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ABSTRACT: Polyphosphoesters (PPEs), a versatile class of biodegradable and

biocompatible polymers, have been proposed as alternatives to poly(ethylene &
glycol) (PEG), which is suspected to be responsible for anaphylactic reactions in SN a&f‘g"’ A
some patients after the administration of PEGylated compounds, e.g, in the s g~

current Covid-19 vaccines. We present the synthesis and characterization of a
novel set of protein—polymer conjugates using the model protein myoglobin and
a set of PPEs with different hydrophilicity and molar mass. We report an
extensive evaluation of the (bio)physical properties of the protein within the
conjugates, studying its conformation, residual activity, and thermal stability by
complementary techniques (UV—vis spectroscopy, nano-differential scanning
calorimetry, and fluorometry). The data underline the systematic influence of
polymer hydrophilicity on protein properties. The more hydrophobic polymers
destabilize the protein, the more hydrophilic PPEs protect against thermally
induced aggregation and proteolytic degradation. This basic study aims at guiding the design of future PPEylated drugs and protein
conjugates.
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1. INTRODUCTION the conjugation of PPEs to several proteins, so-called
“PPEylation”, including bovine serum albumin, uricase, bovine
liver catalase, maltose-binding protein, or myoglobin.'”~*

Here, we describe the synthesis of a novel set of PPEylated
protein—polymer conjugates with variable polymer hydro-
philicity and molar mass. Unlike most of the other PEG-
substitute candidates, the properties of PPEs can be modulated
by changing the lateral group of the polymer; therefore, we
prepared a library of (co)polymers with different lengths and
lateral chains to evaluate the influence of these parameters on
the protein properties, and we compared the results to
PEGylated controls. The effect of the polymer hydrophilicity
on the conjugates’ properties had been previously investigated
with polyoxazolines,”® which have similarities to PPEs;
however, they are not biodegradable. Besides, the previous
articles intended to increase the enzymes’ solubility in organic
solvents.”

Herein, we have chosen myoglobin of equine skeletal muscle
as a model protein because it is a relatively small globular
protein with an easy way to determine the residual activity and

Poly(ethylene glycol) (PEG) is probably the most common
water-soluble polymer in the biomedical field. Covalent
attachment of PEG to proteins, peptides, and other drugs
(known as “PEGylation”) is used to improve their
pharmacokinetics." Despite the current use, PEGylated drugs
have recently raised some concerns related mostly to the
formation of anti-PEG antibodies” and the polymer accumu-
lation in the body after long-term treatments.’ In the past
months, PEGylated lipids used in the first Covid-19 vaccines
(Pfizer and Moderna) were suspected to be responsible for
allergic reactions in some patients after the vaccine
administration.”

These investigations firmly push the research of PEG
alternatives, also including biodegradable polymers.*~® Among
these alternatives, polyphosphoesters (PPEs) are a promising
degradable alternative to PEG.”"" For the past 20 years, several
new PPEs have been synthesized and they have proven their
biocompatibility in vitro (in terms of cytocompatibility” and
“stealth effect”’"'*) hydrolytic and/or enzymatic degradabil-
ity,"*~'* and they have shown some promising in vivo results as
drug nanocarriers.' The major strength of PPEs is their Received: January 18, 2021
chemical versatility: the pentavalent phosphorus in the main Revised: ~ March 7, 2021
chain can be used to control the hydrolytic stability of the Published: April 8, 2021
polymers and to perform postmodification reactions (e.g,, in
the presence of a double or triple bond in the lateral
chain)."”"® Previous studies published by our group reported
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has a well-known 3D structure and unfolding mechanism.”*%’

Myoglobin could be seen as a model for hemoglobin because it
has the same cofactor and a similar tertiary structure around
the active site but lower molar mass. As hemoglobin has several
promisin§ applications, e.g., the formation of cell-free oxygen
carriers,”” studies on myoglobin are appealing and act as a first
step for future more complex studies.

We evaluated the effect of the polymer attachment on the
protein conformation, its residual activity, and its thermal
stability employing complementary techniques (UV—vis spec-
troscopy, nano-differential scanning calorimetry, and fluorom-
etry). Besides, we tested the protection of the PPEs against of
proteolytic enzymes (i.e., Proteinase K). The analyses showed
that the more hydrophobic polymers destabilized the protein
after conjugation, while hydrophilic PPEs performed similarly
to PEG. In particular, an increase of the polymer hydrophilicity
resulted in higher protein activity, thermal stability, and higher
protein protection against thermally induced aggregation and
proteolysis.

This work answers several questions about the structure—
property relations in the conjugates, paving the way to design
future PPEylated proteins with pharmaceutical interest and full
biodegradability.

