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Cellular structure maintenance and function regulation critically depend on the com-
position and spatial distribution of numerous membrane proteins. However, current
methods face limitations in spatial coverage and data scalability, hindering the compre-
hensive analysis of protein interactions in complex cellular nanoenvironment. Herein,
we introduce proximity-activated DNA scanning encoded sequencing (PADSE-seq),
an innovative technique that utilizes flexible DNA probes with adjustable lengths.
These dynamic probes are anchored at a single end, enabling free swings within a nano-
scale range to perform global scanning, recording, and accumulating of information on
diverse proximal proteins in random directions along unrestricted paths. PADSE-seq
leverages the autonomous cyclic cleavage of single-stranded DNA to sequentially
activate encoded probes distributed throughout the local area. This process triggers
strand displacement amplification and bidirectional extension reactions, linking pro-
teins barcodes with molecular barcodes in tandem and further generating millions to
billions of amplicons embedded with the combinatorial identifiers for next-generation
sequencing analysis. As a proof of concept, we validated PADSE-seq for mapping the
distribution of over a dozen kinds of proteins, including HER1, EpCAM, and PDLI,
in proximity to HER2 in breast cancer cell lines, demonstrating its ability to decode
multiplexed protein proximities at the nanoscale. Notably, we observed that the spatial
distribution of proximal proteins around low-abundance target proteins exhibited
greater diversity across regions with variable proximity ranges. This method offers a
massive access for high-resolution and comprehensive mapping of cellular molecular
interactions, paving the way for deeper insights into complex biological processes and
advancing the field of precision medicine.

membrane proteins | proximity detection | DNA encoding | nucleic acid amplification |
high-throughput sequencing

Membrane proteins, either embedded in or attached to cell membranes, are essential to
biological processes such as material transport, signal transduction, and cell recognition,
supporting both cellular function and structural integrity (1-3). These proteins move
laterally within the phospholipid bilayer, guided by structures like lipid rafts and cytoskel-
eton, creating a highly organized distribution (4-7). Their dynamic mobility and spatial
organization offer versatile regulatory mechanisms, enabling cells to adapt and function
efficiently in ever-changing environments (8, 9). Profiling the spatial localization and
proximity distribution of these proteins within the cell membrane provides valuable
insights into their functions and interactions, shedding light on cellular dynamics at a
molecular level and offering a deeper understanding of disease mechanisms (10-14).
With the rapid development and ongoing advancements in nucleic acids analysis, DNA
has emerged as a prime candidate, offering distinct advantages for detecting and regulating
proximal proteins at the nanoscale (15-21). For instance, DNA probes bound to two
adjacent targets can undergo strand displacement, generating a fluorescence resonance
energy transfer (FRET) signal (22, 23). This signal can be further amplified through iso-
thermal amplification triggered by proximity-activated DNA hybridization, yielding
enhanced fluorescence beyond what FRET alone can achieve (24). To improve spatial
resolution, proximity-dependent point accumulation in nanoscale topography (PD-PAINT)
and proximity PAINT (pPAINT), derived from the superresolution microscopy technique
DNA-PAINT, have been introduced. When two proteins are in close proximity, split
docking-site DNA probes on each protein hybridize to create a new binding site for fluo-
rescent probes, enabling nanoscale visualization of protein proximities in pairs (25, 26).
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'The above methods offer high-resolution observation of membrane
protein interactions, yet are constrained by spectral overlap, which
limits the variety of fluorescent labels available and in turn reduces
the kinds of proteins that can be simultaneously detected. To over-
come this limitation, a range of high-throughput approaches have
been developed that combine DNA-conjugated antibodies with
proximity extension or ligation assays, followed by PCR and
next-generation sequencing (NGS) to enable broader profiling of
diverse protein proximities (27-29). Furthermore, DNA hybrid-
ization or ligation, driven by target proximity, can regulate cell
behaviors such as intracellular signal transduction, clustering of
cell membrane receptors, cell protection, and motility (30-34).
However, these aforementioned approaches depend on consump-
tive molecular reactions to record spatial positions, making it chal-
lenging to capture proximity information for more than two
proteins at once, thus limiting the ability to provide a deeper
insight into protein networks and cellular functions.

