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Abstract

Site-selective protein modification is a key step in facilitating protein functionalization and 

manipulation. To accomplish this, genetically engineered proteins were previously required, but 

the procedure was laborious, complex, and technically challenging. Herein we report the 

development of aptamer-based recognition-then-reaction to guide site-selective protein/DNA 

conjugation in a single step with outstanding selectivity and efficiency. As models, several 

proteins, including human thrombin, PDGF-BB, Avidin, and His-tagged recombinant protein, 

were studied, and the results showed excellent selectivity under mild reaction conditions. Taking 
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advantage of aptamers as recognition elements with extraordinary selectivity and affinity, this 

simple preparation method can tag a protein in a complex milieu. Thus, with the aptamer obtained 

from cell-SELEX, real-time modification of live-cell membrane proteins can be achieved in one 

step without any pre-treatment.
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aptamer template; cell-surface modification; protein conjugation; site-selective

The newest trend in protein chemistry is termed site-selective protein-modification 

chemistry.[1–5] As the name implies, a chemical group, or modification, is labeled at a 

known site for enhanced biological or therapeutic applications. Bioorthogonal chemistry, 

defined as a chemical reaction that occurs inside living systems, but with no interference in 

their biochemistry, has become an important strategy in achieving these objectives.[6–9] The 

bioorthogonal strategy is highly selective, but slow reactivity and complicated 

bioengineering limit its utility. Thus, new and simpler methods for selective protein 

modification with feasible conditions are needed.

Herein we report an aptamer-templated synthesis (ATS) for site-selective protein/DNA 

recognition and conjugation. Compared with other DNA-templated technologies, such as 

DNA template synthesis (DTS) and DNA template protein conjugation (DTPC), the use of 

an aptamer as the recognition element demonstrates the principle that close proximity of 

reactants enables the selective reaction.[10–12] Aptamers are single-stranded oligonucleotides 

selected by SELEX (systematic evolution of ligands by exponential enrichment) to bind 

specifically to a target molecule,[13–16] and they can be used as templates to introduce a 

reactive functionality on a protein.[17] In this case, the template is a DNA aptamer 

lengthened with linker at one end. It can hybridize with a partially complementary reacting 

oligonucleotide (RO) and bring the RO close to the target protein, thus facilitating 

conjugation (Figure 1). Site-selectivity is achieved by the high local concentration of amine 

residues in close range of the aptamer binding site and an activated carboxyl residue at the 

end of the RO sequence. Once the site is functionalized, cDNA fully complementary to the 

template is added to remove the aptamer from the protein and generate the protein–RO 

conjugate. DNA synthesis and modification increase the number of available conjugation 

reactions and allow the protein to react in its natural state under mild and biocompatible 

conditions. For any protein, aptamer ligands can be generated by SELEX to serve as 

templates in ATS. Thus, this method offers a platform for precise site-selective protein 

conjugation.

As a demonstration model, human alpha thrombin was used as the target protein, since two 

aptamers targeting this protein have already been developed: HD22 (29mer DNA aptamer) 

and TBA (15mer DNA aptamer).[13,18,19] We first tested HD22 for template construction 

based on its high binding affinity (dissociation constant (Kd) = 0.7 nM).[18] Since the linker 

was modified at the 3′-terminus of the aptamer, the template is termed aptamer-3′. And the 

N-hydroxysuccinimide (NHS) ester, which can react with a primary amine group with high 

efficiency and rapid kinetics in mildly basic aqueous solution was incorporated at the 3′-
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terminus of the RO strand, the reacting DNA is termed 3RO.[20] The HD22-3′ template, as a 

heterobifunctional compound, brings together thrombin and 3RO, enabling the reaction, 

which was monitored with SDS-PAGE (Figure 2A) and non-denaturing PAGE (Figure S1 in 

the Supporting Information). Without HD22-3′, the nonspecific conjugation between 3RO 

and thrombin was negligible. However, in the presence of template HD22-3′, specific 

conjugation was realized with a repeatable high conversion of >85% within 1 hour (Figure 

2B, Figure S2), as determined by ImageJ. It is notable that the DNA protein conjugate 

showed about 32% reduction in band intensity based on Coomassie staining.[11]

For thrombin, nonspecific conjugation is mainly triggered by electrostatic interaction 

between negatively charged DNA and the positively charged protein surface. We 

demonstrated that at 400 mM NaCl and higher, only negligible nonspecific binding of 3RO 

and thrombin was observed (Figure S3), since the high ion concentration could neutralize 

the surface charges.[11] Thus, 400 mM NaCl was used in all subsequent experiments, except 

the cell reaction. To demonstrate sequence dependency of ATS, two mismatched templates 

were designed, and neither could guide the templated reaction (Figure S4). The purified 

thrombin conjugate produced by ATS was extracted from non-denaturing PAGE, and the 

extraction yield was about 56% by comparing to a calibration plot of absorbance versus free 

RO concentration (Figures S1,S5). As site-selective functionalization of protein is the 

purpose of ATS, we proceeded to verify its site-selectivity by treating the reaction product 

with trypsin and using electrophoresis to isolate the digested peptide covalently bound with 

RO strand (Figure S6). Indeed, mass spectral analysis showed that the conjugate was formed 

only on Lysine 57 and Lysine 288 (Figure S7), demonstrating the precision of ATS.

