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PRINT: A Protein Bioconjugation 
Method with Exquisite N-terminal 
Specificity
Surojit Sur1, Yuan Qiao1, Anja Fries1, Robert N. O’Meally2, Robert N. Cole2, 
Kenneth W. Kinzler1, Bert Vogelstein1 & Shibin Zhou1

Chemical conjugation is commonly used to enhance the pharmacokinetics, biodistribution, and potency 
of protein therapeutics, but often leads to non-specific modification or loss of bioactivity. Here, we 
present a simple, versatile and widely applicable method that allows exquisite N-terminal specific 
modification of proteins. Combining reversible side-chain blocking and protease mediated cleavage 
of a commonly used HIS tag appended to a protein, we generate with high yield and purity exquisitely 
site specific and selective bio-conjugates of TNF-α by using amine reactive NHS ester chemistry. We 
confirm the N terminal selectivity and specificity using mass spectral analyses and show near complete 
retention of the biological activity of our model protein both in vitro and in vivo murine models. We 
believe that this methodology would be applicable to a variety of potentially therapeutic proteins and 
the specificity afforded by this technique would allow for rapid generation of novel biologics.

The use of proteins and peptides for therapeutic applications are often compromised by low biological stability, high 
renal clearance, and non-optimal biodistribution1,2. Chemical attachment of poly-(ethylene glycol) (PEGylation) 
is often considered the most effective way to improve these pharmacologic properties by increasing circulation 
half-life through exclusion from the mononuclear phagocyte system as well as reduced renal clearance, immu-
nogenicity and protease mediated degradation3–6. However, random conjugation results in heterogeneous deriv-
atives with undefined composition and can substantially lower the bioactivity of the modified protein, leading to 
unpredictable in vivo behavior. The same issues apply to conjugations for other purposes, such as the attachment 
of toxic small molecules to increase the therapeutic efficacy of antibodies.

Site-specific modification of proteins is therefore an attractive approach to circumvent the non-specificity 
resulting from random conjugation to amines, thiol, or other specific amino acids on proteins. Currently used 
site-specific strategies exploit rare chemoselective anchors present either naturally or introduced artificially 
into protein backbones7. Amino terminal serines or threonines can be oxidized to aldehydes and targeted using 
aldehyde-reactive PEG reagents8–11, cysteines have been targeted using thiol-reactive agents12–15, and in a few cases 
the pKa difference between the α  and the ε  NH2 groups have been used successfully16–18. Attempts have even been 
made to replace all internal lysines to achieve N-terminal selective conjugations19,20. A recent report has shown that 
2-pyridinecarboxaldehydes react with the N terminus of proteins resulting in the formation of imidazolidinone 
bound conjugates21. All of these techniques can be usefully employed, but in view of the ubiquity of this problem 
and its importance, new ways to site-specifically modify proteins, regardless of the tag used for purification, and 
with inexpensive, commercially available reagents, are still a high priority.

We developed a novel technique named PRINT (PRotect, INcise Tag) for N-terminal specific bioconjugation 
of proteins and peptides. In theory, PRINT can be used for selective attachment of any desired entity bearing a 
nitrogen-reactive functionality. Herein we show that PRINT is able to engineer exclusive N-terminal conjugation 
of a model protein without altering its biological properties.

Results
PRINT Design.  PRINT was conceptualized to enable N-terminal specific chemical modification, while tra-
ditional chemical modification of proteins using amine-reactive NHS ester chemistry leads to heterogeneous and 
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multiple modifications on internal reactive ε  NH2 groups (Fig. 1). PRINT can be used on any protein that has any 
desired N-terminal tag (to enhance purification) and any protease cleavage site (to eradicate the tag prior to final 
purification) (Fig. 1, I). The recombinant protein is first treated with an excess of citraconic anhydride to reversibly 
block all reactive primary amine sites (Fig. 1, II). Proteolytic cleavage will then expose only a single amine (the α  
primary amine at the N-terminus) for desired bioconjugation by amine-reactive NHS ester chemistry (Fig. 1, III). 
Lowering of reaction pH will result in removal of the citraconates, leaving N-terminal specific mono PEGylated 
protein molecules (Fig. 1, IV).