2. EXPERIMENTAL SECTION

2.1. Materials. The solvents (1,4-dioxane, 99%, extra dry,
anhydrous; acetonitrile (ACN), 99.9%, extra dry; dichloromethane
(DCM), 99.9%, extra dry over molecular sieves, stabilized with
amylene; benzene, 99%, anhydrous) were purchased from AcroSeal
Across Organics (Germany) and used as received unless otherwise
specified. Dulbecco’s phosphate-buffered saline without calcium and
magnesium was purchased from Thermofisher (Itlay) and used as
received for all the biochemical and biophysical analyses (UV—vis
spectrometry, nano-DSF, nano-DSC, activity, and proteolytic assay).
A 50 mM borate buffer was prepared from sodium tetraborate (50
mM) dissolved in distilled water (Na,B,0,-10H,0, Sigma-Aldrich,
Germany), adding HCI (0.1 M) until reaching pH = 8.8. N,N'-
Disuccinimidyl carbonate (N,N'-DSC), diethyl ether (purity 97.5%,
stabilized with BHT), myoglobin of the equine skeletal muscle (My)
(purity 99.5%), poly(ethylene glycol) methyl ether (average M, 10
and 20 kDa), 4-(dimethylamino)pyridine (DMAP) (purity >99%),
picrylsulfonic acid solution (TNBS) 5% (w/v) in H,O, diglycine
(Gly-Gly), 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) dia-
mmonium salt (ABTS), hydrogen peroxide solution (30% (w/w) in
H,O, contains stabilizer), catalase from bovine liver (aqueous
suspension, 40000—60000 units/mg protein), guanidine hydro-
chloride solution (6 M), sinapinic acid, and trifluoroacetic acid
(99%) were purchased from Sigma-Aldrich (Italy) and used as
received. Proteinase K powder (=30 U/mg) was purchased from
Thermofisher and used as received. 1,8-Diazobicyclo[5.4.0]undec-7-
ene (DBU) from Sigma-Aldrich was dried, distilled, and stored at 0
°C over molecular sieves (4 A). 2-(Benzyloxy)ethanol was purchased
from ABCR distilled from sodium and stored at 0 °C over molecular
sieves (4 A). Sephadex G-50 medium (Sigma-Aldrich) was left to
swell in water overnight before use, following the proportion
Sephadex/water = 10 mL/50 mL; when the column was not in use,
it was stored in a solution of 5% EtOH at 4 °C.

2.2, Instrumentation and Characterization Techniques. For
the analyses of the polymers, gel permeation chromatography (GPC)
was performed in N,N-dimethylformamide (DMF; containing 0.25 g/
L of lithium bromide as an additive) by using an Agilent 1100 Series
as the integrated instrument, including a PSS GRAM columns (1000/
1000/100g), a UV detector (280 nm), and an RI (refractive index)
detector at a flow rate of 1 mL/min at 60 °C. Calibration was
performed by using P.S. standards provided by the Polymer Standards
Service. 'H, 13C, and *'P {H} NMR spectra were acquired at 298.3 K
with Bruker AVANCE III 300, 500, or 700 MHz spectrometers. The
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spectra were calibrated against the solvent signal and analyzed by
using MestReNova 9.0.0 from Mestrelab Research S.L.

GPC in phosphate buffered saline (PBS, 100 mM phosphate, 50
mM sodium chloride, pH = 6.5) was performed by using a Superdex
column (10/300 GL, 200 increase), with 100 uL injected at a flow
rate of 1 mL/min. Elution profiles were detected by a UV detector
(280 nm, Agilent 1260), a multiangle linear light scattering detector
(Wyatt mini-DRAWN TREOS MALLS), and a differential refractive
index detector (Agilent 1260), connected online in series, after the
column. The purity and the average molecular weight of the
conjugates were calculated as previously reported in our paper.'’

MALDI-ToF measurements were performed as described by Wurm
and co-workers®> on a Shimadzu Axima CFR MALDI-TOF mass
spectrometer using sinapinic acid (3-(4-hydroxy-3,5-dimethoxy-
phenyl)prop-2-enoic acid) as a matrix. A solution of the samples
(around 1 mg/mL of protein inside) in a TFA—acidic (0.01 vol %)
mixture of H,O/ACN (50:50) was mixed with a solution of sinapinic
acid (10 mg/mL). The samples were analyzed after the evaporation of
the solvent.

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) was conducted mixing 20 uL of the sample (at a
concentration around 1 mg/mL of protein) with 10 yL of a 4x
Laemmli sample buffer, 6 yL of water, and 4 uL of 2-mercaptoethanol
as reducing agent, heating the final solution at 80 °C for 2 min. For
the samples’ molecular weight analysis, 20 uL of the final solutions
was loaded on 10% Mini-PROTEAN TGX Stain-Free Protein Gels
(10 wells, 30 pL maximum loading). The electrophoresis was
performed for 2 h at 120 V, with 10x TGS running buffer from Biorad
properly diluted by using precision plus protein standard molecular
marker (Biorad, 10—250 kDa). The gel was washed with water and
stained overnight with Bio Safe Coomassie G-250 stain solution. For
the analysis of the proteolytic degradation, the samples (with protein
concentration of 1 mg/ mL) were incubated with an excess of
Proteinase K (1:2 w/w) for 4 h at 37 °C. A 20 uL aliquot of the
solution was added to 4x Laemmli sample buffer, water, and 2-
mercaptoethanol in the proportions mentioned above. The electro-
phoresis was performed by using an analogue procedure, with the
following differences: gel: 4—20% Mini-PROTEAN TGX Stain-Free
Protein Gels (10 wells, 30 4L maximum loading); running conditions:
30 min at 200 V; molecular marker: Precision Plus Protein Dual Xtra
standard (from Biorad, 2—250 kDa); the gel was washed with water
and fixed for 50 min with Coomassie Brilliant Blue R-250 destaining
solution than stained for 70 min with Bio Safe Coomassie G-250 stain
solution.

