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PEGylation is the gold standard in protein-polymer conjugation, improving circulation half-
life of biologics while mitigating the immune response to a foreign substance. However,
pre-existing anti-PEG antibodies in healthy humans are becoming increasingly prevalent
and elicitation of anti-PEG antibodies when patients are administered with PEGylated

therapeutics challenges their safety profile. In our current study, two distinct amine-



reactive poly(oxanorbornene) (PONB) imide-based water-soluble block co-polymers
were synthesized using ring opening metathesis polymerization (ROMP). The
synthesized block-copolymers include PEG-based PONB-PEG and sulfobetaine-based
PONB-Zwit. The polymers were then covalently conjugated to amine residues of
lysozyme (Lyz) and urate oxidase (UO) using a grafting-to bioconjugation technique. Both
Lyz-PONB and UO-PONB conjugates retained significant bioactivities after
bioconjugation. Immune recognition studies of UO-PONB conjugates indicated
comparable lowering of protein immunogenicity when compared to PEGylated UO. PEG-
specific immune recognition was negligible for UO-PONB-Zwit conjugates, as expected.
These polymers provide a new alternative for PEG-based systems that retain high levels

of activity for the biologic while showing improved immune recognition profiles.
INTRODUCTION

The covalent conjugation of polyethylene glycol (PEG) to therapeutic proteins or
PEGylation has been the gold standard in protein bioconjugation since its advent in
1977.2 More than 24 PEGylated proteins have been approved by the FDA for various
diseases like cancer, hepatitis and rheumatoid arthritis since 1990.3-5> PEGylation reduces
the immunogenicity, while increasing protein stability and blood circulation half-life of the
native protein.58 However, there is an increasing prevalence of anti-PEG antibodies in
the population and administration of PEGylated therapies can further elicit anti-PEG
immune responses.®'® The occurrence of pre-existing anti-PEG in healthy human
subjects increased from 0.2% according to a study in 1984 to more than 44% as reported
in 2016.'415 Such an increase can be attributed to the rising exposure of the populace to

PEG in daily use products. The presence of pre-existing anti-PEG causes effects such as



loss of protein activity, accelerated blood clearance (ABC), and reduces the safety of
PEGylated therapeutics.'®-'8 Additionally, this could also lead to serious allergic and

hypersensitivity reactions in patients receiving PEGylated protein therapeutics.'61°

The presence of anti-PEG in patients has led to several PEGylated therapeutics facing
challenges in clinical studies. For instance, PEGinesatide (OMONTYS®), used for the
treatment of anemia, was withdrawn soon after FDA approval in 2012 due to fatal
hypersensitivity reactions.?° The clinical trials of PEGnivacogin were terminated as
patients developed serious allergic reactions due to pre-existing anti-PEG antibodies.’®
Also, the clinical trials of Pegloticase (PEG-uricase or KRYSTEXXA®) revealed loss of
treatment response, increased drug clearance, risk of infusion reactions and adverse
events in patients due to pre-existing anti-PEG antibodies.?'??2 Thus, there has been great
interest in studying potential PEG alternatives in bioconjugation and protein therapeutics

in the past two decades.?3-2°

Advances in polymer chemistry and the development of controlled polymerization
techniques like atom transfer radical polymerization, reversible addition fragmentation
polymerization, nitroxide mediated polymerization and ring opening metathesis
polymerization (ROMP) have enabled the synthesis of well-defined multifunctional
systems with low dispersity (D), a variety of end-group functionalities, and
architectures.3%-37 A wide variety of water-soluble polymer alternatives to PEG have been
reported and are primarily derived from acrylate or acrylamide monomers, although

others have been investigated, as well.2324.27.38-45

Among these PEG alternatives, the PEG-based brush polymer, poly(oligo(ethylene

glycol) methyl ether methacrylate) (POEGMA), synthesized by controlled radical



polymerization techniques has been extensively studied and POEGMA-protein
conjugates show similar or improved pharmacokinetics and pharmacodynamics
compared to their linear PEG counterparts.*-52 In addition, POEGMA with up to nine
ethylene glycol repeat units significantly diminished recognition by anti-PEG antibodies
when compared to high molecular weight linear PEG.#84° Superhydrophilic zwitterionic
polymers are an additional promising class of polymer that are antifouling and protein
conjugates derived from these polymers do not elicit any polymer specific antibodies while
maintaining high protein activity leading to superior pharmacokinetics.>*-5 Owing to the
potential of zwitterionic polymers and PEG-based brush polymers in improving
immunogenic behavior while evading polymer specific antigenicity, the utility of
zwitterionic and PEG-based polynorbornene (PNB) polymers in bioconjugation has been

an ongoing area of inquiry.

Recent studies from our lab demonstrated improved immune shielding of proteins by PNB
based polymers in protein-polymer conjugates.>®-° Herein, we describe the advantages
of poly(oxanorbornene) (PONB) based water soluble polymers as PEG alternatives for
protein conjugation and demonstrate potential utility in a therapeutic protein. PONB
polymers offer a unique solution relative to PNB, since the backbone oxygen increases
polarity and may impact polymer conformation and solubility. We recently reported a
grafting-from synthesis of PNBs, however, PONBs were synthetically inaccessible due

to limitations in our aqueous catalyst system, requiring a grafting-to procedure.

