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Membrane proteins perform a myriad of biological func-
tions in cells1. Not surprisingly, numerous human diseases 
are associated with aberrant membrane protein functions; 

indeed, membrane proteins account for over 60% of the targets of all 
approved small-molecule drugs2. Probably the most notable exam-
ple is the G-protein coupled receptor protein superfamily; as the 
largest class of cell-surface receptors, they are the targets of ~34% 
of clinical drugs3. Recently, the immuno-checkpoint membrane 
proteins have been intensively pursued in cancer immunotherapy4. 
However, ligand discovery against membrane proteins is highly 
challenging. Unlike cytosolic proteins, membrane proteins are situ-
ated in the hydrophobic lipid bilayer of the cell membrane, which 
makes in vitro biochemical techniques, such as protein expression 
and purification, extremely difficult2,5. Outside their native contexts, 
membrane proteins may lose important biological features, such as 
post-translational modifications, cofactor binding and complex for-
mation. Therefore, the development of ligand discovery methods 
compatible with natural cellular conditions is highly desirable for 
membrane proteins.

Originally proposed by Brenner and Lerner in 19926,7, 
DNA-encoded chemical library (DEL) has become a powerful 
ligand discovery technology in biomedical research8–14. In a DEL, 
each compound is conjugated with a unique DNA tag that encodes 
its chemical structure. All the library compounds are mixed together 
and selected against the target simultaneously. The selected binders 
are decoded with a polymerase chain reaction (PCR) amplification 
and DNA sequencing to read the barcodes (Fig. 1a). DELs can con-
tain many billions or even trillions of compounds15, and the library 
selection can be conducted in just a few hours. Today, DELs are 
widely adopted by the pharmaceutical industry16,17.

DELs have been selected against the soluble domains of 
membrane proteins18–22 and membrane proteins stabilized with 
detergent23 or nanodiscs24; however, the target scope of DELs is 
mostly limited to purified proteins9,12. Previously, we and oth-
ers developed DEL methods compatible with soluble proteins25–32: 
GlaxoSmithKline performed DEL selection against the NK3 
receptor on live cells33, the Bradley group selected peptide nucleic 
acid-encoded libraries against chemokine receptors34,35, the Song 
group selected a glycan library against whole bacteria36 and the 
Krusemark group reported DEL selection against the opioid recep-
tor on live cells37. However, these methods rely on recombinant 
protein expression to obtain a high target abundance and/or the 
target needs to be fused to large tags. Target-specific DEL selection 
against endogenous membrane proteins on live cells has yet to be 
achieved. Here we report a method that enables the cell-based DEL 
selection against membrane proteins; this method is target spe-
cific, does not require protein overexpression or any other genetic 
manipulation and is compatible with endogenous proteins. Using a 
ligand-directed affinity labelling method, we show that membrane 
proteins can be labelled with a DNA tag, which serves as a homing 
beacon to guide DEL selection. To demonstrate the performance of 
this method, a 30.42-million-compound DEL was selected against 
three membrane proteins (folate receptor (FR), carbonic anhydrase 
12 (CA-12) and epidermal growth factor receptor (EGFR)), and a 
series of novel ligands were identified for these targets.

To realize DEL selection on live cells, two important issues need 
to be addressed: target specificity and target concentration. The first 
issue is obvious, as the cell surface contains many other proteins and 
biomolecules. The second issue is also important: typically, DEL 
selection is performed with the library present at a minute scale 

Selection of DNA-encoded chemical libraries 
against endogenous membrane proteins  
on live cells
Yiran Huang1, Ling Meng   1, Qigui Nie   2, Yu Zhou   1, Langdong Chen   3, Shilian Yang   2, 
Yi Man Eva Fung   1, Xiaomeng Li   1, Cen Huang2, Yan Cao   3 ✉, Yizhou Li   2,4 ✉ and Xiaoyu Li   1,5 ✉

Membrane proteins on the cell surface perform a myriad of biological functions; however, ligand discovery for membrane pro-
teins is highly challenging, because a natural cellular environment is often necessary to maintain protein structure and function. 
DNA-encoded chemical libraries (DELs) have emerged as a powerful technology for ligand discovery, but they are mainly limited 
to purified proteins. Here we report a method that can specifically label membrane proteins with a DNA tag, and thereby enable 
target-specific DEL selections against endogenous membrane proteins on live cells without overexpression or any other genetic 
manipulation. We demonstrate the generality and performance of this method by screening a 30.42-million-compound DEL 
against the folate receptor, carbonic anhydrase 12 and the epidermal growth factor receptor on live cells, and identify and vali-
date a series of novel ligands for these targets. Given the high therapeutic significance of membrane proteins and their intracta-
bility to traditional high-throughput screening approaches, this method has the potential to facilitate membrane-protein-based 
drug discovery by harnessing the power of DEL.

Nature ChemIstry | www.nature.com/naturechemistry

mailto:caoyan@smmu.edu.cn
mailto:yizhouli@cqu.edu.cn
mailto:xiaoyuli@hku.hk
http://orcid.org/0000-0003-3234-4863
http://orcid.org/0000-0002-5676-6852
http://orcid.org/0000-0003-1497-8264
http://orcid.org/0000-0002-9755-7053
http://orcid.org/0000-0001-9775-5992
http://orcid.org/0000-0001-5896-1558
http://orcid.org/0000-0002-2819-9678
http://orcid.org/0000-0001-5510-9773
http://orcid.org/0000-0003-1650-3780
http://orcid.org/0000-0002-8907-6727
http://crossmark.crossref.org/dialog/?doi=10.1038/s41557-020-00605-x&domain=pdf
http://www.nature.com/naturechemistry
Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮



Articles NAturE CHEMIStry

(femtomoles–picomoles) and a relatively high target concentration 
(low-to-mid micromolar) is necessary to drive the binding equilib-
rium. However, the abundance of most membrane proteins is very 
low; without overexpression33, it would be difficult to identify the 
ligands with a dissociation constant (Kd) higher than or close to the 
target concentration. We reasoned that, if the protein of interest 
(POI) could be labelled with a DNA tag, it might serve as a homing 
beacon to guide the library selection. On the one hand, the DNA tag 
provides target specificity in the selection by guiding library hybrid-
ization; on the other hand, it boosts the ligand affinity by avidity, 
and thereby drives the binding equilibrium and retains the binders 
on the cell in the affinity-based selection (Fig. 1b). The non-binders 
form relatively unstable DNA duplexes and could be washed away. 
After the elution step (heat denaturation, selective elution with free 
ligand and so on), the binders could be identified through the typi-
cal DEL decoding procedure using PCR amplification and DNA 
sequencing38.

Many methods have been developed to covalently graft DNA tags 
to cells, such as the seminal work by Bertozzi, Francis and co-workers 
using the Staudinger reaction and strain-promoted alkyne–azide 
cycloaddition39,40, the amidation reaction41,42, oxidative cleavage43,44 
and so on, which are employed in many biological applications45,46. 
Recently, elegant methods for target-specific protein labelling with 
DNA aptamers were reported by Famulok47, Tan48–50, Bertozzi51, 
Gothelf52 and their respective co-workers. In addition, the Hamachi 
group developed non-DNA-based ligand-directed labelling meth-
ods for membrane proteins53. Previously, we reported a protein 
labelling method named DPAL (DNA-programmed affinity label-
ling)54, which has been used to identify the targets for small mol-
ecules, nucleic acids and aptamers by us54–56 and other groups57,58. 
With a similar concept, the Gothelf group developed an elegant 
DNA-templated protein conjugation method for site-specific anti-
body–DNA conjugation52,59,60 and the Tan group used aptamers as 
templates to direct protein conjugation48–50. Here we propose to 
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Fig. 1 | The proposed cell-based DEL selection strategy. a, DELs are typically selected against purified and immobilized proteins. b, The proposed 
cell-based selection method. The POI is labelled with a DNA tag, which guides DEL hybridization to achieve target specificity and increases the effective 
target concentration. After washing away the non-binders from the cell surface, the hit compounds were eluted (for example, by heating to denature 
the cells) and decoded with PCR amplification and DNA sequencing. c, Method to label membrane proteins with a DNA tag. L, a known ligand; tag, 
fluorophore, biotin and so on. The BP/CP duplex is preformed and then added to the cell. After the BP/CP-mediated affinity labelling, the BP is removed via 
toehold displacement.
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use DPAL to deliver DNA tags to membrane proteins. As shown in  
Fig. 1c, a known ligand of the POI is conjugated with a DNA strand 
as the binding probe (BP). The BP forms a duplex with a capture 
probe (CP) that bears a photocrosslinker. After the BP/CP duplex 
engages the POI, ultraviolet light irradiation triggers the target 
crosslinking. Next, a displacement probe (DP) removes the BP 
through toehold displacement. The DNA tag originally from the CP 
could be used to guide the subsequent DEL selection.

