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There is broad interest in facile industrial-scale 
means for stable attachment of peptides and pro-
teins to nucleic acids.1–5 There is specific interest 

in attachment of blocking molecules such as peptides or 
proteins to the 3′ end of DNA molecules, such as aptam-
ers and antisense oligonucleotides, because blockage of 
the 3′ end, even with small molecules such as biotin, has 
been shown to significantly decrease serum exonuclease 
activity.6–11 In addition, blockage of the 3′ end with larger 
molecules, such as proteins or polyethylene glycol,8 has 
been shown to retard clearance of such conjugates by the 
kidneys and other major organs in vivo.9

Taq DNA polymerase is known to add an adenine to 
the 3′ end of its nascent strands during polymerase chain 
reaction (PCR).12 Similarly, Deep Vent (exo-) polymerase 
adds a 3′-adenine overhang to about 30% of its PCR 
products (New England BioLabs, Ipswich, MA). This 
unpaired overhanging 3′-adenine has been cleverly used 
for facile incorporation of double-stranded PCR products 
into cloning vectors (e.g., TOPO TA cloning kits pro-

duced by Invitrogen, Carlsbad, CA). The unpaired and 
unprotected 3′-adenine is targeted as a site for coupling 
to proteins in the present work (Figure 1). While it may 
seem to be a relatively routine matter to synthesize a DNA 
oligonucleotide with a 3′-amino group attached to it for 
conjugation, one is generally limited to small oligonucle-
otides (< 60 bases), the reason being that the process is 
prone to errors and sequence “infidelity” as progressively 
longer oligonucleotides are synthesized (personal com-
munications with DNA synthesis vendors). Therefore, 3′ 
modification of oligonucleotides is often not guaranteed 
by DNA synthesis vendors. While significant progress has 
been made in the area of complete solid-phase synthesis of 
oligonucleotide–3′-peptide conjugates,6,10,11 such methods 
are expensive on a large scale and are limited to peptide 
(not protein) synthesis. Most commercial peptide synthesis 
is limited to < 100 amino acids without ligation to form 
larger polypeptides and even if longer polypeptides are 
synthesized, correct conformational folding is an issue 
for many proteins or protein subunits along with correct 
quaternary structure of the interacting subunits. Hence, 
we sought a straightforward, general, and cost-effective 
means to conjugate peptides or proteins to the 3′ end of 
DNA which would not be limited by DNA or protein size 
and might someday permit whole genes or gene fragments 
to be PCR-amplified and coupled directly to proteins for 
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serum nuclease protection and facilitated entry into target 
cells.3,6

Since the 3′-adenine of double-stranded PCR products 
is unpaired, we hypothesized that it might be more sus-
ceptible to attack from certain types of chemical coupling 
reactions than other nucleotides which are “protected” 
by hydrogen bonding between the strands at nearly neu-
tral pH values. Many well-known linkage chemistries are 
readily available for attaching to primary amines. Unfor-
tunately, the N6 of adenine is a primary aryl amine which 
is considered to be virtually unreactive with succinimides 
and other popular amine coupling reagents due to stabi-
lizing resonance structures within the adenine ring. Yet 
several reports exist in the literature describing covalent 
attachment of aldehydes and other bifunctional linkers to 
the N6 amino group of adenine.5,13–18 

The impact of a simple DNA–3′-protein conjugation 
method in the pharmaceutical industry is potentially sig-
nificant, because such a method might enable inexpensive 
mass production of therapeutic DNA–3′-protein conju-
gates. The conjugates could be chimeras of active antisense 
oligonucleotides or aptamers and functional proteins. For 

example, if the protein or peptide is a ligand for a specific 
receptor, it could facilitate entry of DNA into cells,3,6 trig-
ger cellular responses, opsonize encapsulated bacteria (e.g., 
via an Fc fragment of IgG or C3b component of comple-
ment on the 3′ end), or activate the complement system 
to kill bacteria, parasites, and cancer cells (e.g., fixation 
of a C1qrs complex on the 3′ end). Mass production of 
DNA–3′-antibody reagents for immuno-PCR constitutes 
another possible diagnostic application of this approach 
to DNA–3′-protein conjugate synthesis. 