This study reports the synthesis of PONB based conjugates of Lyz and the therapeutically
relevant enzyme, urate oxidase (UO) or uricase by a grafting-to ROMP bioconjugation

method. Lyz is a well-studied protein available in large quantities and is thus widely used



as a model protein. UO is involved in the regulation of uric acid (UA) formation and
deposition in joints and tissues by degrading into allantoin which can be excreted from
the body.6'-66 Enzymatic replacement of UO is a common gout treatment and, as
mentioned previously, PEGylation of UO led to significant adverse events in treatment.
Here we present a PEG alternative with high retained enzymatic activity and low immune

recognition against the protein and the conjugated polymer.
RESULTS AND DISCUSSION

Synthesis of PONB-based block co-polymers. Two types of oxanorbornene (oNB)
derivatives were used as monomers: oNB-PEG is a PEG-based monomer with a mPEG-
350 side chain and oNB-Zwit contains a zwitterionic sulfobetaine side chain.®”:68 Grubb’s
3" generation catalyst (G3) was used to initiate the ROMP polymerization of oONB-PEG
and oNB-Zwit monomers to obtain polymers, PONB-PEG and PONB-Zwit, respectively
(Figure 1A). Polymer molecular weights of 5, 10, 20 kDa for both PONB-PEG and PONB-
Zwit polymers were targeted as most FDA approved protein therapeutics are conjugated
to PEG polymers of molecular weight ranging from 5 to 20 kDa. The polymers were made
to be reactive by introducing a small block of norbornene monomer with a N-succinimidyl
ester functionality (NB-NHS) at the chain end before terminating with ethyl vinyl ether
(EVE). The NB-NHS block in the polymer chain end, facilitated covalent conjugation of

the polymers to amine functionalities of proteins.

The successful synthesis of PONB-PEG polymers was confirmed by 'H nuclear magnetic
resonance ("H NMR) (Figure S1, S3, S4) and gel permeation chromatography (GPC)
(Figure 1B). "H NMR of the crude 5-PONB-PEG indicated that the vinylic monomer peaks

of oNB-PEG at 6.5 ppm and 5.23 ppm, (a) had disappeared and new broad peaks



corresponding to vinylic protons of the polymer backbone appeared at 6 and 5.76 ppm
(d) (Figure S1). The peak at 2.8 ppm corresponds to the N-succinimidyl moiety and
confirmed the successful incorporation of NB-NHS monomers at the polymer chain end
of all the PONB-PEG polymers (Figure S1, S3, and S4). The integration of peaks
corresponding to the phenyl end group (¢) and N-succinimidyl moiety (e) indicates that 5-
PONB-PEG co-polymers had an average of 4 NB-NHS monomer units per polymer chain
(Figure S2). The molecular weights (Mn, Mw) and dispersity (D) of the synthesized
polymers were obtained from GPC. Targeted molecular weights were attained for all the
PONB-PEG polymers (Figure 1B) and dispersity values (B = 1.07-1.16) indicated
controlled polymerization. The development of small shoulder peaks was observed in the
chromatograms as the molecular weight of the polymers increased, which could be

attributed to chain-transfer reactions.33
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Figure 1. A) Synthetic scheme of PONB-PEG and PONB-Zwit co-polymers B) GPC

traces of PONB-PEG polymers. Molecular weights of 5, 10 and 20 kDa were targeted.

The PONB-Zwit co-polymers were characterized by aqueous GPC, '"H NMR and matrix-
assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry (MS).
However, the aqueous GPC of PONB-Zwit polymers generated unreliable data, as we
have seen previously. Several potential reasons could contribute to this; the polymer
standards used for calibration are poor equivalents, interactions of the polymer with
column material lead to broadening and inaccurate retention, and aggregation and poor
solubility of the polymers in the eluent.576970 Therefore, molecular weights (Mn) of the
PONB-Zwit co-polymers were determined by end-group analysis by '"H NMR (Figure
2).”' The integration value of the phenyl end group (a) was compared with the protons of
the unsaturated backbone (¢, ¢’). The end-group analysis of PONB-Zwit with targeted
molecular weight of 5 kDa indicated an Mn of 5.02 kDa. MALDI-TOF MS analysis (Figure
S$6) of the same polymer was in agreement and indicated a M, of 6.6 kDa and a gaussian
distribution of molecular weights confirmed the successful synthesis of targeted molecular
weight with a low D (< 1.3).7273 The end-group analysis by '"H NMR and mass analysis
by MALDI-TOF MS of PONB-Zwit block co-polymers targeted for 10 and 20 kDa did not
provide useful data which is due to low resolution at higher molecular weights and
potential mass discrimination.”* However, 'H NMR of polymerization of PONB-Zwit
polymers show the complete consumption of monomer peaks (Figure S7) and SDS-
PAGE (Figure S$10) of polymers showed a steady decrease in electrophoretic mobility as

the polymer size increased, indicating that the targeted molecular weights were likely



achieved. The peak at 2.8 ppm indicative of NBNHS incorporation in the polymer chain
end was masked by peak corresponding to the polymer but was evident from the

successful conjugation to proteins that followed (Figure S8, S9).
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Figure 2. End-group analysis of PONB-Zwit polymer.

