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ABSTRACT: Mucin glycoproteins are the major component of
mucus and are integral to the cellular glycocalyx. Mucins play
diverse roles in health and disease, are an important element in
epithelial tissue models, and have broad therapeutic potential. All
mucin applications are currently challenged by their inherent
structural heterogeneity and degradation by proteases. In this
study, we describe the synthesis and study of chemically defined
mucin analogues bearing native glycans. We utilized combinations
of enantiomer amino acids and glycan thioether linkages to achieve
tunable proteolysis while maintaining cytocompatibility and

protease protease

Mirror image and thio mucins

binding activity. Structural characterization revealed a previously unknown mirror-image helix and sheds light on the molecular
drivers of glycoprotein conformation. This work represents an important step toward the development of artificial mucins for

biomedical applications.

B INTRODUCTION

Mucus is a conserved biomaterial utilized by organisms as
diverse as jellyfish, snails, and humans. The primary
component of mucus is mucin glycoproteins, which contribute
to its essential roles in hydration, lubrication, filtration, and
pathogen defense.’ Aberrant mucin production is associated
with a variety of human pathologies from dry eyes and cystic
fibrosis to cancer and infection.” Mucins are needed in research
models of disease and as therapeutics for lubrication, vaccines,
antivirals/antimicrobials, and medical device coatings.’”’
However, development of such models and therapies has
been challenged by inherent heterogeneity in mucin structure
and limited access to human samples.”® An additional
challenge is that mucins can be rapidly degraded, which
particularly limits therapeutic applications.””'" Therefore,
artificial mucins are an area of emerging research.”® Here,
we report the synthesis and evaluation of artificial mucins that
are structural and chemical analogues of native mucins, bind
protein targets via their glycans, and have biodegradation rates
that can be finely tuned.

Mucins are encoded by at least 20 gene sequences, and
further splice variation and post-translational glycosylation
events lead to diverse and heterogeneous structures.
Molecular details of these events have been challenging to
obtain due to the dynamic and complex nature of integrating
genetic, metabolic, and environmental cues. Despite differing
sequences and functional domains, mucins are all characterized
by high-molecular-weight (MW) glycodomains (0.5—20 MDa,
100—1000 s of residues) rich in Pro and O-glycosylated Thr
and Ser, which can constitute up to 90% of the domain
composition.”'” These residues contribute to an ordered
rodlike protein conformation which is generally accepted to be
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a left-handed helix with 3 residues per turn (Figure la).? 718

This structure is also known as a polyproline-type II (PPII,)
helix since it is observed in polyPro and Pro-rich proteins.'®"’

Aside from Pro, mucin glycosylation is important for
stabilizing the PPII; structure."®">' Mucin glycosylation
initiates with a-N-acetylgalactosamine (@GalNAc). Our own
work has shown that, when present in sufficient density,
aGalNAcSer and aGalNAcThr alone drive polypeptides into
the PPII; conformation.'®*' Additional sugars can be
appended to various positions on the GalNAc hydroxyls but
are reported to not alter conformation.'””® Presumably,
mucins’ rigid protein backbone (persistence length = 8.9—36
nm*>**) and highly hydrated glycans contribute to the
viscoelastic properties of mucus, while the sugars also
modulate bioactivity.

Mucins were traditionally thought to be resistant to
proteolytic degradation due to the steric effects of the bulky
sugars.”¥** In vitro degradation by proteases trypsin/pepsin or
pancreatic enzymes mainly affected unglycosylated terminal
regions,26’27 and breastmilk-sourced mucins can be found
intact in infant feces.”* However, it is now known that diverse
pathogens produce mucin-specific proteases, or mucinases, that
aid in penetrating the mucus barrier.”'" For example,
mucinase activity has been identified in Escherichia coli,”®

g 2930 . 1. 31 TS
Vibrio cholerae,””*° giardia,”" and Porphyromonas gingivalis.
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Figure 1. Design and preparation of synMUC panel. Cartoon
representation of (a) the native left-handed helix mucin structure with
O-linked aGalNAc glycans pendant from L-Ser with mirror-image
synMUCs that form right-handed helices with O-linked aGalNAc
glycans pendant from p-Ser; and (b) thio synMUCs with S-linked
aGalNAc glycans pendant from 1-Cys and with partial left-handed
helical conformation. (c) Preparation of synMUC glycopolypeptides
by N-carboxyanhydride (NCA) polymerization. (d) Amino acid
stereochemistries and side chains utilized as synMUC building blocks.

Commensal bacteria are also known to forage for mucins as a
food source.”” Additionally, pronase and papain,”* as well as
salivary enzymes,” can cleave some mucins. For application in
mucus models or as therapeutics, such degradation is a
challenge in addition to structural heterogeneity. Remarkably,
humans produce ca. 10 L of mucus per day to overcome
degradation and maintain cellular barriers."*

One strategy to reduce the biodegradation of peptide
therapeutics has been the use of enantiomer p-amino acids to
formulate molecules that are mirror images of those based on
native L-amino acids. Due to their non-native chirality, p-
peptides are typically very resistant to endogenous proteases
and have low immunogenicity.*® p-Peptides have been utilized
in the formulation of vaccines, antivirals, antibiotics,
anticancers, hydrogels, and synthetic glycopolypeptides,”®~**
but never, to our knowledge, synthetic mucins. Additionally,
replacement of O- with S- anomeric linkages is a strategy that
has been utilized to prevent enzymatic deglycosylation.” In
this case, a single report two decades ago described the
synthesis of racemic tripeptides with S-linked aGalNAc, the
initial mucin sugar.*’