MaterialS aND MetHODS
Generation of Unlabeled and  

Fluorophore-labeled Pcr Products

All oligonucleotides were obtained from Integrated DNA 
Technologies (Coralville, IA). For each conjugation exper-
iment, 5–10 EasyStart Micro 100 premade PCR tubes 
(Molecular BioProducts, San Diego, CA) were used. The 
following components were added to each PCR tube: 2 µL 
of template DNA (a 72-base aptamer template designated 

“MPA1” for binding to methylphosphonic acid; MPA)19 at 
a stock concentration of 5.6 nmoles/mL, 5 µL of forward 

FiGUre 1

Conceptual diagram illustrating glutaraldehyde link-
age to the unpaired 3′ adenine overhang added by 
some polymerases during PCR. In theory, near neutral 
pH values, hydrogen bonds between complementary 
strands of the PCR product would remain intact and the 
product would remain double-stranded so that the only 
possible point of linkage would be the N6 primary aryl 
amine of the 3′ adenine. Covalent coupling to a protein 
on the 3′ end would provide protection from serum 
exonuclease and retard clearance by major organs to 
enhance pharmacokinetics. The double-stranded DNA 
might be converted to single-stranded DNA by brief 
heating and treatment with high concentrations of urea 
and other chaotropic agents to disrupt hydrogen bonds 
between the DNA strands followed by chromatograph-
ic purification to yield active aptamer- or antisense-3′-
protein constructs. 
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and reverse primer (5′-ATACGGGAGCCAACACCA-3′ 
and 5′-ATCCGTCACACCTGCTCT-3′, respectively) each 
at stock concentrations of 85 nmoles/mL, 1 µL of recom-
binant rTaq polymerase (TakaRa, Otsu, Shiga, Japan), 10 
µL of 10X PCR buffer (TakaRa) and 27 µL of nuclease-
free deionized water. PCR was conducted under the fol-
lowing conditions: 95°C for 5 min followed by 30 cycles 
of 95°C for 30 sec, 53°C for 30 sec, and 72°C for 30 sec, 
followed by a 7-min extension period at 72°C and stor-
age at 4°C. In one experiment, the MPA aptamers were 
labeled with 4 µM AlexaFluor (AF) 546-14-dUTP (Invit-
rogen) by 30 cycles of PCR with 5 U of Deep Vent (exo-) 
polymerase (New England Bio Labs, Ipswich, MA) per 
PCR reaction.20

Pcr Product–3′-Protein coupling Method
Blunt-ended Amplisize (50–2000 bp) DNA ladder 
was purchased from Bio-Rad Laboratories (Hercules, 
CA). Glutaraldehyde (Grade I, 25% solution), human 
β2-microglobulin, and wide-range molecular weight mark-
ers for SDS-PAGE were purchased from Sigma-Aldrich 
(St. Louis, MO).

The MPA aptamer19 PCR product was diluted to 4 µg/
mL in 0.1 M phosphate buffered saline (PBS) which had 
been adjusted to pH 6.0 with acetic acid to slightly “acidify” 
or protonate the N6 of 3′ terminal adenines in the PCR 
product. One hundred microliters of the double-stranded 
MPA aptamer PCR product, 150 µL of β2-microglobulin, 
and 20 µL of blunt-ended Amplisize DNA ladder were 
added in various combinations to a series of microfuge 
tubes. Half of these tubes received 25 µL of cold 25% glu-
taraldehyde and all tubes were equalized to a final volume 
of 250 µL in 0.1 M PBS at pH 6.0. Tubes were refrigerated 
at 4°C for a minimum of 16 h.

