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Introduction

Conjugation of a polymer to a therapeutic protein is known to
modify and improve the biodistribution and pharmacokinetics
of the protein of interest,"' > with several polymer—protein
conjugates on the market for treatment of a range of disease
states.!*] There is broad interest in straightforward synthetic
methods to prepare protein—polymer conjugates and the use of
reversible addition—fragmentation chain-transfer (RAFT)-
derived polymers falls within the strategy,’” ) and may serve
as an alternative to modification with polyethylene glycol
(PEGylation).>*”) RAFT polymerisation is a versatile con-
trolled, radical polymerisation method, that has been shown
to prepare functional polymers with defined structures and
molecular weights, and relatively low polydispersity (PDI)
compared with other radical polymerisation methods.!"

The preparation of protein—polymer conjugates is commonly
reported by a method referred to as the grafting-to approach,
where conjugates are prepared by reacting preformed polymers
with a protein, often at a defined site or residue on the pro-
tein."''% This can be achieved by installing a protein-reactive
functional group onto the polymer (that will react with particular
amino acid residues of the protein such as cysteine, lysine, or
bridging disulfide bonds),'"') either by post-polymerisation
RAFT end group modification, or the growing polymer itself
contains an orthogonal and stable bio-reactive handle.?” In
some instances the protein may also be chemically modified or
engineered to contain a site-selective reactive handle available
for conjugation.””*?! Disadvantages of this grafting-to method
include difficulty in separating unreacted polymer and protein
from a polymer—protein conjugate, especially if both the protein
and polymer possess high molecular weight (MW).[**) Further-
more, the grafting-to approach is sterically demanding, and
can lead to low yielding reactions due to the inherent low
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concentration of functional groups relative to the polymer and
protein (bringing two large molecules together containing small
single functional groups to react).?*! An excess of polymer
is often used in these reactions in order to overcome steric
limitations, which can also be wasteful.

Alternatively, there are reports that have demonstrated the
ability to grow RAFT-derived polymers from proteins. This is
referred to as the grafting-from method, which involves func-
tionalisation (preferably in a site-selective manner) of a protein
with a RAFT chain transfer agent (CTA) followed by polymeri-
sation, resulting in polymer formation from the protein
surface.’! The proposed advantages are the simplification of
the purification process (unreacted monomer should be easier
to remove from the conjugate) and that, with steric constraints
removed, high MW polymers can theoretically be prepared.!**!

Grafting a polymer from a protein by RAFT (or other
controlled free radical techniques such as atom transfer radical
polymerisation (ATRP)) must be performed under biologically
relevant conditions, that is, conditions that allow for retention of
the biological activity of the protein. With the right combination
of reagents, RAFT can be performed in water, without the need
for elevated temperatures.l'*! Polymers have been grown, by
RAFT or ATRP polymerisation methods, from the surface of
proteins such as bovine serum albumin,?>25271 lysozyme,[26’28]
and streptavidin.[*®! However, these proteins are generally not
amenable to biochemical assessment. In this work, we describe
the use of an industrially relevant protein, horseradish peroxi-
dase (HRP). HRP is an enzyme that is used widely by industry in
biomarker assays such as immunohistochemistry.!**!

A third approach to making protein—polymer conjugates
involves copolymerisation of a protein into a growing, RAFT-
derived polymer; this is neither grafting-to nor grafting-from the
protein but instead the protein is incorporated into the reaction as
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an activated monomer. In this work we demonstrate for the first
time the copolymerisation, or incorporation, of an activated
protein-functionalised monomer into a growing RAFT polymer.
Here the protein-functionalised monomer is referred to as a
protein-RAFT-monomer and is a protein species that can
participate in a free radical polymerisation reaction, rather than
referring to the state of the protein itself.

This work demonstrates an approach to synthesise protein—
polymer conjugates, by making the protein one of the
monomeric starting materials, through synthesis of a protein-
RAFT-monomer. Not only does this approach give rise to high
yielding conjugates, it ensures protein incorporation and
demonstrates the biological tolerance of the RAFT polymerisa-
tion technique.

