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Church and Davis et al. report the synthesis of water-soluble protein-polymer
conjugates (PPCs) by aqueous grafting-from ring-opening metathesis
polymerization for protein therapeutics. PPCs evade recognition by protein-
specific and PEG-specific antibodies and could be a potential PEG alternative in
protein therapeutics.

Church et al., Cell Reports Physical Science 3,
101067

October 19, 2022 © 2022 The Authors.
https://doi.org/10.1016/j.xcrp.2022.101067

L))


mailto:jpokorski@ucsd.edu
https://doi.org/10.1016/j.xcrp.2022.101067
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2022.101067&domain=pdf

Cell Rel?orts )
Physical Science

¢? CellPress

OPEN ACCESS

Polynorbornene-based bioconjugates by aqueous
grafting-from ring-opening metathesis
polymerization reduce protein immunogenicity

Derek C. Church,"” Elizabathe Davis,"” Adam A. Caparco,’ Lauren Takiguchi,’ Young Hun Chung,*

Nicole F. Steinmetz,'2345¢ and Jonathan K. Pokorski.2.3.6.*

SUMMARY

Protein-polymer conjugates (PPCs) improve therapeutic efficacy of
proteins and have been widely used for the treatment of various dis-
eases such as cancer, diabetes, and hepatitis. PEGylation is consid-
ered as the gold standard” in bioconjugation, although in practice
its clinical applications are becoming limited because of extensive
evidence of immunogenicity induced by pre-existing anti-PEG anti-
bodies in patients. Here, optimized reaction conditions for living
aqueous grafting-from ring-opening metathesis polymerization
(ROMP) are utilized to synthesize water-soluble polynorbornene
(PNB)-based PPCs of lysozyme (Lyz-PPCs) and bacteriophage Qp
(QB-PPCs) as PEG alternatives. Lyz-PPCs retain nearly 100%
bioactivity and Qp-PPCs exhibit up to 35% decrease in protein
immunogenicity. QB-PPCs derived from NB-PEG show no reduction
in recognition by anti-PEG antibodies while QB-PPCs derived from
NB-Zwit show >95% reduction as compared with QB-PEG. This
work demonstrates a new method for PPC synthesis and the utility
of grafting from PPCs to evade immune recognition.

INTRODUCTION

Protein therapeutics has been a vital tool in the treatment of various diseases such as
cancer, diabetes, and hepatitis.”4 However, these biologics in their native form can
suffer from immunogenicity, poor blood circulation half-life, and low protein stability
due to degradation, leading to premature clearance, low bioavailability, and loss of
efficacy. Therefore, protein-polymer conjugates (PPCs) play an important role in
addressing these challenges.”™’ By attaching polymers to the protein surface, the
overall molecular weight of the conjugate is increased, limiting renal clearance
and thereby increasing the blood circulation half-life.®” Furthermore, covalently
attached polymers can sterically shield the biologic from binding by opsonin pro-
teins, antibodies, and proteolytic enzymes, which the hostimmune system can utilize

to eliminate foreign material.”"’

PPCs for therapeutic applications have predominantly been synthesized by the
covalent attachment of polyethylene glycol (PEG) to the protein surface (PEGyla-
tion).'”""* Modifying therapeutic proteins with PEG has been effective at increasing
drug efficacy, resulting in more than 24 Food and Drug Administration (FDA)-
approved drugs since 1990."° However, it has been observed that some of these
therapeutic PEG conjugates, notably PEG-uricase (Krystexxa, treatment of chronic
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anti-PEG antibodies, which pre-exist in approximately 70% of the general popula-
tion.'”"?? Studies have shown that these antibodies bind to structural motifs on
the PEG portion of the PPC, resulting in loss of protein activity, reduced safety,
and accelerated clearance of the therapeutics.'®?'**"?> Moreover, there are two re-
ports of anaphylaxis reaction to Pfizer/BioNTech COVID-19 vaccine in individuals
with PEG hypersensitivity.”*?” The utility of PEG is also limited from a materials
design perspective because it does not contribute to further functionalization of
protein biologics such as the simultaneous incorporation of targeting peptides or
small-molecule therapeutics.”® Furthermore, PEG is limited to end-group function-
alization, limiting the chemical diversity that PPCs can achieve. Therefore, studying
PPCs derived from alternative biocompatible polymers is essential for the progress
of protein therapeutics.

There are traditionally two methods for the synthesis of PPCs: grafting-to and graft-
ing-from.?”~** In the grafting-to method, which is used in the synthesis of PEGylated
protein biologics, a polymer chain with a reactive end group is conjugated to the
protein surface at amino acids with complementary reactivity. Thus, polymers can
be synthesized, modified, and characterized using well-developed organic and
polymer chemistry methods. Using similar bioconjugation strategies, the grafting-
from approach first conjugates an initiator directly onto the protein surface, forming
a protein macroinitiator. Under initiating conditions and in the presence of mono-
mer, the polymer chain grows outwardly from the protein surface. Compared with
the grafting-to approach in which high-molecular-weight polymers are used to func-
tionalize the protein, greater polymer densities on the protein surface can be
achieved with the grafting-from methodology owing to favorable kinetic and ther-
modynamic reaction parameters.>>*® Additionally, purification is simpler because
of the large disparity in size between monomer and conjugate.

Grafting-from polymerizations generally rely on controlled radical polymerization
techniques such as reversible addition-fragmentation transfer (RAFT* 7 and
atom transfer radical polymerization (ATRP)*° to control the dispersity of the poly-
mer chains and the overall molecular weight of the PPC. However, RAFT and
ATRP can be difficult to carry out because exogenous oxygen terminates radical
polymerization processes. While these effects can be mitigated, multicomponent re-
action conditions and relatively complex experimental setups are required and limit
their widespread use beyond polymer chemistry fields.“>*! Our lab has used the
exceptional capabilities of ring-opening metathesis polymerization (ROMP) to inte-
grate highly functional polymers at biological interfaces.'%***** ROMP in organic
solvents can be conducted under ambient conditions without the need to exclude
oxygen, and is functional group tolerant and amenable to block copolymer forma-
tion thanks to high ruthenium end-group fidelity. However, ROMP under aqueous
conditions, particularly those compatible with the synthesis of PPCs, has been un-
derdeveloped. Traditional aqueous ROMP conditions require organic cosolvents
or extremely low pH to achieve high monomer conversion.**~>? Unfortunately, these
conditions are not compatible with protein stability.

