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Abstract
Conventional methods for synthesizing protein/peptide–polymer conjugates, as a means to
improve the pharmacological properties of therapeutic biomolecules, typically have drawbacks
including low yield, non-trivial separation of conjugates from reactants, and lack of site-
specificity, which results in heterogeneous products with significantly compromised bio activity.
To address these limitations, the use of sortase A from Staphylococcus aureus is demonstrated to
site-specifically attach an initiator solely at the C-terminus of green fluorescent protein (GFP),
followed by in situ growth of a stealth polymer, poly(oligo(ethylene glycol) methyl ether
methacrylate) by atom transfer radical polymerization (ATRP). Sortase-catalyzed initiator
attachment proceeds with high specificity and near-complete (≈95%) product conversion.
Subsequent in situ ATRP in aqueous buffer produces 1:1 stoichiometric conjugates with > 90%
yield, low dispersity, and no denaturation of the protein. This approach introduces a simple and
useful method for high yield synthesis of protein/peptide–polymer conjugates.
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1. Introduction
Covalent conjugation with stealth polymers can improve the pharmacokinetics and
biodistribution, and reduce the immunogenicity of therapeutic proteins and peptides. [1]

Conjugation with “smart” polymers can also impart interesting and useful behaviors such as
externally triggered activity switching of the biomolecule. [2] Conventional “grafting to”
conjugation methods, which involve separate synthesis and attachment of a polymer to a
biomolecule, often suffer from low yield due to steric hindrance and difficulty in product
purification as a result of similar sizes and surface properties of the reactants and
products. [3] The recent emergence of “grafting from” techniques, or growing polymers
directly from biomolecular macroinitiators, effectively circumvents these issues. [3d, 4]

However, most methods of initiator attachment still lack site specificity and general
applicability. [3e, 4c-g, 5]

Aiming to develop a general method for a high yield “grafting from” synthesis of site-
specific and stoichiometric bioconjugates, we selected sortase-mediated ligation (SML) for
initiator attachment because its high specificity and mild reaction conditions are ideal for
protein and peptide manipulation. [6] The versatility of SML has been demonstrated
previously, [7] but it has not been exploited to install a polymerization initiator at a defined
site on a protein. The sortase A (SrtA) transpeptidase from S taphylococcus aureus
recognizes the penta-peptide sequence “LPXTG” (lysine-proline-X-threonineglycine, where
“X” is any standard amino acid residue) embedded in or terminally attached to a protein or
peptide, and its cysteine (C) nucleophilically attacks the amide bond between threonine and
glycine within the recognition sequence, generating a relatively long-lived enzyme-thioacyl
intermediate. [6a] To complete transpeptidation, a second (bio)molecule with an N-terminal
nucleophilic group, typically an oligoglycine motif, attacks the intermediate, displacing SrtA
and joining the two molecules via a native peptide bond. [6a]

Herein, SrtA was used to site-specifically attach an initiator solely at the C terminus of green
fluorescent protein (GFP), followed by in situ growth of the stealth polymer,
poly(oligo(ethylene glycol) methyl ether methacrylate) [poly(OEGMA)], from the protein
by atom transfer radical polymerization (ATRP) to yield GFP–C–poly(OEGMA).

2. Experimental Section
2.1. Sortase-Catalyzed Initiator Attachment and Product Separation

All chemical reagents were purchased from Sigma Aldrich and used as received, unless
otherwise specified. GFP–srt–ELP (ELP: elastin-like polypeptide) and SrtA were
recombinantly expressed and purified as described in the Supporting Information. A reaction
mixture consisting of GFP–srt–ELP, SrtA, and initiator N -(2-(2-(2-(2-
aminoacetamido)acet-amido)acetamido) ethyl)-2-bromo-2-methylpropanamide (AEBMP,
synthesis detail described in SI) at a 2:1:60 ratio in sortase buffer (50 m M tris-
(hydroxymethyl)amino methane (Tris), 150 m M NaCl, 10 m M CaCl 2, pH adjusted to 7.5)
was incubated at 37 °C for 5 h. Post reaction, a reverse histidine tag (His-tag) purification
was used to isolate the GFP–C–Br macroinitiator, by exploiting the fact that the
macroinitiator is the only species in the mixture without a hexahistidine tag (His 6 -tag).
Equilibration and elution washes were done as described in the SI. The first two
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equilibration washes containing the eluted GFP–C–Br were collected and solvent exchanged
by overnight dialysis against phosphate buffered saline (PBS, pH 7.4, EMD Millipore) in
preparation for use. A control reaction was done by replacing AEBMP with triglycine
(Gly 3), while keeping all other conditions the same. The resulting GFP–C–Gly 3 was used
as a negative control in the subsequent in situ ATRP reaction.