To decipher more complex molecular interactions within the
nanoenvironments of membrane proteins, it is crucial to develop a
method capable of simultaneously identifying and labeling the prox-
imity distribution of multiple targets. Proximity labeling techniques
use engineered enzymes to generate short-lived reactive molecules
nearby, allowing rapid labeling of proximity molecules and enabling
direct capture of transient or low-aflinity protein interactions (35—
38). However, their limited spatial resolution and insufficient reac-
tion stability pose challenges for applications in complex biological
systems. In response, DNA nanotechnology—based approaches have
been introduced, providing high programmability and precise spatial
control. Rolling circle amplification (RCA) generates barcodes with
hundreds of repeated unique DNA sequences to cover and label
molecules within defined regions. However, the challenge of pre-
cisely controlling size of RCA products compromises localization
accuracy in proximity analysis, thereby limiting its utility in
high-resolution studies of molecular interactions (39—41). Currently,
a method termed nanoscale deciphering of membrane protein nan-
odomains (NanoDeep) has been proposed, which accurately trans-
lates protein organization information into DNA sequencing
readouts via multiarm assembled DNA nanocomb probes (42). A
molecular crawler system driven by polymerase and strand displace-
ment can autonomously explore molecular spatial distributions by
copying information from nearby encoded targets (43). The recently
reported TETRIS (templated DNA repeats for analysis of interacting
proteins) technology utilizes DNA-antibody-conjugated probes,
combining bidirectional hybridization and covalent linking to lin-
earize the barcodes of proximity proteins, enabling detailed analysis
of interactions within higher-order protein complexes (44). These
systems enable repeated, nondestructive sampling, allowing for
high-resolution mapping of multivalent molecular interactions and
complex molecular landscapes within cells.

However, proximity recognition in these methods relies on static
or predesigned DNA nanoframeworks, which are constrained by
inherent rigidity and fail to achieve comprehensive coverage of the
nanoenvironment. Therefore, a method capable of flexibly spanning
various directions to capture proximity information across diverse
sites and regions remains to be developed. In our previous work,
we reported cellular macromolecules-tethered DNA walking index-
ing (Cell-TALKING), where a DNA walking probe is tethered to
target site and sequentially moves to activate nearby probes within
the nanoenvironment, allowing for subsequent amplification and
visualization via fluorescence imaging (41). Nevertheless, the intrin-
sic principles and modes of signal acquisition in fluorescence imag-
ing still limit its ability to meet the demands of massive parallel
molecular analysis. Herein, we introduce proximity-activated DNA
scanning encoded sequencing (PADSE-seq) to expand the ranges
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of detectable proximity molecules. This approach employs a nucleic
acid encoding strategy, embedding protein barcodes into proximity
probes and molecular barcodes into amplification templates. With
strand displacement amplification (SDA) to trigger bidirectional
extension, it sequentially assembles the information of protein type
identifiers (protein IDs) and molecular identifiers (molecular IDs)
into DNA barcode combinations. Coupled with high-throughput
sequencing, PADSE-seq facilitates the simultaneous profiling of
various proximity proteins, providing a comprehensive landscape
of their spatial organization at nanoscale.

Results

As shown in Fig. 14, the DNA scanning probe (SP) tethered to
the target site (T,) starts in a blocked state and can be initiated
by the nicking endonuclease (Nt.BbvClI, Nt). Once activated, it
will sequentially trigger the activation of DNA barcoding probes
(BPs) bound to adjacentssites (P}, P, P, ..., P,) within the acces-
sible region. Since the nicking reaction cleaves only one strand of
DNA, the SP probe can be reset after undergoing a series of
hybridization-nicking-release reactions and reinitiate subsequent
cycles, ultimately activating all BP probes. By labeling with active
groups, the above functional DNA probes can be conjugated to
specific primary antibodies through a chemical coupling reaction
to prepare antibody—DNA affinity probes (Ada probes) capable
of binding cellular membrane proteins (Fig. 1B). The gray ellipses
in Fig. 1C represent target proteins, which are recognized by spe-
cific antibodies labeled with SP probes. Proximity proteins are
depicted as red, blue, and green ellipses, each capable of binding
BP probes carrying unique sequences that represent protein IDs.
The activated BPs feature a completely complementary 3’ end
with template probes (TPs) and serve as a starting site for DNA
polymerase (Klenow Fragment, 3'—5’ exo-, KF). These probes
hybridize with TPs containing distinct molecular IDs, triggering
polymerase extension and creating nicking recognition sites. This
process initiates SDA, releasing encoded products that combine
both protein IDs and molecular IDs in tandem. The amplicons
are then subjected to PCR and NGS for profiling the spatial dis-
tribution of various membrane proteins.

