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ABSTRACT: Targeted protein degradation (TPD) has been demonstrated powerful to modulate
protein homeostasis. For overcoming the limitation to intracellular protein degradation, Lysosome
targeting chimeras (LYTACSs) have been recently developed and successfully utilized to degrade
arange of disease-relevant extracellular and membrane proteins. Inspired by this strategy, here we

describe our proof-of-concept studies using metallohelix-based degraders to deliver the



extracellular human islet amyloid polypeptide (h[APP) into the lysosomes for degradation. Our
designed a-helical peptide mimics, metallohelix can bind and inhibit hIAPP aggregation, and the
conjugated tri-GalNAc motif can target macrophage galactose-type lectin 1 (MGL1), yielding
chimeric molecules that can both inhibit hIAPP aggregation and direct the bound hIAPP for
lysosomal degradation in macrophages. Further studies demonstrate that the enhanced hIAPP
clearance has been through the endo-lysosomal system and depends on MGLI1-mediated
endocytosis. Intriguingly, A enantiomers show even better efficiency in preventing hIAPP
aggregation and promoting internalization and degradation of hIAPP than A enantiomers.
Moreover, metallohelix-based degraders also faciltate the clearance of hIAPP through
asialoglycoprotein receptor (ASGPR) in liver cells. Overall, our studies demonstrate that chiral-
metallohelix can be employed for targeted degradation of extracellular misfolded proteins and

possess enantioaelectivity.

KEYWORDS: targeted protein degradation, lysosome targeting chimeras, metallohelix,
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Targeted protein degradation (TPD) technology has recently emerged as a promising therapeutic
strategy for directly depleting protein of interest (POI) by using chimera molecules to promote
their degradation.!* TPD technologies such as Proteolysis-Targeting Chimaeras (PROTACs)*”
and Macroautophagy Degradation Targeting Chimeras (MADTACS)*!! have been developed
depletion of proteins that have generally been considered “undruggable”.!? However, these TPD
strategies principally rely on intracellular protein degradation machinery, and are therefore limited

to targeting intracellular proteins. In 2019, the Bertozzi group'® ' have overcome this limitation



by engaging the endosome/lysosome degradation pathway by using chimeric molecules “lysosome
targeting chimera (LYTACSs).” LYTACs form a ternary complex that captures the secreted and
membrane protein through a polypeptide or antibody conjugated with ligands for the lysosome
targeting receptors (LTRs) that localizes at the plasma membrane, and directs cargoes for
lysosomal trafficking and degradation.'® This approach has been successfully applied to degrade
several disease-relevant extracellular and membrane proteins, including ApoE4, EGFR, CD71,
and PD-L1. Similarly, the recently reported MoDE (molecular degraders of extracellular
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proteins),'® AbTACs (antibody-tartgeting chimeras),!” bispecific aptamer chimeras,
GlueTAC (covalently engineered nanobody chimeras)!® also offer attractive approaches for
extracellular/membrane protein degradation. They establish brilliant strategies for directing
extracellular or transmembrane target protein for lysosomal trafficking and degradation with a
wide range of therapeutic applications.

The extracellular protein aggregates are linked to more than 30 devasting degenerative diseases,
including type 2 diabetes (T2D), Alzheimer's disease (AD), and many other amyloidoses.?
Phagocytes maintain homeostasis in human body through phagocytic clearance of protein
aggregates and cellular debris.?! Unfortunately, this function deteriorates during ageing and
neurodegenerative disease.?!? Inspired by TPD strategy, we envisioned that bifunctional
molecules capable of binding both extracellular protein aggregates and cell-surface LTRs could
transport target into lysosomes for further degradation, offering an approach to accelerate the
clearance of misfolded proteins. However, misfolded proteins in amyloidosis are generally
regarded as “undruggable” because it lacks potential binding sites for small molecules to bind.?*

25 The immunogenicity and stability of antibodies or polypeptide remains to be solved.?® In

addition, cleavage sites of amyloid proteins are usually embedded inside the 3-sheet structures that



limit access by proteases, which cause the poor ability of lysosomes to degrade these protein
aggregates.?> 2’ Therefore, a synthetic extracellular amyloid degradation platform with reduced
immunogenicity, higher efficiency, and biocompatibility is highly desirable.

Chiral metallohelices, three-dimensional coordination complexes of three a-helix multidentate
organic ligands around two metal centers, are analogous to a-helical peptides in size, charge,
amphiphilicity, and stereochemistry.?®2° It has been demonstrated that these metallohelices can be
used as versatile a-helix mimetic structures for stereoselective binding to amyloid proteins and
maintaining their nonfibrillar state’**2. Additionally, due to their unnatural backbones, these
metallohelix exhibit fascinating biological characteristics, such as reduced immunogenicity,
resistance to enzymatic hydrolysis, and enhanced bioavailability.>* ** Most importantly, the
increased diversity in terms of substituents in backbone provides modularity and additional
opportunities to introduce chemically functional groups.?®:?° Encouraged by these perspectives,
chiral metallohelix-based chimeras may effectively prevent protein aggregation and direct the
nonfibrillar proteins for lysosomal trafficking and subsequent degradation.

