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Abstract

Protein arrays are typically made by random absorption of proteins to the array surface, potentially
limiting the amount of properly oriented and functional molecules. We report the development of
a DNA encoded antibody microarray utilizing site-specific antibody—oligonucleotide conjugates
that can be used for cell immobilization as well as the detection of genes and proteins. This
technology allows for the facile generation of antibody microarrays while circumventing many of
the drawbacks of conventionally produced antibody arrays. We demonstrate that this method can
be used to capture and detect SK-BR-3 cells (Her2+ breast cancer cells) at concentrations as low
as 102 cells/mL (which is equivalent to 10 cells per 100 uL array) without the use of microfluidics,
which is 100- to 10°-fold more sensitive than comparable techniques. Additionally, the method
was shown to be able to detect cells in a complex mixture, effectively immobilizing and
specifically detecting Her2+ cells at a concentration of 102 SK-BR-3 cells/mL in 4 x 108 white
blood cells/mL. Patients with a variety of cancers can have circulating tumor cell counts of
between 1 and 103 cells/mL in whole blood, well within the range of this technology.
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INTRODUCTION

Protein microarrays have been used in many biomedical applications including the detection
of proteins in serum, the analysis of protein—protein interactions, and the study of
posttranslational modifications.! Specifically, antibody-based proteomics can identify and
validate cancer biomarkers as well as provide a diagnostic approach for identification of
different tumor types.23 Recently, antibody microarrays have been used to identify
metastatic breast cancer as well as distinguish patients with pancreatic cancer from healthy
controls.*> Additionally, because antibody microarrays also have the ability to capture cells,
they allow the possibility of detecting rare cells such as circulating tumor cells (CTCs).8.7

Although there are numerous applications for antibody arrays, construction of these protein
arrays is a significantly greater challenge compared with conventional DNA microarrays.
The generation of antibody microarrays requires immobilization of the antibody on either
hydrophobic or chemically reactive (e.g., epoxy, aldehyde, maleimide) surfaces.8-10
However, this approach can cause denaturation and loss of activity due to immobilization of
the protein in a nonproductive orientation or nonspecific binding of the protein to the
surface. Approaches to preserve the protein conformation include three-dimensional
matrixes such as hydrogels and polyacrylamide, and light-directed biotin-avidin arrays.11:12
Alternatively, one can immobilize antibodies on a DNA array by first modifying the protein
of interest with a single-stranded oligonucleotide.13:14 In general, this approach prevents
protein denaturation and loss of binding activity associated with printing antibodies on a
solid support and potentially allows for greater control of the orientation of the surface
bound antibodies.13-17 Not only do these arrays allow for facile and rapid generation of
antibody arrays, they have also been shown to have superior binding characteristics when
compared to standard antibody arrays. Utilizing DNA directed antibody immobilization on a
DNA microarray also allows for concomitant detection of multiple biomolecules,
biomarkers, genes or cell types on a single platform.

The most common method for conjugating DNA to antibodies is by modification of surface
exposed lysine residues. However, coupling to the lysine residues results in a heterogeneous
mixture of products which can interrupt antigen binding and cause the antibodies to
aggregate.18-20 Random conjugation also prevents control of antibody orientation on the
surface, which can lead to loss of activity and specificity. Peluso et al. reported up to a 10-
fold increase in analyte binding capacity between a specifically oriented and a randomly
oriented antibody using streptavidin-coated surfaces.1! In the context of immuno-PCR, there
was a significant difference in signal when comparing site-specific and random DNA
conjugation.?! Additionally, site-specific DNA—Fab conjugation has recently been used to
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develop an extremely sensitive homogeneous immunoassay, detecting PSA at
concentrations of 0.27 ng/mL.22 The availability of genetically encoded unnatural amino
acids with unique chemical reactivity can provide a solution to these challenges. Previously,
we have site-specifically incorporated p-acetylphenylalanine (pAcF) and p-
azidophenylalanine (pAzF) into proteins in response to amber nonsense codons in bacteria
and mammalian cells.23-27 These amino acids have orthogonal chemical reactivity to the
canonical 20 amino acids and can be conjugated efficiently and selectively to alkoxyamine-
or alkyne-derived reagents under mild conditions. Herein, we report the development of a
DNA-directed antibody microarray technology utilizing site-specific antibody-
oligonucleotide conjugates (Figure 1). This versatile platform can be used for cancer cell
immobilization, as well as the detection of genes and proteins.