In our current study we describe the synthesis of PPCs derived from lysozyme and
bacteriophage QP by using a grafting-from aqueous ROMP approach. Initial efforts
from our lab to synthesize PPCs in this manner using neutral pH conditions were met
with modest success as poor initiation efficiency was observed in all but the highest
monomer loadings.*? Recently, Church et al. demonstrated that ROMP can be con-
ducted at neutral pH under ambient conditions and without the addition of organic
cosolvents by the addition of simple chloride salts.”® Chloride concentration has a
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profound effect on aqueous polymerizations, increasing catalyst stability and
yielding high monomer conversions and molecular weight control.>*>* Using this
improved biocompatible method, we describe the application of this methodology
to improve the polymerization and scope of aqueous grafting-from ROMP for the
synthesis of PPCs and demonstrate their ability to retain high protein activity and
suppress immune recognition of a carrier protein using polynorbornene (PNB)
polymers.

RESULTS AND DISCUSSION

Synthesis of grafting-from lysozyme protein-polymer conjugates

We have previously demonstrated that a pH between 6.5 and 7.4 as well as a NaCl
concentration of 100 mM were optimal conditions for aqueous ROMP, which re-
sulted in rapid polymerization and high conversion of water-soluble norbornene
(NB) monomers.”® We next sought to utilize similar conditions to optimize the
synthesis of PPCs made via a ROMP grafting-from approach. cis-5-Norbornene-
exo-2,3-dicarboxylic anhydride (exo-NBDA) was first conjugated to free lysines on
the surface of Lyz to generate Lyz-NB yielding ~4-5 modifications per protein
(Figures S1 and $52).% The importance of pH and chloride concentration on the graft-
ing-from polymerization was then assessed in buffered solution at pH 6.5 or 7.4 and
in the presence or absence of NaCl. Macroinitiator (MI) formation and polymeriza-
tion using an NB PEG imide monomer (NB-PEG) under these conditions were
conducted according to Figure TA. NB-PEG was reacted with 0, 20, 30, 50, and
100 equiv relative to NBs on the modified protein surface. Synthesis of lysozyme pro-
tein-polymer conjugate Lyz-PPC was verified by SDS-PAGE and size-exclusion chro-
matography (SEC).

Interestingly, at pH 7.4 with 100 mM NaCl, no conjugates were observed for any
monomer loading level (Figure 1B), despite our previous work demonstrating that
aqueous ROMP polymerizations with high monomer conversion can be achieved
under these conditions.’® Synthesis of the free polymer in the presence of lysozyme
under these conditions proceeded smoothly with 99% monomer conversion
(Figure S3). This discrepancy may be due to the reactivity of pH-sensitive amino
acid side chains present near the ruthenium catalyst center on the macroinitiator,
potentially deactivating the catalytic center. Fortunately, lowering the buffer pH to
6.5 produced Lyz-PPC1 with excellent initiation efficiency and control over the mo-
lecular weight as a function of monomer loading. This is observed by a gradual shift
to higher molecular weights in the SDS-PAGE gels as well as a shift to lower retention
volumes in the SEC as the monomer loading is increased (Figures 1B, 1C, and S4).
Furthermore, these ROMP grafting-from polymerizations are rapid, reaching full
conversion within 20 min (Figure 1D). When the chloride source is excluded from
the buffered solution (pH 6.5) no polymerization is observed, consistent with our
previous observations (Figure S5). We have previously demonstrated that excluding
chloride from the reaction medium causes the rapid generation of catalytically
inactive ruthenium hydroxide complexes. The addition of excess chloride shifts
the equilibrium away from the inactive species and toward the metathesis active
dichloro complex.

Monomer scope for grafting-from ROMP PPCs

With these optimized conditions in hand, expansion of the monomer scope was
explored by targeting the synthesis of Lyz-PPC2 and Lyz-PPC3 utilizing a zwitterionic
norbornene (NB-Zwit) and an oxanorbornene PEG imide (oNB-PEG) monomer,
respectively. Synthesis of Lyz-PPC2 exhibited good molecular weight control
as determined by SDS-PAGE and SEC (Figures 2A and Sé). In contrast, poor
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Figure 1. Synthesis and characterization of Lyz-PPC1

(A) Reaction scheme for synthesis of Lyz-PPC1.

(B) Denaturing SDS-PAGE gel comparing synthesis of Lyz-PPC1 in potassium phosphate buffer at
pH 6.5 and pH 7.4 in 100 mM NaCl.

(C) SEC trace of Lyz-PPC1 synthesized with 20, 30, 50, and 100 equiv of NB-PEG. Absorbance
detected at 220 nm. Lyz-NB trace also included for comparison.

(D) SEC trace of the polymerization of Lyz-PPC1 at different reaction time points. Absorbance
detected at 220 nm.

conversions were observed for the synthesis of Lyz-PPC3 (Figure 2B). This is consis-
tent with our previous work demonstrating significantly lower monomer conversion
of oxanorbornene monomers relative to analogous NB monomers.>® Additionally,
after the successful synthesis of Lyz-PPC1 and Lyz-PPC2 we observed a 90.8% and
84.6% retention of protein activity, respectively compared with Lyz (Figure S7).