As an initial attempt, we explored macrophage galactose-type lectin 1 (MGL1, also known as
CD301a) mediated targeted protein degradation using metallohelix-based degraders for
extracellular misfolded human islet amyloid polypeptide (hIAPP) associated with type-2 diabetes.
MGLI1, expressed exclusively by alternatively activated macrophages and dendritic cells (DCs),
specifically recognizes glycoproteins expressing terminal galactose (Gal) or N-
acetylgalactosamine (GalNAc) residues and triggers phagocytosis and signaling.*>-** Ligands for
MGL1 are also readily available. Molecules that bearing three or more galactose-type sugars
showed strong binding affinity to MGL1*'"#*, Therefore, we designed and synthesized metallohelix

with triplex architecture to extend MGL binding ligands (GalNAc) into a space that would fit a



trimeric receptor complex. We chose hIAPP, a highly amyloidogenic peptide hormone*, as a
therapeutic target to perform a proof-of-concept experiment. The resulting degraders could be used
as a tool to drive the degradation of hIAPP by using a 2-step strategy: first, prevent hIAPP
aggregation by stabilizing hIAPP in its nonfibrillar structure; second, induce the spatial proximity
between hIAPP and cell-surface MGL, which results in the lysosomal trafficking and degradation
of hIAPP peptides (Scheme 1). We further confirmed that the enhanced hIAPP elimination was
through the endosome/lysosome degradation pathway and dependent on MGLI1-mediated
endocytosis. Intriguingly, A enantiomers showed even higher efficiency in preventing hIAPP
aggregation and promoting clearance of hIAPP than A enantiomers. Besides, the
asialoglycoprotein receptor (ASGPR) contains a carbohydrate-recognition domain (CRD) that is
homologous to the CRD of MGL, and thus, also exhibits strong affinity for tri-GalNAc ligand. Not
surprisingly, metallohelix-based degraders also faciltated the clearance of hIAPP through ASGPR
in liver cells. Taken together, our results demonstrated that chiral-metallohelix could be employed

for chiral recognition and degradation of aggregation-prone proteins.

RESULTS AND DISCUSSION

The tri-GalNAc functionalized metallohelix enantiomers (Al and Al) were synthesized and
characterized as described previously.** As shown in Figure 1b, circular dichroism (CD) spectra
of A1 showed exactly mirror image with its enantiomer Al, indicating that the chiral structures
were successfully synthesized. Furthermore, A1 and Al had excellent stability in water, phosphate
buffer saline (PBS), and Dulbecco's modified eagle medium (DMEM) (Figure 1c and Figure 1d)

and even undecomposed in PBS buffer over one month (Figure S1). Besides, acetylated galactose



(Ac-Gal) and B-galactose (Gal) functionalized metallohelix enantiomers (A2 and A2, A3 and A3)
were also synthesized and used as controls (Figure S2 and Figure S3).

Metallohelix inhibited hIAPP aggregation with enantioselectivity. We first explored
whether the metallohelices could inhibit hIAPP fibrillation. Transmission electron microscopy
(TEM) was used to detect the morphology of hIAPP. Large branched fibrils were observed in the
samples of hIAPP alone after incubating at 37 °C for 24 h (Figure 2a). Howbeit, in the presence
of the metallohelices, hIAPP formed numerous small, relatively amorphous structures, indicating
that the metallohelices effectively suppressed the amyloid fibril formation.

The prevention of the hIAPP fibril formation by metallohelices was further substantiated by CD
spectroscopy (Figure 2b-d). The fresh-prepared monomeric hIAPP alone changed its
conformation from random coil to B-sheet structure after 24 h, characterized by a negative peak at
216 nm*. In contrast, the intensity of the negative peak at 216 nm decreased substantially in the
hIAPP/metallohelices mixture under the identical conditions, indicating that the conversion of
hIAPP monomers into B-sheet-rich aggregates was strongly inhibited by metallohelices.

We next measured median inhibitory concentration (ICso) of the six chiral metallohelices on
hIAPP aggregation by using thioflavin T (ThT) fluorescence assay®. As shown in Figure S4, the
metallohelices alone did not influence ThT fluorescence under our experimental conditions. When
hIAPP was incubated alone, a sigmoidal curve was observed, which is typical of hIAPP
fibrillation*®. ThT fluorescence intensity increased sharply due to the growth of B-sheet secondary
structures. However, in the presence of the metallohelices, ThT fluorescence was hardly changed,
implying the metallohelices could prevent hIAPP aggregation (Figure S5), and the inhibition in a
dose-dependent manner (Figure S6). ICso values were estimated 8.32 uM for A1, 16.39 uM for

A1, 18.97 uM for A2, 18.4 uM for A2, 13.17 uM for A3 and 17.38 uM for A3. Intriguingly, there



were two features for the metallohelices to prevent hIAPP aggregation. First, the metallohelices
with more hydrogen-bond donor groups were more effective. Second, A enantiomers showed even
stronger inhibition effects than A enantiomers®® 4.