The spectrum indicates "H NMR of a PONB-Zwit polymer with 5 kDa targeted molecular

weight. The protons of phenyl end-group and the protons of unsaturated backbone are

indicated as a and c/c’ respectively (c- trans, ¢’- cis)

Synthesis of grafting-to lysozyme conjugates, Lyz-PONB. PONB-PEG and PONB-
Zwit block co-polymers were conjugated to Lyz, targeting lysine residues on the surface

(7 lysine residues, 6 solvent accessible) (Scheme 1). ~10 equivalents of either PONB-



PEG or PONB-Zwit relative to each lysine residues of Lyz was used for grafting-to
conjugation and conjugates were further purified by fast protein liquid chromatography
(FPLC). The conjugates eluted at retention volumes of 7-10 mL, while unreacted Lyz
eluted at ~20 mL. Furthermore, the purified Lyz-PONB conjugates were characterized by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 3B and
3D) and FPLC (Figure 3A and 3C). The extent of protein modification was determined
by quantifying free amino groups using 2,4,6-trinitrobenzene sulfonic acid (TNBS) (Table
S1).7° All the conjugations resulted in a decrease in free amino groups compared to Lyz.
A decrease in the degree of modification was observed in Lyz-PONB-Zwit conjugates

with an increase in molecular weight of polymers.
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Scheme 1: Synthesis of grafting-to PONB conjugates derived from Lyz.

Protein bands in the PAGE gel were visualized by Coomassie blue stain and showed
broad bands (Lanes 3-5) with lower mobility indicating higher molecular weights
compared to Lyz, confirming successful conjugation of the polymers (Figure 3B and 3D).
Also, the mobilities of the Lyz-PONB conjugate bands decreased with an increase in
molecular weight of the PONB polymers as expected for the formation of larger

conjugates. The SDS-PAGE of Lyz-5 PONB-Zwit showed band at similar molecular



weights of Lyz, indicating similar electrophoretic mobilities of protein and protein-polymer
conjugate (Figure 3D, Lane 3). In addition to Coomassie blue staining, Lyz-PONB-PEG
conjugates were stained with iodine solution (Figure S11). lodine staining is specific for
PEG polymers and helps to visualize bioconjugates with PEG components.”® SDS-PAGE
of all the Lyz-PONB conjugates following purification showed the absence of unreacted
Lyz corroborated by the absence of elution at 20 mL in FPLC. In contrast to the unimodal
peaks observed with Lyz-PONB-PEG conjugates, Lyz-PONB-Zwit conjugates,
particularly Lyz-5 PONB-Zwit and Lyz-20 PONB-Zwit, exhibited multimodal conjugate
peaks. This may be attributed to the formation of conjugates with differing grafting
densities. Furthermore, in the SDS-PAGE analysis of Lyz-5 PONB-Zwit and Lyz-20
PONB-Zwit, lighter streaking at significantly higher molecular weights was observed,
indicating the presence of small amounts of conjugates with potentially much higher

grafting densities.
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Figure 3. Characterization of grafting-to Lyz-PONB conjugates

A) FPLC traces of Lyz-PONB-PEG conjugates B) SDS-PAGE of Lyz-PONB-PEG
conjugates C) FPLC traces of Lyz-PONB-Zwit conjugates D) SDS-PAGE of Lyz-PONB-
Zwit conjugates (Absorbances were detected at 280 nm and normalized. SDS-PAGE gels

were stained by Coomassie blue)

The purified Lyz-PONB conjugates were then used to study enzymatic activity to
investigate the effect of grafting-to bioconjugation of PONB polymers (Figure 4). The
activities were assessed using glycol chitosan as a substrate and were compared to
unmodified Lyz.”” Most conjugations resulted in slightly lower activities compared to
unmodified Lyz, as expected, with increasing molecular weights of PONB block co-

polymers leading to decreasing activities of the conjugates.*>’® Reduced bioactivities



observed in conjugates may arise from a combination of factors, including steric
hindrance caused by polymers impeding access to the active site, alterations in protein
conformation or denaturation during conjugation, and non-specific or random conjugation
rather than site-specific conjugation.*6.7°80 The Lyz-PONB-PEG conjugates retained up
to 84.5% of enzymatic activity while Lyz-PONB-Zwit retained up to 97.8% of their
bioactivity compared to Lyz and declined as a function of increased polymer molecular
weight. The observed decrease in retained activity with increasing polymer molecular
weight can be attributed to an increase in steric hindrance. Additionally, it has been
observed that zwitterionic polymers can enhance the binding affinity of substrates to
enzymes.>3-%%57 Although Lyz-PONB-Zwit conjugates exhibited lower activity compared
to unmodified Lyz, the extent of activity loss was mitigated. Hence, the higher retained
activity observed in Lyz-PONB-Zwit conjugates, as compared to Lyz-PONB-PEG

conjugates, may be attributed to this improved affinity.
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Figure 4. Enzymatic activity of grafting-to Lyz-PONB conjugates.

Glycol chitosan was used as the assay substrate and absorbance was measured at 420
nm. The absorbance of all the Lyz-PONB conjugates were normalized against Lyz. Data
represented are mean * standard deviation (N=3). The significance measurements were
determined by a 2-way ANOVA test relative to the positive control. The significance

markers indicate either no significant differences (n.s.), ***p=0.0002 and ****p<0.0001.