Results and Discussion

The use of RAFT as a method to prepare polymers allows for
the introduction of a variety of monomer units that ultimately
will determine the composition and structure of the polymer
(Scheme 1). A range of copolymers can be prepared using the
RAFT technique; by varying the type of monomer used, ratio of
monomer, and the order of monomer additions, copolymers can
be prepared as statistical or block copolymers, and polymers can
span a range of structures and functions.*”)

The active functional group of a monomer used in the RAFT
reaction that is involved in the growing polymer is a vinylic
group. Active monomers such as (meth)acrylates and
(meth)acrylamides have their vinylic group conjugated to a
carbonyl.*” One can prepare a diverse and interesting range
of monomers, by functionalising any molecule with these
vinylic reactive groups, and that molecule can be used as a
monomer for the polymerisation reaction. The Stayton group
has elegantly demonstrated RAFT copolymerisation of antibi-
otic small molecule drugs (such as ciprofloxacin).?*'! A mono-
mer, referred to as a prodrug, was prepared whereby
ciprofloxacin was activated by installation of a methacrylate
functional group, which then could be used directly in copoly-
merisation reactions to yield ciprofloxacin-loaded polymers.

In this work an activated protein-RAFT-monomer is pre-
pared by installation of the vinylic reactive group to the protein
surface and submitting it to a protein-friendly RAFT polymeri-
sation reaction in order to create a protein—polymer conjugate
through copolymerisation. This work seeks to further under-
stand the compatibility of RAFT polymerisation with biologi-
cally relevant functional proteins such as enzymes.

monomers
Q1 P
4 R—s)kz initiator
o % 10 PBS
RAFT agent pH 6.0
25°C
Scheme 1.
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In order to copolymerise a protein-RAFT-monomer, the
RAFT polymerisation reaction needs to be optimised to suit
protein-friendly reaction conditions,'*>**?* and the pH needs
to maximise the stability of the enzyme; for HRP this is pH 6.0
(Scheme 1). The polymer selection was guided by monomers
that exhibit high propagation rates and conversion, ultimately
giving rise to high MW polymers, with retention of low
polydispersity. The polymers that would constitute the back-
bone of these protein copolymer conjugates also need to be
water soluble, stable at 25°C, and easy to prepare. To demon-
strate this technique N-acryloylmorpholine (NAM) was used as
the monomer. RAFT polymerisation reactions (Scheme 2) were
performed in phosphate buffered saline (PBS), at 25°C and
pH 6.0 with near 100 % monomer conversion being achieved,
as determined by 'H NMR spectroscopy.

HRP is a 44 kDa glycoprotein with six lysine residues
which are available for conjugation. Traditionally, conjugation
methods to HRP have tended to focus on covalent attachment
through these residues as there are only a small number of
them and their modification does not adversely affect enzyme
activity, indeed some chemical modification of the surface
lysine residues can actually increase the stability of HRP.*!

With protein-friendly RAFT conditions established, it was
important to check the integrity of HRP after exposure to the
RAFT polymerisation reaction. Although it has been shown that
a cytotoxic small molecule, SN-38, maintains activity after
exposure to RAFT polymerisation reactions,®*! there is evi-
dence to suggest that some proteins may be susceptible to radical
damage.**! In order to assess the protein under these conditions,
a RAFT polymerisation reaction was performed in the presence
of a concentrated solution of HRP (1-2 mg mL ™). Poly(NAM)
was synthesised using three different RAFT agents, with
the water soluble and low-temperature-initiated RAFT initia-
tor 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride
(VA-044), to give rise to water soluble RAFT polymers with
high monomer incorporation (determined by 'H NMR analysis).
The RAFT polymerisation reaction gave polymers with a high
MW of 111 kDa (characterised by 'H NMR analysis) that were
unhindered by the presence of a large protein at a reasonably
high concentration. Furthermore, the enzyme itself retained
activity after exposure to the radical catalysed polymerisation
reaction (Table 1).