Results
Membrane proteins on live cells can be specifically labelled with 
DNA tags using DPAL. As an initial validation, we used the FR/
folic acid (FA) system (Fig. 2a). FR is a membrane protein impli-
cated in many tumours, and FA binds to FR at nanomolar affin-
ity. HeLa cells cultured in FA-deficient medium with upregulated 
FR expression were used for labelling (HeLaFR; Supplementary  
Fig. 1)61, and regular HeLa cells were used as a control. First, FA 
was coupled with a 16-nucleotide DNA as the BP, and a comple-
mentary DNA with a phenylazide photocrosslinker and a fluores-
cein (FAM) group was prepared as the CP (BP-1/CP-1; Fig. 2a). 
The BP-1/CP-1 duplex was incubated with the cells before brief 
ultraviolet irradiation (365 nm, 10 s) to trigger crosslinking while 
minimizing cell damage. The cells were washed and visualized 
under a microscope. As shown in Fig. 2b, much stronger fluo-
rescence was observed with the HeLaFR cells (Fig. 2b(i)) than the 
control cells (Fig. 2b(ii)). As expected, the fluorescence mostly sur-
rounded the cell membrane. The negative controls (mismatched CP  
(Fig. 2b(iii)), no FA on BP (Fig. 2b(iv)) and no ultraviolet irradia-
tion (Fig. 2b(v))) showed low fluorescence, which proves that the 
labelling was specific and dependent on DNA-mediated photo-
crosslinking. Flow cytometry also showed that the HeLaFR cells were 
more efficiently labelled (Fig. 2c). The number of DNA tags on a cell 
was quantified using fluorescent beads as a calibration standard, as 
in previous reports (Supplementary Fig. 2)40,44. On average, each cell 
was tagged with ~1.55 × 106 DNA tags, comparable to the amount 
used in other reported methods44. Longer irradiation did not 
result in substantial non-specific labelling (Supplementary Fig. 3),  
but a higher probe concentration led to a slightly higher back-
ground (Supplementary Fig. 4). We also verified that the labelled 
cells maintained similar viability to that of the untreated cells and 
did not undergo morphological changes (Supplementary Fig. 5)62. 
To validate the labelling specificity, the cells were labelled with BP-1 
and a biotinylated CP (bio-CP-1), lysed and the biotinylated pro-
teins were analysed with western blotting. The results showed that 
FR was specifically labelled (Fig. 2d(i)), whereas no labelling was 
observed without FA on BP ((Fig. 2d(ii)), with free FA competition 
((Fig. 2d(iii)) or without ultraviolet irradiation ((Fig. 2d(iv)) (also 
see Supplementary Fig. 6). The labelled proteins were affinity puri-
fied with streptavidin beads, and mass spectrometry (MS) analysis 
confirmed the labelling specificity (Fig. 2e). Next, we tested whether 
the labelling was responsive to target abundance. HeLa cells were 
harvested after different passages to obtain cell batches with dif-
ferent FR expression levels. Using western blotting, the FR protein  

concentration in the labelling reaction was estimated to be 0.024–
0.64 µM (Supplementary Fig. 7). These cell batches were labelled 
with BP-1/CP-1 and flow cytometry showed that the labelling 
efficiency correlated with the FR-expression level. Similar corre-
lation was also observed with different cell types (Supplementary  
Figs. 8–10). As a test in a mixed cell population, HeLaFR and B16-F10 
cells, which have a low FR expression, were stained with red and 
blue dyes, respectively, co-cultured for 18 hours and labelled with 
BP-1/CP-1. As shown in Fig. 2f, nearly all the labelling occurred 
on HeLaFR cells (red); in contrast, B16-F10 cells (blue) were barely 
labelled. Flow cytometry also corroborated the labelling selectivity 
(Fig. 2g). We further tested the labelling with two more proteins. 
First, integrin is a class of membrane proteins that regulates cell 
adhesion properties63. CycloRGDfK, an integrin αvβ3 ligand, was 
coupled to DNA as the BP (RGD–BP; Supplementary Fig. 11). 
A375 cells, a cell line with high αvβ3 expression, were labelled with 
RGD–BP/CP-1. The results showed a higher fluorescence with the 
labelled A375 cells than with the negative controls. Next, another 
membrane protein, CA-12, was tested. Carboxybenzene sulfon-
amide (CBS) was coupled to DNA as CBS–BP, which showed an 
affinity of 0.97 µM for CA-12 (Supplementary Fig. 12). The CA-12 
concentration was measured to be ~0.20 µM in the labelling reac-
tion (Supplementary Fig. 7) and, as shown in Extended Data Fig. 1, 
the efficiency and specificity of CA-12 labelling were also validated.

After tagging, we used toehold displacement to remove BP to 
make the tag available for library hybridization (Fig. 3a): a FAM–BP 
(BP-2) and a nine-nucleotide-shorter CP-2 were first used to label 
the cells, and a DP was added to displace BP-2 from the cell sur-
face. The nine-nucleotide toehold length was chosen to promote a 
fast displacement64. Strong fluorescence was observed after labelling 
(Fig. 3b(i)); DP addition greatly reduced the signal (Fig. 3b(ii)), but 
not with a mismatched DP (Extended Data Fig. 2), which indicates 
that the signal loss was due to a DP-mediated displacement. To con-
firm that the tag could hybridize with DNA-conjugated small mole-
cules, a six-nucleotide FAM-labelled BP-3 was added. Our previous 
studies showed that short DNA strands (5–7 bases) form unstable 
duplexes under physiological conditions, but can be stabilized by 
binding to the target protein32,65. Here, BP-3 formed an unstable 
duplex and could be washed off the cell surface unless it had a ligand 
bound to the target, which resulted in enhanced affinity due to the 
avidity effect. As shown in Fig. 3b(iii), BP-3 restored the cell fluo-
rescence to a similar level as that in Fig. 3b(i), whereas using a BP 
without FA, a mismatched BP-3 or free FA competition, little fluo-
rescence gain was observed (Extended Data Fig. 2). DP-mediated 
displacement was also observed with DNA-tagged CA-12 on A549 
cells (Extended Data Fig. 2). These results showed that BP-3 could 
be washed off the cell when it does not hybridize with a DNA tag, 
despite the high affinity of FA (Kd ≈ 1 nM) (ref. 66). To investigate 
this, we determined the mean fluorescence intensity of the flow 
cytometry data, which is more quantitative than gating the histo-
grams. The results showed that the mismatched BP-3 yielded only 
a slightly higher labelling than that with FA competition (1.2-fold); 
we also measured the binding affinity of BP-3 to FR and a Kd of 

