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Abstract

The specificity of target recognition is paramount in fields such as cellular biology, diagnostics,
and therapy. Traditional antibody-based methods focus on recognizing single antigens;
however, the next level of specificity involves targeting pairs of antigens simultaneously. This
study introduces a DNA-based molecular logic AND gate designed to recognize the two
membrane proteins PD-L1 and CD3 as antigens via the corresponding antibody-
oligonucleotide conjugates. The two membrane proteins are embedded in lipid nanodiscs that
serve as a model system for cell membranes. By utilizing antibody-oligonucleotide conjugates
as input signals, the DNA logic gate operates sequentially, becoming fully activated only upon
binding both target proteins. The output signal facilitates subsequent actions, such as target
isolation via magnetic bead extraction and functionalization with DNA-tagged gold nanorods
for potential photothermal therapy. Our proof of concept for a molecular precision tool that
processes two input signals in an AND operation and converts them to an output signal offers
new avenues for high-specificity diagnostics and therapeutic interventions.

Introduction

Achieving specificity by target-specific recognition elements is important in many scientific
areas including cellular biology, diagnostics, and therapy. To this end, antibodies are routinely
used for antigen recognition. The next level of increased specificity is to selectively target
structures that do not only contain one particular antigen, A or B, but pairs of antigens: A and
B. Simultaneous binding of two targets can be achieved for example using a bivalent construct
with high positive cooperativity.! This construct is composed of the antibody against A (aA)
and the antibody against B (aB) anchored to the same scaffold through a molecular linker. In
this scenario, bivalent binding can be achieved when the overall binding affinity of the construct
for A and B is greater than the sum of the affinities against each individual antigen: “only A” or
“only B”.2 3 Often, however, mono- and bivalent complexes coexist in solution and may be
difficult to distinguish or isolate. In contrast, sequential recognition processes can be designed
to enable binding to B only if binding to A has already occurred, resulting in the selective
targeting of pairs of A and B in spatial proximity. Such reaction cascades can be realized using
so-called molecular logic AND operators.*
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Over the last years, a multitude of advances have been done to engineer molecular Boolean
gates that execute AND, OR, NOT, NOR, XOR or NAND operations.® & This development
has been driven by the search of alternative means to control for example gene expression or
protein functioning for applications in bionanotechnology and medicine.®'® Differently from
molecular'® " and protein-based logic gates', DNA-based devices are easily programmable
as they rely on the predictable Watson-Crick base pairing rule. This, together with the high
thermodynamic stability of the DNA and its synthetic accessibility at low costs, make it an ideal
candidate for the construction of logic gates.” 1% 20

DNA logic gates essentially perform logical operations at the molecular level. Upon recognizing
specific single-stranded oligonucleotides (the “input” signals), a DNA logic gate undergoes a
series of conformational transitions, hybridizations, and strand exchanges, leading to the
production of an “output” signal. This cascade of reactions follows a programmable sequential
order, which is governed by toehold-mediated strand displacement (TMSD) mechanisms.?": 2
In particular, a “two-input” AND gate functions by producing an output signal only if both inputs
are present. Input signals can be linked to ligands or antibodies to enable the DNA device to
recognize the simultaneous presence of two specific targets. The output signal is typically a
single-stranded DNA that can be in turn exploited to “translate” the molecular recognition event
into an action: e.g. by binding to a DNA-tagged fluorophore for bioimaging or diagnostics®'® or
— as presented here — by binding to a DNA-tagged gold nanorod (AuNR) for later use in
photothermal therapy (PTT).% 24