Though farm animal mucins are relatively accessible,
surrogates are often employed since animal mucins are
degradable and poorly defined with batch-to-batch variation
affecting experimental reproducibility.’** Some mucus
models even eliminate mucins altogether and contain only
small-molecule nutrients.”” Current mucin surrogates are
typically polysaccharides or synthetic polymers.”® Galacto-
mannans, cellulose derivatives, poly(ethyleneglycol), glyco-
methacrylates, and glyco-norbornenes have all been utilized
attempting to recapitulate the viscoelastic, lubricating, or

glycan-presenting properties of mucins. While useful in some
applications, these materials have different chemical and
physical properties from mucins, leading to macroscopic
differences in hydration, network formation, rheological
properties, and bioactivity.

Toward solving these challenges, our lab has been
developing methods to prepare synthetic mucins (synMUCs)
with the exact chemical structures found in native mucins. We
have demonstrated that glycosylated a@-amino acid N-
carboxyanhydrides (NCAs) can be polymerized into glycan-
bearing polypeptides with exquisite control over chain length,
composition, and glycosylation (Figure 1c).*** Structural
characterization has indicated that equivalent conformations
are adopted and ?ersistence length can be tuned to the range
of native mucins.'® Though degrees of polymerization (DPs)
in the 1000 s are challenging to achieve with any polymer-
ization methodology, chain lengths of 100 s of residues
relevant to lower-MW mucins can be produced. This method
also harnesses the scalability and reproducibility of traditional
polymer synthesis and is used commercially (i.e., for FDA-
approved glatiramer acetate®”).

In previous work, it was determined that our synMUCs can
be degraded rapidly by the mucinase StcE from E. Coli, and
slowly by proteinase K, as well as by trypsin for Lys-containing
structures.”®*” In this work, we sought to develop synMUCs
with tunable resistance to degradation but that still harness
native chemical structures, protein conformations, and can
bind targets via their glycans. To achieve this, we utilized
mirror-image D-amino acid building blocks or S-linked Cys-
based thio-glycans (Figure 1a,b,d). Both strategies resulted in
synMUCs with either complete or partial resistance to
proteolysis but that adopt the native PPII helical structure,
bind native targets, and are well tolerated by human cells.
Further, our data shed light on the drivers of mucin molecular
structure and conformation.

B RESULTS AND DISCUSSION

Preparation of synMUC Panel. For our synMUCs, we
utilized various combinations of D- or L-amino acids and O- or
S- linked sugars. To mimic the composition of native secreted
gel-forming mucins,”® we targeted 50—60% glycosylation
density. We spaced aGalNAc-L or p-Ser (aGS“P) or
aGalNAc-L-Cys (aGCY) with 1:1 L- or p- Glu/Ala (E¥P/
AYP) or EYP only (Figure 1d). EYP provides excellent
aqueous solubility and anionic character as found in native
mucins.” Considering that some proteases prefer to cleave near
hydrophobic residues, we rationalized that the presence or
absence of AP might further tune synMUC proteolytic
susceptibility. Additionally, the utility of similar L-stereo-
chemistry glgrcolpolypeptides has been well studied by our lab
and others.”’ ™

Using our previously established methods, we synthesized a
panel of synMUCs via transition-metal-initiated polymer-
ization of NCAs (Figure 1c).'"®*" The NCA method allows
precise tuning of the polypeptide backbone composition and
glycosylation by monomer feed ratios, as well as tuning of My,
by NCA to catalyst stoichiometry. This study required only
milligram quantities, but it is notable our glycosylated building
blocks were prepared on gram scale and the NCA method is
scalable and used commercially.*®

For the mirror image structures, EYP and were
purchased from commercial sources. For EP, we purchased
the tert-butyl (tBu) derivative due to the ease of protecting
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Scheme 1. Synthesis of Amino Acid NCA Monomers Bearing Native Mucin @GalNAc Glycosylation”
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“(a) Preparation of peracetylated aGalNAc-L-Cys NCAs from GalNAc and Fmoc and tBu protected L-Ser. (B) Preparation of peracetylated
aGalNAc-D-Ser and aGalNAc-L-Ser NCAs from Gal and CBz and Bn protected Ser.

group removal by trifluoroacetic acid (TFA). To prepare the
a-linked thio-analogue aGCY, 1-Ser was converted to the
bromomethyl and subsequently coupled to peracetylated thio-
GalNAc (Scheme 1a).>” Peracetylated @GS™'P conjugates with
the native a-anomeric linkage were prepared starting from
galactose pentaacetate, which was converted to the azidophe-
nylselenide in three steps and coupled to Ser (Scheme 1b).>>*
All NCAs were prepared in one step by treatment of the amino
acid with COCl, or triphosgene in tetrahydrofuran (THF) and
were isolated in 50—90% yield after anhydrous flash column
chromatography on silica.>” Details of the synthetic procedures
can be found in the Supporting Information (SI).

