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Abstract: Despite the importance of protein-polymer bioconju-
gates, there is no general method for producing homogeneous
recombinant protein that contains polymer initiators at defined
sites. To address this deficiency, we designed the amino acid
4-(2′-bromoisobutyramido)phenylalanine (1) as an initiator in
atom-transfer radical polymerization (ATRP) that would provide
a stable linkage between the protein and growing polymer. We
synthesized 1 and evolved a Methanococcus jannaschii tyrosyl-
tRNA synthetase/tRNACUA pair to genetically encode this initiator
in response to an amber codon. To demonstrate the utility of this
initiator, we produced green fluorescent protein (GFP) with 1 site-
specifically incorporated on its surface (GFP-1). Purified GFP-1
was then used as an initiator under standard ATRP conditions
with a monomer, oligo(ethylene oxide) monomethyl ether meth-
acrylate, efficiently producing a polymer-GFP bioconjugate where
the polymer is connected at our selected site on GFP.

The wide functional diversity of proteinss catalysis, regulation,
transport, and structure s has made them desirable for integration
into materials and medicine. Protein-polymer conjugates have
already shown an impressive range of altered or improved proper-
ties.1 To date, protein polymers have been prepared in two general
ways: either by graft-to methods where the functionalized polymer
is attached to an amino acid, cofactor, or end group, or by the graft-
from method where a location(s) on the purified protein is
functionalized with an initiator and then the polymer is grown from
that site.1d,2 Thus far, the graft-from methods employed for residue-
specific incorporation of polymerization initiators into proteins are
limited to the N-terminal position or specific natural amino-acid-
directed linkages.1b,c,3 Both methods suffer from challenging
purification of intermediates and/or the inability to efficiently control
the number or location of polymer connections, which compromises
protein structural integrity. While the many graft-to and graft-from
experiments using natural amino acids on proteins have illustrated
the immense potential impact of well-defined protein-polymer
conjugates, their application is limited by technical shortcomings.

Despite the importance of protein-polymers, there is no general
method for producing homogeneous recombinant proteins that
contain polymer initiators at defined sites.4 To address this
deficiency, we designed the amino acid 4-(2′-bromoisobutyramido)-
phenylalanine (1, Figure 1A), since it should function as an initiator
in atom-transfer radical polymerization (ATRP)5 and would provide
a stable linkage between the protein and growing polymer. We
synthesized 1 and evolved a Methanococcus jannaschii (Mj) tyrosyl-
tRNA synthetase (RS)/tRNACUA pair to genetically encode this

initiator in response to an amber codon.6 To demonstrate the utility
of this initiator, we produced green fluorescent protein (GFP) with
1 site-specifically incorporated on its surface. Purified GFP-1 was
then used as an initiator under standard ATRP conditions with a
monomer, oligo(ethylene oxide) monomethyl ether methacrylate
(OEO300MA), efficiently producing a polyMPEG-GFP bioconju-
gate where the polymer is connected at the selected site on GFP.

It is important to synthesize 1 in large quantities since relatively
large quantities of initiator-containing protein are needed for
polymerization experiments. The initiator 1 was synthesized in two
steps in 63% yield from commercially available material (see
Supporting Information for details).

To evolve the orthogonal MjTyrRS/tRNACUA pair capable of
incorporating 1 in response to an amber codon, we used a library
of the synthetase (RS) gene that was randomized for the codons
corresponding to six active-site residues (Y32, L65, F108, Q109,
D158, I159) within 7 Å of the bound tyrosine.6 We performed two
rounds of alternating positive and negative selection on this library
(see Supporting Information for details). The clones that survived
the selection were transformed into cells with a plasmid containing
a GFP gene interrupted with an amber codon.7 A total of 92 colonies
were assessed for UAA-dependent expression of GFP. The eight
top performing clones showed greater than 400 mg/L of GFP-1
expression in the presence of 1 and no detectable GFP fluorescence
over background in the absence of 1 (Supporting Information
Figure 2). Sequencing these eight clones revealed six different RS
sequences (Supporting Information Table 2).