To better understand the different inhibiting capacities of the metallohelices, we performed
competition dialysis experiments to reveal the enantiomeric selectivity of metallohelices®®. The
racemic mixture was dialyzed against hIAPP, and the dialysate was monitored by CD spectroscopy
(Figure 3a-c). The dialysate was enriched in A1, A2, and A3, respectively. These results suggested
that hIAPP bound more tightly to A enantiomers than A enantiomers.

ESI-MS was also employed to compare the binding affinity of the metallohelices to hIAPP. We
took A3 and A3 as examples. hIAPP showed three peaks at 789, 976, and 1301, corresponding to
the 5+, 4+ and 3+ ionization states of hIAPP monomer, respectively. However, extra peak was
found at 996 (6+ ionization states) in the metallohelices/hIAPP mixture, which corresponded to
the 1:1 metallohelices—hIAPP monomer complex (Figure S7). More importantly, after treatment
of hIAPP with A3, the peak of A3—hIAPP complex was stronger than that of A3—hIAPP complex,
further supporting that hIAPP bound more tightly to A enantiomers than A enantiomers.

To further reinforce these observations, we measured the binding affinities of these
metallohelices to hIAPP by using the isothermal titration calorimetry (ITC) and fluorescence
titrations. According to the ITC data (Figure 3d-i and Table S1), the binding was exothermic and
gave the best fit to 1:1 binding stoichiometry. Moreover, tri-GalNAc functionalized metallohelices
showed stronger binding affinity to hIAPP than other carbohydrate-modified metallohelices. The
apparent binding constants (Ka) of A1 was 5.54 x 10° M ™!, which was 3.7-fold stronger than that
of Al (1.50 x 10° M), showing enantioselectivity. These results were further supported by

fluorescence titration experiments (Figure S8). All these results inferred that the different



inhibition effects of these metallohelices could be assigned to their different binding affinities to
hIAPP.

Moreover, as shown in Figure S9, no change was observed by monitoring the absorption at the
metal-to-ligand charge transfer (MLCT) band of these metallohelices upon hIAPP binding,
implying that the rigid structure of metallohelix was unperturbed by incubation with hIAPP.

Metallohelix promotes macrophage internalization and degradation of hIAPP.
Macrophages are major components of the immune defense system and capable of catabolizing
aberrant or misfolded proteins from the circulation.*® The macrophage galactose-type lectin
(MGL1), the lectin expressed exclusively by macrophages and dendritic cell (DCs), rapidly clears
endogenous glycoproteins terminating in Gal or GalNAc glycans.® Therefore, we tested the
cellular accumulation of these sugar-appended metallohelices. Alternatively activated RAW264.7
cells (M2 phenotype) were used and cultured with metallohelices (5 pM) for 4 h, and Fe content
was detected by using ICP-MS. The Fe content in macrophages cultured with A1 or Al was higher
than in other groups (Figure S10a), which could be attributed to the galactose-mediated
endocytosis between tri-GalNAc substituent and MGL1 expressed by macrophages. Notably, the
lowest cellular uptake of A2/A2 was observed, indicating that metallohelices with Ac-Gal
substituent couldn't be ingested by MGL1-dependent endocytosis. To further verify that the
internalization of A1 or A1 was mediated through MGL1, excess MGL1 ligands, lactobionic acid
or B-galactose, were added to compete for the receptor with metallohelices. After preincubation
with competitive ligands, the Fe content in cells became lower because lactobionic acid or B-
galactose could saturate MGL1 and further inhibit the galactose-mediated endocytosis (Figure

S10b). These results suggested that the cellular entry of these sugar-functionalized metallohelices



was mainly MGL1-mediated. Since Al and Al could undergo galactose-mediated endocytosis,
and also prevent hIAPP aggregation, we chose Al and Al for further studies.

Before the following experiments, we performed methyl thiazolyl tetrazolium (MTT) assay to
evaluate the biological safety of these metallohelices. As shown in Figure S11, Al and Al had
negligible cytotoxicity towards RAW?264.7 cells and MING6 cells with a concentration of up to 20
uM, suggesting their excellent biocompatibility.

