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ABSTRACT: Protein degradation with proteolysis targeting chimeras (PROTACs) has emerged as a powerful therapeutic 
strategy. PROTACs are heterobifunctional molecules consisting of a target-binding moiety, a linker and an E3 ligase-bind-
ing moiety that are commonly linked together using amide bonds. Although experimentally facile, this bond choice may 
impart sub-optimal drug properties to the overall PROTAC molecule. Here, we show that a suite of BRD4 PROTAC degraders 
were prepared via diverse amine-acid couplings beyond the amide bond, where the bromodomain inhibitor JQ1 carboxylic 
acid was used as the acid and the E3-derived (Cereblon or Von Hippel Lindau) partial PROTACs served as the amine. Four 
new amine–acid coupling reactions were developed to generate the ester, ketone, alkane, or amine bond connection using 
miniaturized high-throughput experimentation (HTE). Subtle reaction condition effects in nickel and platinum catalyzed 
couplings on complex molecule substrates were uncovered, and the toolbox of linkage methods to synthesize heterobifunc-
tional degraders was expanded. Calculated physicochemical properties for these ten diversly linked PROTACs showed a 
wide range of lipophilicity, polar surface area, and hydrogen bonding characteristics. Ultimately, when these compounds 
were evaluated for BRD4 degradation, several of them showed improved efficacy.  The ester, ketone, and alkane linked 
degraders outperform the classic amide-linked compound. This study highlights the impact that slight changes to the link-
age between the protein of interest (POI) and E3 ligase binders can be used to modulate degradation and drug properties.

The ability to covalently unite two molecules is critical to 
studies in proximity-induced pharmacology, medicinal 
chemistry, polymer chemistry, chemical biology, antibody-
drug fusion and other diverse bioconjugation applications. 
Recently, the emergence of proteolysis targeting chimeras 
(PROTACs) as a powerful therapeutic modality has high-
lighted the role that the linker composition has not only on 
the activity, but also the bulk physicochemical properties of 
these protein degraders.1–6 PROTACs are heterobifunctional 
ligands that contain a ligand to recruit an E3 ubiquitin lig-
ase, a ligand to bind the protein of interest (POI), and a 
linker conjoining the two ligands, leading to event driven 

pharmacology that is catalytic and agnostic of receptor oc-
cupancy.7 As such, PROTACs have a unique ability to elimi-
nate “undruggable” protein targets. The explosion of inter-
est in PROTACs has led to an extensive, commercially avail-
able toolkit of linker and E3 ligase binding building blocks, 
many of which terminate in an amine or carboxylic acid. The 
amide reaction is one of the most popular methods for link-
ing two molecules together and has been broadly used in 
the development of PROTACs.8,9 Other tactics include ester-
ification10, click chemistry,11 SNAr,12 Buchwald–Hartwig 
coupling,13 among other new methods.14,15 Each of these 
methods represents a powerful way to unite the POI and E3 
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ligase pair, but often requires multi-step synthesis to install 
an alternative reactive functional group on one or both 
binders. Recently, we have shown that amines and carbox-
ylic acids can be united in many ways beyond the amide 
connection, with each amine–acid coupling transformation 
imparting a distinct physicochemical footprint on the prod-
uct.16–21 Given that the linker moiety may affect degradation 
efficiency as well as absorption, distribution, metabolism 
and excretion (ADME) properties such as permeability of 
PROTACs,22 we sought to explore new reactions that would 
expand access to diverse linkages between a POI and E3 lig-
ase ligands, and examine the influence of the linker changes 
on the biological activity of certain final PROTACs. 

