-methoxybenzaldehyde
(100 mg, 0.94 mmol), triethylamine (0.05 mL), EtOH (1 mL), and
TFA (6 mL) afforded 71 (71 mg, 45% yield). 1H NMR (400 MHz,
CDCl3) δ ppm 7.21−7.24 (m, 2H), 7.18 (d, J = 4.00 Hz, 2H), 7.04−
7.11 (m, 1H), 6.86−6.94 (m, 2H), 6.80 (d, J = 7.56 Hz, 1H), 5.10 (s,
1H), 3.84 (s, 3H), 3.27−3.37 (m, 1H), 3.03−3.17 (m, 2H), 2.80−2.92
(m, 1H), 1.90−2.02 (m, 1H). 13C NMR (101 MHz, CDCl3) δ ppm
158.9, 138.7, 137.2, 135.5, 130.0, 129.0, 128.1, 126.2, 125.6, 113.8, 61.5,
55.3, 42.0, 29.8. MS (ESI) 240.1 (M + H).

(S)-2-((S)-2-(2-((2,4-Dimethoxybenzyl)amino)acetamido)-2-(thi-
ophen-2-yl)acetamido)-N-methyl-4-phenylbutanamide (88). For
detailed information about the chemical synthesis of 88, see the
Supporting Information. The compound was obtained as a 58:42
mixture of epimers. 1H NMR (CD3OD, 400MHz) δ 7.43 (dd, J = 16.4,
4.4 Hz, 1H), 7.23−7.26 (m, 1H), 7.09−7.22 (m, 5H), 7.00−7.08 (m,
1H), 6.96 (d, J = 7.2 Hz, 1H), 6.52 (t, J = 2.4 Hz, 1H), 6.44−6.50 (m,
1H), 5.74 (d, J = 10.4 Hz, 1H), 4.13−4.36 (m, 1H), 3.76−3.81 (m,
8H), 3.36−3.43 (m, 2H), 2.71(d, J = 20.8 Hz, 3H), 2.35−2.67(m, 2H),
2.04−2.21 (m, 1H), 1.80−2.03 (m, 1H); m/z [M + H] + = 539.3;
HPLC (Shimadzu) tR = 1.94 min (minor epimer), 2.02 min (major
epimer); SFC (Waters UPCC) tR = 2.41 min (major epimer), 2.67
(minor epimer).

(2R)-2-[[2-(Butylamino)acetyl]amino]-3-(4-tert-butylphenyl)-N-
[(1S)-1-[(3-methoxyphenyl)methyl]-2-(methylamino)-2-oxo-ethyl]-
propenamide (89). For detailed information about the chemical
synthesis of 89, see the Supporting Information. 1H NMR (CD3OD,
400 MHz) δ 7.28 (d, J = 8.4 Hz, 2H), 7.16−7.21 (m, 1H), 6.98 (d, J =
8.0Hz, 2H), 6.73−6.80 (m, 3H), 4.52−4.64 (m, 3H), 3.76 (s, 3H), 3.50
(s, 2H), 3.04 (dd, J = 14.0, 5.6 Hz, 1H), 2.71−2.85 (m, 4H), 2.70 (s,
3H), 1.47−1.58 (m, 2H), 1.32−1.40 (m, 2H), 1.27 (s, 9H), 0.94 (t, J =
7.4 Hz, 3H); 13C NMR (DMSO-d6, 126 MHz) δ 171.4, 170.5, 170.1,
163.8, 159.2, 148.3, 139.6, 134.0, 129.1, 128.9, 124.5, 121.6, 114.8,
111.9, 54.9, 54.2, 52.9, 51.4, 48.5, 37.8, 37.3, 34.0, 31.1, 31.0, 25.5, 19.7,
13.9; m/z [M + H] + = 525.6; HPLC (Shimadzu) tR = 2.33 min; SFC
(Waters UPCC) tR = 2.33 min.