Synthesis of grafting-to uricase conjugates, UO-PONB. UO was obtained from
Bacillus fastidiosus (~148 kDa) and is a homotetrameric enzyme in its active form. The
mass analysis of the enzyme shows a molecular weight of ~37 kDa for the monomeric
units (Figure S$12). Each monomer has ~16 lysine residues, therefore a total of 64 lysine

residues.®’ PONB-PEG and PONB-Zwit co-polymers were covalently conjugated to the



lysine residues of the enzyme. ~20 equivalents of polymer per lysine residue was used
for the conjugation and was carried out in the presence of excess uric acid (UA) in the
reaction mixture. UA is the substrate for UO and was added to the conjugation reaction
mixture to protect the enzyme active site thereby preventing substantial loss of
bioactivity.®2 The active site protection of UO by UA has been previously reported by
Veronese and coworkers.8283 The crude conjugates were purified by FPLC and showed
elution volumes between 7-10 mL and 12 mL corresponding to the pure conjugates and
unreacted UO, respectively. The purity of the UO-PONB conjugates was further verified

by FPLC and SDS-PAGE.

SDS-PAGE was performed in denaturing conditions and gels of all UO-PONB conjugates
were stained by Coomassie blue (Figure 5D-E). Analysis of protein bands of UO (Lane
2) reveal both monomer and dimer while UO-PONB conjugates (Lane 3-5) exhibited
lower mobilities indicative of higher molecular weights after successful bioconjugation.
UO-PONB-PEG conjugates were additionally treated with iodine to visualize PEG
containing bioconjugates (Figure S13). This revealed an increase in intensity of the
conjugate bands with an increase in the molecular weight of PONB-PEG conjugated to
UO. The increase confirms the presence of increasing PEG composition in the
conjugates. SDS-PAGE analysis of UO-PONB-Zwit (Lane 3-5) also revealed broad
bands with a significantly retarded mobility that was dependent on the molecular weight
of the polymer conjugates. Subsequent FPLC characterization of the purified conjugates
indicated the presence of peaks from 7-10 mL corresponding to pure UO-PONB
conjugates (Figure 5B-C). All the FPLC traces were unimodal except for UO-20 PONB-

Zwit conjugate which showed a broader multimodal distribution. The multimodal



distribution of UO-20 PONB-Zwit was also observed as a broad streak in the SDS-PAGE

of the conjugate (Figure 5E, Lane 5).

Subsequent characterizations of the conjugates were aimed towards studying the
activities and immune recognition of UO-PONB conjugates to compare with unmodified
UO and a PEGylated counterpart of UO, UO-PEG (Figure S14 and $15). Hence, we
utilized N-hydroxylsuccinimide functionalized methoxy polyethylene glycol-10 kDa
(mPEG-NHS 10 K) targeting lysine residues to synthesize a grafting-to UO-PEG for
comparative studies. Degree of modification of UO obtained from TNBS assay were
similar within conjugates derived from same type PONB polymers and did not decrease

with increasing polymer molecular weight (Table S2).



B) — w C) — w
— UO-5PONB-PEG — UO-5 PONB-Zwit
2 — UO-10 PONB-PEG 2 — UO-10 PONB-Zwit
% — UO-20 PONB-PEG % UO-20 PONB-Zwit
E =
3 3
N N
T 9 =
£ 1 £
= 1=
4 | A z2
0 10 20 30 0 10 20 30
Retention volume (mL) Retention volume (mL)
1 2 4 kD

1- Ladder

2-UO

3- UO-5 PONB-Zwit
4- UO-10 PONB-Zwit
5- UO-20 PONB-Zwit

D) 1- Ladder E)
2-U0

3- UO-5 PONB-PEG

4- UO-10 PONB-PEG

5- UO-20 PONB-PEG

Figure 5. Synthesis and characterization of UO conjugates.



A) Grafting-to UO-PONB conjugate structures B) FPLC traces of grafting-to UO-PONB-
PEG conjugates C) FPLC traces of grafting-to UO-PONB-Zwit conjugates (D) SDS-
PAGE of grafting-to UO-PONB-PEG conjugates (E) SDS-PAGE of grafting-to UO-PONB-

Zwit conjugates.

Bioactivity of UO conjugates. The activity of UO conjugates was determined
fluorometrically, using Amplex red reagent. During the assay, the substrate uric acid is
converted to allantoin, producing H202 as a byproduct. The H202 then reacts
stoichiometrically with Amplex red in the presence of horseradish peroxidase (HRP), to
produce the red-fluorescent product resorufin. The syntheses of UO-PONB conjugates
were conducted both in the presence and absence of the UO enzyme substrate, uric acid
(Figure 6). Interestingly, all UO-PONB conjugates obtained from synthesis in the
absence of uric acid displayed poor activities, < 6% compared to unmodified UO, while
UO-PEG retained activity of 28%. A substantial increase in the activities of the UO-PONB
and UO-PEG conjugates was achieved when the conjugation was instead carried out in
the presence of an excess of uric acid. The activity of UO-PONB and UO-PEG conjugates
increased to 33-65% and 60%, respectively, when compared to unmodified UO. Similar
observations regarding the addition of uric acid in the conjugation mixture have been
reported by Veronese and co-workers demonstrating an increase in activity retention of
UO after bioconjugation.8384 The retention of enzymatic activity can be attributed to the
‘active site protection’ function of uric acid, reducing the chance of lysine modifications

near the active site. This phenomenon is well reported in several enzyme systems.85-87

In addition, the kinetic parameters such as Km (Michaelis—Menten constant), Vmax

(maximum reaction velocity) and kcat (catalytic rate) of UO and UO conjugates were



calculated from Lineweaver-Burk plots (Table S2). UA in 0.5 M borate buffer (8.5 pH) at
different concentrations (10-50 uM) were catalyzed in the presence of equal amounts of
UO or UO conjugates and the decrease in UA was detected spectrophotometrically at
292 nm. Km represents the binding affinity of the enzyme and indicates how fast Vmax can
be achieved. Km increased for all the conjugates compared to UO suggesting lower
binding affinity of UO to the substrate after conjugation. Conjugation also resulted in lower
Vmax and lower kcat compared to UO. No specific trend was observed in the kinetic

constants as a function of polymer molecular weight.
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Figure 6. Retained bioactivity of UO-PONB and UO-PEG conjugates.

