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Reversible addition—fragmentation chain transfer (RAFT) of N-isopropylacrylamide with a chain
transfer agent containing an activated-ester moiety was employed to prepare well-defined temperature-
responsive polymers for conjugation to amine-containing proteins. Bioconjugation efficiency of the
polymers with lysozyme was investigated as a function of stoichiometry, polymer molecular weight,
and reaction pH. The resulting polymer—protein conjugates retained the temperature-responsive nature

of the original polymers.

Introduction

Covalent conjugation to synthetic polymers is a facile method to
modify the stability, activity, biocompatibility, or solubility of
many biomacromolecules. Specifically, polymer—protein conju-
gates have demonstrated promise in a variety of applications,
including drug delivery,’* biocatalysis,>* and biosensing.>®
Because of its hydrophilicity and biocompatibility, poly(ethylene
glycol) (PEG) is the polymer most commonly employed for the
modification of proteins for therapeutic applications. Conjugates
containing a responsive (smart) synthetic component with prop-
erties that can be tuned by applying an appropriate stimulus are
also of interest.”® For instance, polymers that alter their solubility
or propensity for self-assembly when exposed to changes in pH or
temperature allow their responsive nature to be conferred to the
protein to which they are attached. Controlled radical polymeri-
zation®* has proven to be especially useful during the construc-
tion of such polymer—protein conjugates.’>'¢ In particular, atom
transfer radical polymerization (ATRP)*'72 and reversible
addition—fragmentation chain transfer (RAFT)?*32 have been
successfully employed to prepare conjugates by either a grafting-
to or grafting-from approach.

The diversity of functional groups present in proteins allows
a wide variety of chemistries to be employed during polymer
conjugation.®® Free thiols on cysteine residues and amines at the
N-terminus or on lysine residues are common targets. Thiols are
typically functionalized by Michael addition with o, B-unsaturated
carbonyl  compounds,'®!1-183445  or by  thiol-disulfide
exchange.'7#8 However, not all proteins contain free thiols in
their native state. On the other hand, amine residues are generally
plentiful, and conjugation via e-lysine residues or N-termini is
a more widely applicable method. For example, Pound et al.
modified the w-end of poly(N-vinylpyrrolidone) to contain alde-
hyde groups, and conjugated the resulting polymers to protein
amines.® Polymers functionalized with activated esters®®7® are
also capable of reacting with protein  amines.
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N-Hydroxysuccinimidyl (NHS) esters have been most heavily
considered, though several other convenient activated esters have
received recent attention.6®6:636466-70 Polymers prepared from
NHS-functionalized ATRP initiators and RAFT chain transfer
agents (CTAs) have been functionalized with a variety of small
molecule and (bio)macromolecular amines. For instance,
D’Agosto, Charreyre, and coworkers first reported that NHS-
RAFT agents can be selectively reacted with primary amines at the
activated ester site with retention of the thiocarbonylthio moiety.”
Stenzel et al. prepared stars by immobilizing NHS-terminated
polymers to lysozyme in dimethyl sulfoxide.” Kiick and Theato
et al. prepared poly(diethylene glycol methyl ether methacrylate)
with a pentafluorophenyl activated ester RAFT agent and conju-
gated the polymer to amine groups on collagen-like peptides.®*

Here, we report an NHS-containing trithiocarbonate RAFT
agent that can be employed to prepare polymers for selective
functionalization of protein amines in water. Poly(N-iso-
propylacrylamide) (PNIPAM), a thermoresponsive polymer
with a lower critical solution temperature (LCST) of approxi-
mately 32 °C, was prepared with this CTA, and its conjugation to
lysozyme (LYS) in aqueous media led to conjugates that retained
the responsive solution behavior of the polymer. Control of
solution pH during the conjugation reaction allowed control
over the multiplicity of immobilized chains.

Experimental
Materials

2,2'-Azobisisobutyronitrile (AIBN, 98%, Aldrich) was recrys-
tallized from ethanol, and N-isopropylacrylamide (NIPAM, TCI
America) was recrystallized from hexanes. Lysozyme (LYS, MP
Biochemicals), N-hydroxylsuccinimide (98%, Aldrich), and
N,N'-dicyclohexylcarbodiimide (DCC, PIERCE) were used as
received. All other chemicals were purchased from VWR or
Fisher and wused without further purification. Dialysis
membranes were purchased from Fisher MWCO = 10 000 and
14 000 Da) and Spectrum Laboratories MWCO = 25 000 Da).

