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Abstract: Background: Introducing unnatural base pairs into a natural, double-stranded DNA
construct is a powerful tool within synthetic biology. Accordingly, the ability to detect these unnatural
base pairs has many applications, including the study and detection of semisynthetic organisms.
Objective and Methods: The work described here aimed to select human antibodies for the specific
recognition of Hirao’s base pair dDs–dPn in various natural DNA contexts by using a combination of
phage and yeast display technologies. Results: We selected a total of six antibodies in yeast-displayed
scFv format, and further tested three of these antibodies in soluble form as minibodies and IgGs. We
also describe an assay that can be used to detect plasmids containing dDs–dPn pair. Conclusions: Our
antibodies did not afford the desired specificity or sensitivity for detection of a single unnatural base
pair among thousands of natural. However, our data indicate not only that such detection is possible
but also that these antibodies may be candidates for further affinity and specificity maturation.

Keywords: unnatural base pairs; Hirao’s base pair; recognition of unnatural base pairs; phage display;
yeast display; antibody selection

1. Introduction

Life on Earth has been entirely built on only four nucleotides. Simply adding a few
nucleotides vastly increases the possible complexity, which has implications for synthetic
biology in creating aptamers and proteins with novel functions [1–4], as well as information
storage within DNA [5,6]. To this end, several unnatural base pairs (UBPs) have been syn-
thesized, mainly by teams led by Steven A. Benner, Philippe Marliere, Floyd E. Romesberg
and Ichiro Hirao [7].

Incorporating UBPs into whole, semisynthetic organisms (SSOs) is a field of active
study [8], and these SSOs have already proven valuable for generating therapeutics with
noncanonical amino acids, which are currently undergoing clinical trials [9,10]. This
work was started by Synthorx, which was subsequently acquired by Sanofi, indicating
commercial interest in this burgeoning field that has much room for more complex SSOs and
synthetic protein formulations [9]. The ability to quickly and specifically detect UBPs would
greatly aid the development of SSOs by monitoring the conservation and amplification
of UBP-containing DNA in real time. It would also allow real-time visualization of gene
expression in SSOs or could simply distinguish SSOs from natural organisms.

While some efforts are underway to identify UBPs by sequencing methods [11–13],
we are unaware of any previously described attempts to develop antibodies recognizing
UBPs or to establish UBP immunodetection protocols.
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Apart from mammalian dsDNA [14], all forms of DNA are very immunogenic in
humans when presented in complexes with proteins [15]. It is therefore likely that a recom-
binant human antibody library could yield anti-DNA antibodies if interrogated in vitro,
even with protein-free DNA. It is also possible that such antibodies could distinguish
modifications such as the presence of unnatural base pairs since antibodies capable of rec-
ognizing modified nucleosides in RNA and DNA molecules have been previously obtained
by animal immunization [16–19].

Phage display and yeast display are well-established technologies that allow affinity
ligands (peptides, antibodies, and other proteins) to be expressed on the surface of non-
lysogenic bacterial viruses (phages) or yeast, respectively [20–22]. In phage and yeast
display libraries, each individual organism carries a single ligand, together with the gene
encoding that ligand. This phenotype–genotype linkage enables researchers to apply a
selection pressure (i.e., binding to the target of interest) and recover the genome or expand
the organism that encodes the surviving ligand. Thus, this results in the progressive
enrichment of the display library for clones capable of recognizing the target. Importantly,
the identification of the selected ligands can be achieved by sequencing the DNA “tag”
that codes for them. Phage display libraries can include as many as 1011 unique ligands,
with each phage particle expressing between one and five copies of a single ligand. In
contrast, yeast libraries tend to be smaller (typically 107 unique clones), while expressing
roughly 30,000 copies of a single ligand per cell. The higher display level of yeasts, together
with their larger physical size, results in significant advantages, among which is the ability
to use flow cytometry to provide immediate feedback on the progress of a selection. A
combination of phage display and yeast display affords many more affinity reagents than a
single display platform [23].

These methods of interrogating large libraries through phage [24] and/or yeast [25]
display technology have enabled us to select high-quality reagents against a variety of
targets, including viral [26], bacterial [27,28], and mammalian proteins [29,30], as well as
peptides and whole cells. Further, because some selections require exquisite specificity,
we have honed our methods for pre-subtraction. This has allowed us to distinguish, for
example, metastatic from non-metastatic melanoma cells [29], phosphorylated from non-
phosphorylated peptides [31], and SARS-CoV-2 from SARS-CoV-1 [32]. In our most recent
selections, toggling between phage and yeast display platforms has allowed us to select
larger suites of affinity reagents, which, being well expressed on yeast, are also likely to be
well folded and stable [33]. Finally, yeast display has facilitated the affinity maturation of
our most promising anti-plague antibodies, which have shown to be protective in vivo [34].

Here, we describe the isolation of six unique human antibodies recognizing Hirao’s
pair, dDs–dPn (Figure 1B) [35], from a naïve antibody library derived from 40 healthy
donors [36]. From this library, we used phage and yeast display technologies for their
unique strengths, but also incorporated subtractive selection strategies to avoid the recogni-
tion of natural base pairs and directed selection against the dDs–dPn pair in the context of
various DNA sequences. We also report on the characterization of the three best-behaved
antibodies, chosen for dDs–dPn recognition specificity, the context dependency of recogni-
tion, and binding affinity. Finally, we describe immunoassay methods that could allow the
detection of unnatural base pairs in plasmids, like hypothetical ones extracted from SSOs.
We present evidence supporting the claim that these antibodies bind synthetic base pairs
(dDs–dPn) with higher affinity than the equivalent natural base pair (dA–dT) in a manner
that for two of the antibodies is independent of the surrounding sequence. Furthermore, we
present evidence that FLISA might be a feasible assay for analysis of “real-world” samples.
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lection steps (a–g) are described in the figure. Oligos that bind to the antibodies are represented by 

half-moon shapes. Blue half moons represent the target, which is an oligonucleotide containing the 

Hirao’s pair dDs-dPn (UBP, shown in panel (B), left). When a B is attached to a half-moon, it indi-

cates biotin, which is used for capture or staining. Orange half-moons represent oligonucleotides 

containing natural base pair dA-dT (NBP, shown in panel (B), right). These are used for subtractive 
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Figure 1. Strategy for the selection of Hirao’s base pair from display libraries. (A) A schematic
representation of the rounds of selection for phage or yeast display is shown. Micrographs of
filamentous phage (labeled in green) and yeast (labeled in red) are shown in the upper left corner,
labeled. This color coding is used throughout to distinguish parts of the selection steps within the
round as pertinent to either phage display (green writing) or yeast display (red writing). Display
organisms (either phage or yeast) are represented schematically to highlight the displayed antibody
(colored circles) and the gene coding for it (corresponding colored square inside the organism’s body).
Selection steps (a–g) are described in the figure. Oligos that bind to the antibodies are represented
by half-moon shapes. Blue half moons represent the target, which is an oligonucleotide containing
the Hirao’s pair dDs-dPn (UBP, shown in panel (B), left). When a B is attached to a half-moon, it
indicates biotin, which is used for capture or staining. Orange half-moons represent oligonucleotides
containing natural base pair dA-dT (NBP, shown in panel (B), right). These are used for subtractive
selection strategies during the incubation step of either phage or yeast display libraries. The selection
of UBP-specific antibodies was encouraged by adding excess non-biotinylated UBP (blue half-moon)
during the phage display elution step (c).
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2-Amino-3-nitro-4-(2-thienyl) pyridine (compound 2): 

A mixture of 2-amino-3-nitro-4-chloropyridine (compound 1) (1.74 g, 10 mmol), di-

chlorobis(triphenylphosphine)palladium (II) (350 mg, 0.50 mmol), and 2-(tributylstanyl) 

thiophene (3.82 mL, 12 mmol) in DMF (50 mL) was heated at 100 °C under argon atmos-

phere for 4 h. The mixture was partitioned between water and ethyl acetate. The organic 

layers were combined and concentrated. The residue was purified on silica gel with 40% 

ethyl acetate in hexanes to give 2.07 g (94%) of compound 2 as orange-colored solids. 1H 

NMR (270 MHz, CDCl3) δ 8.19 (d, 1H, J = 5.1 Hz), 7.47 (dd, 1H, J = 5.0 and 1.1 Hz), 7.14 

(dd, 1H, J = 3.6 and 1.1 Hz), 7.10 (dd, 1H, J = 5.0 and 3.6 Hz), 6.78 (d, 1H, J = 5.1 Hz), and 

5.73 (bs, 2H). 