RESULTS AND DISCUSSION

As an initial proof-of-concept, we used this platform for the detection of Her2+ cancer cells.
To produce a model DNA-directed antibody microarray, we used trastuzumab (Herceptin),
an approved monoclonal antibody for the treatment of Her2 overexpressing breast cancers.28
An anti-Her2 pAcF Fab was expressed using an orthogonal amber suppressor aminoacyl-
tRNA synthetase/tRNA pair specific for pAcF. The previously reported pBAD/pEVOL
expression system was used to substitute pAcF at surface-exposed site S202 in the light
chain. This site was chosen due to its previously reported high expression yields and
conjugation efficiency. In addition, modification at this site does not affect antigen binding
affinity or specificity.2? Anti-Her2 S202pAcF mutant Fab was expressed in E. coli in good
yields (>2 mg/L shake flasks, >400 mg/L fermentation), purified by Protein G, and
characterized by SDS-PAGE gel and electrospray-ionization mass spectrometry (ESI-MS)
(Expected 47 860 Da; Observed 47 861 Da). As depicted in Figure 2A, lane 2, only one
band is observed after Protein G purification, indicating >95% purity. The antibody-
oligonucleotide conjugates were then produced via the protocol outlined in Kazane et al.,
utilizing an aminoxy-functionalized single-stranded oligonucleotide to achieve bio-
orthogonal condensation with the ketone moiety and form a stable oxime linkage.2! Anti-
Her2 S202pAcF Fab was conjugated to aminooxy-modified oligonucleotide sequences (C’
and D/, Table S1) (100 uM Fab, 3 mM oligonucleotide, 100 mM methoxy aniline, pH 4.5,
37 °C, 16 h), purified by anion exchange chromatography (Mono Q 5/50 GL), and analyzed
by SDS-PAGE (Figure 2A and S1). As depicted in Figure 2A, there is only one band (lanes
3 and 4) which correspond to the homogeneous site-specific Fab-oligonucleotide conjugate.

Immobilization experiments with anti-Her2—oligonucleotide conjugates were performed on
slides containing six 5 x 5 sub arrays (Figure 2B, left) with each sub array comprising
different DNA sequences (DNA sequences A—F, Table S1). Thus, the subarray C would be
expected to hybridize to its complementary oligonucleotide C’, for example. These arrays
were printed onto NHS-ester coated glass slides, which were blocked for 1 h with 50 mM
ethanolamine in 0.01% PBST. The antibody conjugate was added onto the DNA arrays via
the direct addition of 100 pL of 2 uM (2100 pg/mL) anti-Her2 Fab—oligonucleotide conjugate
and hybridized for 15 min at room temperature (rt). SYBR green (which has a much higher
sensitivity for dsSDNA than for ssDNA) was used to verify that the DNA on the array had
hybridized to its complement and therefore bound the Fab—oligonucleotide conjugate (data
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not shown). Additionally, anti-k R-Phycoerythrin (R-PE) was used to confirm the presence
of the antibody at the desired positions, and to show this method’s ability to localize and
image labeled proteins. As shown in Figure 2B, anti-Her2 S202pAcF-C’ (middle) and anti-
Her2 S202pAcF-D’ (right) both hybridized to the correct subarray with minimal nonspecific
binding to the other subarrays (Figure S2).