We first validated the feasibility of using nicking endonuclease
to continuously activate BP probes in solution reactions. To achieve
this, we designed a set of probes with distinct functions, some
labeled with specific fluorescent groups (SPsol, BPsol-Cy3, and
TPsol-Cy5), the detailed sequences information of which are pro-
vided in S Appendix, Table S1. As shown in Fig. 24, the BPsol-Cy3
probe is composed of multiple functional domains, including the
PCR primer-binding region (purple), polymerase extension region
(green), nicking endonuclease recognition region (blue), and the
blocked region (gray) labeled with a Cy3 fluorophore. The SPsol
is partially complementary to BPsol-Cy3, forming a duplex hybrid
complex with overhanging 3" ends on both strands. The central
hybridization region creates a recognition site for nicking endonu-
clease. Upon nicking action, the previously stable duplex is dis-
rupted due to a single-strand break, causing strand dissociation.
'The released SPsol can cyclically activate BPsol-Cy3 dispersed in
solution under the action of nicking endonuclease. TPsol-Cy5
consists of a polymerase extension region (gray segment at the 5’
end), a nicking endonuclease recognition region (blue), a spacer
domain (red), a BP-binding domain, and a blocked region at 3’
end modified with a Cy5 fluorophore. Activated BPsol-Cy3 com-
pletely complements with TPsol-Cy5 and possesses a 3" hydroxyl
group recognizable by polymerase, regenerating a duplex structure
with a nicking endonuclease recognition site after extension,
thereby initiating the SDA reaction. In contrast, if the BPsol-Cy3
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Fig. 1. Schematicillustration of PADSE-seq. (A) A conceptual diagram depicting

Template Probes

Membrane Proteins Ada Probes

the sequential activation of proximity probes located at nearby sites (P,, P,, P, ...,

P.) by the scanning probe at the target site (T,). (B) The principles and reaction processes for the synthesis of Ada probe. (C) A schematic workflow of PADSE-seq
for recording and mapping the nanoscale organization of cellular membrane proteins. Ab probe represents primary antibody. DBCO-sulfo-NHS ester represents
Dibenzocyclooctyne-sulfo-N-hydroxysuccinimidyl ester. Ab-DBCO represents DBCO-sulfo-NHS ester modified Ab probe. ssDNA represents single-stranded DNA.
Ada probe represents antibody-DNA affinity probe. RT represents room temperature.

