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This paper reports a general in situ method to grow a polymer con-
jugate solely from the C terminus of a recombinant protein. GFP
was fused at its C terminus with an intein; cleavage of the intein
provided a unique thioester moiety at the C terminus of GFP that
was used to install an atom transfer radical polymerization (ATRP)
initiator. Subsequent in situ ATRP of oligo(ethylene glycol) methyl
ether methacrylate (OEGMA) yielded a site-specific (C-terminal)
and stoichiometric conjugate with high yield and good retention
of protein activity. A GFP-C-poly(OEGMA) conjugate (hydrody-
namic radius (Rh): 21 nm) showed a 15-fold increase in its blood
exposure compared to the protein (Rh: 3.0 nm) after intravenous
administration to mice. This conjugate also showed a 50-fold
increase in tumor accumulation, 24 h after intravenous administra-
tion to tumor-bearing mice, compared to the unmodified protein.
This approach for in situ C-terminal polymer modification of a
recombinant protein is applicable to a large subset of recombinant
protein and peptide drugs and provides a general methodology
for improvement of their pharmacological profiles.

drug delivery ∣ polymer bioconjugate ∣ protein engineering

Polymer modification of therapeutically relevant proteins is
important because it can improve their stability, increase their

solubility, enhance their systemic circulation, and also potentially
reduce their immunogenicity and antigenicity (1–4). Tradition-
ally, synthetic polymers have been conjugated to proteins by
reaction of the polymer with the reactive side chains of protein
residues such as lysine or cysteine (5–10). Attachment of PEG to
proteins, termed PEGylation, is the most widely used polymer
conjugation methodology to improve the pharmacological pro-
files of proteins (11–14). Recently, in situ polymerization directly
from the surface of a protein, in which a polymerization initiator
is conjugated to the protein, followed by in situ growth of the
polymer has emerged as a promising alternative to postpolymer-
ization conjugation to synthesize protein-polymer conjugates with
high yield (15–20). However the chemically reactive residues in
most proteins are typically promiscuously distributed on their sur-
face, which can result in the growth of polymers from many sites
from the protein, resulting in heterogeneous protein-polymer con-
jugates with poorly controlled stoichiometry and decreased biolo-
gical activity compared to the protein, thereby limiting the utility
of these methods. Hence, the major challenge in protein-polymer
conjugation is to create: (i) site-specific, (ii) stoichiometric pro-
tein-polymer conjugates, with (iii) high yield, (iv) good retention
of protein activity, and (v) significantly improved pharmacological
properties over the native protein.

Recently, we demonstrated a general strategy for the in situ
growth of a stoichiometric, PEG-like polymer from the N termi-
nus of a protein by a N-terminal transamination reaction fol-
lowed by a chemoselective aldehyde-hydroxylamine reaction to
install an atom transfer radical polymerization (ATRP) initiator
at the N terminus and subsequent in situ growth of a PEG-like
polymer -poly(oligo(ethylene glycol) methyl ether methacrylate)
[poly(OEGMA)]- from the N terminus of the protein (21).

Although this strategy is useful for a subset of proteins and pep-
tide drugs to improve their pharmacological profiles, many pro-
teins and peptide drugs -interferon alpha, glucagon-like peptide-
1 (GLP-1), and parathyroid hormone are three examples- cannot
be modified at their N terminus because their active site is at or
near the N terminus of the molecule (22–24). Given these con-
straints on the modification of the N terminus of many pharma-
cologically relevant protein and peptide drugs, and the need for a
toolbox of complementary and widely applicable methods for
site-specific and stoichiometric polymer conjugation, we turned
our attention to the C terminus, because it is the only other ubi-
quitous and universal site on a proteins’ scaffold. However, the
C-terminal carboxylic acid has a similar pKa (∼3.0) to the car-
boxylic acid group present on the side chains of aspartic acid
(pKa ∼ 3.7) and glutamic acid (pKa ∼ 4.0) that are typically dis-
tributed on the protein surface, and thus cannot be chemoselec-
tively modified, unlike the N-terminal amine.