2.2. In Situ ATRP from GFP–C–Br and Conjugate Purification
ATRP reactions were performed using conditions described previously with minor
changes. [11] OEGMA (MW = 500) was eluted through a column packed with aluminum
oxide to remove the polymerization inhibitors. Three sets of reaction conditions were
attempted and the parameters are summarized in SI Table S1. Polymerization was typically
carried out by first mixing specified amounts of CuCl, CuCl 2, and 1,1,2,7,10,10-
hexamethyltriethylenetetramine (HMTETA) in 100 μ L of MilliQ water until all reagents
were completely dissolved and then topped up with 400 μ L of PBS. A second solution was
prepared by adding OEGMA to 2 mL of 100 μM GFP–C–Br in PBS. The two solutions were
degassed by bubbling separately with argon for 30 min using a Schlenk line, after which the
first solution was quickly transferred into the second solution by a cannula. Polymerization
was allowed to proceed for a specified time at room temperature under argon and was
quenched by bubbling with air. An initial separation of the conjugate from the low
molecular weight (MW) reagents was carried out by gel filtration on disposable PD-10
columns (GE Life Science) before subsequent purification and characterization.

3. Results and Discussion
GFP was chosen as a model protein in this proof-of-concept study as its fluorescence allows
easy tracking of the protein through the initiator installation and in situ polymerization, and
it also serves as an indicator of the folding and activity of the protein. A ternary fusion
protein, abbreviated as “GFP–srt–ELP”, was recombinantly expressed to serve as the sortase
substrate (Scheme 1 a). Here, “srt” stands for the native SrtA recognition sequence
“LPETG” [8] (“E”: glutamine) and ELP refers to an environmentally responsive elastin-like
polypeptide that was included in the fusion to enable easy purification of the ternary fusion
by inverse transition cycling (ITC), a non-chromatographic protein purification method that
we previously developed. [9] The recognition sequence was deliberately located between the
protein and the ELP, so that transpeptidation by SrtA not only attaches the initiator to GFP
but also conveniently liberates the purification tag. As transpeptidation relies on the
presence of the enzyme, cleavage does not begin until SrtA is added in vitro. Very little, if
any, of the protein is thus expected to be lost in vivo before purification, hence increasing
the overall product yield. This hypothesis was confirmed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis of ITC purification of GFP–srt–
ELP. As shown in SI Figure S2a, the only species that exhibited inverse transition behavior
and thus was purified by ITC was GFP–srt–ELP. The lack of a free ELP band clearly
demonstrates that no premature in vivo cleavage occurred. The fusion protein was obtained
at high purity with an excellent yield of ≈300 mg L −1 from E. coli shaker flask culture.

SrtA carrying an N-terminal His 6 -tag was also recombinantly expressed in E. coli with
high yield (≈135 mg L −1) and obtained in high purity by immobilized metal affinity
chromatography (IMAC) (Figure S2b, Supporting Information). The ATRP initiator
AEBMP (Scheme 1) was chemically synthesized with an N-terminal Gly 3 motif serving as
the nucleophile, as maximum reaction rates for SML have been reported when two or more
glycines are incorporated. [7f]

Sortase-catalyzed initiator attachment (SCIA) was then carried out at a GFP–srt–ELP/SrtA/
AEBMP ratio of 2:1:60 (Scheme 1 b). SDS-PAGE analysis of the reaction mixture showed
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near complete disappearance of the GFP–srt–ELP band close to 67 kDa, and the appearance
of two bands around 39 and 28 kDa, corresponding to the cleaved ELP and the
macroinitiator product, abbreviated as GFP–C–Br (Figure 1 a). A control reaction was done
using Gly 3 as the nucleophile, to yield GFP–C–Gly 3 as a negative control for subsequent
ATRP reaction. Quantification of band intensity in SDS-PAGE showed that initiator
attachment efficiency was near quantitative (≈95% averaged across five samples, Table S2,
Supporting Information).