 

2,3-Diamino-4-(2-thienyl) pyridine (compound 3): 

To a mixture of compound 2 (2.06 g, 9.3 mmol) and Pd/C (466 mg, 10 wt.%) in ethanol 

(130 mL) and ethyl acetate (65 mL), 1 M aqueous sodium borohydride (28.0 mL) was added 

and stirred at 0 °C for 1 h. To the mixture, 5% aqueous ammonium chloride (43 mL) was 

slowly added, and the Pd/C was removed by filtration through Celite. The volatile organic 

solvents were removed under reduced pressure, and the residue was partitioned between 

ethyl acetate and water. The organic layers were combined and concentrated. The residue 

was purified on silica gel with 10% methanol/dichloromethane to give 1.65 g (93%) of 

compound 3. 1H NMR (270 MHz, CDCl3) δ 7.61 (d, 1H, J = 5.1 Hz), 7.45 (dd, 1H, J = 5.1 and 

1.1 Hz), 7.26 (dd, 1H, J = 3.5 and 1.1 Hz), 7.18 (dd, 1H, J = 5.1 and 3.5 Hz), 6.76 (d, 1H, J = 

5.1 Hz), 4.68 (bs, 2H), and 3.78 (bs, 2H). 

 

7-(2-Thienyl)-3H-imidazo[4,5-b] pyridine (compound 4): 

A solution of compound 3 (1.65 g, 8.63 mmol) in formic acid (26 mL) was refluxed for 

12 h. Twenty-eight percent NH4OH (40 mL) was added dropwise at 0 °C. The precipitate 

was filtered, washed with H2O, and air dried to give 1.44 g (83%) of compound 4. 1H NMR 

(300 MHz, DMSO-d6) δ 13.21 (s, 1H), 8.49 (s, 1H), 8.31 (m, 2H), 7.79 (dd, 1H, J = 1.0 and 5.1 

Hz), 7.56 (d, 1H, J = 5.1 Hz), 7.26 (dd, 1H, J = 3.8 and 4.9 Hz). 13C NMR (75 MHz, DMSO-

d6) 8 113.12, 128.00, 128.71, 129.24, 130.00, 131.16, 137.60, 143.44, 144.09, and 148.66. 

2-Amino-3-nitro-4-(2-thienyl) pyridine (compound 2):
A mixture of 2-amino-3-nitro-4-chloropyridine (compound 1) (1.74 g, 10 mmol),

dichlorobis(triphenylphosphine)palladium (II) (350 mg, 0.50 mmol), and 2-(tributylstanyl)
thiophene (3.82 mL, 12 mmol) in DMF (50 mL) was heated at 100 ◦C under argon atmo-
sphere for 4 h. The mixture was partitioned between water and ethyl acetate. The organic
layers were combined and concentrated. The residue was purified on silica gel with 40%
ethyl acetate in hexanes to give 2.07 g (94%) of compound 2 as orange-colored solids.
1H NMR (270 MHz, CDCl3) δ 8.19 (d, 1H, J = 5.1 Hz), 7.47 (dd, 1H, J = 5.0 and 1.1 Hz), 7.14
(dd, 1H, J = 3.6 and 1.1 Hz), 7.10 (dd, 1H, J = 5.0 and 3.6 Hz), 6.78 (d, 1H, J = 5.1 Hz), and
5.73 (bs, 2H).
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A solution of compound 3 (1.65 g, 8.63 mmol) in formic acid (26 mL) was refluxed for 

12 h. Twenty-eight percent NH4OH (40 mL) was added dropwise at 0 °C. The precipitate 

was filtered, washed with H2O, and air dried to give 1.44 g (83%) of compound 4. 1H NMR 
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d6) 8 113.12, 128.00, 128.71, 129.24, 130.00, 131.16, 137.60, 143.44, 144.09, and 148.66. 

2,3-Diamino-4-(2-thienyl) pyridine (compound 3):
To a mixture of compound 2 (2.06 g, 9.3 mmol) and Pd/C (466 mg, 10 wt.%) in ethanol

(130 mL) and ethyl acetate (65 mL), 1 M aqueous sodium borohydride (28.0 mL) was added
and stirred at 0 ◦C for 1 h. To the mixture, 5% aqueous ammonium chloride (43 mL) was
slowly added, and the Pd/C was removed by filtration through Celite. The volatile organic
solvents were removed under reduced pressure, and the residue was partitioned between
ethyl acetate and water. The organic layers were combined and concentrated. The residue
was purified on silica gel with 10% methanol/dichloromethane to give 1.65 g (93%) of
compound 3. 1H NMR (270 MHz, CDCl3) δ 7.61 (d, 1H, J = 5.1 Hz), 7.45 (dd, 1H, J = 5.1
and 1.1 Hz), 7.26 (dd, 1H, J = 3.5 and 1.1 Hz), 7.18 (dd, 1H, J = 5.1 and 3.5 Hz), 6.76 (d, 1H,
J = 5.1 Hz), 4.68 (bs, 2H), and 3.78 (bs, 2H).
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7-(2-Thienyl)-3H-imidazo[4,5-b] pyridine (compound 4):
A solution of compound 3 (1.65 g, 8.63 mmol) in formic acid (26 mL) was refluxed for

12 h. Twenty-eight percent NH4OH (40 mL) was added dropwise at 0 ◦C. The precipitate
was filtered, washed with H2O, and air dried to give 1.44 g (83%) of compound 4. 1H
NMR (300 MHz, DMSO-d6) δ 13.21 (s, 1H), 8.49 (s, 1H), 8.31 (m, 2H), 7.79 (dd, 1H, J = 1.0
and 5.1 Hz), 7.56 (d, 1H, J = 5.1 Hz), 7.26 (dd, 1H, J = 3.8 and 4.9 Hz). 13C NMR (75 MHz,
DMSO-d6) 8 113.12, 128.00, 128.71, 129.24, 130.00, 131.16, 137.60, 143.44, 144.09, and 148.66.
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7-(2-Thienyl)-3-[2-deoxy-3,5-di-O-(toluoyl)-(3-D-ribofuranosyl]-3H-imidazo[4,5-

b]pyridine (compound 5): 

To a solution of compound 4 (1.44 g, 7.16 mmol) in CH3CN (115 mL), NaH (440 mg, 

11.0 mmol, 60% in oil) was added at 0 °C. The resulting mixture was stirred at room tem-

perature for 1.5 h. To this mixture, 2-deoxy-3,5-di-O-p-toluoyl-a-D-erythro-pento-

furanosyl chloride (3.34 g, 8.59 mmol) was added, and the mixture was stirred for 2 h. The 

solvent was removed under reduced pressure, and the residue was partitioned between 

ethyl acetate and water. The organic layers were combined and concentrated. The residue 

was purified with 4% methanol in CH2Cl2 on silica gel to give 2.65 g (67%) of compound 

5. 1H NMR (270 MHz, CDCl3) δ 8.35 (d, 1H, J = 5.3 Hz), 8.29 (s, 1H), 8.17 (dd, 1H, J = 3.8 

and 1.2 Hz), 7.95 (m, 4H), 7.51 (dd, 1H, J = 5.1 and 1.2 Hz), 7.49 (d, 1H, J = 5.3 Hz), 7.22 (m, 

5H), 6.70 (dd, 1H, J = 8.6 and 5.8 Hz), 5.83 (m, 1H), 4.70 (m, 3H), 3.19 (ddd, 1H, J = 14.2, 8.6 

and 6.4 Hz), 2.88 (ddd, 1H, J = 14.2, 5.8 and 2.0 Hz), 2.45 (s, 3H), and 2.39 (s, 3H). 