To address this challenge, we introduce a unique and poten-
tially general methodology to directly grow a polymer from a
recombinant protein at its C terminus; this strategy uses intein-
mediated ligation to install an ATRP initiator solely at the C ter-
minus of a protein. An intein is a protein sequence embedded in-
frame within a precursor protein sequence that excises itself out,
ligating the flanking sequences together through a peptide bond
(25–27). This process is known as intein-mediated protein spli-
cing, which is an autocatalytic event (25–27). Mutation of inteins
at their N or C terminus allows controllable cleavage of peptide
bonds at either the C or N terminus of the inteins. These mutant
inteins have been used to isolate recombinant proteins possessing
either a C-terminal thioester moiety or an N-terminal cysteine for
a variety of applications in biotechnology and chemical biology
(28–30). Herein, we used an Asn 198 to Ala mutant of the mini-
intein, encoded by the Mycobacterium xenopi GyrA gene (Mxe
GyrA) that leaves a C-terminal thioester in the target protein
upon cleavage of the peptide bond between the C-terminal resi-
due of the target protein and the N terminus of the intein (31, 32).

We exploited the unique thioester group to install an ATRP in-
itiator solely at the C terminus of a protein, followed by in situ
ATRP of a polymer to yield a stoichiometric, C-terminal pro-
tein-polymer conjugate. We note that although intein-mediated
protein ligation has been used for C-terminal proteinmodification
(28–30), it has not been exploited for the in situ growth of a poly-
mer from the C terminus of the protein. We show that a protein-
polymer conjugate can be synthesized with high yield, good purity,
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good retention of protein activity using this methodology, and that
the specific polymer chosen for this study -poly(OEGMA)- also
has the desirable attribute of significantly improving the plasma
pharmacokinetics and in vivo tissue distribution of its conjugate
relative to the protein.

Results and Discussion
GFP was selected as a model protein for proof-of-principle of this
methodology for the following reasons: (i) GFP is a fluorescent
protein, so that it can be easily tracked by absorbance or fluores-
cencemeasurements; (ii) the fluorescence ofGFP requires proper
folding of the protein (33), so that any detrimental changes to its
tertiary structure upon attachment of the initiator or the growth of
a polymer would be reflected in changes in its absorbance and
fluorescence spectrum; and (iii) GFP can be easily expressed with
high yield as a recombinant protein in Escherichia coli (E. coli),
which made it possible to devise an intein-mediated strategy to
install a C-terminal ATRP initiator at the C terminus of GFP.

The C terminus of GFP was fused with the N terminus of the
Mxe GyrA miniintein mutant. A purification tag, an elastin-like
polypeptide (ELP), was fused to the C terminus of the intein at
the gene level (34). We appended an ELP at the C terminus of the
intein to enable easy purification of the ternary fusion protein by
a nonchromatographic purification method we have developed,
inverse transition cycling (ITC) (35). We chose poly(oligo(ethy-
lene glycol) methyl ether methacrylate) (poly(OEGMA)) as the
polymer for in situ ATRP because we had previously shown that a
myoglobin-poly(OEGMA) conjugate has significantly better
pharmacokinetics than the native protein (21).

Intein-Mediated GFP Ligation with an ATRP Initiator at the C terminus.
A two-step procedure was used to attach the ATRP initiator, 2-
Amino-N-[2-(2-bromo-2-methyl-propionylamino)-ethyl]-3-mer-
capto-propionamide (ABMP) to the C terminus of GFP (Fig. 1).
First, the ternary GFP-Mxe-ELP fusion was obtained by recom-
binant overexpression in E. coli, and was purified by ITC. SDS-
PAGE analysis of the purification process showed that one round
of ITC was sufficient to purify the soluble fusion protein from cell
lysate, though we typically used 3–4 rounds to ensure high purity
and lack of endotoxins (36) (Fig. S1). After purification by ITC,

two bands were observed (lanes 4 and 5 in Fig. S1): a band with a
molecular weight (MW) of 88,000 daltons that corresponds to
GFP-Mxe-ELP, and a lower MW band with a MW of 60,000
daltons. This lower MW band corresponds to Mxe-ELP, and is
a consequence of premature intracellular cleavage of ∼30% of
the ternary fusion to yield GFP and Mxe-ELP. The free GFP lib-
erated as a consequence of the premature cleavage of the protein
from the intein was not observed in SDS-PAGE because only pro-
teins that have an appended ELP tag are recovered by ITC.