To determine HRP activity, a common assay was used that
detects its interaction with 3,3’,5,5'-tetramethylbenzidine (TMB).
TMB is a chromogenic small molecule that gives rise to a colour
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RAFT polymerisation conditions optimised to suit a protein-friendly environment.
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change in solution (4, 450 nm) in the presence of both HRP and
hydrogen peroxide (H,O,) with subsequent low pH treatment
(Scheme 3).27)

Conjugation reactions to install the acrylate/acrylamide
(X=0 and N respectively) onto HRP involved reaction with
an N-hydroxysuccinimide (NHS) ester PEG crosslinker with the
orthogonal vinylic polymerisable reactive group (i.e. acrylate/
acrylamide) at the other end of the hetero-functional crosslinker
(Scheme 4).

Acceptable PEG linker length was at least 5 kDa, for the
NHS-PEG-acrylate (NHS-PEG-AC) when the PEG length was

Table 1. TMB assay results for activity of HRP, by A,,,x 450 nm upon
completion of assay procedures (in triplicate) (dilution from HRP in
PBS to RAFT reaction, due to addition of RAFT reagents)

+ H*
]
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1 kDa the crosslinker was not only insoluble in water but formed
a gel in DMSO. The pH of the conjugation reaction (Scheme 4,
pH 8.0) was in the optimal range for the NHS ester reaction with
lysine amine residues”® and was in the acceptable pH stability
range for HRP.**) The HRP-PEG-AC monomer (from here on
referring to X = 0O) was isolated from the conjugation reaction
mixture by size exclusion chromatography (SEC) in PBS, and
was characterised by both SEC and by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 1).
Lanes 2-9 are samples of fractions from the SEC moving from
shorter to longer retention volume (i.e. higher to lower MW),
lanes 69 show unreacted HRP; lanes 4 and 5 show an over-
lapping mixture of HRP and HRP-PEG-AC monomer; lanes 1-3
show clean HRP-PEG-AC monomer.

Importantly the PEGylated HRP conjugate demonstrated
retention of enzymatic activity as the isolated HRP-PEG-AC
monomer in solution as determined by TMB assay compared
with untreated HRP at a similar concentration (Table 1).

With the acrylate functionalised-protein in hand, the HRP-
PEG-AC monomer was incorporated as a comonomer into
RAFT polymerisation reactions with NAM (Scheme 5). Three
different RAFT agents were assessed, including dithiobenzoates
and trithiocarbonates (Scheme 5). The RAFT agent was selected

R ese

“ Amax 450 nm

Amax 370/652 nm

Scheme 3. The TMB assay used to determine HRP activity.

Sample Conc. of HRP 4 at 450 nm
[mgmL™"]
HRP in PBS 0.5 1.162
HRP in PBS plus RAFT reaction overnight 0.39 0.878
HRP-PEG-AC monomer (isolated by SEC) 0.30 0.984
HRP
o 2
H0,
T™MB
Amax 285 nm
o]
odioy,d
+ N o)
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_ >
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Scheme 4. Conjugation reaction to install a polymerisable group: synthesis of the protein-RAFT-monomer (HRP-PEG-AC).
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SDS-PAGE: 4-12 % BisTris pre-cast NuPAGE gel, Lane 10 = SeeBlue 2 MW markers. (a) Non-reducing SDS-PAGE gel with Coomassie staining

for protein, showing the installation of one PEG-AC (AC = acrylate, where X = O) onto HRP, Lane 9 was loaded with HRP control. (b) Same gel stained with

1,-BaCl, staining for PEG.1*



1030

('\\l Ny, ><(N
KD

F. Huang et al.

1 CH; S o)
H
ML e e
O (o]
NAM RAFT agent
N
or
_ . _ HRP™
CN
2 /\s)Lsk/\COOH

S
CN
. ©)(sk/\COOH

QT
s 2,

5or10kDa O
HN

HRP-‘monomer’ \HRP

Scheme 5. Copolymerisation of an HRP-PEG-AC monomer into the RAFT polymerisation reaction.

for water solubility, stability in water, and rate of monomer
conversion.* Trithiocarbonate RAFT agent 1 was used due to
its hydrophilicity. The dithiobenzoate RAFT agent 3 offers the
option for selective aminolysis should RAFT end group removal
be required for further conjugation.