Fig. 2 | Labelling of FR on HeLa cells. a, Cells were labelled with BP-1/CP-1 (1.0 µM). b, Confocal images of the labelled cells: HeLaFR (i); HeLa (ii); HeLaFR 
with a mismatched CP (iii); no FA on the BP (iv) and no ultraviolet irradiation (v). c, Flow cytometry analysis of the labelled or unlabelled cells. Left, 
flow cytometry histogram; right, column graph of the analysis data; experiments 1–4 in both graphs are specified in the right panel. n = 3 biologically 
independent HeLaFR/HeLa cell batches were examined. Data are presented as mean ± s.d. d, HeLaFR cells were labelled with BP-1/bio-CP-1 and analysed 
with western blotting: affinity labelling experiment (i), no FA on BP (ii), free FA competition (iii), no irradiation (iv). Free FA, 50-fold FA competitor; no 
FA, no FA on the BP; diamonds, non-specific proteins; loading control, endogenous biotinylated proteins, marked with asterisks; a portion of each sample 
was separately blotted for tubulin as an additional sample processing control. e, MS analysis of the affinity-purified proteins. y axis from d(i) (experiment) 
and x axis from d(ii) (control). f, HeLaFR and B16-F10 cells were stained with CellTracker Deep Red and Blue CMF2HC dyes, respectively, co-cultured and 
labelled with BP-1/CP-1 (i) and the negative control (no FA) (ii). Green, FAM; red, Cy5; blue, 4,6-diamidino-2-phenylindole. Inset (top right): enlargement 
of the image in the dashed square. g, Co-cultured HeLaFR and B16-F10 cells were labelled with BP-1/CP-1 and analysed with flow cytometry by cell size and 
granularity (i) and by fluorescence (ii).
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710 nM was obtained (Supplementary Fig. 13), much lower than 
that of free FA. We reasoned that the reduced affinity might be 
due to DNA conjugation, and may explain that BP-3 alone could 
be washed off the cell surface. Furthermore, using the CompareTm 
DNA calculator67, the free-energy gain from BP-3/CP-2 hybridiza-
tion was calculated to be 4.12 kcal mol–1, which corresponds to a Kd 
of ~1 mM and an about three orders of magnitude affinity increase; 
thus, the enhanced affinity of BP-3 with the DNA tag was in the 

subnanomolar range, which may lead to the retention of BP-3 on the 
cell. Previously, we showed that a BP with a low micromolar affinity 
could efficiently label the target protein54. Here, both FA–DNA and 
CBS–DNA have a Kd of ~1 µM, and they, indeed, yielded an efficient 
labelling. For CBS–DNA, the relatively high CA-12 abundance may 
also contribute to the labelling efficiency. Several previous reports 
also showed that FA- and CBS-based probes were able to label 
FR and CA-12 on live cells, respectively, and the probes could be  
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feasibly washed off the cell after the labelling66,68,69. Collectively, 
these results show that small-molecule ligands can direct the label-
ling of membrane proteins with a DNA tag on live cells.

Antibody could also guide the labelling of membrane proteins 
with a DNA tag. Many membrane proteins do not have a known 
small-molecule ligand; thus, we investigated whether antibodies 
could be used, as they are more broadly available for membrane 
proteins. First, we chose EGFR, a transmembrane receptor tyro-
sine kinase, to test this approach. We coupled an antibody that 
recognized the extracellular domain of EGFR (Met1–Ser645) to 
a 5′-thiol-modified DNA through the heterobifunctional linker 
N-(β-maleimidopropyloxy)succinimide (BMPS) (Extended Data 
Fig. 3). To obtain a low DNA-to-antibody ratio, we modified a 
reported protocol70 and found that a 1:5:2 antibody/BMPS/DNA 
ratio gave the optimal balance between conjugation efficiency 
and the DNA-to-antibody ratio. Gel analysis showed three major 
products, which were purified and characterized with MS along 
with the unlabelled antibody. The results confirmed that 1–2 
DNAs were conjugated to the antibody (Extended Data Fig. 3 and 
Supplementary Fig. 14). The mono-DNA–antibody conjugate b 
(Supplementary Fig. 14) showed similar antigen-binding proper-
ties to those of the unmodified antibody (Supplementary Fig. 15)59 
and was used as the antibody–BP duplex (antibody–BP). Here, the 
DNA–antibody conjugate was prepared without site specificity, and 
different lysine residues were modified. We hypothesized that this 
might be advantageous for the selection, as a mixture of conjugates 
may deliver the DNA tag to different sites and the library selection 
may cover more regions on the target protein.

Owing to the antibody’s large size, CP may crosslink to the 
antibody instead of the target protein, which may reduce the label-
ling efficiency. We proposed to address this issue by extending 
the crosslinker away from the antibody with a spacer of ‘n’ bases  
(Fig. 4a); however, long CPs may also lower the labelling yield. 
Thus, we sought to find a spacer length that balanced these two 

factors. First, several biotinylated CPs with a wide range of lengths 
(n = 3, 9, 18, 25, or 30) were paired with an antibody–BP to label 
EGFR on A431 cells. As shown in Supplementary Fig. 16, all the 
probes could label EGFR, although short CPs yielded poor labelling, 
and n = 18 showed a relatively high labelling efficiency. As expected, 
considerable antibody self-labelling was observed, especially with 
the short CPs. Next, more detailed studies were conducted by cen-
tring the n value at 18. A series of CPs (n = 9, 12, 15, 18, 21, 25 and 
30) were tested with three repeats for each probe (Fig. 4b,c and 
Supplementary Fig. 17). CPs with n = 18, 21 and 25 showed similar 
labelling efficiencies with relatively low levels of self-labelling, but 
self-labelling could not be completely avoided. Although the longest 
CP (n = 30) yielded the least self-labelling, it exhibited very large 
error bars. Finally, we chose n = 18 as the optimal spacer length 
in this study. The CPs with n = 21 and 25 performed similarly, but 
they were longer. To validate the labelling specificity, we performed 
several negative control experiments, and in all cases no or little 
labelling was observed (Fig. 4d). The captured proteins were affin-
ity purified, and MS characterization also confirmed the labelling 
specificity (Fig. 4e). Finally, we confirmed the feasibility of remov-
ing the antibody–BP from the cell surface by using DP-mediated 
toehold displacement (Supplementary Fig. 18).

We further tested antibody-guided labelling with three more 
membrane proteins: FR, transferrin receptor 1 and CD44 (cluster 
of differentiation 44). For each protein, we used an antibody that 
recognized the extracellular domain of the target. DNA conjugation 
of the 3 antibodies exhibited a slightly higher DNA-to-antibody 
ratio than that of EGFR with 1–3 DNA strands installed on the anti-
body, presumably due to variations in the experimental conditions 
(Supplementary Fig. 19). Mono-DNA conjugates were purified, 
characterized, and used as the antibody–BPs, which were paired 
with a FAM–CP (n = 18) to label the respective targets40. As shown 
in Supplementary Fig. 20, these antibody–BPs efficiently installed 
DNA tags on the targets. Compared with FA-guided labelling, the 
FR antibody exhibited ~56% efficiency, possibly because of the small 
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size of FR (~35 kDa). Using a short CP (n = 3), the labelling effi-
ciency decreased to ~24%, which further confirms the importance of 
spacer length. For CD44 and transferrin receptor 1, higher labelling 
efficiencies were observed. Next, to validate the labelling specificity, 
a biotin–CP (n = 18) was paired with the antibody–BPs to label the 
cells; the biotinylated proteins were analysed with western blotting 
and characterized with MS after affinity purification, and specific 
labelling was observed for all the targets (Supplementary Fig. 20). 
Collectively, these results demonstrated that antibodies may be used 
for the membrane proteins without known small-molecule ligands; 
however, if available, small molecules are still more desirable, espe-
cially for proteins with small extracellular domains.

Selection of DELs against membrane proteins on live cells. The 
encoding DNA of DELs contains a pair of primer-binding sites with 
constant sequences. If the DNA tag is complementary to the site 
next to the library compound, it may direct the library hybridiza-
tion and enable the selection. Again, the FA/FR system was used 
for validation. We prepared a 4,800-member tripeptide DEL and 
spiked in an FA–DNA as a positive control (Fig. 5a). HeLa cells 
were labelled with an FA-conjugated BP/CP probe pair (BP-4/CP-3; 
Fig. 5b) and incubated with the 4,801-member DEL. CP-3 had a 
seven-nucleotide sequence complementary to the primer-binding 
site and the hybridization increased the ligand affinity and stabilized 
the duplex; thus, the binders were retained on the cell, whereas the 
non-binders were washed away. Although other cell-surface pro-
teins also interacted with the library compounds, the interactions 

lacked support from the DNA tag, which can be controlled by using 
unlabelled cells. After library incubation (30 °C, one hour), the cells 
were subjected to ten cycles of washing and resuspension to wash 
away the non-binders. Next, the cells were heated at 95 °C for ten 
minutes and centrifuged to elute the binders, and the supernatant 
was PCR-amplified and sequenced with next-generation sequenc-
ing (NGS)38. We used strong heating for the elution, similar to that 
in previous reports33,37; other approaches, such as selective elution 
by free ligand competition31,71,72 or direct on-cell PCR38, may also be 
used to obtain a higher decoding specificity. The sequencing data 
were processed with a script to quantitatively tally the codons for 
each compound and calculate the enrichment fold, and the results 
are shown in scatter plots25,65. In each plot, the compounds with a 
high enrichment fold and a high post-selection sequencing count 
were considered potential hits. As shown in Fig. 5c, with the labelled 
cells, FA was strongly enriched, whereas FA was not enriched with 
the unlabelled cells (Fig. 5d).

