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ABSTRACT: We describe a straightforward approach to synthesize polymers with end-groups that bind site-
specifically to two different proteins. Telechelic biotin—maleimide poly(N-isopropylacrylamide) (pNIPAAm) was
synthesized for the formation of streptavidin (SAv)—bovine serum albumin (BSA) polymer conjugates. Reversible
addition—fragmentation chain transfer (RAFT) polymerization of NIPAAm was conducted in the presence of
biotinylated chain transfer agents (CTAs) with either ester or amide linkages, and the resultant o-biotinylated
pNIPAAms were formed with low polydispersity indices (PDI < 1.09). UV—vis analysis of the trithiocarbonate
chain-ends indicated 88% or greater retention of the group. A maleimide was introduced to the w chain-end via
a radical cross-coupling reaction with a functionalized azo-initiator. The polymer structures were characterized
by 'H NMR spectroscopy and gel permeation chromatography (GPC). The resultant biotin—maleimide
heterotelechelic polymer was used to form a SAv—BSA heterodimer conjugate. Bioconjugate formation was

confirmed by gel electrophoresis.

Introduction

Merging synthetic polymers with proteins allows the proper-
ties of the protein to be finely tuned for applications in medicine,
biotechnology, and nanotechnology.'** Polymer bioconjugates
are typically prepared by attaching preformed reactive polymers
to defined locations on the protein surface. A popular class of
bioconjugates is modified with poly(ethylene glycol) (PEG).
These protein conjugates have increased stabilities, decreased
immunogenicities, and improved pharmacokinetics compared
to the non-PEGylated counterparts.® Another class of biocon-
jugates is formed from ‘“smart” polymers, such as poly(N-
isopropylacrylamide) (pNIPAAm). These polymers respond to
external stimuli including changes in temperature or pH and
can be used to modulate protein activity.*

Numerous cellular processes are the result of multivalent
interactions; therefore, protein valency should have a major
influence on the application of a bioconjugate.>® Protein
oligomerization plays many roles in cell signaling and has been
induced using small molecule ligands.®® Indeed, multivalent
polymers or dendrimers modified with several biomolecules
have improved biomimetic features."°~'® For example, polymers
containing side chains modified with ligands often exhibit
enhanced binding affinities to their respective cell-surface
receptors compared to the ligand itself.” Thus, incorporating
two proteins into a polymer conjugate should result in improved
properties for biological applications. If the proteins are different,
this might provide additional benefits such as the ability to orient
immobilized proteins on surfaces.!” Despite these advantages,
the majority of polymer conjugates consist of a single protein
modified with one or more polymers. This is likely due to a
lack of available methods to easily prepare telechelic protein-
reactive polymers. In this report we describe a straightforward
method to synthesize heterotelechelic polymers with end-groups
that enable the formation of heterodimeric protein—polymer
conjugates.

Conjugates, where the polymer has a narrow molecular weight
distribution and the site of attachment is defined, have superior
properties to heterogeneous conjugates.'® Therefore, methods
to prepare well-defined functional polymers that react with
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specific sites on proteins are important.'® Controlled radical
polymerizations (CRPs) such as atom transfer radical polym-
erization (ATRP)?>?! and reversible addition—fragmentation
chain transfer (RAFT) polymerization®*?* have emerged as
powerful methods to prepare such polymers. Protein-reactive
ATRP initiators have enabled the synthesis of low polydispersity
a-functional polymers for modification of lysine side chains,**>
chemospecific reactions with <:ysteines,26‘27 ketones,?® and
association with the ligand binding sites of streptavidin
(SAv).>' RAFT polymerization produces end-functional
polymers by judicious choice of a chain transfer agent (CTA).
In addition, the dithioester and trithiocarbonate chain ends can
be reduced to a thiol***® and are susceptible to radical
reactions.> RAFT polymerization has been used to prepare
biotin®>*® and pyridyl disulfide®’ at one chain end for biocon-
jugation.

Herein, we describe the synthesis of a-biotin—w-maleimide
polymers using RAFT polymerization. There has been one
reported example of a polymer synthesized with a biotin at one
end and a pyridyl disulfide at the other end.*® In that approach,
an azide-functionalized CTA was employed, and the biotin was
introduced after polymerization. A pyridyl disulfide group was
linked to the w chain-end via a hydrolyzable trithiocarbonate
group. The authors reported that they obtained low protein
conjugation efficiencies (~10%) in part because the reaction
had to be conducted at a low pH to prevent hydrolysis and
elimination of the pyridyl disulfide group during the reaction.
In this report, the described strategy is distinct (Scheme 1). The
CTA already contained a biotin group, and the maleimide was
installed by heating the polymer in the presence of a designed
radical initiator to form a stable group at the w chain-end. The
resultant bis-functionalized polymers were used to form het-
erodimeric protein—polymer conjugates.