In order to isolate the HRP-co-RAFT polymer conjugate from
the copolymerisation reaction mixture, separation techniques
including ion exchange chromatography and SEC were explored.
The best method involved submitting the reaction mixture
directly to a Concanavalin A (Con A) column before SEC.
Con A is a tetrameric metalloprotein that binds to a range of
proteins, it will bind to HRP through carbohydrates on the
protein’s surface, e.g. high mannose-glycans. Con A is bound
to the surface of the packing resin in order to allow for binding of
HRP when solutions of protein flow across the resin. This allowed
removal of any polymer alone that formed in the reaction without
incorporated HRP. After washing the column with PBS, the HRP-
co-RAFT polymer conjugate and any unreacted HRP-PEG-AC
monomer was removed from the column by elution with a
mannose solution, which competes for Con A binding and HRP
containing bound materials are eluted from the column. Further
isolation of HRP-co-RAFT polymer conjugate from unreacted
HRP-PEG-AC monomer was achieved by SEC (Fig. 2a).

Analysis of the eluents from the Con A column by SEC (Fig. 2a)
showed the clear presence of two materials containing protein, at
10 mL (higher MW) and at 14 mL. Detection at 280 nm indicates
protein, 214 nm indicates presence of the NAM polymer (as well
as protein and many other components of the reaction mixture),
while absorbance at 403 nm is due to the heme group found in
HRP. Samples of each fraction were taken across the whole SEC
chromatogram and TMB assays were performed using the same
volume of each fraction. The black histogram shown in Fig. 2
represents the TMB assay readout. Fig. 2b shows the SEC results
of the same RAFT polymerisation reaction in the presence of
unmodified HRP (not HRP-PEG-AC monomer), demonstrating
that HRP is not non-specifically incorporated into the growing
polymer unless a polymerisable reactive group is present on the
protein. Fig. 2b shows unreacted HRP with retention of TMB
activity at 16 mL, and the RAFT polymer alone, with no TMB
activity at 10 mL, confirming no non-specific incorporation of
the enzyme into the polymer.

Isolated HRP-co-RAFT polymer conjugate was further char-
acterised by '"H NMR analysis (Fig. 3). Signals due to the
enzyme were not visible, due to the higher concentration of
NAM monomer, compared with protein, present in the final

conjugate. The polymerisation reaction proceeded with high
monomer conversion as determined by the loss of monomer
signals in the "H NMR spectrum.

Furthermore, HRP functionalised with a short hydrocarbon
linker and an acrylamide group (HRP-CO(CH,),-ACA) was
prepared in order to understand the importance of the PEG linker,
and the acrylate versus acrylamide comonomer incorporation. An
acrylamide NHS ester was prepared in situ and reacted in excess
with HRP. The HRP-CO(CH,),-ACA monomer was isolated by
ultrafiltration using an Amicon centrifugal filter, MWCO 3 kDa,
to remove excess acrylamide. The copolymerisation reaction with
NAM (Scheme 6) showed some incorporation of HRP (by SEC
and TMB overlay) into the polymer, but the result (not shown)
was a broad mixture. This result demonstrates the importance of
the PEG linker between the growing polymer and the enzyme;
with only a short hydrocarbon linker, enzyme incorporation into
the polymer is hindered.

Covalent conjugation of vinylic polymerisable functional
groups, such as acrylates and acrylamides, to a functional protein,
such as the enzyme HRP, can be performed without affecting the
activity of the protein. Furthermore, a linker such as PEG between
the site of protein conjugation and the polymerisable functional
group is important to allow for that group to efficiently participate
in a polymerisation reaction. This work represents an example of
the creation of a protein-RAFT-monomer, and its participation
in copolymerisation reactions using protein-friendly, radical
initiated, RAFT polymerisation techniques to prepare defined
protein—polymer conjugates. This method represents another
mechanism by which protein—polymer conjugates can be pre-
pared, adding to the current methodology alongside traditional
graft-to and emerging graft-from techniques.