Gel-Shift analyses
Up to 20 µL of conjugates or other samples were added to 
an equal volume of Novex 2X SDS-PAGE loading buffer 
(Invitrogen) and loaded into 4–20% gradient SDS-poly-
acrylamide Precise mini-gels (Pierce Chemical, Rockford, 
IL) and run in cold BupH Tris-HEPES-SDS running buf-
fer at 100–200 V. Samples were routinely loaded alongside 
5–10 µL of 20 bp DNA ladder (Bio-Rad Laboratories) and 
SigmaMarker SDS-PAGE wide-range protein molecular 
weight standards (6.5–205 kD, No. 4038, Sigma-Aldrich). 
Lanes containing only the unlabeled or AF 546-dUTP-
labeled aptamer PCR products and the protein by them-
selves were also run as controls to determine the migra-
tion patterns of each. Following electrophoresis, if gels 
contained AF 546-labeled DNA, they were rinsed briefly 
in deionized water and then photographed with Polaroid 
type 667 film on a UV transilluminator to determine the 

positions of the AF 546-labeled PCR products. All gels 
were sequentially stained to determine the locations of 
DNA and protein bands in the same gels21 by first stain-
ing with 4 µL of 1% ethidium bromide in 100 mL of 
Tris-Borate-EDTA (TBE) buffer for 10 min on an orbital 
shaker and then washing in 100 mL of deionized water 
for 10 min and photographing on a UV transilluminator. 
Next, the same gels were stained in 20–30 mL of Simply-
Blue (Coomassie blue G-250, Invitrogen) stain for 1 h fol-
lowed by washing in 100 mL of deionized water for at least 
1 h and photography on a white light box. Finally, some of 
the previously ethidium bromide–stained and Coomassie 
blue-stained gels were fixed in an aqueous solution of 40% 
ethanol and 10% acetic acid at room temperature over-
night and stained with an Invitrogen SilverQuest silver 
stain kit according to manufacturer’s instructions and 
again photographed on a white light box.

Fluorescence Measurements
Control bands and bands which appeared shifted to a 
higher molecular weight were excised from some of the 
polyacrylamide gels to determine if they contained AF 
546 dye which would be indicative of DNA in the band 
and conjugation to β2-microglobulin, since AF 546-dUTP 
does not contain any primary amines or other functional 
groups known to be reactive with glutaraldehyde (Figure 
3C). Excised test and control gel slices were eluted in 2 
mL of PBS (0.1 M PBS, pH 7.2) overnight at 4°C and their 
fluorescence emission spectra were acquired by excitation 
at 555 nm with 5-nm slits and a 900-V photomultiplier 
setting on a Cary Eclipse spectrofluorometer (Varian, 
Palo Alto, CA).

reSUltS aND DiScUSSiON
Figure 2 illustrates gel-shift analysis of the DNA 
aptamer–glutaraldehyde–β2-microglobulin system. The 
ethidium bromide-stained gel in Figure 2A suggests 
a very slight upward shift in the position of the DNA 
aptamers in lanes 6 and 8 (glutaraldehyde-treated) ver-
sus lanes 2 and 4 (untreated). The slight gel shift and 
mild higher molecular weight smearing in lanes 6 and 8 
versus lanes 2 and 4 might be expected since one of the 
byproducts should be end-to-end linked double-stranded 
aptamer–3′-glutaraldehyde–3′-aptamer “concatamer” 
conjugates that shift molecular weight upward. The same 
gel is shown in Figure 2B after Coomassie blue staining 
and is more revealing, because there is clear evidence 
of band shifts for the β2-microglobulin in lanes 7 and 8 
(glutaraldehyde-treated) versus lanes 3 and 4 (untreated) 
and the bands in lane 8 (aptamer plus protein) are shifted 
upward relative to the bands in lane 7 (β2-microglobulin 
protein only). The upward shift of bands in lane 8 relative 
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to lane 7 which still stain with Coomassie blue is very 
suggestive of DNA–protein conjugate formation. These 
observations are further corroborated by the appearance 
of lanes 7 and 8 following a silver stain of the same gel 
in Figure 2C. 