 

7-(2-Thienyl)-3-(2-deoxy-|3-D-ribofuranosyl)-3H-imidazo[4,5-b] pyridine 

(compound 6): 

To 2.65 g (4.79 mmol) of compound 5, 7 M ammonia in methanol (40 mL) was added 

at 0 °C. The solution was stirred at room temperature for 2 days. The solvent was removed 

under reduced pressure, and the residue was purified with 100% ethyl acetate on silica 

gel to give 1.26 g (83% yield) of compound 6. 1H NMR(300MHz, DMSO-d6) δ 8.75 (s, 1H), 

8.35 (d, 1H, J = 5.1 Hz), 8.29 (d, 1H, J = 3.7 Hz), 7.83 (d, 1H, J = 5.1 Hz), 7.65 (d, 1H, J = 5.1 

Hz), 7.27 (t, 1H, J = 4.2 Hz), 6.53 (t, 1H, J = 6.9 Hz), 5.35 (d, 1H, J = 4.1 Hz), 5.12 (t, 1H, J = 

5.7 Hz), 4.45 (m, 1H), 3.91 (m, 1H), 3.60 (m, 2H), 2.79 (m, 1H), 2.34 (m, 1 H). 13C NMR (75 

MHz, DMSO-d6) δ 147.10, 144.04, 143.62, 137.06, 132.00, 131.00, 129.78, 129.06, 128.07, 

113.93, 87.88, 83.72, 70.80, 61.74, and 39.40. 

 

7-(2-Thienyl)-3-[2-deoxy-5-0-(4,4’-dimethoxytrityl)-|3-D-ribofuranosyl]-3H-imid-

azo[4,5-b] pyridine (compound 7): 

Compound 6 (1.26 g, 3.97 mmol) was co-evaporated three times with dry pyridine 

and dissolved in anhydrous pyridine (20.0 mL). To this, dimethoxytrityl chloride (1.415 g, 

4.18 mmol, 1.05 eq.) was added, and the mixture was stirred overnight at room tempera-

ture; 65 mg more dimethoxytrityl chloride was added until the reaction was complete. The 

7-(2-Thienyl)-3-[2-deoxy-3,5-di-O-(toluoyl)-(3-D-ribofuranosyl]-3H-imidazo[4,5-b]pyridine
(compound 5):

To a solution of compound 4 (1.44 g, 7.16 mmol) in CH3CN (115 mL), NaH (440 mg,
11.0 mmol, 60% in oil) was added at 0 ◦C. The resulting mixture was stirred at room tem-
perature for 1.5 h. To this mixture, 2-deoxy-3,5-di-O-p-toluoyl-a-D-erythro-pentofuranosyl
chloride (3.34 g, 8.59 mmol) was added, and the mixture was stirred for 2 h. The solvent
was removed under reduced pressure, and the residue was partitioned between ethyl
acetate and water. The organic layers were combined and concentrated. The residue was
purified with 4% methanol in CH2Cl2 on silica gel to give 2.65 g (67%) of compound 5. 1H
NMR (270 MHz, CDCl3) δ 8.35 (d, 1H, J = 5.3 Hz), 8.29 (s, 1H), 8.17 (dd, 1H, J = 3.8 and 1.2
Hz), 7.95 (m, 4H), 7.51 (dd, 1H, J = 5.1 and 1.2 Hz), 7.49 (d, 1H, J = 5.3 Hz), 7.22 (m, 5H),
6.70 (dd, 1H, J = 8.6 and 5.8 Hz), 5.83 (m, 1H), 4.70 (m, 3H), 3.19 (ddd, 1H, J = 14.2, 8.6 and
6.4 Hz), 2.88 (ddd, 1H, J = 14.2, 5.8 and 2.0 Hz), 2.45 (s, 3H), and 2.39 (s, 3H).
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To 2.65 g (4.79 mmol) of compound 5, 7 M ammonia in methanol (40 mL) was added

at 0 ◦C. The solution was stirred at room temperature for 2 days. The solvent was removed
under reduced pressure, and the residue was purified with 100% ethyl acetate on silica gel
to give 1.26 g (83% yield) of compound 6. 1H NMR(300MHz, DMSO-d6) δ 8.75 (s, 1H), 8.35
(d, 1H, J = 5.1 Hz), 8.29 (d, 1H, J = 3.7 Hz), 7.83 (d, 1H, J = 5.1 Hz), 7.65 (d, 1H, J = 5.1 Hz),
7.27 (t, 1H, J = 4.2 Hz), 6.53 (t, 1H, J = 6.9 Hz), 5.35 (d, 1H, J = 4.1 Hz), 5.12 (t, 1H, J = 5.7 Hz),
4.45 (m, 1H), 3.91 (m, 1H), 3.60 (m, 2H), 2.79 (m, 1H), 2.34 (m, 1 H). 13C NMR (75 MHz,
DMSO-d6) δ 147.10, 144.04, 143.62, 137.06, 132.00, 131.00, 129.78, 129.06, 128.07, 113.93,
87.88, 83.72, 70.80, 61.74, and 39.40.
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7-(2-Thienyl)-3-[2-deoxy-5-0-(4,4’-dimethoxytrityl)-|3-D-ribofuranosyl]-3H-imidazo[4,5-b]
pyridine (compound 7):

Compound 6 (1.26 g, 3.97 mmol) was co-evaporated three times with dry pyridine
and dissolved in anhydrous pyridine (20.0 mL). To this, dimethoxytrityl chloride (1.415 g,
4.18 mmol, 1.05 eq.) was added, and the mixture was stirred overnight at room temperature;
65 mg more dimethoxytrityl chloride was added until the reaction was complete. The
mixture was poured into water (50 mL) and extracted with ethyl acetate (50 mL×3). The
solvent was removed under reduced pressure, and the residue was purified using 60%
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ethyl acetate in hexanes to 100% ethyl acetate with 2% trimethylamine on silica gel to give
2.19 g (89%) of compound 7 as white foam. 1H NMR (270 MHz, CDCl3) δ 8.29 (d, 1H,
J = 5.1 Hz), 8.24 (s, 1H), 8.19 (dd, 1H, J = 3.8 and 1.1 Hz), 7.51 (dd, 1H, J = 5.1 and 1.1 Hz),
7.46 (d, 1H, J = 5.1 Hz), 7.41 (m, 2H), 7.31 (m, 5H), 7.20 (m, 3H), 6.80 (m, 4H), 6.59 (dd, 1H,
J = 6.5 and 6.2 Hz), 4.69 (m, 1H), 4.14 (m, 1H), 3.77 (s, 3H), 3.75 (s, 3H), 3.42 (dd, 1H, J = 10.1
and 4.6 Hz), 3.38 (dd, 1H, J = 10.1 and 5.4 Hz), 2.88 (m, 1H), 2.57 (ddd, 1H, J = 13.8, 6.5 and
4.6 Hz), and 1.97 (d, 1H, J = 3.5 Hz).
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dPn Synthesis: 

 

1-(2-Deoxy-a-D-ribofuranosyl)-2-nitropyrrole 10: 

7-(2-Thienyl)-3-[2-deoxy-5-0-(4,4′-dimethoxytrityl)-|3-D-ribofuranosyl]-3H-imidazo[4,5-b]
pyridine 2-cyanoethyl-N,N-diisopropylphosphoramidite (compound 8):

Compound 7 (425 mg, 0.69 mmol) was co-evaporated three times with anhydrous
pyridine and then three times with anhydrous acetonitrile. This was then dissolved in
anhydrous acetonitrile (4.6 mL), followed by the addition of 2-cyanoethyl tetraisopropy-
lphosphorodiamidite (262 µL, 0.82 mmol) and a 0.45 M acetonitrile solution of tetrazole
(1.68 mL) at room temperature. The mixture was stirred overnight at room temperature.
After the addition of anhydrous methanol (90 mL), the mixture was partitioned with water
and dichlromethane. The volatile organic solvents were collected and concentrated. The
residue was purified using 40% ethyl acetate in hexanes with 2% triethylamine on silica
to give 491 mg (87%) of compound 8 as white foam. 1H NMR (270 MHz, DMSO-d6) δ
8.67 (m, 1H), 8.29 (m, 1H), 8.25 (m, 1H), 7.83 (m, 1H), 7.64 (m, 1H), 7.30 (m, 3H), 7.17 (m,
7H), 6.77 (m, 4H), 6.54 (m, 1H), 4.82 (m, 1H), 4.14 (m, 1H), 3.81–3.47 (m, 10H), 3.21 (m, 3H),
2.82–2.64 (m, 3H) and 1.13 (m, 12H). 31PNMR (109 MHz, DMSO- d6) δ 147.55 ppm, and
146.94 ppm.

dPn Synthesis:
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1-(2-Deoxy-a-D-ribofuranosyl)-2-nitropyrrole 10: 1-(2-Deoxy-a-D-ribofuranosyl)-2-nitropyrrole 10:
To a solution of compound 9 (1.038 g 9.26 mmol) in CH3CN (92.6 mL), NaH (370 mg,

9.26 mmol, 60% in oil) was added at 0 ◦C. The resulting mixture was stirred for 30 min
at room temperature. To this mixture, 1-chloro-2-deoxy-3,5-di-O-toluoyl-a-D-erythro-
pentofuranose (3.96 g, 10.19 mmol) was added and stirred for 2 h at room temperature.
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The reaction mixture was partitioned with ethyl acetate and water. The organic layers
were combined and concentrated. The residue was purified using 10–20% ethyl acetate in
hexanes on silica gel to give 3.81 g (89%) of compound 10 as a white foam.