Experimental Section

Materials. AlexaFluor 350 streptavidin was purchased from
Invitrogen. Azobis(isobutyronitrile) (AIBN) (Sigma) was recrystal-
lized twice from ethanol. 4,4'-Azobis(N,N'-cyanopentanoic acid)
(V501) (Sigma) was dried under high vacuum at 23 °C for 12 h
before using. N-Isopropylacrylamide (NIPAAm) (Sigma) was
recrystallized twice from hexanes. Triethylamine (TEA) (Sigma)
was stored over potassium hydroxide, dichloromethane (DCM)
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Scheme 1. Polymer Synthesis and Formation of
Protein—Heterodimer Conjugates (Protein Structures from the
PDB: 1SWA and 1P56)
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(Fisher) was distilled from calcium hydride and stored under argon,
and tetrahydrofuran (THF) (Fisher) was distilled from sodium/
benzophenone and stored under argon. 2-(Hydroxyethoxyethyl)bi-
otin (1), 4-(3-hydroxypropyl)-10-oxa-4-azatricyclo[5,2,1,0>]dec-
8-ene-3,5-dione (3),% and biotin ethylamine®® were synthesized
according to literature procedures. All other chemicals were
purchased from Sigma or Fisher Scientific and used as received.

Analytical Techniques. 'H and '*C NMR spectra were acquired
on a Bruker Avance 500 or 600 MHz DRX and spectra were
processed using Topspin 1.2 NMR software. UV—vis spectra were
obtained on a Biomate 5 Thermo Spectronic UV —vis spectrometer
using quartz cells. Matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry was performed on an
Applied Biosystems Voyager-DE STR. Electrospray ionization mass
spectrometry (ESI-MS) was performed on an IonSpec Ultima 7T
ICR, (Varian Inc.). Both mass spectrometers are located in the
Molecular Instrumentation Center (MIC) at the University of
California, Los Angeles (UCLA). Infrared absorption spectra were
recorded using a PerkinElmer FT-IR equipped with an ATR
accessory. TLC plates were precoated with silica gel 60 F254 and
were developed in the indicated solvent systems. Merck 60
(230—400 mesh) silica gel was used for column chromatography.
GPC was conducted on a Shimadzu HPLC system equipped with
a refractive index detector RID-10A, one Polymer Laboratories
PLgel guard column, and two Polymer Laboratories PLgel 5 um
mixed D columns. LiBr (0.1 M) in DMF at 40 °C was used as the
eluent (flow rate: 0.80 mL/min). Calibration was performed using
near-monodisperse poly(methyl methacrylate) standards from Poly-
mer Laboratories. Chromatograms were processed using the EZStart
7.2 chromatography software. Sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) was carried out using
4—15% tris(hydroxymethyl)aminomethane (TRIS)—glycine precast
gradient gels (Invitrogen), and samples were dissolved in TRIS
buffer containing SDS, bromophenol blue, and glycerol.

Methods. Synthesis of 2-(Ethylsulfanylthiocarbonylsulfanyl)propionic
Acid (2). This compound was synthesized using a literature
procedure.*' 6 '"H NMR (500 MHz, CDCls): 4.86 (q, J = 7.5 Hz,
1H, CH;CH), 3.37 (q, J = 7.4 Hz, 2H, CH;CH,S), 1.63 (d, J =
7.5 Hz, 3H, CH;CH), 1.36 (t, J = 7.4 Hz, 3H, CH;CH,S). *C
NMR (500 MHz, CDCls): 222.17, 175.49, 47.37, 31.91, 16.69,
13.06. IR (cm™"): 2980, 2933, 2872, 2653, 2580, 2496, 1691, 1449,
1419, 1405, 1378, 1366, 1293, 1254, 1224, 1213, 1196, 1089, 1066,
1049, 1037, 968, 922, 861, 824, 770, 748, 731. Amax(SC=SS) =
308 nm (MeOH).