Incorporating functional monomers into the polymer chain thatimpart new activities
to therapeutic proteins could be an important advancement for next-generation
PPCs. One route to achieve this is by utilizing a block copolymer architecture to po-
sition these targeting moieties at the polymer chain end of the PPC. Catalyst fidelity
and living characteristics of the polymerization were evaluated with this potential
goal in mind. NB-Zwit was added to lysozyme macroinitiator Lyz-MI with aliquots
removed after 20 and 25 min of reaction (Figure 3A). No change in the molecular
weight was observed by SEC, which could signify either complete monomer
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Figure 2. Characterization of Lyz-PPC2 and Lyz-PPC3 by denaturing SDS-PAGE gel
(A and B) SDS-PAGE of Lyz-PPC2 synthesized from NB-Zwit (A) and Lyz-PPC3 (B). Monomers were
added at 0, 20, 30, 50, and 100 equivalences relative to NBs modified on the protein surface.

consumption or a deactivated catalyst (Figure 3B). NB-PEG was then added and al-
lowed to react for a further 20 min. A shift to lower retention volumes indicated a
large change in molecular weight and successful block copolymer formation
(Figure 3B). These results demonstrate that under these conditions the ruthenium
catalyst remains active on the chain end throughout the course of the reaction, allow-
ing for the synthesis of block polymer architectures in PPCs.

To demonstrate that bioactive small molecules can be incorporated into a block
copolymer architecture and remain functional, a biotin functionalized norbornene
monomer (NB-biotin) was incorporated as the terminal block in Lyz-PPC-biotin
and its ability to bind to a fluorescently labeled streptavidin (Stv488) was compared
with that of Lyz-PPC1 (Reaction scheme S2 and Figure 4). Fluorescent PAGE analysis
shows that in the absence of a biotinylated polymer, no binding is observed and only
the Stv488 band is observed (far-right lane). However, when Stv488 is included with a
biotinylated polymer (Lyz-PPC-biotin), the strong Stv488 band disappears and the
fluorescence signal is distributed across the band associated with the PPC, indi-
cating binding to Stv488 (second lane from right). This demonstrated the feasibility
of our ROMP grafting-from methodology to incorporate bioactive small molecules
into PPCs.

Synthesis of grafting-from Qp PPCs: Nanocarrier conjugates

Our previous work demonstrated that water-soluble poly(NB-PEG) polymers conju-
gated to protein nanoparticles by a grafting-to approach improved protection from
anti-protein antibodies when compared with linear PEG.'? We therefore wanted to

Cell Reports Physical Science 3, 101067, October 19, 2022 5
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Figure 3. Synthesis and characterization of block copolymer protein conjugates
(A) Reaction scheme for synthesis of Lyz block copolymer conjugates.
(B) SEC trace of polymerization after first (NB-Zwit) and second (NB-PEG) monomer additions.

compare the immune shielding capabilities of PPCs made by an aqueous ROMP
grafting-from methodology. Qp bacteriophage has been explored for applications
such as drug delivery, vaccine platforms, immunotherapy, and imaging.”>°® QB is
a 28 nm icosahedral virus-like particle (VLP) made up of 180 copies of monomeric
coat proteins and served as a test bed in our previous studies, making it a useful
comparator for the grafting-from methodology. Each QB coat protein has four
free primary amines per coat protein (720 per VLP) available for modification, which
were first modified by exo-NBDA to obtain QB-NB (Figure S11). Mass spectroscopy
analysis indicated an average of ~1-2 modifications per coat protein when 30 equiv
of exo-NBDA per amine residue were used (Figure S10). This was followed by the
synthesis of grafting-from QB-PPC1 and QB-PPC2 from the monomers NB-PEG
and NB-Zwit, respectively (Figure 5A). Monomer equivalents of 30 and 100 per QB
coat protein yielded four different grafting-from Qp-PPCs: QB-PPC1-30, QB-PPC1-
100, QB-PPC2-30, and QB-PPC2-100.

The successful syntheses of grafting-from QB-PPCs were confirmed by denaturing
SDS-PAGE. The denaturing SDS-PAGE (Figure 5B) indicated efficient grafting of
the polymers to Q. Colocalization of the bands was observed for QB-PPCs and a
decrease in the mobility of the conjugate bands was observed with higher monomer
loading, which indicated a higher molecular weight. Small amounts of unreacted
QB/QB-NB coat proteins were also observed after conjugations and could be
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Figure 4. Characterization of Lyz-PPC-biotin by non-denaturing PAGE gel
The binding of Lyz-PPC-biotin to Stv488 was analyzed by the fluorescent imaging of the PAGE gel.
The binding of Lyz-PPC1 to Stv488 was also analyzed for comparison.

potentially due to the presence of unmodified Qf coat proteins or uninitiated spe-
cies (Figure S10B). The SDS-PAGE was additionally treated with iodine to stain
QB-PPC1 (Figure S12), which is the result of formation of iodide complexes with
PEG,>’ and the colocalization of bands further confirmed the grafting-from polymer-
ization. SEC of QB-PPCs (Figure 5C) indicated higher retention volumes compared
with QB and QB-NB. These data are contrary to the expected trend, although consis-
tent with our previous observation in the grafting-to PNB-based Qf conjugates syn-
thesized in our lab.”® This is likely due to the interaction of PNB-based polymers with
the material in the column, potentially driven by the unique “raspberry” conforma-
tion associated with QB-PNB conjugates.'® It is also important to point out that
the unreacted QB/QB-NB coat proteins observed in SDS-PAGE are not detected
in SEC, as the QB-PPCs elute as a whole particle while QB-PPCs are denatured for
SDS-PAGE. Dynamic light scattering (DLS) and transmission electron microscopy
(TEM) were carried out to confirm QB structural integrity after grafting-from conjuga-
tion. DLS measurements of all the conjugates (Figure S14) showed increases in size
compared with native Q. The hydrodynamic size of the QB-PPC1 increased from
68.1 nm to 142 nm as we increased monomer loadings of NB-PEG from 30 to
100 equiv. Similarly, when the NB-Zwit monomer loadings were increased from 30
to 100 equiv, an increase in the hydrodynamic size from 59.2 nm to 91.3 nm was
observed. The broad peaks seen in the DLS measurements are not uncommon for
a polydisperse population of self-associating polymers.”® TEM micrographs of the
conjugates (Figures 5D-5G) further verified QP structural integrity after the graft-
ing-from ROMP polymerization. The presence of polymer affects the quality of the
negative stain by uranyl acetate, altering the contrast with the background, which
has been previously reported in TEM samples using polymers.*”

