
Development of Human Carbonic Anhydrase II Heterobifunctional
Degraders
Conor B. O’Herin, Yuta W. Moriuchi, Troy A. Bemis, Alysia J. Kohlbrand, Michael D. Burkart,*
and Seth M. Cohen*

Cite This: J. Med. Chem. 2023, 66, 2789−2803 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Human carbonic anhydrase II (hCAII) is a metalloenzyme essential to
critical physiological processes in the body. hCA inhibitors are used clinically for the
treatment of indications ranging from glaucoma to epilepsy. Targeted protein
degraders have emerged as a promising means of inducing the degradation of disease-
implicated proteins by using the endogenous quality control mechanisms of a cell.
Here, a series of heterobifunctional degrader candidates targeting hCAII were
developed from a simple aryl sulfonamide fragment. Degrader candidates were
functionalized to produce either cereblon E3 ubiquitin ligase (CRBN) recruiting
proteolysis targeting chimeras (PROTACs) or adamantyl-based hydrophobic tags
(HyTs). Screens in HEK293 cells identified two PROTAC small-molecule degraders
of hCA. Optimization of linker length and composition yielded a degrader with sub-
nanomolar potency and sustained depletion of hCAII over prolonged treatments.
Mechanistic studies suggest that this optimized degrader depletes hCAII through the
same mechanism as previously reported CRBN-recruiting heterobifunctional degraders.

■ INTRODUCTION
Human carbonic anhydrases (hCAs) are a family of Zn2+-
dependent metalloenzymes that catalyze the reversible
interconversion of CO2 to bicarbonate, an equilibrium essential
to physiological processes such as respiration,1 pH balance,2

ion exchange,3 and bone readsorption.4 To date, there are 16
known hCA isoforms that vary in their activity, expression
level, tissue distribution, and subcellular localization.5,6 In
catalytic isoforms of hCA, the active site is located at the base
of an ∼15 Å deep conical cleft,7 which is divided into distinct
hydrophilic and hydrophobic regions that facilitate the
transport of the bicarbonate ion and neutral carbon dioxide.8

The catalytic domain contains a Zn2+ ion coordinated to three
histidine residues and a nucleophilic hydroxide in a tetrahedral
coordination geometry. CO2 binds to a nearby hydrophobic
pocket, and an adjacent threonine residue (Thr199) accepts a
hydrogen bond from the Zn2+-coordinated hydroxide to orient
it for the nucleophilic attack, leading to the formation of
bicarbonate.

Given their crucial role in important physiological processes,
hCAs have been explored as pharmaceutical targets and
biomarkers for a variety of diseases.9,10 Shortly following the
discovery of carbonic anhydrases,11 aryl sulfonamides were
identified as privileged and potent inhibitors12 of these
enzymes and have since been the basis of several FDA-
approved hCA-targeting drugs.13 Upon binding of these
inhibitors, the metal bound hydroxide ion is displaced by the
deprotonated nitrogen atom of the aryl sulfonamide moiety

and the interaction is stabilized by strong hydrogen bonding
with the nearby Thr199 residue (Figure 1). Among the hCA
isoforms, human carbonic anhydrase II (hCAII) is abundantly
expressed and found to be broadly distributed in human
tissues.5 As such, it has been explored as a target in clinical
treatments for indications including altitude sickness, edema,
epilepsy, and glaucoma.9 Despite widespread clinical applica-
tion for the treatment of glaucoma,14 none of the first or
second generation FDA-approved hCA inhibitors are isoform
selective. Ongoing efforts have tried to identify hCAII selective
inhibitors that minimize off-target, systemic activities to
decrease side effects and improve efficacy.15−17 Additionally,
recent studies have elucidated the important non-catalytic
proton shuttling function of hCAII, which supports lactate
transport in cancer cells18 through its interaction with and
subsequent activation of monocarboxylate transporter isozyme
1.19,20 Such activity is the consequence of residues on the
surface of the enzyme and is thereby independent of enzymatic
activity or inhibition. This observation prompted interest in
exploring approaches beyond conventional small-molecule
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inhibitors to target and modulate the levels of this enzyme
within targeted cells.

One alternative approach to modulating protein function
that has gathered interest over the past two decades is targeted
protein degraders (TPDs). These molecules have an “event-
driven” pharmacology that is distinct from the “occupancy-
driven” pharmacology of traditional inhibitors and is depend-
ent neither on enzymatic inhibition nor on prolonged active
site occupancy. Instead, TPDs recruit endogenous, cellular
quality control mechanisms to a protein of interest (POI) in a
transient interaction that selectively labels the target for
degradation to eliminate its function.21 Heterobifunctional
degraders are a subset of TPDs that achieve this distinct
mechanism of action (MoA) by pairing a POI targeting ligand
to a host recruiting ligand through a chemical linker. This
molecular design allows degraders to bind to a POI and display
moieties which recruit cellular quality control mechanisms to
the target protein for degradation.

Access to rapid and reversible in vivo protein silencing via
TPDs offers a new approach to both eliminate protein activity
for therapeutics22 and achieve chemical knockdown in studies
of protein function.23,24 Moreover, the characteristic, “event-
driven” pharmacology found in TPDs offers exciting benefits
over the activity of traditional small-molecule inhibitors.
Iterative rounds of degradation by a single TPD can yield
sub-stoichiometric activity,25 providing the potential for lower
dosages and correspondingly diminished off-target toxicity.
Sustained degradation can also circumvent the compensatory
feedback activation observed upon treatment with small-
molecule inhibitors in certain signaling pathways26 and provide
durable suppression of proteins with low resynthesis rates.

Since 2019, a variety of heterobifunctional degraders have
entered clinical trials for FDA approval. The two most
advanced candidates from Arvinas (ARV-110 and ARV-471)
entered Phase II trials in 2021,27,28 suggesting a positive future
for TPDs. Current efforts are underway to identify target
classes that are best suited to overcome the limitations of

conventional inhibitors through the unique mechanism of
TPDs.22 One of the potential benefits of the transient nature of
degrader−target interactions is the need for targeting ligands of
only moderate affinity.25 Metalloenzymes, such as hCAII, are a
target class uniquely poised to take advantage of this facet of
degradation because of the ability of their metal active sites to
form strong, yet reversible,29 coordinate covalent bonds with
fragment-sized metal binding pharmacophores (MBPs). This
distinctive binding strategy makes metalloenzymes attractive
targets for heterobifunctional degrader designs because of the
potential to quickly generate a large collection of degrader
candidates from relatively simple MBP fragments. Specific
interactions at the ternary complex interface can also introduce
novel selectivity beyond that of the degrader targeting
group,30−32 allowing for the generation of specific degraders
from less specific MBPs. This would provide an opportunity to
overcome limitations in inhibitor selectivity caused by
conserved active sites across and within metalloenzyme
families.

At present, the majority of reported heterobifunctional
degraders utilize the best available small-molecule inhibitors as
targeting groups because of their well-established potency and
selectivity. Previously reported studies have shown that both
advanced inhibitors and smaller molecules containing metal-
binding moieties can be used as targeting groups in the
development of Zn2+-dependent histone deacetylase (HDAC)
heterobifunctional degraders.31,33−36 It is the intention of this
study to explore the well-studied hCAII enzyme to evaluate the
potential of a ground-up TPD discovery approach that utilizes
small, simple MBP fragments as ligands for the POI. Here, the
privileged features of the metalloenzyme target class and the
unique mechanism of heterobifunctional degraders are
leveraged to promote the degradation of the target metal-
loenzyme.

Figure 1. Representations of aryl sulfonamide inhibitors bound to hCAII. (A) Structure of hCAII bound to an aryl sulfonamide inhibitor
(compound 13, this work). The protein is represented as ribbons (cyan), the Zn2+ ion as an orange sphere, and the inhibitor, Zn2+-coordinating
residues, and Thr199 as sticks (colored by atom). (B) Chemical structure of aryl sulfonamide inhibitor 13. (C) Binding mode of an aryl
sulfonamide coordinated to the catalytic Zn2+ ion of hCAII. The sulfonamide binding moiety is highlighted in red, and the hydrogen bonds to the
adjacent Thr199 residue are marked as blue hashes.
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■ RESULTS AND DISCUSSION
To evaluate an MBP-based TPD design approach with hCAII,
the �-sulfamoyl benzamide MBP fragment was chosen because
of its simplicity, well-characterized binding to the Zn2+ active
site, and amenability to linker ligation.7 Two recruiting groups
were selected from the variety of the distinct degradation
pathways identified in heterobifunctional degraders.37 The first
pathway pursued belongs to proteolysis targeting chimeras
(PROTACs), which have moieties that bind both the POI and
one of over 600 endogenous E3 ubiquitin ligases of the
ubiquitin-proteasome system (UPS).38 When all three
components (POI, TPD, and E3 ligase) are simultaneously
bound in a “productive” ternary complex, surface lysine
residues on the POI are ubiquitinated. Following the
disassembly of this complex, the degrader is free to repeat
this cycle in an iterative fashion, while the ubiquitin-labeled
POI is degraded by the proteasome.39,40 The second pathway
explored belongs to hydrophobic tags (HyTs), which display
bulky hydrophobic groups at the POI surface. These
hydrophobic moieties are believed to cause misfolding at the
protein surface or be recognized as the interior residues of
misfolded proteins to be subsequently delivered to the
proteasome for degradation by cellular chaperone proteins.41

Ten initial heterobifunctional degrader candidates were
synthesized by joining the �-sulfamoyl benzamide moiety to
either the cereblon E3 ubiquitin ligase (CRBN) recruiting
pomalidomide ligand (PROTAC candidates 1−5) or 1-
adamantaneacetic acid HyT (candidates 6−10) using 1 of 5

linkers. A variety of linkers were screened because of the well-
established impact linker length and composition have on
heterobifunctional degrader activity,42 due to the importance
of the linker structure in PROTAC ternary complex formation
and HyT surface display.