Synthesis of Biotinylated CTAI. Biotinylated alcohol 1 (200 mg,
0.603 mmol) and trithiocarbonate acid 2 (140 mg, 0.666 mmol)
were dissolved in anhydrous DMF (5.0 mL). N,N'-Dicyclohexyl-
carbodiimide (DCC) (193 mg, 0.935 mmol) and 4-(dimethylami-
no)pyridine (DMAP) (9.9 mg, 0.081 mmol) were added in one
portion, and the contents were stirred at 22 °C for 10 h. The solvent
was then removed in vacuo, and the crude product was purified by
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silica gel chromatography (9:1 DCM:MeOH), yielding CTA1 as
yellow solid in 19% yield (60 mg). 6 'H NMR (600 MHz, CD;OD):
4.83 (q, J = 7.4 Hz, 1H, CH(CH,)S), 4.49 (dd, J = 4.4, 7.8 Hz,
1H, NHCHCH,), 4.30 (dd, J = 4.4, 7.9 Hz, 1H, NHCHCH),
4.29—4.27 (m, 2H, CH,C=0), 3.69—3.67 (m, 2H, CH,OCH,), 3.55
(t, /= 5.5 Hz, 2H, CH,OCH,), 3.40 (q, J = 7.4 Hz, 2H, SCH,CHj3),
335 (t, J = 5.5 Hz, 2H, NHCH,CH,), 3.22—-3.19 (m, 1H,
NHCHCHS), 2.93 (dd, J = 5.0, 12.7, 1H, NHCH,S), 2.70 (d, J =
6.4 Hz, 1H, NHCH,S), 2.24—2.21 (m, 2H, CH,C=0NH), 1.76—1.59
(m, 4H, SCHCH,CHH,), 1.56 (d, J = 3.1, 3H, O=CH(CHj)),
1.47—1.42 (m, 2H, SCHCH,CH,H,), 1.34 (t, J = 7.4 Hz, 3H,
S=CSCH,CH3). 6 '3C NMR (600 MHz, CD;OD): 223.79, 176.16,
172.58, 166.11, 70.62, 69.73, 66.09, 63.39, 61.64, 57.02, 41.06,
40.34, 36.77, 32.34, 29.77, 29.51, 26.85, 17.03, 16.92, 13.43. IR
(cm™"): 3238, 2926, 2863, 2376, 1732, 1681, 1548, 1453, 1260,
1126, 1077, 866, 813. ESI-MS observed (predicted): [M + Na]
546.12 (546.12), [M + K] 562.09 (562.09). UV—vis (MeOH):
Amax(SC=SS) = 306 nm.

Synthesis of Biotinylated Trithiocarbonate CTA2. Biotin ethylamine
(64.8 mg, 0.226 mmol) and 2 (49.5 mg, 0.235 mmol) were weighed
into a round-bottom flask and dissolved in DMF (5 mL). N-(3-
(Dimethylamino)propyl)-N'-ethylcarbodiimide (EDC) hydrochloride
(45.6 mg, 0.238 mmol) and N-hydroxybenzotriazole (HOBT) (32.1
mg, 0.237 mmol) were added in one portion, and the contents were
stirred for 23 h at 23 °C. The DMF was removed in vacuo, and the
crude product was purified first by silica gel chromatography (9:1
DCM:MeOH) and then by octadecyl-modified silica gel (60/40
MeOH:H,0) reversed-phase chromatography. Fractions that were
yellow in color were combined and then lyophilized yielding CTA2
as a yellow solid in 27% yield (32.3 mg). 6 'H NMR (500 MHz,
CD;0D): 4.74 (q, J = 7.3 Hz, 1H, CH(CH5)S), 4.52 (dd, J = 4.9,
7.8, 1H, NHCHCH,), 4.33 (dd, J = 4.3, 7.8 Hz, |H, NHCHCH),
3.42 (q, J = 7.3 Hz, 1H, SCH,CH3;), 3.26—3.22 (m, 1H, CHCHS)
2.96 (dd, J = 5.0, 12.8 Hz, 1H, CHCH,S), 2.73 (d, / = 12.8, 1H,
CHCH,S), 2.24—2.22 (m, 2H, CH,C=ON), 1.77—1.62 (m, 4H,
SCHCH,CH,), 1.58 (d, J = 3.4 Hz, 3H, CH(CH;),), 1.49—1.45
(m, 2H, SCHCH,), 1.36 (t, J = 7.4 Hz, 3H, SCH,CH3). '*C NMR
(500 MHz, CD;0D): 224.37, 176.43, 173.43, 63.35, 61.64, 56.96,
50.74,50.72, 41.07, 40.41, 39.85, 36.86, 32.25, 29.79, 29.47, 26.76,
17.85, 13.45. IR (cm™1): 2927, 2406, 1680, 1633, 1459, 1446, 1239,
1080, 1026, 821. MALDI-TOF observed (predicted): [M + Na]
501.1 (501.0), [M + K] 517.1 (517.0); Amux(SC=SS) = 307 nm.