Unfortunately, the molecular weights of the double-
stranded DNA aptamer (anticipated to be 2 × 22.5 kD or 
45 kD) and the β2-microglobulin (11.6 kD) to yield a sin-
gle conjugate weighing 56.6 kD do not seem to be additive 
or supported by visible banding in the stained gels except 
possibly in the silver-stained gel shown in Figure 2C 
(minor band in lane 8 around the 55 kD marker indicated 
by the white arrowhead in Figure 2C). This lack of clear 
verification by addition of band molecular weights may be 
due to false migration of certain bands. For example, the 
ethidium bromide-stained lanes containing DNA aptam-
ers (lanes 2, 4, 6, and 8 in Figure 2A) appear to lie between 
60 and 80 bp as expected for the 72-base MPA aptamer 
and stain with ethidium bromide as expected for double-
stranded DNA, but they also seem to lie between 20.1 kD 

and 24 kD as would be expected for the single-stranded 
DNA aptamer reported by the supplier to weigh 22.5 kD, 
not 45 kD as expected for the double-stranded PCR prod-
uct employed. Hence, we are placing less credence in addi-
tion of observed molecular weights and more credence 
is relative shifts in mobility such as those seen between 
bands in lanes 7 and 8 of Figures 2B and 2C or lanes 6 
and 7 of Figure 3B which can only be accounted for by the 
coupling of a fraction of the DNA to β2-microglobulin.

The definitive method to determine if DNA–protein 
conjugation has occurred involves prior radiolabeling of 
DNA with 32P followed by conjugation, electrophoresis 
and autoradiography to track radiolabeled DNA in conju-
gates as Chu et al.5 did to prove that they had developed a 
single-stranded DNA aptamer–recombinant gelonin pro-
tein conjugate by an electrophoretic mobility shift assay 
(EMSA). Unfortunately, working with radioisotopes was 
not possible for the experiments presented herein, but 
fluorescence-based electrophoretic mobility shift assays 
have been used as acceptable substitutes for radioisotopic 

FiGUre 2

a: Ethidium bromide–stained 4–20% SDS-HEPES polyacrylamide gel showing various combinations of the meth-
ylphosphonic acid aptamer (amplified by Taq polymerase) and β2-microglobulin components alone and together 
in the presence and absence of 2.5% glutaraldehyde for 16 h at 4°C. B: Same gel stained with Coomassie blue. c: 
Same gel following a silver stain procedure. Contents of each lane: lane 1, 20 bp DNA ladder (Bio-Rad); lane 2, meth-
ylphosphonic acid aptamer; lane 3, β2-microglobulin; lane 4, methylphosphonic acid aptamer plus β2-microglobulin; 
lane 5, Amplisize 50–2,000 bp DNA ladder (Bio-Rad); lanes 6–9, same contents and order as lanes 2–5 but with 2.5% 
glutaraldehyde added at pH 6.0; lane 10, wide-range molecular weight markers (Sigma-Aldrich). Shifted bands are 
indicated by arrow heads.
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methods.22,23 Therefore, a fluorescence method was used 
in the present work to demonstrate that higher molecular 
weight shifted bands from our gels contained AF 546 
dye suggesting that DNA–3′-protein conjugates were 
formed. In most unstained gels we were able to visualize 
fluorescence in some of the AF 546-labeled and shifted 
bands when placed on a UV transilluminator (Figure 3A). 
To further prove that the fluorescence was emanating 
from AF 546, we cut and eluted the bands and demon-
strated that there was fluorescence which peaked around 
570–575 nm (characteristic of AF 546 emission) associ-
ated with these shifted bands relative to lower molecular 
weight bands as in spectrum “e” in Figure 3D from band 

“e” in Figure 3B. Not all shifted bands exhibited intense 
fluorescence. For example, the band labeled “d” corre-
sponding to spectrum “d” in Figures 3B and 3D did not 
fluoresce visibly (Figure 3A, lane 7) nor did it fluoresce 
when eluted (Figure 3D). We hypothesize that this lack of 
fluorescence may be due either to a lack of DNA in the 

“d” band or to quenching of AF 546 by an abundance of 
β2-microglobulin in band “d.” 