 Conventionally, when a primary amine and carboxylic 
acid are coupled together23, the resultant amide motif bears 
one hydrogen bond donor (HBD) along with  two hydrogen 
bond acceptors (HBA) and a neutral charge. In this manner, 
the transformation itself can be viewed as leaving a physi-
cochemical footprint on the product. However, if the condi-
tions used in the reaction are modified and an ester is pro-
duced instead, the HBD is removed from the product. It fol-
lows that the functional outcome of a molecule is dependent 
not only upon the building blocks used to create it but also 
the transformation used to unite these fragments which are 
intertwined with the selected reaction conditions. In this 
way, shifts in the composition and arrangement of atoms al-
low for a fine tuning of the  property space accessible from 
just two building blocks by changing reaction conditions.17 
We have developed transformations that  couple amines 
and acids into esters,18,19 alkanes,20,21 and ketones.21 The ap-
plication of complementary amine–acid coupling transfor-
mations to assemble PROTACs is particularly intriguing, 
considering the important role that the linker design itself 
may play on properties. Herein, we developed a suite of 
amine–acid PROTACs linking reactions that produced ei-
ther an amide, ester, amine, alkane, or ketone linkage using 
the well-studied bromodomain inhibitor JQ1 1 and cereblon 
(CRBN) binding pomalidomide derived amine 2 to yield de-
rivatives 4–7 of the classic PROTAC dBET1 (3) (Figure 1a).24 
Our suite of heterobifunctional degraders, accessed from 
these two starting materials was expanded upon by apply-
ing the same transformations to a von Hippel-Lindau (VHL) 
targeting amine. The resultant compounds span a range of 
physicochemical and pharmacological properties. 

Furthermore, when 80 possible transformations16 were 
applied on 1 and a suite of commercially available CRBN re-
cruiting amines in silico, a diverse property space emerged. 
The properties of these molecules, including molecular 
weight, LogP, formal charge, and polar surface area (PSA) 
(see Supporting Information/Github) were calculated and 
compared for the 80 possible transformations using a t-Dis-
tributed Stochastic Neighbor Embedding (tSNE) (Figure 
1b). This analysis revealed the amide (purple) and amine 
(yellow) transformations in general occupy their own 
chemical space, suggesting these transformations impart a 
larger effect on the overall properties of the molecule. Com-
paratively, the ester (pink), alkane (red), and ketone (or-
ange) overlap in chemical space, indicating these transfor-
mations exert a more nuanced effect on the property space 

occupied by the products. This is further exemplified by the 
incorporation of basic amines into the linker portion of the 
starting amine (c.f. orange dots in the yellow space). Notable 
inaccessible pockets (grey) of this space that remain include 
transformations that retain the carboxylic acid or incorpo-
rate rearrangements (See Supporting Information), repre-
senting synthetic methods that may be possible to investi-
gate in the future.  However, these four new transfor-
mations cover a breadth of space and offer new structure 
activity relationships from the same two building blocks. 

Figure 1. (a) Diverse amine–acid couplings on 1 and 2 can produce 
amide (3), ester (4), alkane (5), ketone (6), or amine (7), congeners. 
(b) These transformations and 75 others (ref. 16) are applied to 1
and a collection of commercially available amine-containing partial 
PROTACs (see Supporting Information) to give a chemical space, 
displayed as a t-distributed stochastic neighbor embedding (tSNE), 
with amide, ester, amine, alkane, ketone products highlighted in 
color. 
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 Results and Discussion 

Figure 2. (a) Developing diverse reaction conditions to produce ester, amine, alkane, and ketone-linked analogs of amide dBET1 (3) 
using high-throughput experimentation. Assay yields were determined by UPLC-MS. (b) Ester array conditions: 10 µmol of 1 (1.0 
equiv), 10 (1.0 equiv), base (1.0 equiv) and additive (equiv listed) per well. (c) Alkane array conditions: 5 µmol (2.0 equiv) of 8, 10 
(1.0 equiv), nickel catalyst (40 mol%), ligand (40 mol %), imide additive (2.0 equiv), Brønsted acid (2.0 equiv), and manganese (4.0 
equiv) per well. (d) Ketone array conditions: 5 µmol (2.0 equiv) of 9, (1.0 equiv), nickel catalyst (40 mol%), ligand (40 mol %), 
additive (2.0 equiv), and manganese (4.0 equiv) per well. (e) Amine array conditions: 15 µmol 1 (1.5 equiv), 2 (1.0 equiv), catalysts 
(5 mol %), ligand (10 mol %), and phenylsilane (4 equiv) per well. All wells contain 100 µL of solvent. PyBCamCN = (2Z,6Z)-N′2,N′6-
Dicyanopyridine-2,6-bis(carboximidamide), MeOPyCamCN = 4-methoxy-N-cyanopicolinimidamide PyCamCN = N-cyanopicolinimid-
amide, ttbtpy = 4,4′,4″-Tri-tert-Butyl-2,2′:6′,2″-terpyridine, dtbpy = 4,4-di-tert-butylbipyridine, 2CNPyr = 2-cyanopyridine, Karstedt’s 
cat = Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex. 
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Results and Discussion 

