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ABSTRACT: Polymer−protein conjugates are hybrid materials with interesting
and useful properties. Methods to prepare diverse diblock materials of this sort
often struggle to deal with the complexity and size of reagents, and so polymer−
protein conjugation represents a stringent testing ground for nontraditional
bioconjugation methods, such as metal-catalyzed arylation. This work
demonstrates a simple Ni2+-promoted arylation of cysteine residues with end-
functionalized polymer−boronic acid reagents, and explores some molecular and
physical properties possible in these hybrid structures.

Macromolecule−macromolecule conjugates, such as
protein−polymer conjugates, are fascinating hybrid

materials with unique properties, including stability to
environmental stressors,1,2 broad solubility profiles,3,4 unique
therapeutic potential,5−8 and thermoresponsive behavior such
as temperature-dependent micellization.9−11 Synthetic meth-
ods to prepare these compounds include the use of
prefunctionalized proteins for reaction with reactive proteins
or polymerization from a protein macromonomer.12,13 Direct
polymer−protein conjugation of natural proteins is an
alternative synthetic approach that limits the number of
required chemical manipulations on protein reagents.14,15

However, the low concentration of macromolecular reactive
end-groups with a sea of functional groups16 makes this a
relatively daunting challenge.
Site-specific arylation promoted by transition metals has

seen significant interest recently,17 due to generally unique and
potentially orthogonal reaction conditions, as well as the ability
to create linkages that are electronically, structurally, and
sterically different from those available with traditional
reagents. Efforts to employ arylation methods in ever more
complex environments are still in a nascent stage.18,19 We
recently described20 a nickel-catalyzed cysteine arylation
reaction with boronic acid reagents. The synthetic ease and
efficiency of this process led us to imagine that boronic acid
polymer end groups might serve as useful handles for direct
attachment of polymers to cysteine groups. At the same time,
this concept allows us to explore chemoselectivity questions in
nickel catalysis in new contexts and to assess reaction efficiency
for coupling pairs at quite low concentration. Herein, we report

the adaption of boronic acid cysteine arylation chemistry for
selective macromolecule−macromolecule bioconjugation.

■ RESULTS
Polymer−boronic acid reagents are readily prepared from
suitably reactive boronic acid reagents and end-functionalized
polymers. Poly(ethylene glycol) (PEG) was chosen as the
initial polymer. A 5-kDa PEG-nitrophenylboronic acid (1a)
was easily synthesized by coupling 4-carboxy-2-nitrophenyl-
boronic acid with an amine-terminated 5-kDa PEG. The
V131C mutant of T4 lysozyme (T4L) was chosen as a model
protein, containing a single solvent-exposed cysteine.21,22 T4L
was treated with varying amounts of PEG−boronic acid 1a
under our previously optimized conditions with Ni2+ and a
bipyridine-derived ligand L1.20 In 30 min, a mass shift was
observed by SDS-PAGE corresponding to mono-PEGylated
T4L (Figure 1b). Similar experiments with a protein lacking a
cysteine residue showed no reactivity.20

PEGylation was further confirmed by barium iodide staining,
which selectively stains for PEG,23 and size exclusion
chromatography (Figure 1b,c). Conjugation occurred with as
little as 2.5 equiv of polymer−boronic acid, and nearly full
conversion (>90%) upon increasing the amount of boronic
acid (Figure 1b, lanes 1−3).
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Encouraged by the successful conjugation of a 5-kDa PEG,
PEG-nitrophenylboronic acids with increasing molecular
weights were synthesized bearing 10-kDa (1b) and 20-kDa
(1c) PEG chains. To test our chemistry beyond the
conjugation of PEG, we also synthesized boronic acid-
functionalized variants of other useful biocompatible polymers:
poly(2-ethyl-2-oxazoline) (PEOZ, 2) and poly(N-isopropyla-
crylamide) (PNIPAM, 3). T4L was reacted with polymer−
boronic acids 1a−c and 2−3 under the optimized conditions.
Excellent conversion was achieved with all polymer−boronic
acids except PNIPAM 3 (Figure 2c, lanes 1−4). PNIPAM is a
thermoresponsive polymer and becomes insoluble at elevated
temperatures. With this in mind, lowering the temperature (to
30 °C from 37 °C) afforded conditions for efficient production
of a T4L−PNIPAM conjugate as well (Figure 2c, lane 5).
The conjugation was further explored on other proteins to

establish the scope of the catalytic process. The S147C mutant
of superfolder green fluorescent protein (sfGFP), containing a
single, solvent-exposed cysteine,22 was chosen as the next
protein. Under conditions previously developed, the polymer−
boronic acids 1a−c and 2−3 all reacted efficiently with sfGFP
to provide arylated cysteine conjugates (Figure 3a). Con-
jugation was also tested on the CAL PDZ24,25 domain

