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Summary

We describe PROPER-seq (protein-protein interaction sequencing) to map protein-protein 

interactions (PPI) en masse. PROPER-seq first converts transcriptomes of input cells into RNA­

barcoded protein libraries, in which all interacting protein pairs are captured through nucleotide 

barcode ligation, recorded as chimeric DNA sequences, and decoded at once by sequencing 

and mapping. We applied PROPER-seq to human embryonic kidney cells, T lymphocytes, and 

endothelial cells and identified 210,518 human PPIs (collected in PROPER v.1.0 database). 

Among these, 1,365 and 2,480 PPIs are supported by published co-IP and AP-MS data, 17,638 

predicted by prePPI algorithm but without previous experimental validation, and 100 overlapping 

with human synthetic lethal gene pairs. Additionally, four previously uncharacterized interaction 

partners with PARP1 (a critical protein in DNA repair), including XPO1, MATR3, IPO5, and 

LEO1 are validated in vivo. PROPER-seq presents a time-effective technology to map PPIs at the 

transcriptome scale and PROPER v.1.0 provides a rich resource for studying PPI.
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Johnson et al. introduce PROPER-seq for large-scale and time-effective mapping of protein­

protein interactions (PPI) in various cell types based on DNA sequencing. Collected in PROPER 

v.1.0, PROPER-seq adds more than 200,000 previously uncharacterized PPIs to the reference 

human protein interactome and provide experimental support to more than 17,000 computationally 

predicted human PPIs.

Graphical Abstract

Introduction

Our ability to interpret the human genome function is greatly improved by our 

understanding of the interaction networks formed by the genome products. Recent 

technological breakthroughs enabled genome-wide mapping of DNA-DNA (Dekker et al., 

2017), protein-DNA (Consortium, 2004, Consortium, 2012), RNA-DNA (Sridhar et al., 

2017, Yan et al., 2019, Li et al., 2017), and RNA-RNA (Lu et al., 2018, Sharma et al., 

2016, Aw et al., 2017, Nguyen et al., 2016) interactions. However, genome-wide mapping of 

human protein-protein interactions (PPI) remains a resource-intensive task.

Large-scale PPI mapping methods can be grouped into 3 classes, that are “parallelized 

one-to-one”, “one-to-many”, and “many-to-many” approaches. The “parallelized one-to­

one” methods leverage automation and parallelization to enhance throughput of yeast two­

hybrid (Y2H) assays(Rual et al., 2005, Luck et al., 2020, Rolland et al., 2014). These 

include High-Throughput Y2H (Walhout and Vidal, 2001), mammalian protein-protein 

interaction trap (MAPPIT) (Lievens et al., 2009), quantitative interactor screening with 

next-generation sequencing (QIS-seq) (Lewis et al., 2012), which massively parallelized 

the binary interactions, recombination-based library versus library high-throughput Y2H 

(RLL-Y2H) (Yang et al., 2018), Stitch-seq (Kawalia et al., 2015), Cre recombinase yeast 

two-hybrid (CrY2H-seq) (Trigg et al., 2017), and barcode fusion genetics-yeast two-Hybrid 

(BFG-Y2H) (Yachie et al., 2016), in which gene sequences of interacting PPI pairs were 
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fused and sequenced. The “one-to-many” methods start with purifying or tagging a target 

(or “bait”) protein to identify the co-purified proteins in spatial proximity using affinity 

purification(Vermeulen et al., 2008), proximity biotinylation (BioID) (Touchette et al., 

2017), green fluorescent protein (GFP) fusion (Zhang et al., 2017), or protein microarray 

(Kukar et al., 2002). The “many-to-many” approach, aiming to read out all the pairwise PPIs 

from a single experiment, has been applied to resolve ligand-target pairs (McGregor et al., 

2014) and antibody-antigen pairs (Gu et al., 2014).

The aforementioned methods can be also grouped into protein interaction assays and spatial 

proximity assays, depending upon the property of protein pair unraveled. The protein 

interaction assays can be further divided into binary and non-binary assays (Yu et al., 2008). 

Whereas binary assays such as Y2H yield direct pairwise protein interactions, non-binary 

assays such as affinity purification-mass spectrometry (AP-MS) and co-immunoprecipitation 

(coIP) yield physical associations, where each protein identified in a pair may not directly 

interact with each other, as in a multi-protein complex. Finally, spatial proximity assays 

including BioID (Touchette et al., 2017) reveals proteins that may not form physical 

interactions or associations, other than being spatially proximal.

In this work, we introduce PROPER-seq, a resource-efficient “many-to-many” non-binary 

assay for PPI mapping. The central idea of PROPER-seq is to convert each PPI into a 

unique sequence of DNA, and then to leverage the extremely high throughput of DNA 

sequencing to decode these PPIs. To implement this idea, we developed a technique called 

SMART-display to attach a unique RNA barcode to every protein (Figure 1A) and a 

method called “Incubation, ligation and sequencing” (INLISE) to sequence the pair of DNA 

barcodes that are attached to two interacting proteins (Figure 1B). We named the overall 

technology combining SMART-diplay and INLISE as PROPER-seq (Figure 1A). The input 

to PROPER-seq is a group of cells and the PROPER-seq’s output is a list of identified PPIs 

and their associated read counts and test statistics. We demonstrate that PROPER-seq is 

capable of scanning the order of 10,000×10,000 protein pairs in one experiment and identify 

both binary and multiway protein interactions. Applying PROPER-seq on human embryonic 

kidney cells, T lymphocytes, and endothelial cells, we constructed a reference map of human 

PPIs (PROPER v.1.0) that include 210,518 PPIs involving 8,635 proteins.

Design

SMART-display: efficient labeling of proteins of RNA barcodes

We developed a modified mRNA-display method, called SMART-display, to efficiently 

generate a protein library where the proteins are conjugated with their mRNA (Figure 1A 

and Figure 2). Thus, the mRNA serves as the unique nucleic acid barcode for each protein. 

Similar to mRNA-display(Roberts and Szostak, 1997, Barendt et al., 2013), SMART-display 

is designed to create mRNA-protein fusions, specifically by adding an amino acid analog 

puromycin (“P” in purple circle, Figure S1A) near the 3’ end of the mRNA. The translated 

protein from this mRNA is then covalently linked with its mRNA when puromycin enters 

the A site of the ribosome and is joined to the amino acid chain. This generates an mRNA­

protein fusion, which is then released from the ribosome (Figure S1).