The general synthetic route for these candidate hCAII
degraders is summarized in Scheme 1. First, NHS-activated 4-
sulfamoyl benzoate (12) was synthesized through coupling of
NHS to appropriately substituted benzoic acids using EDC.43

PROTAC candidates were prepared by nucleophilic aromatic
substitution between racemic 4-fluorothalidomide and mono-
Boc protected diamine linkers to generate intermediates 1a−
5a.44 Subsequent deprotection of the Boc group using
trifluoroacetic acid (TFA) produced the triflate salts of
terminal amines, which were then coupled with the NHS-
activated, 4-sulfamoyl benzoate to yield completed PROTAC
candidates 1−5.45 HyT candidates were synthesized by
coupling mono-Boc protected diamine linkers to NHS-
activated, 4-sulfamoyl benzoate to give intermediates 6a−
10a. Deprotection of the Boc group using TFA generated the
triflate salts of terminal amines, which were then coupled to 1-
adamantaneacetic acid using HATU to yield completed HyT
candidates 6−10.44

To verify that the �-sulfamoyl benzamide MBP retained its
binding following ligation with the linker and bulky recruiting
group moieties, the inhibition activity of each degrader
candidate was determined using a colorimetric �-nitrophenol
acetate hCAII activity assay.46 In short, recombinantly
expressed hCAII was preincubated with the degrader candidate

Scheme 1. Synthesis of Degrader Candidates 1−11�

�Reaction conditions: (a) NHS, EDC, DMF, 0 °C to rt, 18 h, 50−81%; (b) DIPEA, DMSO, 90 °C, 18 h, 31−65%; (c) TFA, DCM, rt, 2 h; (d) 12,
DMF, rt, 18 h, 22−45%; (e) 12, DMF, rt, 18 h, 46−84%; (f) TFA, DCM, rt, 2 h; (g) DIPEA, HATU, 1-adamantane acetic acid, DMF, rt, 18 h, 24−
81%.
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before the addition of �-nitrophenyl acetate, a substrate that
upon enzymatic cleavage leads to acetic acid and �-nitro-
phenolate. By monitoring the absorbance of �-nitrophenolate
at 405 nm over 15 min, the degree of inhibition was
determined by comparison of substrate hydrolysis in inhibited
and uninhibited assay wells. Inhibition activity was reported as
half maximal inhibitory concentration (IC50) values with 95%
confidence interval. IC50 values of degrader candidates 1−10
and test compound 13 were compared to the FDA-approved
hCA inhibitor, acetazolamide (AAZ). All measured values fell
below an IC50 value of 100 nM (Table S1), with values of
AAZ, 4, 5, 7, and 10 falling below the detection limit of the
assay (≤20 nM at an enzyme concentration of 40 nM). These
results demonstrate that neither the para-linker attachment
position nor the steric bulk of linked recruiting groups
substantially impacted in vitro hCAII binding. Observed
differences in candidate binding affinity can be attributed to
the varying peripheral contacts of different linker and

recruiting groups with the active site channel and protein
surface and is a well-documented SAR in the hCA inhibitor
literature.47

Following the confirmation of candidate hCAII’s in vitro
activity, candidate degraders 1−10 were evaluated for their
degradation of hCAII using HEK293 cells, a line known to
abundantly express hCAII.48 To obtain a preliminary
evaluation of the activity of these compounds, an initial
single-point screen was performed with HEK293 cells dosed
with individual degrader candidates at a final concentration of
5 �M for 24 h prior to cell lysis. The relative abundance of
hCAII in whole cell lysates was then evaluated via western blot
analysis (see the Experimental Section for details). From this
experiment, the PROTAC degrader candidates with the two
longest linkers (compounds 4 and 5) were shown to decrease
the percent hCAII relative to the �-actin (loading) and
dimethyl sulfoxide (DMSO) vehicle controls (Figure 2). Both
active degraders 4 and 5 were selected for further character-

Figure 2. Single-point activity screen of degrader candidates 1−10. Western blot analysis of HEK293 cells treated with degrader candidate (5 �M
final concentration) or vehicle (DMSO) for 24 h. PROTAC degrader candidates 1−3 and HyT degrader candidates 6−10 showed no observable
activity under the conditions of this single-point screen and were not studied further. Degraders 4 and 5 were identified as active from this screen.
Full images of the western blots are provided within the Supporting Information (Figure S1).

Figure 3. Dose-dependent degradation of hCAII by 4 and 5. (A) Western blot images of HEK293 cells dosed for 24 h with degrader 4 (left) or 5
(right) at concentrations of 5 pM to 15 �M. (B) Dose response curves of hCAII abundance as a percent of DMSO vehicle for 4 (left) or 5 (right).
Band intensities of blots from three biological replicates were quantified using ImageJ software (Experimental Section). Data were normalized to a
vehicle-treated (DMSO) group and plotted as a sigmoidal curve. Nonlinear fitting of log([inhibitor]) vs response (three parameters) was generated
for 4 with �2 = 0.955 and 5 with �2 = 0.855 in GraphPad Prism. Points marked with an asterisk indicate only two biological replicates. In all other
cases, error bars represent the standard deviation of triplicate experiments. Full images of the western blots are provided in the Supporting
Information (Figures S1 and S3).
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ization, although 5 demonstrated higher activity (85% protein
degradation) than 4 (64% protein degradation) when
quantified by western blot analysis (Figure 2).

To evaluate the potency of the active compounds identified
in the candidate screen, nine-point dose response degradation
assays were performed using degraders 4 and 5. Three
biological replicates of HEK293 cells were dosed in parallel
with 4 or 5 at concentrations ranging from 5 pM to 15 �M for
24 h prior to lysis. Western blot analysis and quantification of
blot intensity showed both 4 and 5 degrading hCAII in a dose-
dependent manner (Figures 3A and S3). Of the two active
degraders, 4 (maximum degradation at 500 nM) showed
greater activity in the dose response experiment than 5
(maximum degradation at 5 �M). In concentrations above
their maximum activity, both compounds exhibited a well-
known attenuation in target degradation known as the “hook
effect”.49 This phenomenon can be attributed to the binary
complexes of degrader-POI and degrader-E3 ligase out-
competing the POI-degrader-E3 ligase ternary complex at
high degrader concentrations. The observed discrepancy in
comparative potencies of 4 and 5 between the single-point
candidate screen and dose response experiments can, in part,
be attributed to the “hooking” of 5 at a 5 �M dose. The half-
maximal degradation (DC50 value reported as a 95%
confidence interval) and maximum percentage of degradation
(�Max) of each active degrader were determined using a least

squares sigmoidal fitting of the degradation activity of dosing
concentrations below the observable “hook effect” (Figure 2B).
Degrader 4 was determined to possess a DC50 value of 5 ± 3
nM with a �Max of 96%, and degrader 5 was determined to
possess a DC50 value of 245 ± 246 nM with a �Max of 86%.

Next, analogues of each degrader were synthesized with
inactivated binding motifs to either hCAII, 16 and 18, or
CRBN, 17 and 19 (Figure 4) to confirm that hCAII depletion
produced by treatment with 4 or 5 was the consequence of a
PROTAC mechanism requiring ternary complex formation.
With 16 and 18, binding to hCAII was blocked by replacing
the essential sulfonamide moiety with a mesyl group. For 17
and 19, binding to CRBN was blocked by N-methylation of
the glutarimide nitrogen of the pomalidomide moiety.
Compounds 16−19 were synthesized in a similar fashion to
PROTAC degrader candidates 4 and 5 using an N-methylated
4-fluorothalidomide (14). Western blot analysis of HEK293
cells treated with inactivated degrader analogues 16−19 at final
concentrations of 5 �M for 24 h prior to cell lysis showed no
observable degradation in comparison to a vehicle (DMSO)
control, unlike those treated with either degrader 4 or 5
(Figure 4). This result suggests that the hCAII degradation
observed in treatments with 4 and 5 is induced by the
productive ternary complex formation expected from the
established mechanism of PROTAC action.

Figure 4. Inactivated mechanistic controls for degraders 4 and 5. (A) Analogues of 4 (16 and 17, left) and 5 (18 and 19, right) with inactivating
methyl groups (bold, in shaded spheres). (B) Western blot analysis of HEK293 cells treated with degraders 4 and 5 (5 �M final concentration),
inactivated analogues 16−19 (5 �M final concentration), or vehicle (DMSO) for 24 h. Full images of the western blots are provided in the
Supporting Information (Figure S1).
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Following the identification of 4 as the most active lead
compound and confirmation of the PROTAC-style mechanism
of hCAII degradation, consideration was given to the
development of a more potent degrader using the limited
SAR observed in the degrader candidate screen. Given the
inactivity of 1−3 and increased potency of 4 over 5, a 12-atom
linker appeared to be a preferred length for favorable ternary
complex formation in the heterobifunctional degraders tested.
To further examine the role of linker length and composition,
we explored hydrocarbon linkers for their ability to improve
degrader lipophilicity and membrane permeability without
impacting the favorable ternary complex formation. Com-
pound 11, an analogue of degrader 4 with a purely aliphatic
linker, was synthesized and evaluated (Figure 5) using a nine-
point dose response degradation assay with dosages ranging
from 5 pM to 15 �M administered 24 h before lysis. Western
blot analysis and quantification of three biological replicates
identified the degradation of hCAII at concentrations of 11 as
low as 50 pM and achieved near-complete hCAII degradation
at concentrations of 5 nM (Figures 5A and S3). Moreover, in
contrast to the activity of 4 and 5, dosages as high as 15 �M
maintained complete degradation of hCAII and exhibited no
appreciable “hook effect”. Least squares sigmoidal fitting of the
degradation activity of hCAII in comparison to vehicle
(DMSO) revealed a DC50 value of 0.5 ± 0.3 nM and �Max
of 100%, a 10-fold increase in activity over 4.

To determine the efficiency of 11, hCAII abundance was
evaluated in HEK293 cells that were dosed with 50 nM of 11
over 48 h. Depletion of hCAII relative to vehicle (DMSO)
began within 2 h and reached a maximal effect by 6 h (Figure
5c). Sustained degradation was also observed for the entirety
of the 48 h tested. Based on the results of this time-course

dosing experiment, it appears that 11 begins degrading hCAII
quickly after exposure to the cell and maintains prolonged
activity after initial dosing.

Competition experiments were performed to verify that the
degradation activity of 11 was the result of a PROTAC-style
mechanism requiring concurrent degrader engagement with
both hCAII and CRBN. Following 1 h of preincubation with 5
�M of either hCAII-binding acetazolamide or CRBN-binding
lenalidomide, HEK293 cells were treated with 50 nM of
compound 11 for 6 h. Lenalidomide and acetazolamide pre-
treatments dosed with 11 showed no degradation of hCAII
compared to their vehicle (DMSO) controls (Figure 5d),
suggesting that 11 must engage with both hCAII and CRBN to
achieve degradation. To confirm that the degradation activity
of compound 11 was UPS dependent, as is typical of CRBN-
recruiting heterobifunctional degraders, HEK293 cells were
pre-treated with the proteasome inhibitor MG13250 before
treatment with 11. Pre-treating HEK293 cells with 1 �M of
MG-132 for 1 h before dosing with 50 nM of 11 for 6 h
resulted in a complete loss of hCAII degradation activity
(Figure 5d), confirming that the observed activity was
proteasome dependent. Taken together, these results strongly
suggest that 11 degrades hCAII through the same mechanism
as previously reported for CRBN-recruiting heterobifunctional
degraders and does so with a high level of efficiency.

To understand the binding mode of active degraders with
hCAII and CRBN, the structures of degraders co-crystallized
with recombinantly expressed hCAII and models of ternary
complexes of CRBN·degrader·hCAII with molecular docking
were determined. Crystallographic conditions were initially
optimized with �-(2-methoxyethyl)-4-sulfamoylbenzamide
(13), a test compound composed of the �-sulfamoyl

Figure 5. Compound 11 induces dose-dependent degradation of hCAII through a mechanism consistent with the heterobifunctional degrader
activity. (A) Western blot images of HEK293 cells dosed with degrader 11 at final concentrations of 5 pM to 15 �M for 24 h. (B) Dose response
curve of hCAII abundance as a percent of DMSO vehicle for 11. The band intensity of the dose response blots of three biological replicates was
quantified using the ImageJ software (Experimental Section). Data were normalized to a vehicle-treated (DMSO) group and were plotted as a
sigmoidal curve. Nonlinear fitting of log([inhibitor]) vs response (three parameters) was generated for 11 in GraphPad Prism with �2 = 0.952.
Points indicated by an asterisk indicate the plotting of only two biological replicates. In all other cases, error bars represent the standard deviation of
triplicate experiments. (C) Time-course change in hCAII expression with treatment of 11 at 50 nM for 0−48 h. (D) Mechanistic studies of 11.
Western blot analysis of HEK293 cells pretreated with vehicle (DMSO), CRBN inhibitor lenalidomide, hCAII inhibitor acetazolamide, or
proteasome inhibitor MG132 for 1 h, followed by treatment with 50 nM of 11 or vehicle (DMSO) for 6 h. Full images of the western blots are
provided in the Supporting Information (Figures S2 and S3).
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benzamide moiety attached to a methoxyethanamine linker but
no CRBN recruiting moiety (Figure 1). Crystallographic
analysis found that 13 bound to the Zn2+ active site in a
canonical fashion via its aryl sulfonamide moiety and its linker
extending up the active site cleft toward the enzyme surface
(Figure 1).