The protein concentration was determined by UV—vis absorbance
spectrophotometry with a Jasco V-550 UV—vis spectrometer using
the protein extinction coefficient £(280 nm): 1.66 mL/mg cm,”
considering that at this wavelength the polymer contribution is zero
and that the protein has the same absorbance coeflicient either alone
or in the conjugates. Errors were evaluated based on at least three
replicas.

The number of polymers attached to each protein was determined
by comparing the data obtained by GPC with triple detection,
MALDI-TOF, SDS-PAGE, and UV—vis absorbance analyses.

2.3. Synthesis. Details on the syntheses can be found in the
Supporting Information, Part 1. The synthesis of the conjugate My-
PEEP (4) was previously reported.'

General Procedure for Activation of PEG with N,N'-DSC. The
reaction was performed following a literature procedure, with some
modifications. All glassware was flame-dried three times before use,
and then the polymer was added to a 100 mL two-necked round-
bottom flask and dissolved in 8 mL of dry dioxane. The DMAP was
added to a 25 mL Schlenk tube and dissolved in 3 mL of dry ACN.
N,N’-DSC was added to a 50 mL Schlenk tube and dissolved in 6 mL
of dry ACN. The N,N'-DSC solution was transferred with a syringe to
the round-bottom flask. The reaction was started with the slow
addition of the DMAP solution to the flask, performed via syringe.
After the desired time, the reaction product was directly precipitated
from the clear solution to diethyl ether. The precipitation was
repeated two times, and the product was dried overnight. The
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Scheme 1. Polymerization Scheme of Cyclic Phosphoesters with Subsequent N,N'-DSC Activation
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percentage of activation was determined by "H NMR and confirmed
by 'H DOSY NMR spectroscopy.

General Procedure for the Synthesis of PPEs, SC-Activated. the
reaction was performed following a literature procedure'® with some
modifications. Two 25 and a 50 mL Schlenk tubes were flamed-dried
under reduced pressure and purged with argon three times. The
respective monomer(s) was weighted in the SO mL Schlenk tube,
dissolved in dry benzene, and dried three times by lyophilization. It
was dissolved in dry dichloromethane to reach a concentration of 4
M. A stock solution of the initiator in dry DCM (0.2M) was prepared,
and the calculated amount was added to the monomer solution. The
solution was brought to the desired temperature. A stock solution of
the catalyst DBU in dry DCM (0.2 M) was prepared, and the
polymerization was initiated by the rapid addition of 3 equiv of DBU
(with respect to the initiator) to the solution with the monomer and
initiator inside. The reaction was terminated after a specific time by
adding an N,N’-DSC solution in dry ACN (40 mg/mL) containing
5.0 equiv of the termination agents with respect to the initiator. The
termination reaction was carried on for 2 h; then the product was
purified by three-times precipitation in cold diethyl ether, and the
solvent was removed under reduced pressure, until constant weight,
obtaining a yellow amorphous product. The polymer was charac-
terized by 'H and *'P NMR; the percentage of activation was detected
by the TNBS assay (performed as reported in the Supporting
Information, Part 1) and confirmed by "H DOSY NMR spectroscopy.
The partition coefficient (log P) of the polymers was estimated by
ChemDraw Ultra (version 12, Cambridge Soft), analyzing two
repeating units of the main chain.

General Procedure for the Conjugates’ Synthesis. The reaction
was performed following a procedure previously reported.'” The
protein myoglobin was dissolved in a few milliliters of borate buffer
(50 mM, pH = 8.8). The calculated amount of PPE-SC was divided
into three parts, dissolved in a few milliliters of distilled water, and
added dropwise to the protein solution, waiting 30 min between each
portion’s additions. The reaction was incubated at 21 °C for 4 h. The
product was purified by dialysis against water (MWCO = S0000 kDa)
for 24 h. Additional purification by gel permeation chromatography
over Sephadex G-SO (water as the eluent) was performed. The
fractions with desired purity were collected and lyophilized, yielding
the product as a red solid.