Next, we explored whether these metallohelices could trigger internalization of hIAPP via
MGL1-dependent endocytosis. RAW264.7 cells were incubated with either hIAPP or
hIAPP/metallohelices (Al or Al) mixtures for 4 h, the ingested fluorescently labeled hIAPP
(hIAPP-FITC) was analyzed by flow cytometry. As shown in Figure 4a and Figure 4b,
internalization was found dependent on the concentration of the metallohelices, and the maximum
internalization was reached at concentration of 5 pM, and this degree of internalization persisted
at higher concentrations (10 uM).'* Intriguingly, chirality differences in uptake efficiency was also
observed. Co-incubation with the metallohelices increased cellular hIAPP-FITC by 3.6-fold and
2.4-fold for Al and Al, respectively (Figure 4c). The better internalizing efficiency of Al was
contributed to the higher binding affinity between hIAPP and Al.

The effect of metallohelices on macrophage uptake and clearance of hIAPP was also visualized
via confocal laser scanning microscopy (CLSM). As macrophages expressed scavenger receptors
that can capture hIAPP*, it was no surprise to see internalization of hIAPP in the absence of
metallohelices. In the presence of metallohelices, the co-localization of hIAPP (green) with
Lysotracker (red) was prominently increased, indicating that the metallohelices could capture and

translocate hIAPP into the endosomes and lysosomes (Figure 4d and Figure 4e). In conclusion,



co-incubation of hIAPP and the metallohelices inhibited hIAPP aggregation and further facilitated
the lysosomal transport of hIAPP.

To rule out the possibility that hIAPP aggregation inhibitor contributes to target internalization,
A2 with Ac-Gal substituent which could inhibit hIAPP aggregation (Figure 2a and Figure 2c) but
couldn't be ingested by MGL1-dependent endocytosis (Figure S10a), was used for verification.
As shown in Figure S12, compared with that of hIAPP alone-treated cells, no significant
improvement in lysosomal hIAPP content was observed for the cells treated with A2/hIAPP
mixtures as revealed by the green fluorescence of hIAPP. By contrast, for the cells treated with
AT1/hIAPP, large amounts of hIAPP were found co-localization with lysosomes. Consistently, flow
cytometry (FCM) analysis disclosed increased internalization of A1/hIAPP in comparison to
A2/hIAPP and hIAPP control (Figure S13). These results demonstrated that the inhibitory effect
of A1 on hIAPP misfolding was not the main reason for the enhanced cellular uptake of hIAPP.

Cleavage sites of amyloid proteins are usually embedded inside the B-sheet structures that limit
access by proteases, which would lead to the poor ability of lysosomes to degrade protein
aggregates, and further cause lysosomal swelling, destabilization, and dysfunction?. To evaluate
whether lysosomal-mediated hIAPP degradation occurred, hIAPP-FITC/A1 mixtures were
incubated with RAW?264.7 cells for 4 h, then the cells were washed and cultured in hIAPP-free
fresh medium, and cellular hIAPP was detected by FCM. As expected, only small quantities of
nonfibrillar hIAPP peptides were found in the hTAPP/A1 treated cells after 36 h incubation (Figure
41). Together with the above CLSM images showed co-localization of hIAPP with lysosomes,
these data suggested that hIAPP degradation was mediated by lysosomal proteases.

The mechanism of Al-mediated hIAPP degradation was further studied, RAW264.7 cells were

treated with leupeptin (inhibitor of serine and cysteine proteases) or MG-132 (26 S proteasome
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inhibitor). As shown in Figure 4g and Figure S14, substantial degradation of nonfibrillar hIAPP-
FITC was observed in MG-132 treated cells. However, the non-specific inhibition of leupeptin on
serine and cysteine proteases resulted in the accumulation of intracellular hIAPP-FITC, suggesting
that hIAPP degradation indeed occurred in lysosomes'® 8. Similar results were also obtained by
ELISA assay (Figure S15). Collectively, these results further supported Al-mediated hIAPP
enrichment in the lysosome and consequent proteolysis.

The ability of lysosomal enzymes to degrade hIAPP in the context of hIAPP/A1 mixtures was
further confirmed by CLSM (Figure S16). As indicated by co-staining of lysosome and hIAPP,
cells treated with hIAPP/A 1 mixtures were sufficient to degrade hIAPP, however, such ability was
not found in cells treated with hIAPP fibrils after 24 h incubation (Figure S17). Very similar
results were obtained by FCM analysis of cellular hIAPP-FITC content (Figure S18), which were
consistent with previously suggested incomplete and slow degradation process of hIAPP fibrils*.
These results suggested that nonfibrillar hIAPP/metallohelix mixtures were more efficiently
degraded in lysosomes than hIAPP fibrils.

To further explore whether lysosomal damage occurs during the degradation process of hIAPP,
we used acridine orange (AO) staining assay to monitored lysosomal integrity.**>° For hITAPP/A1-
treated cells, bright red fluorescent dots in lysosomes were observed by CLSM (Figure S19),
which suggested that the lysosomal membranes were integrated. In contrast, the hIAPP alone-
treated cells showed weak red fluorescence, indicating that hIAPP fibrils could rupture lysosomal
membrane structure and led to lysosomal dysfunction.