Johnson et al. Page 3

Mol Cell. Author manuscript; available in PMC 2022 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In SMART-display, we replaced the gene-by-gene cloning (or gene-by-gene PCR) step in 

mRNA-display by reactions that can be carried out with a mixture of genes (or mRNAs) 

without the need for independent purification of each gene. This was achieved by replacing 

the gene-specific primers in mRNA-display with template switching oligos (TSO) (Petalidis 

et al., 2003, Zhu et al., 2001) that are universal for all genes. The input to SMART-display 

is a user selected cell population. An important intermediate product of SMART-display is 

a gene library suitable for mRNA display, where the sequences for transcription initiation, 

translation initiation, and puromycin attachment have been incorporated in the appropriate 

places for every gene (Figure 2A). The output of SMART-display is a library of display 

complexes in the form of mRNA–linker–protein (Figure 2H and Figure S1D).

Incubation, ligation and sequencing (INLISE)

As the second key step of PROPER-seq, INLISE is to convert PPIs into chimeric sequences 

with the structure: cDNA1-linker-cDNA2 (Figure 3). The input of INLISE are two display 

libraries generated by SMART-display. Each display library contains approximately 15,000 

mRNA-protein fusions. One library, called the “bait” library, is immobilized on streptavidin 

beads through the biotin on the puromycin linker sequence (“B” in blue circle, Figure S1A). 

The other library, called the “prey” library, is not immobilized, as the biotin is cleaved from 

the puromycin linker, and is mixed with the bait library to allow for interactions. After 

removal of spurious interactions, the mRNA barcodes of interacting proteins are ligated to 

create a chimeric sequence in the form of cDNA1-linker-cDNA2, where cDNA1 and cDNA2 

represent the two interacting proteins. These chimeric sequences are subsequently selected 

for and subjected to paired-end sequencing (INLISE, STAR Methods).

Identification of PPIs by statistical tests

Our overarching goal is to examine as many protein pairs as possible and assign a binary 

indicator (interacting or not) to every protein pair. Toward this goal, we subjected the 

mapped read pairs on each gene pair to an association test. The null hypothesis is that 

the mapping of a read pair to one gene is independent of the mapping of this read pair 

to the other gene (Figure S2A). We used Bonferroni-Hochberg (BH) correction to account 

for multiple hypothesis tests (Benjamini and Hochberg, 1995). To facilitate reproducible 

analysis, we have implemented all data processing and statistical test steps into an open­

source software package called PROPERseqTools (Figure S2B) (https://doi.org/10.5281/

zenodo.50091711.

Results

Assessments of SMART-display and INLISE

We assessed SMART-display in two aspects. First, we asked if the display products exhibit 

any specificity in antibody-protein interactions. To test whether a specific PPI can be 

detected by using the mRNA “barcode” on the display protein, we used the GFP antibody 

and GFP protein as the testbed PPI. We constructed a small SMART-display library as 

follows. We started from four full-length mRNAs, GFP, creatine kinase, mitochondrial 2 

(CKMT2), MAPK activated protein kinase 2 (MAPKAPK2), and dihydrofolate reductase 

(DHFR). After the display process (Figure S3 A and B), we mixed the resulting mRNA­
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protein fusions equimolarly to create a small SMART-display library. We used qPCR to 

quantify each mRNA in this mixture (pre-selection value), used GFP antibody for pulldown 

on magnetic beads, and applied stringent washes to remove non-specific attached RNA-bead 

attachments. qPCR was then used to quantify each mRNA in the mixture (post-selection 

value). A greater ratio of post- to pre-selection values suggests a higher anti-GFP antibody 

interaction with the protein. As expected, the ratios of the other three mRNAs (CKMT2, 

MAPKAPK2, and DHFR) were much lower than that of the GFP mRNA (Figure S3C). This 

test suggests that the display protein can be specifically recognized by its antibody and that 

the mRNA “barcodes” could provide quantitative readout of the PPIs.

Second, we evaluated the proportion of mRNAs from the original sample that were 

converted to display complexes by SMART-display. To this end, we split a population 

of HEK293T cells equally into two, one for RNA sequencing (RNA-seq), and the other 

for SMART-display, where we purified the display complexes by their protein moiety 

and sequenced the co-purified RNA moiety. While the RNA-seq reads were mapped to 

15,191 protein-coding genes (Transcripts per million [TPM]>0.1), the sequencing reads 

from SMART-display were mapped to 14,805 protein-coding genes (Transcripts per million 

[TPM]>0.1) (displayed genes), 14,658 of which overlapped with those revealed by the 

RNA-seq (Figure S3D). This level of overlap in the detected mRNAs is comparable to that 

between two RNA-seq experiments carried out with the same cell type (Li et al., 2014, 

Su et al., 2014). Thus, SMART-display-generated product library recapitulated to a large 

extent the diversity of mRNAs from input cells. We subjected two HEK293T samples to the 

SMART-display. The samples yielded 14,805 and 14,104 displayed genes (Figure S3E), with 

13,835 overlapping (odds ratio = 274.8, Chi-square p-value < 10−32), suggesting a limited 

variation between two SMART-display repeats.

Several experimental steps in INLISE were designed to promote the formation chimeric 

sequences. To test if this design goal was achieved, we carried out the INLISE procedure 

with two variations, one with interaction linker excluded (no-linker column, Figure S4A), 

and the other with the bait library pre-incubated with proteinase (Proteinase column, Figure 

S4A). Compared to the standard INLISE procedure, both variations yielded less DNA in 

the second last step (Streptavidin T1 Selection) (Figure S4 A and B) and final sequencing 

libraries with lower concentrations (Figure S4 C and D). These results suggest that INLISE’s 

experimental steps improved the efficiency of forming chimeric sequences, in line with our 

design goal.

Validations of PROPER-seq identified PPIs

We evaluated PROPER-seq based on its reproducibility, precision, and recall. To test these 

properties, we generated six PROPER-seq libraries from HEK293T, Jurkat, and HUVEC 

cells. Two biological replicates from each cell type were used to generate two libraries of 

that cell type. These libraries are named HEK1, HEK2, JKT1, JKT2, HUVEC1, HUVEC2 

(Table S1). Sequencing of these libraries yielded approximately 350 million read pairs per 

library. Among these, approximately 8 million are non-duplicate chimeric read pairs, each 

mapped to two different coding genes (# chimeric reads, Table S1). These chimeric read 

paris were then used as the input for association tests (Figure S2A). A pair of proteins 
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was identified as interacting (i.e., a PPI) by two criteria. First, the BH-corrected p value 

derived from an association (Chi-square) test is smaller than 0.05 (Figure S2A). Second, 

the number of the chimeric read pairs mapped to this gene pair is no less than 4 times the 

average number of chimeric reads mapped to any gene pair (4 × # all mapped chimeric read 

pairs / # all mapped gene pairs). Hereafter, we call these the default threshold, denoted as 

BH-corrected p-value < 0.05 and # read pairs > 4X, where X is the expected number of read 

pairs mapped on a randomly chosen gene pair. Unless otherwise specified, all PPIs presented 

in the rest of this manuscript were identified based on this default threshold.