To compound 10 (3.81 g, 8.20 mmol), 7 M ammonia in methanol (60 mL) was added
at 0 ◦C. The solution was stirred for 12 h at room temperature. The solvent was removed
under reduced pressure, and the residue was purified using 4% methanol in CH2Cl2 on
silica gel to give 1.35 g (72%) of compound 11. 1H NMR (300 MHz, DMSO-d6) δ 7.78 (t, 1H,
J = 2.4 Hz), 7.27 (dd, J = 2.1 and 4.3 Hz, 1H), 6.60 (t, J = 5.8 Hz, 1H), 6.35–6.23 (m, 1H), 5.29
(d, J = 4.3 Hz, 1H), 5.05 (t, J = 5.3 Hz, 1H), 4.24 (p, J = 4.5 Hz, 1H), 3.85 (q, J = 4.1 Hz, 1H),
3.70–3.41 (m, 2H), 2.50–2.31 (m, 3H), and 2.20 (dt, J = 13.3, 5.6 Hz, 1H).

1-[2-Deoxy-5-O-(4,4′-dimethoxytrityl)-β-D-ribofuranosyl]-2-nitropyrrole 2-Cyanoethyl-
N,N-diisopropylphosphoramidite 13.

Compound 11 (1.20 g, 5.26 mmol) was co-evaporated three times with dry pyridine
and dissolved in dry pyridine (20 mL). To this solution, 4,4′-dimethoxytrityl chloride (2.66 g,
7.85 mmol) was added, and the mixture was stirred at room temperature overnight. The
mixture was partitioned with ethyl acetate and water. The organic phase was washed with
5% NaHCO3 and saturated NaCl, dried with Na2SO4, and concentrated. The product was
purified with 10% ethyl acetate in CH2Cl2 on silica gel to give compound 12 (1.93 g, 69%).
After the evaporation of compound 12 (1.93 g, 3.64 mmol) with pyridine three times, the
residue was dissolved in THF (18 mL). To the mixture, N,N-diisopropylethylamine (0.95 mL,
5.48 mmol) and 2-cyano-ethyl-N,N-diisopropylamino chlorophosphoramidite (0.90 mL,
4.01 mmol) were added. The reaction mixture was stirred at room temperature for 1 h. After
the addition of methanol (50 µL), the mixture was diluted with ethyl acetate/triethylamine
(20:1, v/v) and then washed with 5% NaHCO3 and saturated NaCl. The organic phase
was dried with Na2SO4 and evaporated in vacuo. The product was purified by silica gel
column chromatography (20–50% CH2Cl2 in hexane containing 2% triethylamine) to give
compound 13 (1 g, 38%).

2.2. Antibody Selection
2.2.1. Antigen Design

Upon synthesizing Hirao’s base pair as shown, the product was sent to Integrated DNA
Technologies (Coralville, IA, USA) for incorporation into oligonucleotides. Four oligonucleotide
sequences of 27 base pairs were chosen, in which the 13th nucleotide would be either an
unnatural base pair (UBP) in one set or a natural base pair (NBP) in an otherwise identical
set. The sequence surrounding nucleotide 14 was different for each, and they are shown in
Figure 1. Each set was ordered as a biotinylated or nonbiotinylated oligo, resulting in oligos
we named BU1 through BU4 (biotinylated, UBP-containing sequences 1–4), BN1 through
BN4 (biotinylated, NBP-containing sequence 1–4), and nonbiotinylated counterparts.

2.2.2. Phage Display Selection

An in-house naïve human scFv library displayed on the M13 phage was used for
antibody selection [36]. Four different phage display selections were carried out simulta-
neously using biotinylated unnatural oligos 1, 2, 3, and 4 (BU1 through BU4). The first
3 rounds of selection did not include any competitors. In round 1, the phage library
(1013 CFU/mL in PBS, 480 µL for each quadruple selection round) was blocked by adding
5% bovine serum albumin (BSA) to a final concentration of 0.1%, and incubating for 1 h at
RT. Meanwhile Streptavidin-coated magnetic beads (Dynabeads™ MyOne™ Streptavidin
T1, Thermo Fisher, cat # 65601, 160 µL for each quadruple selection round) were washed
according to the manufacturer’s recommendations and blocked by adding 5% BSA to a
final concentration of 1% and rotating for 1 h at RT. An 80 µL amount of blocked beads
was collected with a magnet and separated from the blocking solution. Then, 480 µL of the
blocked phage library was added to the blocked beads, and the mixture was incubated with
rotation at RT for 1 h. This step allowed us to remove the phage binding to streptavidin
beads. Next, 4 × 120 µL aliquots of unbound phage were incubated with 200 pmoles of
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each BU at RT for 1 h in the first 4 wells of row-A of a KingFisher plate (Thermo Fisher,
cat# 95040450). An 80 µL amount blocked beads was added to 720 µL PBST (PBS + 0.05
Tween-20) and aliquoted in the first 4 wells (200 µL/well) of row B of a King Fisher plate.
Then, 4× 200 µL PBST (PBS + 0.05 Tween-20) aliquots were added to the first 4 wells of
rows C and D; 4× 200 µL PBS (PBS + 0.05 Tween-20) aliquots were added to the first 4 wells
of rows E, F, and G; and 4× 150 µL 0.1 M HCl aliquots were added to the first 4 wells of the
row H. The King Fisher instrument (KF, Thermo Fisher, cat# 5400000) was programmed to
perform the following steps: (1) transfer beads from row B to row A; (2) incubate beads
and the library for 15 min with mild agitation; (3) transfer beads from row A to row B;
(4) incubate beads for 30 s in each of the wash rows with mild agitation (3× in PBST, 3× in
PBS; (5) transfer beads from row G to row H and incubate for 4 min with mild agitation
(phage elution); (6) transfer bead from row H to row A; (7) stop program; (8) add 50 µL of
Tris 1 M pH 8 to first 4 wells of row H (eluted phage neutralization). The phage selection
round 2 conditions were the same except for longer KF washing steps (5 min instead of
30 s). Phage selection round 3 was the same as round 2 except for the lower amount of
BU used during the incubation step (40 pmoles instead of 200). For round 4, we adopted
two different competition strategies. In the first strategy (indicated as CI = Competition
during the Incubation step) the incubation step included non-biotinylated all-natural oligos
(N1–N4) in 5-fold excess (100 pmoles) with respect to BUs (20 pmoles). The KF condi-
tions were the same as rounds 2 and 3. In the second competition strategy (indicated as
CE = Competition during the Elution step), a large amount of non-biotinylated unnatural
oligos (U1–U4, 1 nmoles) for phage elution instead of HCl. The rest of the conditions were
the same as round 4, strategy 1 except that no N was added in the incubation step.