The DNA AND logic gate employed in this work is schematically illustrated in Figure 1. The
logic gate operation in this manuscript is performed purely in solution. The device is designed
to specifically sense two different cell surface receptors: the human recombinant PD-L1%% and
the d/e-domain of CD3.%% 2" These represent the A and B target antigens of our system. Since
these are transmembrane proteins, their correct formation and stability is supported by
embedding them into lipid nanodiscs.?® 2° Antibodies specifically raised against PDL1 (anti-
PDL1) and CD3 (anti-CD3) are then covalently linked to DNA strands, resulting in two distinct
types of oligonucleotide-antibody conjugates, aA and aB. In the first step of the reaction
cascade, these conjugates selectively recognize the target membrane proteins (step 1 in Fig.
1). Each conjugate displays a unique DNA strand that functions as one of the two input signals
of the DNA logic gate. Upon binding of the DNA logic gate to the first input signal (step 2), a
priorly blocked region of the logic gate becomes accessible for binding of the second input
signal (step 3). This results in the fully opened logic gate bound to both proteins, with each
protein being embedded in a nanodisc (step 4). At this stage, the logic gate presents an
accessible single-stranded region that can be used for isolation of the desired pair of targets
by magnetic bead extraction (step 5). In the final step (step 6), a TMSD reaction is employed
to functionalize the pair of desired targets with a gold nanorod. In future studies, this construct
shall be used as a therapeutically active agent to eliminate the target cells by photothermal
therapy.
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Figure 1. Schematic overview of the DNA logic gate operation in combination with all employed input
and output components. Step 1 depicts the membrane protein binding by monoclonal antibodies
covalently coupled to the input DNA strands necessary for logic gate operation. The proteins of interest
are inserted into separate lipid nanodiscs. In step 2, the binding of the first input strand to the logic
gate takes place, displacing the before hybridized oligonucleotide and partially opening the gate. In
step 3, the binding of the second input strand to the newly accessible toehold region can be seen,
which then fully opens the DNA logic gate. The illustration from step 4 visualizes the fully opened logic
gate with the two respective antibodies and bound proteins. In step 5, the hybridization of opened
logic gate and the complementary output sequence, coupled to a magnetic bead, takes place. This
construct was used for fluorescence intensity measurements detecting the respective fluorophores of
the tagged components. In the final step 6, a strand displacement reaction by a longer complementary
output DNA sequence bound to a AuNR takes place, removing the magnetic bead from the logic gate
and resulting in the final construct of the study.

In conclusion, we present an approach to selectively recognize a pair of transmembrane
proteins using a DNA logic gate that performs an AND operation. In our system, the antibody-
oligonucleotide conjugates play the role of recognition units and input signals, while the DNA
logic gate is the molecular processing unit that transforms the inputs into an output signal. This
latter is ultimately used to perform a specific action on the target molecules, being this either a
purification or a labelling. We envision that this approach can be used as a high precision
molecular tool for sensing, transmitting, and translating molecular information.
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Results and Discussion
Design of the DNA AND logic gate and characterization of its functioning.