(CALP). Unlike previous proteins studied, polymer con-
jugation with CALP was sluggish under our initial conditions,
possibly reflecting limited solvent accessibility of the natural
CALP cysteine residue. This limitation is commonly observed
in cysteine conjugation chemistries, and can be overcome
under denaturing conditions.26−28 In the case at hand, urea
was found to be completely compatible with the nickel-
catalyzed coupling, and protein conjugates were readily
produced under these conditions (Figure 3b). We were
pleased to observe that nickel-catalyzed polymer conjugation
was also observed with CALP bearing a His-tag, a common
purification tag that strongly binds to nickel ions (Figures 3b
and S3).
Other polymer architectures proved amenable to this

approach. Symmetric bis-boronic acid polymers, such as 4
(Figure 4) would allow direct access to synthetic protein
dimers with PEG linkers, analogous to ABA-type triblock
copolymers.29−31 Linked protein homodimerization is a useful
approach for enhanced structural properties and greater
biological functionality.32−35 A 2:1 ratio of protein and
polymer 4 was employed to further assess reaction efficacy.
At protein concentrations of 100 μM, the PEG-linked dimer
was the major product observed within 1 h with both T4L and

Figure 1. (a) Modification of T4L with 1a. (b) Left: Coomassie (top)
and BaI2 (bottom) stained gels of T4L modification with varying
equiv of 1a. Conditions: T4L (20 μM), TCEP (0.2 mM), 1a (50−400
μM), L1 (0.4 mM), Ni(OAc)2 (0.4 mM) in NMM buffer (50 mM,
pH 7.5) at 37 °C for 30 min. Conversion measured by gel
densitometric analysis (ImageJ). Right: Structures of PEG 5k-
nitrophenylboronic acid 1a and 6,6′-dimethyl-2,2′-bipyridine (L1)
ligand. (c) SEC analysis of T4L (green) and PEG−T4L (blue).
PEG−T4L verified by MALDI-MS (inset).

Figure 2. Modification of T4L. (a) Scheme of T4L modification with
boronic acids. (b) Structures of PEG (1a−c), PEOZ (2), and
PNIPAM (3) nitrophenylboronic acids. (c) Gel image of T4L
polymer modifications. Conditions: T4L (20 μM), TCEP (0.2 mM),
boronic acid (200 μM, 400 μM for 3), L1 (0.4 mM, 0.8 mM for 3),
and Ni(OAc)2 (0.4 mM, 0.8 mM for 3) in NMM buffer (50 mM, pH
7.5) at 37 °C for 30 min. Conversion measured by gel densitometric
analysis (ImageJ).
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sfGFP, along with minor amounts of incomplete single-
conjugation (Figure 4b,c “Mono”).
Protein−polymer conjugation is a convenient way to

engineer chemical and physical properties in a predictable
way. PNIPAM exhibits a lower critical solution temperature
(LCST) phase transition, which can be exploited for
responsive materials with properties such as thermoresponsive
micellization.36−38 Differential scanning calorimetry (DSC)
confirmed a clean phase transition for the diblock T4L−
PNIPAM around 55 °C in buffer. Dynamic light scattering
(DLS) also indicated a desolvation-driven aggregation event
around 55 °C, with a significant increase in particle size. At low
temperatures, a hydrodynamic radius of 7 nm was observed,
consistent with monomeric T4L−PNIPAM. Above the phase
transition, aggregates of average size 65 nm were observed,
consistent with other reports of PNIPAM conjugates.37,39 The
diblock transition occurs ∼20 °C higher than that of the
PNIPAM homopolymer (Figure S8).
Protein−polymer conjugates can also engender solubility in

nonaqueous environments. Several enzymes have shown
increased solubility and stability in organic solvents upon
multisite PEGylation.3 The diblock sfGFP−polymer con-
jugates were tested for enhanced solubility in acetonitrile.
Unconjugated sfGFP was completely insoluble in acetonitrile,
while both sfGFP−PNIPAM and sgGFP−PEOZ were soluble
(Figure 5c).