Attachment of the ATRP initiator ABMP to the C terminus of
GFP was then carried out by addition of ABMP to the GFP-Mxe-
ELP fusion protein in the presence of 2-mercaptoethane sulfo-
nate sodium (MESNA) that was added to cleave the intein from
the GFP. SDS-PAGE clearly showed that a new band correspond-
ing to the ATRP initiator-modified GFP (named GFP-Br for
brevity) appeared with a MW of 28,000 daltons, while the band
for GFP-Mxe-ELP almost disappeared and the band correspond-
ing to Mxe-ELP showed an increase in intensity (Fig. 2A). These
results indicate that the cleavage efficiency of GFP from the
intein was almost quantitative. The crude product was further pur-
ified by ITC to remove Mxe-ELP and unreacted GFP-Mxe-ELP,
followed by dialysis against PBS to remove low MW impurities.
One round of ITC was sufficient to remove residual GFP-Mxe-
ELP and Mxe-ELP from GFP-Br (Fig. 2A). In a control experi-
ment, GFP-Mxe-ELP was cleaved solely with MESNA to yield
the thioester-terminated GFP (abbreviated to GFP-SO3H). This
protein was subsequently utilized as a negative control for the
ATRP of OEGMA.

The purified GFP-Br conjugate was next characterized by
electrospray-ionization (ESI)-MS. A major peak was observed
at 28,631 daltons, which is close to the theoretical MW of
28,650 daltons of GFP-Br (Fig. S2A). The ESI-MS determined
mass of the control, GFP-SO3H was 28,460 daltons (Fig. S2B),
which is close to its theoretical MW of 28,476 daltons. Next, the
site-specificity of the modification at the C terminus was con-
firmed by subjecting GFP-Br and GFP-SO3H to proteolytic diges-
tionwith endoproteinaseLys-C.Only theC-terminal fragmentwas
observed as a brominated cation (Fig. 2B) by analysis of the result-
ing peptide fragments of GFP-Br by liquid chromatography/mass
spectrometry/mass spectrometry (LC-MS/MS), which indicated
that only the C terminus of GFP was modified with ABMP. The
experimental isotopic distribution of the C-terminal fragment
(Fig. 2C) was comparable to the theoretical bromine isotopic
distribution (Fig. S2C), which further confirmed the incorporation
of bromine into this C-terminal fragment. In addition, the cysteine
residue at the C terminus was partially oxidized with either MES-
NA or ABMP to form two other possible derivatives (Fig. S2D),
but their intensity in LC/MS-MS was almost two orders of magni-
tude lower than that of the primary brominated cation. The pep-
tide fragments from the control sample GFP-SO3H were
experimentally indistinguishable from those observed for GFP-
Br except that the C-terminal group was sulfonate, indicating
the cleavage occurred only at the C terminus. These data confirm
that the ATRP initiator was solely attached to the C terminus of
the protein to formaC-terminal brominatedmacroinitiator (GFP-
Br), although there were trace amounts of byproducts that are
likely to constitute a few percent of the primary product.

In situ ATRP at the C Terminus of GFP. Poly(OEGMA) was directly
grown by in situ ATRP from the GFP-Br macroinitiator in buffer.
The progress of ATRP was monitored as a function of polymer-
ization time by size exclusion chromatography (SEC) (Fig. 3A
and Fig. S3A–C) and SDS-PAGE (Fig. S3D). The SEC traces
for detection of UV-visible absorbance at 280 nm (Fig. 3A) clearly
showed that a new peak was observed with a lower overall elution
time than the peak corresponding to GFP-Br, and that this peak
shifted to lower elution times with increasingATRP time. Further-
more, integration of the peak areas showed that the GFP-poly