To execute the intended AND logic operation, the DNA logic gate was designed to adopt a
closed hairpin loop conformation in absence of the input strands (Figure 2A). The designed
AND gate consists of two oligonucleotides (a and b) hybridizing into three major domains: a
central duplex (in black, orange, light blue and red), a single-stranded hairpin loop (yellow) and
a single-stranded toehold-binding region (dark blue). Binding of the first input strand (c) to the
toehold region of the logic gate (state i) results in the detachment of strand b and concomitant
presentation of a different single-stranded region (state ii). This latter is the toehold for
recognition and binding of the second input strand (d). Hence, the consecutive hybridization
of the two input strands, ¢ and d, leads to opening of the logic gate, which essentially
corresponds to the successful implementation of the AND operation (state iii). This reaction
makes a previously inaccessible region now available for further hybridization with a
complementary oligonucleotide (e), forming the last species of the reaction cascade (state iv).
In other terms, this last step enables to employ the AND logic operator to perform a desired
action on the selected pair of target molecules. In this work, we used this last step to target
and combine a pair of transmembrane proteins and label them with a AuNR.
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Figure 2. Overview of the programmed logic gate strand displacement reactions. In A, a scheme depicts
each step, starting with the closed logic gate carrying a Cy3 fluorophore. Firstly, oligonucleotide ¢
replaces strand b and initiates the partial logic gate opening. Due to a new accessible toehold region,
oligonucleotide d can bind and fully open the hairpin loop of the gate. In the last step, output
oligonucleotide e, carrying a Cy5 fluorophore, hybridizes to its respective output region on the gate. In
B, an image of a native PAGE analysis of each reaction step is depicted. The first gel image depicts the
SybrGold staining of the gel, visualizing every present component. In the two lower images, the
fluorescence signals of Cy3 and Cy5 are shown. It can be concluded that the addition of
oligonucleotides always results in the expected shift due to a slower migration through the gel and
that the binding reactions take place with high product yields. Unspecific opening if only one input
oligonucleotide is present could hardly be detected, which means the DNA logic gate operates in the
desired manner.
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The individual steps of the reaction cascade were all performed in solution and characterized
by native PAGE using fluorescently labelled oligonucleotides (Figure 2B). The binding of input
strand c to the logic gate was confirmed by the appearance of a molecular species of higher
molecular weight and correspondingly lower migration rate (from state i to ii, lanes 7 to 4).
Binding of strand d, in absence of strand ¢, had no effect (lane 3); whereas only the presence
of both input strands led to opening of the loop (lane 2, state iii). Finally, addition of oligo e to
the open logic gate resulted in formation of a molecular species with the highest molecular
weight and slowest migration rate (lane 1, state iv). Altogether, these data demonstrate that
the logic gate works as intended and that the binding of the first input is required for the
recognition and binding of the second input: that is, the AND gate relies on a defined sequential
order of reactions. Moreover, our data show that the AND operation of the DNA device can be
used to tag the selected pair of inputs for downstream applications, e.g., using a fluorescently
labelled oligo for tracking purposes. Importantly, the presence of oligo e in the initial reaction
mixture did not affect the functioning of the device, indicating the robustness of the design and
the absence of leakage or spurious reactions.

DNA-antibody conjugation and characterization

To enable the DNA logic gate to selectively target the desired pair of membrane proteins out
of a reaction mixture, the input strands were covalently linked to monoclonal antibodies and
the resulting DNA-antibody conjugates were implemented into the construct as targeting
agents. The oligonucleotides ¢ and d were covalently linked, respectively, to the Fc-region of
the antibody against PDL1 (antiPDL1) and CD3 (antiCD3), using the commercially available
oYo-link® reagent. This reagent is a heterobifunctional crosslinker: one side of the molecule
consists of high-affinity antibody-binding domains and contains a photo-crosslinker within the
Fc-binding site, the other side of the molecule displays an DBCO group for further conjugation
using click chemistry. Upon UV illumination, the oYo-link was covalently bound to the Fc-region
of the antibody. Beforehand, the linking reagent was treated with an azide-modified
oligonucleotide. Successful formation and isolation of the desired conjugates (c-antiPDL1 and
d-antiCD3) was validated by SDS-PAGE (Figure 3A) and anion exchange chromatography
(Figure 3B), using a fluorescently labelled oligonucleotide. The operation of the logic gate was
then tested using the DNA-antibody conjugates as input signals. For this purpose, a solution
containing the DNA logic gate and the oligo e, fluorescently labelled, respectively, with Cy3
and Cy5, was incubated with both DNA-antibody inputs, c-antiPDL1 and d-antiCD3. Single-
stranded ¢ and d inputs were used as controls. Correct AND functioning of the gate is expected
to lead to hybridization of the oligo e to the open logic gate, eventually resulting in a strong
FRET signal between the donor and acceptor dyes.

Hence, the change of FRET over time was monitored upon addition of the inputs (Figure 3C).
Addition of the DNA-antibody conjugates led to a slower FRET change as compared to the
same reaction triggered by DNA-only inputs (cfr. blue and orange curves with grey curve in
Fig. 3C). In particular, whereas the DNA-antibody conjugates from fraction 2 resulted in overall
reduced logic gate opening, the conjugates from fraction 3 opened the logic gate with similar
efficiency as the DNA-only containing controls. All in all, these data indicate that the coupling
of DNA oligonucleotides to large molecules such as antibodies does not impair the logic gate
operation.
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Figure 3. Investigation of DNA-antibody conjugate binding to the DNA logic gate. A depicts gel images
after SDS-PAGE analysis of conjugated samples and successive Coomassie staining. Colocalization of
the protein signal and the fluorescent signal from the DNA suggests that the conjugation reaction was
successful. In B, a chromatogram of an anion-exchange chromatography for separation and analysis
purposes of the conjugates is depicted. The first peak, labelled fraction 1, indicates the free protein
eluting from the column. In the second (fraction 2) and third (fraction 3) peaks, the DNA-antibody
conjugates elute. The fractions are labelled in accordance with their gel application from A. The fourth
peak indicates the elution of pure oligonucleotides from the column. Thus, a successful separation can
be concluded. In C, the employment of purified DNA-antibody conjugates as input strands compared
to respective controls is depicted. The fluorescence intensity measurement indicates successful
hybridization of the input strands to the logic gate, even if the big antibodies are conjugated to the
short DNA strands.