As proof of principle, we used Tumor Necrosis Factor-α  (TNF-α ) to demonstrate the efficiency and specificity 
of PRINT. A well characterized cytokine, TNF-α  has gained attention as a vascular-disrupting agent specific to 
tumors22–25. However, TNF-α , like many other potential therapeutic proteins, suffers from inherent instability 
and short biological half-life, and exhibits toxic side effects at therapeutic concentrations in both small animals 
and human patients. Altering its pharmacokinetic profile by PEGylation has been shown to enhance its stability 
and bioavailability26–28, and to mitigate its toxicity19,20,29–31. In this study, we used a recombinant single-chain form 
consisting of three head-to-tail copies of the monomer, as this has been shown to enhance formation of an active 
protein from bacteria32.

PRINT using scTNF-α as a model protein.  A recombinant single-chain TNF-α  (scTNF-α ) containing a 
His-tag and TEV protease cleavage site was designed based on a published sequence32. After affinity purification 
through a nickel-nitrilotriacetic acid (Ni-NTA) column, the His-tagged scTNF-α  was treated with a 1000-fold 

Figure 1.  Schematic representation of PRINT PEGylation. The reaction proceeds through blockage of 
reactive side chains (II), followed by protease mediated cleavage to reveal a single reaction site at the N terminus 
(III). Conjugation with NHS ester and subsequent deprotection of side chains leads to N terminal selective 
and specific conjugate (IV). Direct conjugation of the protein using the same NHS ester leads to heterogeneous 
population of conjugates (V).
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molar excess of citraconic anhydride. Excess reagent was removed by dialysis and the citraconylated protein was 
subjected to overnight digestion with AcTEV protease. After complete proteolytic cleavage of the His-tag, NHS 
ester of PEG-5000 (PEG5K) was added and the mixture allowed to shake at room temperature for 30 minutes. 
Excess reagent was then removed and pH adjusted to 3.8 for deprotection of side chains. These treatments yielded 
a major N-terminal mono PEGylated species (Fig. 2a, Lane 4). In comparison, a traditional PEGylation method 
without PRINT generated multiple species of various lengths, indicating the expected large and variable numbers 
of internal reactive NH2 groups getting PEGylated (Fig. 2a, Lane 3). A control PEGylation on citraconylated scTNF 
prior to removal of its His-tag yielded no PEGylated products (Supplementary Fig. 1, Lane 3), demonstrating 
complete blocking of the reactive α  and ε  NH2 groups present on the protein. Size exclusion high-performance 
liquid chromatography (HPLC) analysis of PRINT PEGylated scTNF-α  revealed the formation of a major mono 
PEGylated product (Fig. 2b). A small peak at retention time 5.935 min is noticeable, likely representing protein 
aggregates. The N-termini of protein molecules buried inside the aggregates could be inaccessible to PEG NHS, 
resulting in the small amount of non-PEGylated protein shown on SDS-PAGE (Fig. 2a, Lane 4). Because this 
process was simple and effective, several other conjugates of scTNF-α  were able to be synthesized for biological 
evaluation starting from small amounts of purified proteins (Supplementary Table 1).

PRINT provides N terminal selectivity.  To elucidate the exact location of the conjugation, we replaced 
the reactive PEG5K with fluorescein NHS (Fl) ester, a smaller adduct with a known exact mass of 358 Da 
(Supplementary Fig. 1a, lane 4 and Supplementary Fig. 1b). Proteolytic cleavage of PRINT flourescein scTNF-α  
with trypsin followed by mass spectral analysis confirmed the presence of a single fluorescein molecule at the 
N-terminal serine (Supplementary Fig. 2). No other peptide fragment containing fluorescein was detected 
(Supplementary Table 2), suggesting an exquisite N-terminal selectivity and specificity of the reaction.