For further characterization of the incorporation of 1 into proteins
in response to the amber codon, the most active RS was cloned
into a pDule vector that contains one copy of Mj tRNACUA to create
pDule-BIBAF.7,8 Expression of GFP gene interrupted by an amber
codon at site 134 in the presence of pDule-BIBAF was efficient
and dependent on the presence of 1 (Figure 1b). Using 1 mM 1,
0.42 g of GFP-1 was purified per liter of medium, while wild-
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Figure 1. Genetic incorporation of ATRP initiator into proteins. (A)
Initiator 4-(2′-bromoisobutyramido)phenylalanine (1). The synthetic route
need not be asymmetric, since the MjRS utilizes only the L form. (B) The
evolved MjRS/tRNACUA pair in pDule-BIBAF allows for site-specific
incorporation of 1 in response to an amber codon. Lane 2 shows expression
levels of GFP-wt from pBad-GFP-His6. Production of GFP-1 from pBad-
GFP-134TAG-His6 is dependent on 1 in the growth media: lane 3 without
1 present, lane 4 with 1 mM 1 present. Protein was purified by Co2+ affinity
chromatography, separated by SDS-PAGE, and stained with Coomassie.
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type GFP (GFP-wt) yielded 1.27 g/L under similar conditions (no
GFP is produced in the absence of 1). To further demonstrate that
1 can be incorporated into recombinant proteins using pDule-
BIBAF, we compared the masses of GFP-1 to GFP-wt using
electrospray ionization-quadrupole time-of-flight mass analysis to
verify that only a single 1 is incorporated in GFP (Supporting
Information Figure 4). The site of 1 incorporation was confirmed
by analysis of the tandem mass spectrometry (MS/MS) fragmenta-
tion series of the relevant tryptic peptide (Supporting Information
Figures 5 and 6). Overall, the results of protein expression with
affinity purification, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and MS analysis demonstrate the
high fidelity and efficient incorporation of 1 at a genetically
programmed site in GFP using pDule-BIBAF.

ATRP’s tolerance of mild temperatures and aqueous conditions
has been established for a variety of monomers on many biomol-
ecules. The use of 1 as an initiator has never been reported. Since
polyMPEG-protein bioconjugates have shown efficient pharma-
cokinetics and therapeutic potency,1c-f,3b the monomer OEO300MA
was selected to demonstrate that the genetically incorporated initiator
1 can be used in ATRP. The GFP-1 initiator and OEO300MA
monomer were degassed with nitrogen, and the reaction was initiated
by adding a degassed stock solution of 2,2′-bipyridine and Cu+/Cu2+

(see Supporting Information for details). ATRP performed in degassed
phosphate-buffered saline (PBS) at 24 °C was quenched at different
time points to assess polymer growth by SDS-PAGE and size
exclusion chromatography (SEC) (Figure 2A,B). As expected,
polymer growth from GFP-1 was evidenced by shifts to higher
molecular weight (MW) with increasing ATRP reaction time,

whereas no change was evident on GFP-wt under ATRP conditions.
While the radical process of ATRP can have early stage termination
leading to residual unreacted GFP-1, characterization by SEC
showed that 93% of the GFP-1 initiator was incorporated into high-
MW polymers at 180 min (Figure 2A, lane 7; Figure 2C, green
trace). Since it is very stable, the amide linkage connecting the
polymer to GFP prevents separation via hydrolysis for analysis.
To verify that the polymers grown from the surface of GFP-1
did not significantly affect the structure of the protein, we
compared fluorescence/protein concentration ratios, since GFP
fluorescence intensity correlates with the structural integrity of
the protein (Supporting Information Table 3).9 To further
characterize the polyMPEG-GFP bioconjugate, the 180 min
reaction was fractionated by SEC, yielding purified protein-
polymers of different sizes. The fractionated soluble fluorescent
polyMPEG-GFP samples exhibited the expected MW increase
when characterized by SDS-PAGE (Supporting Information
Figures 7 and 8).

In conclusion, we report a general method for the quantitative,
site-specific incorporation of a polymer initiator, 1, into recombinant
proteins. While other reports have shown the ability to control and
manipulate polymer growth from proteins,1c,3b,5c this method
overcomes the technical challenges of attaching an initiator to the
protein of interest prior to polymerization and provides facile access
to a diversity of sites on proteins. GFP-wt was unable to grow
polymers, but the single addition of 1 at site 134 allowed for
efficient polymer growth. We have demonstrated the utility of this
new initiator in a protein by growing polymers of OEO300MA from
GFP-1 and showing that attached polymer does not affect the
general structure or solubility of GFP. The resulting amide linkage
between the protein and polymer should be stable to drug delivery
and material science applications. While we have shown that this
initiator on GFP functions well for generating protein-polymers
in aqueous conditions by standard ATRP chemistry, it should
also function with other controlled radical polymerization agents
as well.1e,f,2a Our future efforts will focus on application of this
method for preparation and study of unique protein-polymer
hybrid materials and pharmaceuticals.

Acknowledgment. This work was supported by F&M Hackman
and Eyler funds, NSF-MCB-0448297, Research Corporation
(CC6364), NSF-DMR-09-69301, and HHMI undergraduate science
program. We also thank Dr. N. V. Tsarevsky for assistance in
polymerizations and Leo James of the MRC-LMB for use of SEC
instruments and assistance.