is not activated by SPsol, it would still partially hybridize with
TPsol-Cy5. However, the resulting hybrid product will have mis-
matched and overhanging 3’ ends on both strands, preventing
effective polymerase extension and subsequent reactions. To
demonstrate the cyclic activation function of the SPsol probe, we
set the concentration ratio of SPsol to BPsol-Cy3 at 1:5. Stepwise
reaction products were analyzed using polyacrylamide gel electro-
phoresis (PAGE). As shown in Fig. 2B, SPsol was complementary
to BPsol-Cy3, forming a double-stranded hybrid structure. A small
amount of SPsol cyclically activated the excess BPsol-Cy3, leading
to the generation of Cy3-labeled short DNA fragments and the
cleavage of BPsol-Cy3, which subsequently initiated the SDA reac-
tion. In contrast, in the absence of Nt or SPsol, BPsol-Cy3
remained inactive, and neither amplification nor SDA occurred.
We then utilized sequence length as barcodes to distinguish dif-
ferent types of BP probes, verifying the capability of PADSE-seq
to activate multiple encoded probes. Four BPsol probes with varying
lengths of polymerase extension regions (BPsol-0, BPsol-10,
BPsol-20, and BPsol-30) were designed, all sharing identical PCR
primer—binding regions. Following SDA, these probes underwent
PCR amplification and electrophoresis characterization under con-
sistent conditions. As illustrated in Fig. 2Cand SI Appendix, Fig. S1,
both electrophoresis and melting curve analyses confirmed the
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generation of four distinct amplification products corresponding to
the four BPsol probes. The lengths of products increased incremen-
tally as predicted based on the length barcodes. Notably, no product
bands were detected in the absence of SPsol, further supporting the
specificity of our method. We additionally introduced sequence
barcodes into the PCR primer—binding regions of BP probes. This
design allowed specific recognition of different BPsol probes by
three distinct PCR primers, resulting in amplification products
labeled with Cy3, Cy5, or FAM fluorophores. Fig. 2D and
SI Appendix, Fig. S2 presented the multicolor gel electrophoresis
imaging analysis of PCR products generated by various combina-
tions of BPsol probes (BPsol-1, BPsol-2, and BPsol-3). The three
fluorescently labeled primers (FP-FAM, FP-Cy3, and FP-Cy5)
specifically recognized the corresponding SDA products generated
in the upstream reactions. In the first two samples, where neither
SPsol nor BPsol was added, no significant intensity peak of product
was observed. In contrast, the third to ninth samples exhibited dis-
tinct combination peaks corresponding to one, two, or three fluo-
rescent products, respectively. These results further confirmed the
effectiveness of PADSE-seq in recognizing and activating encoded
probes and producing the corresponding amplification products.
To further demonstrate the proximity recognition and recording
capabilities of PADSE-seq at nanoscale, we conducted interface
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Fig. 2. Invitro validation of endonuclease-mediated continuous activation of BP probes. (A) Reaction mechanism of cyclic nicking and sequential activation of
barcoding probes (BPsol-Cy3) by the scanning probe (SPsol). Reactants and products at each stage are denoted with Roman numerals. i) BPsol-Cy3; ii) duplex
formed between SPsol and BPsol-Cy3; iii) cleaved BPsol-Cy3; iv) TPsol-Cy5; v) duplex formed between inactivated BPsol-Cy3 and TPsol-Cy5; vi) duplex formed
between activated BPsol-Cy3 and TPsol-Cy5; vii) cleaved TPsol-Cy5. The green star at the end of BP probe represents the Cy3 fluorophore, while the red star
indicates the Cy5 fluorophore. (B) Gel electrophoresis of the products at each stage. L1: BPsol-Cy3; L2: BPsol-Cy3 +SPsol; L3: BPsol-Cy3 +Nt; L4: BPsol-Cy3 +SPsol
+Nt; L5: TPsol-Cy5; L6: BPsol-Cy3 +TPsol-Cy5 +Nt; L7: BPsol-Cy3 +SPsol +Nt +TPsol-Cy5; L8: BPsol-Cy3 +Nt +TPsol-Cy5 +KF; L9: BPsol-Cy3 +SPsol +Nt +TPsol-Cy5
+KF. M represented 20 bp DNA ladder. (C) Diagrammatic sketch of SDA products with different length barcodes (Top). Gel electrophoresis of PCR products and
control groups of BPsols with length barcodes (BPsol-0, BPsol-10, BPsol-20, and BPsol-30) (Middle). PAGE analysis of PCR products in the Middle part, the peaks
from Left to Right corresponding to BPsol-0, BPsol-10, BPsol-20, and BPsol-30, respectively (Bottom). M represented 50 bp DNA ladder. (D) Diagrammatic sketch
of SDA products with different sequence bar-codes (Top). PAGE analysis with multicolor fluorescence channels gel imaging. The PCR products from reactions
involving various BPsols with sequence barcodes (BPsol-1, BPsol-2, and BPsol-3) could be amplified using various primers labeled with specific fluorophores
(FP-FAM, FP-Cy3, and FP-Cy5) (Bottom). No.1: negative control without SPsol; No.2: negative control without BPsols; No.3: BPsol-2; No.4: BPsol-1; No.5: BPsol-3;
No.6: BPsol-1 +BPsol-2; No.7: BPsol-2 +BPsol-3; No.8: BPsol-1 +BPsol-3; No.9: BPsol-1 +BPsol-2 + BPsol-3. Nt represents the nicking endonuclease Nt.BbvCl; KF
represents the DNA polymerase Klenow Fragment (3'—5’ exo-).
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experiments leveraging the high programmability and precise spatial
control of DNA origami to mimic the complex molecular proximity
distributions on cell membrane surfaces. First, we designed and syn-
thesized DNA origami structures with functional protruding ends
(Fig. 3 A, Lefi), and confirmed their assembly using atomic force
microscopy (AFM) imaging (Fig. 3 A, Right) (45). The protruding
ends were arranged on three concentric circles with radii of approxi-
mately 10, 20, and 30 nm from the central target site. Detailed
sequences and positional information of the target sites are provided
in ST Appendix, Fig. S3 and Table S2 Protruding strands at different
sites on the origami were predesigned to hybridize with SP or BP
probes. This allowed the SP probe to be anchored at the central target