Immune recognition of QB-PPCs by anti-Qf} and anti-PEG antibodies

After the successful synthesis of QB-PPCs, the immune shielding capabilities of the
grafting-from PPCs were evaluated by ELISAs, detecting response against either QB
or PEG. As a control, we covalently conjugated PEG-10 kDa using a traditional graft-
ing-to conjugation scheme to prepare QB-PEG (Reaction scheme S4; Figures S13
and S14C). Since PEGylation is the standard method for preparing PPCs, this was
used for comparison to demonstrate the effectiveness of immune shielding with
grafting-from PPCs. The grafting-from ROMP polymerizations significantly reduced
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Figure 5. Synthesis and characterization of QB-PPCs

(A) Reaction scheme for the synthesis of QB-PPC1 and QB-PPC2.

(B) Denaturing SDS-PAGE of QB-PPC1 and QB-PPC2 in potassium phosphate buffer at pH 6.5, in
100 mM NaCl. QB-WT and QB-NB were also included for comparison. Samples were used at
0.05 mg/mL. The band at 14 kDa indicates QP coat protein.

(C) SEC trace of QB-PPC1 and QB-PPC2. Absorbance was detected at 260 nm. The QB-WT and
QB-NB traces were also included for comparison.

(D-G) TEM micrographs of QB-PPC1-30 (D), QB-PPC1-100 (E), QB-PPC2-30 (F), and QB-PPC2-100
(G). TEM images were assessed at 49,000 magnification. Scale bars, 50 nm.

immune recognition by anti-Qp antibodies compared with wild-type QB (Figure 6).
QB-PPC1 and QB-PPC2 showed a 27.5%-30% and 30%-35% decrease in antibody
recognition, respectively. Also, better protection from antibody recognition was
observed in the case of QB-PPC1-100 and Qp-PPC2-100 compared with
QB-PPC1-30 and QB-PPC2-30, respectively. In contrast, the grafting-to QB-PEG
conjugate showed no improvement in antibody shielding. It is also worth noting
that QB-PPC2 showed better immunoshielding from anti-QBp compared with
QB-PPC1.°%¢" These are significant results because new alternatives for PEG will
need to be rapidly advanced, as a greater proportion of the population has pre-ex-
isting anti-PEG antibodies rendering PEGylated drugs ineffective or resulting in side
effects which could be quite severe.

There is extensive evidence of pre-existing anti-PEG antibodies in humans,'”*'
leading to adverse effects in patients treated with PEGylated therapeutics in clinical
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Figure 6. ELISA response of QB-PPCs toward anti-Qf and anti-PEG

Results are normalized to immune response by QB-WT. The fold change in absorbance signal
intensity as measured at 650 nm for each QB sample relative to the grafting-to QB-PEG positive
control as determined by an anti-Qf (left) and anti-PEG (right) indirect ELISAs. The significance
measurements were determined by an unpaired t test relative to the positive control. The
significance markers indicate no significant differences (n.s.), and *p < 0.1, **p < 0.01, ***p < 0.001,
and ****p < 0.0001. Error bars denote SD; N = 3.

studies.'®'%?%27 Therefore, recognition of QB-PPCs by anti-PEG antibodies was
also investigated. As expected, the grafting-to QB-PEG produced the highest im-
mune response and was used as the positive control. QB-PPC1 synthesized from
NB-PEG monomers diminished the immune response of QB-PEG by 15%. This level
of detection of QB-PPC1 by anti-PEG was unexpected, as PEG with up to 9 EG units
have shown low PEG-specific antigenicity.®> As hypothesized, QB-PPC2 derived
from NB-Zwit monomer had negligible recognition by anti-PEG antibodies. Anti-
PEG antibody recognition of QB-PPC2 showed <5% binding compared with
QB-PEG. The effective reduction in recognition by anti-Qp and its ability to evade
recognition by anti-PEG makes QB-PPC2 particularly promising. Conjugation of
zwitterionic polymers has been shown to retain high bioactivity of therapeutic
proteins, which can be attributed to the superhydrophilicity of zwitterionic
polymers.®"* While further investigation is required, we believe that protein
bioconjugates derived from NB-Zwit hold great potential as an alternative to PEGy-
lation in bioconjugation.

The current work developed a grafting-from aqueous ROMP protocol for the synthe-
sis of water-soluble PPCs derived from NB-based monomers. We have demon-
strated that pH 6.5 and elevated chloride concentrations increase the activity and
lifetime of water-soluble ruthenium catalysts on the chain end of the PPC, providing
control over Lyz-PPC and QB-PPC molecular weight as a function of monomer
loading. These conditions can be utilized to incorporate a variety of diverse func-
tional groups and water-soluble NB monomers into PPCs, including biologically
active monomers containing biotin. The QB-PPCs maintained particle integrity after
the synthesis, as confirmed by TEM and DLS. Immune recognition studies of
QB-PPCs demonstrated reduced protein immunogenicity and low PEG-specific an-
tigenicity compared with grafting-to PEG conjugates. This suggests a better safety
profile by grafting-from PNB-based bioconjugates compared with the extensively
used grafting-to PEG conjugates. Particularly, the ability of the zwitterionic bio-
conjugate in evading immune recognition by both protein-specific and PEG-specific
antibodies shows great promise. Additionally, with studies proving high retention of
protein bioactivity and long systemic circulation of proteins conjugated with zwitter-
ionic polymers, itholds great promise as a potential PEG alternative in protein-poly-
mer conjugation.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Jonathan K. Pokorski (jpokorski@ucsd.edu).