Next, we evaluated whether these metallohelices could scavenge amyloid that is endogenously
secreted by cells to the extracellular milieu. INS-1-hIAPP cells (upper chamber) were co-cultured

with macrophages (bottom chamber) in transwell plates, which allows hIAPP peptides to diffuse
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freely between the two chambers. As shown in Figure S20, compared with the control groups, re-
localization of hIAPP (green) from the plasma membrane to intracellular lysosomes (red) were
observed upon A1l treatment, suggested that A1 could capture and translocate A into lysosomes.
Then, substantial degradation of nonfibrillar hIAPP was also observed in Al-treated cells as
determined by ELISA kits (Figure S21). Moreover, hIAPP induced IL-1a and IL-1p production
from macrophages was also inhibited by metallohelices. Collectively, Al could scavenge

endogenously secreted hIAPP peptides and relieve inflammation.

Mechanism of metallohelices-mediated hIAPP internalization and degradation. To
elucidate the internalization mechanism of hJAPP, we treated the RAW264.7 cells with inhibitors
of different endocytic pathways’!, including chlorpromazine (CHL, an inhibitor of clathrin-
mediated endocytosis) and amiloride (AMI, an inhibitor of macropinocytosis). As indicated by
flow cytometry analysis (Figure S22, for hIAPP alone-treated cells, inhibitors AMI and CHL
resulted in obvious reduction of cellular uptake of hIAPP, indicating hIAPP uptake was mediated
by macropinocytosis and clathrin-mediated endocytosis. In contrast, as for hIAPP/A1-treated cells,
CHL significantly reduced cellular uptake of hIAPP, whereas AMI slightly attenuated the hIAPP
internalization. These results indicated that the main cellular uptake of hTAPP/A1 could be through
clathrin-mediated endocytosis.

Next we testified whether MGL1 receptor was involved in metallohelix-mediated hIAPP
degradation. Alternatively activated microphages (M2 phenotype) were pretreated with an
inhibiting antibody or an isotype control antibody.* As shown in Figure S23, hIAPP/A treatment
increased hIAPP internalization by 3.6-fold. Pretreatment with MGLI inhibitory antibody

dramatically impeded the internalization of hIAPP into macrophages, whereas the hIAPP
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internalization was unaffected in the IgG-pretreated groups. We then compared the uptake of
hIAPP into classically activated microphages (M1 phenotype) with low MGL1 expression levels*’
and found that the amount of hIAPP-FITC was obviously reduced with the decrease of MGL1
level. These results demonstrated that MGL1 receptor played important roles in the metallohelix-
mediated hIAPP internalization.?® Considering that endocytosis mediated by MGL1 is dependent
on clathrin®? >3, these results were consistent with the endocytosis inhibition assay.

To ensure that degradation of hIAPP occurred by MGL1-mediated endocytosis, we tested
whether perturbing the interaction with MGL1 would influence hIAPP internalization.
Macrophages were pre-treated with siRNA to target MGL1. As shown in Figure 5a and Figure
5b, Al-induced hIAPP internalization was abolished following MGL1 knockdown, while hIAPP
uptake proceeded in cells transfected with control siRNA. These results further confirmed that
MGL1 played important roles in Al-induced hIAPP elimination.

The induced MGL1-hIAPP interaction was also visualized by CLSM. As shown in Figure 5c,
most hIAPP peptides were observed colocalized with MGLI1 receptors in the hIAPP/A1-treated
cells. In contrast, there was much less colocalization of hIAPP with MGLI1 in the hIAPP alone-
treated cells. These results further confirmed that the MGL1 receptor was essential for Al-
mediated hIAPP internalization and clearance.

MGL1 receptor involved in the clearance of IAPP/A1 mixtures was also supported by the
competitive binding studies using MGL1 binding agent, B-galactose.*® The fluorescence intensity
of hIAPP was decreased with the addition of B-galactose (Figure S24), suggesting that hIAPP
uptake promoted by Al was attenuated by co-incubation with excess competitive ligands. To
substantiate this finding, the internalization of hIAPP was further detected by FCM, and similar

results were obtained (Figure S25). Furthermore, no detectable improvement in cellular hIAPP
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content was observed for macrophages treated with control metallohelices that does not contain
GalNAc moieties (Figure S26 and Figure S27). Collectively, these data suggested the
involvement of MGLI1 in the transportation of hIAPP and implied that the tri-GalNAc¢ modified

metallohelix effectively delivered the targeted protein into macrophages.