Our studies initiated with a campaign to identify 
diverse reaction conditions for linking 1 and 2 that would 
produce PROTAC molecules 3–7. We used miniaturized 
high throughput experimentation (HTE), which has 
emerged as a powerful tool in the navigation of reaction 
space.25–28 In addition to allowing a rapid assessment of the 
interplay of multiple reaction variables, the use of miniature 
glass vials allows for conservation of precious starting ma-
terials,29 such as partial PROTAC building blocks. HTE inves-
tigation of the four targeted amine–acid coupling transfor-
mations esterification, alkylation, ketonylation, or amina-
tion was conducted surveying 24 unique reaction condi-
tions each. Reactions were performed on less than 10 µmol 
scale of starting material 2 per well (Figure 2a).  

Automatable amine–acid esterification reactions 
have been developed by our lab for both alkyl19 and aryl 
amines.18 In the alkyl amine setting, the esterification pro-
ceeds via activation of the alkyl amine as its triphenylpyri-
dinium salt30 and aging with a carboxylic acid in the pres-
ence of N,N-diispropylethylamine (DIPEA) and potassium 
iodide (KI). When 1 and the pyridinium salt of 2 were sub-
jected to these conditions, the desired ester was observed 
alongside an undesired isobaric compound presumed to be 
from imine N-alkylation (Supporting Information, Figure 
S10). Thus, a 24-well reaction array examining different 
promoter additives and bases was performed to identify al-
ternative reaction conditions for the formation of desired 
ester 4 (Figure 2b). In general, stronger bases facilitated the 
formation of the desired ester product. For instance, potas-
sium tert-butoxide yielded 4 as the exclusive product 
whereas lutidine exclusively formed the undesired adduct. 
DIPEA and triethylamine (TEA) gave mixtures of both the 
desired product and the undesired adduct. Potassium bro-
mide (KBr) and bromomethyldiethyl malonate facilitated 
the reaction as additives, but in lower yield than KI or so-
dium iodide (NaI). The best performing conditions used KI 
and potassium tert-butoxide and gave 4 in 53% assay yield 
and 54% isolated yield. This protocol complements multi-
step synthesis methods to access ester-linked PROTACs via 
total synthesis.10  

To access the alkane and ketone linked products, 
we explored nickel-catalyzed reductive cross-couplings 
conditions. Recent methods employing nickel as the metal 
catalyst have emerged as a powerful tool to link pyridinium 
salts31–35 and activated carboxylic acids for the formation of 
alkanes or ketones36–39, and we hypothesized that a reduc-
ing nickel system would best facilitate the formation of al-
kane (5) and ketone (6) targets. We began our investigation 
through coupling acyl fluoride 8 (Figure 3), generated in-
situ from 1 using tetramethylfluoroformamidinium hex-
afluorophosphate (TFFH) and proton sponge, and 10 (pyri-
dinium salt of 2). Subjecting these coupling partners to 
nickel (II) bromide•glyme (NiBr2•DME), 4,4-di-tert-butylbi-
pyridine (dtbpy), and elemental manganese produced al-
kane product 5. A thorough investigation of the interplay of 

imide additives (see Supporting Information)40, nickel 
sources, ligands, and Brønsted acid additives (Figure 2c) 
was conducted. We found that hydantoin increased alkane 
formation whereas the inclusion of Brønsted acids was det-
rimental. NiBr2•DME, and dtbpy were observed to be the 
optimal catalyst and ligand combination giving 5 in 38% as-
say yield.  