To purify GFP–C–Br, a His 6 -tag was intentionally inserted between “srt” and ELP, such
that upon trans-peptidation by SrtA, all species except GFP–C–Br carried a His 6 -tag.
Consequently, elution through an IMAC column yielded pure macroinitiator in the eluent
while leaving all other unwanted species bound to the resin. SDS-PAGE analysis (Figure
S2c, Supporting Information) indicated that all of the GFP–C–Br was recovered by this
method. The purified GFP–C–Br was then characterized by liquid chromatography/
electrospray-ionization mass spectrometry (LC/ESI-MS) to confirm initiator attachment
(Figure S3a, Supporting Information). A major peak was detected at 28 120.4 Da, which
closely agrees with the theoretical mass of 28 123.8 Da for GFP–C–Br. To prove site
specificity of initiator attachment, GFP–C–Br was subjected to trypsin digestion and the
peptide fragments were analyzed by liquid chromatography/tandem mass spectrometry (LC-
MS/MS). Only the C-terminal peptide fragment was detected as a brominated cation and its
experimental isotope distribution (Figure 2 b) showed nearly perfect overlap with its
theoretical distribution (Figure S3b). These results provided strong evidence that the
brominated ATRP initiator was solely attached to the C-terminus of GFP by SrtA. Aside
from the singly brominated C-terminal peptide, no other derivatives were detected.

Subsequently, in situ ATRP was performed to graft poly(OEGMA) from GFP–C–Br
(Scheme 1 c). Three sets of polymerization conditions (Table S1, Supporting Information)
were investigated to synthesize conjugates of increasing MWs, denoted herein as Rxn 1,
Rxn 2, and Rxn 3. Size exclusion chromatography (SEC) was performed after ATRP to
characterize the polymerization product. SEC of the product with UV/vis absorbance
detection at 280 nm (Figure 2 a) showed a single peak at an elution time of 20.6 min,
corresponding to GFP–C–Br prior to polymerization. This peak greatly diminished after
polymerization, and was accompanied by the emergence of peaks at 17.9, 15.9, and 13.3
min, corresponding to GFP–C–poly(OEGMA) conjugates in each of the three reactions. The
results from UV/vis detection were consistent with those from fluorescence detection
(Figure S4, Supporting Information). Integration of peak areas showed that the conjugates
constituted > 90% of the polymerization product on average (Table S3 and S4, Supporting
Information), indicating that in situ ATRP from GFP–C–Br proceeds with extremely high
efficiency.

SDS-PAGE analysis provided additional evidence for the successful growth of
poly(OEGMA) from GFP–C–Br (Figure S2d, Supporting Information). After each reaction,
the band corresponding to GFP–C–Br (≈28 kDa) decreased to a much lower intensity,
accompanied by a new higher molecular weight band corresponding to the conjugate. In
contrast, when the GFP–C–Gly 3 control was used in the polymerization, or when GFP–C–
Br was physically mixed with pre-synthesized poly(OEGMA), only a single band was
observed around 28 kDa, proving that poly(OEGMA) was only grown in situ from the C-
terminal initiator attached by SCIA.

The conjugates were further characterized by light scattering (Table 1). First, size exclusion
chromatography multi-angle light scattering (SEC-MALS) was performed to determine the

weight-average molecular weight ( ) and radius of gyration (Rg) of the conjugates. The of

 GFP–C–Br measured was 28.0 kDa and the polydispersity index (PDI) was 1.01,
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consistent with the theoretical value of 28 123.8 Da and the expected monodispersity of the

macroinitiator. The s of the three conjugates measured by SEC-MALS were 61.2, 89.9,
and 263.1 kDa, respectively, with corresponding PDIs of 1.23, 1.26, and 1.25. These results
show that by tuning the ATRP conditions, conjugates can be synthesized from
macroinitiators generated by SCIA with different molecular weights and fairly low
polydispersity. The Rg s of GFP–C–Br and the Rxn 1 conjugate could not be accurately
determined by SEC-MALS as they fell below the 10 nm lower limit of detection at a laser
wavelength of 638 nm. Rg s of the products of Rxn 2 and 3 were 10.6 and 19.2 nm,
respectively. Next, the hydrodynamic radius (Rh) of each species was measured by dynamic
light scattering (DLS). The Rh of GFP–C–Br was determined to be 3.6 nm. In situ growth of
poly(OEGMA) from the macroinitiator resulted in an increase of the Rh to 6.4, 10.0, and
18.3 nm, for the three polymerization reactions, respectively. With both Rg and Rh available
for Rxn 2 and 3, their corresponding Rg/Rh ratios (ρ = form factor) were calculated, yielding
values of 1.06 and 1.05, respectively. To put these values in perspective, ρ for globular
proteins is ≈0.775, [10] while that of a monodisperse random coil polymer in theta solvent is
1.50. An increase in polymer polydispersity and the presence in a good solvent can increase
ρ. [11] Thus, their ρ values suggest that the overall conformation of the GFP–C–
poly(OEGMA) conjugates lies somewhere between that of their components. The
conjugates could be easily and completely purified by preparative SEC. Fluorescence
spectroscopy of unmodified GFP, GFP–C–Br, and purified GFP–C–poly(OEGMA) (Rxn 3

product,  263.1 kDa as measured by SEC-MALS) clearly shows that each step in the
synthesis of the conjugate has minimal effect on the activity of the protein (Figure 2b).