Reproducibility between biological replicates

To test reproducibility, we identified PPIs from each library separately. HEK1 and HEK2 

libraries identified 62,637 and 51,611 PPIs, respectively. A total of 34,244 PPIs was shared 

between the two biological replicates (odds ratio = 14,242, p-value < 2.2×10−16, Chi-square 

test) (Figure S5A), suggesting a significant overlap between experimental repeats. We also 

tested how sensitive the reproducibility is to the threshold applied for PPI calling. We started 

from the default threshold and then varied the threshold (BH-corrected p-value < 0.05, 

# read pairs > nX) by changing n from 4 (default) to 40 (Figure S5 B and C). As the 

criterion (n) increased, the number of identified PPIs decreased as expected. However, the 

relative size of the overlap exhibited monotonic increase (Figure S5C). These data suggest 

that the reproducibility of PROPER-seq increases as the threshold increases. We repeated 

these analyses with the two Jurkat libraries and the two HUVEC libraries and detected a 

similar increase in reproducibility, evident by the monotonic increase of the proportions of 

the overlaps, as the threshold increases (Figure S5 D–I). These results indicate that among 

the statistically significant PPIs, the more read pairs supporting a PPI, the more likely this 

PPI is reproducible by another repeat experiment.

Precision and recall of PROPER-seq identified PPIs

Next, we evaluated the precision and recall (Saito and Rehmsmeier, 2015) of the PROPER­

seq identified PPIs (PROPER) with reference to known PPIs. We obtained reference 

datasets from the Agile Protein Interactomes DataServer (APID) (Alonso-Lopez et al., 2019, 

Alonso-Lopez et al., 2016), which has integrated experimentally reported PPIs from more 

than 6,689 curated articles and the Biomolecular Interaction Network Database (BIND) 

(Bader et al., 2003), BioGRID (Stark et al., 2006), the database of interacting proteins 

(DIP) (Xenarios et al., 2000), Human Protein Reference Database (HPRD) (Peri et al., 

2003), the IntAct database (Hermjakob et al., 2004), and the molecular interaction (MINT) 

databases. Based on this most up-to-date archive of PPIs (Alonso-Lopez et al., 2019), three 

types of non-binary assays yielded more than 10,000 PPIs per experimental type. These 

are affinity purification-mass spectrometry (AP-MS), co-immunoprecipitation (co-IP), and 

liquid chromatography-mass spectrometry (LC-MS), which have reported 131,224, 50,290, 

and 33,195 human PPIs, respectively (Table S2). These were then compared with 109,539 

PPIs identified in two merged PROPER-seq libraries from HEK (Figure S6, A-C). We 

plotted the precision and recall using the collection of all human coding genes as the search 

space (Venkatesan et al., 2009) and generated a dataset by permutating the assignment of 

chimeric read pairs to gene pairs. The precision-recall curve of this permutated dataset 

(grey dots, Figure S6A) is far beneath that of the actual data (black dots, Figure S6A), 
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confirming that PROPER-seq’s read pairs were distinguished from the background of 

randomly sampled gene pairs. We repeated these analyses with PROPER-seq data from 

Jurkat and HUVEC, using the merged data of two replicates (Figure S6) or each replicate 

separately (Figure S7). In all analyses, increases of thresholds resulted in larger precisions 

and smaller recalls (Figure S6 and Figure S7). Furthermore, PROPER-seq identified PPIs 

exhibited better precisions and recalls than the permutation data (Figure S6 and Figure 

S7). Taken together, PROPER-seq identified PPIs are supported by the PPIs identified by 

previous literature.

PROPER v.1.0: a reference human PPI network

To generate a reference human PPI network, we combined all six PROPER-seq libraries 

(HEK1, HEK2, JKT1, JKT2, HUVEC1, and HUVEC2) into one dataset, composed of 

approximately 1.4 billion read pairs. This combined dataset revealed 210,518 pairwise PPIs 

involving 8,635 proteins, which are collectively termed the PROPER v.1.0 network (Figure 

4A). We have developed a web interface to download, search, and visualize PROPER v.1.0 

https://genemo.ucsd.edu/proper).

To evaluate the topology of the network, we examined the degree distribution of PROPER 

v.1.0 (Barabasi, 2009, Barabasi and Bonabeau, 2003, Navlakha et al., 2014). The proportion 

of proteins (nodes) is inversely correlated with the number of interactions (edges) (Figure 

4B), suggesting that PROPER v.1.0 is a scale-free network (Barabasi, 2009, Barabasi and 

Bonabeau, 2003). A major characteristic of scale-free networks is that they contain a small 

proportion of highly connected nodes, called hubs (Barabasi, 2009, Barabasi and Bonabeau, 

2003). For example, Poly(ADP-Ribose) Polymerase 1 (PARP1), a key regulator of a variety 

of biological processes, emerged as a hub of PROPER v.1.0 by participating in 605 PPIs 

(edges) (Figure 4B and Figure 5A). PROPER v.1.0’s clustering coefficient (C(k)) exhibits 

a reverse correlation to the degree (k) (Figure S8I), which is in line with hierarchical 

networks’ C(k) distributions (Barabasi and Oltvai, 2004). PROPER’S C(k) approaches 1 

when k becomes small, suggesting that the nodes with small degrees are embedded in highly 

connected neighborhoods.

We asked if any functional groups are enriched in PROPER v.1.0. We plotted the enrichment 

level of every biological process GO term in PROPER v.1.0 against the total number of 

human genes of that GO term (Figure 4C). To avoid the generic GO terms that involve 

too many genes, we focused our analysis on GO terms that contained no more than 300 

genes (green dots, Figure 4C). The most enriched GO terms were “Translation” (Bonferroni 

corrected p-value < 9.4×10−51) and “RNA splicing” (Bonferroni corrected p-value < 

8.9×10−41, Figure 4C). By intersecting PROPER v.1.0 with each GO term, we obtained 

a subnetwork associated with each GO term, including a translation subnetwork and an 

RNA splicing subnetwork. Considering the successes of previous research in elucidating 

the central dogma, we expected large fractions of the PPIs in the translation and the RNA 

splicing subnetworks to be known PPIs. Indeed, the Translation subnetwork included 2,520 

PPIs, in which 1,185 PPIs (47%) overlapped with APID documented PPIs (Figure 4D). 