The chemistry presented here is a simple, selective method
of creating site-selective polymer−protein conjugates and
demonstrates a remarkably efficient catalytic process for
Chan-Lam type coupling in water with two reagents at
biologically relevant low concentrations. The chemoselectivity
observed is all the more remarkable given that copper-

Figure 3. (a) Modification of sfGFP(S147C). (b) Modification of
CAL PDZ domain (CALP). Free cysteines denoted by yellow arrow.
Conditions: proteins (20 μM), TCEP (0.2 mM), boronic acid (200
μM, 400 μM for 3), L1 (0.4 mM, 0.8 mM for 3), Ni(OAc)2 (0.4 mM,
0.8 mM for 3) in NMM buffer (50 mM, pH 7.5) at 37 °C for 30 min.
Buffer contained 8 M urea for CALP. Conversion measured by gel
densitometric analysis using ImageJ.

Figure 4. Dimerization of proteins with bis-boronic acid 4. (a)
Scheme of homodimerization of T4L. Gel images of homodimeriza-
tion of T4L (b) and sfGFP (c). Conditions: proteins (100 μM),
TCEP (1 mM), 4 (50 μM), L1 (2 mM), and Ni(OAc)2 (2 mM) in
NMM buffer (50 mM, pH 7.5) at 37 °C for 1 h. Mono represents
protein that did not dimerize. Conversion measured by gel
densitometric analysis (ImageJ).

Figure 5. Analysis of polymer−protein conjugates. (a) DLS analysis
of T4L−PNIPAM at various temperatures. (b) DSC analysis of
PNIPAM-BOH and T4L−PNIPAM. (c) sfGFP solubility in
acetonitrile. a: sfGFP, b: sfGFP−PNIPAM, c: sfGFP−PEOZ.
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catalyzed hydroxylation of boronic acids with water typically
occurs under mild conditions,40 but is effectively out-competed
here by thiol reactivity at concentrations roughly 6 orders of
magnitude lower than that of the aqueous solvent. Polymer−
boronic acids are easily prepared with a variety of polymers,
and emergent hybrid properties can be demonstrated with
these materials.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.0c00516.

General experimental details, methods for protein
modification and product analysis, and characterization
of new compounds (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Zachary T. Ball − Department of Chemistry, Rice University,
Houston, Texas 77005, United States; orcid.org/0000-
0002-8681-0789; Email: zb1@rice.edu

Author
Michael J. Swierczynski − Department of Chemistry, Rice
University, Houston, Texas 77005, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.bioconjchem.0c00516

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Funding for this research was provided by the NSF under
award number CHE-1904865 and by the Robert A. Welch
Foundation Research Grant C-1680 (Z.T.B.). We thank
Raphael Hofmann and Jeffrey Bode (ETH Zurich) for
supplying the plasmids for T4L(V131C) and sfGFP(S147C);
and thank Nicholas Gill and Dean Madden (Dartmouth) for
expression and purification of the CALP proteins.

■ ABBREVIATIONS
NMM, N-methylmorpholine; T4L, T4 lysozyme; PEG,
poly(ethylene glycol); PEOZ, poly(2-ethyl-2-oxazoline); PNI-
PAM, poly(N-isopropylacrylamide)

■ REFERENCES
(1) Mancini, R. J., Lee, J., and Maynard, H. D. (2012) Trehalose
glycopolymers for stabilization of protein conjugates to environmental
stressors. J. Am. Chem. Soc. 134, 8474−8479.
(2) Liu, Y., Lee, J., Mansfield, K. M., Ko, J. H., Sallam, S.,
Wesdemiotis, C., and Maynard, H. D. (2017) Trehalose glycopolymer
enhances both solution stability and pharmacokinetics of a
therapeutic protein. Bioconjugate Chem. 28, 836−845.
(3) Inada, Y., Takahashi, K., Yoshimoto, T., Ajima, A., Matsushima,
A., and Saito, Y. (1986) Application of polyethylene glycol-modified
enzymes in biotechnological processes: organic solvent-soluble
enzymes. Trends Biotechnol. 4, 190−194.
(4) Gauthier, M. A., and Klok, H.-A. (2010) Polymer−protein
conjugates: an enzymatic activity perspective. Polym. Chem. 1, 1352−
1373.
(5) Zhao, T., Yang, Y., Zong, A., Tan, H., Song, X., Meng, S., Pang,
G., and Wang, F. (2012) N-terminal pegylation of human serum