Materials availability

exo-NBDA,** NB-PEG,"® NB-Zwit,”> and oNB-PEG** were synthesized as previously
described. All other reagents and solvents were used as obtained from commercial
sources.

Data and code availability
The datasets generated in this study are available from the lead contact upon
reasonable request.

Instrumentation

Molecular mass data were obtained using an Agilent 6230 Accurate-Mass time-of-
flight mass spectrometry instrument with an in-line Agilent 1260 Infinity Binary liquid
chromatograph. UV-visible (UV-vis) measurements were acquired using a Shimadzu
BioSpecnano UV-vis spectrophotometer. DLS was conducted with a Malvern Pana-
lytical Zetasizer Nano ZS at 25°C. Samples were diluted to 0.5 mg/mL in 10 mM po-
tassium phosphate and transferred to an Eppendorf UVette disposable cuvette, and
measurements were conducted with atleast 12 runs per measurement for three mea-
surements. SEC was performed using a GE Healthcare AKTA-FPLC 900 chromatog-
raphy system equipped with a Superdex 75 10/300 GL size-exclusion column. For all
SEC experiments, the mobile phase was PBS (pH 7.4) at a flow rate of 0.4 mL/min.
SDS-PAGE was performed on GenScript ExpressPlus PAGE gels 4%-12% bis-tris
protein gels (1.0 mm X 12 wells) (35 min, 140 V, 20x MES SDS running buffer). Sam-
ples were prepared with Novex LDS Sample Buffer (4 x) and denatured at 95°C. Gels
were stained with Coomassie SimplyBlue SafeStain (Life Technologies), and PEG-
based conjugates were additionally stained by iodine solution. TEM of QB VLPs
were performed on an FEI Tecnai G2 Spirit transmission electron microscope at
80 kV. Samples were diluted to 0.5 mg/mL in Milli-Q water for sample deposition.
The solution was applied at a volume of 10 puL to FCF400-CU 400-mesh copper grids
(Electron Microscopy Sciences, Hatfield, PA, USA) for 15 min at room temperature.
The grids were washed three times for 30 s with Milli-Q water, and the sample was
stained with 10 plL of 2% (w/v) uranyl acetate for 1 min. The grid was blotted to re-
move excess solution.

Synthesis of grafting-from Lyz-PPCs

Synthesis of Lyz-NB

Lysozyme (20 mg, 0.0014 mmol, 1.0 equiv) was dissolved in 7.2 mL of 0.1 M potas-
sium phosphate buffer, pH 8.0. exo-NBDA (17.1 mg, 0.10 mmol, 75.0 equiv) in a so-
lution of dimethyl sulfoxide (DMSO) (0.8 mL) was then added dropwise over 45 min
using a syringe pump. The reaction mixture was stirred at room temperature for 18 h.
The protein solution was then added to a 3500 molecular weight cutoff (MWCO)
dialysis bag and stirred against 1 L of 10 mM potassium phosphate buffer (pH 6.5)
with 100 mM NaCl. The buffer was exchanged twice over the course of 24 h. The pro-
tein solution was then concentrated using 6x 10,000 MWCO Amicon Ultra-4 mL
Centrifugal Filter and centrifuged at 7,000 x g for 10 min. Final protein concentra-
tion was 2.6 mg/mL, determined using UV-vis spectroscopy and e3¢0 = 38,940 cm ™"
M~". The resulting conjugates were analyzed by liquid chromatography/electron
spray ionization/time-of-flight mass spectrometry and SEC. Lysozyme was modified
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with an average of 4-5 norbornenes (Figure S1). SEC displays a single monomodal
peak (Figure S2).

General polymerization procedure for synthesis of Lyz-PPC1, Lyz-PPC2, and Lyz-
PPC3

To a 1-mL solution of Lyz-NB at a concentration of 2 mg/mL in 10 mM potassium
phosphate buffer (pH 6.5) in 100 mM NaCl (2.0 mg, 0.00014 mmol, 1.0 equiv),
129 uL of a 20 mg/mL solution of AquaMet in Milli-Q water (2.87 mg,
0.0036 mmol, 5.0 equiv relative to ~5 norbornene modifications per protein) was
added to form Lyz-MI (Reaction scheme S1). It is assumed that all norbornenes are
modified with the ruthenium catalyst. The reaction mixture was allowed to proceed
at room temperature for 10 min. Reaction mixture was centrifuged at 10,000 x g for
5 min to remove any precipitates. The supernatant was distributed into 5X Amicon
Ultra-0.5 mL Centrifugal Filters (200 pL each). 300 uL of 10 mM potassium phosphate
buffer (pH 6.5) with 100 mM NaCl was also added into each of the filters, which were
then centrifuged at 10,000 X g for 8 min. The concentrated Lyz-Ml was washed three
additional times in this manner, eluting with 10 mM potassium phosphate buffer (pH
6.5) with 100 mM NaCl, to remove excess catalyst while maintaining optimal catalyst
activity. To each filter was added NB-PEG (500 mg/mL) as a solution in 10 mM po-
tassium phosphate buffer (pH 6.5) with 100 mM NaCl: 0 equiv (2.4 pL, 1.12 mg,
0.0024 mmol, ~20 equiv relative to Ru per protein; 3.5 pL, 1.8 mg, 0.0036 mmol,
~30 equiv relative to Ru per protein; 5.9 uL, 3.0 mg, 0.0060 mmol, ~50 equiv relative
to Ru per protein; 11.8 pL, 5.9 mg, 0.012 mmol, ~100 equiv relative to Ru per
protein). Polymerizations were terminated after 1 h with the addition of 1 pL of
diethylene glycol monovinyl ether. The resulting protein-polymer conjugates,
Lyz-PPC1, were purified to remove any unreacted monomer by centrifugation and
eluting with PBS (pH 7.4) three times. Resulting PPCs were analyzed by SDS-PAGE
and SEC.