Instrumentation

PNIPAM molecular weight and polydispersity were character-
ized by size exclusion chromatography (SEC) in
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N,N-dimethylformamide (DMF) with 50 mM LiBr at 55 °C
using a flow rate of 1.0 mL min~" (Viscotek SEC pump, columns:
ViscoGel I-series G3000 and G4000 mixed bed columns:
molecular weight range 0-60 x 10° and 0-400 x 10° g mol!,
respectively). Detection consisted of a Viscotek refractive index
detector operating at 660 nm, and a Viscotek model 270 series
platform with a laser light scattering detector (operating at
3 mW, 670 nm with detection angles of 7° and 90°) and a four-
capillary viscometer. Molecular weights were determined by the
triple detection method using a dn/dc = 0.077 mL g~! for PNI-
PAM. PNIPAM-lysozyme conjugates were characterized by
SEC in an aqueous eluent (0.5 w/v% aqueous NaNj3) at 25 °C
with a flow rate of 0.7 mL min' (Viscotek SEC pump, column:
Biosep-SEC-S 3000). Detection consisted of a Viscotek refractive
index detector operating at 660 nm and a Viscotek UV-Vis
detector operating at 280 nm. UV-Vis spectroscopic measure-
ments were conducted with a Beckman Coulter DU Series 800
spectrophotometer equipped with a Peltier temperature
controller. '"H-NMR spectroscopy was conducted with a JEOL
Delta 500 spectrometer at 500 MHz. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed
on a Bio-Rad electrophoresis apparatus with a resolving gel
containing 12% polyacrylamide.

Synthesis of S-butyl-S'-(ot,0’-dimethyl-o”-acetic acid)-
trithiocarbonate CTA (1)

Butanethiol (18.0 g, 0.200 mol), acetone (96.4 g, 1.66 mol), and
trioctylmethylammonium chloride (Aliquat 336, 3.23 g, 8.00
mmol) were mixed in a round-bottom flask, and the mixture was
cooled below 10 °C under a nitrogen atmosphere. A solution of
sodium hydroxide (50 w/v%) (16.8 g, 0.210 mol) was slowly added
over 20 min. The reaction was stirred for an additional 20 min.
A solution of carbon disulfide (15.2 g, 0.200 mol) in acetone
(20.3 g, 0.350 mol) was added over a 20 min period. After 20 min,
chloroform (35.8 g, 0.300 mol) was added, followed by dropwise
addition of a solution of sodium hydroxide (50 w/v%, 80.0 g,
1.00 mol) over 30 min. The reaction mixture was stirred overnight
at room temperature. Acetone was removed via rotary evapora-
tion, and the residue was dissolved in water (250 mL) and cooled
below 10 °C. Concentrated HCl was added dropwise during
vigorous stirring to reach a pH of 2. The aqueous solution was
extracted with hexane (x4), concentrated via rotary evaporation,
and washed (x3) with water. The product was isolated by column
chromatography (silica gel 240-400 mesh) using hexane : ethyl
acetate (95 : 5 v/v) as an eluent. The product was obtained by
recrystallization from hexanes, drying under vacuum, and
collection in the form of yellow crystals. The crystals were dried by
evaporation of trace solvent under vacuum (3.5 g, 7% yield). The
product was characterized by '"H- and *C-NMR spectroscopy and
elemental analysis. 'H-NMR (500 MHz, ppm, CDCI;):
3.27 (t, 2H, -CH>-S), 1.71 (s, 6H, (CH3)>-C-S), 1.65 (q, 2H,
-CH,-CH,—CH,-CH3), 1.41 (m, 2H, -CH,~CH,-CH,—CHs;),
0.91 (t,3H,-CH,~CH,-CH,-CHs;). *C-NMR (125.8 MHz, ppm,
CDCl;): 220.7 (C=S), 171.8 (-COOH), 55.3 (-C(CHs),), 37.0
(CH3-CH,~CH,-CH,-S), 29.9 (CH3;-CH,-CH,~CH,-S), 25.5
(-C(CH3),), 22.3 (CH3-CH,-CH,-CH»-S), 13.4 (CH3~CH,-
CH,-CH,-S). Elemental analysis: calculated for CoH;c0,S;:
C =42.82%, H = 6.39%. Found: C =42.47%, H = 6.30%.