albumin and investigation of its pharmacokinetics and pulmonary
microvascular retention. BioSci. Trends 6, 81−88.
(6) Sundy, J. S., Baraf, H. S., Yood, R. A., Edwards, N. L., Gutierrez-
Urena, S. R., Treadwell, E. L., Vazquez-Mellado, J., White, W. B.,
Lipsky, P. E., and Horowitz, Z. (2011) Efficacy and tolerability of
pegloticase for the treatment of chronic gout in patients refractory to
conventional treatment: two randomized controlled trials. Jama 306,
711−720.
(7) Veronese, F. M., and Pasut, G. (2005) Pegylation, successful
approach to drug delivery. Drug Discovery Today 10, 1451−1458.
(8) Pelegri-O’Day, E. M., Lin, E.-W., and Maynard, H. D. (2014)
Therapeutic protein−polymer conjugates: advancing beyond pegyla-
tion. J. Am. Chem. Soc. 136, 14323−14332.
(9) Crownover, E. F., Convertine, A. J., and Stayton, P. S. (2011)
pH-responsive polymer−antigen vaccine bioconjugates. Polym. Chem.
2, 1499−1504.
(10) Cobo, I., Li, M., Sumerlin, B. S., and Perrier, S. (2015) Smart
hybrid materials by conjugation of responsive polymers to
biomacromolecules. Nat. Mater. 14, 143−159.
(11) Bencini, M., Ranucci, E., Ferruti, P., and Manfredi, A. (2006)
New stimuli responsive poly(1-vinylpyrrolidin-2-one) bearing pend-
ant activated disulfide groups. Macromol. Rapid Commun. 27, 1060−
1066.
(12) Dozier, J. K., and Distefano, M. D. (2015) Site-specific
pegylation of therapeutic proteins. Int. J. Mol. Sci. 16, 25831−25864.
(13) Roberts, M. J., Bentley, M. D., and Harris, J. M. (2012)
Chemistry for peptide and protein PEGylation. Adv. Drug Delivery
Rev. 64, 116−127.
(14) Ginn, C., Khalili, H., Lever, R., and Brocchini, S. (2014)
Pegylation and its impact on the design of new protein-based
medicines. Future Med. Chem. 6, 1829−1846.
(15) Damodaran, V. B., and Fee, C. (2010) Protein pegylation: an
overview of chemistry and process considerations. Eur. Pharm. Rev.
15, 18−26.
(16) Sletten, E. M., and Bertozzi, C. R. (2009) Bioorthogonal
Chemistry: Fishing for selectivity in a sea of functionality. Angew.
Chem., Int. Ed. 48, 6974−6998.
(17) Pentelute, B., Zhang, C., Vinogradova, E., Spokoyny, A., and
Buchwald, S. (2019) Arylation chemistry for bioconjugation. Angew.
Chem., Int. Ed. 58, 4810−4839.
(18) Kubota, K., Dai, P., Pentelute, B. L., and Buchwald, S. L. (2018)
Palladium oxidative addition complexes for peptide and protein cross-
linking. J. Am. Chem. Soc. 140, 3128−3133.
(19) Kung, K. K.-Y., Ko, H.-M., Cui, J.-F., Chong, H.-C., Leung, Y.-
C., and Wong, M.-K. (2014) Cyclometalated gold(III) complexes for
chemoselective cysteine modification via ligand controlled C−S bond-
forming reductive elimination. Chem. Commun. 50, 11899−11902.
(20) Hanaya, K., Ohata, J., Miller, M. K., Mangubat-Medina, A. E.,
Swierczynski, M. J., Yang, D. C., Rosenthal, R. M., Popp, B. V., and
Ball, Z. T. (2019) Rapid nickel(II)-promoted cysteine S -arylation
with arylboronic acids. Chem. Commun. 55, 2841.
(21) Bays, E., Tao, L., Chang, C.-W., and Maynard, H. D. (2009)
Synthesis of semitelechelic maleimide poly(pega) for protein
conjugation by raft polymerization. Biomacromolecules 10, 1777−
1781.
(22) White, C. J., and Bode, J. W. (2018) Pegylation and
dimerization of expressed proteins under near equimolar conditions
with potassium 2-pyridyl acyltrifluoroborates. ACS Cent. Sci. 4, 197−
206.
(23) Kurfu rst, M. M. (1992) Detection and molecular weight
determination of polyethylene glycol-modified hirudin by staining
after sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Anal.
Biochem. 200, 244−248.
(24) Zhao, Y., Cushing, P. R., Smithson, D. C., Pellegrini, M.,
Pletnev, A. A., Al-Ayyoubi, S., Grassetti, A. V., Gerber, S. A., Guy, R.
K., and Madden, D. R. (2018) Cysteine modifiers suggest an allosteric
inhibitory site on the cal pdz domain. Biosci. Rep. 38, 1 DOI: 10.1042/
BSR20180231.