2.4. Biochemical and Biophysical Analyses. Activity Assay.
The activity assay was performed following a procedure previously
described in ref 19. Chemically denatured myoglobin was prepared by
adding 570 mg of guanidine-Cl and 0.5 mg of myoglobin to 1 mL of
DPBS solution. The solution was stirred at room temperature for 30
min and then filtered with syringe filters of 0.45 pm. The activity was
expressed as the percentage of the absorbance recorded for each
sample referred to the native protein’s value. The negative control was
obtained by performing the activity assay on the solution in the
absence of the protein. We prepared solutions with the expected
amount of free polymer in DPBS and performed the procedure
indicated above. We obtained equal values for all the polymers;
therefore, we reported the value obtained for the polymer PMeEP, as
representative for all PPEs. Errors were evaluated based on at least
three replicas.
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Proteolytic Resistance of the Conjugates. A conjugate solution
containing around 0.1 mg/mL of protein inside (exact concentration
measured by UV—vis spectroscopy) was prepared. The degradation
was started by adding a certain amount of enzyme solution,
corresponding to 2:1 w/w of Proteinase K. The data were recorded
by a Jasco V-550 UV—vis spectrometer, acquiring a spectrum in the
wavelength range 240—640 nm every 2 min. The autolysis of the
Proteinase K (Figure S11) was observed performing the same
measurements on a solution of 300 uL of Proteinase K and 2.7 mL of
DPBS. The proteolytic degradation of the conjugates was compared
with the one of native myoglobin, applying the same procedure on a
0.1 mg/mL solution of pure myoglobin in DPBS. The degradation of
the protein over time in the absence of the proteolytic enzyme was
observed performing the same measurements on a solution of
myoglobin (0.1 mg/mL) in DPBS without adding the proteolytic
enzyme (Figure S11).

Nano-Differential Scanning Fluorometry (Nano-DSF). Nano-DSF
was performed with a Prometheus NT.48 from Nano-Temper
Technologies. The instrument cell was filled with the sample solution
in DPBS, with 1 mg/mL of protein inside. A thermal scan from 20 to
95 °C at 1 °C/min was conducted, recording the fluorescence
emission fluorescence at 350 nm. T, was evaluated as the intercept
between the tangent to the derivative curve before the unfolding and
the line passing by the derivative curve’s first inflection point. T, was
defined as the maximum temperature of the derivative curve’s peak.
Errors were evaluated based on at least three replicas.

Nano-Differential Scanning Calorimetry (Nano-DSC). Calorimet-
ric measurements were performed with a nano-DSC III (Calorimetry
Science Corporation, model CS-6300) equipped with capillary cells,
at scan rate 1 °C/min, in the range from 25 to 90 °C. The samples
were tested in DPBS buffer solution at pH 7.0 with around 1 mg/mL
of protein concentration. A heating—cooling cycle was performed for
all the experiments, followed by a second heating scan. The
equilibration time between each ramp was set to 60 s. All the
samples were degassed and filtered before the measurements,
following the standard nano-DSC procedure.’” The exact concen-
tration of protein in solution was determined by UV—vis absorbance
spectrophotometry (with a Jasco V-$50 UV—vis spectrometer) by
using (280 nm): 1.66 mL/mg cm,” considering that at this
wavelength the polymer contribution is zero and that the protein has
the same absorbance coefficient either alone or in the conjugates. The
DSC blank scan was performed filling the sample and the reference
cells with DPBS buffer in the same experimental conditions. Data
were analyzed by using Nano-Analyze Data Analysis (version 3.11.0,
T.A. Instruments) and fixed by applying fitting models with
OriginPro8 SR4 (version 8, Origin Lab Corporation). More in detail,
the blank measurement was subtracted from the experimental curve,
and a third—%rade polynomial baseline was defined. The two-state
scaled model® applied in a range of temperatures going from 55 °C
to the curve maximum was used to fit the samples. The heat capacity
drop A4C, was affected by a rather large error due to the lack of
enough points in the denatured state of the protein, and it was
therefore not taken into consideration in the present work. T, and
T, were defined as described for nano-DSF. The reversibility of the
process (Rev. %) was calculated as the ratio percentage of the peak
area recorded in the first and the second heating scan.
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Figure 1. Set of SC-activated polymers synthesized in this work. The partition coefficient (log P) was estimated by ChemDraw 12 using a dimer of

the polymer.

3. RESULTS AND DISCUSSION

This work is focused on the synthesis of a novel set of
protein—polymer conjugates using PPEs with different molar
mass and hydrophilicity. In addition, we analyzed the samples
by a set of different techniques, ie., UV—vis spectropho-
tometry, activity assay, nano-DSF, nano-DSC, and testing the
proteolytic resistance.

3.1. Synthesis of Polymers and Conjugates. Following
previously established protocols, activated PPEs were synthe-
sized via anionic ring-opening polymerization (AROP)
(Scheme 1).'*'9233373% Monomers with different lateral
substituent (R) were used to obtain polymers with different
hydrophilicity. The activation of the OH end group as a
succinimidyl carbonate (—SC) permitted bioconjugation to
myoglobin.”**** The successful introduction of the SC group
was detected by '"H NMR or the so-called “TNBS assay”. The
molar mass and molar mass dispersity of polymers were
verified by 'H and *'P NMR spectroscopy and GPC in DMF
(Figures S1—S3). Commercially available poly(ethylene glycol
monomethyl ether) was activated by the same procedure as
outlined in the Experimental Section.