https://doi.org/10.1073/pnas.2425000122

site, while BP probes carrying positional information were distributed
at specific positions along the three concentric circles. The SP probes
could continuously activate adjacent BP probes in a cyclic cleavage
reaction (Fig. 3B), triggering subsequent SDA and PCR reactions to
generate PCR products with distinct positional information. To sim-
plify identification, the BB, SP, and TP probes used in the DNA ori-
gami validation experiments were designated as BPori, SPori, and
TPori, respectively. Certain functional regions were modified or
adjusted as needed based on the solution-phase probes used
(ST Appendix, Fig. S4). Notably, during the synthesis of DNA origami,
SPori required initial blocking to prevent premature hybridization with
BPori. To achieve this, a blocking strand (Assori) was introduced to
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Fig. 3. Validation of PADSE-seq on DNA origami. (A) Structural design of DNA origami and corresponding AFM images. Protruding strands are positioned on
three concentric circles with different radii to bind adjacent sites at varying distances. The first, second, and third circles are located approximately 10 nm, 20
nm, and 30 nm away from the central target site, respectively. (Scale bar, 200 nm.) (B) Schematic illustration of the activation of proximity barcode probes on
DNA origami. Black arrows represent SPori probes bound to the central target sites, while red arrows indicate the activated proximity barcode probes (BPori).
(C) Gel electrophoresis of PCR products generated from activated BPori probes on the three circles of the origami. Lanes L1 to L3 represented samples without
SPori; while lanes L4 to L6 represented samples with SPori. To distinguish PCR products from different activated probes, BPori probes in different circles were
paired with PCR primers carrying unique fluorescence labels (FP29t-FAM, FP110 s-Cy5, and FP48f-Cy3, 29t, 110s and 48f correspond to specific positions on the
DNA origami in SI Appendix, Fig. S3). Specifically, L1 and L4 corresponded to FP29t-FAM, L2 and L5 corresponded to FP110s-Cy5, and L3 and L6 corresponded
to FP48f-Cy3. (D) PAGE analysis of complex proximity distributions. To further distinguish PCR products from different activated probes, the lengths of BPori
probes were designed to increase with the circle number, resulting in distinct migration during gel electrophoresis. And BPori probes within the same circle were
distinguished with different fluorescent PCR primers. Forward primers (FP) labeled with FAM are shown in blue, those labeled with Cy3 are shown in green, and

those labeled with Cy5 are shown in red. Detailed site information is provided in S/ Appendix, Fig. S6.

form a stable duplex with SPori. This duplex was designed to be cleaved
by nicking endonuclease, efficiently releasing SPori and enabling it to
activate adjacent BPori probes. To meet these requirements, we incor-
porated continuous nicking endonuclease recognition sequences into
the complementary region of Assori and SPori. Once Assori was
cleaved into fragments, it could no longer form a stable hybrid struc-
ture, thereby releasing SPori to complete subsequent reactions.

We first validated the ability of SPori probes, anchored at the
central site of the DNA origami, to recognize and activate adjacent
BPori probes distributed on three concentric circles. The BPori
probes on these circles were designed with distinct PCR primer—
binding regions serving as positional barcodes. These sequences were
specifically recognized and amplified by PCR primers labeled with
different fluorophores, generating fluorescently tagged PCR prod-
ucts (Fig. 3C and S/ Appendix, Fig. S5). To further demonstrate
capability of PADSE-seq to analyze complex distributions of prox-
imity sites, we designed six DNA origami structures with varying
BPori distributions (Fig. 3D and SI Appendix, Fig. S6). To distin-
guish the PCR products corresponding to different BPori probes
during electrophoresis, we combined fluorescent groups labeling
with length variation of products. Specifically, PCR products of
BPori probes from the same circle were labeled with primers carrying
different fluorophores, generating products with distinct fluores-
cence signals. Additionally, the lengths of PCR products from sites

PNAS 2025 Vol.122 No.15 2425000122

on each circle progressively increased outward from the first circle.
'The results showed the relationship between the grayscale values of
fluorescent bands in electrophoresis imaging and their normalized
migration distances. As the lengths of products increased, migration
rates decreased, while PCR product peaks corresponding to probes
on the same circle closely overlapped. Meanwhile, we analyzed the
PCR products using real-time quantitative PCR (qPCR) and Sanger
sequencing, with partial data shown in S/ Appendix, Figs. S7 and
S8. These results confirmed that the SPori probes could effectively
activate BPori probes and PADSE-seq successfully captured the
nanoscale spatial distribution of proximity sites.