The RNA splicing subnetwork included 2,081 PPIs, where 468 PPIs (23%) overlapped with 

APID documented PPIs (Figure 4E).
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Following Yu et al. and Venkatesan et al. (Yu et al., 2008, Venkatesan et al., 2009, 

Cusick et al., 2009), we calculated the screening completeness, sampling sensitivity, assay 

sensitivity, overall sensitivity, precision of PROPER v.1.0 (Venkatesan et al., 2009) (Table 

S3). PROPER v.1.0’s sequencing reads covered 16,305 human protein coding genes, in 

which 8,635 protein coding genes were involved in PROPER v.1.0’s PPIs (Table S2). 

We further tested if PROPER v.1.0 is enriched with either binary or non-binary PPIs 

by comparing with three pairs of binary and non-binary PPIs, namely APID-binary vs. 

APID-non-binary, Lit-BM-13 vs. Lit-NB-13 (Kovacs et al., 2019), and L3-BM vs. L3-NB 

(Kovacs et al., 2019) (Table S2). Association tests suggested enrichments of non-binary PPIs 

in PROPER v.1.0 (p-value < 2.2×10−16, p-value = 0.081, p-value = 9.8×10−9, Chi-square 

tests with the three pairs of binary and non-binary datasets). These results are consistent with 

our expectation that PROPER v.1.0 includes both binary and non-binary PPIs, because both 

binary and multiway interactions are allowed when the two display libraries are incubated 

at the INLISE step. Taken together, PROPER v.1.0 expands the reference map of human 

protein interactome with more than 200,000 previously uncharacterized PPIs.

Support of 17,638 computationally predicted PPIs by PROPER v.1.0

A genome-wide structure-based prediction of human PPIs was accomplished based on the 

prePPI (Predicting Protein-Protein Interactions) algorithm (Zhang et al., 2012, Zhang et 

al., 2013). Among the 1,273,679 computationally predicted and previously uncharacterized 

human PPIs (previously uncharacterized prePPIs) that currently do not have experimental 

support (not recorded in the APID database), 17,638 previously uncharacterized prePPIs 

appeared in PROPER v.1.0 (1.38% of the previously uncharacterized prePPIs, 8.38% of 

PROPER v.1.0, odds ratio = 14.83, p-value < 2.2×10−16, Chi-square test). We also examined 

whether the PROPER-seq-supported prePPIs were enriched with predicted domain-domain 

or domain-peptide interactions (Zhang et al., 2012, Chen et al., 2015, Garzon et al., 2016). 

As expected, PROPER-seq-supported prePPIs exhibited smaller structure scores that reflect 

a direct interaction between two protein domains (Zhang et al., 2012, Chen et al., 2015, 

Garzon et al., 2016) as compared to the entire prePPI (Figure S9D). This is because 

the prePPI algorithm used the structure score as an important component to predict what 

protein pairs can interact (Zhang et al., 2012). However, the PROPER-seq-supported prePPIs 

exhibited a similar distribution of domain-peptide scores (Zhang et al., 2012, Chen et al., 

2015, Garzon et al., 2016) as that of the entire prePPI (Figure S9H), suggesting little 

difference in domain-peptide interactions between computationally-derived and PROPER­

seq-supported PPIs.

Experimental validation of previously uncharacterized PPIs with proximity ligation assay 
(PLA) and co-IP

We subjected select previously uncharacterized PPIs to experimental validation. We first 

investigated whether any previously uncharacterized PPIs in PROPER v.1.0 exhibit spatial 

proximity in situ by PLA (Gullberg et al., 2004, Soderberg et al., 2006), which enables 

direct observation of protein interactions by generating fluorescence signals specifically 

from interacting protein pairs in unmodified cells (Gullberg et al., 2004, Soderberg et al., 

2006). We decided to choose a hub in PROPER v.1.0 and selectively test a few previously 

uncharacterized PPIs involving this hub. We elected several previously uncharacterized 
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PARP1-participating PPIs, i.e., PARP1-exportin 1 (XPO1), PARP1-matrin 3 (MATR3), and 

PARP1-importin 5 (IPO5) to PLA tests. XP01 (Exportin 1) and IP05 (Importin 5) regulate 

export and import through nuclear pores (Fornerod et al., 1997, Jäkel and Görlich, 1998). 

MATR3 is a nuclear matrix protein.

As a positive control, we assayed for PARP1-small ubiquitin-like modifier 1 (SUMO1), 

a known PPI (Messner et al., 2009). The HEK293 cells co-incubated with PARP1 and 

SUM01 antibodies exhibited 3 to 12 PLA foci per cell, as compared to 0 to 2 foci per cell 

in the control cells (p-value = 1.1×10−4 for PARP1+none control, p-value = 1.2×10−6 for 

none+SUM01 control, Wilcoxon test, Figure 5 B, C, H and I). In parallel, cells co-incubated 

with PARP1 and XP01 antibodies exhibited 13 to 34 PLA foci per cell, as compared to 0 

to 6 foci per cell in the cells incubated with PARP1 or XP01 antibody alone (p-value = 

7.4×10−5, for PARP1+none control, p-value = 7.7×10−5 for none+XP01 control, Wilcoxon 

test, Figure 5 B, D, H and J). Similarly, tests for PARP1-IP05 and PARP1-MATR3 also 

yielded more PLA foci per cell than their respective controls (the largest p-value = 1×10−4, 

Wilcoxon test, Figure 5 B, E, F, H, K, L). Furthermore, all the additional controls including 

co-incubation of PARP1 and GFP antibodies, GFP antibody alone, and a no antibody 

control, yielded fewer foci as compared to the experimental groups (the largest p-value = 

4.5×10−4, Wilcoxon test, Figure 5 B, G, M, and N).

We selected another previously uncharacterized PPI, PARP1-LEO1, for a co-IP test. LEO1 

is a component of the PAF1 complex that associates with the RNA polymerase II (Pol II) 

(Yu et al., 2015). In HEK293, IP with LEO1 antibody (Figure S10) resulted in co-IP of 

PARP1 (IP/LEO1 lane and Input lane, Figure 5O), whereas the lysates immunoprecipitated 

with IgG antibody did not exhibit any signal when immunoblotted with PARP1 antibody 

(IP/IgG lane, Figure 5O). Taken together, 4 out the 4 previously uncharacterized PPIs have 

been confirmed by PLA or co-IP.

Correlation between human synthetic lethal (SL) gene pairs and human PPIs

We asked whether human genetic interactions exhibit any correlation with physical 

interactions. To this end, we compared DAISY (data mining synthetic lethality identification 

pipeline) (Jerby-Arnon et al., 2014, Lee et al.,2018 identified human SL gene pairs 

with three sets of human PPIs, namely PROPER v.1.0, APID, and HuRI (Luck et al., 

2020). DAISY included 2,816 SL pairs (Jerby-Arnon et al., 2014), whereas PROPER 

v.1.0, APID, and HuRI contained 210,518, 322,260, and 52,544 human PPIs, respectively. 