PRINT retains bioactivity of scTNF-α.  To assess bioactivity of the PRINT PEGylated scTNF-α , we per-
formed a cytotoxicity assay using L929 cells that express TNFR1, the receptor mediating TNF-α  induced cytotoxic-
ity. Unmodified scTNF-α  and scTNF-α  that had been PRINT-PEGylated with PEG5K or PEG-20000 (PEG20K) all 

a Lane 1 2 3 4

b
PRINT PEG5K
scTNF-

Excess
PEG5K NHS

AcTEVaggregate

Figure 2.  (a) SDS-PAGE characterization of scTNF-α  derivatives: Lanes (left to right): Protein standard; 
Lane 1, His tagged scTNF-α  (I); Lane 2, cleaved scTNF-α  (scTNF-α ) (II); Lane 3, directly PEGylated PEG5K 
scTNF-α  (random PEG5K scTNF-α ) (V); Lane 4, PRINT PEG5K scTNF-α  (IV). (b) SEC HPLC of PRINT 
PEG5K scTNF-α .
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showed similar cytotoxic activity against L929 cells, with EC50 of 0.35, 0.58 and 0.62 pg/mL, respectively (Fig. 3a). In 
contrast, randomly PEGylated scTNF-α  suffered more than ten-fold loss of activity, resulting in an EC50 of 4.6 pg/
mL. Similarly, global blocking of lysine side chains by citraconylation dramatically reduced (EC50 =  7.6 pg/mL) its 
bioactivity, thereby providing biological confirmation that the citraconate groups had been removed.

PRINT reduces scTNF-α toxicity.  To assess toxicity in vivo, wild-type mouse TNF-α , unmodified scTNF-α  
and PRINT- PEGylated (PEG5K) scTNF-α  were intravenously injected at various doses into BALB/c mice bear-
ing large subcutaneous CT26 tumors. Mice bearing large tumors were used because they are more sensitive to 
TNF-α  induced toxicity than non-tumor-bearing mice (ref here). At a dose of 150 μ g/kg all 10 animals treated 
with mouse wt TNF-α  or unmodified scTNF-α  died within 24 hours. In contrast, none of the 10 animals treated 
with PRINT PEGylated (PEG5K or PEG20K) scTNF-α  at the same or higher doses showed any adverse event 
(Supplementary Fig. 2).

PRINT enhances stability and circulation half-life of scTNF-α.  Finally, we evaluated stability of the 
unmodified scTNF-α , PRINT PEGylated (PEG5K) scTNF-α , and PRINT-PEGylated (PEG20K) scTNF-α . We 
first assessed their serum stability ex vivo. Both PRINT-PEGylated scTNF-α  molecules showed greatly improved 
stability compared to the unmodified scTNF-α  (Fig. 3b). We then intravenously injected the TNF-α  preparations 
into non-tumor-bearing healthy BALB/c mice and collected blood samples at various time points. The unmodified 
scTNF-α  showed a rapid clearance from the bloodstream, as assessed by enzyme-linked immunosorbent assay 
(ELISA), and was undetectable at 2 h (Fig. 3c). In contrast, the two PRINT PEGylated scTNF-α  molecules showed 
substantially higher persistence in the bloodstream and low clearance rate.

Discussion
In conclusion, we have demonstrated that the side chain protection before cleavage of the tag efficiently blocked all 
reactions at the side chains (Supplementary Fig. 1a, Lane 3). The single product formed after protease-mediated 
tag removal and N-terminal conjugation suggests exquisite selectivity and specificity in contrast to conventional 
reaction using the same NHS reagent (compare Fig. 2a, Lane 4, Supplementary Fig. 1a, Lanes 4, 5 and 7 with 
Fig. 1a, Lane 3 and Supplementary Fig. 1a, Lane 6), which was further confirmed by mass spectrometric analyses. 
Subsequent de-blocking generated an N-terminal protected TNF-α  molecule with enhanced serum stability, supe-
rior pharmacokinetic properties, and reduced systemic toxicity (Fig. 3b,c and Supplementary Fig. 3). Importantly, 
N-terminal protection by PRINT did not affect the bioactivity of TNF-α  (Fig. 3a).

As noted in the introduction, existing site-selective bioconjugation approaches are either specific to amino acid 
tags7–11,33,34 or involve substantial non-trivial chemical18,21 or biotechnological manipulations19,20 to synthesize a 
desired bioconjugate. In contrast, PRINT employs ubiquitously used recombinant DNA techniques and easily 
acquired commercial reagents to generate exquisite N-terminal selective protection. In this study, we used TNF-α  
as an example to show that PRINT is a robust, reproducible and mild strategy which is able to target the α -amine 

Figure 3.  (a) In vitro bioactivity of scTNF-α  derivatives in L929 cells. (b) In vitro serum stability and residual 
activity of scTNF-α , PRINT PEG5K and PRINT PEG20K scTNF-α . (c) In vivo clearance of scTNF-α  and its 
PEGylated derivatives.
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and provide N-terminal specific protection to proteins or peptides that suffer from similar issues. In principle, 
PRINT can be used to generate a variety of N-terminal conjugates using NHS ester chemistry on any recombinant 
protein or peptide bearing a cleavable purification tag. We believe that this approach is strongly orthogonal to 
current methods and will be applicable to many biotherapeutics and bioprobes that are currently being designed 
to treat cancer or other diseases.