We designed two types of DNA origami substrates with different
distributions of proximity probes to simulate the changes in the spa-
tial proximity of membrane proteins within complex cellular nano-
environments. As shown in Fig. 44 and S/ Appendix, Fig. S9, we
introduced template probes (TPcel) containing 30 N (random
sequences of A, T, C, or G) to encode each activated BPori probe.
These random sequences served as molecular IDs for analyzing the
proportions of various proximity molecules in sequencing results.
Additionally, barcode sequences were incorporated into BPori probes
to represent protein IDs. During subsequent SDA reactions, molec-
ular IDs and protein IDs were concatenated and amplified via PCR,
resulting in products with distinct characteristic regions and fixed

lengths (87 Appendix, Fig. S10). These products were then subjected
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Fig. 4. PADSE-seq analysis of the molecular proximity distributions on DNA origami interfaces. (A) Schematic illustration of the distribution patterns of various
proximity molecules (Left). NGS results of products derived from DNA origami substrate 1 (SD1) and substrate 2 (SD2) (Right). The x-axis represented the 51-mer
bases composition of sequencing readouts, the y-axis (arbitrary) indicated the sequence number within the analyzed set. (B) Relative frequency of A, G, C, and
T across the first six positions (representing distinct protein IDs) from the NGS data shown in Fig. 4A.

to NGS for further data interpretation. The SPori probes on both
DNA origami substrates were positioned at the central site and
remained unchanged. On substrate 1 (SD1), BPori probes carrying
three distinct protein IDs (BP1-1, BP1-2, and BP1-3) were placed
on three concentric circles at different radial distances from the center.
Meanwhile, on substrate 2 (SD2), the BP2-1 probe with the same
protein ID as BP1-2 was introduced on the innermost circle, mim-
icking changes in membrane protein distribution on the cell surface.
Excluding the forward and reverse primers, the target product
sequences were 51 bp in length. After filtering and error correcting,
sequences of the desired length were obtained, and the first six bases
were matched with predefined protein ID sequences for a second
round of selection. Based on the sequencing results, we statistically
analyzed the barcode proportions and randomly selected 200 reads
for visualization with equal probability (Fig. 4 A, Right). In the results
from SD1, a substantial number of barcodes representing three types
of BPori probes were observed, corresponding to the protein IDs for
membrane protein analysis. In contrast, the results from SD2 revealed
that the involvement of a newly encoded probe at the designated site
resulted in the absence of protein ID2 information, which had been
associated with the first-circle probe on the SD1. Instead, a notable
increase in sequencing reads corresponding to protein ID1 was
observed. The proportion of the barcode “ACGTAC” in SD2 was
approximately equal to the combined proportions of “ACGTAC”
and “CTTCGT” in SD1. Further analysis of the base counts at the
first six positions, which represented protein kinds across the entire
read set (Fig. 4B), revealed consistent trends reflecting these propor-
tional changes. These results demonstrated a strong correlation
between the sequencing outcomes and the spatial distribution of
proximity sites, highlighting the potential of this approach for pro-
filing actual membrane protein proximity distributions.

To validate the feasibility of PADSE-seq for analyzing the prox-
imity distribution of membrane proteins in cells, we selected over a
dozen kinds of membrane proteins from breast cancer cell lines.
Among these, EpCAM and PDLI are common tumor markers, while
HER?2 overexpression is a hallmark of breast tumors. Additionally,
the heterodimerization of epidermal growth factor receptor (HER1)
and HER2 has been widely reported in previous studies (46, 47).
Using Dibenzocyclooctyne-sulfo-N-hydroxysuccinimidyl ester
(DBCO-sulfo-NHS ester) as a linker, primary antibodies targeting
these four proteins were conjugated to single-stranded DNA (ssDNA)
carrying azide groups to generate Ada probes, enabling specific rec-
ognition of their respective target proteins (48). These ssDNA were

https://doi.org/10.1073/pnas.2425000122

listed in Probes for PADSE-seq on fixed cells of ST Appendix, Table S1.
Then, the preparation of Ada probes was characterized by PAGE
analysis. As shown in S/ Appendix, Fig. S11, the migration of the
DNA-antibody-conjugates was significantly shifted compared to the
DNA probes alone, indicating successful functionalization of the
primary antibodies with DNA. The prepared Ada probes and primary
antibodies (Ab probes) were used to label MDA-MB-468 breast can-
cer cells, followed by staining with Alexa Fluor 488-conjugated sec-
ondary antibodies. As shown in Fig. 54, both probes displayed nearly
identical fluorescence intensities. To further validate this observation,
fluorescence intensity analysis was performed on twenty randomly
selected cells per group under the Alexa Fluor 488 channel. The results
revealed similar fluorescence intensity distributions between the Ada
probes and Ab probes, indicating that the prepared Ada probes
retained the ability of primary antibodies to specifically recognize and
bind their target proteins (Fig. 55).