Synthesis of the N-hydroxylsuccinimide-containing CTA (2)

The NHS RAFT agent (2) was prepared as follows. CTA 1
(400 mg, 1.59 mmol) and NHS (183 mg, 1.59 mmol) were added
to a round-bottom flask and dissolved in dichloromethane
(DCM, 18 mL). The mixture was held at 4 °C and purged with N,
for 30 min. A solution of DCC (327 mg, 1.59 mmol) in DCM
(2 mL) was injected, and the mixture was purged with N, for
20 min. The reaction mixture was kept at 4 °C for 2 h and
continued at room temperature for 24 h. The resulting solution
was filtered (x2) with a 0.45 nm filter, and the solvent was
evaporated under vacuum. The crude product was purified by
column chromatography on silica gel with a mobile phase of
hexanes : ethyl acetate (1/1, v/v). After recrystallization (x2)
from a toluene : hexanes (50 : 50) mixture, the product was dried
under vacuum to yield a solid yellow powder (290 mg, 52% yield).
'"H-NMR (500 MHz, ppm, CDCly): 3.31 (t, 2H, -CH,~CH»-
CH,-CH3), 2.80 (duplicate t, 4H, CO-CH,-CH,—CO), 1.86
(s, 6H, (CH3),-C-S), 1.68 (q, 2H, -CH,~CH,—CH,-CH3), 1.42
(m, 2H, 7CH37CH27CH27CH2), 0.92 (t, 3H, *CHzchQ*CHzf
CHs;). PC-NMR (125.8 MHz, ppm, CDCl3): 218.7 (C=S), 169.2
(-O-C=0-), 168.8 (-N-C=0-), 54.4 (-C(CH3),), 36.8 (CH;—
CH,-CH,-CH,-S), 299 (CH;-CH,-CH,-CH,-S), 25.7
(-C(CH3;),), 22.2 (CH3-CH,—CH,-CH,-S), 13.6 (CH3—CH,—
CH,-CH,-S). Elemental analysis: calculated for C;3H;9NO4S;:
C = 44.68%, H = 5.48%, N = 4.01%. Found: C = 43.91%,
H = 5.44%, N = 3.84%.

RAFT polymerization of NIPAM with CTA 2

An example RAFT polymerization procedure is as follows.
NIPAM (1.50 g, 13.3 mmol), 2 (54.5 mg, 0.156 mmol), 1,3,5-
trioxane (20.0 mg, 0.220 mmol, internal standard), AIBN
(2.6 mg, 0.016 mmol), and 1,4-dioxane (4.33 mL) were sealed in
a 20 mL vial. After purging with N, for 15 min, the solution was
heated at 60 °C for a predetermined time (Table 1) before being
quenched by cooling in an ice water bath and exposing the
polymerization solution to air. The reaction solutions were
diluted with tetrahydrofuran, and the polymeric product was
precipitated into ether and dried under vacuum to yield succi-
nimidyl-ester terminated PNIPAM (NHS-PNIPAM).

Conjugation of NHS-PNIPAM to lysozyme

An example PNIPAM-LYS conjugation procedure is as follows.
Hen egg white lysozyme (LYS, 4.0 mg, 2.8 x 10~* mmol) and
NHS-PNIPAM (14.9 mg, 1.4 x 10~* mmol) were dissolved in
phosphate buffer (3 mL, 0.1 M, pH 7.5), and the reaction

Table1 Results from the RAFT polymerization of NIPAM with CTA 2

Time/ Conv.” My theory!  My‘/

Entry [M)/[CTAY[I]* min (%) g mol ™! gmol' M /M,
A 85/1/0.10 160 49.4 5100 5100 1.10
B 125/1/0.14 141 71.1 10 400 10700 1.10
C 208/1/0.17 129 65.7 15 800 15700 1.07

“ Molar ratio of monomer (M)/chain transfer agent (CTA)/initiator (I).
® Monomer conversion determined by 'H-NMR spectroscopy.
¢ Determined by size exclusion chromatography.
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solution was incubated for 20 h at 25 °C. The progress of the
conjugation reaction was monitored by SDS-PAGE. Following
the reactions, the conjugate solutions were heated to 40 °C for
5 min and centrifuged at 13 200 rpm for 3 min at 40 °C. The
resulting precipitate was redissolved in deionized water at room
temperature and dialyzed (MWCO = 10, 12-14, or 25 kDa)
against deionized water overnight. The resulting product was
isolated by lyophilization.