Synthesis  of  V501—4-(3-Hydroxypropyl)-10-oxa-4-
azatricyclo[5,2,],02’6]dec-8—ene—3,5—di0ne Dimer. V501 (2.54 g, 9.1
mmol), thionyl chloride (10.0 mL, 137.1 mmol), DMF (0.05 mL)
and ethyl acetate (20.0 mL) were added to a 100 mL round-bottom
flask under an argon atmosphere and warmed to 60 °C. After the
solution turned clear (~10 min) the temperature was kept at 60 °C
for another 20 min and then cooled to 23 °C. The solvent was
removed in vacuo. The acid chloride derivative of V501 was
obtained as a yellow solid and was used in the next step without
further purification.

4-(3-Hydroxypropyl)-10-oxa-4-azatricyclo[5,2,1,0?° Jdec-8-ene-3,5-
dione 4. Compound 3 (2.90 g, 13.0 mmol) and Et;N (1.41 g, 13.9
mmol) were dissolved in dry THF (50 mL) and stirred in an
ice—water bath under an argon atmosphere for 20 min. Next, a
solution of the acid chloride (1.59 g, 5.0 mmol) in THF (20 mL)
was added dropwise over 20 min. The ice—water bath was removed,
and the system was kept at 23 °C for 4 h and then filtered to remove
the solids. The THF was removed in vacuo, and the crude product
was purified by silica gel chromatography (3:7 hexane:EtOAc to
100% EtOAc) yielding 4 as a white powder in 58% overall yield
(2.00 g). 6 '"H NMR (600 MHz, CDCl;): 6.49 (s, 4H, exo,
CH=CH), 5.23 (bs, 4H, exo, CHO), 4.05—4.02 (m, 4H,
CH,CH;0), 3.55 (t, J = 6.8 Hz, 4H, NCH,), 2.82 (s, 4H, exo,
CHC=0), 2.54—2.33 (m, 8H, O=CCH,CH,C), 1.93—1.89 (m, 4H,
NCH,CH,), 1.73 (s, 3H, CCH3), 1.67 (s, 3H, CCH3). 6 '*C NMR
(500 MHz, CDCl3): 176.27 (exo), 171.39, 136.58, 117.72, 81.02
(exo0), 72.00/71.90 (anti/syn), 61.87, 47.47 (exo), 35.63, 33.15,
29.18/29.10 (anti/syn), 26.53, 23.99/23.74 (anti/syn). IR (cm™"):



2362 Heredia et al.

Macromolecules, Vol. 42, No. 7, 2009

Scheme 2. Synthesis of Biotinylated Chain Transfer Agent (CTA1)
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Scheme 3. Synthesis of Biotin—Maleimide Heterotelechelic pNIPAAm

X
HN™ “NH
NIPAAm, AIBN H 0
CTA1 ) Q H S_S_-
DMF, 70 °C s Y o o
o] 2 S
X
4 HN" NH 0
HﬁH H 0 CN
1:1 DMF/dioxane N o O AN
0~ 'NH
P2 A
X
HN™ “NH o
100 mTorr H H H 2 CN o N 2
120°C, 2h N +™o NN
/\/\g/ . . T {

P3

1775, 1728, 1693, 1449, 1404, 1177, 1022, 872; ESI-MS observed
(predicted): [M + Na] 713.24 (713.25), [M + K] 729.22 (729.22).

Extinction Coefficient Determination of CTAI. A series of solutions
containing CTA1 ranging from 4.21 x 107® M to 5.06 x 107> M
were prepared in volumetric glassware in methanol. The absorbance
of each sample was measured at 306 nm (A,,x SC=SS). A line
was fit to these data points though the origin, which gave a molar
absorptivity (¢) of 15069 M~' cm™!.

Trithiocarbonate End-Group Analysis by UV—uis Spectroscopy. In
a typical experiment, polymer solutions ranging from 1.46 x 107°
to 5.85 x 107> M were prepared in methanol (molecular weights
were calculated from 'H NMR). The absorbance at 306 nm was
measured for each sample. The percentage of trithiocarbonate end-
group was determined using the calculated molar extinction

Scheme 4. Synthesis of Protected
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(0.90 mg, 0.005 mmol), and NIPAAm (570 mg, 5.04 mmol) were
loaded into a Schlenk tube, and the flask was evacuated and refilled
with argon three times. DMF (1 mL) was added, and the flask was
subjected to three freeze—pump—thaw cycles. The polymerization was
initiated by immersion of the Schlenk tube into a 70 °C oil bath. After
2 h (80% conversion) the reaction flask was removed from the oil
bath and opened to the atmosphere. The DMF was removed in vacuo,
and the polymer was purified by dialysis against MeOH (MWCO
6—8000 Da). Polymer conversions were calculated by 'H NMR in
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Figure 1. '"H NMR spectra (CD;0D) of (a) biotinylated pNIPAAm, (b) biotin-protected maleimide pNIPAAm, and (c) biotin-maleimide heterotelechelic
pNIPAAmM.