In a selection, both target concentration and ligand affinity affect 
the binding equilibrium, which dictates the affinity range of the hit 
compounds. To better understand this in the context of cell-based 
selection, we devised a method to estimate the target concentra-
tion—the average number of DNA tags on a cell could be quanti-
fied with flow cytometry (Supplementary Fig. 2)40,44. Assuming it 
represented the number of DNA-tagged target molecules, the target 
concentration could be calculated based on the number of cells, cell 
volume and the volume of the selection suspension. In the selection 
of Fig. 5, the number of DNA-tagged FRs on each cell was ~52,000, 
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and HeLa cell has a size of ~3,000 µm3 (ref. 73); thus, the target con-
centration was calculated to be ~5.1 nM in the selection suspension 
(Supplementary Section 9). Using the CompareTm DNA calculator, 
the CP-3 tag with a seven-nucleotide complementarity provided a 
free energy gain of 5.93 kcal mol–1, which corresponded to an about 
18,838-fold affinity increase67; thus, the Kd of FA–DNA would be 
~0.037 nM, much lower than the target concentration and lead 
to the enrichment of FA–DNA. The non-binders hybridized with 
the DNA tag with a weak affinity of ~53.1 µM and therefore were 
not enriched. With the unlabelled cells, the FR concentration was 
~24 nM (Supplementary Fig. 7) and there was no ‘affinity boost’ 
from the DNA tag, which makes the enrichment of FA–DNA very 
difficult, especially given the repetitive washing in the selection.

Furthermore, we performed two series of selections with varied 
target concentration and length of tag complementarity (Extended 
Data Fig. 4). Besides FA, methotrexate (MTX) was also added to the 
library; MTX binds to FR with a Kd of ~100 nM as a free ligand74, but 

its conjugates have a much lower affinity (~5.2–40 µM) (refs 68,75). 
Here, the affinity of MTX–DNA was measured to be ~26.6 µM. 
First, HeLa cells were harvested after different passages, and six 
batches with increasing FR expression (P1–P6) were fluorescently 
labelled. The target concentration of the cell batches was measured 
to be from ~5.1 to 110.9 nM. Next, the original cells were labelled 
with a tag with seven complementary bases and selected with the 
4,802-member library. As shown in Extended Data Fig. 4, FA was 
highly enriched in all cases, whereas MTX was enriched at higher 
target concentrations (after P4), and the enrichment fold increase 
roughly followed the target concentration. Next, we calculated the 
ligand affinity increase with tags from six to ten complementary 
bases (Extended Data Fig. 5); the results showed that these tags pro-
vided a free-energy gain that ranged from 5.65 to 9.70 kcal mol–1. 
Hybridization with the six- and seven-nucleotide tags gave a Kd of 
84.5 and 53.1 µM, respectively, consistent with our observation that 
they formed dynamic DNA duplexes32,65; the eight-nucleotide tag 
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gave a Kd of 14.1 µM; and, as expected, the nine- and ten-nucleotide 
tags formed stable duplexes (Kd = 285 and 103 nM, respectively). 
Thus, we conducted the selections with the tag lengths of six, seven, 
eight and ten complementary bases. The ten-nucleotide tag repre-
sented a stable hybridization, and tags shorter than six nucleotides 
were not tested because they would have hybridization-specificity 
issues. Two cell batches, P1 and P4, were used in the selection. As 
shown in Extended Data Fig. 5, the enrichment of FA and MTX 
increased with more complementary bases. Interestingly, with the 
ten-nucleotide tag, the enrichment of FA and MTX decreased, but 
many other library compounds were enriched and the scatter plots 
exhibited a more ‘spread-out’ pattern (Supplementary Fig. 22). We 
reasoned this might be because the ten-nucleotide tag formed a 
stable duplex with all the library compounds and led to the enrich-
ment of many low-affinity binders. We also performed selection 
against the membrane protein CA-12. GLCBS and CBS, two known 
CA-12 ligands (Kd = 0.3 and 1 µM, respectively) were added to the 
4,800-member library and selected against DNA-tagged CA-12 on 
A549 cells. As shown in Extended Data Fig. 6, GLCBS and CBS were 
highly enriched with the tagged cells, but not with the unlabelled 
cells. The concentration of tagged CA-12 in the selection was esti-
mated to be ~29.8 nM, and the seven-nucleotide tag would increase 
the affinity of GLCBS/CBS to the subnanomolar range, well below 
the target concentration.

Collectively, these experiments provided an approach to estimate 
the target concentration and the ligand affinity in the selection: fluo-
rescent tagging could calculate the target concentration, whereas the 
tag length determined the affinity increase. As changing the mem-
brane protein expression could be challenging in practice, varying 
the tag length is a more feasible way to tune the binding equilib-
rium. In principle, 6–8-nucleotide tags could increase the affinity of 
a weak binder with a high micromolar Kd to a low nanomolar one, 
which should be suitable for most applications. A tag longer than 
nine-nucleotide would lead to stable hybridization of all the library 
compounds and may mask the true binders. However, note that 
the calculation was still approximate, as ligand binding and DNA 
hybridization may not be simply additive. In fact, either cooperativ-
ity or a penalty factor would affect the avidity-mediated gain and/or 
loss of the apparent binding affinity76, and DNA tagging may con-
tribute additional non-specificity. Nevertheless, this method pro-
vides a useful and relatively quantitative guideline for conducting 
the DEL selection on live cells. In addition, it may also be applicable 
to non-cell-based selections, in which the target could be tagged to 
identify weak binders without high protein concentrations29,30.

Next, we prepared a large-scale DEL with 30.42 million tripep-
tides (Fig. 6a). The library was selected against FR on either tagged 
(guided with FA–BP) or untagged HeLa cells. The selection with 
the tagged cells identified several distinctly enriched compounds  
(H1–H5; Fig. 6b), which were not enriched in control selection 
(Fig. 6c). H1–H5 were resynthesized ‘off-DNA’ and assayed for 
FR-binding affinities with surface plasmon resonance (SPR; Fig. 6d).  
H2–H5 showed low micromolar affinities, whereas H1 had a 
relatively high binding affinity of 58 nM. This selection used a 
seven-nucleotide tag; thus, the binding affinity of H5 would be 
‘boosted’ to ~1.4 nM, well below the target concentration. In con-
trast, for the unlabelled cells, the FR concentration was 24.7 nM 
(Supplementary Fig. 7), which was not sufficient to enrich these hit 
compounds. H1 and H2 were also coupled with FAM (H1–FAM 
and H2–FAM), and their FR-binding affinities were determined 
with fluorescence polarization (FP). The results corroborated the 
SPR data (Fig. 6f). We also synthesized three ‘hits’ from the selec-
tion with the untagged cells (C1–C3), and SPR analysis showed 
that they were not FR binders (Fig. 6d), which suggests that they 
might bind other molecules on the cell surface. In addition, to con-
trol for DNA–cell interactions, a ‘blank library’ with the same DNA 
composition, but without the small molecules, was also selected, 

and none of the hit compounds became enriched (Supplementary 
Fig. 24). Furthermore, the strongest binder H1 was coupled with 
a FAM-labelled DNA (H1–BP) and incubated with HeLaFR cells. 
After very gentle washing due to the non-covalent binding, the cells 
were analysed with flow cytometry and fluorescence imaging. As 
shown in Fig. 6g,h, HeLaFR cells could be stained with H1–BP (i), 
but not with FAM–DNA without H1 (iii), and HeLa cells with a low 
FR expression also yielded a low fluorescence (ii).