Crystal structures obtained of complete degrader candidates
1, 2, and 4 bound to hCAII demonstrated similar binding
configurations in the active site but had a diminishing
resolution as the linker extended through the active site
channel (Figure S4). The cocrystal structure of 1 and hCAII
showed well-ordered density through the linker and indicated
the hydrolysis of the phthalimide and glutarimide ring of the
pomalidomide recruiting group at the surface of the active site
channel. The density of the cocrystal structure of 2 and hCAII
demonstrated well-ordered binding up to the second oxygen of
the PEG linker and indicated that the glutarimide ring of the
pomalidomide group has undergone hydrolysis at the surface
of the enzyme. The cocrystal structure of degrader 4 and
hCAII had well-ordered density through the first two
methylene units of the linker but insufficient density to resolve
the remainder of the linker or the pomalidomide functionality,
suggesting disordered binding of the recruiting group at the
enzyme surface. This poor resolution at the hCAII surface is
unsurprising, given the absence of pomalidomide binding
interactions and presumed disordered surface display of the
recruiting group. Structures of the test compound and degrader

candidates confirmed the expected binding of the targeting
groups to the Zn2+ metal ion active site and provide a basis for
ternary complex modeling.

Complexes of hCAII·11·CRBN were modeled in Molecular
Operating Environment (MOE) using a method able to
successfully generate poses resembling reported ternary-
complex structures of active degraders.51 Using the solved
13·hCAII complex (PDB: 8EMU) and previously reported
structure of pomalidomide·CRBN (PDB: 4CI3),52 an
ensemble of ternary complexes of degrader 11 with hCAII
and CRBN was successfully modeled. The ternary complex
model possessing the lowest total forcefield interaction energy
between 11 and both proteins presents the degrader
comfortably spanning the two protein active sites with a
relatively straight linker pose while maintaining appropriate
interactions in the binding pockets of both proteins (Figure 6).

■ CONCLUSIONS
In summary, we have developed small-molecule degraders of
hCAII, PROTACs 4 and 5, using a �-sulfamoyl benzamide
targeting group and a pomalidomide E3 ligase recruiter. These
molecules were identified from a collection of ten candidates
generated using a simple, two-step synthesis. In evaluations of
degrader potency, 5 was found to have a greater potency than
4, with a DC50 value of 5 ± 3 nM and �Max of 96%. Linker
optimization of 5 led to the development of 11, a degrader

Figure 6. Predicted binding pose of the CRBN·11·hCAII ternary complex (CRBN PDB: 4CI3, hCAII PDB: 8EMU). (A) Structure of the CRBN·
11·hCAII complex with CRBN in magenta, hCAII in cyan, and the structure of 11 in gray. (B) Ligand interaction map of 11 showing interactions
in CRBN and hCAII binding pockets and diagram legend. (C) Close-up view of degrader 11 binding pose and placement in protein surface maps.
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displaying a DC50 value of 0.5 ± 0.3 nM and �Max of 100%,
which showed no appreciable “hook-effect” at doses up to 15
�M. Further characterization showed 11 depleting hCAII in as
little as 2 h and sustaining degradation activity up to 48 h.
Mechanistic studies demonstrated that 11 requires ternary
complex formation and proteasomal function to degrade
hCAII, suggesting a MoA consistent with previously reported
PROTACs.53 These results highlight the viability of an MBP-
derived degrader development approach in metalloenzyme
targets and offer a potent, time-dependent approach to hCAII
silencing using small molecules. Future studies of these
degraders will explore their potential for isozyme selectivity
and activity across different CRBN containing cell lines.

■ EXPERIMENTAL SECTION
General Synthetic Experimental Details. All solvents and

reagents were obtained from commercial sources (Fisher Scientific,
VWR Scientific, Sigma-Aldrich, Combi-Blocks) and used without
further purification, unless otherwise noted. All reactions were
performed under a positive pressure of nitrogen or argon in flame-
dried glassware. Reactions were monitored using glass-backed TLC
plates impregnated with a fluorescent indicator absorbing at 254 nm.
Silica gel chromatography was performed on a CombiFlash Rf
Teledyne ISCO system using hexane, EtOAc, dichloromethane
(DCM), or MeOH as eluents. C18 reverse phase chromatography
was performed on the same instrument using 0.1% formic acid in
methanol, acetonitrile, or water as an eluent. 1H and 13C NMR
spectra were obtained on a Varian (400 MHz) spectrometer, Jeol
(400 MHz) spectrometer, or a VX (500 MHz) equipped with XSens
cold probe (Varian) spectrometer in the Department of Chemistry
and Biochemistry at UC San Diego. The purity of all compounds used
in assays and cell studies was determined to be ≥95% by HPLC
analysis. Mass spectrometry was performed at the UC San Diego
Molecular Mass Spectrometry Facility. HRMS analysis was performed
using an Agilent 6230 Accurate-Mass LC-TOFMS located at the UC
San Diego Molecular Mass Spectrometry Facility.
Synthetic Procedure and Compound Characterization.

General Procedure I: Preparation of Boc-Protected Linker
Pomalidomide Conjugates ��−�� & ���. 4-Fluoro-thalidomide
(10 mmol) was added to a solution of appropriate mono-Boc
protected diamine (10 mmol) and DIPEA (40 mmol) in dry DMSO
(10 mL), and the resulting solution was stirred at 90 °C overnight.
After cooling to rt, the greenish mixture was dissolved in half-
saturated brine (100 mL) and extracted with EtOAC (3 × 50 mL).
The combined organic layers were washed with sat. NH4Cl, 5% LiCl,
and brine (50 mL each), dried over MgSO4, filtered, and concentrated
in vacuo.
General Procedure II: Preparation of PROTAC Degrader

Candidates �−� and ��. TFA (130 mmol) was added to a stirring
solution of appropriate Boc-protected linker pomalidomide conjugate
(500 �mol) in dry DCM (10 mL). After 2 h of stirring at rt, the
solvent was removed in vacuo, and the resulting oil was coevaporated
with dry DCM (3 × 8 mL). The oily residue was further dried under a
high vacuum and used in the next reaction without further
purification.

The resultant linker pomalidomide conjugate and NHS-activated 4-
sulfamoyl benzoate 12 (1.1 mmol) were dissolved in dry DMF (2.5
mL). After 18 h of stirring at rt, the solvent was removed in vacuo.
The residue was then taken up in ethyl acetate (25 mL), poured into a
5% solution of sodium bicarbonate (10 mL), and extracted with ethyl
acetate (3 × 25 mL). The combined organic layers were dried over
sodium sulfate and filtered, and the solvent was removed in vacuo.
General Procedure III: Preparation of Boc-Protected Linker 4-

Sulfamoyl Benzamide Conjugates ��−���. NHS-activated 4-
sulfamoyl benzoate 12 (550 �mol) and appropriate mono-Boc
protected diamine (500 �mol) were dissolved in dry DMF (3.0 mL)
at rt. After the solution was stirred for 18 h, the solvent was removed
in vacuo. The residue was taken up in ethyl acetate (25 mL), poured

into a 5% solution of sodium bicarbonate (10 mL), and extracted with
ethyl acetate (3 × 25 mL). The combined organic layers were dried
over MgSO4 and filtered, and the solvent was removed in vacuo.
General Procedure IV: Preparation of HyT Degrader Candidates

�−��. TFA (130 mmol) was added to a stirring solution of the
appropriate Boc-protected linker 4-sulfamoyl benzamide conjugate
(500 �mol) in dry DCM (10 mL). After 2 h of stirring at rt, the
solvent was removed in vacuo and the resulting oil was coevaporated
with dry DCM (3 × 10 mL). The oily residue was further dried under
a high vacuum and used in the next reaction without further
purification.

DIPEA (2.0 mmol) and HATU (550 �mol) were added to a
stirring solution of 1-adamantaneacetic acid (500 �mol) in dry DMF
(10 mL). After 5 min of stirring, a solution of the deprotected linker
4-sulfamoyl benzamide conjugate in dry DMF (10 mL) was added.
After 18 h of stirring at rt, the solvent was removed in vacuo. The
resultant residue was re-dissolved in half saturated brine (100 mL)
and extracted EtOAc (3 × 50 mL). The combined organic layers were
further washed with saturated NH4Cl solution, 5% LiCl solution, and
brine (50 mL each). The combined organic layers were dried over
MgSO4 and filtered, and the solvent was removed in vacuo.
tert-Butyl(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-

4-yl)amino)ethoxy)ethyl)carbamate (��). This compound was
prepared using General Procedure I and ����-butyl(2-(2-
aminoethoxy)ethyl)carbamate (170 mg, 0.83 mmol). The crude
product was purified by silica column chromatography (gradient of
30−70% EtOAc in Hex) to yield 1a (242 mg, 65%) as a yellow oil. 1H
NMR (400 MHz, acetone-	6): � 9.95 (s, 1H), 7.57 (dd, 
 = 8.5, 7.1
Hz, 1H), 7.13 (d, 
 = 8.6 Hz, 1H), 7.04 (d, 
 = 7.0 Hz, 1H), 6.61 (t, 