Mirror image synMUCs were prepared by polymerization of
aGS"YP NCAs as homopolymers, in combination with E“/P
NCA, or with equimolar E*'® and AP NCAs. We prepared
various combinations with all L or all D residues or with mixed
L and D (Table 1). Similarly, thio synMUCs were prepared
with ®GC" again as homopolymers or in combination with E"
or 1:1 E*/A". Polymerizations were initiated using (PMe;),Co
in THF. Reactions proceeded efficiently at ambient temper-
ature with complete monomer consumption in a few hours as
evidenced by attenuated total reflectance—Fourier transformed
infrared (ATR-FTIR) spectroscopy via disappearance of the
NCA carbonyl stretches at ca. 1850 and 1790 cm™ and
appearance of peptide carbonyl stretches at ca. 1660 cm™" (see
SI Figure S1). SynMUCs were characterized by "H NMR and
size exclusion chromatography coupled to multi-angle light
scattering and refractive index (SEC/MALS/RI) run in
dimethylformamide (DMF) with 0.1 M LiBr.

To confirm that, like other glyco-NCAs,]g’44 our new aGC"
and aGS® NCA monomers undergo controlled polymer-
ization, we examined homopolymerizations using (PMe;),Co
in THF at varied monomer to initiator ([M]/[I]) ratios.
Poly(aGC") chains grew linearly with increasing [M]/[I]
ratios and dispersities were relatively low (Table 1 and Figure
2a). As expected, the observed M,’s were greater than the
theoretical M, due to the cobalt initiator’s known inflation.*®
Chain growth also proceeded efliciently for statistical
copolymers with tBu-E" or tBu-E"A". Sugar acetyl groups

Table 1. SynMUC Polymerization Data”

SynMUC abbrev. M’ ppre  p?
PaGalNAc-1-Ser® aGs" 52,100 125 113
PaGalNAc-p-Ser aGSsP 333000 80f
PaGalNAc-1-Cys aGC* 16,600 38 1.68

25400 58 1.38
35,700 83 123
PaGalNAc-L-Sery ¢-stat-L-Glu, , aGS'E* 38,500 119 1.07
PaGalNAc-p-Sery¢-stat-D-Gluy,  aGSPEP 63200 195  1.26
PaGalNAc-1-Sery ¢-stat-D-Gluy,  aGS'EP 50,800 157  1.24
PaGalNAc-p-Sery¢-stat-L-Gluy, ~ aGSPE" 51,400 159 124
PaGalNAc-1-Cys,¢-stat-1-Glu,, ~ aGC“E" 37,000 111  1.30
PaGalNAc-L-Ser, s-stat-L aGS“E"A" 62,700 230  1.24
-Gluy,5-stat-L-Alag 55
PaGalNAc-p-Ser, s-stat-D aGSPEPAP 81,100 298  1.32
-Gluy ,5-stat-p-Alay 55
PaGalNAc-D-Ser, s-stat-L aGSPE"A" 78,000 286  1.33
-Glug ,5-stat-L-Ala 55
PaGalNAc-L-Ser, s-stat-D aGS"EPAP 93,100 342 127
-Gluy,5-stat-p-Alay 55
PaGalNAc-1-Cys, s-stat-L aGCE"A" 50,400 180  1.29

-Gluy,5-stat-1-Alag ,5

“Data for synMUCs prepared by polymerization of glzcosylated
NCAs in THF at ambient temperature using (PMe;),Co. "Number-
average molecular weight after polymerization as determined by SEC/
MALS/RI. “DP = degree of polymerization. dPolyrner dispersity (D)
as determined by SEC/MALS/RIL “Polymer was prepared using Ni
initiator as described in ref 15./Theoretical M, and based monomer
to initiator ratio. Dispersity and M,, could not be determined by SEC/
MALS/RI since the polymer was not soluble in the running elute.

were readily removed from the thio synMUCs by treatment
with K,CO; in MeOH/H,O. Structures containing tBu-E"
were deprotected by treatment with TFA before deacetylation.
Finally, purification was achieved by dialysis or spin filtration in
Milli-Q_water.

Treatment of peracetylated GSP NCAs with (PMe,),Co at
varied [M]/[I] also resulted in rapid and complete
consumption of the NCAs. Surprisingly, ®GS® homopolymers
formed cloudy solutions from reactions performed in THF and

16575 https://doi.org/10.1021/jacs.3¢03659

J. Am. Chem. Soc. 2023, 145, 16573—16583


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03659/suppl_file/ja3c03659_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03659/suppl_file/ja3c03659_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03659?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03659?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c03659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
(a) (b
50 3 35
aGSt
| {28 3 ol
40 126 3 -
s | g 25 —aGCt
R L ) N
3 : g 22 £%°
s E ;
22/ . g |2 g 15
L 18 8
E: by 10
10| 1.6 2 ¢
14 @
0 12 ° N—————
= . .
20 40 60 80 190 210 230 250
[MI:[1] Wavelength (nm)
() 25 (d)
——qGSPEPAD - aGSt
20¢ ——aGSLELAL —aGSP
315 aGSPELAL - ——aGCt
5 101 aGSECAC | 3
£ —aGCEA" | g
o c
2 g
T o
) 7]
e <
)
-15 .
190 210 230 250 1810 1610 1410 1210 1010

Wavelength (nm)

Wavenumber (cm-)