A) Schematic representation of conjugation. A and B represents conjugation in the
absence and presence of uric acid, respectively B) Retained activity of UO conjugates in
the presence and absence of uric acid. The activity was determined by the fluorometric
detection of resorufin, an oxidation product when Amplex red reacts with H202 in the

presence of HRP.



Immunogenicity of UO conjugates and anti-PEG antibody recognition. Previous
studies from our lab have demonstrated reduction in protein immunogenicity as a result
of polymer conjugations.658-60.88 The polymers conjugated to the proteins form a
protective corona making the protein antigenic sites inaccessible to antibodies and
prevent aggregation and uptake of the proteins into macrophages and other clearance
cells.®? To quantify the reduction in immunogenicity of UO after bioconjugation, ELISA
was performed utilizing anti-UO antibodies on each UO conjugate (Figure 7A). The
absorbances were normalized to unmodified UO and showed significant reduction in
immune recognition for all conjugates. Greater than a 3-fold reduction in recognition of
UO was observed in all the UO-PONB conjugates and all were as, or more, effective
compared to UO-PEG. PONB-PEG polymers showed slightly better efficacy in reducing
immune recognition compared to PONB-Zwit. UO-PONB-PEG conjugates indicated
recognition as low as 18% percent compared to native UO, with the efficacy of
immunoshielding increasing with increasing molecular weight of PONB-PEG while the

immune recognition of UO-PONB-Zwit conjugates decreased to 29-32%.

Furthermore, the recognition of UO-PONB conjugates by anti-PEG antibodies was
investigated to study the effectiveness of PONB polymers to evade immune recognition
by pre-existing anti-PEG antibodies (Figure 7B). The anti-PEG antibodies utilized in our
study exhibit specific affinity towards the ethylene oxide repeat units present in PEG. The
highest recognition signal was observed with the UO-PEG conjugate which was used to
normalize signals of all the other samples. All UO-PONB-PEG conjugates elicited high
anti-PEG immune recognitions, nearly reaching the control signals of UO-PEG. UO-20

PONB-PEG conjugate had significant PEG specific immune recognition comparable to



UO-PEG, and the remaining UO-PONB-PEG conjugates showed immune recognitions
as high as 60-73%. Higher anti-PEG recognition was observed with UO-10 PONB-PEG
compared to UO-5 PONB-PEG due to higher PEG composition. This contrasts with
previous studies, whereby short PEG-containing brush polymers showed minimal
recognition and highlights the need for alternatives that have no PEG functionality in the
polymer. In contrast, all UO-PONB-Zwit conjugates showed <10% immune recognition
by anti-PEG antibodies. This is a result that is clearly expected but could have implications
for those exhibiting PEG-allergies or those that have pre-existing PEG-specific

antibodies.
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Figure 7. ELISA to study immune recognition of UO conjugates.

A) Immune recognition by anti-UO antibodies B) Immune recognition by anti-PEG
antibodies. The relative absorbance at 450 nm after a 10-minute reaction of HRP from a

two-step ELISA for (a) uricase detection and (b) PEG detection. The signal intensity was



normalized to (a) UO and (b) UO-10 PEG. Data represented are mean + standard
deviation (N=3). Significance was determined using Welch'’s t-test for each sample in

comparison with (a) UO and (b) UO-PEG.
CONCLUSION

Investigating polymeric alternatives to PEGylation in protein-polymer conjugation has
been of interest for several decades. Recent studies from our lab demonstrated the
effectiveness of PNB based polymers in reducing immune recognition of protein-polymer
conjugates.%850 |n our current study, protein bioconjugates using PONBs of both a model
protein, Lyz, and the therapeutically relevant UO enzyme were successfully synthesized.
The conjugates retained significant bioactivity of 62-94% for Lyz-PONB and 33-65% for
UO-PONB. Grafting-to bioconjugation of PONB based block co-polymers, PONB-PEG
and PONB-Zwit, to UO led to greater than 3-fold reduction in immunogenicity. UO
conjugates of PONB-Zwit block co-polymers demonstrated promise as a potential
alternative for PEG polymer in bioconjugation because they retain high activity, minimize
protein recognition, and avoid PEG-specific antibodies that may pre-exist in the

population.
MATERIALS AND REAGENTS

oNB-PEG, oNB-Zwit and NB-NHS were synthesized following previously published
procedures.%”:90°1 | ysozyme, 2,4,6-Trinitrobenzene Sulfonic Acid (TNBSA or TNBS),
Invitrogen™ NuPAGE™ MES SDS Running Buffer (20X), 2,2,2-Trifluoroethanol,
Invitrogen™ SeeBlue™ Plus2 Pre-stained Protein Standard, GelCode™ Blue Safe