In our investigation of ligands to synthesize alkane 
5, we observed a ligand change occasionally yielded mix-
tures of 5 and ketone 6 (see Supporting Information). Based 
on these observations we hypothesized we could access 6 
through careful selection of catalyst, ligand and additive. 
Thorough investigation revealed we should explore other 
activation strategies (see Supporting Information). For  sub-
strates derived from 1, we determined acyl carbonates to be 
a viable activating group.38 Subsequently, JQ1 (1) was acti-
vated in situ by using dimethyldicarbonate (DMDC). After 
determining our optimal activating group, we investigated 
the use of imides, Brønsted acids, and ligands (Figure 2d). 
We found the ligand (Z)-N-cyanopicolinimidamide 
(PyCamCN) maximized the yield of 6, whereas dtbpy gave 
alkane 5 exclusively. Notably, in contrast to our findings in 
the C–C coupling of 1 and 2, the use of imide additives hin-
dered ketone formation while triethylammonium hydro-
chloride (NEt3•HCl) was found to increase the yield. We se-
lected in situ activation of 1 with DMDC and catalyzed ke-
tonylation with nickel (II) acetylacetonate Ni(acac)2, 
PyCamCN, and NEt3•HCl as optimal conditions to deliver 6 
in 36 % assay yield.  

We were intrigued by the rapid decarbonylation of 
the acyl fluoride 8 to give alkane product 5 as opposed to 
ketone product 6 when subjected to nickel and dtbpy, in 
contrast to literature reports (Figure 3).7.36 This may be due 
to subtle changes in electronics of the substrate having a 
profound impact on the rate of decarbonylation in nickel 
catalyzed reactions.21 Mechanistic investigations in our lab 
and others21,37,41,42 have highlighted that subtle effects gov-
ern the decarbonylation event in nickel-catalyzed reductive 
cross-couplings. In addition, ligands may also play a role in 
governing the kinetics of decarbonylation; when the acyl 
carbonate of 1 and pyridinium salt of 2 were subjected to 
NiBr2•DME and dtbpy, only the decarbonylated alkyl cou-
pling product 5 was observed albeit in lower yield. To 

Figure 3. A change in ligand switches the selectivity for the synthesized 
product. Reactions conducted using 8 or 9 (2.0 equiv), 10 (1.0 equiv), 
nickel catalyst and ligand (40 mol % each), additive (2.0 equiv), and 
manganese (4.0 equiv) at 0.025 M. 
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further probe this effect, we investigated other amine and 
carboxylic acid coupling partners under our reaction condi-
tions (see Supporting Information). In general, we have dis-
covered that selectivity for C–C coupling is consistent in the 
case of primary pyridinium salts whereas only the ketone 
product is observed when using secondary pyridinium 
salts. The rapid decarbonylation is also observed in carbox-
ylic acids containing α β-diphenyl imine group. Further in-
vestigations into this effect are ongoing in our lab. 

 

We next turned our attention to the formal reduc-
tive amination between 1 and 2. Based upon literature prec-
edent43,44, we believed the desired reactivity could be 
achieved using either platinum based catalysis or tris(pen-
tafluorophenyl)borane (BCF). BCF in dibutylether (Bu2O) 

produced a trace amount of desired amine 7 along with am-
ide 3 and recovered starting material, and no reduction of 
the amide bond or four other carbonyls. Further investiga-
tion of solvent effect demonstrated that DMSO outperforms 
other polar aprotic solvents (see Supporting Information) 
suggesting that the effect is not entirely solubility driven. 
Based upon these data we planned a screen investigating 
solvents, catalysts, and ligands. Three catalysts (two plati-
num and BCF), and four phosphine ligands, were surveyed 
by HTE using DMSO or dibutyl ether as solvent. Our obser-
vations confirmed that DMSO is essential to achieving reac-
tivity with these complex substrates, which contrasts re-
ports on simpler substrates.43–45 Additionally, platinum ca-
talysis outperformed boron catalysis with platinum (II) 
chloride being an optimal catalyst and BrettPhos as a pre-
ferred ligand. 

 