Finally, we investigated whether a membrane protein labelled 
with an antibody-based probe could be subjected to DEL selection. 
Although many EGFR inhibitors are available as anticancer drugs, 
most of them target the intracellular kinase domain and it would be 
important to identify extracellular EGFR binders. First, A431 cells 
were labelled with the antibody–BP/CP (n = 18, seven-nucleotide 
tag complementarity). After toehold displacement, the tagged cells 
were subjected to selection with the 30.42-million-member library, 
and unlabelled A431 cells were also used as the control (Fig. 7a). The 
selected compounds were identified with PCR amplification and 
NGS. To better identify the compounds specifically enriched with 
the tagged cells, the post-selection sequence count and the enrich-
ment fold were individually normalized, and then combined to gen-
erate a ‘selection score’ (SC) for each compound (Supplementary 
Information). The SC values of the compounds selected with the 
tagged cells were plotted against those from the selection with 
the untagged cells. As shown in Fig. 7b, the compounds specifi-
cally enriched with the tagged cells could be easily identified in 
the top left area of the plot. We selected five hits (H6 to H10) for 
resynthesis; their binding affinities were determined using SPR, 
and the Kd values ranged from low- to mid-micromolars (Fig. 7c). 
The EGFR concentration in the suspension of the unlabelled cells 
was ~254 nM (Supplementary Fig. 7), which was too low to enrich 
micromolar binders. For the tagged cells, the seven-nucleotide 
DNA tag increased the ligand affinity substantially; for example, 
the weak binder H10 would have an affinity of ~3.6 nM, well 
below the tagged EGFR concentration in the selection (~49.8 nM; 
Supplementary Fig. 18). We also synthesized a compound enriched 
with the unlabelled cells (C4) and a compound enriched with both 
the labelled and unlabelled cells (C5). SPR analysis showed that 
these compounds were not EGFR binders, which suggests that they 
might bind other molecules. In addition, a fluorescence polarization 
analysis also corroborated the SPR results (Supplementary Fig. 26). 
Collectively, these results demonstrated that membrane proteins 
could be tagged with either small-molecule or antibody-based BP/
CP probes and subjected to DEL selection to identify novel ligands 
and that DNA tagging is essential to achieve target specificity and an 
increased ligand affinity for hit enrichment.

Discussion
In summary, we developed a method to select DELs against mem-
brane proteins on live cells. Installing a DNA tag on the target 
provides a homing beacon to guide library hybridization and to 
promote ligand binding, despite the low target concentration. We 
showed that both small molecules and antibodies can be used to 
guide the labelling. Recently, DEL emerged as an important ligand 
discovery technology now widely adopted by the pharmaceutical 
industry in drug discovery14. However, the target scope of DEL was 
mostly limited to purified proteins, whereas cell-based DEL selec-
tion remained underexplored. This approach is expected to expedite 
ligand discovery for many membrane proteins. For example, classic 
drug targets, such as G protein-coupled receptors and ion chan-
nels, may be revisited in a cellular context by harnessing the vast 
diversity of DELs23,24,77, and this method may also be used to interro-
gate membrane proteins intractable to traditional high-throughput 
screening approaches.

This method has several aspects to be further developed. First, it 
requires a known ligand to guide the labelling. The results showed 
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that small molecules are more straightforward to use, especially for 
targets with a small extracellular domain (for example, FR), but 
small molecule ligands may not be available for many membrane 
proteins. The ability to use antibodies provides a broader target cov-
erage, and other types of ligands, such as peptides, small engineered 
proteins and aptamers, which had been used to graft DNAs onto 

cells47–52, may also be employed to further expand the target scope. 
In principle, for any DEL selection against endogenous protein in 
a complex biological milieu, a guiding ligand will be required to 
achieve target specificity; otherwise, a completely different strategy 
would be necessary. Second, the selection is expected to be limited 
to the region that surrounds the DNA attachment point on the  
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target, but it could also be tuned by using CPs with extended cross-
linkers. Alternatively, shifting the DNA tag/library hybridization 
position may be another way to explore a larger area of the targe, 

and it could also be exploited for site-specific ligand discovery. For 
example, orthosteric or allosteric ligands could be used to guide 
the labelling so that the selection may identify site-specific or even 
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functional-state-specific binders. Here the antibody–DNA conju-
gates were prepared without site specificity, which might be ben-
eficial because the selection could cover more regions of the target 
protein. In addition, using antibody–BP with multiple DNA strands 
(for example, band c in Extended Data Fig. 3) may guide the library 
to explore multiple sites on the target simultaneously. Conversely, 
using site-specific antibody–DNA conjugates59 should the con-
trol library selection in the area close to the antibody-binding site. 
Third, the strong heat denaturing condition in the elution step 
could be changed to alternative approaches to achieve a higher 
decoding specificity, such as selective elution by ligand competi-
tion31,71,72, or direct on-cell PCR38 after trypsinization to suspend the 
cells. Finally, this method is suitable for the extracellular domain 
of membrane proteins, and recent work to deliver DELs into cells 
using cell-penetrating peptide has demonstrated the potential for 
intracellular DEL selection37. We will perform more in-depth stud-
ies on these aspects and exploit their utilities in ligand discovery.
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Methods
DNA sequence design. DNA sequences were designed by using several online 
DNA property calculation tools, which included OligoCalc (http://biotools.nubic.
northwestern.edu/OligoCalc.html)78 and OligoAnalyzer (https://www.idtdna.com). 
These tools were mostly used to calculate the thermal stability (Tm) values, the 
sequence complementarity and the potential mismatch issues of DNA sequences. 
For more detailed thermodynamic parameter calculations (entropy, enthalpy 
and free energy), as shown in Extended Data Fig. 5, the CompareTm calculator 
developed by Weber67 was used; specific experimental conditions, such as the ionic 
strength (salt concentration, bivalent ion concentration and so on) and the probe 
concentration, were included in the calculation to obtain more accurate results.

For stable DNA duplexes (for example, BP/CP and the ten-nucleotide DNA 
tag), the sequences were designed to have a Tm substantially higher than the 
experimental temperature. In general, DNA duplexes with 12–15 base pairs and 
a 40–50% or higher CG content were used; such DNA duplexes usually have a 
Tm > 50 °C under physiological conditions. For unstable, dynamic DNA duplexes 
(for example, the 6- to 8-nt DNA tag), the sequences were designed to have a 
Tm lower than the experimental temperature. The sequence design was mostly 
based on our previous studies on DNA-encoded dynamic libraries32,65. Previously, 
we showed that DNA sequences with 6–7 bases were suitable for dynamic 
DNA hybridization under physiological conditions, and such a duplex length 
corresponded to a 16–27 °C Tm, depending on the specific buffer condition and 
the specific DNA sequences. Changing the C/G contents in these sequences could 
fine tune the thermal stability of the corresponding DNA duplexes. After the 
initial design, the sequences were evaluated for potential mismatch issues using 
OligoAnalyzer. If mismatches were identified, the problematic bases were replaced 
and the new sequences were checked for stability and specificity through another 
round of iteration. The BP/CP hybridization sequences were designed to have a 
Tm of 55–60 °C. The CP DNA was fully complementary to BP and formed a very 
stable DNA duplex under the experimental conditions, whereas CP was partially 
complementary to the primer-binding site of the DNA-encoded library with 6–8 
bases to create a dynamic hybridization32,65. More details on sequence design are 
provided in the Supplementary Information.

DNA modification and purification. Small molecules were activated in situ 
with 100 mM N,N′-dicyclohexylcarbodiimide and N-hydroxysuccinimide and 
then coupled to amine-modified oligonucleotides. The conjugation products 
were purified by a size-exclusion column (NAP-5, Cytiva, no. 17-0853-01) 
and reverse-phase HPLC using a gradient of acetonitrile (5–80%) in 100 mM 
triethylammonium acetate (pH 7.0), followed by lyophilization. Oligonucleotides 
were quantitated based on the calculated extinction coefficient at 260 nm and 
characterized by MS.