Protein embedding into lipid nanodiscs

To mimic a cell membrane system, human recombinant membrane proteins PD-L1 and CD3
were incorporated into lipid nanodiscs. Membrane proteins are a key conduit for cell
communication, molecule transport, cell recognition or energy production. However, their
usage in aqueous solutions is limited due to destabilization of the structure and impaired
functionality in absence of a lipophilic environment. Thus, nanodisc technology possesses the
potential to enable valuable studies on and with the otherwise insoluble proteins.*® Here, the
lipid nanodiscs are stabilized by their scaffolding protein MSP1D1, building dimers and forming
an encircling amphipathic belt around the employed phospholipids, resulting in a discoidal
formation with a diameter of 10 nm and a height of 4 nm. Primary analysis and purification
were performed via size exclusion chromatography (SEC). The chromatograms indicated the
formation of constructs with the desired size; moreover, the self-assembled constructs could
be separated from residual sample components (Figure S1). To investigate if the constructs in
the eluted fractions possess the desired shape, transmission electron microscopy was
performed. Negative staining revealed a high-yield formation of discoidal structures with a
diameter of 12.24+1.45 nm and a height of 4.51£0.32 nm (Figure 4B). These dimensions
deviate from the values reported in the literature (diameter of 9.5 nm and height of 4.2 nm),
probably due to nanodisc structure collapse during sample preparation. The lipid nanodiscs
can either be seen from a top or side view. Lipid nanodiscs visible from the side tend to “stack”
with other nanodiscs, thus leading to the aligned formations that can be seen in Figure 4D.
This effect can occur when positively charged ions from the buffer partly mask the negative
surface charge of the lipid nanodisc, resulting in coaxial stacking of the discoidal structures.
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Figure 4. Elucidation of the magnetic bead binding assay employing the logic gate. A depicts the
construct that is able to bind to the magnetic bead covered with output oligonucleotide e. In B, uranyl
acetate-stained TEM images of lipid nanodiscs after SEC separation are depicted. The formed lipid
nanodiscs have a round form if seen from the top and an elongated oval shape if seen from the side
view. The structures display a diameter of 12.24+1.45 nm and a height of 4.51+0.32 nm. An image of
a silver nitrate stained SDS-PAGE analyzing SEC-separated membrane protein carrying nanodisc
samples compared to respective controls is shown in C. The presence of the desired membrane
proteins as well as the encircling membrane scaffolding protein can be seen according to the migration
behaviour of the present proteins in the respective lanes 4 and 6. In D, the fluorescence intensity of
washed samples containing the components indicated in the table below is shown, implicating
successful logic gate and nanodisc binding to the magnetic beads, as well as little unspecific binding.

In the next step, the protein composition of the eluted fractions was analyzed via SDS-PAGE
(Figure 4C). After gel electrophoresis, the gels were stained with an adjusted silver nitrate
staining protocol for proteins. The eluted fractions (SEC lanes 4 and 7) indicated the presence
of both the encircling membrane scaffolding protein (MSP) and the respective membrane
protein of interest. Impurities and unexpected bands were present both in the MSP and the
PD-L1 controls, which could stem from incomplete tag digestion after enrichment by the
providing companies. The band of the CD3-fusion protein migrated higher than expected from
literature reports, even after glycosylation. However, since the bands in the analysed fraction
samples all migrate in accordance with their respective controls, it is highly probable, that all
the desired proteins are present in the nanodisc fractions. This conclusion is also corroborated
by the functional tests with our molecular precision tool (vide infra). Nevertheless, we cannot
provide experimental data that indicate the exact position and orientation of the membrane
protein within the nanodiscs.