The molecular reaction mechanism on the cell surface is illus-
trated in Fig. 6A. The process initiates with specific recognition of
various proteins by their corresponding Ada probes. Following this
recognition event, the SP probe, activated by a nicking endonucle-
ase, undergoes cyclic cleavage, sequentially triggering the activation
of BP probes. To ensure activation efficiency, we reverified the
release and cyclic activation performance of the SP probe designed
for cells (SI Appendix, Fig. S12). Upon activation, BP undergoes 3’
end processing where mismatched sequences are removed, enabling
the hybridization with TP to form a complementary primer region
suitable for DNA polymerase-mediated extension. During polym-
erization, BP serves as a primer to extend along TP, integrating the
specific protein IDs with the molecular IDs present on TP and
enabling combinatorial encoding. Additionally, the 5" end of TP is
designed to form a specific recognition sequence for nicking endo-
nuclease cleavage upon extension. This allows the extended product
to be recleaved, generating a new priming site on TP and triggering
reverse extension. This process initiates SDA to achieve a signal
amplification and efficiently releases amplified barcode products.
'The products with tandem barcodes are then analyzed using PCR
and NGS, providing a comprehensive mapping of the proximity
distribution of multiple cell surface proteins.

As a proof of concept, we first selected four different membrane
proteins, specifically the SPcel probes were functionalized on primary
antibodies against HER2 (referred to as HER2-Ada), while BPcel
probes with distinct protein barcodes were conjugated to primary
antibodies for the other three proteins, named HERI1-Ada,
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analysis of Alexa Fluor 488 fluorescence intensity from imaging results of MDA-MB-468 cells labeled with Ada probes, Ab probes, and negative control. A total

of twenty cells were analyzed for each statistical analysis.

EpCAM-Ada, and PDL1-Ada, respectively. The proximity range was
adjustable by varying the lengths of the SPcel and BPcel probes
(Fig. 6B). Given that each base pair corresponds to approximately
0.34 nm, a 30-base-pair sequence corresponds to a length of about
10 nm. Accordingly, the proximity distances of the two sets of SPcel
and BPcel probes were estimated to be about 30 nm and 40 nm,
respectively. The estimation was solely intended for comparative
analysis within a relative range, primarily calculated based on sim-
plified model parameters including base counts and persistence
length, while temporarily excluding the influence of other environ-
mental factors (49, 50). Given the complexity of cellular compo-
nents, we initially assessed the distribution of HER2 in proximity to
HERI in SK-BR-3 cells, optimized the reaction conditions, and
verified the accuracy of the product sequences via Sanger sequencing.
To evaluate the specificity of PADSE-seq in cellular analysis, we
conducted a series of negative control experiments, including groups
lacking HER2-Ada, HER1-Ada, or all primary antibodies. As shown
in 87 Appendix, Fig. S13, the qPCR fluorescence curves validated the
successful generation of the expected PCR products in both parallel
experimental groups, while no signals were detected in the negative
controls. Gel electrophoresis further supported these findings, dis-
playing a single band of the anticipated length in the experimental
lanes, with no bands visible in the control lanes (SI Appendix,
Fig. S14). Moreover, the Sanger sequencing results were fully con-
sistent with the expected sequences (S Appendix, Fig. S15). We then
applied PADSE-seq to map the protein composition within
the nanoscale proximity regions of HER2 in SK-BR-3, BT-474,
and MCF-7 cells. Negative controls included variables without