All rounds of selection included the amplification of the eluted phage. Ten milliliters of
Omnimax T1 grown at the mid log phase (Abs600 or OD600 = 0.5) at 37 ◦C was infected with
eluted phage for 1 h at 37 ◦C static incubation, collected by centrifugation, and plated on
2xYT agar plates containing carbenicillin (50 µg/mL) and glucose (3%). Colonies were har-
vested for phage amplification, using M13 helper phage and PEG precipitation according to
previously described protocols [31]. Cells infected with the output phage from the 4th round
of selection were used for plasmid preparation (Qiagen, #27106). ScFv-encoding genes were
PCR-amplified using primers pDAN5 to pDNL6 FW (GTTCTGGTGGTGGTGGTTCTGC-
TAGAGGCGCGC) and pDAN5 to pDNL6 REV (GCAGTGGGTTTGGGATTGGTTTGCC).
These primers added flanking sequences to the scFv gene that allow homologous recombi-
nation with the yeast display vector (pDNL6 [37]) upon yeast transformation (see section
below). The PCR products were purified using the Qiagen PCR purification kit (Qiagen,
#28104).

2.2.3. Yeast Display Selection

Yeast display was performed as previously described [31]. Briefly, DNA from the last
output of phage selection was cloned into pDNL6 using restriction enzymes BssH II, Nhe I
and Nco I. The resulting library was transformed into yeast, which was grown, induced,
and washed. New to this work, the yeast was incubated for 1 h at room temperature with
shaking in the presence of different biotinylated unnatural oligos (BU1–BU4) at concen-
trations from 100 nM (round 1) to as low at 10 nM (subsequent rounds). As previously
described [31], the yeast with bound antigen was washed and stained with phycoerythrin-
labeled anti-SV5 antibody [(Thermo Fisher Scientific Cat# MA1-34099, RRID:AB_1959285)
conjugated to phycoerythrin using Lightning-Link R-PE labeling kit (Novus Bio)] and
Streptavidin Alexa 633 (Thermo Fisher Scientific, S21375). It was washed and sorted using
FACS Aria (Becton Dickinson). Sorted yeast was grown and used for subsequent rounds.

2.2.4. Yeast Plasmid Preparation and scFv Gene Sequencing

Plasmids from enriched yeast display libraries obtained from 3rd round sorts were
isolated as previously described [31]. Briefly, yeast plasmid DNA was isolated and trans-
formed into E. coli, and 192 individual colonies were submitted to GeneWiz for Sanger
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sequencing service. From sequencing data, scFv sequence was analyzed, and unique clones
were selected. Plasmid DNA from selected colonies was isolated and transformed back
into yeast for specificity and affinity measurements.

2.2.5. Specificity of Binding and Kinetic Study of Yeast-Displayed scFvs

Yeast colonies transformed with unique scFvs were picked from SD/CAA agar plates
and grown in SD/CAA liquid culture. Yeast induction and antigen staining were performed
as previously described [31]. A 96-well filter plate (Millipore, #MSGVN22) was used for
high-throughput analyses, using the same washing, incubation, and staining conditions
indicated in the previous section. The analysis was performed either on FACS Aria or FACS
ACURI 600 plus flow cytometers (Becton Dickinson). The specificity and relative affinity
measurements were performed using biotinylated unnatural or natural oligos BU1 and BU2
and BN 1and BN2 at sub-saturating concentration (usually 40 nM). Dissociation constants
for the highest affinity antibodies identified by this preliminary screening were obtained
by (1) measuring antibody binding (y) at various concentrations of antigen; (2) plotting
the data in KaleidaGraph (Version 4.5); and (3) fitting the data to the Michaelis–Menten
equation adapted to antibody binding: y = m1*x/(m2 + x), where m1 = maximum antibody
binding and; m2 = antibody affinity constant (Kd).

2.2.6. Conversion of scFvs to scFv-Fc (Minibody) and IgGs

This work was performed as previously described [31,37,38]. Briefly, clones that
demonstrated the best affinity and specificity were chosen, and scFv genes were excised
from PDNL6 and ligated into a yeast scFv-Fc expression vector pDNL9 sacB. Plasmids
were transformed into E. coli and confirmed with sequencing. Once confirmed, plasmids
were transformed into YVH10 yeast cells (in-house stocks, gift from Wittrup lab at MIT)
and plated, and single colonies were grown in liquid culture. Culture supernatants were
used in the ELISA-based binding assays described below.

The amino acid sequences that correspond to the variable heavy (VH) and variable
light (VL) antibody regions were inserted into a standard IgG1 scaffold. The resulting
protein sequences were submitted to ATUM Inc. (Newark, CA, USA) for codon-optimized
back-translation, gene synthesis, and expression as full-length IgG1 antibodies in HEK293
cells. IgGs were received as PBS solutions from ATUM and stored in small aliquots at
−80 ◦C before use in various assays.

2.3. Soluble Antibody Characterization Assays
2.3.1. Preparation of Plasmid Containing Unnatural or Natural Oligos (pU or pN)

DNA for BU2 and BN2 was obtained from IDT. Purified plasmid pDAN5 (100 µL,
600 ng/µL) was digested with NheI (NEB R3131S) for 3 h at 37 C. The plasmid was purified
(Qiaquick Qiagen kit) and treated with Antarctic alkaline phosphatase (NEB M0289S)
according to the vendor’s recommendations. The plasmid was repurified and ligated (T7
DNA ligase, NEB M0318S) using a 10-fold excess of each sticky oligo (o/n incubation at
4 ◦C). Ligation product was gel-purified (Qiagen kit). The final product was a 150 µL
solution of 36 ng/µL.

2.3.2. Common Steps in ELISA/FLISA

For all FLISA and ELISA assays 96-well NUNC Maxisorp plates (transparent, #442404
for ELISA or black, #43711 for FLISA) were coated with goat anti-human antibody (South-
ernBiotech Cat# 2048-01, RRID:AB_2795685, 50 µg/mL, 70 µL/well, overnight incubation
at 4 ◦C). The plates were washed once with PBS (200 µL/well). Soluble antibody was added
at 70 µL/well in either yeast media (minibody) or PBS and incubated for 1 h at RT. After
one more PBS wash, the plate was blocked with either 1% (FLISA) or 5% (ELISA) BSA in
PBS (200 µL/well, 1 h incubation at RT), followed by 3 PBS washes. Biotinylated (ELISA)
or unbiotinylated (FLISA) DNA (oligos, BU or N, or plasmids pU or pN) was then added
at various concentrations in PBS, after incubation with GelRed (1:5000 dilution, in FLISA),
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or in PBS (FLISA) or in Yeast Washing Buffer (YWB, 70 µL/well, ELISA). After incubation
for 1 h at RT, plates were then washed 3 times with PBST and 3 times with PBS. In FLISA,
washed plates were analyzed by a plate reading fluorimeter (Tecan, Ex280/Em590) upon
the addition of 100 µL PBS. In ELISA, the protocol continued by adding a 1:1000 diluted
solution of Streptavidin-HRP (Thermo Fisher, N100) in YWB (70 µL/well) and incubating
for 1 h at RT. Upon 3 PBST and 3 PBS washes, 150 µL of TMB substrate was added to
initiate the colorimetric enzymatic reaction, and 50 µL of 0.1 M H2SO4 was added when
enough color was developed to stop the reaction. The plate was read at l = 450 nM using a
plate reading spectrophotometer (Tecan). Data from either FLISA or ELISA were plotted
against DNA concentration and fitted to the Michaelis–Menten equation as described in
Section 2.2.5, “Specificity of Binding and Kinetic Study of Yeast-Displayed scFvs”.

2.3.3. Electrophoretic Mobility Shift Assay

A 5 µM solution of IgG C05 in PBS was serially diluted twice (2-fold dilutions) and
each dilution was added at a 1:1 volumetric ratio to a 5 nM solution of pU2 or pN2 in
PBS. When negative control antibody (IgF1 8, [28]) was used, the highest DNA–antibody
ratio was used. Mixtures were incubated at RT for 1 h and then loaded in Novex TBE
acrylamide gels (Invitrogen™ EC62252BOX, 10 µL/well) and electrophoresis was run at
100 V and 18 mA. Gel was stained in 1:5000 diluted GelRed (Biotium, 41003) in PBS at RT
for 1 h with mild rocking. Gel was analyzed by BioRad ChemiDoc, and band intensity was
measured using ImageJ software Version 1.53. Band intensity was plotted against either
DNA concentration (condition 1) or against IgG:DNA ratio (condition 2).