Conclusion

A functionally activated (acrylate), biologically active protein
(HRP) has been copolymerised into a stable and water-soluble
RAFT polymer using a low temperature, radical initiator to give
rise to water soluble and stable protein—polymer conjugates.
The enzyme HRP demonstrates an example of a protein that
can participate in a copolymerisation RAFT reaction under free
radical polymerisation conditions without adverse effect on the
polymerisation reaction or the activity of the protein itself.
Although certain proteins may be susceptible to damage by
small molecule radicals,*® this was not the case with HRP.
Using room temperature reaction conditions and aqueous buffer
as a solvent allows for protein amenable conditions, although
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(protein), green = 214 nm; red =403 nm (HRP); black = overlay of TMB activity assay. Peaks > 20 mL represent small molecules/salts/sugars.
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Scheme 6. Copolymerisation reaction using an HRP-CO(CH,),-ACA monomer.

historically RAFT polymerisation reactions require organic
solvents and higher temperatures.!'®! Furthermore the protein-
RAFT-monomer prepared here was stable and retained activity,
even using simple amide coupling conjugation methods,
through non-unique sites on the protein’s surface.

The copolymerisation technique reported here represents an
example of another tool in the bioconjugation chemistry toolkit
to prepare protein—polymer conjugates. The polymerisation
reaction works well with high monomer conversion. This work
demonstrates use with an industrially relevant enzyme, moving
towards biomedical application.

Experimental
General

The water soluble initiator (2,2-azobis[2-(2-imidazolin-2-yl)-
propane]dihydrochloride, VA-044) used in the RAFT polymeri-
sation reactions was purchased from Wako Speciality Chemicals.
The monomer, N-acryloylmorpholine (NAM), and the RAFT
agents 2-(2-carboxyethylsulfanylthiocarbonylsulfanyl) propionic
acid (1), 4-cyano-4-[(ethylsulfanylthiocarbonyl) sulfanyl]penta-
noic acid (2), and 4-cyano-4-(phenyl-carbonothioylthio)pentanoic
acid (3) were purchased from Sigma Aldrich. The NHS ester
PEG acrylates and acrylamides were purchased from Creative
PEGWorks. Horseradish peroxidase (HRP) was purchased from
Sigma-Aldrich #P8375-25KU. 3,3',5,5 -Tetramethylbenzidine
(TMB) assay kits in solution for ELISA were purchased from
Sigma—Aldrich. NMR spectra were performed on a Bruker
400 MHz Spectrometer. SEC were performed on a GE Healthcare
Akta Express Purifier, the column used was a Superdex 200
Increase 10/300 GL, and SEC columns were eluted using PBS. The
Con A columns were purchased from GE Healthcare. SDS-PAGE
used 4-12 % BisTris pre-cast NuPAGE gels, MES running buffer,
200V, 40 min.

Polymer Synthesis Reactions

In a sealable microwave vial was added 564 mg (4 mmol) NAM,
0.005 mmol RAFT agent (e.g. 1.3mg RAFT agent 1), and
7.8 mg (0.025 mmol) of VA-044 followed by 2mL of PBS
(pH 6.0). The mixture was stirred at room temperature
(note: < 25°C) until all reagents were dissolved. The vial was
then sealed, needles inserted through a suba-seal lid, and the
solution purged of oxygen by bubbling N, through the reaction
mixture for 40 min. After purging, needles were removed, and
the vial placed into an oil bath at 25°C (activation temperature
for VA-044 radical initiator) for 16 h. The reaction was stopped
by opening the vial and exposing the reaction to air. The reaction
mixture was then lyophilised before analysis by 'H NMR
spectroscopy or SEC. 5 (400 MHz, D,0) 1.2—1.4 (broad peak,
RAFT CTA 1: CH; + R-end polymer CH,), 1.6-2.0 (broad
peak, NAM backbone polymeric CH, 4 R-end polymeric CH,),

2.6-2.8 (broad peak, NAM backbone polymeric CH), 3.2-4.0
(broad peak, morpholine CH, + Z-end polymer CH). Target
DP =800; MW from "H NMR = 111926 (MW determined by
calculating actual DP from percentage monomer conversion
by 'H NMR x monomer MW + CTA MW). SEC: broad peak
detected at 214 nm eluted at 11.5mL.