Methods
General Materials and Methods.  Citraconic anhydride(Sigma), Sodium phosphate dibasic and monobasic 
(Sigma), mPEG 5K NHS ester (NANOCS), mPEG 20K NHS ester (NANOCS), Fluorescein NHS ester (NANOCS) 
and AcTEV (Life Technologies) were obtained from commercial sources and used as is. Single chain TNF-α  
(scTNF) was designed according to a published sequence and the recombinant protein was produced by GeneArt 
in HEK293 mammalian expression system. All animal experiments were designed in accordance with the National 
Institute of Health’s Guide for the Care and Use of Laboratory Animals and were approved by The Johns Hopkins 
University’s Institutional Animal Care and Use Committee.

Direct Conjugation.  scTNF-α  (1 mg/ml in PBS) was treated with PEG NHS ester (1 mg) for 1 h at room 
temperature and excess reagents were removed by dialyses. The recovered product was analyzed and quantitation 
by done by SDS-PAGE and used as such for in vitro and in vivo animal experiments.

PRINT Conjugation.  scTNF-α  (1 mg/ml in 200 mM phosphate buffer at pH 8.5) was treated with citraconic 
anhydride (3ul/100 ug protein) at room temperature35 for 5 minutes. The mixture was then dialyzed against 500 ml 
phosphate buffer (200 mM, pH 8.5) for 8 hours. AcTEV (5 ul/100 ug protein) was then added and the mixture 
allowed to shake gently at room temp overnight. PEG NHS esters (20–50×) was then added and the mixture allowed 
to incubate for 1 hour at room temp. The mixture was then dialyzed against 1L acetate buffer (200 mM, pH 3.8) at 
room temperature overnight followed by buffer exchange against PBS 1L twice. AcTEV was then removed from the 
product by NiNTA spin columns following manufacturer instructions. The products were then analyzed for purity 
and quantitated for protein content by SDS-PAGE and used as such for in vitro and in vivo animal experiments.

SDS-PAGE and protein quantitation.  Protein samples were analyzed for purity using Biorad Stain Free 
TGX precast gels. In brief, 3 ul of protein samples was diluted with deionized water (6 ul) followed by 3 ul of 
Laemlli buffer (4X). After electrophoresis, gels was developed using a Biorad ChemiDoc MP imaging system and 
quantitation was performed using Imagelab software against standards containing known quantity of scTNF-α .

Mass Spectral Analyses by Liquid Chromatography-Tandem Mass Spectrometry (LC-MS).  For 
Mass Spectral analyses, the product was further purified by Size Exclusion chromatography using a Phenomenex 
BioSep-SEC-s2000 (300 ×  7.8 mm) column. Samples of 100 ul were injected, and separations carried out using 
PBS (pH 7.4) as the mobile phase at ambient temperature and flow rate of 1.00 ml/min on a Waters D600 HPLC 
system using Absorbance at 220 nm. Protein samples from either gel bands or size-exclusion chromatography 
were proteolyzed with trypsin as described previously. Digested peptides were extracted and subjected to vacuum 
drying in a Speedvac followed by reconstitution in 5 μ L of 2% acetonitrile/0.1% formic acid for further analysis 
by liquid chromatography/tandem mass spectrometry (LC–MS/MS) using LTQ Orbitrap Velos (2) MS (Thermo 
Fisher Scientific). For data analysis the data was submitted for a Sequest search using Proteome Discoverer v 1.3 
(Thermo Fisher Scientific) against the constructed sequence database. The Fluorescein modification of 358.040 
was set to variable at K and Y and static for the N-terminus.