Supporting Information Available: Experimental details, selection
methods, MS characterization of proteins, and protein-polymer
characterizations. This material is available free of charge via the
Internet at http://pubs.acs.org.

References

(1) (a) Borner, H. G.; Kuhnle, H.; Hentschel, J. J. Polym. Sci. Part A: Polym.
Chem. 2010, 48, 1. (b) Depp, V.; Alikhani, A.; Grammer, V.; Lele, B. S.
Acta Biomater. 2009, 5, 560. (c) Gao, W. P.; Liu, W. G.; Mackay, J. A.;
Zalutsky, M. R.; Toone, E. J.; Chilkoti, A. Proc. Natl. Acad. Sci. U.S.A.
2009, 106, 15231. (d) Krishna, O. D.; Kiick, K. L. Biopolymers 2010, 94,
32. (e) Lutz, J.-F.; Boerner, H. G. Prog. Polym. Sci. 2008, 33, 1. (f) Nicolas,
J.; Mantovani, G.; Haddleton, D. M. Macromol. Rapid Commun. 2007, 28,
1083. (g) Connor, R. E.; Tirrell, D. A. Polym. ReV. 2007, 47, 9.

(2) (a) Liu, J. Q.; Bulmus, V.; Herlambang, D. L.; Barner-Kowollik, C.; Stenzel,
M. H.; Davis, T. P. Angew. Chem., Int. Ed. 2007, 46, 3099. (b) Zeng, Q. B.;
Li, T.; Cash, B.; Li, S. Q.; Xie, F.; Wang, Q. Chem. Commun. 2007, 1453.
(c) Heredia, K. L.; Bontempo, D.; Ly, T.; Byers, J. T.; Halstenberg, S.;
Maynard, H. D. J. Am. Chem. Soc. 2005, 127, 16955.

(3) (a) Le Droumaguet, B.; Velonia, K. Angew. Chem., Int. Ed. 2008, 47, 6263.
(b) Lele, B. S.; Murata, H.; Matyjaszewski, K.; Russell, A. J. Biomacro-
molecules 2005, 6, 3380. (c) Canalle, L. A.; Lowik, D. W. P. M.; van Hest,
J. C. M. Chem. Soc. ReV. 2010, 39, 329.

Figure 2. Characterization of ATRP grafting from GFP-wt and GFP-1
with OEO300MA monomer in PBS at 24 °C. (A) SDS-PAGE of crude
time points (5 µg of protein was loaded on each lane of a 4-12% gel). The
reaction produced no size change for GFP-wt (lanes 2 and 3), while the
majority of GFP-1 showed significant size increases with increasing ATRP
reaction time (lanes 4-7). (B,C) SEC of 0.1 mg of desalted reaction time
points on Superdex 200 at a flow rate of 0.8 mL/min of PBS buffer
monitored at 230 nm: (B) GFP-wt eluted at the expected volume of 17.3
mL (black) and was unaltered by the ATRP reaction (offset green); (C)
GFP-1 ATRP reaction showed the protein significantly increasing in size
(black, time ) 0; green, time ) 180 min).

13576 J. AM. CHEM. SOC. 9 VOL. 132, NO. 39, 2010

C O M M U N I C A T I O N S



(4) Broyer, R. M.; Quaker, G. M.; Maynard, H. D. J. Am. Chem. Soc. 2008,
130, 1041.

(5) (a) Wang, J.-S.; Matyjaszewski, K. J. Am. Chem. Soc. 1995, 117, 5614. (b)
Matyjaszewski, K.; Xia, J. Chem. ReV. 2001, 101, 2921. (c) Matyjaszewski,
K.; Tsarevsky, N. V. Nature Chem. 2009, 1, 276.

(6) Xie, J.; Schultz, P. G. Methods 2005, 36, 227.
(7) (a) Miyake-Stoner, S. J.; Refakis, C. A.; Hammill, J. T.; Lusic, H.; Hazen,

J. L.; Deiters, A.; Mehl, R. A. Biochemistry 2010, 49, 1667. (b) Stokes,

A. L.; Miyake-Stoner, S. J.; Peeler, J. C.; Nguyen, D. P.; Hammer, R. P.;
Mehl, R. A. Mol. Biosyst. 2009, 5, 1032.

(8) Miyake-Stoner, S. J.; Miller, A. M.; Hammill, J. T.; Peeler, J. C.; Hess,
K. R.; Mehl, R. A.; Brewer, S. H. Biochemistry 2009, 48, 5953.

(9) Pedelacq, J. D.; Cabantous, S.; Tran, T.; Terwilliger, T. C.; Waldo, G. S.
Nat. Biotechnol. 2006, 24, 79.

JA104493D

J. AM. CHEM. SOC. 9 VOL. 132, NO. 39, 2010 13577

C O M M U N I C A T I O N S