Application of the AND logic gate for action on a selected protein pair

The final goal of this study was to use the AND logic operation of the DNA device to perform a
desired action on a selected protein pair. As a proof-of-principle, we employed the AND logic
gate for extracting the protein pairs from a reaction mixture and further labelling them with a

7

https://doi.org/10.26434/chemrxiv-2024-dvOpj ORCID: https://orcid.org/0009-0001-8311-0090 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-dv0pj
https://orcid.org/0009-0001-8311-0090
https://creativecommons.org/licenses/by-nc-nd/4.0/

AuNR. For this purpose, magnetic beads with a carboxyl group presenting surface were
conjugated to amino-modified oligo e via EDC/sNHS chemistry. After three washing steps, the
so-modified magnetic beads were incubated with a solution of logic gate pre-treated with DNA-
antibody conjugates, either in presence or absence of the corresponding nanodisc-embedded
proteins. Control samples were prepared to test the reliability of the magnetic beads mediated
pull-down assay. The full set-up consisted of the following components: the AND logic gate,
the first and second inputs, which are fluorescently labelled at the DNA strands ¢ and d,
respectively, with a Cy5 and a FAM dye, and two types of Alexa555-labeled nanodiscs carrying
either PD-L1 or CD3. Thus, whereas the co-presence of Cy3 and Cy5 signals is an indication
of successful logic gate operation, the additional presence of Alexa555 signal demonstrates
that the device can be effectively used for targeting the desired protein pair. The data obtained
by the pull-down assay are reported in Figure 4D and indicate that both the operation of the
logic gate (sample 2) and its binding to the embedded proteins (sample 1) worked as expected.
Residual unspecific binding of single oligonucleotides as well as lipid nanodiscs were observed
in the control samples; however, unspecific logic gate operation did not occur.

In the next step, the logic gate construct was released from the magnetic bead and linked to a
AuNR for potential use in photo-thermal therapy. To achieve this, AUNR-DNA conjugates were
synthesized that contained an oligonucleotide sequence (e_long) fully complementary to the
logic gate but longer than the regular strand e. Sequence e_long can therefore displace
sequence e from the open logic gate forming a longer and more stable duplex. This results in
the removal of the logic gate from the magnetic bead and its further binding to the AuNR.
Firstly, AUNR with an absorbance maximum at 808 nm were synthesized in a wet-chemical
modified seeded approach from Gonzalez-Rubio et al. and further functionalized.?' The
absorbance was tuned to 808 nm due to the later envisioned use of the logic gate for optimized
targeting in photothermal therapy. Analysis of the successful fine-tuning of the absorbance
was performed via UV-Vis absorption spectroscopy (Figure S2). The size and yield of the
synthesized samples were analyzed via transmission electron microscopy (Figure 5B). The
AuNR were coated with a 5 kDa PEG-COOH shell. Either e or e_long oligonucleotides
containing a terminal amino group were conjugated to the AuNR surface after activation of the
PEG-COOH groups via EDC/sNHS chemistry. Measurements of the hydrodynamic radius and
C-potential (see Figure 5C) indicated the successful surface modification with the intended
oligonucleotides.