Bioconjugate Chemistry pubs.acs.org/bc Communication

https://dx.doi.org/10.1021/acs.bioconjchem.0c00516
Bioconjugate Chem. 2020, 31, 2494−2498

2497

https://pubs.acs.org/doi/10.1021/acs.bioconjchem.0c00516?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.0c00516/suppl_file/bc0c00516_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zachary+T.+Ball"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8681-0789
http://orcid.org/0000-0002-8681-0789
mailto:zb1@rice.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+J.+Swierczynski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.0c00516?ref=pdf
https://dx.doi.org/10.1021/ja2120234
https://dx.doi.org/10.1021/ja2120234
https://dx.doi.org/10.1021/ja2120234
https://dx.doi.org/10.1021/acs.bioconjchem.6b00659
https://dx.doi.org/10.1021/acs.bioconjchem.6b00659
https://dx.doi.org/10.1021/acs.bioconjchem.6b00659
https://dx.doi.org/10.1016/0167-7799(86)90244-1
https://dx.doi.org/10.1016/0167-7799(86)90244-1
https://dx.doi.org/10.1016/0167-7799(86)90244-1
https://dx.doi.org/10.1039/c0py90001j
https://dx.doi.org/10.1039/c0py90001j
https://dx.doi.org/10.5582/bst.2012.v6.2.81
https://dx.doi.org/10.5582/bst.2012.v6.2.81
https://dx.doi.org/10.5582/bst.2012.v6.2.81
https://dx.doi.org/10.1001/jama.2011.1169
https://dx.doi.org/10.1001/jama.2011.1169
https://dx.doi.org/10.1001/jama.2011.1169
https://dx.doi.org/10.1016/S1359-6446(05)03575-0
https://dx.doi.org/10.1016/S1359-6446(05)03575-0
https://dx.doi.org/10.1021/ja504390x
https://dx.doi.org/10.1021/ja504390x
https://dx.doi.org/10.1039/c1py00060h
https://dx.doi.org/10.1038/nmat4106
https://dx.doi.org/10.1038/nmat4106
https://dx.doi.org/10.1038/nmat4106
https://dx.doi.org/10.1002/marc.200600194
https://dx.doi.org/10.1002/marc.200600194
https://dx.doi.org/10.3390/ijms161025831
https://dx.doi.org/10.3390/ijms161025831
https://dx.doi.org/10.1016/j.addr.2012.09.025
https://dx.doi.org/10.4155/fmc.14.125
https://dx.doi.org/10.4155/fmc.14.125
https://dx.doi.org/10.1002/anie.200900942
https://dx.doi.org/10.1002/anie.200900942
https://dx.doi.org/10.1002/anie.201806009
https://dx.doi.org/10.1021/jacs.8b00172
https://dx.doi.org/10.1021/jacs.8b00172
https://dx.doi.org/10.1039/C4CC04467C
https://dx.doi.org/10.1039/C4CC04467C
https://dx.doi.org/10.1039/C4CC04467C
https://dx.doi.org/10.1039/C9CC00159J
https://dx.doi.org/10.1039/C9CC00159J
https://dx.doi.org/10.1021/bm9001987
https://dx.doi.org/10.1021/bm9001987
https://dx.doi.org/10.1021/acscentsci.7b00432
https://dx.doi.org/10.1021/acscentsci.7b00432
https://dx.doi.org/10.1021/acscentsci.7b00432
https://dx.doi.org/10.1016/0003-2697(92)90460-O
https://dx.doi.org/10.1016/0003-2697(92)90460-O
https://dx.doi.org/10.1016/0003-2697(92)90460-O
https://dx.doi.org/10.1042/BSR20180231
https://dx.doi.org/10.1042/BSR20180231
https://dx.doi.org/10.1042/BSR20180231?ref=pdf
https://dx.doi.org/10.1042/BSR20180231?ref=pdf
pubs.acs.org/bc?ref=pdf
https://dx.doi.org/10.1021/acs.bioconjchem.0c00516?ref=pdf