Antibody–DNA conjugate preparation. The preparation of antibody–DNA 
conjugates followed a previous reported protocol70 with modifications. In a typical 
reaction, 300 µg of antibody were buffer-exchanged into 1× PBS buffer (pH 7.2) to 
a concentration of 1 mg ml–1 and then treated with 5 equiv. heterofunctional BMPS 
linker (5 µl in dimethylsulfoxide) for 3 h at room temperature. The BMPS-modified 
antibody was desalted with NAP-5 and concentrated in Amicon Ultra 
30000-NMWL concentrators. The 5′-thiol-modified DNA (2 equiv. in 5 µl of 0.5 M 
TAPS buffer, pH = 8.0) was treated with TCEP (tris(2-carboxyethyl)phosphine) 
(50 µl, 0.2 mM in 0.5 M TAPS buffer, pH = 8.0) for 90 min at room temperature, 
followed by ethanol precipitation to remove the excess TCEP. The DNA pellet 
was dissolved with the solution that contained the concentrated antibody directly. 
The mixture was incubated for 4 h at room temperature and buffer exchanged 
to 1× PBS buffer to remove the excess DNA. The antibody-modified DNA 
mixtures were analysed with non-denaturing polyacrylamide gel electrophoresis, 
purified with fast protein liquid chromatography and characterized with MS. The 
antibody-modified DNA can be stored at 4 °C.

Labelling of membrane proteins on live cells. In small-molecule-guided DNA 
labelling, the cell medium was removed and the cells were washed three times 
with 1× PBS buffer (pH = 7.4) before labelling. To prepare the labelling probes, 
small-molecule-conjugated BP and CP (each probe typically 1 µM unless specified 
otherwise) were mixed in 1× PBS buffer, heated to 90 °C for 3 min and then cooled 
down to room temperature slowly. To the cells were added the prepared DNA 
probes, and then incubated at 4 °C for 1.5 h (total volume of 200 µl), followed by 
ultraviolet irradiation over ice at 365 nm for 10 s by a Uvata UV LED point light 
source. After labelling, the cells were washed three times with 1× PBS buffer to 
remove the free probes. For the suspension cells, cells were harvested and washed 
three times with 1× PBS buffer by gentle resuspension and centrifugation at 500g 
for 5 min before labelling. The cells were resuspended in the prepared probes with 
the same concentration and volume, incubated at 4 °C for 1.5 h and subjected to 
ultraviolet irradiation at 365 nm for 10 s. The cells were then washed three times 
by gentle resuspension and centrifugation at 500g for 5 min. In antibody-guided 
labelling, the cells were harvested and washed three times. The cells were 
resuspended with a solution that contained 1 µM antibody–BP and 2 µM CP in 1× 
PBS buffer (prehybridized, no heating and a total volume of 200 µl) and incubated 
at room temperature for 2 h before ultraviolet irradiation on ice at 365 nm for 

10 s by a Uvata UV LED point light source. After labelling, the cells were washed 
three times with 1× PBS buffer for at least 20 min each time to remove free probes. 
Mixed cells were stained with CellTracker Deep Red Dye and Blue CMF2HC 
Dye, respectively, cocultured on a coverslip for 18 h in a 24-well plate at 37 °C 
before labelling and analysis. The cells shown in Supplementary Figs. 3 and 4 were 
labelled following the same procedure as described above, except that varied probe 
concentrations and irradiation times were used.

Quantification of DNA molecules on cells. Cells were treated in suspension 
conditions and analysed with flow cytometry (Supplementary Fig. 2). To determine 
the average number of DNA molecules on a cell, the mean fluorescence intensity 
for each labelling condition was calculated and compared with a linear fitting 
curve of the mean fluorescence intensity of standard beads (Quantum Alexa 
Fluor 488 MESF; Bangs Laboratories Inc.) following the protocol provided by the 
manufacturer and previous reports40,44.

Toehold displacement. For adherent cells, the labelled cells were treated with 1 µM 
DP in 1× PBS buffer for toehold displacement at room temperature for 20 min. The 
cells were then washed three times with 1× PBS buffer. For the suspension cells, 
after displacement, the cells were washed three times with 1× PBS buffer by gentle 
resuspension and centrifuged at 500g for 5 min. For antibody-based labelling, the 
cells were washed three times with 1× PBS buffer for at least 20 min each time to 
remove the free probes.

Selection of DNA-encoded libraries on live cells. After the cells were labelled 
and subjected to toehold displacement, the cells (~107 cells per selection) were 
resuspended in a 1× PBS buffer (200 µl) that contained ~500 pmol DNA-encoded 
library. The cell suspension was incubated at 30 °C for 1 h, followed by washing 
with 1× PBS buffer ten times to remove the unbound ligands by gentle 
resuspension and centrifugation at 500g for 5 min each time. Bound ligands 
were finally eluted by heating the cells in 1× PBS to 95 °C for 10 min, followed 
by centrifugation at 13,300 r.p.m.33,37. The supernatant that contained the bound 
library members was collected and ethanol precipitated (detailed protocol is 
provided in the Supplementary Information) before being subjected to PCR 
amplification using the long primers compatible with high-throughput sequencing. 
The PCR products were quantified and then submitted for high-throughput 
sequencing.

NGS. Sequencing experiments were performed on Illumina sequencers 
using standard 2 × 75 pair-end sequencing reagent kits and hybridization 
primers. After the Illumina sequencing, raw data were exported for 
processing with a custom Python script (https://github.com/cenhuang0916/
sequencing-data-processing-script.git). We first applied a regular expression 
for data cleansing and extracted codon region sequences from the full DNA 
sequences, and then the sequence counts for each library member before and after 
the selection were tallied to calculate the enrichment fold for each compound, 
following the data-processing methods previously reported25,79–81. The enrichment 
folds were plotted against the post-selection sequence counts in the form of scatter 
plots. The compounds with very low post-selection sequence counts were not 
considered due to statistical under sampling80,81. To better identify the binders that 
were specific for the DNA-tagged cells, the post-selection sequence count and the 
enrichment fold for each compound were normalized to the same scale, and then 
summed to generate the SC for each compound. The SC values of the compounds 
identified with DNA-tagged cells are plotted against the values from the selection 
with untagged cells (Fig. 7). The binders specifically enriched with the DNA-tagged 
cells are located in the upper left corner of the plots. The compounds that were 
identified from the selection with the tagged cells but not with the untagged cells 
are included in the plots, but the compounds that were only identified from the 
untagged cells were not plotted as they are unlikely to be specific binders.

Calculation of the target protein concentration in the selection. The cells were 
first labelled with a CP with a fluorescein label. After labelling, the cells were 
analysed with flow cytometry along with the fluorescent beads as the calibration 
standard, following the manufacturer’s instructions. The average number of 
DNA molecules on each cell was calculated by following a previously reported 
method40,44. Then, the target protein concentration could be calculated using 
the equation target = [(number of DNA molecules on each cell)/6.022 × 1023] 
× (number of cells)/(volume of the cell suspension − total volume of the cells). A 
200 µl suspension with 107 cells was used in the selections. The average size of the 
cell was based on literature reports: Milo et al. for HeLa cells73, Jiang et al. for A549 
cells82 and Zhang et al. for A431 cells83. Detailed calculation results are provided in 
the Supplementary Information.

Preparation of the 4,800- and 30.42-million-member tripeptide libraries. The 
libraries were prepared following the previously reports25,84, which were based on 
the DNA-templated synthesis method85,86, combined with a typical split-and-mix 
library synthesis protocol10. Both libraries have a three-building-block peptide 
structure, as shown in Figs. 5 and 6. In both libraries, the first two sets of building 
blocks (R1 and R2) are amino acids, whereas the third set of building blocks 
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comprises simple monofunctional acids (R3). The 4,800-member library was 
prepared in a 20 × 20 × 12 format and the 30.42-million library was prepared 
in a 260 × 260 × 450 format. The scheme for library preparation is shown in 
Supplementary Fig. 31. After library synthesis, the library was analysed with Sanger 
sequencing as a quality control process to ensure correct encoding (Supplementary 
Fig. 31).

Library DNA sequence. The sequence is 
5′-CCTGAATTCCNNNNNNNNAATGCTCACATCTGN 
NNNNNNNCTCACTCTCGAAATNNNNNNNNCCAAACTGCC-3′, where N 
denotes the mixed base sequences in the three encoding regions. The complete list 
of building block structures for both libraries is provided in separate files in the 
Supplementary Information.