The set of activated polymers synthesized in this work is
reported in Figure 1. The polymer hydrophilicity could be
calculated by an experimental determination of the partition
coefficient (log P);°° nevertheless, these measures are often
subjected to a high experimental error.”” As we intend to
compare the log P values relatively between the polymers, we
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decided to calculate the hydrophilicity by a software tool. In
addition, retention times measured by HPLC as reported
previously were used to assess the polymer hydrophilicity,"”
which followed the trend of the calculated log P values (see the
Experimental Section).

The activated polymers were used to synthesize protein—
polymer conjugates with the model protein myoglobin of the
equine skeletal muscle. The bioconjugation with the SC-
activated PPEs was performed via a “grafting-to” method by
the amidation of available lysine residues on the protein surface
(Scheme 2). The reaction was performed for 4 h in aqueous
borate buffer (50 mM, pH = 8.8) by using a protein/polymer
ratio of 1:5. The conjugates were purified by dialysis against
water (MWCO = 50000 kDa) and gel permeation chromatog-
raphy over Sephadex G-50.

Table 1 summarizes the features of the conjugates
synthesized in this work. Samples 1—5 carry polymers with
the same molar mass (ca. 10 kDa), sorted by the polymer
hydrophilicity, going from the more hydrophilic (PEG) to the
less hydrophilic copolymer PEtBuEP. Sample 4 (conjugate
made by myoglobin and the polyphosphate PEEP, previously
synthesized with an analogue procedure)'” was included in this
set to expand the polymer library. The conjugates 6 and 7 carry
polymers with twice the molar mass of samples 1 and 3 and
have been synthesized to evaluate polymer molar mass’s
influence on the protein properties.

3.2. Characterization of the Conjugates. We employed
SDS-PAGE (sodium dodecyl sulfate—polyacrylamide gel
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Scheme 2. Bioconjugation Reaction of the SC-Activated Polymers and Myoglobin®
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“Image of myoglobin from the RCSB PBD (rcsb.org) of PDB ID SCNS, taken from the cited reference.*®

Table 1. Characterization Data of Polymers and Conjugates Synthesized in This Work

conjugates polymers
% activation

sample purity/%" name M,(NMR)/kDa”  no. of units”  yield/% b° TNBS? NMR”  log P°
1 My-PEG (10 kDa) 64 PEG 10 166 61 11 734 90  -03
2 My-PMeEP (10 kDa) 98 PMeEP 9.6 76 99 13 58.3 100 0.1
3 My-PEtEP (10 kDa) 91 PEtEP 10.5 75 99 12 57 >100 1.2
4 My-PEEP (10 kDa) 98 PEEP 113 64 88 L1 >100 19
S My-P(EtBu)EP (10 kDa) 95 P(Et-Bu)EP 10.4 37-31 94 13 79 2
6  My-PEG (20 kDa) 60 PEG 20 333 86 13 602 98  —03
7 My-PEtEP (20 kDa) 83 PEtEP 21.6 157 96 1.1 57.5 >100 1.2

“Calculated by GPC in water with triple detection. The residual fraction was the unconjugated polymer that could not be removed during the
Sephadex separation. ”Calculated by 'H NMR. “Molar mass dispersity, defined as B = M,,/M,. “Calculated by the TNBS assay. RDS is below 4%.
Errors were evaluated on at least three replicas. “Partition coefficient calculated by the software ChemDraw on a dimeric unit of the polymer chain.

electrophoresis), GPC in aqueous buffer with triple detection
(UV-RI-MALLS), MALDI-TOF (matrix-assisted laser desorp-
tion/ionization coupled with a time-of-flight detector)
spectrometry, and UV—vis absorbance measurements to
characterize the conjugates.

SDS-PAGE (Figure 2) proved the successful bioconjugation
reaction and the absence of unconjugated myoglobin in the
samples. As typical for the grafting-to method, the PPEylated
and PEGZIIated conjugates had a distribution of polymer chains
attached.” The molecular marker in the first lane cannot
match the samples’ correct molecular weight; therefore, GPC
with a light scattering detector and MALDI-TOF spectrometry
were used (experimental data are reported in the Supporting
Information, Figures S4 and SS). The results obtained are
reported in Table 2; in some samples, a residual amount of
unconjugated polymer was present. Therefore, for the
following analyses, the concentration was normalized to the
protein amount (see purity values in Table 1).
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Similar results were obtained for the molar mass and
dispersity of the PPEylated conjugates by applying different
techniques. MALDI-TOF revealed the distribution of the
grafted polymer chains, while the values obtained from the
UV-—vis spectra are average values obtained considering that
protein and conjugates have the same extinction coefficient at
280 nm (1.66 cm mL/mg), and the polymer extinction
coefficient is zero. GPC values corroborated with the other
measurements, except for samples My-PMeEP (10 kDa) and
My-PEtEP (20 kDa) that presented slightly higher values.
From the data collected by these three different techniques, we
assumed that the number of polymer chains attached to each
protein was the average of the results obtained by the three
different techniques (ca. 3 for all the samples).