Comparison of these results with an alternative strategy for C-terminal growth of a polymer
from biomolecules facilitated by intein-mediated initiator attachment (IMIA) is instructive.
IMIA exploits cleavage of a mutated intein in a protein–intein fusion to generate a unique C-
terminal reactive thioester on the protein, which can react with an N-terminal cysteine on an
ATRP initiator to site-specifically attach the initiator solely at the C terminus of the
protein. [12] Although useful, this method has a few limitations. First, its product yield is
adversely affected by premature in vivo cleavage of the intein (≈30%) during expression,
which results in loss of the appended purification tag from the protein, leading to
appreciable product loss. [12] In contrast, the SCIA reaction occurs solely in vitro, and hence
offers greater control over the reaction and product yield. Second, for IMIA, the protein of
interest needs to be fused to a relatively large intein domain that can, in some instances,
reduce the expression of the fusion protein. [7f] In addition, the presence of thiol groups at
the ligation site in IMIA makes the method prone to generating small amounts of side-
products through disulfide bonding, a problem that does not occur in SCIA. The one
potential advantage of IMIA over SCIA is that SCIA requires the introduction of an
extraneous LPET(G)n peptide tag at the C-terminus, which may have some consequence on
the immunogenicity of the conjugate, although this remains to be clarified.

4. Conclusion
In conclusion, SrtA-catalyzed installation of the ATRP initiator on the C terminus of GFP
proceeded to > 95% conversion with no side products. Subsequent in situ ATRP of
poly(OEGMA) from the macroinitiator yielded site-specific and stoichiometric (1:1) GFP–
C–poly(OEGMA) conjugates with well-controlled polydispersity and > 90% efficiency. The
conjugates could be easily and completely purified and the overall yield of the conjugate
normalized to purified protein was > 85%. We believe such a yield is notable, as it shows
minimal loss during installation of the ATRP initiator, subsequent in situ ATRP or
purification of conjugates, given that order of magnitude losses are considered routine in the
synthesis of protein–polymer conjugates. This extraordinarily high yield is important for
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biomolecule–polymer conjugate synthesis, especially when the biomolecule of interest is a
high value “biologic” peptide or protein drug. Enhanced pharmacokinetics, improved tissue
biodistribution, and reduced immunogenicity of poly(OEGMA) conjugates of
therapeutically relevant biomolecules are potential benefits of this polymer conjugation
methodology, and will be investigated in future studies. We anticipate that this new method
will provide a useful tool for the synthesis of protein (and peptide)–polymer conjugates for
pharmaceutical applications.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a) SDS-PAGE analysis of initiator attachment by SrtA. Lane 1: MW marker, lane 2: GFP–
srt–ELP, lane 3: SrtA, lane 4: SCIA reaction mixture after 5 h of reaction, lane 5: purified
GFP–C–Br macroinitiator. b) Isotopic distribution of GFP–C–Br C-terminal peptide
[DHMVLLEFVTAAGITHGMDELYNVDGGGSLPET–“AEBMP”] 3+ detected by liquid
chromatography tandem mass spectrometry (LC/MS-MS) after trypsin digestion.
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Figure 2.
a) Size exclusion chromatography (SEC) traces of GFP-Br (dotted line), Rxn 1 (dashed
dotted line), Rxn 2 (dashed line), and Rxn 3 (solid line). b) Fluorescence spectra of GFP
before initiator attachment (solid triangle), after initiator attachment (empty square), and
after in situ ATRP (solid circle, ATRP at Rxn 3 conditions: 263.1 kDa as measured by SEC-
MALS); all samples at 20 μM.
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Scheme 1.
Synthetic route of GFP–C–poly(OEGMA). a) Recombinant expression of ternary fusion
protein GFP–srt–ELP and purification by inverse transition cycling (ITC). b) SrtA-catalyzed
site-specific attachment of the ATRP initiator AEBMP to the C terminus of GFP. c) In situ
ATRP of OEGMA yielding GFP–C–poly(OEGMA).
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Table 1

Light scattering characterizations of the GFP–C–Br macroinitiator and GFP–C–poly(OEGMA) conjugates.

Species
M
‒

wa

[kDa]

PDI
a

Rg
a

[nm]
Rh

b

[nm]

GFP–C–Br 28.0 1.01 N/Ac 3.6

Rxn 1 61.2 1.23 N/Ac 6.4

Rxn 2 89.9 1.26 10.6 10.0

Rxn 3 263.1 1.25 19.2 18.3

a
Determined by SEC-MALS

b
Determined DLS

c
Below instrument lower limit of detection.
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