In vitro cytotoxicity assay.  Conjugated proteins were assessed for bioactivity using previously described 
TNF-α  induced killing of L929 cells. L929 cells (Sigma # 85011425) were plated at density of 3.5 ×  105 cells per well 
in 96 well plates and incubated overnight at 37 °C in a humidified incubator. A 4 fold dilution series for each sample 
was created starting at 2.5 ng/mL. Cells were then treated with 50 ul of TNF derivatives at each concentration along 
with 50 ul Actinomycin D (4 ug/ml) and allowed to incubate 24 h. Potency of the TNF-α  derivatives was assayed 
using cell proliferation reagent WST-1 (Roche Lifesciences) following manufacturers protocol.

In vitro stability assay.  scTNF-α  and its PRINT Pegylated derivatives were incubated with mouse serum 
at 37 °C for 24 h and aliquots were collected at various time points (5, 15, 45 min, 1.5, 3, 6 and 12 h) and frozen 
immediately. Once all desired time points were collected, the samples were thawed and analyzed for residual 
bioactivity using the L929 cytotoxicity assay.

In vivo pharmacokinetics.  The pharmacokinetic characteristics of scTNF-α  derivatives was investigated 
in mice following intravenous (i.v.) administration. Healthy female BALB/c mice were randomly divided to 3 
groups (n =  3) and each group was administered 150 μ g/kg (protein base) of TNF-α  derivatives Blood samples 
were collected at different time points (5, 30 min and 2h) after i.v. injection, and plasma were obtained by centrif-
ugation and stored at − 70 °C until required for the assay. scTNF-α  concentrations in mice plasma were measured 
and quantitated using a commercial TNF ELISA kit (R & D Systems) and a dilution series of known amounts of 
scTNF-α  as standard.

References
1.	 Krejsa, C., Rogge, M. & Sadee, W. Protein therapeutics: new applications for pharmacogenetics. Nature reviews. Drug discovery 5, 

507–521, doi: 10.1038/nrd2039 (2006).
2.	 Frokjaer, S. & Otzen, D. E. Protein drug stability: a formulation challenge. Nature reviews. Drug discovery 4, 298–306, doi: 10.1038/

nrd1695 (2005).



www.nature.com/scientificreports/

6Scientific Reports | 5:18363 | DOI: 10.1038/srep18363

3.	 Harris, J. M. & Chess, R. B. Effect of pegylation on pharmaceuticals. Nature reviews. Drug discovery 2, 214–221, doi: 10.1038/nrd1033 
(2003).

4.	 Obermeier, B., Wurm, F., Mangold, C. & Frey, H. Multifunctional Poly(ethylene glycol)s. Angewandte Chemie 50, 7988–7997, doi: 
10.1002/anie.201100027 (2011).

5.	 Veronese, F. M. & Mero, A. The impact of PEGylation on biological therapies. BioDrugs: clinical immunotherapeutics, 
biopharmaceuticals and gene therapy 22, 315–329 (2008).

6.	 Jevsevar, S., Kunstelj, M. & Porekar, V. G. PEGylation of therapeutic proteins. Biotechnology journal 5, 113–128, doi: 10.1002/
biot.200900218 (2010).

7.	 Stephanopoulos, N. & Francis, M. B. Choosing an effective protein bioconjugation strategy. Nature chemical biology 7, 876–884, doi: 
10.1038/nchembio.720 (2011).

8.	 Rabuka, D., Rush, J. S., deHart, G. W., Wu, P. & Bertozzi, C. R. Site-specific chemical protein conjugation using genetically encoded 
aldehyde tags. Nature protocols 7, 1052–1067, doi: 10.1038/nprot.2012.045 (2012).

9.	 Wu, P. et al. Site-specific chemical modification of recombinant proteins produced in mammalian cells by using the genetically 
encoded aldehyde tag. Proceedings of the National Academy of Sciences of the United States of America 106, 3000–3005, doi: 10.1073/
pnas.0807820106 (2009).

10.	 Frese, M. A. & Dierks, T. Formylglycine aldehyde Tag–protein engineering through a novel post-translational modification. 
Chembiochem : a European journal of chemical biology 10, 425–427, doi: 10.1002/cbic.200800801 (2009).

11.	 Agarwal, P., van der Weijden, J., Sletten, E. M., Rabuka, D. & Bertozzi, C. R. A Pictet-Spengler ligation for protein chemical 
modification. Proceedings of the National Academy of Sciences of the United States of America 110, 46–51, doi: 10.1073/pnas.1213186110 
(2013).