Polymer Synthesis in the Presence of HRP

Polymer synthesis in the presence of HRP followed the exact
procedures as for the polymer synthesis alone, except the 2 mL
of PBS (pH 6.0) contained 1 or 2mg of dissolved HRP. After
completion the reaction mixture was lyophilised before analysis
by "H NMR spectroscopy and SEC. 'H NMR results were as for
the polymer alone, HRP could not be seen by "H NMR analysis.
Target DP=800; MW from 'H NMR = 111000 (MW deter-
mined by calculating actual DP from percentage monomer con-
version by 'H NMR x monomer MW 4+ CTA MW). Monomer
conversion was near 100 % (by 'H NMR analysis). Fig. 2b shows
the SEC analysis of the polymer formed in the presence of HRP.

Conjugation Reactions

HRP (2mg, 4.545x 107> mmol) was dissolved in 1mL of
PBS (10 mM (0.01M) phosphate at pH 8.0), and this solution was
used to dissolve 11.4mg (2.27 x 10~> mmol, x 50 equivalents) of
AC-PEG-SCM (Creative PEGWorks PHB-962; Acrylate-PEG-
NHS (SCM - succinimidyl carboxy methyl ester)). The reaction
mixture was placed on a slow rotating wheel for mixing, at room
temperature, protected from light, for 16 h. The reaction mixture
was submitted to SEC for purification and was characterised
by both SEC and SDS-PAGE. SEC: overlaid absorbance wave-
lengths were detected at 214, 280 (protein), and 403 nm (UV max
for HRP, due to heme group found in HRP), peak centred at
16.5mL (due to HRP, characterised by SDS-PAGE); and peak
centred at 14.44 mL (due to HRP-PEG-AC). SDS-PAGE: 4-12 %
BisTris precast NuPAGE gel, SeeBlue 2 MW markers, MES
running buffer, 200V, 40 min (Fig. 1).

Note: HRP-PEG-AC with PEG = 5 kDa could not be detected
by mass spectrometry (MS), these samples contain broad MS
peaks with a repeating PEG unit of 44 Da that masked detection of
the protein components by MS. A control conjugation reaction
using NHS-PEG4(PEG,4); (Quanta Biodesign #10454, MW
4006.69) under the same reaction conditions was performed,
the resulting HRP-PEG(4 kDa) was purified by SEC and submit-
ted to liquid chromatography (LC)-MS detection using an ESI
micrOTOF-Q, and showed a major mass of 47067 Da, which is
the expected MW for 44174 Da HRP plus 4 kDa PEG-NHS.

Copolymerisation Reactions

In a sealable microwave vial was added 564 mg (4 mmol) of
NAM, 0.005 mmol of RAFT agent (e.g. 1.3 mg of RAFT agent 1),
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and 7.8 mg (0.025 mmol) of VA-044 followed by a solution of
HRP-PEG(5 kDa)-AC (Amax 4403 =0.014; 1.25 uM) in 2 mL of
PBS (pH 6.0) and the mixture was stirred at room temperature
(note: <25°C) until all reagents were dissolved. The vial was
then sealed, needles inserted through a suba-seal lid, and the
solution purged of oxygen by bubbling N, through the reaction
mixture for 40 min. After purging, needles were removed, and the
vial placed into an oil bath at 25°C for 16 h. The reaction was
stopped by opening the vial and exposing the reaction to air. The
reaction mixture was loaded directly onto a Con A column for
purification. The Con A column was equilibrated with 0.1 M
NaOAc, 0.5M NaCl, 1 mM CaCl,, and 1 mM MnCl,, at pH 6.0
at a flow rate of 0.ImL min~'. The reaction mixture was
loaded onto the Con A column, which was washed with excess
buffer to remove protein-free polymer and low MW materials,
and then the bound proteins were eluted with 0.5 M methyl-o-
D-glucopyranoside in the binding buffer. The fractions from the
Con A column were submitted to SEC for characterisation and
separation of unreacted HRP-PEG-AC from the HRP-co-RAFT
polymer conjugate. SEC: overlaid absorbance wavelengths
detected at 214, 280, and 403 nm, a peak centred at 14.0mL
was due to HRP-PEG-AC and a peak centred at 10.2 mL was the
HRP-co-RAFT polymer conjugate.

A TMB assay was performed across the SEC spectrum by
taking aliquots of all fractions collected and placing them into a
MaxiSorp plate and submitting each fraction to the TMB
solution assay kit protocols (for ELISA), TMB assay readout
detected at 450 nm on a FLUOstar Optima plate-reader.
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