Fig. 1. Schematic illustration of the synthetic route for GFP-C-poly(OEGMA).
(A) Recombinant overxpression of a GFP-Mxe-ELP fusion in E. coli and its pur-
ification by ITC. (B) Cleavage of GFP from intein-ELP with a mixture of MESNA
and ABMP to create the GFP-Br macroinitiator. (C) In situ growth of poly
(OEGMA) from the C terminus of GFP by ATRP to form GFP-C-poly(OEGMA).
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(OEGMA) conjugate constituted ∼80% of the product, with only
residual, ∼20% fraction of GFP and GFP-Br, which indicated the
high efficiency of ATRP from the C terminus of GFP. The lower
overall elution time of this peak with increasing polymerization
time also indicated that the MW of the polymer in the conjugate
increased with increasing ATRP time. These results were con-
firmed by detection at 475 nm corresponding to the extinction
peak of the GFP chromophore (Fig. S3A), refractive index (RI)
(Fig. S3B), and fluorescence emission at 507 nm (Fig. S3C).

SDS-PAGE analysis also clearly showed that the bands for
GFP-C-poly(OEGMA) conjugates had a larger size than GFP-
Br (Fig. S3D) and their size increased with increasing ATRP time.
Together, the SEC and SDS-PAGE results confirmed the success-
ful ATRP of OEGMA from GFP-Br and the increase in the MW
of the polymer with increasing polymerization time. In a control
experiment, where GFP-SO3H was used for ATRP under the
same polymerization conditions as were used for GFP-Br, the
SEC peak traces of the protein did not shift to lower elution times
even after 1.5 h (Fig. S4), clearly indicating that ATRP did not
occur without an ATRP initiation site on the protein. The ab-
sence of a peak corresponding to free polymer also indicated that
removal of residual ABMP from the macroinitiator mixture was
successful, so that there was no free polymer generated in these
ATRP experiments. 1HNMR analysis of the conjugate confirmed
the synthesis of poly(OEGMA) from the protein.

In order to further characterize the MW, size, polydispersity,
and protein activity of the conjugate, a GFP-C-poly(OEGMA)
conjugate that was synthesized by in situ ATRP for 1 h was se-
parated from the residual protein by SEC. The SEC traces for
UV absorbance detection at 280 nm of the purified conjugate
(red trace, Fig. 3B) showed only one peak with an elution time
of 8 min and the absence of a peak corresponding to the un-
reacted GFP (black trace, Fig. 3B), indicating that the unreacted

protein had been completely removed from GFP-C-poly(OEG-
MA). These results were confirmed by absorbance detection
at 475 nm (Fig. S5A), RI (Fig. S5B) and fluorescent detection
as well (Fig. S5C). Dynamic light scattering (DLS) analysis also
confirmed the efficient purification of the conjugate from the
protein. Only one distribution of particles with a hydrodynamic
radius (Rh) of 21 nm with a polydispersity of 21% was detected by
DLS after purification, with the absence of a species correspond-
ing to GFP, which has a Rh of 3.0 nm as shown in Fig. 3C.
Elemental analysis of the GFP-C-poly(OEGMA) conjugate indi-
cated the absence of copper in the conjugate, consistent with our
previous work (21). We confirmed the retention of the functional
activity of the conjugate by quantifying the fluorescence of GFP
and the conjugate at the same concentration of protein (1 μM)
(Fig. 3D). The lack of change in the fluorescence of the GFP
chromophore clearly indicate that the fluorescence of GFP
was retained after in situ growth of a stoichiometric (1∶1) poly
(OEGMA) conjugate at the C terminus of the protein.

In vivo Pharmacokinetics. Most proteins and peptide drugs -with
the notable exception of antibodies, albumin (37), and transferrin
(38)- are rapidly cleared from circulation after their i.v. or s.c. in-
jection. One of the critical issues in improving the therapeutic
efficacy of this class of therapeutic molecules is to enhance their
systemic circulation or “plasma half-life.” We hence investigated
the blood circulation of one of the GFP-C-poly(OEGMA) con-
jugates synthesized herein by analyzing blood samples at various
time points after i.v. injection of 125I labeled GFP and its poly
(OEGMA) conjugate ((Rh ¼ 21 nm) into female BALB/c mice.
The GFP or conjugate present in the blood, calculated as the
percentage of injected dose per gram of blood (% ID∕g blood),
was plotted against time (Fig. 4A). Unmodified GFP was rapidly
cleared from blood with a high clearance rate of 7 mL∕h, and