Next, we analyzed the binding and capture of Her2 positive tumor cell lines. For the cell
immobilization experiments, an evanescence field (EF) reader was utilized to image wet
slides containing the immobilized live cells. Experiments were performed on slides
containing 8 x 8 subarrays of DNA sequences C and D. The initial conditions used were as
follows: hybridization of 10 pg (100 pL of a 100 pg/mL (2 uM) solution) of the antibody
conjugate (15 min rt), followed by the addition of 108 cells/mL of SK-BR-3 (Her2+) or
MDA-MB-231 (Her2-) cells (30 min rt). The cells were stained with CellTracker Orange
(Life Technologies) so that live cells could be imaged using a 555 nm excitation. Her2
positive cells (SK-BR-3) bound to the protein array, with >1000-fold difference in signal
compared to Her2 negative cells (MDA-MB-231) (Figure 2C and Figure S3). To ensure that
the cells were selectively bound to the array, we performed the experiment in the absence of
the Fab—oligonucleotide conjugate: no binding was observed for either of the cell lines
(Figure S4). For further verification that the duplex DNA formed correctly when the
conjugates were hybridized to the array, restriction sites were engineered into the DNA
sequences. Following the previously described protocol for cell localization, the slide was
imaged before and after treatment with the requisite restriction enzyme for 2 h at 37 °C. The
anti-Her2—oligonucleotide/cell complexes were cleaved from the arrays treated with the
restriction enzyme as indicated by the loss of signal at the 555 nm excitation wavelength.
The arrays in the absence of the restriction enzyme retained the cells (Figure S5).

We next tested the sensitivity of this method via a titration of the concentration of cells.
Anti-Her2 S202pAcF-C’ was hybridized to the array and different concentrations of SK-
BR-3 cells (2 x 108 to 1 x 10% cells/mL) were added to each well of the slide (100 pL/array)
and an evanescence field reader was used to image the slides at 555 nm excitation. Signal
can be easily detected at the lowest concentration (~1000 cells/array), whereas comparable
methods (Herceptin localized via printed anti-human Fc antibody, and Herceptin directly
printed on the slide) had significantly worse detection limits (Figure S6). For further
confirmation, we imaged the cells with both an evanescence field reader and bright field
microscopy to confirm the presence of cells on the array (Figure S7). We then investigated if
precomplexing the antibody conjugate with the cells would impact the array binding. A
series of dilutions of the antibody conjugate were prepared and combined with aliquots of
SK-BR-3 cells (10° cells/mL) before being added to the DNA array (Figure 3). Using the
previously described conditions (10 pg Fab-oligonucleotide and 108 cells/mL), almost no
binding was observed. This is most likely due to excess antibody—oligonucleotide conjugate
hybridizing to the array and competing with the cell/antibody complex. However, we found
that precomplexing the antibody conjugate with the cells allows for the use of orders of
magnitude less antibody, with a visible signal all the way down to 20 pM (100 pg/well) of
antibody conjugate (with a maximum signal at 2 nM (10 ng/well) of conjugate).
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In order to use this application as a diagnostic tool, the DNA-encoded antibody microarray
must be able to bind specific cells in a complex mixture. In this regard, we performed a
mixing experiment with white blood cells and tumor cells. Red blood cells (RBCs) from a
healthy donor were lysed (150 mM NH4CI, 10 mM KHCO3, 130 nM EDTA), pelleted, and
the RBCs in the supernatant were aspirated. The remaining white blood cells (WBCs) were
resuspended in PBS (pH 7.4). Varying concentrations of SK-BR-3 cells (stained with
CellTracker Orange) were spiked into 4 x 108 WBCs/mL. One microgram of anti-Her2
S202pAcF-C’ conjugate was hybridized to the slide and the spiked sample was added
followed by the addition of an anti-Her2-AlexaFluor 488 conjugate (made through site-
specific conjugation with anti-Her2 S202pAcF Fab and aminooxy-Alexa Fluor 488 from
Life Technologies). The inclusion of the additional anti-Her2—Alexa Fluor 488 conjugate
allows for imaging on both the 555 and 488 nm excitation channels and enables
confirmation that the SK-BR-3 cells are bound to the array. As depicted in Figure 4, 10° SK-
BR-3 cells/mL spiked into 4 x 108 WBCs/mL bound to anti-Her2 S202pAcF-C’ with
excellent selectivity (compared to the negative control of only 4 x 108 WBCs/mL).
Additionally, cells were detected down to a concentration of 102 SK-BR-3 cells/mL in 4 x
108 WBCs/mL, which is equivalent to ~10 SK-BR-3 cells per array (100 pL of 102 SKB3
cells/mL in 4 x 108 WBCs/mL) (Figures 4C and S8).