Figure 4. Reductive amination conditions applied to a library of (a) 6 amines and (b) 4 acids. All reactions conducted using 10 µmol of 
amine (1.0 equiv) and 15 µmol of acid (1.5 equiv), PtCl2 (5 mol %), BrettPhos (10 mol %) and PhSiH3 (5.0 equiv) at 0.1 M. (c) Results 
of the screen (d) (d) Scale up of select compounds on 0.100 mmol scale relative to the amine starting material. 
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To further explore the scope of the reductive ami-
nation reaction we applied our optimized condition to an 
array of six amines including four partial PROTACs (2, 11–
13), two linker type molecules (14, 15) (Figure 4a) and four 
pharmaceutically relevant carboxylic acids (1, 16–18) (Fig-
ure 4b). Since we have seen that CRBN targeting ligands 
such as 2 and 11 generally perform better in pure DMSO, 
and other systems perform better using a mixture of DMSO 
and dioxane, we settled on 30% DMSO in dioxane as a bal-
ance. These conditions appear broadly applicable to late-
stage derivatization as we saw product formed in every well 
(Figure 4c). This is remarkable as the reaction performs in 
the presence of functionalities such as alcohols (12,13), ac-
etonides (17), a dihydrouracil (11), and an indole (16). Ad-
ditionally, the reaction works on aliphatic as well as ben-
zylic acids. To assess the performance of the reaction we 
isolated products from four wells on a 0.1 mmol scale (19–
22) (Figure 4d and 4e). In each of these reactions, we did 

not observe reduction of other carbonyls present in the 
molecule. These results as well as control experiments leav-
ing the amine out (see Supporting Information) suggest a 
pathway where an aldehyde intermediate plays a dominant 
role as opposed to amide formation and subsequent reduc-
tion.43,44,46 The ester, alkane, and ketone transformations as 
well as the amide coupling were also applied to this library 
(see Supporting Information). 

With optimized conditions for each transfor-
mation, we turned our attention towards the scale up and 
isolation of each compound in practically useful amounts 
(0.1 mmol scale) (Figure 5a). Due to the immense interest 
in using VHL as an E3 ligase as a complementary approach 
to protein degradation, we applied our conditions to VHL 
targeting amine 13.3,4,47 We observed similar reactivity 
trends despite incorporating new functional groups with 
the potential to interfere. Scale up of our conditions was 

 

Figure 5 (a) Five transformations applied to 1 & 2 (POM), as well as 1 and 13 (VHL). All reactions conducted at 0.100 mmol scale relative 
to the amine. Amide conditions: 1 and 2 (1.0 equiv), PyAOP (1.0 equiv), and N-methylimidazole (1.0 equiv) in 1.0 mL of solvent (0.1 M). 
Ester reaction conditions: 1 and 10 (1.0 equiv), KI (2.0 equiv), and KOtBu (1.0 equiv) in 1.0 mL solvent (0.1 M). CC and Ketone conditions: 
1 (2.0 equiv), 2 (1.0 equiv), nickel catalyst (40 mol%), ligand (40 mol %), additive (2.0 equiv), and manganese (4.0 equiv) in 2.0 mL solvent
0.05 M. Amine conditions: 1 (1.5 equiv) and 2 (1.0 equiv) PtCl2 (5 mol %), BrettPhos (10 mol %) and PhSiH3 (5.0 equiv). (b) Chemoinfor-
matic analysis of 3-7. (c) methods used to activate the amine or acid coupling partner (d) Chemoinformatic analysis of 19, 23-26. 
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found to correlate well with assay yield for each transfor-
mation and delivered both the CRBN and VHL based 
PROTACs in acceptable yield. Our amide conditions (see 
Supporting Information) yielded compound 3 in 73% and 
compound 23 in 47% yields respectively. Applying our es-
terification conditions to each substrate yielded ester 4 in 
54% and ester 24 in 36% yields. Further, a one-pot protocol 
(see Supporting Information) was developed to give 4 di-
rectly from 1 and 2 in 28% yield. A slightly modified proto-
col using two equivalents of base was applied to the HCl salt 
13 to give 24 in 25% yield. Applying our alkane conditions 
yielded 5 in 33% and 25 in 20% yields respectively. Appli-
cation of our ketone conditions yielded 6 and 26 in 28% and 
19% yields. Finally, our conditions for reductive amination 
yielded 7 in 23% yield. It was found it was necessary to ad-
just the solvent to 10% DMSO in dioxane to achieve optimal 
reactivity for the synthesis of 19. This adjustment furnished 
19 in 23% yield. It is of note that we did not observe open-
ing of the glutarimide ring under any of our reaction condi-
tions.48,49 With nine new dBET1 analogs in hand, calcula-
tions were performed on each molecule to demonstrate that 
we can effectively modulate the properties of each final 
PROTAC by changes to the linker composition (Figure 5b, 
5d).   While bulk properties are determined by choice of 
building blocks (2 vs 13), each transformation imparts its 
own effect on the overall properties of the molecule with re-
moval of the hydrogen bond donor (amide/amine to es-
ter/alkane/ketone) having the greatest impact in this inves-
tigation (see Supporting Information for labels).  