Hit compound synthesis and characterization. The assembly of all the 
peptides was carried out using the Fmoc-based solid-phase peptide synthesis 
method manually in a glass reaction vessel fitted with a sintered glass frit. The 
first amino acid was assembled on 2-chlorotrityl resin by adding 2.0 equiv. 
N-Fmoc-protected amino acid (relative to the resin loading) and 4.0 equiv. 
DIPEA (N,N′-diisopropylethylamine) in DCM (N,N′-dimethylformamide) 
for 4 h. Coupling reactions were performed manually by using 2.0 equiv. 
N-Fmoc-protected amino acid (relative to the resin loading) activated in situ 
with 2.0 equiv. HTAU (N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin-
1-ylmethylene]-N-methylmethanaminium hexafluorophosphate N-oxide), 
2.0 equiv. HOBt (N-hydroxylbenzotriazole) and 4.0 equiv. DIPEA in DMF 
(N,N′-dimethylformamide) for 4 h. The coupling efficiency in manual synthesis 
was assessed by TNBS tests. Fmoc-protecting groups were removed by treatment 
with a piperidine/DMF solution (1:4) for 10 min. The process was repeated three 
times and the completeness of deprotection verified by ultraviolet absorption 
of the piperidine washings at 299 nm. Synthetic linear peptides were recovered 
directly on acid cleavage. Before cleavage, the resin was washed thoroughly 
with dichloromethane. The peptide was released from the resin using a 
cleavage solution of 2,2,2-trifluoroethanol/acetic acid/dichloromethane (2:1:7, 
2 × 30 min).

Statistics and reproducibility. All the experiments were performed three or more 
times with independent samples. Quantitative values are expressed as the mean 
values ± s.d. The number of replicates and details of statistics are provided in 
figure legends for all the column and scattered graphs. All the experiments were 
reproduced with similar results.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the Article, the 
associated Source Data files, Supplementary Information and Extended Data files. 
All the published tools and packages used for data analysis are provided with the 
paper. The Human UniProt database (release-2016_05) used can be accessed at 
https://www.uniprot.org/proteomes/UP000005640, and the BioNumbers database 
can be accessed at https://bionumbers.hms.harvard.edu/. Source data are provided 
with this paper.

Code availability
The custom Python script for sequencing data analysis is freely available for 
downloading both as part of Supplementary Information and also at GitHub 
(https://github.com/cenhuang0916/sequencing-data-processing-script.git)
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Extended Data Fig. 1 | Labelling of CA-12 on live cells using CBS-guided BP/CP probes. a) Structures of CBS-BP, NC-BP (a negative binding probe), and 
CP-1. A549 cells were labelled with CBS-BP/CP-1 and NC-BP (no CBS)/CP-1, respectively, targeting CA-12 on the cell surface. Experimental conditions 
are the same as in Fig. 2 of the main text. b)-c) Flow cytometry analysis of the labelled A549 cells. d) Column graph summarizing the flow cytometry 
results. e) CBS-BP and NC-BP were paired with biotin-CP-1, respectively, and used to label CA-12 on A549 and MCF-7 cells. After labelling, the cells were 
lysed and the biotinylated proteins were analysed with western blotting. M: marker; lanes 1 and 3: with CBS-BP; lanes 2 and 4: with NC-BP. *: endogenous 
biotinylated proteins. Loading control: internal endogenous biotinylated proteins, marked with *; a portion of each sample was separately blotted for CA-12 
and actin as additional input/sample processing controls. In d), n = 3 biologically independent samples were measured; data are presented as mean values 
± SD (standard deviation).
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Extended Data Fig. 2 | Additional data on toehold displacement of BP after the labelling of FR on HeLa cells. a) Structures of BP-2 and CP-2 and 
the labelling scheme. Fluorescent imaging and flow cytometry were used to monitor a series of control experiments. b) Toehold displacement with a 
mismatched DP after labelling. Unlike the complementary DP shown in Fig. 3, the mismatched DP did not reduce cell fluorescence. c)-e) After toehold 
displacement with a complementary DP to remove the original BP, a series of control experiments were performed. c): with no FA on BP-3; d): with 
a mismatched BP-3; e): with free FA competitor (50-fold). Experimental conditions were the same as in Fig. 2 of the main text. f) The same labelling 
and toehold displacement experiments were performed with the CBS/CA-12 system. Flow cytometry histograms after labelling and before/after DP 
displacement are shown. Strong fluorescence reduction was observed.
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Extended Data Fig. 3 | Preparation of antibody–DNA conjugates. a) The conjugation reaction scheme. b) Native PAGE analysis of the reaction. Lane 1, 
an anti-EGFR antibody standard; lane 2: the reaction mixture. Marker is based on unmodified antibody. c) The bands a–c in b) were purified and analysed 
with native PAGE (polyacrylamide gel electrophoresis). d) The unlabelled antibody and purified bands a–c were characterized with ESI-MS; the results 
confirmed that conjugate b was the mono-DNA–antibody conjugate.
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Extended Data Fig. 4 | DEL selection against HeLa cells with different FR expression levels. a) Besides FA, another FR ligand, methotrexate (MTX) was 
conjugated with a DNA strand and added to the 4,800-member library as shown in Fig. 5. This 4,802-member DEL was selected against the DNA-tagged 
FR on HeLa cells with different FR levels; a tag with 7-nt complementarity was used in the selections. b) FP analysis to measure the binding affinity of the 
MTX–DNA conjugate to the target protein FR, and a Kd of ~26.6 µM was obtained. n = 3 biologically independent FP samples were measured. Data are 
presented as mean values ± SD (standard deviation) based on biologically independent replicates. c) HeLa cells were cultured in FA-deficient medium 
and harvested after different passages. Six batches of the cells with different FR expression levels were fluorescently labelled with BP-1/CP-1 and analysed 
with flow cytometry for each batch. The average number of DNA molecules on each cell was measured; based on a size of 3,000 cubic µm for HeLa cells, 
the FR concentration for each cell batch was calculated (200 µL selection volume; see Section 9 for calculation method). The 4,802-member DEL was 
subjected to the same selection procedure as described in Fig. 5,6 against these cell batches, respectively; the selection results were processed also in 
the same way and summarized in the table. EF: enrichment factor. For each selection, a control without FR tagging was also conducted. d) Column graph 
summarizing the selection results shown in c).
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | DEL selection against HeLa cells labelled with the tags with different lengths of complementary bases. a) The 4,802-member 
DEL was selected against the DNA-tagged FR on HeLa cells with different lengths of complementary bases in the tag. Two cell batches (P1 and P4) were 
used in the selections. The selection procedure and data processing method were the same as in Figs. 5–6. b) The effects of different DNA tag lengths 
were calculated and summarized in the table; key parameters include: ΔH, ΔS, ΔG, fold of affinity increase, and Kd of the DNA tag/library DNA duplex.  
c)–d) Column graph and the table summarizing the selection results; EF: enrichment factor. The tag lengths from 6 to 10 bases corresponded to a free 
energy gain from 5.65 to 9.70 kcal/mol and an affinity increase of ~11,000 to 9-million folds. At 6- and 7-nt, the tag hybridized with library DNA at µM 
affinity; at 9- and 10-nt, the tag and the library DNA formed stable duplexes, which would increase the affinity of all library compounds to nM binders  
(Kd: 285 nM and 103 nM, respectively). The results also showed that the enrichment fold of FA and MTX dropped with the 10-nt tag, but many other library 
compounds were enriched. We reasoned this might be because the 10-nt tag formed stable DNA duplex with all library compounds and resulted in the 
enrichment of many low-affinity binders. DNA tag shorter than 6-base was not tested because it would have hybridization specificity issue at such a short 
length; the tag may hybridize with the other regions of the library DNA, instead of the primer-binding site.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | DEL selection against the DNA-tagged CA-12 on live cells. a) Structures of GLCBS–DNA and CBS–DNA, which were two positive 
controls added to the 4,800-member DEL for selection against CA-12 on A549 cells. b) Scatter plots of the selection results of the tagged A549 cells 
(top) and the untagged cells (bottom). The selection experiment condition and data processing protocol are the same as in Fig. 7. x-axis: post-sequencing 
counts; y-axis: enrichment fold = (post-selection %)/(pre-selection %) of each compound. The positive controls (GLCBS and CBS) are highlighted.  
c) Calculation of the DNA-tagged CA-12 concentration on A549 cells. The average number of DNA on each cell was determined with flow cytometry.
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Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Experiments were performed in biological triplicate n=3. No statistical tests were used to determine sample size. Sample sizes for experiments 
were determined based on previous studies with related experiments and we have determined that this sample size to be sufficient to ensure 
reproducibility and significance.

