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Brief Report

Alkyne- and 1,6-elimination-succinimidyl carbonate-terminated
heterobifunctional poly(ethylene glycol) for reversible "Click"

PEGylation

Yumei Xie, Shaofeng Duan, M. Laird Forrest™

Department of Pharmaceutical Chemistry, University of Kansas, Lawrence, Kansas, USA.

ABSTRACT: A new heterobifunctional (succinimidyl
carbonate, SC)-activated poly(ethylene glycol)
(PEG) with a reversible 1,6-elimination linker
and a terminal alkyne for "click" chemistry
was synthesized with high efficiency and low
polydispersity. The a-alkyne-o-hydroxyl PEG
was first prepared using trimethylsilyl-2-
propargyl alcohol as an initiator for ring-opening
polymerization of ethylene oxide followed by
mild deprotection with tetrabutylammonium
fluoride. The hydroxy end was then modified
with diglycolic anhydride to generate a-alkyne-
o-carboxylic acid PEG. The reversible 1,
6-elimination linker was introduced by conjugation
of a hydroxymethyl phenol followed by activation
with N,N'-disuccinimidyl carbonate to generate
the heterobifunctional a-alkyne-®-SC PEG. The
terminal alkyne is available for "click" conjugation
to azido ligands via 1,3-dipolar cycloaddition, and
the succinimidyl carbonate will form a reversible
conjugate to amines (€.g. in proteins) that can
release the unaltered amine after base or enzyme
catalyzed cleavage of the 1,6-linker.
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1. Introduction

Poly(ethylene glycol) (PEG) is often employed as
a solubilizer for poorly water soluble drugs. The
conjugation of PEG, or PEGylation, is known to increase
in vivo blood circulatory time, reduce immunogenicity,
and improve stability and pharmacological properties of
both small molecule and large biological drugs, including
peptides, proteins, viruses, enzymes, and DNAs. The
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majority of these systems utilize monofunctional
PEG with only one reactive terminal group, such as
a hydroxy, amine, thiol, aldehyde, carboxylic acid, or
activated variants. Targeted drug delivery systems using
PEGylated therapeutics require two reactive termini on
the PEG, i.e., a,w-heterobifunctional PEG; one bound to
the therapeutic and the other available for conjugation
to targeting ligands, such as peptides, antibodies, or
proteins. Unfortunately, most commercially available
PEGs are not suitable for high extents of PEGylation
because they form irreversibly conjugates that may
hinder activity of the therapeutic cargo. Furthermore,
delicate targeting antibodies must be conjugated under
aqueous conditions, and most available linkers are
not suitable for heterogeneous conjugation in aqueous
milieu.

The 1,3-dipolar cycloaddition reaction (termed
"click" chemistry) between alkyne and organic azides,
which yields the corresponding 1,2,3-triazoles, is
highly chemoselective and can be performed under
mild reaction conditions in aqueous buffers within a
wide pH range. Several publications have reported the
application of click chemistry to label proteins (1-3),
modify viruses (4), synthesize a "clickable" PEG-
dendrimer (5), and introduce biological ligands onto
the surface of liposomes (6) and Au nanoparticles (7).
Recently Kataoka and coworkers reported an azide-
terminated PEG that could be used in click reactions
with alkyne-bearing ligands (8).

A reversible 1,6-elimination PEG linker was
reported by Greenwald et al. (9,10), and lysozyme
was conjugated onto the PEG via the g-amino group
of lysine residues. Under physiological conditions, the
unaltered lysozyme was released after enzymatic or
hydrolytic cleavage of the 1,6-linker.

Heterobifunctional PEGs combining a "clickable"
termini and reversible amine conjugation offer novel
possibilities for the PEGylation and targeting of both
small molecule and large bimolecular drugs.