3. Results and Discussion
3.1. Antigen Choice and Preparation

As proof of principle, we chose to focus on Hirao’s pair, dDs–dPn (hydrophobic
isosteres of dA and dT), which was developed for high-fidelity PCR amplification and for
proper pairing (minimal dDs mispairing with itself or dA) [35]. The synthesis of phos-
phoramidite dDs and dPn necessary for DNA synthesis is well established in-house (dDs
and dPn 31% and 40% yield, respectively), and, based on previously unpublished work,
we knew that we could send our synthesized nucleotides to Integrated DNA Technolo-
gies and easily order double-stranded oligos incorporating this base pair through their
non-catalog ordering system. We therefore ordered four biotinylated and non-biotinylated
double-stranded 27-mer oligonucleotides including dDs–sPs (or dA–dT) at position 13, as
shown in Figure 1B (100 nmole scale). The natural DNA sequence surrounding the base
pair of interest was different in each oligo, so as to provide a different context to dDs–dPn
and to allow us to assess the context dependency of our selected antibodies.

3.2. Antibody Selections

Antibody selection was divided into two phases. In phase 1, we interrogated a
human scFv (single chain fragment crystallizable) antibody library displayed on a phage
(Figure 1A) for binding to the four biotinylated unnatural base-pair-containing oligos
(BU1–BU4), represented by a blue half-moon with a B in Figure 1A.

Phages that bind the unnatural base pair form a complex with the biotinylated oligo.
The complex is then captured on a streptavidin bead, washed multiple times, separated
from the beads, amplified, and subjected to the next round of selection. Each oligo was used
in a separate selection, in the hope that some of the antibodies selected would show up in
all of the four selections, representing antibodies that recognize the unnatural base pair
regardless of context. We performed four rounds of phage display selection, of which the
first three did not include any competitor. In the fourth round, we attempted to eliminate
antibodies that either bound to all-natural DNA or to components of the selection system
other than the DNA containing dDs–dPs. To this end, we either added all-natural, non-
biotinylated oligos (orange half-moon in Figure 1A) during the incubation step (these
selections with competition during incubation will be denoted as CI hereafter), or we
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eluted bead-captured phage with the excess non-biotinylated oligo containing dDs–dPn
(B-free blue half-moon in Figure 1A; selection denoted as competition during elution, or
CE, hereafter).

The outcome of each round of selection was measured by the ratio of output/input
phage (Figure 2). A higher ratio indicates that the library is more highly enriched in
binding antibodies. As expected, the enrichment increased from rounds 1 through 3, and it
decreased at the the fourth round due to increased stringency of conditions. Yet, between
round 1 and round 4, the average fold enrichment of binders was 105 for CI and 104 for
CE. This enrichment reduction is expected from a competitive elution step and is typical
of our previous work. Whereas HCl elution releases all binders from streptavadin-coated
beads, an elution in which non-biotinylated antigen is used in excess releases phages that
are bound specifically to the antigen, leaving non-specific binders on the beads. While a
small percentage of true binders may remain, the CE step sacrifices throughput in favor of
gaining specificity.
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Figure 2. Results of phage display selections. Enrichment of phage-displayed libraries for target-
binding antibodies (indicated as “phage binding” on the Y axis) during each round of selection is
measured by the increment of the ratio of the outputted phage particle number (colony-forming units,
CFUs) to inputted phage particle number (indicated as output/input CFU on the Y axis). A set of
4 different biotinylated oligos containing Hirao’s unnatural base pair dDs-dPn (BU1, BU2, BU3, and
BU4) were used as selection targets in the first, second, and third rounds of phage display selection
(rounds 1, 2, and 3). The enrichment in target binders during each round of selection is indicated by a
set of 4 colored bars (blue for BU1, orange for BU2, gray for BU3, and yellow for BU4). At round 4,
the specificity of the selected antibodies was encouraged by either adding non-biotinylated natural
oligos competitors during either the incubation step (CI samples) or the elution step (CE samples)
instead of eluting with HCl.

Phage sublibraries obtained at the end of the fourth round of phage selection were sub-
cloned into yeast and subjected to 2 to 3 rounds of sorting by flow cytometry. Yeast libraries
from phage display selections against oligo 3 and 4 failed to grow after the first round of
yeast sorting. It is possible that antibodies against these oligos were incompatible with
yeast growth or that, upon interaction with these antibodies, oligos 3 and 4 penetrate yeast,
resulting in growth inhibition. Neither of these theories was investigated. Only libraries
selected against oligos 1 and 2 (BU1 and BU2) proceeded to yeast sorting rounds 2 and 3.

Figure 3 shows representative results obtained for one of the yeast sublibraries through-
out three rounds of yeast sorting. The percentage of expressing and BU1-binding yeast
increased from 5.9 at the beginning of round 1 (Figure 3C, top right graph) to 39 at the end
of round 3 (Figure 3C, bottom left graph).
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Figure 3. Selection of antibodies recognizing biotinylated unnatural oligos from yeast display
libraries by flow cytometry sorting. (A) yeast (cartoon representation on the left) appear as dots
in flow cytometry dot plots (middle and right). Yeast-displayed scFvs are expressed in tandem
with a tag, which can be detected with an anti-tag antibody conjugated with fluorophore 1. This
imparts “Fluorescence 1” (a proxy of expression) to the yeast, so the displaying yeast population
shifts right on the x-axis (green dots) with respect to the non-displayed yeast population (red dots).
When yeast-displayed scFvs bind to biotinylated antigens, the bound antigen can be detected with
streptavidin conjugated with fluorophore 2. This imparts “fluorescence 2” (a proxy for binding) to
the expressing yeast, so the displayed fraction of the displaying yeast population shifts up along
the y-axis (blue dots). (B) Schematic representation of yeast selection. (C) Flow cytometry dot plots
from the first round of selection (top graphs) show the library incubated with a negative control
biotinylated peptide (B-pep) and the same library incubated with biotinylated “unnatural base pair”-
containing oligo 1 (BU1). Dot plots from the third round of enrichment (bottom graphs) show the
library incubated with either BU1 (left), biotinylated natural based pair-containing oligo 1 (BN1,
middle), and BU1 plus a 10-fold excess of non-biotinylated “unnatural base pair”-containing oligo 1
(U1, right). Pink dot represent yeast binding to biotinylated oligos.

When the sublibrary from round 3 was stained with all BN1 instead of BU1, the
percentage of expressing and binding yeast dropped to 6.7%. This demonstrated that a low
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percentage of selected antibodies recognizes the all-natural sequence in BN1. Finally, the use
of excess unbiotinylated dDs–dPs oligo 1 (U1) together with BU1 reduced the expressing
and binding yeast population to 16.7%, demonstrating that the selected antibodies truly
recognize the dDs–dPs oligo and that the interaction is not aspecific.

3.3. Single Yeast Clone Characterization

A total of 192 sorted yeast were sequenced, revealing 41 unique clones. Each of
these clones was analyzed at nonsaturating concentration of BU1 or BU2 and BN1 or BN2.
Based on the intensity of binding to BU and crossreaction with BN, we downselected six
antibodies for futher kinetic characterization (Figure 4).

Figure 4. Kinetic characterization of yeast-displayed antibodies. Yeast-displayed scFvs were tested
for binding to unnatural base-pair-containing oligo 1 (BU1, (A)) and natural oligo 1 (BN1, (B)) using
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flow cytometry. Oligos were incubated with the yeast-displayed antibodies at various concentrations
(X axis). Antibody–oligo binding was detected by incubation with streptavidin-Alexa 633 and by
measuring the yeast-bound Alexa 633 mean fluorescence intensity (MFI, Y axis). The inset table in 4A
pertains to the data points fit the one site-specific binding equation and specifies saturation binding
(SB), dissociation constant (Kd, in nM), and quality of fit (R). Data points in 4B do not fit the one
site-specific binding equation, but they fit a linear equation (equations for each antibody shown). The
antibodies that were deemed worthy of further investigation were renamed A09, C05, and B16. These
alternative names are indicated in parentheses in the legend.