——— P3 (biotin-pNIPAAmM-maleimide)
P2 (biotin-pNIPAAmM-protected maleimide)
—— P1 (biotin-pNIPAAM-CTA)

Scheme 5. Synthesis of Biotin—Maleimide pNIPAAm Containing
Amide-Linked Biotin
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pNIPAAmM), 4.51—4.84 (m), 4.32—4.30 (m), 4.24—4.22 (m), 3.97 (br,
CH(CH3;),, pNIPAAm), 3.69—3.67 (m), 3.57—3.55 (m), 3.21—3.20

CH,CHC=0, pNIPAAm), 1.59 (bs, CH,CHC=0, pNIPAAm),
1.45—1.43 (m), 1.34—1.29 (m), 1.16 (bs CH(CH3),, pNIPAAm). M,
(g/mol): (theory) 11 200; (GPC) 17 800; PDI: 1.08 ('H NMR) 10 900;
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Figure 3. 'H NMR spectra (CD;0D) of (a) biotinylated pNIPAAm,
(b) biotin-protected maleimide pNIPAAm, and (c) biotin-maleimide
heterotelechelic pNIPAAm (P4).

MALDI-TOF 10 400; UV—vis (MeOH): A« = 306 nm; trithiocar-
bonate end-group retention by UV—vis analysis: 93%.

Trithiocarbonate-Terminated Biotinylated pNIPAAm Prepared from
CTA2. 6 '"HNMR (500 MHz, CD;0D): 7.92—7.61 (NH, pNIPAAm),
4.51—4.49 (m), 4.32—4.30 (m), 3.97 (bs, CH(CH3),, pNIPAAm),
3.26—3.22 (m), 2.93 (dd, J = 12.6, 4.9 Hz, 1H, CHCH,S), 2.72
(d, J = 13.3 Hz, 1H, CHCH,S), 2.09 (bs, CH,CHC=O0, pNIPAAm),
1.60 (bs, CH,CHC=O, pNIPAAm), 1.43, 1.35—-1.32 (m,
SCH,CHj), 1.16 (bs, CH(CHj;),, pNIPAAm). M, (g/mol): (theory)
9420; (GPC): 16 300; PDI: 1.07 ("H NMR): 10 100; MALDI-TOF
9750. UV—vis (MeOH): A« = 307 nm (SC=SS). Trithiocarbonate
end-group retention by UV—vis: 88%.

Typical Radical Cross-Coupling of Trithiocarbonate End-Func-
tional Polymers with Protected Maleimide Azo-Initiator. P1 (34 mg,
3.30 umol) and 4 (49.0 mg, 70.9 umol) were loaded into a Schlenk
tube, which was then evacuated and argon-refilled three times. A
1/1 v/v solution of DMF/dioxane (660 uL) was added, and the
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reaction flask was subjected to three freeze—pump—thaw cycles.
The reaction flask was immersed into a 70 °C oil bath. After 4 h
the reaction flask was removed from the oil bath and opened to the
atmosphere. The solvent was removed in vacuo, and the polymer
was purified by dialysis against 1:1 EtOAc:MeOH (MWCO 6—8000
Da) to afford the protected maleimide adduct. P2: 6 '"H NMR (500
MHz, CD;0D): 7.93—7.57 (NH, pNIPAAm), 6.55, 5.16, 4.69, 4.50,
4.31, 4.23, 3.97 (bs, CH(CHj;),, pNIPAAm), 3.67, 3.56—3.55 (m),
3.10—3.06 (m), 2.93,2.72 (d, J = 13.0 Hz), 2.09 (bs, CH,CHC=0,
pNIPAAm), 1.59 (bs, CH,CHC=O0, pNIPAAm), 1.42, 1.29, 1.16
(bs, CH(CHj3),). M, (g/mol): (GPC) 18 430; PDI: 1.09.