2. Materials and Methods

All chemicals were obtained from Fisher Scientific
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(Pittsburgh, PA, USA) or Sigma-aldrich (St. Louis,
MO, USA) and used as received unless stated
otherwise. Ethylene oxide was purchased from Balchem
Corporation (New Hampton, NY, USA), refrigerated, and
used within 3 months of receipt. Dichloromethane (DCM)
and tetrahydrofuran (THF) were distilled under argon
immediately before use. All reactions were conducted
under an atmosphere of dry argon in flamed glassware.
NMR spectra were taken on a 400-MHz Bruker and
chemical shifts § are reference to TMS in ppm.
Synthesis of a-alkyne-w-hydroxyl PEG (1).
The following procedure is for 4,500 Da PEG; other
lengths were synthesized similarly. Freshly sublimated
naphthalene (3 mmol), potassium (3 mmol), and
THF (20 mL) were mixed in a dry 250-mL two-
neck flask. After 24 h, the solution turned to dark
green and was then diluted with THF (40 mL). The
3-trimethylsilyl-2-propargyl alcohol (TMSP, 3 mmol)
was dried overnight over calcium hydride, vacuum
distilled, and added into the flask. The solution was
stirred for 24 h and transitioned to lime green as the
initiator was formed. Ethylene oxide was freshly
distilled over calcium hydride and added via a cold
syringe. The reaction proceeded for 72 h at 20°C. The
produced a-trimethylsilyl-propargyl-o-hydroxyl PEG
was precipitated from THF in cold diethyl ether three
times and dried under vacuum. The alkyne termini was
deprotected by addition of tetrabutylammonium fluoride
(Bu,NF+*3H,0 or TBAF, 1.6 mmol) to a solution of
a-trimethylsilyl-propargyl-m-hydroxyl PEG (1.5 mmol)
in 35 mL of THF with stirring for 3 h at 20°C (11). The
solution was concentrated under reduced pressure and
filtered through a short silica pad to remove TBAF. The
yield of polymer 1 after purification was 48% (3.4 g).
Synthesis of a-alkyne-o-carboxylic acid
PEG (2). Diglycolic anhydride (5.6 mmol) and
4-dimethylaminopyridine (DMAP, 5.6 mmol) were
added to a solution of 1 (0.70 mmol) in DCM (32
mL) and stirred at 20°C for 24 h. The solution was
concentrated under reduced pressure, and polymer
2 was precipitated in cold diethyl ether, filtered, and
crystallized from DCM (ca. 2 mL) with isopropyl
alcohol (IPA) (ca. 10 mL). The yield after purification
was 95%. '"H NMR (CDCl,): & 3.48 (t, J = 2.5 Hz,
CHCCH,-), 3.60-3.77 (br s, -CH,CH,-), 3.83 (d, J=3.5
Hz, CHCCH,-), 4.22 (t, J = 3.2 Hz, -CH,CH,00C-),
4.23 (s, -OCH,COOH), 4.32 (s, -OOCCH,0O-).
Synthesis of a-alkyne-w-thiazolidine-2-
thione PEG (3). The carboxyl terminal of 2 was
activated with a thiazolidine-2-thione by addition of
2-mercaptothiazoline (2-MT, 2.1 mmol) and DMAP
(2.1 mmol) to a solution of 2 (0.68 mmol) in DCM
(31 mL), chilling on ice to 0°C, and then adding
1-[3-(dimethylamino) propyl]-3-ethylcarbodiimide
hydrochloride (EDC, 2.1 mmol). After 20 min, the
solution was warmed to 20°C and stirred for 24 h. The
polymer 3 was precipitated from DCM with ice cold

diethyl ether, filtered, and crystallized from IPA. The
yield of 3 was 87%. 'H NMR (CDCl,): § 3.42 (t,J=17.7
Hz, -NCH,CH,S-), 3.46 (t, CHCCH,-), 3.58-3.76 (br s,
—CH,CH,-), 3.82 (d, J = 3.5 Hz, CHCCH,-), 4.22 (t, J
= 3.2 Hz, —-CH,CH,00C-), 4.28 (s, -OCH,CON-), 4.31
(s, -OOCCH,0-), 4.63 (t, J = 7.3 Hz, -NCH,CH,S-).