= 5.7 Hz, 1H), 5.93 (t, 
 = 5.9 Hz, 1H), 5.13−5.02 (m, 1H), 3.72 (t, 

= 5.4 Hz, 2H), 3.54 (td, 
 = 5.6, 3.8 Hz, 4H), 3.26 (q, 
 = 5.8 Hz, 2H),
3.03−2.88 (m, 1H), 2.85−2.70 (m, 2H), 2.21 (ddt, 
 = 12.3, 5.4, 2.6
Hz, 1H), 1.38 (s, 9H). 13C NMR (101 MHz, acetone-	6): � 172.8,
170.2, 170.2, 168.2, 156.6, 147.7, 136.9, 133.5, 117.8, 111.5, 111.0,
78.6, 70.5, 69.9, 49.8, 42.9, 40.9, 32.0, 28.6, 23.3. HRMS (ESI): calcd
for [C22H28N4O7Na]+, 483.1850; measured, 483.1846.
tert-Butyl(2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindo-

lin-4-yl)amino)ethoxy)ethoxy)ethyl)carbamate (��). Compound 2a
was prepared using General Procedure I and ����-butyl(2-(2-(2-
aminoethoxy)ethoxy)ethyl)carbamate (270 mg, 1.1 mmol). The
crude product was purified by silica column chromatography
(gradient of 30−90% EtOAc in Hex) to yield 2a (198 mg, 36%) as
a yellow oil. 1H NMR (400 MHz, acetone-	6): � 9.96 (br s, 1H), 7.58
(dd, 
 = 8.4, 7.1 Hz, 1H), 7.12 (d, 
 = 8.6 Hz, 1H), 7.04 (d, 
 = 7.1 Hz,
1H), 6.62 (t, 
 = 5.6 Hz, 1H), 5.89 (s, 1H), 5.07 (dd, 
 = 12.6, 5.4 Hz,
1H), 3.74 (t, 
 = 5.3 Hz, 2H), 3.66−3.57 (m, 4H), 3.52 (m, 4H), 3.22
(q, 
 = 5.8 Hz, 2H), 3.03−2.88 (m, 1H), 2.85−2.69 (m, 2H), 2.21
(ddt, 
 = 12.4, 5.5, 2.7 Hz, 1H), 1.38 (s, 9H). 13C NMR (101 MHz,
acetone-	6): � 172.7, 170.3, 168.3, 156.6, 147.7, 136.9, 133.5, 117.8,
111.5, 111.0, 78.6, 71.1, 70.9, 70.7, 70.1, 49.8, 42.9, 41.0, 32.0, 28.6,
23.4. HRMS (ESI): calcd for [C24H32N4O8Na]+, 527.2112; measured,
527.2110.
tert-Butyl(2-(2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoin-

dolin-4-yl)amino)ethoxy)ethoxy)ethoxy)ethyl)carbamate (��).
Compound 3a was prepared using General Procedure I and ����-
butyl(2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)ethyl)carbamate (225
mg, 0.77 mmol). The crude product was purified by silica column
chromatography (gradient of 30−80% EtOAc in Hex) to yield 3a
(170 mg, 40%) as a yellow oil. 1H NMR (500 MHz, acetone-	6): �
9.98 (s, 1H), 7.58 (dd, 
 = 8.6, 7.1 Hz, 1H), 7.12 (d, 
 = 8.5 Hz, 1H),
7.04 (d, 
 = 7.1 Hz, 1H), 6.61 (t, 
 = 5.7 Hz, 1H), 5.92 (t, 
 = 6.0 Hz,
1H), 5.12−5.03 (m, 1H), 3.74 (t, 
 = 5.3 Hz, 2H), 3.66−3.59 (m,
4H), 3.60−3.51 (m, 6H), 3.47 (t, 
 = 5.8 Hz, 2H), 3.20 (q, 
 = 5.8 Hz,
2H), 3.02−2.90 (m, 2H), 2.83−2.71 (m, 2H), 2.21 (dtd, 
 = 10.6, 5.8,
2.9 Hz, 1H), 1.39 (d, 
 = 3.4 Hz, 9H). 13C NMR (126 MHz, acetone-
	6): � 172.8, 170.2, 170.1, 168.2, 156.5, 147.7, 136.8, 133.4, 117.8,
111.4, 110.9, 78.6, 71.2, 70.8, 70.5, 70.1, 49.8, 42.9, 40.9, 31.9, 28.6,
28.5, 23.3. A single peak in the aliphatic region could not be resolved,
presumably due to signal overlap. HRMS (ESI): calcd for
[C28H40N4O9Na]+, 599.2687; measured, 599.2690.
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tert-Butyl(3-(4-(3-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindo-
lin-4-yl)amino)propoxy)butoxy)propyl)carbamate (��). Compound
4a was prepared using General Procedure I and ����-butyl(3-(4-(3-
aminopropoxy)butoxy)propyl)carbamate (250 mg, 0.82 mmol). The
crude product was purified by silica column chromatography
(gradient of 20−70% EtOAc in Hex) to yield 4a (182 mg, 40%) as
a yellow oil. 1H NMR (400 MHz, acetone-	6): � 9.95 (s, 1H), 7.58
(dd, 
 = 8.5, 7.1 Hz, 1H), 7.10 (d, 
 = 8.6 Hz, 1H), 7.02 (d, 
 = 7.0 Hz,
1H), 6.62 (t, 
 = 5.9 Hz, 1H), 5.94 (s, 1H), 5.06 (dd, 
 = 12.6, 5.4 Hz,
1H), 3.55 (t, 
 = 5.8 Hz, 2H), 3.43 (m, 8H), 3.13 (q, 
 = 6.6 Hz, 2H),
3.02−2.86 (m, 1H), 2.84−2.69 (m, 2H), 2.21 (ddt, 
 = 12.5, 5.5, 2.7
Hz, 1H), 1.92 (p, 
 = 6.3 Hz, 2H), 1.75−1.50 (m, 6H), 1.39 (s, 9H).
13C NMR (101 MHz, acetone-	6): � 172.7, 170.2, 170.2, 168.3, 156.6,
147.8, 136.9, 133.6, 117.5, 111.2, 110.8, 78.3, 71.3, 71.2, 69.2, 69.1,
49.8, 41.0, 38.8, 32.0, 30.9, 30.1, 28.6, 27.3, 27.2, 23.4. HRMS (ESI):
calcd for [C28H40N4O8Na]+, 583.2738; measured, 583.2731.
tert-Butyl(3-(2-(2-(3-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoin-

dolin-4-yl)amino)propoxy)ethoxy)ethoxy)propyl)carbamate (��).
Compound 5a was prepared using General Procedure I and ����-
butyl(3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)carbamate
(200 mg, 0.62 mmol). The crude product was purified by silica
column chromatography (gradient of 50−80% EtOAc in Hex) to
yield 5a (110 mg, 31%) as a yellow oil. 1H NMR (400 MHz, acetone-
	6): � 9.93 (s, 1H), 7.58 (dd, 
 = 8.9, 7.3 Hz, 1H), 7.10 (d, 
 = 8.6 Hz,
1H), 7.02 (d, 
 = 7.1 Hz, 1H), 6.62 (t, 
 = 5.9 Hz, 1H), 5.94 (t, 
 = 5.8
Hz, 1H), 5.11−5.02 (m, 1H), 3.66−3.56 (m, 9H), 3.55−3.51 (m,
2H), 3.47 (q, 
 = 6.4 Hz, 4H), 3.14 (q, 
 = 6.5 Hz, 2H), 3.04−2.88
(m, 1H), 2.86−2.69 (m, 2H), 2.20 (ddt, 
 = 12.5, 5.5, 2.7 Hz, 1H),
1.93 (m, 2H), 1.75−1.65 (m, 2H), 1.39 (s, 9H). 13C NMR (101
MHz, acetone-	6): � 172.7, 170.2, 170.1, 168.3, 156.6, 147.8, 136.9,
133.6, 117.5, 111.1, 110.7, 78.3, 71.1, 71.1, 71.1, 70.9, 69.5, 69.4, 49.8,
40.9, 38.7, 32.0, 30.8, 30.1, 28.6, 23.4. HRMS (ESI): calcd for
[C28H40N4O9Na]+, 599.2687; measured, 599.2690.
N-(2-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-

amino)ethoxy)ethyl)-4-sulfamoylbenzamide (�). Compound 1 was
prepared using General Procedure II and Boc-protected linker-
pomalidomide candidate 1a (182 mg, 0.325 mmol). The crude
product was purified by silica column chromatography (gradient of
0−10% MeOH in DCM) to yield 1 (95 mg, 45%) as a green oil. 1H
NMR (500 MHz, acetone-	6): � 9.92 (s, 1H), 8.00 (d, 
 = 8.6 Hz,
2H), 7.93 (d, 
 = 8.4 Hz, 2H), 7.58−7.49 (m, 1H), 7.11 (d, 
 = 8.4
Hz, 1H), 7.00 (d, 
 = 7.0 Hz, 1H), 6.70 (s, 2H), 6.62 (t, 
 = 5.7 Hz,
1H), 5.06 (dd, 
 = 12.7, 5.5 Hz, 1H), 3.77 (t, 
 = 5.2 Hz, 2H), 3.71 (t,

 = 5.5 Hz, 2H), 3.61 (q, 
 = 5.5 Hz, 2H), 3.54 (q, 
 = 5.4 Hz, 3H),
3.02−2.87 (m, 1H), 2.82−2.69 (m, 2H), 2.24−2.16 (m, 1H). 13C
NMR (126 MHz, acetone-	6): � 172.9, 170.4, 170.3, 168.3, 166.5,
147.8, 147.1, 138.8, 136.9, 133.5, 128.7, 126.9, 117.9, 111.6, 110.9,
70.0, 49.9, 43.0, 40.5, 32.0, 23.4. A single peak in the aliphatic region
could not be resolved, presumably due to signal overlap. HRMS
(ESI): calcd for [C24H25N5O8SNa]+, 566.1316; measured, 566.1313.
N-(2-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-

amino)ethoxy)ethyl)-4-sulfamoylbenzamide (�). Compound 2 was
prepared using General Procedure II and Boc-protected linker-
pomalidomide candidate 2a (149 mg, 0.345 mmol). The crude
product was purified by silica column chromatography (gradient of
0−10% MeOH in DCM) to yield 2 (22 mg, 22%) as a green oil. 1H
NMR (500 MHz, acetone-	6): � 9.93 (s, 1H), 8.00 (d, 
 = 8.2 Hz,
1H), 7.92 (d, 
 = 8.3 Hz, 2H), 7.88 (s, 1H), 7.57 (dd, 
 = 8.6, 7.0 Hz,
1H), 7.08 (d, 
 = 8.6 Hz, 1H), 7.03 (d, 
 = 7.1 Hz, 1H), 6.70 (s, 2H),
6.61 (t, 
 = 5.7 Hz, 1H), 5.07 (dd, 
 = 12.6, 5.5 Hz, 1H), 3.74 (t, 
 =
5.3 Hz, 2H), 3.65 (d, 
 = 5.8 Hz, 6H), 3.57 (q, 
 = 5.6 Hz, 2H), 3.50
(q, 
 = 5.4 Hz, 2H), 3.00−2.88 (m, 1H), 2.81−2.69 (m, 2H), 2.24−
2.15 (m, 1H). 13C NMR (126 MHz, acetone-	6): � 172.7, 170.4,
168.3, 166.3, 147.8, 147.2, 138.9, 137.0, 133.6, 128.6, 126.9, 117.8,
111.6, 111.1, 71.2, 71.0, 70.2, 70.0, 49.9, 43.0, 40.6, 32.0, 30.6, 23.4.
HRMS (ESI): calcd for [C26H29N5O9SNa]+, 610.1578; measured,
610.1578.
N-(2-(2-(2-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-

yl)amino)ethoxy)ethoxy)ethoxy)ethyl)-4-sulfamoylbenzamide (�).
Compound 3 was prepared using General Procedure II and Boc-

protected linker-pomalidomide candidate 3a (170 mg, 0.310 mmol).
The crude product was purified by silica column chromatography
(gradient of 0−10% MeOH in DCM) to yield 3 (88 mg, 45%) as a
green oil. 1H NMR (500 MHz, acetone-	6): � 10.01 (s, 1H), 8.01 (d,