Protein Stain were purchased from Thermo Fisher Scientific. mMPAGE™ 4-12% Bis-Tris



Precast Gel, 10x8 cm, 12-well was purchased from Millipore Sigma. Uricase enzyme from
Bacillus fastidiosus, mPEG-NHS-10 K, G2 initiator, ethyl vinyl ether and uric acid were
purchased from Sigma Aldrich. Methoxypolyethylene glycol 350 (mPEG-350), p-
toluenesulfonyl chloride, exo-5-Norbornenecarboxylic acid, maleimide, furan, N-
Hydroxysuccinimide (NHS), 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride  (EDC.HCI), pyridine,  N,N-dimethylethylenediamine and 1,3-
propanesultone were purchased from TCl Chemicals. Anti-uricase antibody was
purchased by Rockland, anti-PEG antibody was purchased from Sigma, and the

secondary antibodies were purchased from Invitrogen.

INSTRUMENTATION

Nuclear Magnetic Resonance (NMR) spectra were obtained using a 300 MHz Bruker
AVA. All NMRs were calibrated against corresponding solvent peaks. PONB-PEG NMR
was obtained in CDCIls while PONB-Zwit NMR was obtained in D20. Shimadzu
Prominence GPC instrument, used for the analysis of PONB-PEG polymers was
equipped with a Shimadzu RID10A differential refractometer detector. The GPC system
employed two Phenomenex 10E3A size exclusion columns in sequence, which were
maintained at a temperature of 30 °C. Anhydrous THF was used as the mobile phase for
GPC analysis, with a flow rate of 1.0 mL/min. All polymer samples were filtered using
0.22-micron PTFE syringe filters before injection. The GPC instrument used for the
characterization of PONB-Zwit polymers was equipped with Waters Ultrahydrogel SEC
Columns. 70/30 (v/v) ratio of aqueous phosphate buffer to methanol was used as the
mobile phase with a flow rate of 1.0 mL/min. Polymer solutions were dissolved by

overnight stirring and filtered using 0.22-micron PTFE syringe filters to avoid aggregates.



Matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF
MS) was performed on Bruker Autoflex Max. Agilent 6230 LC-ESI-TOFMS was used to

obtain molecular weight data of UO.

Fast protein liquid chromatography (FPLC) was performed using a GE Healthcare AKTA
FPLC 900 chromatography system equipped with a Superdex 75 10/300 or Superdex
200 Increase 10/300 size exclusion column. Superdex 75 10/300 was used in the case
of Lyz conjugates, while Superdex 200 Increase 10/300 was equipped for UO conjugates.
For all FPLC experiments, the mobile phase was 1X phosphate buffer saline (PBS), (pH
7.4) at a flow rate of 0.4 mL/min at 4 'C. Sodium Dodecyl Sulfate- Polyacrylamide Gel
Electrophoresis (SDS-PAGE) was performed in mPAGE™ 4-12% Bis-Tris Precast Gels,
(10x8 cm, 12-well), 1X Invitrogen™ NuPAGE™ MES SDS Running Buffer was used as
running buffer for the gels and every gel was run with Invitrogen™ SeeBlue™ Plus2 Pre-
stained Protein Standard. The gels were washed (3X) before staining them with 20 mL of
1X GelCode™ Blue Safe Protein Stain and/or 1X lodine (1.9%). The gels stained by
GelCode ™ Blue Safe Protein Stain destained anywhere from 30 minutes — 4hours. lodine
destained much faster (less than 30 minutes). The concentration of proteins and protein
conjugates were obtained from Bradford assay using BSA as standards. Microplate

measurements were obtained with a Biotek Synergy HT microplate reader.

METHODS

Synthesis of PONB-PEG co-polymer. 20 mL glass scintillation vial was flame dried and
purged with N2 for 10 minutes. oNB-PEG (1 g, 2 mmol, 1 equivalent) was dissolved in
anhydrous DCM before adding into the glass vial. G3 initiator (5 kDa: 0.146 g, 0.2 mmol,

0.099 equivalent; 10 kDa: 0.073 g, 0.1 mmol, 0.05 equivalent; 20 kDa: 0.037 g, 0.05



mmol, 0.025 equivalents) was dissolved in anhydrous DCM and added at once.
Polymerization was allowed the proceed for 15 minutes before the addition of monomer,
NB-NHS. NB-NHS (5 kDa: 0.131 g, 0.8 mmol, 0.399 equivalent; 10 kDa: 0.066 g, 0.4
mmol, 0.2 equivalent; 20 kDa: 0.033 g, 0.2 mmol, 0.1 equivalent) was dissolved in DCM
and added to the polymer solution. This was allowed to react for another 15 minutes. 1
mL ethyl vinyl ether (EVE) was added to the solution to terminate the polymerization and
was reacted for 30 minutes. The terminated polymer solution was concentrated to 0.3 mL
and was precipitated in excess pentane. The pentane was decanted, and the amber oil
viscous polymer was characterized by 'H NMR (Figure S$1-S4), GPC (Figure 1B) and

SDS-PAGE (Figure S5).