Synthesis of 4-hydroxymethyl-2,6-dimethylphenol
(4). A solution of 2,6-xylenol (70 mmol), 37%
formaline (140 mmol), and NaOH (70 mmol) was
mixed at 20°C for 18 h, forming a crystalline mass.
Acetic acid (100 mmol) in 50 mL water was added into
the mixture, and the orange/yellow solids were removed
by filtration. The filtrate was extracted four times with 25
mL of DCM giving the colorless crystalline 4 (1.5 g, 18%
yield) after vacuum drying (12). 'H NMR (acetone-d6):
3 2.19 (s, 6H, ArCH,;), 3.81 (s, 1H, ArCH,0OH), 4.44 (s,
2H, ArCH,OH), 6.90 (s, 2H, Ar protons), 7.09 (s, 1H,
ArOH).

Synthesis of a-alkyne-ow-dimethylphenyl alcohol
PEG (5). To a solution of polymer 3 (0.55 mmol) in 25
mL of DCM was added 4 (3.3 mmol) and DMAP (3.3
mmol). After stirring at 20°C for 24 h, the solution was
concentrated under reduced pressure and precipitated
in ice cold diethyl ether, filtered, and crystallized from
IPA. The yield of polymer 5 after purification was
87%. '"H NMR (CDCL,): § 2.13 (s, 6H, ArCH,), 3.48 (t,
J =2.5 Hz, CHCCH,-), 3.60-3.77 (br s, -CH,CH,-),
3.83 (d, J = 3.5 Hz, CHCCH,~), 4.19 (t, J =3.2
Hz, -CH,CH,00C-), 4.25 (s, -OCH,COOH), 4.27
(s, -OOCCH,0-), 4.64 (s, ArCH,0H), 7.07 (s, Ar
protons).

Synthesis of a-alkyne-o-(succinimidyl carbonate,
SC) PEG (6). Pyridine (PyD, 1.9 mmol) and
disuccinimidyl carbonate (DSC, 1.9 mmol) were
added to a solution of polymer 5 (0.47 mmol) in 21
mL of DCM and 8.9 mL of DMF, and mixed at 20°C
for 24 h. The mixture was concentrated under reduced
pressure and precipitated in ice cold diethyl ether three
times, filtered, and crystallized from IPA to yield 2 g
of polymer 6 (94 % yield). 'H NMR (CDCl,): § 2.15
(s, ArCHj;), 2.81 (s, -CH,CH,— of NHS), 3.48 (t, J =
2.5 Hz, CHCCH,-), 3.60-3.77 (br s, -CH,CH,— of
PEG), 3.83 (d, J = 3.5 Hz, CHCCH,-), 4.19 (t, J = 3.2
Hz, -CH,CH,00C-), 4.25 (s, -OCH,COOH), 4.27
(s, -OOCCH,0-), 5.33 (s, ArCH,0CO-), 7.07 (s, Ar
protons).

Synthesis of azidoacetic acid. Azidoacetic acid
was synthesized according to a reported procedure (13).
In a 100-mL round-bottom flask, a solution of 0.5 mol
NaN; (1.43 g, 22 mmol) in freshly distilled DMSO
(44 mL) was stirred for 24 h at 20°C under argon.
Bromoacetic acid (2.78 g, 20 mmol) was added into
the above NaN,/DMSO solution, and the reaction was
monitored by a Fourier transform infrared spectroscopy
(Nicolet 510P FT-IR Spectrometer, Waltham, MA). The
reaction mixture was quenched with 100 mL of H,O
and extracted three times with diether ether (60 mL);
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the organic layer was then washed with H,O (2 x 100
mL) and brine (100 mL), dried over MgSO,, filtered,
and rotavaped to yield a light yellow liquid. 'H NMR
(CDCl,): 6 3.97 (s, -COCH,-), 10.82 (s, HOCO-). The
characteristic absorption was found at 2,117 cm’, which
was a vibration of the N; group in the FTIR spectra.