The number of CTCs per unit volume of blood can vary widely depending on the type and
stage of cancer. Screens of patients with a variety of cancers have shown CTC counts
between 1 and 103 cells/mL of whole blood.”30:31 Assays utilizing either conventionally
produced antibody microarrays or DNA encoded antibody microarrays generated using
randomly labeled antibodies have shown cell detection as low as 103 cells/mL; however,
usually require cell concentrations on the order of 109-107 cells/mL.13:32-36 The detection
of 100 cells/mL (10 cells/well) in 4 x 108 WBCs/mL is within the reported range for CTC
counts, though further experiments using clinical samples (and detection of multiple
biomarkers) will be necessary to confirm the utility of this assay as a method for the
detection of CTCs. Additionally, because these arrays are printed on coated microscope
slides, any immobilized cells could undergo immunohistochemistry (IHC) or
immunofluorescence (IF) for detection and analysis of other CTC markers.

CONCLUSION

In summary, by utilizing the site-specific incorporation of the pAcF unnatural amino acid
into a Fab, we developed a DNA directed antibody microarray system that allows for the
facile generation of antibody microarrays while circumventing many of the drawbacks of
conventionally produced antibody arrays (e.g., denaturation of the antibody during
production, and poor shelf life).13.14 Additionally, because this microarray is generated on a
DNA array platform, it allows for concomitant analysis of genes, proteins, and/or cell types.
This microarray has been shown to immobilize cells at cell concentrations significantly
lower than that of comparable methods, making it potentially useful as a method for
detecting circulating tumor cells.
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Figure 1.
Synthesis of protein array using an anti-Her2 Fab with site-specific incorporation of pAcF.

An excess of synthesized aminooxy-DNA compound (Scheme S1) is added to anti-Her2
pAcF Fab and incubated at 37 °C for 16 h. After purification, the anti-Her2-oligonucleotide
conjugate is added to the array and annealed to its complementary strand. Her2 positive
tumor cells can then be captured and analyzed.
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Figure 2.
(A) SDS-page gel analysis of anti-Her2 S202pAcF Fab after conjugation to oligonucleotide-

C’ and oligonucleotide-D’. Conjugates were purified by anion exchange chromatography
prior to gel analysis. Lanes 3 and 4 correspond to oligonucleotide site-specifically coupled
to anti-Her2 pAcF mutant Fab. (B) Antibody localization on the DNA array. The 5 x 5
subarrays each consist of a single-stranded oligonucleotide sequences A-F (left). Anti-Her2
S202pAcF-C’ (middle) or anti-Her2 S202pAcF-D’ (right) (2 mM) was incubated on the slide
for 15 min followed by addition of anti-x-R-PE (1:1000 dilution). The slide was then
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imaged with 488 nm excitation. White dots indicate localization of the anti-Her2—
oligonucletoide conjugate. (C) Cell immobilization. SK-BR-3 (Her2+) or MDA-MB-231
(Her2-) were stained with CellTracker Orange and added to the slides preannealed with
anti-Her2 S202pAcF-oligonucleotide-C’. An evanescence field reader was used to image the
slides at a 555 nm excitation. Green dots indicate cells immobilized on the DNA array.
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Figure 3.
(A) Titration of anti-Her2 Fab—oligonucleotide conjugates. Different concentrations of anti-

Her2 S202pAcF-C’ was added to SK-BR-3 cells (108 cell/mL, stained with CellTracker
Orange). The mixture was incubated on the array for 30 min before washing. An
evanescence field reader was used to image the slides at a 555 nm excitation. Green dots
indicate cells immobilized on the DNA array. (B) Quantification was performed using
Image Studio Lite software. The values shown are the total signal (sum of the red, green, and
blue channel signal values) normalized to background signal.
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Figure4.
Cell spiking experiments. (A) Standard cell immobilization experiment with the addition of

anti-Her2-Alexa Fluor 488 (left). Negative control using only the 4 x 106 WBCs/mL and
anti-Her2-Alexa Fluor 488 (right). (B) 1 mg of anti-Her2 S202pAcF-C’ conjugate was
hybridized to the slide and 10° SK-BR-3 cells/mL in 4 x 108 WBCs/mL were added. Anti-
Her2—-Alexa Fluor 488 was added for detection in the 488 channel. Cells were stained with
CellTracker Orange for detection in the 555 channel. White dots indicate cells immobilized
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on the array. (C) 102 SK-BR-3 cells/mL in 4 x 108 WBCs/mL (10 cells/array). White arrows
indicate cells visible in both channels.
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