Protected Maleimide pNIPAAm Intermediate from CTA2 Polym-
erization. & 'H NMR (500 MHz, CD;OD): 7.98—7.62 (NH,
pNIPAAm), 6.55 (s), 5.16 (s), 4.51—4.49 (m), 4.32—4.30 (m), 3.97
(bs, CH(CH3),, pNIPAAm), 3.64-, 3.56,2.92 (s), 2.72 (d, / = 13.0
Hz), 2.57—2.44 (m), 2.10 (bs, CH,CHC=O0, pNIPAAm), 1.60 (bs,
CH,CHC=O0, pNIPAAm), 1.43, 1.16 (bs, CH(CH3),, pNIPAAm).
M, (g/mol) (GPC): 19 100; PDI: 1.08.

Regeneration of Maleimide Functional Group To Form Biotin—
Maleimide pNIPAAm (P3). P2 (1.0 mg, 0.085 umol) was loaded
into a Schlenk tube and then dissolved in MeOH (100 uL). The
solvent was removed in vacuo, and while under vacuum it was
placed in a 120 °C oil bath for 2 h to afford biotin—maleimide P3.
'H NMR (500 MHz, CD;0D) 8: 7.94—7.57 (br, NH, pNIPAAm),
6.84, 4.69, 4.55—4.50 (m), 4.31, 4.23, 3.96 (bs, CH(CHs),,
pNIPAAm), 3.67, 3.55 (m), 3.09—3.06 (m), 3.00, 2.95—2.93 (m),
2.72 (d, J = 12.4 Hz), 2.61, 2.09 (bs, CH,CHC=O0, pNIPAAm),
1.58 (bs, CH,CHC=0, pNIPAAm), 1.43, 1.29, 1.16 (bs, CH(CH,),,
pNIPAAm). M, (g/mol): (GPC) 18 570; PDI: 1.10.

Biotin—Maleimide pNIPAAm (P4). 6 '"H NMR (500 MHz,
CD;0D): 7.97—7.62 (NH, pNIPAAm), 6.83 (d, / = 6.84 Hz), 4.69,
4.51—4.49(m), 4.32 (m), 3.97 (bs, CH(CHj3),, pNIPAAm), 3.64—3.56
(m), 2.95-2.92 (m), 2.72 (d, J = 12.1 Hz), 2.62, 2.10 (bs,
CH,CHC=0, pNIPAAm), 1.59 (bs, CH,CHC=O0, pNIPAAm),
1.43, 1.16 (bs, CH(CHs;),, pNIPAAm). M, (g/mol): (GPC) 19 560;
PDI: 1.06.

Formation of Biotin—pNIPAAm—BSA (Conjugate 1). In typical
experiment, biotin—pNIPAAm—maleimide (P3, 1.94 mg) was
dissolved in 200 uL of phosphate buffer (0.05 M, 25 mM EDTA,
5 mM TCEP pH 7.0) (buffer 1) and 200 uL of a bovine serum
albumin (BSA) stock solution (1 mg/mL in buffer 1) was added to
the polymer solution. The sample was incubated at 4 °C for 12 h.
The conjugate was purified by gel filtration (Sephadex G100) and
eluted with dH,0. The absorbance of each fraction was measured
at 280 nm, and fractions containing protein were lyophilized and
then used for SDS-PAGE.

Formation of SAv—pNIPAAm—BSA Heterodimer (Conjugate 2).
One fraction of the purified and lyophilized conjugate 1 was
redissolved in 75 uL. of dH,O. Then, 5 uL of SAv—AlexaFluor
350 (1 mg/mL in dH,O) was added directly to the solution and
then left to incubate at 4 °C for 12 h. The conjugate was purified
by gel filtration (Sephadex G100) and eluted with dH,0. Fractions
containing an absorbance at 280 nm were combined and lyophilized.
The isolated conjugate was analyzed by SDS-PAGE. The gel was
first visualized under UV light and then stained with Coomassie
Blue.

Results and Discussion

Polymer Synthesis. In order to obtain well-defined biocon-
jugates, we chose end-groups that target ligand binding sites
and free cysteines. Specifically, a biotin—maleimide het-
erotelechelic polymer was prepared. Biotin is a high-affinity
ligand for the protein streptavidin (SAv). Maleimides are
excellent Michael acceptors of both thiols and amines, with the
former addition proceeding 1000 times faster at pH 7.*
Maleimides react with free cysteine residues that occur infre-
quently on protein surfaces. Therefore, both groups target
specific, yet different sites on proteins.