Synthesis of a-IR820-»-SC PEG conjugates (8).
The IR820 diamine was produced by mixing IR 820
(85 mg, green solid, 0.1 mmol) and 1,3-diaminopropane
(0.89 g, 12 mmol) in anhydrous DMF (5 mL). The
reaction was monitored by thin layer chromatography
(TLC) and the product was purified on silica gel
(EtOAc:MeOH, 1:1). The IR820 diamine (13 mg,
14.65 nmol) in 0.5 mL of anhydrous DMF was reacted
with azidoacetic acid (1.4 mg, 13.95 nmol) in the
presence of DMAP (0.85 mg, 6.98 nmol) and N,N'-
dicyclohexylcarbodiimide (3.45 mg, 16.74 nmol) at
20°C under argon. The product IR820 azide 7 was dried
under vacuum and used without further purification.
According to the "click" method of Rostovtsev et al.
(14), the Huisgen 1,3-dipolor cycloaddition of IR820
azide 7 (13 mg, 13.40 nmol) and alkyne-terminal PEG
6 (M, 5,000, 59 mg, 12.18 nmol) proceeded in the
presence of 1 mol% copper (II) sulfate and 5 mol%
sodium ascorbate in a mixture of water and tert-butyl
alcohol (2:1, v/v) at room temperature overnight. The
reaction mixture was dialyzed against H,O (1,000
MWCO; Pierce, Rockford, IL) until no color was
present in the dialysate. The resulting a-IR820-»-SC
PEG conjugate (compound 8) was lyophilized and
stored at -20°C in a desiccator.

Polymer analysis. Molecular weights and
distributions were determined using a Shimadzu
2010HCT system with a Shimadzu RID-10A refractive
index detector and the Shimadzu EZStart 7.4 software.
Samples (100 pL) were applied to a Shodex GPC
LF804 column using N,N-dimethylformamide with 10
mM LiCl as the mobile phase (0.8 mL/min, 40°C). The
calibration curve was generated with PEG standards
from Scientific Polymer Products (Ontario, NY).

Analysis of a-IR820-o-SC PEG conjugates. The
excitation and emission wavelengths of 0-IR820-m-SC
PEG conjugates (1 mg/mL in MeOH) were determined
on a Shimadzu RF-5301PC spectrofluorophotometer. A
Shimadzu 2010HCT system coupled with a Shimadzu
RID-10A refractive index detector and a Waters 2475
multi wavelength fluorescence detector along with a
Shodex GPC LF804 column was used to confirm the
successful conjugation of the IR820 azide and alkyne-
terminal PEG.

3. Results and Discussion

The alkyne PEG was synthesized by the anionic ring-
opening polymerization of ethylene oxide initiated by
potassium trimethylsilyl-propynyl-olate, which was
formed in situ by the reaction between 3-trimethylsilyl-

2-propargyl alcohol and potassium naphthalene.
The trimethylsilyl terminal of the PEG chain can be
deprotected with tetrabutylammonium fluoride, leaving
alkyne exposed as one terminal, which can undergo
1,3-dipolar cycloaddition to azides (Figure 1). The gel
permeation chromatography (GPC) analysis revealed
that the resulting a-alkyne-w-hydroxyl PEG had a
number average molecular weight (M,) of 4,546, and a
polydispersity index (PI, M,,/M,) of 1.045 (Table 1).

In order to modify polymer 1, the hydroxyl end
was conjugated with diglycolic anhydride to generate
a-alkyne-w-carboxylic acid PEG (polymer 2). The
single peak at 6 4.23 (s, -OCH,COOH) on the NMR
spectra demonstrated the successful conversion of
hydroxyl end to carboxylic acid terminal. In order to
introduce the 1,6-climilation moiety into the PEG,
the carboxyl terminal of 2 was first converted into
a thiazolidine-2-thione followed by the acylation of
the phenolic hydroxyl group on 4-hydroxymethyl-2,
6-dimethylphenol (compound 4). The acylation reaction
selectively occurred at the phenolic —OH because
under basic conditions, the phenolate anion was more
nucleophilic compared to the primary benzyl alcohol
(15). The PEG benzyl alcohol (compound 5) was
activated by disuccinimidyl carbonate in the presence
of pyridine as base. The activated a-alkyne-o-SC PEG
(compound 6) can easily couple to amino-containing
ligands such as proteins via a carbamate bond under
mild reaction conditions (16).