Figure 2. Characterization of synMUCs chain growth and conformation. (a) Representative data for linear and controlled chain growth in aGC"
polymers using (PMe;),Co at varied [M]/[I] ratios (R* = 0.9977). Characterization of polypeptide secondary structure by aqueous circular
dichroism (CD) spectroscopy for (b) homopolymers with 100% glycosylation and (c) statistical copolymers with 50% glycosylation. (d) Secondary
structure analysis by ATR-FTIR spectra for homopolymers with 100% glycosylation.

had low solubility in DMF (Figure S2). This was unexpected
since peracetylated poly(aGS") is fully soluble in both THF
and DMF. aGSP homopolymer structures were confirmed by
'"H NMR and ATR-FTIR but could not be analyzed by SEC/
MALS/RI since our system runs in DMF. However, statistical
copolypeptides prepared with aGSP and EYP or EYPAVP
were readily soluble, and in all cases, SEC/MALS/RI analysis
indicated MWs aligned with the predicted values. Deacetyla-
tion of the mirror image synMUCs proceeded as described
previously and both homo- and copolymers of aGSP were fully
water soluble.

Characterization of synMUC Structure. We used ATR-
FTIR and circular dichroism spectroscopy (CD) to examine
the secondary structures of our synMUC panel. Both
techniques rely on the absorption of light by peptide bonds.
The wavelengths at which the absorptions occur, and their
intensities, reveal characteristics of the orientation of those
bonds. We sought to examine if the PPII -type structure
observed for aGS™-containing polymers and native mucins
would be maintained with the shift from O- to S-linkages and
with reversal of the Ser stereochemistry.

Distinct CD signatures have been shown for the 7 — 7 and
7z — #* transitions of PPII;, disordered, sheet, or a-helical
conformations.’”*® PPII; absorbances are often mistaken for
disordered structures; however, denaturation of collagen has
highlighted their spectral differences.'® Intact, PPII; collagen
has a large negative minimum at 197 nm and a small positive
maximum at 220 nm. When denatured, it has a negative
minimum at 200 nm and no positive maxima, aligning with the
canonical disordered “random coil” spectra with negative

1

6576

ellipticities above 210 and 195 nm. Enantiomeric p-amino acid
polypeptides absorb at the same wavelengths as their L-
counterparts but the absorption of polarized light shifts in
magnitude from positive to negative.‘w’58 That is, mirror image
stereochemistry yields mirror image spectra. The aGalNAc
amide stron§ly absorbs with positive ellipticity between 190
and 200 nm”" overlapping with the peptide 7 — #* transition.

SynMUC CD spectra were obtained as solutions in Milli-Q
water for each sample listed in Table 1. Data for our aGS™'P/
aGC" homopolymers are in Figure 2b, EY/PALD containing
synMUC data are in Figure 2c, and aGSYP/EYP and aGCE"
data are in the SIin Figure S3. As expected, all structures had a
positive absorbance between 190 and 200 nm due to
GalNAc.”' Corroborating prior work, poly(aGS") had an 5
— 7 positive maxima at 219.0 nm, signifying a left-handed
PPII; helix. The spectra of poly(aGSP) revealed an  — z*
transition at a nearly identical wavelength of 218.3 nm but with
the opposite magnitude ellipticity, which we propose to
represent a mirror-image right-handed PPII; helix. The spectra
are not precise mirror images in the 7 — 7™ region due to
GalNAC’s absorbance.

PPII; structures are common in nature, particularly for Pro-
and Gly-rich peptides, and play roles in signal transduction and
protein complex assembly.””*” The Ramachandran plot in this
dihedral angle region (75, 150°) is highly populated.®’ By
contrast, the adoption of opposite dihedral angles (75, —150°)
is extremely rare and we could find only two prior reports of a
similar PPII; helix, both for short synthetic p-Pro oligomers,
which could only form a maximum of 2—3 helical turns.”>®*
Our spectra align well with these data, though, despite

https://doi.org/10.1021/jacs.3c03659
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equivalent dihedral angles, the imino groups of polyPro cause a
red shift of 8—10 nm for the 7 — 7*."” To our knowledge, our
work is the first example of a PPII; structure with no Pro or
Gly residues and the first example of a high-MW PPII; helix.

We considered various methods to calculate the PPII
propensities of the synMUC panel members in order to
compare the effects of varied glycosylation density, hydro-
phobicity, stereochemistry, and glycan linkage. Compared to
analyses of better-studied structures such as a-helices and fS-
sheets, this is not straightforward. Despite ubiquity in nature,
PPII conformations are typically overlooked in software
packages.””® PPII-specific published methods have been
developed for short peptides (i.e., <10 residues).’”®” However,
such models would be ill-applied here since our materials are
ca. 10-fold larger in size and helical propensity and per-residue
dichroism increase with increasing chain length."”'® In our
own prior work, we developed an equation to calculate PPII},
propensity using high-MW polyPro as a standard for other Pro-
based polymers.'” However, this model is nonequivalent due
to the imino vs amino groups which result in the CD maxima
of polyPro lying at 228 nm. Therefore, we used high-MW
aGS,,s" homopolymers as our CD standard with which to
quantitate relative structural changes in the other synMUCs.
Our prior atomic force microscopy and CD work on aGS"
polymers indicated an extended rodlike PPII; structure that
intensified with increasing glycan content up to a remarkable
persistence length of ~200 nm. We calculated relative helical
propensities in the set utilizing @GS,,s"’s ellipticity deviation
from baseline at its 219.0 nm maxima, and we made the
assumption that the maximum per-residue dichroism would be
equivalent for left-handed and right-handed PPII helices (SI
Table S1).