Apart from site-selectivity, another major advantage of ATS is DNA adaptability, such that 

two templates can be prepared by extending two ends of the same aptamer with different 

linkers. Thus, it is possible to achieve two conjugations at different positions with one 

aptamer. To test this, we prepared two templates, aptamer-3′ and aptamer-5′, with two 

corresponding ROs, 3RO and 5RO. With the assistance of template HD22-3′5′, which 

represents two linkers on the HD22 aptamer, thrombin with 3RO and 5RO could be 

synthesized based on the same procedure as that described above (Figure 3A,B). We also 

conjugated 3RO to thrombin with two templates, HD22-3′ and TBA-3′, respectively, to 

produce a conjugate with two 3ROs when using two templates at the same time (Figure 

3C,D). By using HD22-5′ and TBA-5′, similar results confirmed the concept of multiple 

site-selective conjugations (Figure S8). When using aptamer TBA to form the template, it 

was interesting that the conjugation conversions for both 3RO and 5RO exceeded 50% 

(Figure 3D, Figure S8, ImageJ). However, under the same reaction conditions, less than half 

of thrombin could bind to the aptamer, since TBA has relatively poor binding ability (Kd = 

450 nM).[15] This could be explained by the dynamic equilibrium of protein-aptamer 

binding. Conjugation using an aptamer with low affinity is driven to the right because the 

electrostatic interaction is converted into a covalent bond.

Several other protein/aptamer pairs were also tested with similar reaction conditions. PDGF-

BB, a dimeric glycoprotein composed of two B chains, can bind to two aptamers based on 

its symmetrical structure.[21] By mixing different ratios of DNA (template and RO) to 

protein, the number of ROs conjugated on PDGF-BB (one or two) could be adjusted (Figure 
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S9). ATS of Streptavidin with template was also achieved with excellent selectivity (Figure 

S10).[22] Antibody-drug conjugates comprise a significant class of highly potent anticancer 

therapies, and their synthesis is a challenging topic in bioconjugation.[4,23] However, such 

conjugation could be easily accomplished with ATS, since an aptamer targeting Human IgG 

Fc domain resulted in covalent binding of RO to the constant domain on the antibody 

(Figure S11).[24] Therefore, ATS offers an efficient method of modifying an antibody, but 

without affecting its recognition ability, and, hence, has high potential in targeted cancer 

therapy and antibody labeling.

At the same time, ATS does have some limitations, due to the lack of crystal structures for 

crucial binding site data. Since aptamer binding is a function of molecular recognition, the 

reaction position cannot be predicted, thus risking potential interference with protein 

activity. To solve this problem and enlarge the candidate protein repertoire for more 

inclusive use of ATS, even without known aptamers, we used a His tag aptamer for 

recombinant protein conjugation.[25] His tag is a peptide tag of polyhistidine present on 

many recombinant proteins for isolation and purification.[26] Using His tag aptamer, we 

could enlarge the library of candidate proteins for site-selective conjugation and perform the 

DNA conjugation on a protein without loss of function, since the His tag is normally far 

from the active domain. And successful conjugations were realized on N-terminus His-

tagged Midkine, a basic heparin-binding growth factor of low molecular weight, as a proof 

of concept (Figure S12,S13).

During the development of ATS, we attained similar, or even better, outcomes compared 

with some reported methods.[9,11] Aptamer selectivity can direct conjugation to a target 

protein in a complex mixture in vitro, which, compared to bioorthogonal method, does not 

require any pre-modification of target protein. To demonstrate this, we chose thrombin and 

BSA as positive and negative proteins and HD22-3′ as the template. The results showed that 

the conjugation was present only on thrombin in a mixture with equal or even higher 

concentrations of BSA and thrombin (Figure 4A, Figures S14,S15).

Selectivity, biocompatibility and rapid kinetics allow us to implement ATS in a complicated 

biological system like live cells. It is extremely difficult to modify a target protein in its 

natural state. However, with the development of cell-SELEX in our laboratory, we have 

selected aptamers able to bind specifically with target live cells.[27] In particular, Sgc8, a 

well-studied aptamer, was confirmed as a binder of PTK7 protein on the CCRF-CEM cell 

membrane. Therefore, we chose Sgc8 for template construction in reactions with CEM cells, 

while Ramos cells were used as negative control,[28] and FITC-labeled RO (Figure S16) was 

used for cell conjugation. Based on careful design (Figure 4B, S17), we demonstrated 

conjugation on target membrane protein (Figure 4C), but no conjugation on control Ramos 

cells having low levels of PTK7 (Figure S18). Thus, the real-time modification of cellular 

membrane proteins can indeed be achieved in one-step ATS without the need for pre-

modification.