Having established conditions to scale up and iso-
late the 10 BRD4 PROTACs (3–7, 19, 23–26), in vitro profil-
ing in our primary biological assays to assess BRD4 degra-
dation was initiated. We tested both CRBN-based PROTACs 
3–7 as well as VHL (19, 23–26) using HEK293 cells  to 
readout endogenous BRD4 degradation DC50 and Dmax val-
ues.50   In addition, to separate on target BRD4 degradation 
from general cell toxicity, Cell Titer Glo (CTG) was also con-
ducted (see Supporting Information).  Within the CRBN-
BRD4 PROTAC series, we observed several molecules with 
more efficient BRD4 degradation than dBET1 (3) (Figure 6). 
The ester 4, alkane 5 and ketone 6 were more potent than 
amide 3, with DC50 values of 5.4 nM, 10.8 nM, 9.2 nM, and 
95.0 nM, respectively. Comparable target degradation to 
amide 3 (Dmax 80%), was observed for 4, 5, and 6 (83%, 
76% and 85% at 24 h).  Conversely, the amine analog 7 was 
not successful at degrading BRD4 with a DC50 of > 11 µM. In 
general, the VHL-based PROTACs 19, 23–26, follow the 
same trend in BRD4 degradation as observed for the four 
linkages compared to the CRBN series (see Figure 6b), albeit 
DC50 values are higher and Dmax values lower. VHL ester 24 
and ketone 26 are the most efficient degraders of BRD4 in 
the set, with DC50 values of 27.3 nM and 13.4 nM  (Dmax val-
ues of 80% and 79%, respectively). VHL alkane 25 has a 21-
fold higher DC50 and diminished Dmax value relative to CRBN 
alkane 5, likely due to reduced binding to BRD4 and VHL 
protein (see Table S20 in Supporting Information).  

To understand the observed BRD4 degradation re-
sults that arose from subtle changes to the linker, we 

measured target engagement of the heterobifunctional de-
graders to BRD4 protein and the corresponding E3 ligase 
(Table 2).  Binding affinity of the PROTACs to BRD4 3–7 was 
assessed in a BRD4-BD1 biochemical probe displacement 
assay to bromodomain BD1. E3 ligase engagement was 
evaluated in a cellular CRBN or VHL nanoBRET (Biolumi-
nescence Resonance Energy Transfer) assay dependent on 
the PROTAC synthesized. The cellular nanoBRET target en-
gagement assay was used as a surrogate to examine 
PROTAC cellular permeability.51 The assay was performed 
in both live and permeabilized (lytic) cells and intracellular 

 

Figure 6 BRD4 HTRF Degradation Assay: (a) CRBN series degrada-
tion curves (3-7). (b) VHL series degradation curves (19, 23-26). (c) 
Table 1. Table of experimental physicochemical properties and BRD4 
HTRF degradation values. Values reported are the mean ± SEM of a 
single experiment in quadruplicate. 

 

 

Table 2 Target engagement for CRBN analogs (3-7) assessed by 
BRD4-BD1 HTRF displacement assay and cellular nanoBRET 
CRBN-tracer assay in live and permeabilized conditions. Values 
reported are the mean ± SEM of a single experiment in triplicate 
for the BRD4—BD1 HTRF assay . Values reported are the mean 
± SEM of a single experiment containing five technical replicates 
for the celullar nanoBRET CRBN-tracer assay. 
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availability was determined by calculating the relative bind-
ing affinity (RBA).52 