Fig. 2. Attachment of the ATRP
initiator (ABMP) to the C terminus
of GFP. (A) SDS-PAGE analysis of
cleavage of GFP from Mxe-ELP
with a mixture of MESNA and
ABMP. Lane 1: protein marker;
Lane 2: GFP-Mxe-ELP fusion; Lane
3: GFP-Mxe-ELP fusion after clea-
vage; Lane 4: GFP-Br after purifica-
tion by ITC. (B) Log10 intensity of
fragment peptides after cleavage
by Endo-C protease Blue column:
GFP-SO3H; red column: GFP-Br.
Note: Log10 ¼ 5 is the approxi-
mate S∕N limit, (C) Experimental
isotope distribution of the C-term-
inal peptide K.LAAALGSGSGMRM-
Br of GFP-Br, wherein M was oxi-
dized.
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exhibited a short distribution phase (t1∕2α ¼ 0.1 h) and a rapid
terminal elimination phase (t1∕2β ¼ 4 h) (Table 1). In contrast,
the clearance rate of the conjugate decreased to 0.5 mL∕h,
the distribution phase of the conjugate increased by 20 times
(t1∕2α ¼ 2 h) relative to GFP, and the terminal elimination phase
was prolonged to 26 h. These pharmacokinetic differences re-
sulted in a 15-fold increase in the area under the curve (AUC)
of the conjugate (214%h∕mL) compared to unmodified GFP
(14%h∕mL), which indicates that C-terminal site-specific poly
(OEGMA) modification significantly improved the blood

exposure of GFP. It is interesting to compare these results with
a recent report on an unstructured polypeptide -XTEN- that was
developed by high throughput screening for high-level overex-
pression and a long plasma half-life; a GFP-XTEN fusion exhib-
ited a terminal half-life in rats of 29 h upon i.v. injection (39).
Although cross-species comparison of pharmacokinetics is some-
what problematic, evaluation of the pharmacokinetic data for
GFP-C-poly(OEGMA) in mice with that of XTEN fused to
GLP-1 and GFP across different species suggests that a once-

Fig. 3. In situ ATRP at the C terminus of GFP and physical characterization of
conjugate. (A) In situ ATRP of OEGMA from the ATRP-initiator-modified
C terminus of GFP as a function of polymerization time. The polymerization
mixtures were directly analyzed by SEC by UV absorbance at 280 nm. Black
trace: GFP-Br; Red trace: 5 min ATRP; Green trace: 15 min ATRP; Blue trace:
120 min ATRP. (B) SEC traces with UV detection at 280 nm, of GFP-C-poly(OEG-
MA) before and after purification. Black trace: before purification; Red trace:
after purification. (C) DLS analysis of GFP and purified conjugate. Black: GFP;
Red: conjugate. (D) Fluorescence of GFP and GFP-C-poly(OEGMA) conjugate
at a protein concentration of 1 μM at an excitation wavelength of 460 nm
and an emission wavelength of 507 nm.

Fig. 4. In vivo pharmacokinetics and tumor accumulation of GFP and GFP-
C-poly(OEGMA). (A) Blood concentration as a function of time postinjection.
Black square:GFP (Rh ¼ 1;5 nm);Redcircle:GFP-C-poly(OEGMA) (Rh ¼ 21 nm).
Black and red curves are fits of the data with a two-compartmental model
to quantify the elimination and distribution response of GFP and GFP-
C-poly(OEGMA). (B) Tumor accumulation as a function of time postinjection.
Black curve: GFP; Red curve: GFP-C-poly(OEGMA) conjugate. (C) Tumor to
blood ratio as a function of time postinjection of GFP-C-poly(OEGMA)
conjugate (Rh ¼ 21 nm). Black square: blood concentration-time course;
Red circle: tumor/blood ratio-time course.