Synthesis of PONB-Zwit copolymers. 20 mL glass scintillation vial was flame dried and
purged with N2 for 10 minutes. oNB-Zwit (1 g, 2.8 mmol, 1 equivalent) was dissolved in
1:1 TFE/DCM solvent mixture. G3 initiator (5 kDa: 0.146 g, 0.2 mmol, 0.099 equivalent;
10 kDa: 0.073 g, 0.1 mmol, 0.05 equivalent; 20 kDa: 0.037 g, 0.05 mmol, 0.025
equivalents) was dissolved in DCM and added at once. The polymerization was allowed
to proceed for 40 minutes before the addition of the capping agent NB-NHS ester. NB-
NHS ester was dissolved in DCM and added to the polymerization solution. This was
allowed to react for 20 minutes and was terminated by adding 1 mL EVE into the
polymerization solution. The termination was allowed to proceed for 30 minutes. The gel-
like amber oil polymer was precipitated into excess THF. The precipitate was filtered
through a sintered funnel and was dried in vacuum. The product was a whitish brown
color powder. The polymers were characterized by '"H NMR (Figure 2, S8 and S9) and

MALDI-TOF MS (Figure S6).



Synthesis of Lysozyme-PONB-PEG (Lyz-PONB-PEG) and Lysozyme-PONB-Zwit
(Lyz-PONB-Zwit) conjugates. In a 20 mL glass scintillation vial lysozyme (0.5 mg, 35
nmol, 1 equivalent) was dissolved in 0.5 mL of PBS, pH 7.4. PONB-PEG co-polymer (5
kDa: 13.2 mg; 10 kDa: 26.3 mg; 20 kDa: 52.5 mg; 2.6 ymol, 75 equivalent) was dissolved
in 0.2 mL DMSO and PONB-Zwit co-polymer (5 kDa: 13.2 mg; 10 kDa: 26.3 mg; 20 kDa:
52.5 mg; 2.6 ymol, 75 equivalent) was dissolved in 0.2 mL PBS, pH 7.4 by sonication and
was added slowly to the lysozyme solution. The conjugation was allowed to proceed for
4 hours, after which the solution was concentrated using a 10 kDa MWCO Amicon Ultra-
4 centrifugal units to a final volume of ~300 pL. The concentrated conjugate solution was
purified by FPLC. A Superdex 75 (10/300) column was used, and the sample was eluted
in PBS, 7.4 buffer at flow rate of 0.4 mL/min. The pure conjugates were eluted at 7-10 mL
retention volumes while unreacted lysozyme eluted at ~20 mL. The purified conjugate
was concentrated by centrifuge filtration using 10 kDa MWCO Amicon ultra-4 centrifugal
filter units. The concentration of the protein was determined by Bradford assay. The
purified conjugates were characterized by SDS-PAGE (Figure 3B and 3D) and FPLC

(Figure 3A and 3C).

Lysozyme activity assay for Lyz and Lyz-PONB conjugates. The activity of the Lyz-
PONB conjugates were assayed using glycol chitosan as the substrate. First, a 0.05%
(w/v) glycol chitosan was prepared in 100 mM acetate buffer, pH 5.5. Secondly, a 1.52
mM potassium ferricyanide solution was freshly prepared in 0.5 M sodium carbonate. 1
mL of the glycol chitosan solution was mixed with 100 pL of lysozyme or Lyz-PONB
conjugates and incubated at 40 °C for 30 minutes. To this, a 2 mL potassium ferricyanide

solution was added and immediately brought to and held at boil for 15 minutes. The



mixture was allowed to cool down. 200 uL of the samples were plated onto a 96-well plate

in triplicates. The absorbance was measured at 420 nm (Figure 4).

Synthesis of UO-PONB-PEG and UO-PONB-Zwit conjugates. In a 20 mL glass
scintillation vial Uricase enzyme (0.5 mg, 11.4 nmol, 1 equivalent) was dissolved in 0.5
mL of 0.2 M borate buffer pH 8.5. To this enzyme solution, PONB-PEG co-polymer (5
kDa: 17.2 mg; 10 kDa: 34.3 mg; 20 kDa: 68.6 mg; 3.5 ymol, 300 equivalent) dissolved in
0.2 mL DMSO and PONB-Zwit (5 kDa: 17.2 mg; 10 kDa: 34.3 mg; 20 kDa: 68.6 mg; 3.5
pmol, 300 equivalent) dissolved in 0.2 mL 0.2 M borate buffer pH 8.5. The final pH of the
reaction solution was maintained at 8.5- 9.0 by the addition of 1 N NaOH. The conjugation
was allowed for 4 hours, and the solution was concentrated to a final volume of 0.25 mL
by 10 kDa MWCO Amicon Ultra-4 centrifugal filter units. The concentrated conjugate was
purified using the FPLC. A Superdex 75 (10/300) column was used, and the sample was
eluted in PBS, 7.4 buffer at flow rate of 0.4 mL/min. The pure conjugates eluted at 7-10
mL while the unreacted uricase peak eluted at 12 mL. The purified conjugate was
concentrated by centrifuge filtration using 10 kDa MWCO Amicon Ultra-4 centrifugal filter
units. The concentration of the purified conjugates was determined using a Bradford
assay. The pure conjugates were characterized by SDS-PAGE (Figure 5 D-E) and FPLC

(Figure 5 B-C).