There is only one source of AF 546 dye in our experi-
ments, namely the AF 546-dUTP-PCR-labeled DNA 
aptamers. AF 546-dUTP cannot directly couple to the 

β2-microglobulin because it does not contain a free pri-
mary amine or other known reactive group for coupling 
to glutaraldehyde as illustrated in Figure 3C. Therefore, 
detection of fluorescence at >570 nm in a shifted gel 
band in our system must indicate the presence of AF 
546-labeled DNA (spectrum “e” in Figure 3D) and DNA–
3′-β2-microglobulin conjugate formation. Gel band “e” in 
the Coomassie blue-stained gel in Figure 3B contains both 
higher molecular weight DNA (see Figure 3A, lane 7) and 
protein (Figure 3B, lane 7), yet it fluoresces when excited 
at 555 nm relative to any of the excised and eluted bands 
labeled “a–d” in Figures 3B and 3D. It is of interest to 
note that this band shift occurred after using Deep Vent 
(exo-) polymerase which, according to the manufacturer, 
is thought to produce 3′ adenine overhangs in only 30% 
of its PCR products. Even with this reduced abundance 
of 3′-adenine overhangs (versus nearly 100% 3′-adenine 
addition with Taq),12 we were still able to detect a gel shift 
indicative of a DNA–protein conjugate in lane 7 of Fig-
ures 3A and 3B. 

Besides the band mobility retardation and fluores-
cence evidence, a strong line of evidence for selective con-
jugation to the 3′ end exists in the negative control experi-
ments. We repeatedly saw no evidence of conjugation 

FiGUre 3

a: Unstained 4–20% SDS-HEPES polyacrylamide gel showing various combinations of the methylphosphonic acid 
aptamer (amplified by Deep vent (exo-) polymerase to optimally incorporate AF 546-dUTP) and β2-microglobulin 
components alone and together in the presence and absence of 2.5% glutaraldehyde for 16 h at 4°C. Shifted bands 
are indicated by arrow heads. B: Same gel stained with Coomassie blue. Contents of each lane: lane 1, AF 546-labeled 
MPA aptamer; lane 2, β2-microglobulin; lane 3, AF-546-aptamer plus β2-microglobulin; lane 4, vacant; lanes 5–7, same 
contents and order as lanes 1–3 but with 2.5% glutaraldehyde at pH 7.2 added for 16 h; lane 8, vacant; lane 9, wide-
range molecular weight markers (Sigma-Aldrich). c: Structure of AF-546-dUTP which contains no primary amines, 
but does contain a carboxylic acid (arrow) which may aid in protonating the N6 of adenine for enhanced reactivity. 
D: Spectrofluorometric assessment of gel slices excised from the gels shown in A and B. Spectra “a–e” correspond 
to the bands shown in B. Excitation was at 555 nm (peak absorbance of AF 546-dUTP).
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among the glutaraldehyde-treated Amplisize DNA ladder 
bands at pH 6.0, because according to their producer (Bio-
Rad) these bands are blunt-ended (e.g., compare lanes 5 
and 9 of Figs. 2A and C which show no difference in 
banding pattern). Likewise, at pH 6.0 we were not able to 
induce blunt-ended Amplisize DNA ladder fragments to 
couple with β2-microglobulin via glutaraldehyde for lack 
of a primary amine on the 3′ end (Figure 4B, lanes 6 and 
7 are identical). While clear protein–protein dimers and 
trimers of β2-microglobulin can be seen in lanes 6 and 7 
or Figure 4B, these protein–protein conjugates are not fur-
ther shifted upward by the presence of blunt-ended DNA 

in the sample run in lane 7. This experiment indicates that 
a 3′-adenine is necessary for coupling of double-stranded 
DNA to the protein. 

If the pH of the Amplisize standards is lowered to 
< 5.0, significant smearing occurs in both the untreated 
and glutaraldehyde-treated Amplisize markers (data not 
shown), presumably due to disruption of hydrogen bond-
ing between complementary strands of double-stranded 
DNA molecules. The double-stranded DNA must remain 
intact in order for our selective 3′-adenine protein conjuga-
tion to be valid, but Williams et al. have elegantly shown 
that pH 6.0 will not cause separation of the strands of 
double-stranded DNA.24 The AF 546-dUTP-labeled PCR 
products may also have been more reactive due to the car-
boxylic acid group in AF 546 (Figure 3C, arrow) acting 
locally to acidify the N6 of adenine, because the pH 6.0 
PBS buffer was not necessary to achieve a gel shift from 
the AF 546-labeled DNA plus protein. AF 546-labeled 
aptamers reacted readily with β2-microglobulin at pH 7.2.