We explored RAFT polymerization as a convenient method
to prepare a, @ end-functional protein-reactive polymers. RAFT
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Figure 4. SDS-PAGE of purified pNIPAAm—BSA and SAv—BSA heterodimer. (a) BSA—pNIPAAm conjugate 1; lane 1: BSA; lane 2: BSA-
pNIPAAm conjugate 1. (b) SAv—BSA heterodimer conjugate 2, visualized under UV light. (c) SAv—BSA heterodimer visualized with Coomassie
Blue stain. (b, ¢) Lane 1: SAv—AlexaFluor350; lane 2: SAv—AlexaFluor350—pNIPAAm—BSA heterodimer conjugate 2. Protein structures from

PDB numbers 1P56 and 1BMO.

is a controlled radical polymerization that results in polymers
with narrow molecular weight distributions.** The reaction
proceeds in the presence of a CTA that is typically a dithioester
or trithiocarbonate. This species is then present at the w-end of
the polymer and is available for further elaboration. We chose
to install the requisite biotin via the CTA and the maleimide
by a radical cross-coupling reaction between the trithiocarbonate
chain-end and a protected-maleimide azo-initiator. Therefore,
biotin was judiciously placed on the R group of the functional
CTA so that a stable a-biotinylated polymer would result. The
biotinylated trithiocarbonate functionalized CTA1 was synthe-
sized using DCC-mediated coupling with biotin alcohol 1 and
trithiocarbonate acid 2, forming CTA1 in 19% yield (Scheme
2). We found that by using EDC as the coupling agent improved
the yield up to 67%.

Polymerization of NIPAAm was pursued next. PolyNIPAAm
(pNIPAAm) is a thermoresponsive polymer used extensively
for the creation of protein switches.* It has a lower critical
solution temperature (LCST) of ~32 °C and is therefore also
attractive for drug delivery applications or for immobilization

of proteins or cells on surfaces.** As outlined in Scheme 3,
AIBN-initiated RAFT polymerization was conducted using
molar ratios of 1:100:0.1 of CTA1:NIPAAm:AIBN in DMF at
70 °C. The polydispersity index (PDI) of the polymer (P1),
determined from gel permeation chromatography (GPC), was
low at 1.08 (Figure 2), demonstrating that the conditions
provided narrow molecular weight polymers. The number-
average molecular weight (M,) by GPC was 17 300 Da against
nonauthentic standards, while the M, by "H NMR (10 900 Da)
and MALDI-TOF (10 400 Da) were close to the theoretical M,
(11 200 Da). Retention of the trithiocarbonate end-group was
essential for further elaboration of the polymer and quantification
by UV—vis spectroscopy indicated that 93% of the polymer
chains contained the moiety. This is typical of RAFT polym-
erization because a small percentage of chains are initiated by
AIBN, and thus not all chains are expected to contain the
functional end-groups.>***

A radical cross-coupling reaction between the trithiocarbonate
chain-end and a protected maleimide azo-initiator was used to
install the maleimide at the w chain-end. Maleimide is an
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excellent monomer for radical polymerization,*> and therefore
a protected maleimide azo-initiator was used during the radical
cross-coupling reaction. Specifically, a furan-protected male-
imide® derivative of V501 was prepared. Thionyl chloride
activation of V501 followed by esterification with the protected
maleimide alcohol 3 provided the azo-derivative, 4, in 58%
overall yield (Scheme 4).

Radical cross-coupling between 4 and P1 was performed at 70
°C in DMF:dioxane for 4 h (Scheme 3). The reaction time was
kept to a minimum in order to avoid deprotection of the
maleimide. 'H NMR analysis of the resultant biotin-protected
maleimide P2 confirmed incorporation of the protected male-
imide moiety as evident by the appearance of peaks at 6.55,
5.16, and 2.93 ppm (Figure 1b). The GPC chromatogram (Figure
2) indicated that the M, increased from 17 270 to 18 430. The
resulting GPC trace was symmetric and did not contain a high
molecular weight shoulder. The polydispersity remained narrow
(PDI = 1.09), indicating retention of a well-defined polymer.
The shift in M,, was attributed to a change in the hydrodynamic
volume due to the incorporation of the protected-maleimide end-
group.

To expose the maleimide moiety, P2 was heated to 120 °C
under vacuum (100 mTorr) for 4 h. Under these conditions the
retro-Diels— Alder reaction produced the maleimide, while the
furan byproduct was conveniently removed in situ. 'H NMR
analysis of the biotin—maleimide telechelic P3 indicated the
presence of the maleimide by appearance of a peak at 6.84 ppm,
while the peaks at 6.55, 5.16, and 2.93 ppm completely
disappeared (Figure 1c). Further, the polydispersity remained
narrow (PDI = 1.10), and no shift in retention time was observed
in the GPC chromatogram (Figure 2).