12.	 Pan, L. Q. et al. Site-specific PEGylation of a mutated-cysteine residue and its effect on tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL). Biomaterials 34, 9115–9123, doi: 10.1016/j.biomaterials.2013.08.020 (2013).

13.	 Doherty, D. H. et al. Site-specific PEGylation of engineered cysteine analogues of recombinant human granulocyte-macrophage 
colony-stimulating factor. Bioconjugate chemistry 16, 1291–1298, doi: 10.1021/bc050172r (2005).

14.	 Shaunak, S. et al. Site-specific PEGylation of native disulfide bonds in therapeutic proteins. Nature chemical biology 2, 312–313, doi: 
10.1038/nchembio786 (2006).

15.	 Brocchini, S. et al. Disulfide bridge based PEGylation of proteins. Advanced drug delivery reviews 60, 3–12, doi: 10.1016/j.
addr.2007.06.014 (2008).

16.	 Hao, Y., Chen, J., Wang, X., Zhu, H. & Rong, Z. Effects of site-specific polyethylene glycol modification of recombinant human 
granulocyte colony-stimulating factor on its biologic activities. BioDrugs: clinical immunotherapeutics, biopharmaceuticals and gene 
therapy 20, 357–362 (2006).

17.	 Baker, D. P. et al. N-terminally PEGylated human interferon-beta-1a with improved pharmacokinetic properties and in vivo efficacy 
in a melanoma angiogenesis model. Bioconjugate chemistry 17, 179–188, doi: 10.1021/bc050237q (2006).

18.	 Chan, A. O. et al. Modification of N-terminal alpha-amino groups of peptides and proteins using ketenes. Journal of the American 
Chemical Society 134, 2589–2598, doi: 10.1021/ja208009r (2012).

19.	 Yamamoto, Y. et al. Site-specific PEGylation of a lysine-deficient TNF-alpha with full bioactivity. Nature biotechnology 21, 546–552, 
doi: 10.1038/nbt812 (2003).

20.	 Yoshioka, Y. et al. Optimal site-specific PEGylation of mutant TNF-alpha improves its antitumor potency. Biochemical and biophysical 
research communications 315, 808–814, doi: 10.1016/j.bbrc.2004.01.125 (2004).

21.	 MacDonald, J. I., Munch, H. K., Moore, T. & Francis, M. B. One-step site-specific modification of native proteins with 
2-pyridinecarboxyaldehydes. Nature chemical biology 11, 326–331, doi: 10.1038/nchembio.1792 (2015).

22.	 Lu, L. et al. Vascular-targeted TNFalpha improves tumor blood vessel function and enhances antitumor immunity and chemotherapy 
in colorectal cancer. Journal of controlled release : official journal of the Controlled Release Society, doi: 10.1016/j.jconrel.2015.05.282 
(2015).

23.	 Lejeune, F. J. & Ruegg, C. Recombinant human tumor necrosis factor: an efficient agent for cancer treatment. Bulletin du cancer 93, 
E90–100 (2006).

24.	 Seynhaeve, A. L. et al. Tumor necrosis factor alpha mediates homogeneous distribution of liposomes in murine melanoma that 
contributes to a better tumor response. Cancer research 67, 9455–9462, doi: 10.1158/0008-5472.CAN-07-1599 (2007).

25.	 Qiao, Y. et al. A robust approach to enhance tumor-selective accumulation of nanoparticles. Oncotarget 2, 59–68 (2011).
26.	 Abuchowski, A., McCoy, J. R., Palczuk, N. C., van Es, T. & Davis, F. F. Effect of covalent attachment of polyethylene glycol on 

immunogenicity and circulating life of bovine liver catalase. The Journal of biological chemistry 252, 3582–3586 (1977).
27.	 Owens, D. E., 3rd & Peppas, N. A. Opsonization, biodistribution, and pharmacokinetics of polymeric nanoparticles. International 

journal of pharmaceutics 307, 93–102, doi: 10.1016/j.ijpharm.2005.10.010 (2006).
28.	 Abuchowski, A., van Es, T., Palczuk, N. C. & Davis, F. F. Alteration of immunological properties of bovine serum albumin by covalent 

attachment of polyethylene glycol. The Journal of biological chemistry 252, 3578–3581 (1977).
29.	 Li, Y. P. et al. PEGylated recombinant human tumor necrosis factor alpha: preparation and anti-tumor potency. Acta pharmacologica 

Sinica 22, 549–555 (2001).
30.	 Jiang, Y. Y., Liu, C., Hong, M. H., Zhu, S. J. & Pei, Y. Y. Tumor cell targeting of transferrin-PEG-TNF-alpha conjugate via a receptor-

mediated delivery system: design, synthesis, and biological evaluation. Bioconjugate chemistry 18, 41–49, doi: 10.1021/bc060135f 
(2007).