 = 8.5 Hz, 2H), 7.94 (d, 
 = 8.5 Hz, 2H), 7.56 (dd, 
 = 8.6, 7.1 Hz,
1H), 7.08 (d, 
 = 8.5 Hz, 1H), 7.02 (d, 
 = 7.0 Hz, 1H), 6.76 (s, 2H),
6.58 (t, 
 = 5.7 Hz, 1H), 5.09 (dd, 
 = 12.5, 5.4 Hz, 1H), 3.70 (t, 
 =
5.3 Hz, 2H), 3.66−3.54 (m, 12H), 3.49 (q, 
 = 5.5 Hz, 2H), 3.02−
2.91 (m, 1H), 2.85−2.70 (m, 2H), 2.26−2.17 (m, 1H). 13C NMR
(126 MHz, acetone-	6): � 172.9, 170.4, 170.2, 168.2, 166.4, 147.6,
147.1, 138.7, 136.9, 133.4, 128.6, 126.9, 117.8, 111.5, 110.8, 71.1,
71.1, 71.1, 70.8, 70.0, 70.0, 49.8, 42.8, 40.6, 31.9, 23.3. HRMS (ESI):
calcd for [C28H33N5O10SNa]+, 654.1840; measured, 654.1838.
N-(3-(4-(3-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-

amino)propoxy)butoxy)propyl)-4-sulfamoylbenzamide (�). Com-
pound 4 was prepared using General Procedure II and Boc-protected
linker-pomalidomide candidate 4a (182 mg, 0.325 mmol). The crude
product was purified by silica column chromatography (gradient of
0−10% MeOH in DCM) to yield 4 (95 mg, 45%) as a green oil. 1H
NMR (500 MHz, acetone-	6): � 9.98 (s, 1H), 8.01 (d, 
 = 8.5 Hz,
2H), 7.95 (d, 
 = 8.5 Hz, 2H), 7.58 (dd, 
 = 8.5, 7.0 Hz, 1H), 7.08 (d,

 = 8.6 Hz, 1H), 7.02 (d, 
 = 7.1 Hz, 1H), 6.75 (s, 2H), 6.63 (t, 
 = 5.8
Hz, 1H), 5.08 (dd, 
 = 12.6, 5.4 Hz, 1H), 3.57−3.39 (m, 12H), 3.02−
2.90 (m, 1H), 2.84−2.71 (m, 2H), 2.21 (ddt, 
 = 12.7, 5.5, 2.3 Hz,
1H), 1.89 (dp, 
 = 32.4, 6.4 Hz, 4H), 1.66−1.60 (m, 4H). 13C NMR
(126 MHz, acetone-	6): � 172.8, 170.3, 170.1, 168.3, 166.1, 147.7,
147.1, 139.0, 136.9, 133.6, 128.5, 126.9, 117.5, 111.2, 110.7, 71.4,
71.3, 69.3, 69.1, 49.8, 41.0, 38.4, 32.0, 30.3, 30.0, 27.3, 27.2, 23.4.
HRMS (ESI): calcd for [C30H37N5O10SNa]+, 666.2204; measured,
666.2199.
N-(3-(2-(2-(3-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-

yl)amino)propoxy)ethoxy)ethoxy)propyl)-4-sulfamoylbenzamide
(�). Compound 5 was prepared using General Procedure II and Boc-
protected linker-pomalidomide candidate 5a (110 mg, 0.191 mmol).
The crude product was purified by silica column chromatography
(gradient of 0−5% MeOH in DCM) to yield 5 (37 mg, 30%) as a
green oil. 1H NMR (500 MHz, acetone-	6): � 9.96 (s, 1H), 8.01 (d, 

= 8.8 Hz, 2H), 7.95 (d, 
 = 8.5 Hz, 2H), 7.57 (dd, 
 = 8.6, 7.1 Hz,
1H), 7.09 (d, 
 = 8.6 Hz, 1H), 7.01 (d, 
 = 7.1 Hz, 1H), 6.74 (s, 2H),
6.62 (t, 
 = 5.8 Hz, 1H), 5.11−5.04 (m, 1H), 3.67−3.40 (m, 16H),
3.02−2.90 (m, 1H), 2.83−2.70 (m, 2H), 2.25−2.16 (m, 1H), 1.86
(dp, 
 = 25.3, 6.2 Hz, 4H). 13C NMR (126 MHz, acetone-	6): �
172.8, 170.3, 170.1, 168.3, 166.0, 147.8, 147.1, 139.0, 136.9, 133.5,
128.6, 126.9, 117.6, 111.1, 110.7, 71.1, 71.0, 71.0, 70.9, 69.9, 69.5,
49.8, 40.9, 38.6, 32.0, 30.0, 29.8, 23.4. HRMS (ESI): calcd for
[C30H37N5O10SNa]+, 682.2153; measured, 682.2151.
tert-Butyl(2-(2-(4-sulfamoylbenzamido)ethoxy)ethyl)carbamate

(��). Compound 6a was prepared using General Procedure III and
����-butyl(2-(2-aminoethoxy)ethyl)carbamate (150 mg, 0.734 mmol).
The crude product was purified by silica column chromatography
(gradient of 0−10% MeOH in DCM) to yield 6a (240 mg, 84%) as a
clear solid. 1H NMR (400 MHz, acetone-	6): � 8.02 (m, 3H), 7.94 (d,

 = 8.3 Hz, 2H), 6.78 (s, 2H), 6.03 (t, 
 = 5.7 Hz, 1H), 3.66−3.48 (m,
6H), 3.22 (q, 
 = 5.7 Hz, 2H), 1.37 (s, 9H). 13C NMR (101 MHz,
acetone-	6): � 166.6, 156.8, 147.2, 138.8, 128.7, 126.9, 78.7, 70.4,
69.9, 41.0, 40.5, 28.6. HRMS (ESI): calcd for [C16H25N3O6SNa]+,
410.1356; measured, 410.1359.
tert-Butyl(2-(2-(2-(4-sulfamoylbenzamido)ethoxy)ethoxy)ethyl)-

carbamate (	�). Compound 7a was prepared using General
Procedure III and ����-butyl(2-(2-(2-aminoethoxy)ethoxy)ethyl)-
carbamate (125 mg, 0.503 mmol). The crude product was purified
by silica column chromatography (gradient of 0−10% MeOH in
DCM) to yield 7a (109 mg, 50%) as a clear solid. 1H NMR (500
MHz, acetone-	6): � 8.04 (d, 
 = 8.4 Hz, 2H), 7.96 (d, 
 = 8.5 Hz,
2H), 6.75 (s, 2H), 5.97 (s, 1H), 3.64 (t, 
 = 5.3 Hz, 2H), 3.58 (m,
6H), 3.48 (t, 
 = 5.8 Hz, 2H), 3.19 (q, 
 = 5.8 Hz, 2H), 1.39 (s, 9H).
13C NMR (126 MHz, acetone-	6): � 166.3, 156.7, 147.2, 138.9, 128.6,
126.9, 78.7, 70.9, 70.8, 70.6, 70.1, 41.0, 40.6, 28.6. HRMS (ESI): calcd
for [C18H29N3O7SNa]+, 454.1618; measured, 454.1619.
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tert-Butyl(1-oxo-1-(4-sulfamoylphenyl)-5,8,11-trioxa-2-azatride-
can-13-yl)carbamate (
�). Compound 8a was prepared using
General Procedure III and ����-butyl(2-(2-(2-(2-aminoethoxy)-
ethoxy)ethoxy)ethyl)carbamate (150 mg, 0.513 mmol). The crude
product was purified by silica column chromatography (gradient of
0−10% MeOH in DCM) to yield 8a (168 mg, 69%) as a clear solid.
1H NMR (400 MHz, acetone-	6): � 8.02 (d, 
 = 8.3 Hz, 3H), 7.95 (d,

 = 8.4 Hz, 2H), 6.79 (s, 2H), 5.98 (t, 
 = 6.0 Hz, 1H), 3.71−3.51 (m,
12H), 3.45 (t, 
 = 5.8 Hz, 2H), 3.18 (q, 
 = 5.8 Hz, 2H), 1.38 (s, 9H).
13C NMR (101 MHz, acetone-	6): � 166.4, 156.7, 147.2, 138.8, 128.7,
126.9, 78.7, 71.1, 71.0, 70.9, 70.8, 70.5, 70.0, 40.9, 40.6, 28.6. HRMS
(ESI): calcd for [C20H33N3O8SNa]+, 498.1881; measured, 498.1880.
tert-Butyl(3-(4-(3-(4-sulfamoylbenzamido)propoxy)butoxy)-

propyl)carbamate (��). Compound 9a was prepared using General
Procedure III and ����-butyl(3-(4-(3-aminopropoxy)butoxy)propyl)-
carbamate (150 mg, 0.493 mmol). The crude product was purified by
silica column chromatography (gradient of 0−10% MeOH in DCM)
to yield 9a (178 mg, 74%) as a clear solid. 1H NMR (400 MHz,
acetone-	6): � 8.00 (d, 
 = 8.5 Hz, 2H), 7.95 (d, 
 = 8.5 Hz, 2H), 6.76
(s, 2H), 6.04−5.86 (m, 1H), 3.55−3.35 (m, 11H), 3.13 (td, 
 = 6.9,
5.8 Hz, 2H), 1.86 (p, 
 = 6.5 Hz, 2H), 1.70 (p, 
 = 6.5 Hz, 2H), 1.60
(dq, 
 = 5.9, 2.8 Hz, 4H), 1.38 (s, 9H). 13C NMR (101 MHz, acetone-
	6): � 166.2, 156.6, 147.2, 139.1, 128.5, 126.9, 78.4, 71.3, 71.1, 69.4,
69.1, 38.8, 38.5, 30.9, 30.3, 28.6, 27.3, 27.3. HRMS (ESI): calcd for
[C22H37N3O7SNa]+, 510.2244; measured, 510.2243.
tert-Butyl(1-oxo-1-(4-sulfamoylphenyl)-6,9,12-trioxa-2-azapen-

tadecan-15-yl)carbamate (���). Compound 10a was prepared using
General Procedure III and ����-butyl(3-(2-(2-(3-aminopropoxy)-
ethoxy)ethoxy)propyl)carbamate (135 mg, 0.422 mmol). The crude
product was purified by silica column chromatography (gradient of
0−10% MeOH in DCM) to yield 10a (98 mg, 46%) as a clear solid.
1H NMR (500 MHz, acetone-	6): � 8.06−8.04 (m, 1H), 8.02 (d, 
 =
8.5 Hz, 2H), 7.98−7.93 (m, 2H), 6.81 (s, 2H), 6.03 (d, 
 = 6.1 Hz,
1H), 3.62−3.55 (m, 8H), 3.53−3.47 (m, 4H), 3.44 (t, 
 = 6.2 Hz,
2H), 3.11 (q, 
 = 6.8 Hz, 2H), 1.85 (p, 
 = 6.4 Hz, 2H), 1.67 (p, 
 =
6.5 Hz, 2H), 1.38 (s, 9H). 13C NMR (126 MHz, acetone-	6): � 166.1,
156.6, 147.1, 138.9, 128.5, 126.9, 78.4, 71.0, 71.0, 70.8, 70.8, 69.9,
69.4, 38.6, 38.5, 30.7, 30.1, 28.6. HRMS (ESI): calcd for
[C22H37N3O8SNa]+, 526.2194; measured, 526.2191.
N-(2-(2-(2-((3r,5r,7r)-Adamantan-1-yl)acetamido)ethoxy)ethyl)-