(2S,3S)-N-[(1S)-2-[[(1S)-1-(Cyclohexylmethyl)-2-(methylamino)-
2-oxo-ethyl]amino]-2-oxo-1-(3-thienyl)ethyl]-3-phenyl-azetidine-
2-carboxamide (90). For detailed information about the chemical
synthesis of 90, see the Supporting Information. The compound was
obtained as a 65:35 mixture of epimers. 1HNMR (CD3OD, 400MHz):
δ 7.43−7.50 (m, 2H), 7.41 (s, 1H), 7.31−7.40 (m, 3H), 7.24−7.30 (m,
1H), 7.13−7.20 (m, 1H), 5.56−5.66 (m, 1H), 4.62 (d, J = 6.0 Hz, 1H),
4.41 (t, J = 8.0 Hz, 1H), 3.92−4.02 (m, 2H), 3.85−3.92 (m, 1H), 2.67
(s, 3H), 1.77 (d, J = 12.4 Hz, 1H), 1.70 (d, J = 10.8 Hz, 4H), 1.57−1.63
(m, 2H), 1.24−1.38 (m, 2H), 1.16−1.22 (m, 2H), 0.85−1.01 (m, 2H);
m/z [M + H] + = 483.4; HPLC (Shimadzu) tR = 2.07 min (major
epimer), 2.13 min (minor epimer); SFC (Waters UPCC) tR = 2.23 min
(minor epimer), 2.52 min (major epimer).

(E,2R)-2-[[2-(Benzylamino)acetyl]amino]-N-[(1S)-2-(methylami-
no)-2-oxo-1-(p-tolylmethyl)ethyl]-5-phenyl-pent-4-enamide (91).
For detailed information about the chemical synthesis of 91, see the
Supporting Information. 1HNMR (DMSO-d6, 400MHz): δ 8.46−8.48
(d, J = 12.0 Hz, 1H), 8.34 (s, 1H), 7.96−7.98 (m, 1H), 7.27−7.33 (m,
7H), 7.20−7.21 (m, 3H), 7.12−7.19 (m, 2H), 7.04−7.10 (m, 2H),
6.14−6.18 (d, J = 16.0 Hz, 1H), 5.73−5.77 (m, 1H), 4.53−4.54 (m,
1H), 4.40−4.44 (m, 1H), 3.89 (s, 2H), 3.43 (s, 2H), 2.92−2.95 (m,
1H), 2.67−2.68 (m, 1H), 2.57−2.58 (m, 3H), 2.33−2.35 (m, 2H),
2.25−2.32 (m, 1H), 2.16 (s, 3H); m/z [M + H] + = 513; HPLC
(Waters) tR = 0.893 min; SFC (Waters UPCC) tR = 4.06 min.

N-Methyl-2-[(2R)-3-(2-methyl-1H-indol-3-yl)-2-[[2-[2-(4-
methylphenoxy)ethylamino]acetyl]amino]propanoyl]isoindoline-
1-carboxamide (92). For detailed information about the chemical
synthesis of 92, see the Supporting Information. 1H NMR (CD3OD,
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400 MHz) δ 7.57−7.62 (m, 1H), 7.35−7.46 (m, 1H), 7.34−7.34 (m,
1H), 7.25−7.30 (m, 1H), 7.07−7.22 (m, 2H), 7.01−7.05 (m, 3H), 6.99
(s, 1H), 6.86−6.93 (m, 1H), 6.74 (d, J = 8.4 Hz, 1H), 5.44 (d, J = 1.2
Hz, 1H), 5.08−5.15 (m, 1H), 4.61−4.68 (m, 1H), 4.07 (t, J = 5.2 Hz,
1H), 3.80−3.91 (m, 2H), 3.47−3.56 (m, 1H), 3.00−3.20 (m, 3H),
2.75−2.88 (m, 2H), 2.70 (s, 2H), 2.64 (s, 1H), 2.41 (s, 2H), 2.32 (s,
1H), 2.25 (s, 1H), 2.15 (s, 2H); m/z [M + H] + = 568.5; HPLC
(Shimadzu) tR = 2.17 min; SFC (Waters UPCC) tR = 3.70 min.
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