Here, we show only binding to unnatural and natural oligo 1, but similar behavior
was found when using oligo 2. Based on the affinity for unnatural oligos, cross-reactivity
with natural oligos, and reproducibility, we chose to continue with only clones A09, C06,
and B16. The sequences of these three antibodies reveal features typical of anti-DNA
antibodies (Figure 5), namely arginine (R), asparagine (N), lysine (K), and tyrosine (Y)
in the complementarity-determining regions (CDRs) [39]. In general, positively charged
residues have been shown to interact with the negatively charged DNA backbone [40,41]
via electrostatic interactions and hydrogen bonding. Further, tyrosine (Y) is found in several
CDRs and is known to be enriched in paratopes recognizing charged epitopes, such as
DNA [42]. Finally, we also find arginine (R) specifically in the CDRH3 region of several
sequences; arginine has a strong effect on antibody interactions with nucleic acid [19].

While proper docking studies were outside of the scope of this study, we can speculate
on how these residues may contribute to the binding to Hirao’s base pair specifically.
Structurally, Hirao’s base pair contains a thiophene group that is distinct from natural
base pairs. This sulfur-containing ring is expected to interact with aromatic residues in
general [42]. Each of our antibodies has this potential: among other aromatic candidates,
there are several YY motifs that could facilitate pi stacking, similar to thiophenes binding
in other contexts, such as PDB 2HB1 [43]. A charged residue such as lysine may initiate
contact, anchoring the complex to facilitate specific interactions.

A few other residues are of interest. Within sequence A09 CDRH1 is an additional
aromatic motif (Y187 and Y188). As we will discuss later, A09 and C05 bind in a context-
specific fashion (they do not bind to BU4 and bind with different affinity to the other BUs).
Additional YY rings could facilitate binding with surrounding nucleotides in a sequence-
dependent manner. The CDRH3 of C05 and CDRL3 of B16 both contain tryptophan
(W), another aromatic residue, which is an uncommon amino acid and often important
for binding.
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Figure 5. Alignment of the best antibody sequences. The alignment of amino acid sequences of the
3 best-performing scFvs, C05, A09, and B16 ((A) = variable light chain; (B) = variable heavy chain),
are shown. The top sequences in both panels show conserved amino acids in color. The arrows point
to key residues in complementarity-determining regions (CDRs) of both variable chains. The residues
asparagine (N), tyrosine (Y), arginine (R), and lysine (K) are typically found in the CDRs of antibodies
that recognize DNA.
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3.4. Characterization of Antibodies in Soluble Form

To demonstrate that these antibodies could recognize the target antigen as soluble
proteins (only yeast-displayed antibodies had been analyzed so far), we produced them as
minibodies (Supplementary Figure S1A). Minibodies are scFv-Fc (single chain Fragment
variable antibody–Fragment crystallizable) chimeras that are easily produced in yeast and
released in the growth media. They can be used for assays without the need for purification
(yeast culture supernatant is directly used in assays), and they are stable for years when
stored at 4 ◦C.

We captured minibodies on an ELISA plate, incubated the plate with various con-
centrations of the four biotinylated unnatural (BU1–BU4) and natural oligos (BN1–BN4),
and detected the binding with streptavidin–horse-radish peroxidase (HRP, Supplemen-
tary Figure S1B). We then plotted DNA–antibody binding versus DNA concentrations
(Supplementary Figure S1C–E) and found that minibody A09 specifically bound only
BU1 with linear (non-specific) background interaction with BN1 but did not bind to any
other BU oligo (Supplementary Figure S1C). Minibodies B16 and C06, on the other hand,
specifically bound to BU1–BU3 with linear background interaction with BN1–BN3. We
can conclude that these three antibodies can distinguish BUs from BNs. Like the yeast-
displayed scFv analysis (Figure 4), the A09, B16, and C06’s interaction with BU is saturating,
which suggests true recognition of the unnatural base pair. In contrast, interaction with
BN is linear, which suggests an aspecific interaction with DNA (perhaps generic ionic
interaction with DNA backbone). We can further conclude that A09’s recognition of BU
is context-dependent (only BU1 is recognized), whereas B16 and C09 recognize BUs in a
more context-independent manner (only BU4 is not recognized).

Encouraged by these results, we decided to obtain antibodies A09, B16, and C05 in IgG
format. Antibodies were produced in a good yield (58.6 through 36.8 mg for 100 mL culture;
range of IgG1 yield in HEK293: 10–60 mg/100 mL), which is probably because, during
yeast selection, we not only select for binding to the antigen but also for the efficiency
of display, which is considered a proxy for antibody manufacturability. Figure 6 shows
the kinetic analysis of IgG A09 and C05 binding to BU1–BU4 and BN1–BN4. As an IgG,
antibody A09 seems to only bind specifically to BU1 and BU2. As an IgG, antibody C05
appears to bind specifically BU1, BU2, and BU3 and aspecifically to BU4. C05 also binds
specifically to BN1, BN2, and BN3 (but with lower affinity and saturation binding) and
aspecifically to BU4.

Kinetic parameters (Kd and saturation binding, SB, values) for antibodies in different
formats are summarized in Table 1. Affinities are in the nanomolar range and show antibody
C05 to be the best antibody, based on highest affinity and specificity and the lowest context-
dependency. It appears that differences are more pronounced when antibodies were tested
as minibodies as opposed to IgG, probably due to the lower affinities of antibodies in
minibody format.

3.5. Production of Real Sample Surrogates

The immunoassays described so far used surrogate samples in the form of biotinylated
short oligos. However, real samples, such as those derived from SSOs, are more likely
to be non-biotinylated plasmids. Therefore, we created surrogate plasmids by cloning
the synthesized natural and unnatural oligos into plasmids available in our laboratory.
Rather than using restriction enzymes to cut the oligos, we synthesized them with the
appropriate 5’ and 3’ overhangs that would be produced by digestion with BssHII and
NheI (Supplementary Figure S2, “sticky” BU2 and BN2) and ligated into plasmids digested
with these enzymes. Based on the efficiency of production, we selected plasmid pDAN5,
our phage display plasmid of choice [36]. Our initial attempt to double-cut the plasmid
and replace the insert with sticky BU2 or BN2 yielded very little product due to many
purification steps. Therefore, we decided to cut the plasmid only with NheI and ligate only
the 3’ end of the sticky oligos to the cut plasmid, yielding a linear plasmid of approximately
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6 kb. The yield of this entire process was 12%. The resulting linearized plasmids were
called pU and pN 1 or 2.
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Figure 6. Kinetic analysis of antibodies in IgG format. ELISA of IgG A09 (A) and C05 (B) binding
to biotinylated unnatural base pair-containing oligos (BU, left graphs) and biotinylated all-natural
oligos (BN, right graphs). The antibody was immobilized on a plate and incubated with various
concentrations of BU or BN (X axes). Antibody-bound BU or BN was detected with streptavidin–HRP
conjugate. The absorbance at 450 nm (Abs450), the maximum absorbance of the product of horse
radish peroxidase at low pH, was used as a proxy for antibody-antigen binding (Y axes). The inset
tables pertain to those experiments for which data points fit the one site-specific binding equation
and specify saturation binding (SB), dissociation constant (Kd, in nM), and quality of fit (R). Data
points for the remaining experiments did not fit the one site-specific binding equation and either fit a
linear equation (BU3 and BU4, in 6A left; BN1 and BN2, in 6A right; BU4, in 6B left; and BN4, in 6B
right, equations shown) or fit neither of the two equations and are probably nonbinders (BN3 and
BN4 in 6A right, notice the low R value of linear fit).

3.6. Immunoassays for Detection of Real Samples Surrogates

To detect UBPs in real sample surrogates, we wanted to explore immunoassay options
with limited sample processing. Therefore, we focused on two assays not requiring biotiny-
lation. The first assay was electrophoretic mobility shift assay (EMSA), where pU and pN
were incubated with anti-UBP IgGs, stained with DNA-intercalating dyes, and analyzed
for the variation of electrophoretic mobility (lower mobility = binding to antibody) by
non-denaturing polyacrylamide gel electrophoresis (Supplementary Figure S3). This assay
was difficult to reproduce and worked best when using pU2 and pN2 incubated with IgG
C05, with plasmids at a fixed concentration and antibody at variable concentrations but
always in excess with respect to plasmids (Supplementary Figure S3A). This experiment
afforded fairly reproducible results as revealed by the small error bars (Supplementary
Figure S3A). However, the differences between pU and pN electrophoretic shifts were
significant (i.e., not within error) only at one IgG:DNA ratio (500:1).
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Table 1. Kinetics of antibodies in scFv, IgG, and minibody formats.