Mirror image aGSg" had a PPII propensity of 68%
compared to aGS,,s". Prior work indicated the per-residue
dichroism plateaus around 30 residues and therefore we do not
believe the difference in chain length to be a source of the
difference.’”'® We suspect the reduction in PPII stability
results from steric and electronic interactions with the
aGalNAc since swapping the amino acid stereochemistry
differently orients the sugar with respect to the peptide
backbone. This aligns with prior NMR data proposing a
hydrogen bond between the sugar and the peptide back-
bone."”*” However, the ability to retain the PPII structure with
the alternate sugar orientation indicates that the H—bond is
not the primary driver of the helical structure as proposed.
Based on the CD spectra, we presume the 32% balance of the
structure is truly disordered. As expected, spacing of the
glycosylated residues in the cases of all-D or all-L amino acids
resulted in a proportional relaxation of the helix with helical
propensity reduced by ~12—60% (Figures 2c and S3, and
Table S1). Spectra for mixed stereochemistry systems are more
complex to interpret since the magnitudes of the absorbances
of D vs L are competing.

Homopolymers and copolymers of ®GC" had reduced PPII;,
n — m* absorptions compared to aGS“ polymers (Figure
2b,c), indicating the increased size and decreased electro-
negativity of the sulfur compared to oxygen partially disrupts
the structure. Since a mixture of structures was observed in the
CD, we used a publicly available deconvolution algo-
rithm®**>%® (CONTINLL, DICHROWEB analysis, see the
SI) to attempt to quantitate the distribution of secondary
structures (see SI, Tables S2—S4 for data using multiple
protein reference sets). A limitation of this method is the lack

of PPII reference spectra included in the algorithm. Therefore,
we made the assumption that content not assigned to f-sheet
or a-helix was, in fact PPIL. PPII helices are less studied than
other protein secondary structures and were in fact for decades
mistakenly assigned as disordered.”’° Using the largest
available protein structure reference set 7, the algorithm
assigned the aGC" homopolymers as ca. 45% f-sheet, 5% a-
helical, with the remaining 50% presumably in PPII; form. As
aGC" content decreased, assigned f-sheet content decreased
proportionally (SI Tables S2). For 50% glycosylated
aGCrELAY, assigned sheet content decreased to 31%, with a
corresponding increase in presumed PPII} to 64, and 4% was
assigned to a-helix.

ATR-FTIR spectra were obtained for the synMUC
homopolymers as thin films. Deacetylated homopolymer data
are shown in Figure 2d and in the SI for the peracetylated
forms. Amide I and II peak frequencies are listed in Table SS.
Amide bonds absorb infrared light via strong C=0 stretching
(amide I) and minor N—H bending (amide II) among other
modes.”'~> Hydrogen bonding motifs affect the precise
wavelengths at which these absorptions occur. Peptides in -
sheet conformations have strong amide I absorbances from
1620 to 1640 cm™! and amide II from 1520 to 1530 cm™
while those in helical or disordered conformations absorb from
1640—1660 to 1540—1550 cm™.""""* The aGalNAc amide
itself yields a minor absorbance at 1650 cm™, which was
observed individually for all NCA structures but was obscured
by the strong peptide amide I in the polypeptide spectra.

Corroborating the CD data, the amide I and II ATR-FTIR
absorbances were similar for GS"/P-containing synMUCs and
fell within the helical/disordered region.71_73 These data align
well with the spectra observed for known PPII; structures'’
and for biological mucins.”* Similarly supporting the CD data,
the poly(aGC") amide I, and more so the amide II,
absorbances were shifted toward the sheet region. Both sets
of spectroscopic data indicate GC" synMUCs are predom-
inantly PPII; but contain a fraction of soluble f-sheets. Sheet
formation could potentially explain the differing organic
solvent solubilities of peracetylated D vs L poly(aGS). The
amide II absorbances were similar between the two and both
fell in the helical and disordered regions. However, the slightly
shifted absorbance of poly(a@GS®) amide IT at 1558 cm™" could
indicate some f-sheet character.”*

We were not surprised that «GC" drives both PPII; and
potentially f-sheet structures. Both poly-L-Cys and poly-L-Ser
are known f-sheet formers and can do so even when bearing
hydrophilic side-chain groups.”*~"® Conjugates with hydro-
philic ethyleneglycol side chains adopt mixtures of sheets, a-
helices, and disordered conformations. It is notable that
despite the potential for -sheet fractions in @GC"-containing
polymers, they are fully water soluble in deprotected form and
fully soluble in organic solvents in peracetylated form. Strong
interchain interactions typically result in the precipitation of f-
sheets formers.