Table 1. Pharmacokinetic parameters calculated from a two-
compartment model

Protein T1∕2α, h T1∕2β , h AUC, % h∕mL CL, mL∕h

GFP 0.1 4 14 7
Conjugate 2 26 214 0.5

The data in Fig. 4Awere fitted with a two-compartment model shown as a
solid line, to quantify the distribution and elimination response of GFP and
GFP-C-poly(OEGMA).
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a-week dosing schedule for many peptide drugs such as GLP-1
and other rapidly cleared biologic drugs should be attainable
by a C-terminal conjugate of poly(OEGMA). Another important
point to note about the poly(OEGMA) conjugates is that because
the ATRP kinetics are linear, it is simple to tune the pharmaco-
kinetics of a poly(OEGMA) conjugate length simply by control-
ling the polymerization time, and hence MW of the polymer. In
addition, similar to polypeptide fusions of proteins, poly(OEG-
MA) is likely to be biodegradable because the oligo(ethylene
glycol) (OEG) side chain is linked to the backbone by enzyme-
degradable and hydrolyzable ester bonds, so that it may be
cleared from the body by renal filtration, though verification
of this hypothesis awaits experiments.

Tumor Accumulation. One of the critical issues in the delivery of
therapeutic molecules is the low accumulation of the drug at dis-
eased sites. In cancer therapy, the accumulation of macromole-
cules within tumors can be enhanced relative to normal tissues by
virtue of the enhanced permeability and retention (EPR) effect,
which is a consequence of the leaky vasculature of tumors, and
the lack of a fully functional lymphatic system (40, 41). Despite
the EPR effect, the accumulation of macromolecules in tumors is
typically suboptimal for effective therapy. We hypothesized that
the significantly longer blood exposure of the GFP-C-poly(OEG-
MA) conjugate, coupled with the EPReffect should translate into
significantly greater accumulation of the GFP-C-poly(OEGMA)
conjugate in solid tumors relative to the native protein. We hence
quantified the tumor accumulation of a GFP-C-poly(OEGMA)
conjugate and unmodified GFP in female nude BALB/c mice that
were implanted with s.c. C26 murine tumors (Fig. 4B). After bo-
lus injection, the concentration of unmodified GFP in the tumor
rapidly decreased from 2% ID∕g at 30 min to 0.4% ID∕g at 6 h.
In contrast, the concentration of the conjugate in the tumor in-
creased from 2.5% ID∕g tumor tissue at 30 min to 3.4% ID∕g
tumor tissue at 6 h, and was 50 times greater than that of unmo-
dified GFP at 24 h (Fig. 4B). Similarly, the tumor/blood ratio of
the conjugate increased by 21 times from 0.1 at 30 min to 2.1 at
72 h (Fig. 4C). In contrast, unmodified GFP showed a decrease in
its tumor/blood ratio with increasing time and the% ID∕tumor of
GFP was below the detection limit beyond 24 h (Fig. S6). These
data clearly indicate that the increasing concentration of the
GFP-C-poly(OEGMA) conjugate in the tumor as compared to
GFP over the course of 24 h is consistent with its accumulation
via the EPR effect, which is typically marked by a slow, steady
increase in intratumoral accumulation of a macromolecule over
24–48 h (41, 42). These results on the enhanced tumor accumu-
lation of the GFP-C-poly(OEGMA) conjugate relative to GFP go
well beyond our previous paper (21), by demonstrating that an
important consequence of a long plasma half-life is enhanced
accumulation of the protein-polymer conjugate in a solid tumor,
and hence strongly suggest that this protein conjugation technol-
ogy may be useful to improve the efficacy of protein and peptide
drugs and targeting agents under development for cancer imaging
and therapy such as interferon α-2b (22), L-asparaginase (43), )
IL-12 (44), and TNF-related apoptosis-inducing ligand (45).

This paper rounds-off the technology platform on site-specific
living polymerization from ubiquitous sites on a protein’s scaffold:
while our previous paper used a chemical strategy to attach an in-
itiator and grow a polymer from theN terminus (21), this paper, in
contrast, demonstrates the utility of posttranslational protein
splicing to install a polymerization initiator at the C terminus, fol-
lowed by in situ living polymerization in buffer from that site alone.
Together, these two approaches provide a complete toolbox to
grow site-specific and stoichiometric conjugates of peptide and
protein therapeutics with improved pharmacological properties.