31.	 Thamm, D. H. et al. Preclinical investigation of PEGylated tumor necrosis factor alpha in dogs with spontaneous tumors: phase I 
evaluation. Clinical cancer research : an official journal of the American Association for Cancer Research 16, 1498–1508, doi: 
10.1158/1078-0432.CCR-09-2804 (2010).

32.	 Krippner-Heidenreich, A. et al. Single-chain TNF, a TNF derivative with enhanced stability and antitumoral activity. Journal of 
immunology 180, 8176–8183 (2008).

33.	 Debets, M. F., van Hest, J. C. & Rutjes, F. P. Bioorthogonal labelling of biomolecules: new functional handles and ligation methods. 
Organic & biomolecular chemistry 11, 6439–6455, doi: 10.1039/c3ob41329b (2013).

34.	 Kiick, K. L., Saxon, E., Tirrell, D. A. & Bertozzi, C. R. Incorporation of azides into recombinant proteins for chemoselective 
modification by the Staudinger ligation. Proceedings of the National Academy of Sciences of the United States of America 99, 19–24, 
doi: 10.1073/pnas.012583299 (2002).

35.	 Dixon, H. B. & Perham, R. N. Reversible blocking of amino groups with citraconic anhydride. The Biochemical journal 109, 312–314 
(1968).

Acknowledgements
We would like to thank Evangeline Watson for expert technical assistance with animal experiments, and Evan 
Brower, Kibem Kim, Ashley Cook and Margaret Hoang for helpful comments and discussions. This project was 
supported by the Virginia and D.K. Ludwig Fund for Cancer Research and grants CA062924 and CA 043460 from 
the National Institutes of Health.



www.nature.com/scientificreports/

7Scientific Reports | 5:18363 | DOI: 10.1038/srep18363

Author Contributions
S.S., K.W.K., S.Z. and B.V. designed research; S.S. Y.Q and A.C.F. performed research; S.S. Y.Q and A.C.F. 
contributed new reagents/analytic tools; R.N.O. and R.N.C. performed Mass Spectral analyses. S.S., S.Z. and B.V. 
analyzed data; and S.S., K.W.K., S.Z. and B.V. wrote the paper and all authors reviewed the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Sur, S. et al. PRINT: A Protein Bioconjugation Method with Exquisite N-terminal 
Specificity. Sci. Rep. 5, 18363; doi: 10.1038/srep18363 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	PRINT: A Protein Bioconjugation Method with Exquisite N-terminal Specificity
	Introduction
	Results
	PRINT Design
	PRINT using scTNF-α as a model protein
	PRINT provides N terminal selectivity
	PRINT retains bioactivity of scTNF-α
	PRINT reduces scTNF-α toxicity
	PRINT enhances stability and circulation half-life of scTNF-α

	Discussion
	Methods
	General Materials and Methods
	Direct Conjugation
	PRINT Conjugation
	SDS-PAGE and protein quantitation
	Mass Spectral Analyses by Liquid Chromatography-Tandem Mass Spectrometry (LC-MS)
	In vitro cytotoxicity assay
	In vitro stability assay
	In vivo pharmacokinetics

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                PRINT: A Protein Bioconjugation Method with Exquisite N-terminal Specificity
            
         
          
             
                srep ,  (2015). doi:10.1038/srep18363
            
         
          
             
                Surojit Sur
                Yuan Qiao
                Anja Fries
                Robert N. O’Meally
                Robert N. Cole
                Kenneth W. Kinzler
                Bert Vogelstein
                Shibin Zhou
            
         
          doi:10.1038/srep18363
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep18363
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep18363
            
         
      
       
          
          
          
             
                doi:10.1038/srep18363
            
         
          
             
                srep ,  (2015). doi:10.1038/srep18363
            
         
          
          
      
       
       
          True
      
   