The inhibition of sheet formation in aGS" vs aGC"
polymers is presumably due to backbone proximity and steric
effects of the bulky, hydrated sugars. The sulfur atom, with
40% larger atomic radii and lower electronegativity than
oxygen, likely relieves steric crowding at the peptide backbone,
which apparently increases the sheet-forming propensity, or at
least disrupts PPII helix formation. However, our own prior
work on poly-L-Cys with propylene C-linkages to galactose-
and glucose indicated that further spacing the bulky glycans
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from the backbone strongly reduces sheet formation in favor of
a-helices.”” Collectively, these data clearly indicate that
polypeptide secondary structure is dictated by a delicate
balance of molecular interactions including sterics, electronics,
hydrogen bonding, and hydration.

SynMUC Protease Susceptibility. We modeled the
biodegradability of each synMUC composition using a small
panel of proteases. We selected general proteases proteinase K,
papain, and trypsin, as well as the mucinase secreted protease
of C1 esterase (StcE). Proteinase K is nonspecific and cleaves
peptide bonds preferentially after hydrophobic amino acids.*’
Therefore, we hypothesized our A™P-containing synMUCs
might be substrates for this enzyme. Papain is also relatively
nonspecific and preferentially cleaves after an Arg or Lys
preceded by a hydrophobic residue.”’ Trypsin specifically
cleaves peptides at sites adjacent to Arg or Lys residues.”'
Since our synMUCs do not contain Arg or Lys, we did not
expect eflicient cleavage by papain or trypsin; however, one
previous report noted minor papain activity with mucins.**
Finally, StcE is a zinc metalloprotease produced by E. coli as
part of their pathogenic strategy in cleaving the protective
mucus layers of the gut.”®*” StcE proteolysis occurs at Ser/
Thr*-X-Ser/Thr sites, where cleavage occurs before the second
Ser/Thr, X is any amino acid, and the (*) position must be
glycosylated.

We treated our synMUCs with the four enzymes and
aliquots were removed for analysis by Sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) at various
timepoints up to one week. Samples were stained with either
silver stain or a glycoprotein-specific fluorescent stain.
Representative gel data is shown in Figure 3a—c, and complete
gel data is in the SI, Figures S11—S22. Gels were analyzed with
image processing software (Image]®’) to quantify the
remaining intact polypeptide after 1 week (Figure 3d).

As expected, trypsin was unable to degrade any of the
synMUCs. Papain slowly cleaved 50% of the all-. aGS"E*A"
over the course of 1 week and, interestingly, degraded 84% of
the S-linked aGC"E"A" in the same period. Papain has a
relatively small and crowded active site.”* Therefore, we
propose the rigid PPII; conformation of ®GS"E“A" renders the
hydrophobic residues more challenging to accept than those of
less-ordered aGC"E"A". Alternatively, the longer sulfur-glycan
bond length compared to oxygen-glycan could render the
backbone more accessible or the sulfur-adjacent peptide bond
might be more labile. L-Stereochemistry and Ala were clearly
required since the enzyme could not cleave aGS"E", aGC'E"
or structures with D amino acids. Arg and Lys are apparently
not a requirement for this enzyme.

Both O- and S-linked synMUCs aGS"E"A" and aGC"E"A"
were excellent proteinase K substrates with substantial
degradation observed in 6 h and continuing over the course
of the week. However, no peptide cleavage was observed with
the elimination of r-Ala from the sequence. aGS“EPAP,
aGS'EY, and aGC'E" remained intact after a full week of
treatment. Swapping only L- for p-aGS slightly reduced
degradation efficiency, but the polypeptides could still be
cleaved. The S-linked aGC"E"A" was again a marginally better
substrate.

Treatment with the glycoprotease StcE resulted in the
expected rapid cleavage of aGS“E'A™ (Figure 3a—c). StcE
clearly relies on the L-Ser glycosidic linkage orientation since
swapping the Ser stereocenter resulted in a complete loss of
activity for aGSPEPAP, aGSPE"Y, and aGSPEAL. Proteolysis
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Figure 3. Biodegradation of synMUCs. Representative SDS-PAGE
gels for proteolytic degradation of synMUCs at varied timepoints by
treatment with StcE for (a) native l-stereochemistry synMUC
aGS"E"A" showing full degradation; (b) mixed stereochemistry
synMUC aGS"EPAP showing slow degradation; and (c) mirror image
synMUC aGSPEPAP which could not be degraded. Note: the band at
ca. 120 kDa corresponds to the protease enzyme StcE. (a—c) UNT
denotes the untreated reference synMUC for each experiment set. (d)
Proteolysis results after one week where—indicates no observed effect
and numerical entries are the quantified relative percent degradation
by image analysis software. Data was not obtained for *-marked
samples. Ala content was 25% in all listed samples containing this
residue.

could, however, be tuned by mixing amino acid stereocenters.
aGS"EPAP and aGS"EP degraded slowly over the course of 1
day to 1 week, respectively, indicating StcE prefers the
increased hydrophobicity or lower steric demand of neighbor-
ing Ala. Degradation rates could also be tuned by swapping the
native @GS" O-linkage for the S-linkage to Cys since we
observed slow degradation of @GC"E"A" and aGC"E" over the
1-week period examined.