DAISY and PROPER v.1.0 shared 100 gene pairs (odds ratio = 27.6, p-value < 2.2×10−16, 

hypergeometric test) (Figure S11A); DAISY and APID shared 74 gene pairs (odds ratio 

= 13.2, p-value < 2.2×10−16, hypergeometric test); and DAISY and HuRI shared 4 gene 

pairs (odds ratio = 4.2, p-value = 0.015, hypergeometric test). Although the association 

between DAISY and HuRI was weaker than DAISY’S associations with PROPER v.1.0 and 

APID, all three comparisons revealed positive associations. These data suggest a positive 

correlation between human SL gene pairs and human PPIs.

Next, we tested whether the hubs (proteins with many interactions) and the other nodes 

of PROPER v.1.0 are equally likely to participate in synthetic lethality. To this end, we 

identified the 121 nodes in PROPER v.1.0 that are involved in the human SL pairs (SL 
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nodes) (Figure S11A). The SL nodes exhibited an average degree of 538 in PROPER 

v.1.0, far above the average degree of the entire PROPER v.1.0 (p-value < 2.2×10−16, 

Kolmogorov–Smirnov test) (Figure S11B). These data suggest that the human genes 

involved in SL tend to be the hubs of the human PPI network, in line with the notion that 

the hubs of a scale-free network are more important than the other nodes for maintaining the 

integrity of the network (Buldyrev et al., 2010).

Cell type-associated subnetworks

When we designed PROPER-seq, we did not anticipate it to be sensitive enough to reveal 

cell type differences. After evaluating PROPER v.1.0 (the integrated result from three input 

cell lines), we tested if the cell type-specific gene expression could lead to differential 

contribution of PROPER-seq data from each cell type to the identified PPIs in PROPER 

v.1.0. We tested this possibility at two levels, namely for every PPI and for every subnetwork 

(as defined by GO terms). At the level of individual PPIs, approximately 33% of PROPER 

v.1.0’s PPIs were identified primarily due to the read pairs from a specific cell type, 

including approximately 14,000 (6.8%), 25,000 (12%), and 29,000 (14.1%) PPIs attributable 

to HEK, Jurkat, and HUVEC data, respectively (Figure 6A).

At the subnetwork level, we obtained 431 subnetworks by extracting the nodes in PROPER 

v.1.0 associated with each GO term and the edges connecting the extracted nodes. We 

quantified the association of each subnetwork to each cell type by the proportions of 

PPIs (edges) attributable to that cell type. Most subnetworks (402 out of 431) did not 

preferentially associate with any one of the three cell types (clustered at the center, Figure 

6B), consistent with the idea that most biological processes as defined by GO terms are 

shared across these cell types. Specifically, no subnetwork exhibited preferential association 

with HEK (top corner, Figure 6B). The “T cell activation” and “positive regulation of 

T cell proliferation” subnetworks emerged as the top 2 subnetworks with the strongest 

associations with Jurkat cells, consistent with the T lymphocyte origin of Jurkat cells 

(lower left corner, Figure 6 B and C). Several subnetworks were associated with vascular 

endothelial cells, including “regulation of extracellular matrix”, “cell mobility”, “cell-matrix 

and cell-substrate adhesion”, and “integrin-mediated signaling pathway” (lower right corner, 

Figure 6 B and D), reflecting the crucial functional properties of endothelial cells (Deanfield 

et al., 2007). These data suggested a strong potential of applying PROPER-seq to reveal cell 

type-specific PPIs.

Discussion

PROPER-seq provides a time-effective approach to mapping PPIs at the transcriptome 

scale in a single experiment. It does not require specialized resource or reagents such as 

antibodies, and can be applied to a variety of input cells. Thus, PROPER-seq may be a 

useful profiling tool to assist users in a broad scientific community to discover PPIs relevant 

to many cells or tissue of interest.

The PROPER v.1.0 database expands the human reference protein interactome by 

contributing approximately 200,000 previously uncharacterized PPIs. For example, 

PROPER v.1.0 adds several hundred interaction partners to PARP1. Markedly, PROPER 
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v.1.0 lends experimental supports to more than 17,000 computationally predicted PPIs that 

have not been experimentally validated, suggesting the strong predictive ability of structure­

based computational models. Furthermore, the hub proteins of PROPER v.1.0 are more 

likely to overlap with the genes in SL gene pairs than the non-hub proteins, suggesting 

a connection between the human protein interactome’s connectivity and human genes’ 

sythetical lethality.

Limitations

This study has several limitations. First, PROPER-seq is an in vitro assay and it may miss 

PPIs that rely on posttranslational modifications or in vivo protein localizations. Second, 

we have only validated a very small number of previously uncharacterized PPIs and future 

studies are warranted to interrogate many other previously uncharacterized PPIs. Third, 

we have not tested whether the DNA tags of proteins can interfere with protein-protein 

interactions. Fourth, we cannot rule out all possible false positive interactions, e.g. those 

due to high-abundance proteins (Mellacheruvu et al., 2013) and protein-DNA interactions. 

To control for high-abundance proteins, we accounted for unligated reads belonging to 

each protein in the Chi-square test; we also marked 13 PPIs in PROPER v.1.0 as potential 

background contaminations, because they include proteins that appear at high frequencies 

in negative control AP-MS experiments (Mellacheruvu et al., 2013). To minimize protein­

DNA binding, PROPER-seq uses a protein specific cross-linker, BS3, which only crosslinks 

amines to other amines. After cross-linking by BS3, we included multiple rounds of washes 

in PROPER-seq to minimize spurious binding.

This study is not designed to identify cell-type-specific interactions with statistical rigor. To 

identify cell-type-specific PPIs, we anticipate that future work is required to characterize the 

within-cell-type variation and dissect the with-cell-type variation into biological variation 

(amongst different cell sources, batches, culture conditions, cell cycle phases) and technical 

variation (amongst sufficient replicate experiments on the cells with the biological variation 

controlled for). With within-cell-type variation fully characterized and accounted for, we 

anticipate that a comparison among different cell types can identify cell-type-specific PPIs.

STAR Methods

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Sheng Zhong (szhonq@ucsd.edu).

Materials availability—This study did not generate any unique reagents.

Data and code availability

• All sequencing data have been uploaded to GEO with accession number: 

GSE150818.

• PROPERseqTools is available at DOI: https://doi.org/10.5281/zenodo.5009171. 