Polymerization procedure for synthesis of protein-block copolymer conjugates

To a0.33 mL solution of Lyz-NB at a concentration of 2.0 mg/mLin 10 mM potassium
phosphate buffer (pH 6.5) in 100 mM NaCl (0.71 mg, 0.00005 mmol, 1.0 equiv), 43 uL
of a 20 mg/mL solution of AquaMet in Milli-Q water (0.86 mg, 0.001 mmol, 5.0 equiv
relative to ~5 norbornene modifications per protein) was added to form Lyz-MI (Fig-
ure 1A). It is assumed that all norbornenes are modified with the ruthenium catalyst.
The reaction mixture was allowed to proceed at room temperature for 10 min. Reac-
tion mixture was centrifuged at 10,000 X g for 5 min to remove any precipitates. The
supernatant was transferred into Amicon Ultra-0.5 mL Centrifugal Filters. Two hun-
dred and fifty microliters of 10 mM potassium phosphate buffer (pH 6.5) with
100 mM NaCl were also added into each of the filters, which were then centrifuged
at 10,000 x g for 8 min. The concentrated Lyz-MI was washed three additional times
in this manner, eluting with 10 mM potassium phosphate buffer (pH 6.5) and 100 mM
NaCl, to remove excess catalyst while maintaining optimal catalyst activity. NB-Zwit
(500 mg/mL) as a solution in 10 mM potassium phosphate buffer (pH 6.5) with
100 mM NaCl was then added to the macroinitiator solution (3.0 pL, 1.5 mg,
0.0042 mmol). After 20 min, an aliquot (30 pL) was removed and terminated with
1 pL of diethylene glycol monovinyl ether. After 25 min, an additional aliquot
(30 pl) was removed and terminated with 1 uL of diethylene glycol monovinyl ether.
NB-PEG (500 mg/mL) as a solution in 10 mM potassium phosphate buffer (pH 6.5)
and 100 mM NaCl (2.1 pL, 1.1 mg, 0.0021 mmol) was then added and allowed to
react at room temperature for 20 min. Polymerizations were then terminated with
the addition of 1 L of diethylene glycol monovinyl ether. The resulting protein-poly-
mer conjugates, Lyz-PPC1, were purified to remove any unreacted monomer by
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centrifugation and eluting with PBS (pH 7.4) three times. Resulting PPCs were
analyzed by SDS-PAGE and SEC.

Lysozyme activity assay

The activities of Lyz and Lyz-PPCs were assayed using glycol chitosan substrate.
First, 0.05% (w/v) glycol chitosan solution was prepared in 100 mM acetate buffer
(pH 5.5). Next, 1.52 mM potassium ferricyanide solution was freshly prepared in
0.5 M sodium carbonate. The substrate solution (100 plL) was added to 10 pL of
Lyz or Lyz-PPCs solution (2 mg/mL) and incubated at 40°C for 30 min. After incuba-
tion, 200 pL of potassium ferricyanide solution was added and immediately boiled
for 15 min and then cooled down. Two hundred microliters of each solution was
transferred to a 96-well plate, and the absorbance was measured at 420 nm.

Synthesis of grafting-from QB-PPCs

Qp expression

Bacteriophage QB VLPs were expressed as previously reported.®® In brief, the gene
encoding the VLP (NCBI: P03615) was cloned into pDUET-1 expression vectors
(GenScript Biotech) and expressed in BL21 (DE3) E. coli (New England BioLabs). Col-
onies were grown in LB medium (Thermo Fisher Scientific) with 50 pg mL™" of
kanamycin as the selection marker. Stocks were prepared and stored at —80°C in
20% (v/v) glycerol. On the day of use, the stocks were thawed and grown in 10 mL
of MagicMedia (Invitrogen) with 50 ug mL™" kanamycin for 16 h at 37°C and
250 rpm. The entire culture was then transferred to 200 mL of MagicMedia with
50 ug mL™" kanamycin and incubated for 20-24 h at 37°C and 300 rpm. The cells
were harvested from the medium through centrifugation at 5,000 x g for 20 min
at 4°C, and the pellet was stored at —80°C overnight. The pellet was then resus-
pended in a solution of 10 mL of lysis buffer (Thermo Fisher Scientific) per gram of
the cell pellet. Lysozyme (1 mg mL™") (GoldBio), DNase (2 ng mL™") (Promega),
and MgCl; (2 mM) (Fisher Scientific) were added to the lysis buffer, and the entire
solution was stirred at 37°C for 1 h at 100 rpm. The solution was then sonicated at
Amp 30% with 5-s cycles for 10 min on ice to complete the lysis. The lysate was
centrifuged at 5,000 x g for 20 min at 4°C and the supernatant was collected. The
VLPs were precipitated from the supernatant through the addition of 10% (w/v)
PEG-8000 (Thermo Fisher Scientific) and incubated at 4°C for 12 h on a rotisserie.
Following the incubation, the solution was centrifuged at 5,000 x g for 20 min at
4°C, and the pellet was dissolved in 5 mL of PBS, pH 7.4 (G Biosciences). A total
of 2.5 mL of a 1:1 (v/v) mixture of butanol (Fisher Scientific) and chloroform (Fisher
Scientific) was added to the PBS and centrifuged at 5,000 x g for 30 min at 4°C to
remove any excess lipid. The supernatant was collected and purified through ultra-
centrifugation using a 10%-40% (w/v) sucrose (Sigma-Aldrich) gradient at
96,281 x g for 2.5 h at 4°C. The middle band, which is due to the light scattering
by the QB VLPs, was collected and ultracentrifuged at 160,326 x g for 2.5 h at
4°C. The pelleted VLPs were resuspended in PBS (pH 7.4) and quantified using a
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). VLPs to be used immediately
were stored at 4°C; otherwise they were kept at —80°C until further use. QB was char-
acterized by mass spectrometry (Figure S8), SEC (Figure S9), DLS (Figure S14A), and
TEM (Figure S15A).