4-sulfamoylbenzamide (�). Compound 6 was prepared using
General Procedure IV and Boc-protected linker 4-SBA conjugate 6a
(240 mg, 0.619 mmol). The crude product was purified by silica
column chromatography (gradient of 0−10% MeOH in DCM),
followed by reverse phase C18 chromatography (gradient of 0−100%
MeOH in H2O), to yield 6 (60 mg, 24%) as a clear oil. 1H NMR (400
MHz, methanol-	4): � 7.95 (s, 4H), 3.66−3.49 (m, 6H), 3.36−3.32
(m, 2H), 1.88 (s, 5H), 1.69 (d, 
 = 12.0 Hz, 3H), 1.59 (dd, 
 = 14.3,
2.6 Hz, 9H). 13C NMR (101 MHz, methanol-	4): � 174.0, 168.9,
147.8, 138.9, 129.1, 127.3, 70.6, 70.3, 51.8, 43.7, 41.1, 40.2, 37.9, 33.8,
30.1. HRMS (ESI): calcd for [C23H34N3O5S]+, 464.2214; measured,
464.2211.
N-(2-(2-(2-(2-((3r,5r,7r)-Adamantan-1-yl)acetamido)ethoxy)-

ethoxy)ethyl)-4-sulfamoylbenzamide (	). Compound 7 was pre-
pared using General Procedure IV and Boc-protected linker 4-SBA
conjugate 7a (109 mg, 0.253 mmol). The crude product was purified
by silica column chromatography (gradient of 0−10% MeOH in
DCM), followed by reverse phase C18 chromatography (gradient of
0−100% MeOH in H2O), to yield 7 (45 mg, 35%) as a clear oil. 1H
NMR (500 MHz, acetone-	6): � 8.13−8.07 (2, 1H), 8.07−8.01 (m,
2H), 7.99−7.93 (m, 2H), 7.12 (s, 1H), 6.83 (s, 2H), 3.64 (t, 
 = 5.4
Hz, 2H), 3.62−3.53 (m, 6H), 3.48 (t, 
 = 5.7 Hz, 2H), 3.28 (q, 
 = 5.7
Hz, 2H), 1.90 (s, 5H), 1.68 (m, 3H), 1.61 (m, 9H). 13C NMR (126
MHz, acetone-	6): � 171.4, 166.5, 147.2, 138.7, 128.6, 126.9, 71.0,
70.9, 70.5, 70.0, 51.4, 43.2, 40.6, 39.6, 37.5, 33.2, 29.5. HRMS (ESI):
calcd for [C25H37N3O6SNa]+, 530.2295; measured, 530.2292.
N-(1-((3r,5r,7r)-Adamantan-1-yl)-2-oxo-6,9,12-trioxa-3-azatetra-

decan-14-yl)-4-sulfamoylbenzamide (
). Compound 8 was prepared
using General Procedure IV and Boc-protected linker 4-SBA
conjugate 8a (168 mg, 0.447 mmol). The crude product was purified

by silica column chromatography (gradient of 0−10% MeOH in
DCM), followed by reverse phase C18 chromatography (gradient of
0−100% MeOH in H2O), to yield 8 (85 mg, 34%) as a clear solid. 1H
NMR (400 MHz, chloroform-	1): � 7.84 (s, 4H), 7.59 (m, 1H), 6.47
(s, 2H), 6.32 (m, 1H), 3.77−3.61 (m, 6H), 3.55−3.28 (m, 10H), 1.90
(m, 5H), 1.66 (m, 3H), 1.57 (m, 9H). 13C NMR (126 MHz,
chloroform-	1): � 171.8, 166.3, 145.2, 138.0, 128.1, 126.2, 70.6, 70.5,
70.4, 70.2, 70.1, 51.6, 42.7, 40.2, 39.2, 36.8, 32.8, 28.7. A single peak
in the aliphatic region could not be resolved, presumably due to signal
overlap. HRMS (ESI): calcd for [C27H41N3O7SNa]+, 574.2557;
measured, 574.2552.
N-(3-(4-(3-(2-((3r,5r,7r)-Adamantan-1-yl)acetamido)propoxy)-

butoxy)propyl)-4-sulfamoylbenzamide (�). Compound 9 was
prepared using General Procedure IV and Boc-protected linker 4-
SBA conjugate 9a (178 mg, 0.355 mmol). The crude product was
purified by silica column chromatography (gradient of 0−10% MeOH
in DCM), followed by reverse phase C18 chromatography (gradient of
0−100% MeOH in H2O), to yield 9 (161 mg, 81%) as a clear solid.
1H NMR (400 MHz, chloroform-	1): � 7.93 (d, 
 = 8.1 Hz, 2H), 7.83
(d, 
 = 8.1 Hz, 2H), 7.56 (t, 
 = 5.0 Hz, 1H), 6.28 (s, 1H), 5.95 (s,
2H), 3.64 (t, 
 = 5.3 Hz, 2H), 3.59 (q, 
 = 5.5 Hz, 2H), 3.48 (q, 
 = 5.9
Hz, 4H), 3.41 (t, 
 = 5.9 Hz, 2H), 3.32 (q, 
 = 6.4 Hz, 2H), 1.96−1.83
(m, 7H), 1.76 (p, 
 = 6.3 Hz, 2H), 1.70−1.47 (m, 16H). 13C NMR
(101 MHz, chloroform-	1): � 171.9, 165.7, 145.2, 138.3, 127.7, 126.7,
71.6, 71.6, 70.9, 69.6, 51.6, 42.7, 40.3, 38.1, 36.8, 32.9, 29.5, 28.7,
28.6, 27.2, 26.8. HRMS (ESI): calcd for [C29H46N3O6S]+, 564.3102;
measured, 564.3101.
N-(1-((3r,5r,7r)-Adamantan-1-yl)-2-oxo-7,10,13-trioxa-3-azahex-

adecan-16-yl)-4-sulfamoylbenzamide (��). Compound 10 was
prepared using General Procedure IV and Boc-protected linker 4-
SBA conjugate 10a (150 mg, 0.290 mmol). The crude product was
purified by silica column chromatography (gradient of 0−10% MeOH
in DCM), followed by reverse phase C18 chromatography (gradient of
0−100% MeOH in H2O), to yield 10 (100 mg, 60%) as a clear solid.
1H NMR (500 MHz, acetone-	6): � 8.13−8.09 (m, 1H), 8.05−8.01
(m, 2H), 7.96 (d, 
 = 8.4 Hz, 2H), 7.14 (d, 
 = 5.9 Hz, 1H), 6.89 (d, 

= 2.0 Hz, 2H), 3.62−3.55 (m, 8H), 3.52−3.48 (m, 4H), 3.45 (t, 
 =
6.2 Hz, 2H), 3.21 (q, 
 = 6.5 Hz, 2H), 1.92−1.81 (m, 7H), 1.73−1.64
(m, 5H), 1.60 (d, 
 = 3.2 Hz, 9H). 13C NMR (126 MHz, acetone-	6):
� 171.2, 166.1, 147.2, 138.8, 128.6, 126.9, 71.0, 71.0, 70.8, 70.8, 69.9,
69.5, 51.5, 43.2, 38.6, 37.5, 37.2, 33.2, 30.5, 29.5. A single peak in the
aliphatic region could not be resolved, presumably due to signal
overlap. HRMS (ESI): calcd for [C29H46N3O7S]+, 580.3051;
measured, 580.3046.
tert-Butyl(12-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-

yl)amino)dodecyl)carbamate (���). Compound 11a was prepared
using General Procedure I and ����-butyl(12-aminododecyl)carbamate
(100 mg, 0.33 mmol). The crude product was purified by silica
column chromatography (gradient of 20−50% EtOAc in Hex) to
yield 11a (170 mg, 40%) as a yellow oil. 1H NMR (400 MHz,
acetonitrile-	3): � 8.94 (s, 1H), 7.53 (dd, 
 = 8.5, 7.2 Hz, 1H), 7.01
(d, 
 = 7.8 Hz, 2H), 6.31 (t, 
 = 5.9 Hz, 1H), 5.24 (s, 1H), 4.93 (dd, 

= 12.2, 5.4 Hz, 1H), 3.28 (q, 
 = 6.7 Hz, 2H), 2.98 (q, 
 = 6.7 Hz,
2H), 2.84−2.58 (m, 3H), 2.09 (m, 1H), 1.62 (p, 
 = 7.0 Hz, 2H), 1.32
(m, 
 = 47.8 Hz, 27H). 13C NMR (101 MHz, acetone-	6): � 172.72,
170.33, 170.23, 168.27, 156.63, 147.81, 136.93, 133.61, 117.55,
111.22, 110.78, 78.24, 49.83, 43.12, 41.06, 32.00, 30.85, 30.33, 30.29,
29.96, 28.66, 27.61, 27.51, 23.41. Four peaks in the aliphatic region
could not be resolved, presumably due to signal overlap. HRMS
(ESI): calcd for [C30H44N4O6Na]+, 579.3153; measured, 579.3148.
N-(12-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-

amino)dodecyl)-4-sulfamoylbenzamide (��). Compound 11 was
prepared using General Procedure II, Boc-protected linker-pomali-
domide candidate 11a (46 mg, 81 �mol), and NHS-activated ester 12
(50 mg, 0.17 mmol). The crude product was purified by silica column
chromatography (gradient of 0−10% MeOH in DCM) to yield 11
(33 mg, 64%) as a green oil. 1H NMR (500 MHz, DMSO-	6): �
11.13 (s, 1H), 8.64 (t, 
 = 5.6 Hz, 1H), 8.01−7.94 (m, 2H), 7.91−
7.84 (m, 2H), 7.57 (dd, 
 = 8.6, 7.1 Hz, 1H), 7.50 (s, 2H), 7.09 (d, 
 =
8.6 Hz, 1H), 7.01 (d, 
 = 7.0 Hz, 1H), 6.54 (t, 
 = 6.0 Hz, 1H), 5.05
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(dd, 
 = 12.8, 5.4 Hz, 1H), 3.26 (dq, 
 = 15.6, 6.7 Hz, 4H), 2.88 (ddd,