PROPER v.1.0 database is at https://genemo.ucsd.edu/proper.
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• Any additional information required to reanalyze the data reported in this work 

paper is available from the Lead Contact upon request.

Experimental model and subject details—All cell lines were obtained from ATCC. 

Female human embryonic kidney cells (HEK 293T) were cultured in Dulbecco’s modified 

Eagle medium (DMEM; GIBCO, 11960044) supplemented with 10% FBS (Gemini, 

100-500), 2 mM Glutamax (GIBCO, 35050061), and 5,000 U/ml penicillin/streptomycin 

(GIBCO, 15070063), at 37°C with 5 % CO2.

Female primary umbilical vein endothelial cells (HUVEC) and male human T-lymphocyte 

(Jurkat) cells were cultured in RPMI-1640 Medium (ATCC, 30-2001) supplemented with 

10% FBS (Gemini, 100-500), 10 mM HEPES (Sigma-Aldrich, H0887-100ML), and 5,000 

U/ml penicillin/streptomycin (GIBCO, 15070063), at 37°C with 5 % CO2.

Method details

SMART-display

Overview of SMART-display: Because mRNA-display has been thoroughly tested (Barendt 

et al., 2013, Seelig, 2011), our goal is to simplify the mRNA-display process, so that 

mRNA-display can be performed at genome scale. Our simplification was achieved by 

replacing the most time-consuming experimental step in mRNA-display (Cotten et al., 

2011). The most time-consuming step in mRNA-display is creating a gene library for in 
vitro transcription and translation. For each gene in this library, specific sequences for 

transcription initiation (T7 RNA polymerase promoter), translation initiation (Ribosome 

binding site), and puromycin attachment (Puromycin linker hybridization site) must be 

incorporated into appropriated places (Figure 2A). Generating such a library for numerous 

genes requires laborious cloning. Alternatively, starting from commercial collections, called 

ORFeomes (Matsuyama et al., 2006), of protein coding genes contained within expression 

plasmids, would save some time. However, these plasmids still lack the sequences 

required to hybridize to the puromycin linker. In order to introduce the puromycin linker 

hybridization sequence to every gene, the appropriate bacterial strain must be grown, the 

plasmid purified, and PCR performed with primers containing the desired sequences. This 

process must be performed for each strain to be used in the assay. Thus, even if one 

starts with an ORFome, it still requires a large effort to create a gene library suitable for 

mRNA-display is not trivial. In addition, one of the largest human ORFemones, the Human 

ORFeome V8.1 (Yang et al., 2011), contains approximately 12,000 open reading frames; 

this is less than half of the known human coding genes.

The SMART-display procedure starts by extracting the transcriptome from the input cells. 

Next, leveraging the property of template switching oligo (TSO) mediated cDNA synthesis 

that can extend the cDNA with help of a TSO-containing primer, SMART-display uses a 

5’ primer that contains the translation initiation site and the bases required for template 

switching (Figure 2C) and a 3’ primer that contains a random priming sequence followed 

by the linker hybridization sequence. Using SMART-RACE based cDNA synthesis (Figure 

2 C and D) and PCR (adding the transcription initiation sequence, Figure 2E), SMART­

display generates an entire gene library suitable for mRNA-display. Next, this gene library 
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is transcribed. The transcripts are ligated with a universal puromycin-containing linker 

oligonucleotide, facilitated by hybridization of the puromycin-containing linker oligo to 

the linker hybridization sequence at the 3’ end of the transcript (Figure 2G). Finally, the 

puromycin ligated transcripts are translated into display complexes in the form of mRNA­

linker-protein (Figure 2H, Figure S1).

mRNA Purification: Total RNA was isolated from HEK with TRIzol™ Reagent 

(Invitrogen, 15596026) according to the manufacturer’s recommendations. Subsequently, 

poly-A RNAs were enriched with the Dynabeads™ mRNA Purification Kit (Invitrogen, 

61006). The reduction of rRNA was evaluated against the total RNA using Agilent’s 

Bioanalyzer RNA 6000 Pico Kit (Agilent Technologies, 5067-1513). The remaining rRNA 

was depleted with the Ribo-Zero H/M/R Kit (illumina, MRZH116) or the RiboMinus 

Transcriptome Isolation Kit (Invitrogen, K155002) adjusting the input amount based on 

the estimated rRNA removed by the oligo-dT selection (For example, if rRNA was 50% 

depleted, input was twice as much RNA as recommended). The final quality of the RNA as 

assessed with Agilent’s Bioanalyzer RNA 6000 Pico Kit.

Generation of DNA Library: To hybridize the Right/Random primer (5′ TTT CCC CGC 

CGC CCC CCG TCC TGC TGC CGC CCT TGT CGT CAT CGT CTT TGT AGT 

C(Nx15) 3′), 0.5 pmols of mRNA, 2.33 uM primer, and 2.33 mM dNTPs were mixed 

in a total volume of 10.75 uLs. This reaction was brought to 72 °C for 3 minutes and then 

cooled to 25 °C for 10 minutes. The template switching reaction was performed by adding 

250 U Superscript II Reverse Transcriptase (Thermo Scientific, 18064014), Superscript II 

First Strand Buffer (to 1X), 5 mM DTT, 20 U SUPERase•In™ RNase Inhibitor (Thermo 

Scientific, AM2694), 1 M Betaine (Sigma-Aldrich, 61962), 6 mM MgCl2 (Invitrogen, 

AM9530G), and 1 uM Library TSO (5′ /5Biosg/GGC TCA CGA GTA AGG AGG ATC 

CAA CAT rGrGrG 3′) to a total volume of 25 uLs. The reaction was incubated at 25 °C for 

2 minutes, 42 °C for 50 minutes, 10 cycles of 50 °C for 2 minutes and 42 °C for 2 minutes, 

and 70 °C for 15 minutes. Purification was performed with 1.8x Agencourt RNAClean XP 

Beads (Beckman Coulter, A63987) and the product was quantified with the Qubit™ dsDNA 

BR Assay Kit (Invitrogen, Q32853).

Amplification of 1 ng of cDNA/RNA product was performed per 25 uL NEBNext High­

Fidelity 2X PCR Master Mix (NEB, M0541L) reaction, containing 0.5 uM Left PCR 

primer (5′ GCG AAT TAA TAC GAC TCA CTA TAG GGC TCA CGA GTA AGG 

AGG 3′) and 0.3 uM Right PCR primer (5′ TTT CCC CGC CGC CCC CCG TC 3′). 

Reactions were cycled twice with a 65 °C annealing step and a 3 minute 72 °C extension 

step, and 13 cycles with a single 3 minute 72 °C combined annealing and extension step. 