Data exclusions No data were excluded from analysis.

Replication Experiments were repeated in triplicates and we confirm that all attempts at replication were successful with similar results.

Randomization Randomization was not relevant for this study. This manuscript did not involve any population study, and the techniques used to in the 
experiments are inherently unbiased and no further randomization was needed. Different cell batches were used for biological replicate in 
cell-based experiments.

Blinding Not applicable for this study. All samples were processed identically through standard protocols and procedures, and automated procedures 
was used for DNA synthesis and DNA sequencing, which should not bias any specific outcomes by knowledge about sample identity.

Behavioural & social sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional, 
quantitative experimental, mixed-methods case study). 

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic 
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For 
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to 
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a 
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and 
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper, 
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and 
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample 
cohort.

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the 
rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no 
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if 
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested, 
hierarchical), nature and number of experimental units and replicates.
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Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National 
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and 
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets, 
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size 
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for 
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which 
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them, 
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to 
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were 
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why 
blinding was not relevant to your study.

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in 
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority, 
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used A full list of the antibodies with vendor, catalog number, dilution, and antigen information is provided in the Supplementary 

Information.

Validation For the anti-FR antibody (Sino Biologics; 81073-T40, immunogen: recombinant rat folate receptor, Met1-Met231), the supplier 
validated the antibody with the extracts from K562 cells and rat kidney; validated applications: WB and IHC-P. Relevant citation: 
Senol S, Ceyran AB, Aydin A, et al. Int. J. Clin. Exp. Pathol. 2015; 8(5):5633-5641. 
For the anti-α tubulin antibody (Abcam; ab7291, immunogen: full length native protein corresponding to chicken alpha tubulin; aa 
426-450), the supplier validated the antibody with the extracts from A549 cells, whole HeLa cells and human heart muscle tissue; 
validated applications: Flow Cyt, ICC/IF, IHC-P, WB. Relevant citations: Dirks ML et al. J. Physiol. 598:123-137 (2020); Y an J et al. J. Cell 
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Mol. Med. 24:814-829 (2020); Miao L et al. Theranostics 10:498-515 (2020). 
For the anti-gamma actin antibody (Abcam; ab194952, immunogen: synthetic peptide within gamma actin aa 188-215 conjugated to 
Keyhole Limpet Haemocyanin), the supplier validated the antibody with the extracts from HeLa, C32, Sol8, and NIH/3T3 cells, and 
human upper stomach tissue; validated applications: WB, ICC/IF, Flow Cyt, IHC-P. Relevant citations: Williams RC Jr. et al., 1999. Anal 
Biochem. 275(2): 265-7; Nogales E. et al., 1998. Nat Struct Biol. 5(6): 451-8; Dutcher SK. 2001. Curr. Opin. Cell Biol. 13(1): 49-54. 
For the anti-transferrin receptor antibody (Sino Biologics; 11020-MM04; immunogen: recombinant human transferrin receptor 
(TFRC), extracellular domain, Cys89-Phe760), the supplier validated the antibody with whole U937 and HeLa cells; validated 
applications: FCM, ICC/IF. Relevant citations: Douabin-Gicquel V., et al., 2001, Hum. Genet. 109:393-401; Ryschich, E. et al., 2004, 
Eur. J. Cancer. 40 (9):1418-22; Tosoni D., et al., 2005, Cell 123:875-888; Wollscheid B., et al., 2009, Nat. Biotechnol. 27:378-386. 
For the anti-CD44 antibody (Sinobiologics, 12211-MM10, immunogen: recombinant human CD44, extracellular domain, Met1-
Pro220), the supplier validated the antibody with the extracts from HeLa cells, whole HeLa cells, human skin and esophagus; 
validated applications: WB, ELISA, IP. Relevant citations: Bajorath J. et al. Proteins. 39(2): 103-11 (2000); Johnson P, et al. Biochem. 
Pharmacol. 59(5): 455-65 (2000); Martin TA, et al. The role of the CD44/ezrin complex in cancer metastasis. Crit. Rev. Oncol. 
Hematol. 46(2): 165-86 (2003); Johnson P, et al. CD44 and its role in inflammation and inflammatory diseases. Inflamm. Allergy Drug 
Targets. 8(3): 208-20 (2009). 
For the anti-CA-12 antibody (Sinobiologics, 10617-RP02, immunogen: recombinant human carbonic anhydrase XII Protein; Met 1-Gln 
291), the supplier validated the antibody with the extracts from human prostate carcinoma, colon, and kidney cells; validated 
applications: WB, IHC-P. Relevant citations: Sahin, U. et al., Proc. Natl. Acad. Sci. U.S.A. 92 (25): 11810–11813 (1996); Ivanov, S.V. et 
al., Proc. Natl. Acad. Sci. USA 95:12596 – 12601 (1998); Strausberg, R.L. et al., Proc. Natl. Acad. Sci. USA 99:16899 – 16903 (2002); 
Liao, S.Y. et al., J. Med. Genet. 40:257 – 262 (2003); Supuran, C. T. et al., Curr. Pharm Des. 14 (7): 601-602 (2008); Elleuche, S. et al., 
Curr. Genet. 55 (2): 211-222 (2009). 
For the anti-EGFR antibody (Sinobiologics, 10001-MM08T, immunogen: recombinant human EGFR, extracellular domain, Met1-
Ser645), the supplier validated the antibody with purified recombinant EGFR protein, extracellular domain, live A431 cells and cell 
extracts; validated applications: FCM, ICC/IF. Relevant citations: Schlessinger, J. Cell 103(2): 211-25 (2000); Giaccone, G. Ann. Oncol. 
16(4): 538-48 (2005); Yarden, Y., et al. Nat. Rev. Mol. Cell. Biol. 2(2): 127-37 (2001). 
We validated the anti-FOLR antibody, anti-tubulin antibody with the extracts from HeLa cells. We validated the anti-transferrin 
receptor antibody with MCF-7 cells. We validated the anti-CD44 antibody with PC-3 and U-87 MG cells. We validated the anti-EGFR 
unconjugated affibody with A-431 cells. We validated the anti-CA-12 antibody with A-549 cells. 

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) HeLa (CCL-2), A549 (CCL-185), MCF-7 (HTB-22), A-431 (CRL-1555), B16-F10 (CRL-6475), A-375 (CRL-1619), HUVEC (CRL-1730), 
PC-3 (CRL-1435), and U-87 MG (HTB-14). All cell lines were purchased from ATCC.

Authentication None of the cell lines used in this study were authenticated by the authors.

Mycoplasma contamination The cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Palaeontology and Archaeology
Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the 

issuing authority, the date of issue, and any identifying information).

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where 
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are 
provided.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For laboratory animals, report species, strain, sex and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species, sex and age where possible. Describe how animals were 
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released, 
say where and when) OR state that the study did not involve wild animals.

Field-collected samples For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature, 
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Field-collected samples photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic 
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study 
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and 
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes
Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area

Experiments of concern
Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents
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ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and 
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot 
number.

Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files 
used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community 
repository, provide accession details.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation The cells were harvested and washed three times with 1x PBS buffer by gentle resuspension and centrifugation at 500 × g for 
5 min. Then the cells were treated with corresponding probes and underwent UV irradiation on ice at 365 nm for 10 s. After 
further wash and fixation steps, the cells were resuspended for flow cytometry analysis.

Instrument Flow Cytometer and Cell Sorter Workstation (BD FACS AriaIII).

Software BD FACS AriaIII software and FlowJo X 10.0.7 software.

Cell population abundance No sorting was involved in the study, so pre-/post-sorting cell population abundance is not relevant. The BD FACS ArialIII 
instrument sets a cell counting limit at 10,000 cells per experiment, and a typical 85%-95% of cells was obtained above the 
gating threshold.

Gating strategy The FSC/SSC population was determined by the densest clustering part of the FSC-SSC scattered diagram, abandoning the 
scatters deviating from the part. The gate between “positive” and “negative” was usually set at 1000 (a.u.) on the FITC axis, 
but would also be set on the overlapping point of the two peaks to show the shift of the peaks between “positive” and 
“negative” in certain cases. A figure graphically showing the gating strategy for all FACS data is provided in the 
Supplementary Information.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).

Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for 
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and 
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference
(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation, 
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).
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Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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