Synthesis of Q8-NB

QB (20 mg, 0.0000078 mmol, 1 equiv) was dissolved in 10 mL of 0.1 M KPB (pH 8.0)
buffer in a 20-mL glass scintillation vial and stirred for 5 min. To this solution, exo-
NBDA (27.64 mg, 0.169 mmol, 21,600 equiv or 30 equiv/NH, residues) dissolved
in 1.1 mL of anhydrous DMSO was added over a span of 60 min. After the overnight
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reaction, the product was dialyzed against 0.01 M KPB (pH 6.5), 0.1 M NaCl buffer in
a 10 kDa MWCO dialysis tube to remove unreacted exo-NBDA and switch sample
buffers. The dialyzed sample was concentrated in AMICON 4 mL 10 kDa MWCO
centrifuge filters to a final volume of 1 mL. Protein concentration was analyzed using
Bradford assay or BCA assay with BSA standards. QB-NB was characterized using
SEC (Figure S11), SDS-PAGE (Figure 5B), mass spectrometry (Figure S10), DLS (Fig-
ure S14B), and TEM (Figure S15B).

Polymerization procedure for the synthesis of Q3-PPC1 and QB-PPC2

QB-NB (15 mg, 0.0011 mmol, 1 equiv) was dissolved in 7.5 mL of 10 mM potassium
phosphate buffer (pH 6.5), 100 mM M NaCl buffer (Reaction scheme S3). AquaMet
(12.64 mg, 0.016 mmol, 5 equiv) was freshly dissolved in 632 uL of deionized water
and added to the QB-NB solution and vortexed to mix. The reaction was carried out
for 10 min. Tween 20 (0.1%, v/v) was added to the reaction mixture and vortexed.
The mixture was then centrifuged at 10,000 x g for 5 min to remove any unreacted
catalyst from the QB macroinitiator. The supernatant was then split into four equal
volumes and washed in Amicon Ultra-0.5 mL 100 kDa MWCO centrifuge filters using
the reaction buffer. Monomer NB-PEG (12.2 mg or 30 equiv and 40.52 mg or
100 equiv) was dissolved in 24.4 pl and 81.1 plL of anhydrous DMSO, respectively.
Monomer NB-Zwit (8.5 mg or 30 equiv and 28.04 mg or 100 equiv) was dissolved
in 17 pL and 56 pL of 10 mM potassium phosphate + 100 mM NaCl buffer (pH
6.5), respectively. The monomers were then added to the centrifuge filters with
the macroinitiator and reacted for 40 min. Unreacted monomers were removed by
washing with the reaction buffer repeated thrice. The conjugates were characterized
using SDS-PAGE (Figure 5B), SEC (Figure 5C), DLS (Figures S14D-S14G), and TEM
(Figures 5D-5@).

ELISA immune assay

QP was 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 pg Qp/
mL). The solution was removed by plate washer (accuWash from Fisher Scientific)
and the wells were washed three times with 200 pL of wash solution (0.05% [w/v]
Tween 20 in 1% PBS). 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 pg/mL with 5% BSA (w/v) in 1x PBS (for QB
detection, rabbit-derived anti-Qp antibody from Pacific Immunology Lot 13503/
13504; for PEG detection, anti-PEG antibody clone 26A04 from BioVision). The so-
lutions were added at a volume of 100 pL to the sample wells and left to incubate at
25°C under agitation for 1 h. The washing protocol was repeated. Secondary anti-
body solutions were prepared at 0.2 pg/mL with 5% BSA (w/v) in 1x PBS (for QB
detection, goat anti-rabbit IgG [H + L] horseradish peroxidase [HRP] conjugates
from Invitrogen, #65-6120; for PEG detection, goat anti-rat IgG [H + L] HRP from
BioVision, #6908). The solutions were added at a volume of 100 pL to the sample
wells and left to incubate at 25°C under agitation for 1 h. The washing protocol
was repeated. Room temperature 1-Step Ultra TMB-ELISA Substrate Solution
(Thermo Scientific, #34028) was added to the wells at 100 uL and left to react for
2 min. The reaction was quenched with 100 uL of 2 N H,SO,. The absorbance of
the solutions at 650 nm was measured using a plate reader (Tecan Infinite M Plex).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2022.101067.
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Figure S1. Mass analysis of Lyz and Lyz-NB.

(A) ESI-MS of Lyz (B) ESI-MS of Lyz-NB. Mass analysis indicate an average of 4-5 exo-

norbornene anhydrides conjugated per lysozyme.
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Figure S2. SEC of Lyz-NB.
Absorbance was detected at 220 nm and 280 nm.
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Figure S3. *H-NMR of NB-PEG polymerization in the presence of lysozyme.
Monomer was polymerized in 10 mM potassium phosphate buffer, pH 7.4, 100 mM NacCl for 1

hour at room temperature. Under these conditions, 99% monomer conversion achieved.
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Figure S4. SEC of Lyz-PPC1 synthesized with varying monomer equivalences.
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Figure S5. Characterization of Lyz-PPC1 synthesized in 10 mM potassium phosphate
buffer, pH 6.5 with no added NaCl.

(A) Denaturing SDS-PAGE gel of Lyz-PPC1. Varying equivalences of NB-PEG was used for the
synthesis. Lyz-NB was used for comparison. (B) SEC of Lyz-PPC1. Absorbance detected at 220

nm.
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Figure S6. SEC of Lyz-PPC2 synthesized in 10 mM potassium phosphate buffer, pH 6.5,
100 mM NacCl.

Varying equivalences of NB-Zwit was used for the synthesis. Absorbance detected at 220 nm.
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Figure S7. Protein activity assay of Lyz-PPC1l and Lyz-PPC2 using glycol chitosan
substrate.