3.3. Activity and Conformational Studies. The protein
activity and conformation were analyzed by UV-vis
spectrophotometry. The spectra of the conjugates, pure
myoglobin, and myoglobin chemically denatured with
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Figure 2. SDS-PAGE with Coomassie Blue staining. The samples detected are (from left to right): (a) standard, myoglobin, My-PEG (10 kDa),
My-PMeEP (10 kDa), My-PEtEP (10 kDa), My-PEEP (10 kDa), My-PEtBuEP (10 kDa); (b) standard, myoglobin, My-PEG (10 kDa), My-PEG

(20 kDa), My-PEtEP (10 kDa), My-PEtEP (20 kDa).

Table 2. GPC, MALDI-TOF, and UV—Vis
Spectrophotometry Data of the Set of Conjugates Objects of
This Work

abs. (280
GPC* MALDI-TOF? nm)*
M,/ no. of ) no. of no. of |
sample kDa  polymers® M,/kDa  polymers polymers®
1  My-PEG 53 3.6 47-57—- 3—4-§ 3.6
(10 kDa) 67
2 My-PMeEP 64 4.7 40-78 2—6 2.9
(10 kDa)
3 My-PEtEP S1 34 37-67 2-5 2.6
(10 kDa)
4  My-PEEP 994 3.34 2.8¢
(10 kDa)
S My-P(Et- S0 33 30-57 1-4 32
Bu)EP
(10 kDa)
6 My-PEG 98 4 S7-77 2-3 3.6
(20 kDa)
7  My-PEtEP 135 5.2 43—-84 1-3 3.8
(20 kDa)

“The values reported are average values, and they include all the
microstructures present. ®The numbers in bold are referred to the
most abundant peak. “The number of polymer chains comes from an
arithmetic calculation, and it is reported with an average value of +0.5
polymer chain. “values of GPC and Absorbance taken from the cited
references.'”*°

guanidinium chloride, normalized for the protein content, are
reported in Figure 3.

The spectra of the native protein and conjugates exhibited
an intense absorption band with a maximum at 409 nm (the
so-called Soret band) due to the z—z* transition of the
porphyrin ring of the heme group.”® The Soret band is an ideal
tool to detect changes in the protein conformation, as it is
susceptible to changes in the local environment."' As
extensively reported in the literature, upon myoglobin
denaturation, a decrease in absorbance at 409 nm occurs
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because of the exposure of heme to the polar aqueous
solvent. >~ **

The spectra of the PPEylated proteins showed a slight
reduction of the Soret band intensity. In particular, we
observed that the absorbance decreased when the hydro-
phobicity and the molar mass of the attached polymer
increased. Further evaluations on the peroxidase-like activity
of myoglobin confirmed the results (Figure 4).8

All conjugates exhibited activity values higher than 68%. The
enzymatic activity reduction is a common item in the
bioconjugation field. The lower activity of myoglobin in the
conjugates might be explained by a reduced accessibility of the
active-site and/or changes in the protein tertiary structure.** In
general, high activity retention is preferred in the conjugates
for their final application, but activity is only one of the aspects
to be considered when evaluating a new drug. As an example,
the PEGylated a-interferon (an FDA-approved drug under the
trade name Pegasys) retains only 7% of native protein activity,
but it is still preferred to the unmodified drug for the
significant improvements of the pharmacokinetics.’

Looking at Figure 4, we observed that the conjugate My-
PMEeEP exhibited the same residue activity as the PEGylated
analogue. The activity value decreased when decreasing the
polymer hydrophilicity (see Figure 4 and Figure S6), in
analogy with UV—vis data. Besides, conjugates bearing higher
molar mass polymers resulted in lower residual activity due to
the active site’s higher shielding.

3.4. Thermal Stability of the Conjugates. Nano-DSF
and nano-DSC were employed to assess the thermal stability of
the conjugates. Nano-DSF studies the protein unfolding
process by monitoring the intrinsic fluorescence of the
aromatic amino acids tryptophan and tyrosine. The fluo-
rescence intensity depends on the residues’ chemical
surroundings; therefore, it is a valuable tool to evaluate the
protein unfolding process.* The fluorescence emission at 350
nm of myoglobin and the conjugates was detected during a
thermal scan at a constant heating rate (Figure S7). Topeer and
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Figure 3. UV—vis absorbance spectra of myoglobin (My), denatured myoglobin (My-Den), and conjugates, normalized for the protein content,
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Figure 4. Activity assay performed on native myoglobin and PEGylated and PPEylated conjugates. The results are expressed as a percentage of the
active protein and average of at least three independent measurements, reported in a confidence interval of 95%. The first line (negative control)
was obtained by performing the activity assay on the solution in the absence of protein, as described in the Experimental Section. Further details are

reported in Table SI.

Tso (respectively the temperature of the unfolding beginning
and the middle point of the unfolding process) were calculated
from the signal derivative and reported in Figure S.