(25) Wolde, M., Fellows, A., Cheng, J., Kivenson, A., Coutermarsh,
B., Talebian, L., Karlson, K., Piserchio, A., Mierke, D. F., Stanton, B.
A., Guggino, W. B., and Madden, D. R. (2007) Targeting cal as a
negative regulator of δf508-cftr cell-surface expression an rna
interference and structure-based mutagenetic approach. J. Biol.
Chem. 282, 8099−8109.
(26) Sakai, K., Sakurai, K., Sakai, M., Hoshino, M., and Goto, Y.
(2000) Conformation and stability of thiol-modified bovine β
lactoglobulin. Protein Sci. 9, 1719−1729.
(27) Veronese, F. M., Mero, A., Caboi, F., Sergi, M., Marongiu, C.,
and Pasut, G. (2007) Site-specific pegylation of g-csf by reversible
denaturation. Bioconjugate Chem. 18, 1824−1830.
(28) Zhang, T., Zhang, J., Hewitt, D., Tran, B., Gao, X., Qiu, Z. J.,
Tejada, M., Gazzano-Santoro, H., and Kao, Y.-H. (2012) Identi-
fication and characterization of buried unpaired cysteines in a
recombinant monoclonal igg1 antibody. Anal. Chem. 84, 7112−7123.
(29) Kissel, T., Li, Y., and Unger, F. (2002) ABA-triblock
copolymers from biodegradable polyester A-blocks and hydrophilic
poly(ethylene oxide) B-blocks as a candidate for in situ forming
hydrogel delivery systems for proteins. Adv. Drug Delivery Rev. 54,
99−134.
(30) Gabert, A. J., Verploegen, E., Hammond, P. T., and Schrock, R.
R. (2006) Synthesis and characterization of aba triblock copolymers
containing smectic c* liquid crystal side chains via ring-opening
metathesis polymerization using a bimetallic molybdenum initiator.
Macromolecules 39, 3993−4000.
(31) Rabotyagova, O. S., Cebe, P., and Kaplan, D. L. (2011) Protein
based block copolymers. Biomacromolecules 12, 269−289.
(32) Worthy, H. L., Auhim, H. S., Jamieson, W. D., Pope, J. R., Wall,
A., Batchelor, R., Johnson, R. L., Watkins, D. W., Rizkallah, P., Castell,
O. K., and Jones, D. D. (2019) Positive functional synergy of
structurally integrated artificial protein dimers assembled by Click
chemistry. Commun. Chem. 2, 1−12.
(33) Yang, Y., Gao, M., Zhang, Q., Yang, X., Huang, Z., and An, J.
(2016) Design, synthesis, and biological characterization of novel
PEG-linked dimeric modulators for CXCR4. Bioorg. Med. Chem. 24,
5393−5399.
(34) Johnson, D. L., Farrell, F. X., Barbone, F. P., McMahon, F. J.,
Tullai, J., Kroon, D., Freedy, J., Zivin, R. A., Mulcahy, L. S., and
Jolliffe, L. K. (1997) Amino-terminal dimerization of an erythropoie-
tin mimetic peptide results in increased erythropoietic activity. Chem.
Biol. 4, 939−950.
(35) Nair, V. B., Bathgate, R. A. D., Separovic, F., Samuel, C. S.,
Hossain, M. A., and Wade, J. D. (2015) Synthetic covalently linked
dimeric form of h2 relaxin retains native rxfp1 activity and has
improved in vitro serum stability. BioMed Res. Int. 2015, 1−9.
(36) Tan, H., Zhao, L., Liu, W., Ren, L., Xu, S., Chen, L., and Li, W.
(2014) Synthesis of thermo-responsive polymer−protein conjugates
through disulfide bonding. RSC Adv. 4, 60413−60420.
(37) Hirayama, S., Oohora, K., Uchihashi, T., and Hayashi, T.
(2020) Thermoresponsive micellar assembly constructed from a
hexameric hemoprotein modified with poly(n-isopropylacrylamide)
toward an artificial light-harvesting system. J. Am. Chem. Soc. 142,
1822−1831.
(38) Xia, Y., Tang, S., and Olsen, B. D. (2013) Site-specific
conjugation of raft polymers to proteins via expressed protein ligation.
Chem. Commun. 49, 2566−2568.
(39) Trzebicka, B., Szweda, R., Kosowski, D., Szweda, D.,
Otulakowski, Ł., Haladjova, E., and Dworak, A. (2017) Thermores-
ponsive polymer-peptide/protein conjugates. Prog. Polym. Sci. 68, 35−
76.
(40) Xu, J., Wang, X., Shao, C., Su, D., Cheng, G., and Hu, Y. (2010)
Highly efficient synthesis of phenols by copper-catalyzed oxidative
hydroxylation of arylboronic acids at room temperature in water. Org.
Lett. 12, 1964−1967.