In conclusion, we have developed a method for real-time aptamer-templated synthesis (ATS) 

that specifically conjugates DNA to proteins. We have demonstrated the feasibility and 

generality of recognition-then-reaction for bioconjugation as well as the selectivity required 
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for modification on living cells. ATS is distinct compared to other site-selective protein 

conjugation methods. The ATS template is easy to design and prepare, and it can be easily 

removed after reaction. Aptamer-templated synthesis: 1) can be performed at a precise 

position on a protein in its natural state without any genetic engineering; 2) can be 

performed under biocompatible conditions with rapid kinetics and high conversion yield; 3) 

is simple and general; and 4) can recognize the target protein in complex biological systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Scheme of ATS for protein/DNA conjugation. The aptamer template partially hybridizes 

with the reacting oligonucleotide (RO) and brings it close to the target protein, thus 

facilitating conjugation.
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Figure 2. 
Aptamer-binding enables selective recognition and conjugation on thrombin with HD22-3′ 
template. A) SDS-PAGE (4–12%) with protein and DNA staining showing aptamer-

templated conjugation on thrombin by template HD22-3′. 1. thrombin; 2. thrombin

+HD22-3′ (2 equiv.); 3. thrombin+3RO (2 equiv.); 4. thrombin +3RO (2 equiv.) +HD22-3′ 
(2 equiv.); 5. thrombin+3RO (2 equiv.) +HD22-3′ (2 equiv.), and cDNA replacement (4 

equiv. HD22-3′ cDNA) after conjugation. PL: Protein ladder. DL: DNA ladder. (left: protein 

stained by GelCode Blue; right: DNA stained by Sybr Gold). B) ATS reaction time analysis 

showing that the reaction was completed within 1 hour. ATS on thrombin with different 

reaction times was analyzed and collected on 4–12% SDS-PAGE with ImageJ five times 

(Figure S2). Inset shows the detail in the first 4 hours. The average reaction conversion at 24 

hours was set as the maximum (100%) for comparison.
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Figure 3. 
Double conjugation on thrombin using aptamer template. A) Scheme of double conjugation 

with single aptamer templates. B) SDS-PAGE (4–12%) result. 1. thrombin; 2. thrombin

+3RO (2 equiv.); 3. thrombin+5RO (2 equiv.); 4. thrombin+3RO (2 equiv.) +HD22-3′5′ (2 

equiv.); 5. thrombin +5RO (2 equiv.) +HD22-3′5′ (2 equiv.) 6. thrombin +3RO (2 equiv.) 

+5RO (2 equiv.) +HD22-3′5′ (2 equiv.). cDNA replacement (4 equiv.) after each 

conjugation. PL: Protein ladder. DL: DNA ladder. (left: protein stained by GelCode Blue; 

right: DNA stained by Sybr Gold) C) Scheme of multiple conjugation with different aptamer 

templates. D) SDS-PAGE (4–12%) result. 1. thrombin; 2. thrombin and 3RO (2 equiv.); 3. 

thrombin, 3RO (4 equiv.) and HD22-3′ (2 equiv.), with cDNA of HD22-3′ replacement (4 

equiv.) after conjugation; 4. thrombin, 3RO (2 equiv.) and TBA-3′ (2 equiv.), with cDNA of 

TBA-3′ replacement (4 equiv.) after conjugation; 5. thrombin, 3RO (4 equiv.), HD22-3′ (2 

equiv.) and TBA-3′ (2 equiv.), with cDNA of HD22-3′ (4 equiv.) and cDNA of TBA-3′ (4 

equiv.) replacement after conjugation. (left: protein stained by GelCode Blue; right: DNA 

stained by Sybr Gold). The conversions are 80% (5RO, HD22-5′), 55% (3RO, TBA-3′), 

40% (5RO, TBA-5′), respectively.
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Figure 4. 
Aptamer-templated synthesis shows selectivity in protein mixture and on live cells. A) SDS-

PAGE (4–12%) result shows selectivity of aptamer-templated conjugation. 1. thrombin; 2. 

thrombin and 3RO (2 equiv.); 3. thrombin, 3RO (2 equiv.), and HD22-3′ (2 equiv.); 4. BSA; 

5. BSA and 3RO (2 equiv.); 6. BSA, 3RO (2 equiv.), and HD22-3′ (2 equiv.); 7. thrombin, 

BSA, 3RO (2 equiv.), HD22-3′ (2 equiv.). For lanes 3, 6, and 7, cDNA (4 equiv.) were 

added after conjugation to replace aptamer. Gel is stained for protein by GelCode Blue. B) 

The design of cellular aptamer-templated conjugation. C) Flow cytometry results show that 

the aptamer-templated conjugation was achieved on CEM cells with sgc8-3′ template.
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