All conjugates showed a reduction of the thermal stability
compared to native protein (reduction of Ty and Te)-
Moreover, myoglobin’s transition appeared to be narrower,
suggesting the early onset of the protein fluctuations caused by
the covalent attachment of the polymers. This effect had been
reported previously for protein—polymer conjugates in the dry
state”””" and proteins in hydrated powders.*”*" In analogy
with previous techniques, we observed a more substantial
reduction of protein stability with increasing the polymer
hydrophobicity (Figure S6). The polymers’ molar mass did not
seem to have a remarkable effect on the PEGylated conjugates
(the differences are within the experimental error). In contrast,
the effect was not negligible for the polymer PEtEP, for which
an increase in molar mass resulted in a significant reduction of
protein stability.
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The samples’ thermal stability was also assessed by nano-
DSC, a pivotal technique to determine the energetics of
protein unfolding in solution and its thermodynamic
mechanisms.”’ Nano-DSC permitted the evaluation of the
thermal stability by measuring the T, and the Ty in
comparison with the results obtained by nano-DSF. Further
evaluations permitted us to obtain information about the
thermal reversibility, the mechanism, and the enthalpy of the
unfolding process by performing a fitting procedure with
appropriate thermodynamic models.

The samples were subjected to a heating—cooling cycle at a
constant rate, followed by a second heating scan. The
thermograms recorded presented an endothermic peak with
a bell shape, typical for globular proteins’ unfolding process.’!
We calculated T, and Ts, for all the samples, following the
procedure reported for nano-DSF measurements. The data
obtained by the two techniques (Table S1) were in
accordance, except for slight differences due to instrumental
features; ie., calorimetry records all the phenomena that
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+1 °C for T, and 0.3 °C for T, Further details are reported in Table S1.

involve heat exchange with the environment, while fluorometry
follows the process monitoring changes in the tryptophan
surrounding.

Besides, we calculated the reversibility index (Rev. %) of the
process (Table 3), defined as the ratio percentage of the peak

Table 3. Experimental and Best-Fit Parameters Obtained by
Analyzing Native Myoglobin and Conjugates by Nano-DSC

experimental best fit parameters 2-
curve state model

T/  Rev. A°H/ Tso/

sample °Cc* %" kJ mol™" ¢ °c*

My  myoglobin 79.9 26 552 80.2

1 My-PEG (10 kDa) 75.5 81 391 75.8

2 My-PMeEP (10 kDa) 745 83 320 74.5

3 My-PEtEP (10 kDa) 72.9 74 299 73.0
4 My-PEEP (10 kDa) 627 15
S My-P(Et-Bu)EP 82 37

(10 kDa)

6  My-PEG (20 kDa) 76.6 73 409 76.7

7 My-PEtEP (20 kDa) 60.0 63

“Data reported with an error bar of +0.3 °C. “Data reported with an
error bar of &2 percentage points. “Data reported within an RSD of
5%.

area recorded in two subsequent heating scans.”> We observed
that the native protein had a low reversibility index (26%),
highlighted by visible precipitation in the solution recovered
after the thermal scan. Samples My-PEEP (10 kDa) and My-
PEtBuEP (10 kDa) presented a similar behavior, while samples
My-PEG (10 kDa), My-PMeEP (10 kDa), My-PEtEP (10
kDa), and My-PEG (20 kDa) showed a remarkable increase of
the Rev. % without visible precipitation in the solution
recovered after the thermal scan (Figure S8). Overall, the
thermal reversibility decreased when increasing the polymer
molar mass and hydrophobicity, following the systematic trend
observed in the previous paragraphs. The reduction of Rev. %
could be caused by irreversible processes occurring during the
unfolding process, e.g., intramolecular aggregation and protein
precipitation. This is a common scenario in many globular
proteins, in which the formation of aggregates permits to
minimize the repulsive forces among the hydrophobic residues

(exposed to the aqueous solvent during the unfolding process)
and the solvent itself.”” The recorded signal is the sum of the
endothermic unfolding process and the exothermic precip-
itation phenomena; therefore, it results in an asymmetrical bell
profile.

Conscious of the incomplete process reversibility, we
attempted a thermodynamic analysis of the thermograms of
the native protein and the conjugates to gather more
information about the unfolding mechanism. We based the
analysis on the assumption (valid for similar PEGylated
systems reported in the literature)®® that the irreversible
aggregation processes occurred at the end of the unfolding
process; therefore, they affected only the second half of the
thermogram. Following this concept, we performed a
deconvolution procedure applying a two-state unfolding
model on the curve’s early part. Figure 6 shows the fitting
performed on the native protein and the conjugates My-PEG
(10 kDa), My-PMeEP (10 kDa), My-PEtEP (10 kDa), and
My-PEG (20 kDa). The fitting on samples My-PEtEP (10
kDa), My-PEtBuEP (10 kDa), and My-PEtEP (20 kDa) did
not provide satisfactory results with any statistical deconvolu-
tion model, standard for protein unfolding (data not reported).