Molecular docking simulation on the hIAPP-A1-MGLI1 ternary complex. To better dissect
and understand the interactions between hIAPP-A1 and MGL1, we performed molecular docking
simulations on the hIAPP-A1-MGLI1 ternary complex.’* The hIAPP-MGL1 complexes were first
generated using global docking predictions from ZDOCK, and further performing local side-chain
and rigid-body refinement using Rosetta.>>>° The top 50 preferential poses were used to dock our
degrader (A1l). The resultant low-energy conformation of the hIAPP-A1-MGL1 ternary complex
was shown in Figure 6a. The GalNAc ring of Al had contacts with both LYS1 and ASN3, and
another GalNAc ring interacted with THR36 (Figure 6b). Moreover, the aryl ring of A1 could also
produce hydrophobic interactions and m-n-interactions with hydrophobic residues located in the
exterior part of hIAPP (Figure 6c). These results suggested that such metallohelix provided a
multivalent surface for interactions with hIAPP, resulting in its inhibition of hIAPP aggregation.
Furthermore, A1 binding to MGL1 was involved the interactions of the hydroxyls at C-3 and C-4
of the GalNAc ring with residues of MGL1 (GLN239, ASP241, GLU252, ASN164) and calcium
ion, consistent with previous analogue structure and predictions (Figure 6d).>”*® Through binding
to cell-surface lysosome shuttling receptor and the target protein, the resulting hIJAPP-A1-MGLI1
complex was engulfed by the cell membrane, and finally the target protein was degraded in
lysosomes. These results provided a possible mechanistic insight into A1 how to inhibit hIAPP

aggregation and promote hIAPP clearance.
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Metallohelix also facilitates the uptake of hIAPP through ASGPR in liver cells.

Asialoglycoprotein receptor (ASGPR) is another well-defined lysosomal shuttling receptor,
which is primarily and highly expressed in hepatocytes.'*!1® GalNAc, especially trimeric GaINAc
can also bind to ASGPR very potently. Therefore, we explored whether these metallohelices could
trigger internalization of hIAPP through ASGPR in HepG2 cells. As shown in Figure S28, FCM
analysis disclosed increased internalization of hIAPP/A1 compared to hIAPP control. CLSM
images showed the distribution of hIAPP in the cytoplasm and colocalization with lysosomes
(Figure S29). Moreover, substantial degradation of nonfibrillar hIAPP was also observed in Al-
treated HepG2 cells (Figure S30). These results implied the metallohelix-mediated uptake and
traffic of the hIAPP to the lysosome through ASGPR-dependent manner. Since liver is the major
place for protein catabolism, delivering amyloid proteins to the liver for degradation can be

potentially advantageous.!#!®

DISSCUSSION

Until now, many therapeutic inhibitors have been prepared to modulate the aggregation of
amyloid proteins, including peptides, small molecules, metal complexes, and even
nanoparticles.’®3? Given the reversible binding of these inhibitors, enough drug concentrations and
sustained systemic exposure of the drug are often required to ensure sufficient inhibition.
Unfortunately, continuous drug exposure may produce a wide range of on-target toxicity.?*?* The
emergence of degraders that are capable of depleting POIs through degradation pathways have the
potential to overcome drawbacks associated with conventional inhibitors.! ? In the present work,

we described our initial proof-of-concept studies using metallohelix-based degraders to deliver the
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extracellular hAIPP peptides into the lysosomes for degradation. The deleterious effects associated
with the protein aggregates can be effectively blocked through protein degradation strategies.
Collectively, targeted amyloid degradation by hybrid metallohelix may provide an alternative
modality, fundamentally distinct from current inhibitors, to completely deplete the extracellular
protein aggregates.>* %

Exploring new lysosome shuttling receptors will greatly promote development of targeted

2. MGL, expressed primarily by macrophages and DCs,

lysosomal degradation strategy.
responsible for clearing glycoproteins expressing terminal Gal or GalNAc residues via endo-
lysosomal pathway.>>*° This expression pattern makes MGL a promising lysosomal shuttling
receptor for macrophages-mediated protein degradation. In this work, we observed that tri-GalNAc
functionalized metallohelices could induce the spatial proximity between hIAPP and cell-surface
MGL, which results in the lysosomal trafficking and degradation of hIAPP peptides in
macrophages. Our results demonstrated the feasibility of MGL-mediated protein degradation
strategy.