Synthesis of UO-PEG conjugate. In a 20 mL glass scintillation vial UO (0.5 mg, 11.4
nmol, 1 equivalent) was dissolved in 0.5 mL of 0.2 M borate buffer pH 8.5. To this UO
solution, mMPEG-NHS-10 K (10 kDa; 43 mg, 4.3 umol, 300 equivalents) dissolved in 0.5
mL of borate buffer was added slowly over 30 minutes. The conjugation reaction was

allowed for 4 hours, and the solution was concentrated to a final volume of 0.25 mL by



centrifuge filtration using 10 kDa MWCO Amicon Ultra-4 centrifugal filter units. The
concentrated conjugate was purified by performing FPLC. A Superdex 75 (10/300)
column was used, and the sample was eluted in PBS, 7.4 buffer at flow rate of 0.4 mL/min.
The pure conjugate eluted at 7-10 mL while the unreacted uricase peak eluted at 12 mL.
The purified conjugate was concentrated by 10 kDa MWCO Amicon Ultra-4 centrifugal
filter units. The concentration of the purified conjugates was determined using BCA
protein assay. The pure conjugates were characterized by SDS-PAGE (Figure S15) and

FPLC (Figure S14).

Uricase activity assay for UO and UO conjugates. The uricase activity was measured
based on the fluorometric detection of resorufin, a red-fluorescent oxidation product
generated when H202 reacts with Amplex Red reagent in the presence of horseradish

peroxidase (HRP).

Prepare the working solution for the assay: 3.93 mL of 0.5 M Tris HCI buffer, pH 7.5, 20
ML of 100 U/mL HRP in 0.5 M Tris HCI buffer, pH 7.5, 1 mL of 5 mM UA and 50 pL of 10
mM Amplex red reagent dissolved in DMSO was mixed to prepare 5 mL of the working

solution. Note: Amplex red reagent is light sensitive.

50 pL of UO, UO conjugates (5 mU/mL) and blank (0.5 M Tris HCI buffer, pH 7.5) were
added to a black 96-well plate in triplicates. To these sample solutions, 50 pL of working
solution was added. Fluorescence was measured after incubating at 25 °C for 30 minutes
using excitation in the range of 530-560 nm and emission was detected at 590 nm. The
activity of UO was considered 100% and the activities of conjugates were normalized with

the activity of UO.



TNBS assay. 100 pL of 0.2 mg/mL protein or protein conjugate solution in 0.5 M borate
buffer, pH 8.5 was mixed with 50 pL of 0.1 % (w/v) (diluted fresh from 5 % (w/v) in H20
solution using 0.5 M borate buffer, pH 8.5) in a 96-well plate. The mixture was incubated
for 2 hours at 37 °C in dark. The absorbance was detected at 335 nm. The absorbance
indicates free amino groups and conjugation results in lower absorbance compared to
unmodified proteins. (The assay protocol generally suggests addition of 10% SDS and
1M HCI for termination, however this resulted in a cloudy solution in our case. Therefore,

this step was eliminated)

Enzyme kinetics of UO and UO conjugates. The enzyme kinetics of UO and UO
conjugates were studies based on oxidation of uric acid substrate. Substrate (UA)
concentrations (0, 10, 20, 30, 40, 50 uM) were prepared in 0.5 M borate buffer, pH 8.5.
150 pL of each UA concentration was well mixed with 10 pL of 100 ug/mL UO or UO
conjugates in a 96-well plate. Absorbance was detected at 292 nm over time (10 mins).
The linear section of this plot was used to calculate the initial rate of the reaction (v).

Microplate based pathlength correction was performed using the following equation,

A975 (well)-A900 (well)
K—-Factor

Pathlength =

, the K-Factor was considered 0.173 for aqueous

buffers.
The kinetics constants were determined using a Lineweaver-Burk plot.%?

ELISA Immune assay. Uricase and uricase-polymer conjugates were coated onto each
well of the Thermo Scientific NUNC 96-well plates using coating buffer (0.1 M KP buffer,
pH 7.0) overnight in a shaker at 4 °C (10 ug mL"). The wells were washed three times

with 200 uL of wash solution (0.05% (w/v) Tween 20 in PBS) using an accuWash (Fisher



Scientific). The wells were coated with 100 pL of 3% BSA (w/v) in 1X PBS and left to
shake overnight at 4 °C. The washing protocol was repeated. Primary antibody solutions
were prepared at 2.1 mg/mL with 5% BSA (w/v) in 1X PBS (for uricase detection, goat-
derived anti-uricase antibody from Rockland (200-101-0925, Lot 37209); for PEG
detection, rat-derived anti-PEG antibody (MABS1962, clone rAGP6, Lot 3724609 from
EMD Millipore Sigma). To each well, 100 pL of primary antibody solution was added and
incubated at 25 °C under agitation for 1 hour. The washing protocol was repeated.
Secondary antibody solutions were prepared at 0.2 ug/mL with 5% BSA (w/v) in 1X PBS
(for uricase detection, donkey anti-goat 1IgG (H + L) horseradish peroxidase (HRP)
conjugates from Invitrogen, (A15999, Lot 967125); for PEG detection, goat anti-rat IgM
HRP from Invitrogen (31476, Lot XF3603641). To each well, 100 pL of secondary
antibody solution was added and incubated at 25 °C under agitation for 1 hour. The
washing protocol was repeated. For detection, 100 uL of room temperature 1-Step Ultra
TMB-ELISA Substrate Solution (Thermo Scientific, 34028) was added to the wells. After
2 minutes, the reaction was quenched with 100 mL of 2N H2SO4. The absorbance of the
solutions at 650 nm was measured using a plate reader (Tecan Infinite M Plex).

Significance measurements were performed in Prism 9 (GraphPad) using Welch’s t-test.
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