Finally, we investigated synMUCs with varied glycosylation
densities to see if degradation rates could be further tuned via
this property. Using the previously described methodology, we
prepared 15% glycosylated (aGSgy s"Eqs" Ag,s™)so and
(aGCy 5" Eoe™ Agash)aus (see SI Table S6). Glycosylation of
15% is relevant to cell-surface glycocalyx mucins.*> As
previously noted, we determined the hydrophobic Ala residues
are required for cleavage by papain and ProK. To isolate
glycosylation density as a variable, Ala content was identical
(25%) between the SO and 15% glycosylated synMUC
samples. We also examined 100% glycosylated aGS;,s" and
aGCLg;, though structures of this density have not been
identified in nature. Considering none of the fully-p structures
were protease substrates, we did not tune glycosylation with
these samples. The synMUCs were treated with the four-
protease panel and examined by gel electrophoresis after 1
week.
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Figure 4. Cytocompatibility of various synMUC structures and their internalization into human cells. (a) HEK293 cell viability after 24 h
incubation with synMUCs, as determined by CCKS8 assays. No statistical significance between the negative (live) control and any synMUC at 1
mg/mL was observed, based on a post hoc Tukey test where significance is defined as p < 0.05. (b) Quantified internalization of AZDye 594-
labeled synMUCs into HEK293 cells. Fluorescence associated with punctate spots was quantified in Image] and normalized against cell density.
Averages (n = 4) and their associated standard deviations are plotted. No statistical differences (p > 0.05) between treatments were observed. (c—
e) Confocal images at 63X, of HEK293 cells post-incubation with AZDye 594-synMUCs aGS"E" and aGSPEP. Scale bars are 25 um. (c, e)
Overlay of cells imaged with brightfield microscopy and AZDye 594-synMUCs. (d, f) Pseudo-colored images of the AZDye 594-synMUCs alone.

Despite equivalent Ala content in the 50 and 15%
glycosylated synMUCs, structures with lower glycosylation
density were degraded more rapidly by hydrophobic-residue-
specific papain (Figure 3d). Both 15% glycosylated Ser- and
Cys-based structures were fully degraded in the period
examined compared to only 50 or 84% degraded when
glycosylation density was higher. Degradation rates were
similarly increased for ProK, which also relies on hydrophobic
residues. These data indicate that glycosylation density can
affect substrate degradation even when the glycan is not
specifically recognized by the protease. Peptide backbone
accessibility is likely affected by the steric effects of the bulky
sugars and/or conformational effects. On the contrary, 15%
glycosylated synMUCs were degraded more slowly than 50%
glycosylated synMUCs by glyco-specific StcE. These results
align with StcE’s known target of aGalNAcylated Ser/Thr.

The 100% glycosylated aGS,,s" and aGCLg; polymers
proved more challenging to analyze since their mobility in gel
electrophoresis was essentially nonexistent. This was not
surprising since they are neutral molecules. Further, the lack
of charged groups limited gel-staining options. Glyco-specific
ProQ Emerald sufficiently stained aGS,,s" (observed in the
loading well). Based on the qualitative assessment of
fluorescence in the loading well, StcE appeared to have
degraded the fully glycosylated molecule over the course of a
week while papain, ProK, and trypsin appear to leave the
structure intact. ProQ Emerald was not an effective stain for
aGCios". We presume the oxidative nature of this stain
induced unwanted oxidation of the Cys-glycan thioether and
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cleavage of the glycan. This structure also did not stain with
Coomassie, silver stain, or zinc stain.

SynMUC Cellular Compatibility and Internalization.
For future biomedical applications, we examined our structures
for cytocompatibility. Various similar synthetic glycopolypep-
tides have been shown by our lab and others to be nontoxic
and well tolerated by human cells."**”*” Therefore, we did not
expect toxicity or proliferation to be impacted by any of our
synMUCs. To verify this, we conducted CCK8 assays in a
model epithelial cell line (human embryonic kidney (HEK)
293 cells) after 24 of treatment with synMUC concentrations
ranging from 0.1 to 1 mg/mL. The cells were treated with
phosphate-buffered saline (PBS) as a negative control and
Triton X-100 as a positive control (Figure 4a). At the highest
concentration tested, there were no statistically significant
effects on cellular viability observed for any of the synMUC:s.
From these data, we conclude that these bio-analogues are well
tolerated by live human cells.

Considering applications in mucin therapeutics or in
epithelial models, we next investigated if synMUCs can be
internalized into cells or if they are expected to remain in
interstitial spaces. SynMUCs aGSPE” and aGS"E" were
selected as representative samples and end-labeled with
AZDye 594 fluorophores via N-hydroxysuccinimide ester
chemistry. We selected model healthy epithelial cells
(HEK293), cancer cells (Henrietta Lacks cells, HeLa), and a
macrophage cell line (RAW cells). All cells were treated with
7.5 UM AZ594-synMUCs for 45 minutes, washed to remove
residual polymer, and then imaged. Data for the HEK293 cells
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is shown in Figure 4, while data for HeLa and RAW cells can
be found in SI Figures S28 and $29.

Both the p- and the L-synMUCs were efliciently internalized
at comparable levels into what appears to be endosomes due to
the punctate and well-distributed fluorescence (Figures 4b—f
and $24—529). To further investigate the mechanism of this
phenomenon, we conducted internalization experiments in
HEK293 cells at 37 vs 20 °C where internalization via
endocytosis would be reduced. Below 37 °C, little to no
internalization was observed (SI Figure S27) indicating the
process is indeed endocytic rather than passive translocation
across the membrane. To determine if specific glycan binding
was at play, we conducted internalization experiments in the
presence of 2 g/L GalNAc as a competitor. In this case,
endocytosis was not affected for synMUCs with p- or L
-stereochemistry (Figures 4b and $24—526).