 = 16.9, 13.9, 5.4 Hz, 1H), 2.62−2.51 (m, 2H), 2.01 (ddp, 
 = 9.8,
4.4, 1.9 Hz, 1H), 1.53 (dp, 
 = 21.3, 7.0 Hz, 4H), 1.27 (d, 
 = 25.5 Hz,
16H). 13C NMR (101 MHz, DMSO-	66): � 172.9, 170.2, 169.0,
167.4, 165.1, 146.5, 146.1, 137.6, 136.3, 132.2, 127.8, 125.6, 117.2,
110.4, 109.0, 48.5, 41.8, 31.0, 29.0, 28.8, 28.7, 26.5, 26.3, 25.3, 22.2.
Five peaks in the aliphatic region could not be resolved, presumably
due to signal overlap. HRMS (ESI): calcdHRMS (ESI): calcd for
[C32H42N5O7S]+, 640.2799; measured, 640.2802.
2,5-Dioxopyrrolidin-1-yl 4-Sulfamoylbenzoate (��). N-Hydrox-

ysuccinimide (0.86 g, 7.5 mmol) was added to a stirring solution of 4-
sufamoyl benzoic acid (1.5 g, 7.5 mmol) in dry DMF (20 mL) at 0
°C. EDC−HCl (7.5 mmol) was then added to the reaction mixture at
the same temperature. After stirring for 18 h at rt, the solution was
dried. The resultant residue was re-dissolved in EtOAc (50 mL) and
washed with H2O (3 × 30 mL), sodium bicarbonate solution (30
mL), and brine (3 × 10 mL). The organic layer was dried over
MgSO4, filtered, and concentrated in vacuo. The final product was
isolated to yield 12 (1.8 g, 81%) as a white powder. 1H NMR (400
MHz, DMSO-	66): � 8.30 (d, 
 = 8.1 Hz, 2H), 8.07 (d, 
 = 8.1 Hz,
2H), 7.71 (s, 2H), 2.91 (s, 4H). 13C NMR (101 MHz, DMSO-	66): �
170.3, 161.1, 149.9, 131.0, 127.2, 126.8, 25.6. HRMS (ESI): calcd for
[C11H9N2O6S]−, 297.0187; measured, 297.0186.
N-(2-Methoxyethyl)-4-sulfamoylbenzamide (��). 2-Methoxye-

than-1-amine (25 mg, 0.33 mmol) and NHS (0.11 g, 0.37 mmol)
were dissolved in DMF (2 mL) at rt. After stirring for 22 h, the
solution was dried in vacuo. The resulting residue was taken up in
ethyl acetate (2 mL), poured into a 5% solution of sodium
bicarbonate (2 mL), and extracted with ethyl acetate (3 × 2 mL).
The combined organic layers were dried over sodium sulfate and
filtered, and the solvent was removed in vacuo. The crude product
was purified by silica column chromatography (gradient of 0−5%
MeOH in DCM) to yield 13 (52 mg, 60%) as a white solid. 1H NMR
(400 MHz, acetone-	6): � 8.08−8.00 (m, 2H), 7.99−7.92 (m, 2H),
6.73 (d, 
 = 4.7 Hz, 1H), 3.61−3.48 (m, 4H), 3.30 (s, 3H). 13C NMR
(101 MHz, acetone-	6): � 206.3, 166.3, 147.3, 138.9, 128.6, 126.9,
71.6, 58.6, 40.4. HRMS (ESI): calcd for [C10H13N2O4S]−, 257.0602;
measured, 257.0603.
4-Fluoro-2-(1-methyl-2,6-dioxopiperidin-3-yl)isoindoline-1,3-

dione (��). To a stirring solution of 2-(2,6-dioxopiperidin-3-yl)-4-
fluoroisoindoline-1,3-dione (150 mg, 543 �mol) in anhydrous DMF
(1 mL) were added MeI (96 mg, 679 �mol) and K2CO3 (94 mg, 679
�mol). After 12 h of stirring at rt, the stirring suspension was diluted
with water (5.0 mL) to precipitate the product. This mixture was then
filtered and washed with water (3 × 2.5 mL) to yield 14 as a white
solid (117 mg, 74%). 1H NMR (400 MHz, acetone-	6): � 7.98−7.93
(m, 1H), 7.82−7.69 (m, 2H), 5.22 (dd, 
 = 13.1, 5.4 Hz, 1H), 3.02 (s,
3H), 3.00−2.87 (m, 1H), 2.80−2.74 (m, 1H), 2.59−2.48 (m, 1H),
2.11−2.04 (m, 1H). 13C NMR (101 MHz, acetone-	6): � 171.8,
169.5, 166.2 (d, 
 = 28 Hz), 164.0, 158.2, 155.6, 138.2 (d, 
 = 78 Hz),
133.5, 123.2 (d, 
 = 195 Hz), 120.2 (d, 
 = 33 Hz), 117.1 (d, 
 = 125
Hz), 49.7, 31.1, 26.7, 21.1. HRMS (ESI): calcd for [C14H12FN2O4]+,
291.0776; measured, 291.0772.
2,5-Dioxopyrrolidin-1-yl 4-(Methylsulfonyl)benzoate (��). N-

Hydroxysuccinimide (287 mg, 2.5 mmol) was added to a stirring
solution of 4-(methylsulfonyl)benzoic acid (500 mg, 2.5 mmol) in dry
DMF (6.5 mL) at 0 °C. EDC−HCl (2.5 mmol) was then added to
the reaction mixture at the same temperature. After stirring for 18 h at
rt, the solution was dried in vacuo. The resultant residue was re-
dissolved in EtOAc (50 mL) and washed with H2O (3 × 30 mL),
sodium bicarbonate solution (30 mL), and brine (3 × 10 mL). The
organic layer was dried over MgSO4, filtered, and concentrated in
vacuo. The final product was isolated to yield 15 (369 mg, 50%) as a
white solid. 1H NMR (500 MHz, acetone-	6): � 8.42−8.33 (m, 2H),
8.26−8.17 (m, 2H), 3.25 (s, 3H), 2.99 (s, 4H). 13C NMR (126 MHz,
acetone-	6): � 170.4, 161.9, 147.7, 131.9, 130.5, 129.1, 43.9, 26.4.
Mass spectrometry data for this compound could not be obtained.
N-(3-(4-(3-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-

amino)propoxy)butoxy)propyl)-4-(methylsulfonyl)benzamide (��).
Compound 16 was prepared using General Procedure II, Boc-

protected linker-pomalidomide candidate 4a (57 mg, 99 �mol), and
15 (62 mg, 21 �mol). The crude product was purified by silica
column chromatography (gradient of 0−10% MeOH in DCM) to
yield 16 (48 mg, 75%) as a green oil. 1H NMR (400 MHz, acetone-
	6): � 9.94 (s, 1H), 8.11−8.06 (m, 2H), 8.04−8.00 (m, 2H), 7.98 (s,
1H), 7.58 (dd, 
 = 8.5, 7.1 Hz, 1H), 7.09 (d, 
 = 8.5 Hz, 1H), 7.02 (d,

 = 7.1 Hz, 1H), 6.62 (t, 
 = 5.8 Hz, 1H), 5.10−5.03 (m, 1H), 3.58−
3.38 (m, 12H), 3.16 (s, 3H), 3.04−2.89 (m, 1H), 2.84−2.69 (m, 2H),
2.21 (ddt, 
 = 12.5, 5.5, 2.7 Hz, 1H), 1.89 (dp, 
 = 24.2, 6.4 Hz, 4H),
1.64 (pd, 
 = 2.9, 1.3 Hz, 4H). 13C NMR (101 MHz, acetone-	6): �
172.744, 170.276, 170.174, 168.291, 165.890, 147.808, 144.241,
140.584, 136.901, 133.639, 128.863, 128.242, 117.482, 111.174,
110.806, 71.428, 71.322, 69.395, 69.175, 49.815, 44.131, 41.056,
38.535, 31.994, 30.357, 27.375, 27.234, 23.413. One peak in the
aliphatic region could not be resolved, presumably due to signal
overlap. HRMS (ESI): calcd for [C31H39N4O9S]+, 643.2432;
measured, 643.2433.
tert-Butyl(3-(4-(3-((2-(1-methyl-2,6-dioxopiperidin-3-yl)-1,3-di-

oxoisoindolin-4-yl)amino)propoxy)butoxy)propyl)carbamate
(�	�). Compound 17a was prepared using General Procedure I, ����-
butyl(3-(4-(3-aminopropoxy)butoxy)propyl)carbamate (111 mg, 365
�mol), and 14 (106 mg, 365 �mol). The crude product was purified
by silica column chromatography (gradient of 20−60% EtOAc in
Hex) to yield 17a (80 mg, 38%) as a yellow oil. 1H NMR (400 MHz,
acetone-	6): � 7.58 (dd, 
 = 8.6, 7.1 Hz, 1H), 7.09 (d, 
 = 8.6 Hz, 1H),
7.03 (d, 
 = 7.0 Hz, 1H), 6.61 (t, 
 = 5.8 Hz, 1H), 5.92 (s, 1H), 5.08
(dd, 
 = 13.0, 5.4 Hz, 1H), 3.55 (t, 
 = 5.8 Hz, 2H), 3.50−3.36 (m,
9H), 3.13 (q, 
 = 6.6 Hz, 2H), 3.09 (s, 3H), 3.07−2.82 (m, 2H), 2.74
(dtd, 
 = 13.9, 12.8, 4.6 Hz, 1H), 2.18 (dtd, 
 = 13.0, 5.3, 2.7 Hz, 1H),
1.99−1.87 (m, 2H), 1.70 (p, 
 = 6.5 Hz, 2H), 1.63 (tdd, 
 = 5.0, 2.6,
1.3 Hz, 4H), 1.39 (s, 9H). 13C NMR (101 MHz, acetone-	6): �
172.213, 170.384, 170.178, 168.281, 156.557, 147.812, 136.892,
133.625, 117.464, 111.171, 110.799, 78.297, 71.415, 71.197, 69.170,
69.084, 50.377, 40.991, 38.805, 32.245, 30.927, 30.124, 28.622,
27.321, 27.210, 27.034, 22.659. HRMS (ESI): calcd for
[C29H43N4O8]+, 575.3075; measured, 575.3078.
N-(3-(4-(3-((2-(1-Methyl-2,6-dioxopiperidin-3-yl)-1,3-dioxoisoin-

dolin-4-yl)amino)propoxy)butoxy)propyl)-4-sulfamoylbenzamide
(�	). Compound 17 was prepared using General Procedure II and
Boc-protected linker-pomalidomide candidate 17a (80 mg, 0.14
mmol). The crude product was purified by silica column
chromatography (gradient of 0−5% MeOH in DCM) to yield 17
(38 mg, 42%) as a green oil. 1H NMR (400 MHz, acetone-	6): �
8.03−7.98 (m, 2H), 7.97−7.90 (m, 3H), 7.57 (dd, 
 = 8.6, 7.1 Hz,
1H), 7.08 (d, 
 = 8.6 Hz, 1H), 7.04−6.98 (m, 1H), 6.74 (s, 2H), 6.61
(t, 
 = 5.8 Hz, 1H), 5.08 (dd, 
 = 13.0, 5.4 Hz, 1H), 4.05 (q, 
 = 7.1
Hz, 1H), 3.57−3.37 (m, 12H), 3.08 (s, 3H), 3.04−2.81 (m, 2H),
2.80−2.64 (m, 1H), 2.18 (dtd, 
 = 13.1, 5.3, 2.7 Hz, 1H), 1.88 (dp, 
 =
25.9, 6.3 Hz, 4H), 1.63 (dp, 
 = 5.0, 1.5 Hz, 4H). 13C NMR (101
MHz, acetone-	6): � 172.3, 170.4, 170.2, 168.3, 166.1, 147.8, 147.1,
139.1, 136.9, 133.6, 128.5, 126.9, 117.5, 111.2, 110.7, 71.4, 71.3, 69.4,
69.1, 50.4, 41.0, 38.5, 32.2, 30.3, 27.3, 27.2, 27.0, 26.0, 22.6. HRMS
(ESI): calcd for [C31H39N5O9SNa]+, 680.2361; measured, 680.2359.
N-(3-(2-(2-(3-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-