C-type lectin receptor (CLEC) is involved in diverse physiological processes, such as
glycoprotein turnover, ligand-specific endocytosis and recognition of environmental danger
signals.’> 3 Carbohydrate-recognition domain (CRD) is a predominant property of C-type lectins.
Among the CLEC superfamily, two are of particular interest. ASGPR (CLEC4H1), a type II
transmembrane CLEC receptor, is expressed nearly exclusively in hepatocytes. MGL (CLEC10A)
is another membrane-anchored CLEC receptor that is expressed predominantly by macrophages
and DCs. Both lectins contain homologous CRDs that exclusively binds terminal GalNAc

residues.®® In light of this, it is not unexpected that tri-GalNAc functionalized metallohelices also

faciltated the clearance of hIAPP through ASGPR in liver cells. Since liver is the major place for
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protein catabolism, delivering amyloid proteins to the liver for degradation can be potentially

advantageous.'# 1

STUDY LIMITATIONS

Several limitations existed in the present work. First, metallohelices bind o/B-discordant
segments of protein generally, not hIAPP specifically. Our current work explored the effects of
metallohelices on the clearance of extracellular protein aggregates but overlooked the possible
impacts on normal proteins. However, structural modifications (such as sugar functionalization
and incorporate chirality into degraders) greatly increased the binding affinity of metallohelices to
hIAPP peptides, which may weaken the off-target effects. This will guide us to do better design
and synthesize different types of metallohelices in the future for improving their binding affinity
toward specific targets and enantioselectivity. Second, innate receptors such as C-
type lectin receptors (CLEC), have been widely investigated inthe immune system as they
recognize pathogens and play important roles in both innate and adaptive immune
responses. Nevertheless, the present work did not consider the potential effect of degraders-
induced CLEC activation on immune systems. Finally, the observed hIAPP degradation is heavy
reliance on cell-based models that do not closely represent clinical circumstance. Besides, the
duration of treatment in cell-based models remains too short to assess the long-term safety as well
as the metabolic properties of degraders. Re-optimization of delivery strategy and dosing schedule
are needed before in vivo animal model studies. Moreover, key factors of metallohelices need to

be systematically investigated in vivo, such as applicability, selectivity, and potential side effects.

CONCLUSIONS
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In the present work, metallohelix-based degraders have been developed to direct extracellular
hAIPP peptides toward lysosomal degradation via LTRs. Degraders were composed of LTR
binding ligands (tri-GalNAc) and chiral metallohelix. These triplex metallohelices were
biocompatible, water-soluble, and stable in water and biological media. Owing to the critical role
of a-helical intermediates in amyloid fibril formation, the chiral a-helical mimetic could bind to
hIAPP and inhibit aggregation. Most importantly, the addition of the carbohydrate units leads to a
significant expansion of their functions. The resulting tri-GalNAc functionalized metallohelix
could direct the bound hIAPP for lysosomal trafficking and subsequent degradation. Further
studies revealed that metallohelix-based degraders induced the spatial proximity between hlIAPP
and cell-surface LTR, leading to proteasomal degradation of hlAPP via the endo-lysosomal
pathway. Intriguingly, A enantiomers showed even higher efficiency in preventing hIAPP
aggregation and promoting the elimination of hIAPP than A enantiomers. Taker together, our work
demonstrated that metallohelix could be employed for targeted degradation of extracellular protein

aggregates and possess enantioselectivity.

EXPERIMENTAL DETAILS

Synthesis of metallohelices: Metallohelices were synthesized and characterized according to our
previous report.

Protein sample preparation: hIAPP was dissolved in HFIP and stored at -20 °C. Before use,
the solvent HFIP was evaporated and hIAPP was redissolved in 20 mM Tris buffer (pH 7.4). For

the hIAPP aggregation, the solution was incubated at 37 °C for 24 hours.

18



hIAPP uptake and degradation: 1 day-aged solutions of hIAPP or hIAPP/metallohelices in
PBS buffer (pH 7.4) were diluted with cell culture medium and added to the cells at a final peptide
concentration of 5 uM. After incubation for 4 h, LysoTracker Red (Beyotime) was used to stain
lysosomes. After staining for 15 min, PBS was used to wash cells and 4% formaldehyde was used
to fix cells. Finally, the cell nuclei were stained by DAPI and hIAPP peptides were stained with
antibodies (Santa Cruz Biotechnology, sc-377530). After 15 min, cells were washed with PBS and
observed by laser scanning confocal microscopy. For flow cytometry (FCM) analysis, hIAPP-
FITC were used instead of hIAPP peptides.

After hIAPP/A 1 mixture treatment, cells were washed with PBS and cultured in hIAPP-free fresh
medium to allow further degradation. At varying times thereafter, the cells were thoroughly
washed and trypsinized to digest surface-bound hIAPP, followed by lysis, and intracellular hIAPP
was quantified by FCM or ELISA kits (Energy Chemical, EL0518).

Protease inhibition experiments: Cells were incubated with hIAPP/A1 mixture for 4 h followed
by three washes with PBS. Cells were maintained subsequently in fresh media with leupeptin
(Solarbio, L8110) or MG-132 (Shandong Sparkjade Biotechnology Co., Ltd., SI-BP0049A) for 6
h, 12 h, 24 h, and 36 h. The samples lacking protease inhibitors were treated with 1% DMSO as a
vehicle control.