Physical characterizations of the produced
a-alkyne-©-SC PEGs are given in Table 1. Three
different molecular weights of 5, 16 and 80 kDa were
synthesized with narrow polydispersities (PI < 1.25).
As the molecular weight of the PEG linker increased,
the PI slightly increased. This was most likely due
to side reactions during ring-opening polymerization
and chain breakage during repeated precipitation and
crystallization steps.

The reported PEG linker has functional termini of
alkyne and succinimidyl carbonate. The SC terminus
can form carbamate conjugates with the primary amines
of proteins, i.e., amine or lysine or the N-terminus,
while the alkyne terminus can undergo 1,3-dipolar
cycloaddition, i.e., "click" reaction, with azido ligands
to form 1,2,3-triazoles, such as modified targeting
proteins, antibodies, or peptides. The model fluorescent
dye IR820 azide (compound 7) was "click" conjugated
to a-alkyne-o-SC PEG (M, 5,000) in aqueous solution
using an in situ formed copper (I) salt as the catalyst.
The a-IR820-®-SC PEG conjugate (compound 8)
had excitation and emission wavelengths at 585 nm
and 605 nm, respectively, indicating the successful
conjugation of IR820 azide and a-alkyne-o-SC PEG
since the free IR§20 had a maxima excitation of 710
nm and emission of 820 nm. GPC analysis of a-IR820-
®-SC PEG conjugates (Figure 2) showed conjugation
of IR820 azide to alkyne-terminal PEG as indicated
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Figure 1. Synthesis of reversible "click" PEG and IR820 conjugates.

Table 1. Molecular weight and polydispersities of a-alkyne-o-SC PEG by gel permeation chromatography

5 kDa
PI

16 kDa 80 kDa

M, PI M, PI

a-alkyne-o-SC PEG 4,853 1.124

16,113 1.206 80,105 1.231

by the fluorescent peak coeluting with the polymer
(RI detection) at around 11.5 min; by contrast, no
fluorescent peak was observed for the unconjugated
a-alkyne-®-SC PEG (data not shown).

In vivo, the reversable PEG linker system is known
to cleave at a predictable rate by enzymatic cleavage,
followed by a rapid 1,6-benzyl elimination reaction
to release intact proteins or drugs (9,10,15,17). The
hydrolytic rate of the PEG revisable linker can be
regulated by modifying the chemistry of the phenol
ring, for example, the introduction of the steric
hindrance via the 2,6-dimethyl substitution on the
phenol ring resulted in a longer plasma t,, of PEG-

amphotericin B and PEG-Daunorubicin, compared with
no substitution on the phenol ring (15,18). In addition,
the release rate of the conjugated proteins and drugs
was closely related with the number of PEG strands
used. It was reported that in the PEG-lysozyme system,
intact lysozyme was released more rapidly from the
single PEG strand conjugates than the multistrand
conjugates (9,10).

Biopharmaceuticals such as proteins, antibodies,
and peptides had a 24% market share in 2007, with 18
drugs reaching "blockbuster" status with $1 billion-plus
sales (19). PEGylation has become an important tool to
improve residence time and stability of biotech drugs
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Figure 2. Gel chromatography analysis of a-IR820-®-SC PEG conjugates. The 5 K PEG conjugate RI peak (top, 11.5 min)
corresponds to the fluorescence peak (bottom, 11.5 min) indicating "click" conjugation of the dye and polymer.

in the body (20); however, the site of PEG conjugation
cannot be controlled if multiple sites are available,
which may negatively impact drug efficacy. Reversible
linkers can overcome this limitation by restoring the
native molecule after cleavage. In addition, most
biologicals require relatively high concentrations since
they are competing for binding sites with endogenous
ligands, so the addition of targeting ligands to diseased
tissues may further improve efficacy. The reported
heterobifunctional, reversible "click" poly(ethylene
glycol) may be useful as a single agent for both
protection and targeting of biologicals.
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