Antibody
Name Oligo

Interaction with BUs and BNs

Antibody FormatAffinity (Kd, nM) a Saturation Binding b

BU BN BU BN

A09

1 61.5 ± 17.8 L/B c 4467.3 ± 528.8 N/A Yeast displayed scFv

1 38.8 ± 3.96 L/B c 1.3 ± 0.06 1.0 ± 0.2

IgG2 42.3 ± 1.88 L/B c 0.8 ± 0.02 N/A e

3/4 L/B N/B d N/A f N/A e

1 29.6 ± 3.3 L/B c 0.7 ± 0.04 N/A e
minibody

2/3/4 N/B N/B d N/A f N/A e

B16

1 183.6 ± 52.8 L/B c 5071.4 ± 683.9 N/A e Yeast displayed scFv

1/2/3/4 N/A f N/A f N/A f N/A f IgG

1 48.7 ± 11.8 L/B c 1.1 ± 0.1 N/A e

minibody
2 24.4 ± 4.0 L/B c 1.1 ± 0.06 N/A e

3 77.5 ± 31.5 L/B c 0.8 ± 0.2 N/A e

4 L/B N/B d N/A e N/A e

C05

1 111.4 ± 21.3 L/B c 5379.8 ± 412.6 N/A e Yeast displayed scFv

1 2.0 ± 0.1 7.0 ± 0.8 1.3 ± 0.02 1.1 ± 0.04

IgG
2 10.8 ± 1.8 22.2 ± 9.0 1.4 ± 0.09 0.5 ± 0.09

3 20.7 ± 4.4 14.4 ± 0.9 1.2 ± 0.1 0.6 ± 0.01

4 L/B c L/B c N/A e N/A e

1 39.3 ± 8.6 L/B c 3.1 ± 0.4 N/A e

minibody
2 41.3 ± 8.6 L/B c 1.4 ± 0.2 N/A e

3 42.8 ± 8.6 L/B c 1.5 ± 0.3 N/A e

4 97.2 ± 31.3 N/B d N/A e N/A e

a Kd = dissociation constant → lower Kd = higher affinity. b This is binding at concentrations of oligos >> than
Kd and it is measured in fluorescence when analyzing yeast displayed scFv (flow cytometry) and in Abs450 when
analyzing IgGs and minibodies (ELISA). c L/B = linear binding. This indicates aspecific interaction, i.e., not a
typical anti-body-antigen interaction, Kd cannot be calculated. d N/B = no binding. This means that binding is at
or below back-ground. e N/A = not available. The measurement was not performed either because binding was
not detected (N/B) or because the binding was linear (L/B). f N/A = not available. The measurement was not
performed because IgG was not available.

Considering the poor performance of EMSA, we decided to focus on a second assay,
fluorescence-linked immunosorbent assay (FLISA). FLISA is very similar to the ELISA,
with the major difference being the use of a fluorescent DNA dye (GelRed, that fluoresces
only upon interaction with DNA), for the detection of antibody-bound DNA instead of
streptavidin–HRP for the detection of antibody-bound biotinylated DNA. FLISA did not
work well when using non-biotinylated oligos, probably due to the small size of the oligo
and the consequent low fluorescence generated by GelRed staining. However, when using
plasmids, specifically pU2 and pN2, we were able to see signals, and most importantly,
we were able to see significant (i.e., not within error) differences in pU2 vs. pN2 binding,
especially when antibody C05 was used (Figure 7).

Yet, the differences were smaller than what was previously detected by ELISA using
oligos (BU2 and BN2) as analytes (Figure 6B). Specifically, the saturation binding value for
interaction with BU2 in ELISA was three-fold higher than for the interaction with BN2. We
hypothesize that the different outcomes of these two assays might be due to two factors.
First, when using plasmids as opposed to oligos (i.e., a much larger natural-DNA:unnatural-
DNA ratio), even low antibody cross-reaction with natural DNA obfuscates the detection
of an unnatural base pair. Second, since FLISA is unfavorably affected by the blocking
buffer, we did not use blocking buffer during plasmid incubation with antibody, possibly
exacerbating antibody cross-reaction with natural DNA.
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Figure 7. Detection of unnatural base-pair-containing plasmid by fluorescence-linked immunosorbent
assay (FLISA). Various concentrations of GelRed pre-stained plasmids containing either unnatural
plasmid 2 (pU2) or all-natural plasmid (pN2) were incubated with plate-immobilized IgG B16 or
C05. Plasmid–antibody binding (indicated as DNA binding on the Y axis) was visualized by the
measurement of the plate fluorescence (after extensive washing) using GelRed optimal excitation and
emission wavelengths. The experiment was repeated in duplicate and the averages plus standard
deviations were plotted against the plasmid concentrations.

4. Conclusions

We are the first to report on the selection of antibodies recognizing unnatural base
pairs—Hirao’s base pair—new exciting molecules for the expansion of the genetic code.

Using a combination of phage and yeast display, we have isolated several antibodies
that appear to recognize Hirao’s unnatural base pair dDs–dPn better than the dA–dT pair.
It is possible that binding to dDs–dPn might include interaction with the DNA backbone,
which might explain the cross-reaction of these antibodies with natural DNA. Additionally,
the affinity and specificity of interaction with dDs–dPn seem to be context-specific for
some of the antibodies analyzed, with antibody A09 demonstrating the best binding profile.
While cross-reactivity with natural DNA does not impair specific recognition when the
natural:unnatural DNA ratio is limited (e.g., when one unnatural base pair is present in
a 27-mer oligonucleotide), specificity becomes obfuscated when only one unnatural base
pairs is present within a ~6000 base pair plasmid.

The present goal of finding antibodies that could detect a single unnatural base pair
among thousands of natural counterparts proved elusive: our antibodies did not afford
the desired specificity or sensitivity for such detection. However, the short-sequence data
indicate not only that such distinction is possible but also that these antibodies may be can-
didates for further affinity and specificity maturation, as we have previously described [28],
or perhaps a rational design that incorporates classical anti-DNA residues that have been
identified in disease [44] or synthetic library preparation [45]. Such improvements may
enable single-UBP detection. Further, it may be of interest to determine whether multiple
unnatural base pairs within a kilobase context could improve detection fidelity.

Antibodies against other forms of modified nucleotides have proven useful for under-
standing many aspects of cellular biology [19]. Similarly, the antibodies presented here
may provide a valuable tool for the study of protein interaction with unnatural vs. natural
DNA, which in turn might help in designing DNA and RNA polymerases that would lead
to more stable, viable, and useful semisynthetic organisms.



Biologics 2024, 4 441

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biologics4040026/s1, Figure S1: ELISA analysis of best 3 antibodies
in minibody format; Figure S2: Schematic of construction of pU2 and PN2; Figure S3: Electrophoretic
mobility assay (EMSA).

Author Contributions: Conceptualization, A.M.L. and N.V.; Formal analysis, A.M.L.; Investigation,
A.M.L. and N.V.; Methodology, A.M.L., N.V., R.W. and M.R.B.; Supervision, A.M.L.; Writing—original
draft, A.M.L.; Writing—review and editing, N.V., R.W. and M.R.B. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was sponsored by Other Government Agency (OGA).

Institutional Review Board Statement: This publication is approved for public release by Los Alamos
National Laboratory (LA-UR-24-30249).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Tracy Erkkila for the critical reading of the manuscript and the
evaluation of experimental results.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

BSA bovine serum albumin
BU biotinylated U
BN biotinylated N
pU plasmid containing U
CI competition at the incubation step
CE competition at the elution step
CDR complementarity determining regions
ELISA enzyme-linked immunosorbent assay
EMSA electrophoretic mobility assay
FLISA fluorescence-linked immunosorbent assay
HRP horse radish peroxidase
IgG Immunoglobulin G
N all-natural DNA oligo
PAGE polyacrylamide gel electrophoresis
PBS phosphate-buffered saline
PCR polymerase chain reaction
pN plasmid containing N
scFv single chain fragment crystallizable
SSO semisynthetic organism
TBE tris/borate/EDTA
UBPs unnatural base pairs
U unnatural base pair-containing DNA oligo
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