 Table 2 shows the data for the five CRBN-BRD4 
PROTACs using amide 3 as a benchmark, which has a BRD4 
affinity of 16.0 nM, and CRBN binding of 528.5 nM (live 
cells) and 86.3 nM (permeabilized cells). Of the newly syn-
thesized analogs, ester 4, alkane 5, and ketone 6 maintain 
binding with IC50 values of 2.2, 66.9, and 24.2 nM for BRD4, 
respectively. Notably removal of the carbonyl moiety in al-
kane 5 does not result in a significant loss in BRD4 affinity 
(Table 2). Looking at the RBA values, a decrease is seen for 
ester 4, alkane 5, and ketone 6, (RBA: 2.4, 4.2, and 3.9, re-
spectively, relative to 3). This is possibly because these 
three analogs have higher LogD, correlating with an antici-
pated increase in permeability. All three of these analogs 
have the HBD N–H group seen in amide 3 removed. The SAR 
trend observed for BRD4 degradation has 4–6 as the most 
potent degraders and the improvement in permeability and 
BRD4 affinity may be an explanation for the observed deg-
radation. VHL degraders 19, 23–26 occupy less drug-like 
space due to their higher molecular weight and larger num-
ber of HBD but still show the same rank order in BRD4 tar-
get engagement and improved RBA values (see Supporting 
information). However, the lower VHL affinity in live cell 
nanoBRET for 19, 23–26 may explain the rightward shift in 
DC50 values (Figure 6, Table 1). High degradation efficacy of 
BRD4 is retained by VHL PROTACs with Dmax ranging from 

58–83%. Amine 7 shows a greater than 100-fold difference 
in IC50 between the live and permeabilized cells and this can 
be attributed to the presence of the basic amine in the 
linker. Additionally, the BRD4 potency of amine 7 is 453 nM 
compared to 15 nM for amide 3. Further investigation of 
this significant shift in potency to the protein of interest was 
investigated computationally.  

To understand the differences in binding affinity of 
highly potent versus poor binders, molecular dynamic sim-
ulations of BRD4-BD1 in the presence of amide 3, ester 4, 
and amine 7 were conducted in explicit solvent conditions. 
Sampled conformations from the 250-ns MD simulations 
are shown in Figure 8 (initial pose is shown in red and final 
in blue). Based on the simulations, both amide 3 and ester 4 
maintains key interactions with the BRD4 binding site. In 
contrast, amine 7 due to presence of a charged linker, inter-
acts with Asp144 and engages in an intramolecular hydro-
gen bond with the azepine moiety on the POI portion during 
the course of the simulation (see Supporting Information 
for 2D interaction diagram). These observed interactions 
significantly alter the conformation of amine 7 as seen dur-
ing MD simulation (Figure 8). Furthermore, the BRD4-BD1 
protein near the binding region of the amine 7 displays sig-
nificantly higher root-mean-square fluctuation (RMSF) 
compared to amide 3 or ester 7 compounds. This instability 
of the amine 7 interaction with BRD4 along with conforma-
tional preference could influence productive ternary 

 

Figure 8. Molecular dynamic simulations of PROTACs 3, 4, and 7 bound to the BRD4-BD1 crystal structure. Time-
lapse snapshots from 250-ns simulations are shown overlaid and depicted using color changes from red to blue 
indicating initial to final binding pose. 
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complex formation and contribute to the lower observed 
degradation.   

In conclusion, by harnessing the power of HTE we 
have developed four unique transformations, esterification, 
alkylation, ketonylation, and amination to quickly access a 
suite of BRD4 degraders with modifications to the linker. 
Importantly these adjustments to the linker connectivity 
have been achieved using JQ-1 as the target binding moiety 
and several types of E3 ligase recruiters. The ester, ketone, 
and alkane transformations all removed the HBD moiety 
imparted by the amide transformation, leading to higher 
LogD values, and increased cellular permeability. This is 
contrasted by the amine, which retains the hydrogen bond 
donor and has a significantly lower LogD due to its charge 
and is less permeable. The structural changes also affect 
binding with removal of the carbonyl having the largest ef-
fect. Computational studies indicate this change is not toler-
ated in amine 7. These combined effects led to more potent 
degraders when the amide is exchanged for an ester, alkane, 
or ketone, but ineffective degraders when exchanged for an 
amine. Given the impact new transformations have on the 
properties and of PROTACs, there is a need to develop new 
amine–acid couplings that perform on densely functional-
ized PROTACs. 
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(52) RBA Is Defined as the Ratio of a Compound’s Affinity in 
Live versus Permeabilized Cells. A Larger Right Shift in Measured 
Affinity in the Live-Cell Mode Leads to Larger RBA Values and Is an 
Indication of Lower Permeability. 
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