This paper also illustrates the utility of an ancillary enabling
technology for the nonchromatographic purification of recombi-
nant proteins that we have developed that can greatly facilitate

site-specific, in situ polymerization from a protein. We showed a
decade ago that ELP fusion proteins show stimulus-responsive so-
lubility behavior, which provides a very simple and scalable batch
process methodology -ITC- to purify proteins at the 100 mg-gram
scale in the laboratory (35). We used the ELP tag to purify the
GFP-intein-ELP fusion by exploiting the phase transition behavior
of the ELP, then cleaved the intein-ELP from the GFP, and pur-
ified away the thioester-modified GFP from the intein-ELP fusion
by another round of ITC. Together, the ELP purification technol-
ogy with that of inteins provides a simple and scalable recombinant
methodology that when combined with in situ living polymeriza-
tion provides a seamless workflow for the expression, purification,
and efficient site-specific modification of a protein with a polymer.

Conclusions
We report a unique and general route to synthesize a site-specific
(C-terminal) and stoichiometric (1∶1) conjugate at a defined and
ubiquitous site on the protein scaffold -the C terminus- by intein-
mediated protein ligation to install a polymerization initiator at
the C terminus followed by in situ living polymerization of a phar-
macologically useful polymer -poly(OEGMA)- with high yield and
good retention of protein activity. The results reported herein are
significant because: this paper is the first demonstration of the in
situ growth of a polymer solely from the C terminus of a protein to
create stoichiometric C-terminal polymer conjugate. Second,
pharmacologically useful conjugates are obtained by ATRP with
a polymerization time that ranges fromminutes to an hour in aqu-
eous buffer, with no waste polymer by-product generated so that
thismethodology is likely tobeuseful in amanufacturing setting, as
it will prove to be relatively cheap, easy to scale-up, and environ-
mentally benign. Third, the C-terminal poly(OEGMA) conjugate
significantly prolongs the plasma half-life of a protein, so that this
methodology is likely to be useful to improve the pharmacological
profiles of a diverse set of protein and peptide therapeutics; exam-
ples include interferon alpha, glucagon-like peptide-1 (GLP-1),
exendin-4, and parathyroid hormone. Finally, we demonstrate
for the first time that the consequence of a long plasma-half-life
translates to the enhanced accumulation of the protein-C-poly
(OEGMA) conjugate in a solid tumor in a mouse model, which
is likely to be useful for the delivery of recombinant protein
and peptide therapeutics for cancer therapy.

Methods
Synthesis of ATRP Initiator. The ATRP initiator 2-Amino-N-[2-(2-bromo-2-
methyl-propionylamino)-ethyl]-3-mercapto-propionamide (ABMP) was syn-
thesized by a three-step procedure as described in the SI Text.

Cloning, Expression, and Purification of GFP-Mxe-ELP. The synthesis of the
GFP-Mxe-ELP gene, its expression and purification were based on a method
reported previously (33). Details are contained in SI Text.

Cleavage of GFP fromMxe-ELP and Attachment of ABMP. 1mL of a 250 μMGFP-
Mxe-ELP solution in 50 mM Tris-HCl buffer, pH 7.4 was mixed with 1 mL of
5 mM ABMP and 20 mM MESNA in Tris-HCl buffer and allowed to sit without
agitation overnight at room temperature. The cleaved GFP-Br was purified
by ITC and ultrafiltration (Amicon Ultra-15 centrifugal filter, 3000 daltons
molecular weight cut off (MWCO)).

Proteolytic Digestion of GFP. Protein samples were analyzed using a miniBrad-
ford assay to determine protein concentration (Bio-Rad, Inc.) followed by
brief digestion with Lys-C by incubation of the protein with Lys-C at a
25∶1 (w∕w) ratio for 1 h at 37 °C in 50 mM ammonium bicarbonate. Samples
were then acidified in 0.1% formic acid to stop proteolysis. Approximately
2.5 pmol of GFP equivalent (by Bradford assay) was analyzed by LC-MS/MS
using aWaters nanoAcquity and Thermo LTQ-Orbitrap XL mass spectrometer
(Thermo Corporation).