Endocytosis of polymers and nanostructures of varying size,
shape, charge, and hydrophilicity has been well-documented
and the mechanisms are structure-dependent.*® Given that no
change in endocytosis was observed in the presence of excess
GalNAc, we do not believe the process to be sugar-receptor-
dependent. aGS is a known ligand for the asialoglycoprotein
receptor on liver cells,”” but we could find no such receptor
reported for HEK293, HeLa, or RAW cells. Additionally, HEK
cells do not have the machinery for calveolae-mediated
endocytosis.” Therefore, we presume uptake of aGSPE® and
aGS"E" is either clathrin-mediated or one of many clathrin-
independent mechanisms, but a separate study will be required
to elucidate this. However, it is clear that our synMUCs
encompass the appropriate properties to reach the cell interior.
Given that this is independent of amino acid stereochemistry,
aGSPEP could have applications in the delivery of
therapeutics.

SynMUC Glycan Presentation and Binding. Aside from
their physical properties in the glycocalyx and in mucus,
mucins contain glycans that play specific roles in diverse
biochemical events. We sought to explore if aGalNAc
presentation from L-Ser, D-Ser, or L-Cys, as well as chirality
of neighboring residues and overall glycopolypeptide con-
formation, would affect recognition by sugar-binding proteins.
The lectin Helix pomatia agglutinin (HPA) was selected as our
binding partner since it is known to have specificity toward
terminal aGalNAc and has been widely used in cancer
diagnostics to detect changes in glycosylation patterns in
malignant cells.*””°

Using our aGSYPEYPALD or aGCME'A synMUCs, we
performed an enzyme-linked lectin assay (ELLA) with an
HPA-horseradish peroxidase (HRP) conjugate. To eliminate
disparities in the ability of synMUC structure variants to
adsorb to the ELLA microtiter plates, we utilized an inhibition
assay as a proxy for binding rather than direct binding. Plates
were coated with commercially available bovine submaxillary
mucin. ELLA assays were run with HPA-HRP in the presence
of 10 pug of the various synMUC structures, 10 pg of bovine
mucin, or 10 ug of HPA-inhibitor GalNAc monosacchar-
ide.*””” We utilized the same commercially available bovine
submaxillary mucin as a positive control.

Percent inhibition data are in Figure Sa, and data normalized
per aGalNAc are in Figure Sb to account for any minor
differences due to variation in synMUC chain length. The
percent inhibition per GalNAc for the bovine mucin control
could not be calculated since the GalNAc content and the
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Figure S. Binding of mirror image synMUCs and thio synMUC
glycans by a native glycan-binding protein as observed by an
inhibition ELLA assay. (a) Percent binding inhibition of HPA-HRP to
plated bovine mucin by 10 pug of synMUC, bovine mucin, or free
aGalNAc monosaccharide. No statistical significance was observed
between the various synMUCs and controls (observed values p >
0.05) based on a post hoc Tukey test where significance is defined as
p < 0.05. (b) Percent binding inhibition of HPA-HRP to plated
bovine mucin by various synMUCs or free «GalNAc monosaccharide
on a per aGalNAc basis. The collected average fluorescence and
standard error for each treatment can be found in Figure S23.

mucin molecular weight is not provided by the commercial
supplier.

There was no statistical difference between binding
inhibition by aGS"E"A" and aGS"EPAP, which were only
4—5% lower than native mucin. Inhibition by aGSPE"A" was
only slightly less efficient. Remarkably, glycans presented by
mirror image synMUC aGSPEPAP and thio synMUC
aGCYEFAY could also bind to HPA, albeit with about half of
the efficiency of native mucin. Our ELLA data align with prior
work by Chen and co-workers®” where a lectin could recognize
galactose click-conjugated to p-Glu and work by Johansson et
al. where a C-linked fucosyl p-peptide dendrimer actually had
higher lectin binding than its fully L-amino acid counterpart.”!
When analyzed on a per-sugar basis as shown in Figure Sb, all
of the synMUCs were better inhibitors than free GalNAc.
These data highlight the importance of the multivalency effect
when considering glycoprotein binding interactions. Overall,
the ELLA assay indicates that our synMUC:s are bioactive and,
despite differing linkages and stereochemistries, can bind to
native targets.
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B CONCLUSIONS

Mucin family proteins have diverse functions including
lubrication, hydration, and cellular defense. Mucins are an
important element in tissue models of health and disease and
have broad therapeutic applications. However, challenges in
implementing mucin models and therapeutics include inherent
structural heterogeneity, access to sufficient quantities of
reproducible materials, and rapid degradation by host and
microbial proteases. In this work, we have described the
preparation of mucin analogues utilizing enantiomers of native
amino acids and with thioether rather than ether glycan
linkages. Our method yielded cytocompatible synthetic mucins
with tunable proteolysis patterns from readily degradable to
bioinert, and that retain bioactivity of their presented glycans.
Further, structural characterization revealed a novel mirror-
image right-handed polyproline-type helix and shed light on
the molecular drivers of mucin conformation. Considering the
many unanswered questions in mucin biology and the plethora
of biomedical applications of mucins and mucus, we expect
these structures to be of great value.
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