Approximately 24 reactions were performed simultaneously to generate enough material for 

in vitro transcription; the products were co-purified with 1.8x Agencourt AMPure XP Beads 

(Beckman Coulter, A63881) and quantified with the Qubit™ dsDNA BR Assay Kit.

Synthesis of Puromycin containing linker: All oligo components of the puromycin 

containing linker were reconstituted to 1 mM with 1x PBS pH 7.2 (Thermo Scientific, 

20012027). To generate the dl containing puromycin containing linker, the Biotin 

Arm (w/dl) (5’ /5Phos/CC/ideoxyl/ C/iBiodT/C /ideoxyl/AC CCC CCG CCC CCC CCG /
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iAzideN/CCT 3’) was mixed in a 1:1 ratio with the Puromycin Arm (5’ /5DBCON/TCT /

iSp18/iSp18/iSp18/iSp18/CC/3Puro/ 3’). To generate puromycin containing linker without 

dl bases, the Biotin Arm (w/o dl) (5’ /5Phos/CCG C/iBiodT/C GAC CCC CCG CCC 

CCC CCG /iAzideN/CCT 3’) was mixed in a 1:1 ratio with the Puromycin Arm (5’ /

5DBCON/TCT /iSp18/iSp18/iSp18/iSp18/CC/3Puro/ 3’). The mixtures were incubated at 

40 °C overnight with agitation.

The mixtures were run on a 15% TBE-UREA Gel (Invitrogen, EC6885BOX) prepared 

in a 1:1 ratio with Formamide Running Buffer (1 part 10x TBE Buffer Running Buffer 

(Invitrogen, LC6675), 9 parts Deionized Formamide (EMD Millipore, 4610-100ML)) at 

200V for 1 hour. The gel was removed from the cassette and a exposed to UV while on a 

TLC Silica gel 60 F254 Plate (EMD Millipore, 1.05715.0001) to visualize the DNA bands. 

Two bright bands appeared, the largest was removed with a clean scalpel and transferred to 

a clean 2 mL tube. The gel fragment was crushed with the plunger from a 1 mL syringe and 

suspended in 500 uLs Elution Buffer (0.5M Ammonium Acetate (Invitrogen, AM9070G), 

10 mM Magnesium Acetate (Sigma-Aldrich, 63052-100ML)). The gel fragment was 

incubated at room temperature with rotation overnight. The gel and buffer mixture was 

transferred to a 0.45 uM Nanosep® MF spin filter (Pall Corporation, ODM45C33), and the 

liquid collected by spinning at 5,000 xg for 10 minutes. The flow through was precipitated 

with 0.5x volume LiCl Precipitation Solution (Invitrogen, AM9480), 6 uLs Co-Precipitant 

Pink (Bioline, BIO-37075), and 3x volume of 100% Ethyl Alcohol (Sigma-Aldrich, 493546) 

and incubated overnight at −80 °C. The linker was then pelleted by centrifugation at 22,000 

xg for 20 minutes, washed with 70% Ethyl Alcohol, and air dried. The pelleted linker was 

suspended in nuclease-free water (Thermo Scientific, 10977023).

Generation of Puromycin Ligated RNA Library: RNA libraries were generated with 500 

ngs of DNA Library using the HiScribe™ T7 High Yield RNA Synthesis Kit (NEB, 

E2040S). After synthesis, DNA was removed with TURBO™ DNase (Invitrogen, AM2238). 

The RNA was precipitated with 2.5 M LiCl Precipitation Solution, quantified with the 

Qubit™ dsDNA BR Assay Kit (Invitrogen, Q32853), and the distribution checked with the 

Agilent RNA 6000 Pico Kit.

RNA libraries were annealed to the appropriate puromycin containing linker in a 1:1.25 

molar ratio in Annealing Buffer (10x: 100 mM Tris-HCl Buffer, pH 7.5 (Invitrogen, 

15567027), 500 mM NaCl (Thermo Fisher Scientific, AM9759), 10 mM EDTA (Research 

Products International, E14100-50.0)), incubating at 75 °C for 5 minutes and cooling slowly 

to 25 °C. Ligation was performed with 0.4 U/uL of T4 RNA Ligase 1 (NEB, M0204S), 

1 mM ATP, and 1.6 U/uL of SUPERase• In™ RNase Inhibitor for 30 minutes at 25 °C. 

NEBuffer 4 was added to 1x, and unligated linker was digested with 0.2 U/uL of T5 

Exonuclease (NEB, M0363S) at 37 °C for 30 minutes. The ligated RNA was purified with 

an RNeasy Mini Column (Qiagen, 74104).

Translation and Display: Protein products were generated using 25 pmols of ligated RNA 

product per 25 uL reaction of the PURExpress® In Vitro Protein Synthesis Kit (NEB, 

E6800S). Translation reactions were performed in an air incubator for 90 minutes at 37 

°C. After translation, KCl (Invitrogen, AM9640G) and MgCl2 (Invitrogen, AM9530G) were 
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added to a final concentration of 800 mM and 80 mM respectively. The reaction was 

incubated at room temperature for 30 minutes and then stored at −20 °C for a minimum of 

12 hours.

VALIDATION by anti-GFP Selection

Preparation of SMART-display Library: Templates for the target genes were ordered from 

IDT with all display sequences already incorporated on the 5’ and 3’ ends of the template. 

From these templates, RNA was generated and SMART-display proceeded as described 

above.

Pull-Down with anti-GFP antibody: The products of the SMART-display process for each 

of the target genes were mixed in a 1:1 ratio. The mixture was precleared with 50 μL of 

Streptavidin T1 magnetic beads. The mixture was incubated at 4°C with gentle rotation for 

1 hour. The Streptavidin T1 beads were separated with a magnetic rack for 1 minute and the 

supernatant was transferred into a new microcentrifuge tube placed on ice.

To the precleared solution, Normal Goat Serum (NGS) (Thermo Fisher Scientific, 31873) in 

PBS was added to 5% for blocking. Primary anti-GFP antibody (Thermo Fisher Scientific, 

A10259) diluted in PBS was added to a final concentration of 0.2 μg/mL. The sample was 

incubated at 4°C overnight with gentle rotation.