Comparison of the integrations in the '"H NMR spectra of
the P3 and P1 indicated a loss of the biotin end-group of ~25%.
We hypothesized that this loss was due to hydrolysis of the
ester bond between biotin and the polymer during the end-group
modification steps. Therefore, as bioconjugate formation was
pursued with P3 as described below, the development of a
polymer containing no hydrolytically susceptible esters was
simultaneously explored.

The CTA was redesigned to contain only amide groups. The
biotinylated trithiocarbonate functionalized CTA2 was synthe-
sized using carbodiimide-mediated coupling with EDC and
HOBT in 27% yield. Reversed-phase C18 chromatography was
employed in addition to regular silica gel chromatography to
rigorously remove any side products and residual starting
materials. The low yield of the CTA was attributed to this
additional purification step.

Outlined in Scheme 5, polymerization of NIPAAm was
explored in the same fashion as for CTA1; the resulting polymer
had a molecular weight of 10 100 Da by 'H NMR and 9750
Da by MALDI-TOF compared to a theoretical molecular weight
of 9420 Da. The PDI of 1.07 by GPC (Figure S4 of the
Supporting Information). UV—vis analysis of the polymer
indicated 88% retention of the trithiocarbonate end-group.
Subsequent radical cross-coupling with 4, followed by a retro-
Diels—Alder to expose the maleimide group provided P4. 'H
NMR analysis indicated complete retention of the biotin end-
group during the postpolymerization reactions (Figure 3). This
confirmed our theory that the loss in biotin end-group retention
was the result of hydrolysis of the ester bond between biotin
and the polymer. It might also be possible to prevent hydrolysis
by rigorous drying of the solvents and polymer prior to the end-
group modification steps.

Formation of BSA—SAv Heterodimer. One of the applica-
tions of these polymers is the formation of heterotelechelic
protein dimers in solution. To demonstrate this, preparation of
a SAv—BSA heterodimer was investigated using the biotin—
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maleimide telechelic P3. BSA was employed because it contains
one free surface-accessible cysteine (Cys-34). In order to avoid
hydrolysis of the maleimide, thioether formation was pursued
first. BSA was incubated with a solution of the telechelic
pNIPAAm P3 in phosphate buffer (buffer 1) at 23 °C. The
resultant biotin—pNIPAAm—BSA (conjugate 1) was purified
by gel filtration chromatography to remove unreacted polymer.
SDS-PAGE confirmed conjugate formation by the observed shift
to higher molecular weight (Figure 4a). Residual BSA was also
observed.

To form a SAv—BSA heterodimer, purified conjugate 1 was
mixed with SAv—AlexaFluor 350 in deionized water. Blue
fluorescent SAv was used in order to have a method to visualize
by UV light and Coomassie Blue stain. SDS-PAGE of the
SAv—BSA heterodimer (conjugate 2) was observed first under
UV light (Figure 4b) and then with Coomassie Blue stain (Figure
4c). Using both visualization techniques, it was clear that the
SAv was present in the conjugate and that the SAv—BSA
heterodimer was formed. This demonstrated that heterotelechelic
conjugate formation in solution was possible. Because of the
number of binding sites on the SAv (3.2 binding sites by 2-(4-
hydroxyphenylazo)benzoic acid (HABA) assay), it was likely
that multiple BSAs were conjugated to the SAv, thus forming
a star protein—polymer conjugate. Such conjugates are also
interesting for a variety of reactions. However, as required, a
SAv polymer—BSA heterodimer could be easily formed by
using SAv which has only one biotin binding site.

Conclusion

This report describes a straightforward approach to create
protein-reactive heterotelechelic polymers using a functionalized
CTA and radical cross-coupling of a trithiocarbonate with a
functionalized azo-initiator. A maleimide was readily introduced
at the w chain-end of an o-biotinylated polymer with this
methodology. Using the biotin—maleimide telechelic polymer,
SAv and BSA were readily conjugated to the same polymer
chain. We illustrated incorporation of two types of protein-
reactive groups (biotin and maleimide). However, other protein-
reactive groups at both the a and w ends should be easy to
prepare by synthesizing different CTAs and azo-initiators,
respectively. This approach should also be amenable to conju-
gating peptides, fluorophores, and other proteins besides SAv
and BSA. We targeted pNIPAAm because it is a thermore-
sponsive polymer utilized in diverse applications including
reversible cell adhesion and enzyme switches. Yet, likely a wide
variety of polymers can be synthesized. Thus, we envision that
an array of heterodimer protein—polymer conjugates can be
prepared using this technique and applied as therapeutics or for
surface modifications. We are currently pursuing both of these
applications.
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