PNAS 2025 Vol.122 No.15 2425000122

HER2-Ada, without HER1-Ada, EpCAM-Ada, and PDL1-Ada or
without all primary antibodies. The PCR products from these groups
were first characterized by PAGE (products in one of the groups are
shown in ST Appendix, Fig. S16). Subsequently, the PCR amplifica-
tion products from the experimental groups were analyzed using
NGS. Following a process similar to the analysis of DNA origami
interfaces, sequences were filtered, and the barcodes corresponding
to the three proteins were tallied. The arbitrary subsets of sequencing
readouts with color-coded bases are shown in S Appendix, Figs. S17
and S18. As depicted in Fig. 6C and SI Appendix, Fig. S19, the
counts were normalized, and the proportions of HER1, EpCAM,
and PDLLI at varying proximity distances were calculated for each
cell line. The statistical results revealed that the distribution of the
three proteins around HER2 was consistent across all cell lines, with
EpCAM showing the highest proportion in the HER2 proximity
region and PDLL1 the least. While the trends in protein proportions
were similar under all conditions, slight variations were observed in
the exact values. Notably, changes in protein proportions were more
pronounced in MCF-7 cells compared to the other two cell lines as
the proximity distance increased. This may be attributed to the rel-
atively low expression level of HER2 in MCF-7 cells, which reduced
the overlapping area covered by different probes, resulting in more
significant changes when the scanning area was expanded. To further
demonstrate the multiplexing capability of PADSE-seq across a
broader range of proximity proteins, we designed additional Ada
probes targeting other ten kinds of proteins (characterization shown
in S/ Appendix, Fig. S20) and applied them to SK-BR-3 cells
(Fig. 6D). This enabled us to simultaneously profile 13 proximity
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Fig. 6. PADSE-seq analysis of the nanoscale organization of membrane proteins in breast cancer cell lines. (A) Schematic illustration of molecular reaction
mechanism on the cell surface. The scissors icon denoted the nicking endonuclease, whereas the notched circle icon represented the polymerase. (B) Schematic
representation of the controllable nanoscale proximity range by varying the length of Ada probes. (C) Distribution proportions of HER1, EpCAM, and PDL1 within
approximately 30 nm (Left) and 40 nm (Right) proximity regions around Her2 in SK-BR-3, BT-474, and MCF-7 cells. Data were presented as mean + SD, with error
bars indicating SD (n = 3). (D) PADSE-seq analysis of multiple membrane proteins. A conceptual view of PADSE-seq for profiling a dozen kinds of proteins. The
gray squares depict target protein bound by SP, while colored circles indicate proximity proteins captured by BP, with circle sizes proportional to the relative
abundance of corresponding proteins (Left). Heatmap display of the relative distribution of 13 kinds of proximity proteins around HER2 in SK-BR-3 cells. The
three sequential numbers represent three independent parallel experiments (Right).

proteins surrounding HER2. As shown in Fig. 6D and ST Appendix,
Fig. $21, among the 13 proximity proteins analysis, Claudin 1 exhib-
ited the highest distribution ratio. In summary, we have established
a method capable of mapping the proximity distributions of mem-
brane proteins at nanoscale in fixed cells.

Discussion

In this work, we present an innovative approach to decipher the
nanoscale spatial proximity distribution of membrane proteins. The
PADSE-seq method we developed skillfully integrates cyclic enzy-
matic reactions with template amplification, enabling the resetting
of scanning probes and sequential activation of multiple proximity
barcode probes. This method enables the tandem assembly of protein
barcodes with molecular identifiers, allowing simultaneous recording
of protein types and quantities at multiple proximity sites. The result-
ing extensive information is then converted into numerous DNA
products and decoded through high-throughput sequencing.

This breakthrough addresses the limitations of traditional prox-
imity hybridization or ligation-based methods, which rely on
consumable probes and are confined to one-to-one proximity
information, establishing a one-to-many mapping strategy for
multivalent interactions. Moreover, the scanning probes, with
their flexibility and adjustable length, enable free and random
movement in both direction and path, which overcomes the cov-
erage deficiencies associated with DNA nanostructure probes or
fixed motion modes during multisite recognition, thereby ensur-
ing comprehensive exploration of the proximity region.

https://doi.org/10.1073/pnas.2425000122

'The method can also be adapted to accommodate a wider variety
of target molecules, such as chemical conjugation to nucleic acid
epigenetic modification sites, nucleic acid aptamers, or nanobod-
ies. Smaller recognition modules offer the potential for even higher
spatial resolution (15, 51-55). With over a dozen kinds of mem-
brane proteins as a proof of concept, we demonstrated the feasi-
bility of PADSE-seq in mapping the spatial proximity distribution
of membrane proteins. By introducing DNA barcode sequences,
this method theoretically enables the simultaneous analysis of
proximity distributions for dozens or even hundreds of different
proteins.

In conclusion, we present PADSE-seq as a versatile and prom-
ising platform with robust large-scale data processing capabilities,
designed for the precise analysis of the nanoscale organization of
membrane proteins. Looking ahead, PADSE-seq has the potential
to be applied to a wide range of complex molecular interactions,
including signal transduction pathways, nucleic acid—protein
interactions, and virus—host dynamics. This method holds signif-
icant promise for uncovering spatial molecular relationships and
intricate interaction networks across diverse biological systems.

Materials and Methods

The complete description of the materials and methods is provided in
Sl Appendix, Materials and Methods. The NGS data generated in this study have
been deposited in the National Center for Biotechnology Information (NCBI)
Sequence Read Archive (SRA) database under accession code PRINAT185922
and PRINA1221128 (56, 57).
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Data, Materials, and Software Availability. NGS sequencing data have been
deposited in NCBI SRA (PRINAT185922 and PRINA1221128) (56, 57).
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