Results and discussion

CTA 1 was reacted with NHS by DCC coupling to give the
activated ester CTA 2 (Scheme 1). This CTA successfully
controlled the polymerization of NIPAM, leading to well-defined
NHS-terminated polymers (3) of 5.1, 10.7, and 15.7 kg mol~!, as
determined by SEC (Fig. 1 and Table 1). Efficient retention of the
NHS groups during the polymerization and purification was
confirmed by "H-NMR spectroscopy by comparing the signals of
the succinimidyl methylene protons (—(C=0)-CH,CH,—
(C=0)-) at § = 2.86 ppm and the methylene adjacent to the
trithiocarbonate (C3H;—CH,-S(C=S)S-) in the CTA Z-group at
6 =3.34 ppm. LYS served as a convenient model for conjugation
to NHS-functional polymers, as it has seven primary amines,
including six lysine residues and the N-terminus. While small
molecules containing activated esters can quantitatively react

HO=! ? Dce
MSJLS%(OH -
1.DCM, 0°C, 2h
2.1,22h

S o
/\/\SJKSKI,OB:S
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2 o

m o
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Scheme 1 Synthesis of NHS-functionalized chain transfer agent, poly-
merization of NIPAM, and conjugation of the resulting amine-reactive
PNIPAM to lysozyme.
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- =107

5.1
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Fig. 1 Organic SEC refractive index traces of NHS-terminated PNI-
PAM prepared from CTA 2.

with the amino groups, sterics must be considered when conju-
gating high molecular weight compounds to the protein in its
native state. The conjugation reaction was investigated under
a variety of conditions. The coupling efficiency was observed to
depend on polymer molecular weight, solution pH, and stoichi-
ometry. Following the reactions, the solutions were heated to 40
°C and centrifuged. Because of the LCST behavior, unreacted
PNIPAM and the targeted PNIPAM-LYS conjugates precipi-
tated under these conditions, while the unreacted protein
remained in the supernatant. Unreacted polymer was removed
from the remaining mixture by dialysis to afford the targeted
PNIPAM-LYS conjugates.

NHS-terminated PNIPAM of three different molecular
weights was reacted with LYS at various stoichiometric ratios.

~ - [NHS-PNIPAM] / [LYS]=5/1
N PNIPAM, M, (kg/mol)
0ot ~mimim (5

3 * == 0.7

— 157

[NHS-PNIPAM] / [LYS]=10/1
PNIPAM, M. (kg/mol)
---- 51

- = 107

—_157

6 8 10 12 14 16
Retention Volume (mL)

Fig.2 Aqueous SEC UV traces of the conjugation reaction products of
PNIPAM (M, =5.1,10.7,and 15.7 kg mol~') and LYS at molar ratios of
[PNIPAMJ/[LYS] = 5/1 and 10/1.

Negative Control

NHS-PNIPAM / LYS HO,C-PNIPAM + LYS
L

r 1
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| |
I L | 1

M, _, 51 107 157 51 107 157
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15 = 3
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Fig. 3 SDS-PAGE results from the reactions of NHS-terminated PNI-
PAM with LYS (pH = 7.5, t = 20 h). [Native LYS (lane 1), conjugates
from the reactions with NHS-PNIPAM of M, = 5.1 kg mol~' (lanes 2, 5,
and 8), 10.7 kg mol~! (lanes 3 and 6), and 15.7 kg mol~' (lanes 4 and 7).]
Negative control reaction of HO,C-PNIPAM (M,, = 10 kg mol~") with
LYS (pH = 7.5, t = 120 h) (lane 9). Reactions were conducted with
[PNIPAM]: [LYS] = 5:1 (lanes 2-4) and 10 : 1 (lanes 5-7 and 9) and
100 : 1 (lane 8).
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The conjugates were characterized by aqueous SEC (Fig. 2) and
SDS-PAGE (Fig. 3). As a control experiment, LYS was also
incubated with PNIPAM containing a —-COOH end group
instead of the activated ester functionality, and under these
conditions, no increase in apparent molecular weight was
observed. When the reactions with the NHS-terminated poly-
mers were conducted at pH 7.5, the conjugation products (lanes
2-8) demonstrated an increase in molecular weight as compared
to native LYS (lane 1, 14.3 kDa), indicating successful
conjugate formation (Fig. 3). With NHS-terminated PNIPAM
of M, = 5.1 kg mol~! and [PNIPAM] : [LYS] = 5: 1, the band
attributed to PNIPAM-LYS conjugates was relatively broad,
which suggested the presence of conjugates with multiple chains
attached (Fig. 3, lane 2). On the other hand, using the same
stoichiometry for reactions of PNIPAM with M, = 10.7 and
15.7 kg mol~! resulted in conjugates with relatively narrow bands
and apparent molecular weights consistent with the attachment
of single chains, though a small amount of higher order conju-
gates was also visible (Fig. 3, lanes 3 and 4).