The activity of Lyz was considered 100% and was used to compare the residual activities of Lyz-
PPCs. The Lyz-PPC1 and Lyz-PPC2 were synthesized by adding 30 equivalences of NB-PEG
and NB-Zwit respectively.
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Figure S10. Mass analysis of QB-NB by LC-ESI-TOFMS.

(A) Full spectrum (B) Zoomed in spectrum showing the masses corresponding to each of the
peaks. Peak B, m.wt. = 14304.81 indicate the presence of unmodified coat proteins. Mass
analysis indicated 1-2 exo-norbornene anhydrides conjugated per coat protein.
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Absorbance was detected at 260 nm and 280 nm.
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Figure S12. Denaturing SDS-PAGE of grafting-from QB-PPCs stained by lodine.
lodine stain was used to stain QB-PPC1. Samples of 0.05 mg/ml concentration were used.
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Figure S13. Denaturing SDS-PAGE of grafting-to QB-PEG conjugates.
The conjugates were stained by Coomassie blue (Left panel), lodine stain (right panel).

Samples of 0.05 mg/ml concentration were used.
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Figure S14. Dynamic light scattering measurements for QB, QB-NB and QB-PPCs.
(A) QB (B) QB-NB (C) grafting-to QB-PEG (D) QB-PPC1-30 (E) QB-PPC1-100 (F) QB-PPC2-30

(G) QB-PPC2-100.



Figure S15. TEM micrographs (scale bar=50 nm) of QB and QB-NB.
(A) QB (B) QB-NB. TEM images were assessed at 49,000x magnification. Scale bar = 50 nm.



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Aqueous ROMP of NB-PEG in the presence of free Lysozyme at pH 7.4

191 pL of 10 mM potassium phosphate buffer, pH 7.4, 100 mM NacCl, 31 pL of a 500 mg/mL NB-
PEG solution in 10 mM potassium phosphate buffer, pH 7.4, 100 mM NacCl (15.5 mg, 0.031 mmol,
50 equivalents) and 62.5 pL of a 20 mg/mL lysozyme solution in 10 mM potassium phosphate
buffer, pH 7.4, 100 mM NacCl (1.25 mg, 0.000087 mmol, 0.14 equivalents) were added to a 2 mL
Eppendorf tube. 25 pL of a 20 mg/mL AquaMet solution in Milli-Q filtered water was then added
and the reaction mixture was polymerized at room temperature for 1 hour. The reaction was
terminated with 1 pL of diethylene glycol monovinyl ether. Water was removed under reduced
pressure and heating to 50 °C. The resulting residue was redissolved in CDCI; and analyzed by
!H-NMR. Based on the relative ratio between the olefin peak of NB-PEG and the olefin peaks in

the polymer backbone, 99% monomer conversion was achieved.

Polymerization procedure for synthesis of Lyz-PPC-biotin

(Reaction scheme 2) To a 0.32 mL solution of Lyz-NB at a concentration of 2.0 mg/mL in 10 mM
potassium phosphate buffer, pH 6.5, 100 mM NaCl (0.64 mg, 0.000042 mmol, 1.0 equivalents),
39 pL of a 20 mg/mL solution of AquaMet in Milli-Q water (0.77 mg, 0.001 mmol, 5.0 equivalents
relative to ~5 norbornene modifications per protein) was added to form Lyz-Ml. It is assumed that
all norbornenes are modified with the ruthenium catalyst. The reaction mixture was allowed to
proceed at room temperature for 10 minutes. Reaction mixture was centrifuged at 10,000 g for 5
minutes to remove any precipitates. The supernatant was transferred into Amicon Ultra-0.5 mL
Centrifugal Filters. 250 pL of 10 mM potassium phosphate buffer, pH 6.5, 100 mM NaCl was also
added into each filter which were then centrifuged at 10,000 g for 8 minutes. The concentrated
Lyz-MI was washed three additional times in this manner, eluting with 10 mM potassium
phosphate buffer, pH 6.5, 100 mM NaCl, to remove excess catalyst while maintaining optimal

catalyst activity. NB-PEG (500 mg/mL) as a solution in 10 mM potassium phosphate buffer, pH



6.5, 100 mM NaCl was then added to the macroinitiator solution (5.7 uL, 2.86 mg, 0.0058 mmol,
~30 equivalents relative to Ru per protein). After 30 minutes, NB-biotin (125 mg/mL) as a solution
in 10 mM potassium phosphate buffer, pH 6.5, 100 mM NacCl (2.49 uL, 0.31 mg, 0.00058 mmol)
was then added and allowed to react at room temperature for 20 minutes. Polymerizations were
then terminated with the addition of 1 pL diethylene glycol monovinyl ether. The resulting protein
polymer conjugates, Lyz-PPC-biotin, were purified to remove any unreacted monomer by
centrifugation and eluting with PBS, pH 7.4 three times. Resulting protein-polymer conjugates
were analyzed by SDS-PAGE and SEC. The concentrated Lyz-PPC-biotin solution was adjusted
to a concentration of 3 mg/mL in PBS, pH 7.4. Alexa Fluor 488 Streptavidin (1 pL, 2 mg/mL) was
added to a solution of Lyz-PPC-biotin (20 pL) or Lyz-PPC1 (20 uL) and incubated at room
temperature for 1 hour. Samples were analyzed by non-denaturing SDS-PAGE and visualized by

fluorescence.

Procedure for the synthesis of grafting-to QB-PEG conjugate synthesis

(Reaction scheme 4) QB (3 mg, 0.29 mmol, 1 equivalent) was dissolved in 1.5 ml 10 mM KPB
buffer, pH 8.0 in a glass scintillation vial and stirred for 5 minutes. mMPEG-NHS-10 kDa (41.95 mg,
4.2 mmol, 20 equivalents/coat protein) was dissolved in the same buffer and added to the QB
solution all at once. This was allowed to react for 2 hours. The product was washed with the buffer
in the 100 kDa MWCO spin filters to remove unreacted mPEG-NHS-10 kDa and concentrate the

conjugate.
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