In situ ATRP from GFP-Br. A deoxygenated solution of 1.05 mmol OEGMA
(MW ¼ 475, Sigma-Aldrich), 0.02 mmol CuCl, 0.044 mmol CuCl2, and
0.087 mmol 1,1,4,7,10,10-hexamethyltriethylenetetramine in 1 mL of PBS
was transferred into 4 mL of 100 μM deoxygenated GFP-Br in PBS. The
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polymerization was allowed to proceed for a specified time under argon and
then exposed to air. The polymerization mixture was further purified with
HPLC (AKTA, GE Life Science) by SEC.

Attachment of Radiohalogen to GFP. Iodination of GFP with 125I was per-
formed with a Pierce IODO-Gen precoated tube and purified by gel-filtration
on a dextran column (Pierce). Briefly, 100 μL of 27 μM GFP (or conjugate) was
added to 1 mCi Na½125I� loaded into IODO-Gen precoated tubes. The tubes
were shaken every 30 s for 15 min. The iodinated protein or conjugate
was purified by gel-filtration chromatography on a dextran column.

Pharmacokinetics. All animals were treated in accordance with the NIH Guide
for the Care and Use of Laboratory Animals under protocols approved by the
Duke University Institutional Animal Care and Use Committee. Typically, eight
BALB/cmicewere randomly divided into twogroups of fourmice. Each animal
was weighed before injection. Groups received intravenous bolus injections
of either 125I labeled GFP or 125I labeled GFP-C-poly(OEGMA) conjugate. The
injected dose was ∼0.3 μg GFP (or GFP molar equivalent) with ∼5 μCi of
125I. The injection volume of the sample solution was calculated by
ðBody weight∕9Þ × 51. Blood samples (10 μL) were collected from the tail vein
of themiceat 40 s, 5min, 15min, 2h, 4 h, 8h, 24h, 48h, and72hafter injection.
The blood samples were counted for 125I activity with an automated gamma
counter (LKB-Wallac). The blood concentration time-course was analyzed
with a standard two-compartment pharmacokinetic model to approximate
both the distribution and elimination phase of the molecules.

Tumor Accumulation. C26 Cells were cultured at 37 °C with 5% carbon dioxide
in RPMI-1640 (R8758; Sigma), supplemented with 10% fetal bovine serum

(F0392; Sigma), 4.5 g L-1 D-glucose (G8769; Sigma), 10 mM Hepes (15630-
080; Invitrogen), and 1 mM sodium pyruvate (11360-070, Invitrogen). Cells
were maintained in T-75 flasks (Corning) and passaged twice a week after
washing with 7 mL Dulbecco’s PBS without calcium or magnesium (14190-
144; Invitrogen) and 2 mL of 0.05% trypsin þ0.5 mM EDTA (25300-054; Invi-
trogen). After 5 min at 37 °C, detached cells were suspended in media, trypsin
was removed by centrifugation at 100 x g for 5 min, and cells were resus-
pended in media. Prior to in vivo implantation, cells were resuspended twice
in Minimum Essential Media (51200-038; Invitrogen) and subcutaneously in-
jected (5 × 105 cells in a 30 μL volume) into the back of female nude BALB/c
mice. Tumors were allowed to grow to ∼100 mm3 in diameter before starting
treatment, typically about 10 d after inoculation. Tumor volume was deter-
mined using the equation: volume ¼ ðwidthÞ2 × length × 0.52 by measuring
the size by caliper. After the tumors grew to a size of ∼100 mm3, the mice
were randomly divided into groups of five mice each. Each group received
intravenous bolus injections of ∼0.34 μg GFP (or GFP molar equivalent)
and ∼5 μCi 125I as either 125I labeled GFP or 125I GFP-C-poly(OEGMA) conju-
gate. At selected time points after i.v. administration, mice were euthanized
by decapitation under anesthesia overdose (pentobarbital 250 mg∕kg, intra-
peritoneal (i.p.)). Tumor and blood were collected for γ-counting.
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