The procedure was considered to be reliable as it rebuilds
with low error the first part of the curve, while the experimental
curve drops more rapidly in the second part of the thermogram
for the presence of concomitant exothermic aggregation
phenomena. The differences between the experimental and
the theoretical curves are minor in the conjugates than native
myoglobin because in these samples the process reversibility
increases (Table 3) and the protein aggregation decreases,
confirming the two-state unfolding model validity. Table 3
summarizes the best-fitting parameters. The results obtained
for native myoglobin were in line with those reported in the
literature.””** The conjugates showed a reduction in T,
Tsp, and enthalpy values, denoting a destabilizing effect
provoked by the polymer’s presence. The destabilization
increased with the increase in the polymer hydrophobicity
(AOHMy»PEG(IO) > A°Hyy ppeep(10) > A°Hyyy-peeep(10); see Figure
S6), in line with the other measurements reported above.
Changes in the polymer molar mass (PEG of 10 or 20 kDa)
indicated a slight increase of Tsy and A°H, which nevertheless
were in the experimental error.
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Figure 6. Deconvolution procedure with a two-state unfolding model for the samples (from top left to bottom right): myoglobin, My-PEG (10
kDa), My-PMeEP (10 kDa), My-PEtEP (10 kDa), and My-PEG (20 kDa).

Overall, nano-DSC indicated that polymers’ covalent
attachment induced a slight reduction of the protein thermal
stability; nevertheless, the unfolding mechanism did not
change, but it remained a two-stage process. Besides, the
more hydrophilic polymers (PEG of 10 and 20 kDa, PMeEP
and PEtEP of 10 kDa) acted as a shield around the protein,
protecting it from the irreversible aggregation effects induced
by high temperatures. On the contrary, the conjugates made
with the (co)polymers PEEP and PEtBuEP, more hydro-
phobic, exhibited a lower reversibility index. We assume that
hydrophobic polymeric residues tend to minimize the
interactions with the aqueous environment interacting with
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more hydrophobic amino acid residues typically hidden from
the surface, with an overall weakening of the system.

3.5. Proteolytic Resistance. Finally, we evaluated the
degradation rate of native myoglobin and the set of conjugates
in the presence of Proteinase K (a serine protease with a broad
degradation spectrum)®® to obtain information about the
polymer’s protective action on the protein. SDS-PAGE
confirmed protein degradation in the presence of Proteinase
K (Figure S9). The degradation rate was monitored by
recording UV—vis absorbance spectra over time (Figure S10),
which exhibit a reduction in the Soret band intensity over time,
related to the loss of tertiary protein conformation around the
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Figure 7. Degradation profiles of native myoglobin and conjugates degraded by Proteinase K, monitoring the absorbance signal’s intensity at 409
nm over time. The signals are normalized for the protein concentration by using the absorbance signal at 280 nm. The images show the polymer
hydrophilicity’s influence on the conjugates’ degradation rate (a) and the polymer molar mass’s influence on the conjugates’ degradation rate (b).

active group and the reduction of protein activity, as discussed
in the previous paragraphs. We evaluated the effect of polymer
hydrophilicity on the degradation process (Figure 7a) and the
effect of polymer molar mass (Figure 7b).

The conjugates My-PEG (10 kDa), My-PMeEP (10 kDa),
My-PEtEP (10 kDa), and My-PEG (20 kDa) confirmed the
protective action of the polymer toward the protein, recording
high absorbance intensity with respect to the native protein
after 180—250 min. The polymer molar mass had an opposite
effect in the PEGylated and the PPEylated conjugates: in the
first case, PEG of 20 kDa slowed the degradation process; on
the other hand, PEtEP of 20 kDa induced a more pronounced
degradation than PEtEP of 10 kDa. Overall, the proteolytic
studies confirmed the importance of the polymer hydro-
philicity on protein stability, expressed by the proteolytic
protection given by the more hydrophilic polymers and the
destabilization brought by the more hydrophobic polymers.

4. CONCLUSIONS

We prepared a systematic library of protein—polymer
conjugates using PPEs and PEG of different molar mass and
hydrophilicity. The conjugates were analyzed by several
techniques, revealing the importance of polymer hydrophilicity
on protein stability and activity. The hydrophilic PPEs
exhibited similar values as the PEGylated analogues; in
particular, they showed a low reduction of the residual protein
activity and thermal stability, whereas they shielded the protein
from the action of proteolytic enzymes and thermally induced
aggregation. The thermal analyses performed by nano-DSC
permitted a complete study of the unfolding mechanism,
pointing out that the covalent attachment of hydrophilic
polymer enhanced the process reversibility, which nevertheless
remained a two-stage process. The protein conjugated with the
polymer PMeEP exhibited the best results, standing out among
the other PPEs as a promising biodegradable alternative to
PEG. On the contrary, we observed that less hydrophilic PPEs
resulted in lower residual activity and protein stability.
Overall, the importance of an accurate choice of polymer
hydrophilicity directly influences the protein’s properties. Such
developments help to understand the structure—property
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relationships in protein—polymer conjugates and will help
orientate the synthesis of novel candidates for efficient protein-

based drugs.
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