Endocytosis inhibition assay: Activated macrophages were exposed to chlorpromazine (MCE,
HY-12708) or amiloride (MCE, HY-B0285) and incubated for 30 min at 37°C. 1 day-aged
solutions of hTAPP-FITC or hIAPP-FITC/metallohelices in PBS buffer (pH 7.4) were diluted with
cell culture medium and added to the cells at a final peptide concentration of 5 pM. The

internalized hIAPP was quantified using FCM.
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Antibody inhibition experiments: Activated macrophages were pretreated with an inhibiting
antibody (Santa Cruz Biotechnology, sc-56109) or an isotype control antibody (rat IgG2a) for 6 h,
then incubated with hJAPP-FITC or hIAPP-FITC/A1 mixtures for 4 h. The level of endocytosed

hIAPP were analyzed by FCM.

e

. prevent hIAPP
fibrillation

Scheme 1. Mechanism of action of metallohelix-based degraders. On simultaneously binding to
both MGL1 and hIAPP, the resulting ternary complex is engulfed by the cell membrane, which

forms a transport vesicle. Finally, hIAPP is transported to lysosomes and degraded.
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Figure 1. (a) Characterization of tri-GalNAc functionalized metallohelices. (b) CD spectra of Al

(red) and A1 (black) (40 uM in H20). UV-vis absorption spectra of Al (¢) and Al (d) in water,
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Figure 2. hIAPP aggregation in the absence or presence of metallohelices. The hIAPP (20 uM) or
hIAPP (20 uM)/metallohelices (20 uM) mixtures were measured in 10 mM HEPES (pH 7.3) after
incubation at 37 °C for 24 h. (a) TEM images of hIAPP with or without incubation of
metallohelices. Scale bars are 250 nm. (b-d) The aggregation behavior of hIJAPP was monitored

by CD spectra in the absence or presence of metallohelices.
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Figure 3. A enantiomers showed higher binding affinity to hIAPP than A enantiomers. (a-c)
Competition dialysis experiment. CD spectroscopy was used to monitor the dialysate. (d-i)
Representative ITC data for the interactions between chiral metallohelices and hIAPP, A1l (d), Al

(e), A2 (f), A2 (g), A3 (h), A3 (i).
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Figure 4. Metallohelix-based degraders promoted clearance of hIAPP in RAW264.7 cell lines.
Internalization of hIAPP-FITC in macrophages determined by FCM following 4 h treatment with
Al (a) or Al (b) at different concentrations. (¢) Internalization of hIAPP in RAW264.7 cells
evaluated by flow cytometry under different conditions. Mean fluorescence intensity (MFI) was
measured by flow cytometry. (d) Representative images of hIAPP internalization in macrophages
by confocal microscopy after hIAPP (5 uM)/metallohelices (5 pM) treatments for 4 h. hIAPP

peptides were stained with antibodies (green), lysosome was stained with lysotracker red (red),
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and DNA was stained with DAPI (blue). Yellow areas indicated co-localization of hIAPP and
lysosomes. Scale bars are 20 um. Images are representative of two independent experiments. (e)
The percentage of hIAPP peptides that are colocalized with lysosomes in each sample (n = 3,
independent experiments) was analyzed by Nikon colocalization software. (f) Degradation of
hIAPP-FITC peptides in the hIAPP/A1 treated cells. After incubated with hIAPP-FITC/Al
mixtures for 4 h, the degradation of hIAPP for 6 to 36 h were measured by FCM. (g) The
degradation of hIAPP-FITC for 6 to 36 h in the presence of leupeptin (red) or MG-132 (blue) were

detected by FCM.
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Figure 5. Mechanism of metallohelices-mediated internalization. A1/hIAPP mixtures bound to
macrophages MGLI1 receptors and were internalized by receptor-mediated endocytosis. (a)
Cellular hIAPP levels were determined by FCM in macrophages following knockdown of MGL1
by siRNA. Negative control siRNA was used as a control. (b) Mean fluorescence intensity (MFI)
was determined by live cell FCM. Values are the average of three independent experiments. (c¢)
Confocal images of RAW264.7 cells incubated with hIAPP were stained with antibodies against
hIAPP (green) and MGL1 (red); DNA was stained with DAPI (blue). Arrows indicate co-

localization of hIAPP and MGL1.
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Figure 6. (a) Docking pose of the hIAPP-A1-MGL1 ternary complex. The cartoon and surface of
hIAPP are displayed in blue, whereas the cartoon and surface of MGL1 are displayed in red. Al
is colored gray. (b-c) Predicted binding mode for A1 (gray) with hIAPP. Hydrogen bonds and -
n-interactions are shown in dashes. (d) Predicted binding mode for Al (gray) with MGL1 at the
hIAPP-A1-MGLI ternary complex. Hydrogen bonds and bonds to metal ion (purple sphere) are

shown in dashes.
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