For PNIPAM of 5.1 kg mol ', increasing the concentration of
polymer during the reaction with LYS seemingly resulted in
conjugates with more than one chain attached. For instance,
increasing the ratio of [PNIPAM] : [LYS] to 10 : 1 yielded a band
of higher molecular weight than was observed for the previous
reaction with [PNIPAM] : [LYS] = 5: 1 (compare lane 2 to lane
5 in Fig. 3). In fact, the higher ratio of polymer to protein with
this 5.1 kg mol~! polymer demonstrated a remarkably similar-
shift in the SDS-PAGE to that of the conjugate with the 10.7 kg
mol ! polymer. This result may be consistent with two chains of
the smaller polymer conjugating with the protein. On the other
hand, increasing the ratio of the higher molecular weight poly-
mers seemed to have no significant effect on the products
obtained. With PNIPAM of 10.7 and 15.7 kg mol~!, ratios of
[PNIPAM]: [LYS] = 10:1 and 5: 1 yielded similar results, as
seen by comparing lanes 3 and 4 to lanes 6 and 7 in Fig. 3. These
results may elucidate the role of sterics during the conjugation
reactions. While increasing the ratio of polymer to protein results
in enhanced conjugation efficiency for low molecular weight

M, 5.1 10.7 15.7
NHS-PNIPAM kg/mol kg/mol kg/mol
L | |
| \ [ )
MW pH 75 80 90 75 80 8.0 9.0
{kg!moll\L EE r
100 i

85
70
60

50 o

40

) .
' _

15 sl

A . i a

Fig. 4 SDS-PAGE results from the reactions of NHS-terminated PNI-
PAM with LYS in phosphate buffer at pH 7.5 (lanes 1, 4, and 7), 8.0
(lanes 2, 5, and 8), and 9.0 (lanes 3, 6, and 9). Reactions were conducted
with NHS-PNIPAM with M,, = 5.1 kg mol~' (1-3), 10.7 kg mol~' (4-6),
and 15.7 kg mol~!' (7-9).

polymers, relatively little advantage is gained by employing
higher ratios with larger polymers, presumably because their
sterics limit access of additional chains to unreacted amines.
Dramatically increasing the ratio of [PNIPAM]:[LYS] to
100 : 1 did not significantly increase the number of conjugated
chains, even with the low molecular weight polymer (Fig. 3, lane
8), though there was an apparent increase in conjugation
efficiency.

The effect of pH during the conjugation reaction was also
investigated. Because the basicity of the amino group at the
N-terminus (pK, = 7.6-8.0)7* is considerably lower than that of
the g-amino group of the lysine residues (pK, = 10.5), control of
the reaction pH can favor deprotonation of the terminal amine,
potentially allowing site-specific conjugation.” To investigate the
effect of pH, NHS-terminated PNIPAM was mixed with LYS at
pH 7.5, 8.0, and 9.0. The conjugate products obtained after 5
days under each condition were investigated by SDS-PAGE
(Fig. 4). Samples were taken at various times, and the conjuga-
tion reaction was observed to be essentially complete after 24 h.
No significant difference was observed in terms of conjugation
efficiency by increasing the pH from 7.5 to 8.0. However, reac-
tions conducted at pH 9.0 clearly indicated a mixture of prod-
ucts containing multiple conjugated chains (Fig. 4, lanes 3, 6,
and 9). In addition to enhancing conjugation -efficiency,
increased pH also led to accelerated reaction kinetics. This
behavior may indicate preferential functionalization of the
N-terminus at low pH and functionalization with multiple
chains when the reactions are conducted at high pH conditions
at which lysine amino groups are also significantly deproto-
nated. Interestingly, the attachment of multiple chains at pH 9.0
occurred even with the higher molecular weight polymers. This
may indicate a more complex relationship between sterics and
conjugation efficiency, with pH also playing a significant role. It
should be noted that conducting reactions at pH greater than 9.0
was complicated by rapid hydrolysis of the NHS polymer end
groups.

Conclusions

Using the methods reported here, a wide variety of proteins
should be capable of being modified with well-defined polymers
prepared by RAFT polymerization. During the conjugation of
NHS-terminated PNIPAM with LYS, the efficiency of conju-
gation was dependent on several factors, including polymer
molecular weight, stoichiometry, and pH. Therefore, careful
selection of the reaction conditions may allow tailored synthesis
of other polymer—protein conjugates. Currently we are investi-
gating regulation of protein bioactivity by exploiting the stimuli-
responsive nature of the immobilized polymer.
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