Bioconjugate Chemistry pubs.acs.org/bc Communication

https://dx.doi.org/10.1021/acs.bioconjchem.0c00516
Bioconjugate Chem. 2020, 31, 2494−2498

2498

https://dx.doi.org/10.1074/jbc.M611049200
https://dx.doi.org/10.1074/jbc.M611049200
https://dx.doi.org/10.1074/jbc.M611049200
https://dx.doi.org/10.1021/bc070123+
https://dx.doi.org/10.1021/bc070123+
https://dx.doi.org/10.1021/ac301426h
https://dx.doi.org/10.1021/ac301426h
https://dx.doi.org/10.1021/ac301426h
https://dx.doi.org/10.1016/S0169-409X(01)00244-7
https://dx.doi.org/10.1016/S0169-409X(01)00244-7
https://dx.doi.org/10.1016/S0169-409X(01)00244-7
https://dx.doi.org/10.1016/S0169-409X(01)00244-7
https://dx.doi.org/10.1021/ma060243x
https://dx.doi.org/10.1021/ma060243x
https://dx.doi.org/10.1021/ma060243x
https://dx.doi.org/10.1021/bm100928x
https://dx.doi.org/10.1021/bm100928x
https://dx.doi.org/10.1038/s42004-019-0203-7
https://dx.doi.org/10.1038/s42004-019-0203-7
https://dx.doi.org/10.1038/s42004-019-0203-7
https://dx.doi.org/10.1016/j.bmc.2016.08.062
https://dx.doi.org/10.1016/j.bmc.2016.08.062
https://dx.doi.org/10.1016/S1074-5521(97)90302-1
https://dx.doi.org/10.1016/S1074-5521(97)90302-1
https://dx.doi.org/10.1155/2015/731852
https://dx.doi.org/10.1155/2015/731852
https://dx.doi.org/10.1155/2015/731852
https://dx.doi.org/10.1039/C4RA06813K
https://dx.doi.org/10.1039/C4RA06813K
https://dx.doi.org/10.1021/jacs.9b10080
https://dx.doi.org/10.1021/jacs.9b10080
https://dx.doi.org/10.1021/jacs.9b10080
https://dx.doi.org/10.1039/c3cc38976f
https://dx.doi.org/10.1039/c3cc38976f
https://dx.doi.org/10.1016/j.progpolymsci.2016.12.004
https://dx.doi.org/10.1016/j.progpolymsci.2016.12.004
https://dx.doi.org/10.1021/ol1003884
https://dx.doi.org/10.1021/ol1003884
pubs.acs.org/bc?ref=pdf
https://dx.doi.org/10.1021/acs.bioconjchem.0c00516?ref=pdf