While DNA–DNA and protein–protein dimer, 
trimer and other byproducts surely form as well, the 
DNA–protein conjugates of interest clearly appear and 
may be separated by chromatography on a small scale 
or in a larger scale industrial purification process. Prior 
to that process, the double-stranded DNA–protein 
conjugates could be separated into single-stranded 
DNA–protein conjugates by rapid heating and high con-
centrations of chaotropic denaturing agents (e.g., urea, 
formamide, guanidine salts).

The major differences between the present conjuga-
tion method and that of Chu et al.5 are the use of glutar-
aldehyde and the fact that the protein is forced to locate 
at the 3′ end, because N6 of the unpaired 3′-adenine is the 
only vulnerable primary amine available for nucleophilic 
attack by a linker in the predominately double-stranded 
and protected DNA. In the work of Chu et al.,5 the bifunc-
tional linker SPDP (N-succinimidyl 3-(2-pyridyldithio)-
propionate) appeared to attach to free primary arylamines 
on adenine, cytosine, or guanine at various locations in 
the single-stranded aptamer used in those studies. In the 
present work, all of the adenine, cytosine, and guanine 
primary amines are involved in hydrogen bonding to 
the complementary strand of the double-stranded PCR 
product at neutral pH, so that the only point of attach-
ment for a protein must be the N6 primary amine of the 
3′-adenine overhang. Glutaraldehyde is a bifunctional 
aldehyde linker known to spontaneously attack the N6 of 
adenine,13,15,18 but others have shown that metal-based 
catalysts such as Pt(II) complexes can “acidify” the N6 
of adenine, thereby making it more reactive.25 We con-
sidered platinum-containing compounds, but compounds 
such as cis-platinum cancer drugs are known to cross-link 

FiGUre 4

Negative control gels using blunt-ended Amplisize DNA lad-
der fragments with or without β2-microglobulin in the presence 
and absence of 2.5% glutaraldehyde at 4°C for 16 h. a: ethidium 
bromide-stained 4–20% SDS-HEPES polacrylamide gel. B: Coo-
massie blue stain of same gel. Lane 1, 20 bp DNA ladder begin-
ning at 40 bp since the ladder was defective and started at 40 bp 
instead of 20 bp as it should have; lane 2, Amplisize DNA; lane 3, 
β2-microglobulin; lane 4, Amplisize DNA plus β2-microglobulin; 
lanes 5–7 are the same lanes 2–4 but with 2.5% glutaraldehyde; 
lane 8, wide-range molecular weight standards. 
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DNA internally at random and we wished to selectively 
couple to the 3′ end. Still, the concept of protonating 
the N6 of adenine to increase its reactivity was intriguing 
because our coupling system did not work well at neutral 
pH and low pH (≤ 5.0) tended to breakdown the double-
stranded structure of the Amplisize and aptamer DNA 
so that smears resulted in the gels (data not shown). For-
tunately, pH 6.0 appears to be ideal for mild coupling to 
the 3′ end, because pH 6.0 does not disrupt the hydrogen 
bonds between the strands of double-stranded DNA.24 
Another possible mild, yet effective strategy for DNA–3′-
adenine-protein coupling that we envision is the use of 
natural transferase enzymes to attach ligands with a linker 
functionality to the N6 of terminal 3′-adenines.26 Nature 
is replete with methyltransferases for methylation of the 
N6 of adenine and other transferases that might efficiently 
place lengthier ligands and linkers onto the N6 atom of 
3′-adenines.26

While single-stranded DNA–aptamer-3′-peptide or 
antisense-3′-peptide conjugates can be made in one ele-
gant solid-phase process, or 3′-functional groups can be 
attached to single-stranded DNA during solid-phase syn-
thesis for later attachment to functional proteins and other 
macromolecules, such processes are relatively expensive 
on a large-scale basis and require a high level of quality 
control.27 The facile method of direct PCR amplicon-
3′-adenine attachment described herein may provide a 
cost-effective alternative for mass-producing therapeutic 
DNA–3′-protein conjugates with enhanced pharmacoki-
netic properties.
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