Upon addition of the two input strands, ¢ and d, the open logic gate was treated with AuUNR-
DNA conjugates covered with oligo e. The same experiment was repeated using oligo e or
AuNR-only samples and the quenching of the fluorescence signal was monitored over time
(Figure 5D). We hypothesized that, when compared to the AuNR alone, the AuNR-DNA
conjugates successfully bound to the open logic gate would result in a significant drop of the
fluorescence signal. Indeed, in this case, the AuNR would be placed in close proximity to the
Cy3 fluorophore via hybridization of the conjugated e strands to the opened logic gate. The
results show that the AUNR-DNA conjugates significantly reduced the emitted fluorescence of
the logic gate as compared to a control with only AuNR (blue vs. orange curve in Fig. 5D).
However, binding of Cy5-labelled oligo e alone led to a more striking quenching effect,
suggesting that conjugation of e to the AUNR might hinder the next hybridization step. Possible
explanations for this could be steric hindrance by the big PEG-coated AuNR construct
(compared to the size of the oligonucleotide strands) or by less efficient quenching of the AuNR
as compared to the Cy5 fluorophore. However, it can be concluded that the conjugation of
AuNR to e does not prohibit strand hybridization, and thus AuNR-DNA conjugates can be
employed for further experiments on the selected membrane proteins.
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Figure 5. Analysis overview of the strand displacement reaction replacing the magnetic bead with a
AuNR coupled to a longer output oligonucleotide. A is a scheme illustrating the final construct. In B, a
TEM image of the employed 24 nm long bare AuNR is shown, C displays the results of hydrodynamic
radius and -potential measurements indicating minor size and surface charge changes after
oligonucleotide conjugation. In D, further insight into the strand displacement reaction is gained, as it
shows the fluorescence intensity changes over time after the addition of AuNR conjugated output
oligonucleotides. Due to the natural quenching of fluorescence by AuNR to fluorophores in close
proximity to the nanoparticles, the decline of fluorescence after the addition of AUNR-DNA conjugates
indicates successful binding to the opened logic gate. An addition of a different quenching
oligonucleotide shows little change in the fluorescence intensity containing the AuUNR-DNA conjugates,
but successful quenching in the other two control samples. This is another indication for successful
AuNR-DNA binding to the opened logic gateln image E, the fluorescence intensity of centrifuged
samples after performing the strand displacement reaction are shown. Centrifugation separates the
magnetic beads from the AuNR and only fluorescence emitted from logic gate and lipid nanodisc
components bound to the AuNR can be detected in these samples. This indicates a successful strand
displacement reaction.

The final experiment aimed at demonstrating the integrity and functionality of our entire
molecular precision tool comprising both recognition unit (antibody-DNA conjugates) and
processing unit (DNA AND logic gate) as well as its binding capacity to the AuNR-DNA
conjugate for future applications in photothermal therapy. To this end, we hypothesized that
upon addition of AuUNR-DNA conjugates covered with the e_long sequence, the entire
construct should be released from the magnetic beads via DNA strand displacement
mechanisms. After incubation, the magnetic beads were separated from the AuNR with a
magnet. Subsequently, both the magnetic beads as well as the AuNR were washed three
times. Finally, the fluorescence intensities of the respective samples were measured (Figure
5E). The results showed that whereas the magnetic beads samples contained only residual
fluorescence, the AuNR samples emitted high fluorescent signals, indicating the presence of
all desired components, and thus the successful displacement of the entire construct from the
magnetic beads. Altogether, our data demonstrate that the desired pairs of nanodisc-
embedded membrane proteins could be fished from a reaction mixture using antibody-DNA
conjugates as the inputs of an AND DNA logic gate and that the subsequent “linking” of the
construct to PTT-ready AuNR could be performed successfully.
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Conclusion

To summarize, we here report on a molecular precision tool comprising two antibody-DNA
conjugates as molecular recognition units for two transmembrane proteins embedded in lipid
nanodiscs and a DNA-based AND logic gate as the molecular processing unit. This approach
is capable to recognize and bind pairs of transmembrane proteins in close proximity (up to ca.
10 nm). Importantly, the final construct can be further used to tag the selected pair of proteins
with a AuNR for potential applications in diagnostics and therapy, for example, based on
photothermia. Since the logic gate is responsive to pre-designed single stranded input signals,
these latter can be in principle conjugated to virtually any type of antibody, enabling to apply
the same logic gate to a different pair of proteins. We also demonstrated that lipid nanodiscs
help to stabilize transmembrane proteins, without affecting the DNA logic gate operation.
Hence, our approach offers a versatile molecular precision tool for the selected recognition,
isolation, and tagging of desired protein pairs. Further implementation of DNA logic operators
may enable to perform different types of operations on pairs or even multiple target molecules.
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