yl)amino)propoxy)ethoxy)ethoxy)propyl)-4-(methylsulfonyl)-
benzamide (�
). Compound 18 was prepared using General
Procedure II, Boc-protected linker-pomalidomide candidate 5a (89
mg, 150 �mol), and 15 (94 mg, 320 �mol). The crude product was
purified by silica column chromatography (gradient of 0−5% MeOH
in DCM) to yield 18 (8 mg, 8%) as a green oil. 1H NMR (500 MHz,
acetone-	6): � 8.04−7.98 (m, 2H), 7.97−7.91 (m, 2H), 7.63−7.54
(m, 1H), 7.10 (d, 
 = 8.6 Hz, 1H), 7.01 (dd, 
 = 7.1, 0.6 Hz, 1H), 6.74
(d, 
 = 5.4 Hz, 2H), 6.62 (t, 
 = 5.8 Hz, 1H), 5.08 (dd, 
 = 13.0, 5.4
Hz, 1H), 3.63 (ddd, 
 = 5.3, 4.3, 3.1 Hz, 4H), 3.60−3.52 (m, 8H),
3.51−3.41 (m, 4H), 3.08 (s, 3H), 3.06−2.81 (m, 2H), 2.79−2.65 (m,
1H), 2.18 (dtd, 
 = 12.7, 5.3, 2.7 Hz, 1H), 1.95−1.80 (m, 4H). 13C
NMR (101 MHz, acetone-	6): � 171.4, 169.6, 169.3, 167.5, 165.1,
138.2, 136.1, 132.7, 127.7, 126.1, 126.1, 116.7, 116.7, 110.3, 109.9,
70.3, 70.2, 70.2, 70.0, 69.1, 68.6, 49.5, 40.0, 37.8, 31.4, 29.3, 29.2,
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26.2, 21.8. HRMS (ESI): calcd for [C31H38N4O10SNa]+, 681.2201;
measured, 681.2197.
tert-Butyl(3-(2-(2-(3-((2-(1-methyl-2,6-dioxopiperidin-3-yl)-1,3-

dioxoisoindolin-4-yl)amino)propoxy)ethoxy)ethoxy)propyl)-
carbamate (���). Compound 19a was prepared using General
Procedure I, ����-butyl(3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)-
propyl)carbamate (147 mg, 458 �mol), and 14 (147 mg, 458
�mol). The crude product was purified by silica column
chromatography (gradient of 20−80% EtOAc in Hex) to yield 19a
(93 mg, 34%) as a yellow oil. 1H NMR (400 MHz, acetone-	6): �
7.59 (dd, 
 = 8.6, 7.1 Hz, 1H), 7.12 (d, 
 = 8.6 Hz, 1H), 7.02 (dd, 
 =
7.1, 0.6 Hz, 1H), 6.62 (t, 
 = 5.9 Hz, 1H), 5.94 (s, 1H), 5.08 (dd, 
 =
13.0, 5.4 Hz, 1H), 3.66−3.56 (m, 8H), 3.50 (dtd, 
 = 19.1, 5.9, 3.2 Hz,
6H), 3.13 (q, 
 = 6.6 Hz, 2H), 3.09 (s, 3H), 2.99 (ddd, 
 = 17.4, 13.8,
5.2 Hz, 1H), 2.88 (ddd, 
 = 17.4, 4.6, 2.8 Hz, 1H), 2.74 (dtd, 
 = 13.8,
12.8, 4.6 Hz, 1H), 2.23−2.12 (m, 1H), 1.92 (p, 
 = 6.3 Hz, 2H),
1.76−1.64 (m, 2H), 1.39 (d, 
 = 2.2 Hz, 9H). 13C NMR (101 MHz,
acetone-	6): � 172.2, 170.4, 170.2, 168.3, 156.6, 147.8, 136.9, 133.6,
117.6, 111.2, 110.7, 78.3, 71.2, 71.1, 71.1, 70.9, 69.6, 69.5, 50.4, 40.9,
38.7, 32.2, 30.8, 30.1, 28.6, 27.0, 22.6. HRMS (ESI): calcd for
[C29H43N4O9]+, 591.3025; measured, 591.3021.
N-(3-(2-(2-(3-((2-(1-Methyl-2,6-dioxopiperidin-3-yl)-1,3-dioxoi-

soindolin-4-yl)amino)propoxy)ethoxy)ethoxy)propyl)-4-sulfamoyl-
benzamide (��). Compound 19 was prepared using General
Procedure II and Boc-protected linker-pomalidomide candidate 19a
(95 mg, 0.16 mmol). The crude product was purified by silica column
chromatography (gradient of 0−10% MeOH in DCM) to yield 17
(13 mg, 12%) as a green oil. 1H NMR (500 MHz, acetone-	6): �
8.03−8.00 (m, 2H), 7.96−7.94 (m, 2H), 7.58 (ddd, 
 = 8.6, 7.1, 0.6
Hz, 1H), 7.10 (d, 
 = 8.6 Hz, 1H), 7.01 (dd, 
 = 7.1, 0.6 Hz, 1H), 6.74
(d, 
 = 5.4 Hz, 1H), 6.62 (t, 
 = 5.8 Hz, 1H), 5.08 (dd, 
 = 13.0, 5.4
Hz, 1H), 3.63 (ddd, 
 = 5.3, 4.3, 3.1 Hz, 4H), 3.59−3.52 (m, 8H),
3.51−3.43 (m, 4H), 3.08 (s, 3H), 3.06−2.81 (m, 3H), 2.73 (dtd, 
 =
13.9, 12.9, 4.6 Hz, 1H), 2.18 (dtd, 
 = 12.7, 5.3, 2.7 Hz, 1H), 1.93−
1.81 (m, 4H). 13C NMR (126 MHz, acetone-	6): � 172.3, 170.4,
170.2, 168.3, 165.9, 139.1, 137.0, 133.6, 128.6, 126.9, 126.9, 117.6,
117.5, 111.2, 110.7, 71.1, 71.1, 71.1, 70.9, 70.0, 69.5, 50.4, 40.9, 38.6,
32.2, 30.2, 30.1, 27.0, 22.6. HRMS (ESI): calcd for
[C31H39N5O10SNa]+, 696.2310; measured, 696.2313.
Chemical Reagents for Biological Assays, Tissue Culture,

and Western Blot Analysis. �-Nitrophenyl acetate (N8130),
HEPES (H3375), �-mercaptoethanol (BME, M6250), phenyl-
methylsulfonyl fluoride (P7626), lenalidomide (SML2283), acetazo-
lamide (A6011), and MG-132 readymade solution (M7449) were
purchased from Sigma-Aldrich. iBright prestained protein ladder
(LC5615) was purchase from Thermo Fisher Scientific. Primary
antibodies (hCAII Rabbit mAb, #124687 and �-actin Rabbit pAb,
#8227) and secondary antibodies (Goat Anit-Rabbit IgC Cy5
preadsorbed, #97077) were purchased from Abcam.
hCAII Assay. Recombinant hCAII was expressed and purified

according to the protocol reported in the Supporting Information.
Assays were carried out in clear-bottom Corning 96-well polystyrene
plates (Costar, 3370). Wells were prepared to a final volume of 100
�L per well, including buffer (50 mM HEPES, pH 8.0), enzyme
(hCAII, 40 nM), inhibitor (varying concentrations), and substrate (�-
nitrophenyl acetate, 500 �M). Inhibitors and protein were
preincubated for 10 min at rt, and the substrate was added to the
reaction mixture immediately before reading. The change in
absorbance at 405 nM was monitored for 20 min at 1 min intervals
using a BioTek Synergy H4 plate reader, and the rates of the reaction
over the first 15 min were determined. The rate of absorbance for
each replicate was corrected for substrate autohydrolysis and inherent
inhibitor absorbance by subtracting the rate of absorbance from a
blank sample lacking enzyme but containing the inhibitor and
substrate. Samples lacking inhibitor but containing enzyme and
substrate were used to define 100% hCAII activity. Samples lacking
inhibitor and enzyme were used to define 0% hCAII activity. IC50 was
determined using non-linear regression with a variable slope on the
GraphPad Prism software.

Cell Lines and Culture Methods. HEK293 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, 4.5 g/L
glucose) supplemented with 10% fetal bovine serum (FBS), 1%
sodium pyruvate, and 1% penicillin/streptomycin. Cells were grown at
37 °C in a humidified 5% CO2 atmosphere and regularly tested for
mycoplasma.
Western Blot Analysis. After reaching 90% confluency, HEK293

cells were trypsinized, counted, and plated with 2 mL media at 2 ×
106 cells per well on a tissue-culture-treated, 6-well plate. At the
appropriate number of hours before reaching ∼90% confluency, cells
were treated with DMSO solutions of the appropriate compounds
(final concentration 0.5% DMSO per well). Upon reaching 90%
confluency, typically 72 h, culture media were removed and the cells
were washed with cold Dulbecco’s phosphate-buffered saline (DPBS).
Lysis buffer, composed of cell lysis buffer (Cell Signaling Technology,
9803), protease inhibitor cocktail (Cell Signaling Technology, 5872),
and 1 mM phenylmethylsulfonylfluoride, was added to each well, and
the plates were rocked at 4 °C for 20 min. Cells were then scraped
from the bottom of the plates, and the supernatant was collected after
spinning down at 14,000� at 4 °C for 10 min and frozen at −80 °C.
Lysates were thawed on ice, and the total protein concentration was
measured using a Pierce bicinchoninic acid protein assay (Thermo
Fisher Scientific, 23225). SDS-PAGE samples were prepared by
combining 30−50 �g of the total protein and sample buffer composed
of a non-reducing, fluorescent compatible sample buffer (Thermo
Fisher Scientific, LC2570) with a 2.5% final concentration of BME.
Following heating at 98 °C for 5 min and cooling to room
temperature, the prepared samples were electrophoretically separated
on a 4−20% TGX gel (Bio-Rad, 4568095) and transferred to a PVDF
membrane (Amersham Hybond P 0.45 �m, 106000019) in a tris-
glycine transfer buffer (Thermo Fisher Scientific, LC3675) with a
20% final MeOH concentration. The membrane was rocked at 4 °C
with fluorescent blocking buffer (Thermo Fisher Scientific, 37565) for
1 h and then incubated with primary antibodies (hCAII Rabbit mAb,
1:1000 and �-actin Rabbit pAb, 1:2000 in fluorescent blocking buffer)
at 4 °C overnight. The membrane was washed three times with tris-
buffered saline-Tween 20 (TBS-T, 0.1% w/v Tween 20) before
rocking with secondary antibodies (Goat Anit-Rabbit IgC Cy5
preadsorbed, 1:2000 in fluorescent blocking buffer) for 1 h at rt.
Following another round of three TBS-T washes, the membrane was
briefly rinsed with deionized water and imaged on an Amersham
Typhoon Biomolecular Imager. The immunoblot was then analyzed
using the ImageJ software as an 8-bit image. The brightness and
contrast of the image were adjusted, and the integrated density was
calculated for each protein band using the gel lane analysis tool.
Relative hCAII expression was calculated by normalizing the hCAII/
�-actin ratio in compound-treated wells to the hCAII/�-actin ratio in
vehicle (DMSO)-treated wells and indicated as “hCAII Abundance
(% DMSO)”.
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