50 uLs Streptavidin T1 magnetic beads were added to the samples and incubated at room 

temperature for 1 hour with gentle rotation. The tubes were placed on a magnetic rack for 1 

minute and the supernatant discarded. The beads were suspended in wash buffer (5% NGS 

in PBS, 1% Triton® X-100, 3% BSA (NEB, B9000S) by pipetting gently up and down. The 

tubes were rotated gently for 10 minutes. The wash process was repeated two more times.

cDNA Synthesis: A reverse transcription reaction solution was prepared for the selected 

sample (immobilized on the Streptavidin T1 beads) and for the pre-selection samples. The 

100 uL reactions contained 800 U Superscript II, 1x First Strand buffer, 10 mM DTT, and 

0.5 mM dNTPs. The same volume of pre-selection sample was used for each of the genes; 

the entire bead volume was use in the post-selection reactions. The reactions were incubated 

at 42°C for 90 min with agitation.

Protein Removal: 1.6 units of Proteinase K was added to each sample and incubated for 

15 minutes at 65°C. Samples were purified with 1.2x Ampure beads and eluted in 30 uL of 

water.

Gene Identification using qPCR: Three 25 uL qPCR reaction containing 1x Power SYBR® 

Green PCR Master Mix (Thermo Fisher Scientific, 4367659) and 10 mM of each of the gene 

specific primers was prepared for each sample and for the no template controls. Three 25 uL 

reactions were also prepared for each sample without primers as a no primer control. 1 uL of 

sample was used in each reaction. The qPCR assay was run on a QuantStudio 3 Real-Time 

PCR System with an initial denaturation of 95 °C for 2 minutes, 30 cycles of 95 °C for 30 

seconds, 55 °C for 15 seconds, and 72 °C for 30 seconds, and a final extension of 72 °C for 

5 minutes. A melt curve was run to assess the purity of the qPCR products.
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Comparison of SMART-display product library and control libraries: SMART-display 

libraries were prepared as described above up to the puromycin containing linker ligation.

Generation of Puromycin Ligated RNA Library: RNA libraries were annealed 

to a puromycin containing linker with no biotin (5’ /5Phos/CC/ideoxyl/CTC/ideoxyl/

ACCCCCCGCCGCCCCCCGTCCT/iSp18/iSp18/iSp18/iSp18/CC/3Puro/ 3’) in a 1:1.25 

molar ratio in Annealing Buffer (10x: 100 mM Tris-HCl Buffer, pH 7.5, 500 mM NaCl, 

10 mM EDTA). The “no puromycin” control was subject to the same reaction with the 

omission of the puromycin containing linker. The reactions were incubated at 75 °C for 5 

minutes and cooled slowly to 25 °C. Ligation was performed with 0.4 U/uL of T4 RNA 

Ligase 1, 1 mM ATP, and 1.6 U/uL of SUPERase• In™ RNase Inhibitor for 30 minutes at 

25 °C. NEBuffer 4 was added to 1x, and unligated linker was digested with 0.2 U/uL of T5 

Exonuclease at 37 °C for 30 minutes. The ligated RNA was purified with an RNeasy Mini 

Column.

Translation and Display: Protein products were generated using 25 pmols of RNA 

product and 2 uLs Transcend™ tRNA (Promega, L5061) per 25 uL reaction of the NEB 

PURExpress IVT kit. 2 uLs of Proteinase K was added to the “protein digested control”. 

Translation reactions were performed in an air incubator for 90 minutes at 37 °C. After 

translation, KCl and MgCl2 were added to a final concentration of 800 mM and 80 mM 

respectively. The reaction was incubated at room temperature for 30 minutes and then stored 

at −20 °C for a minimum of 12 hours.

Protein Selection and Pull-Down: 75 uLs of Dynabeads MyOne Streptavidin T1 Beads 

were prepared per IVT reaction according to the manufacturer’s directions. The IVT 

reaction was added to the suspended beads and incubated for 1 hour with rotation at room 

temperature. The beads were washed 3 times with 8M Urea wash buffer (8M Urea, 50 mM 

Tris, 5 mM EDTA, 0.1% NP40, 500 mM LiCl, 2% SDS), and 3 times with 1x B&W buffer 

(5 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 1M NaCl).

Library Preparation and Sequencing: The beads were subject to a Superscript III One-Step 

RT-PCR (Invitrogen, 12574018) reaction at 5x the original volume of streptavidin beads, 

with 0.5 uM of each a universal forward primer (5’ 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGAT

CTCGAGTAAGGAGGATCCAACATG 3’) and an indexed reverse primer (5’ 

CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGACTGGAGTTCAGACGTGTG

CTCTTCCGATCTCTTGTCGTCATCGTCTTTGTAGTC 3’, where X represents the index 

bases). The cycle number was optimized for each sample, using the minimum number of 

cycles to generate a library. Samples were mixed 3:2 with PhiX and sequenced 150 base 

pairs from each end on an illumina MiniSeq.

INLISE

Overview of INLISE: INLISE includes 3 steps. The first step is to create the bait and 

the prey libraries. In this step, The SMART-display gene library is split and processed 

in two independent display reactions. One library is ligated to a puromycin containing 
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linker sequence with a non-cleavable biotin and will become the ‘bait’ library, permanently 

immobilized on a magnetic bead (pink fusion, Figure 3). The other library is ligated with a 

puromycin containing linker sequence containing a cleavable biotin, and becomes the free, 

unbound, ‘prey’ library (blue fusion, Figure 3). Next, both libraries are pulled down onto 

streptavidin magnetic beads, and their mRNA tags are stabilized by reverse transcription. 

Next, free biotin is added to the bait population to block remaining binding sites on the 

streptavidin beads and prevent non-specific binding. Meanwhile, the prey population is 

released from the streptavidin beads via digestion of the inosine nucleotides found in the 

loop region of the puromycin containing linker (“I” in pink, Figure S1). Next, the double­

stranded cDNA barcode is treated with a non-palindromic restriction enzyme (BbvCI) to 

generate sticky ends. A biotin-labeled linker sequence (grey bars, Figure 3), designed with 

complementary sticky ends to the BbvCI restriction site, is introduced and ligated to the 

BbvCI trimmed cDNA of the prey library only.

The second step is to ligate the barcodes from interacting proteins. In this step, the free 

and bound libraries are mixed and incubated in buffer. The interacting proteins will be 

cross-linked. Stringent washes will be applied to remove non-specifically bound proteins 

or RNAs. The linker containing ends of the prey library are then ligated to the sticky end 

of the interacting bait protein. The use of a non-palindromic restriction enzyme prevents 

self-ligation of the cDNA or self-ligation of the linker sequence. At this point, PPIs have 

been recorded by chimeric sequences of the form cDNA1-linker-cDNA2.

The third step is to construct the sequencing library. The cDNAs, including those that 

have been ligated (cDNA1-linker-cDNA2), are subjected by to enzymatic fragmentation and 

addition of sequencing adapters (NEBNext Ultra II FS). The chimeric sequences (cDNA1­

linker-cDNA2) are selected for using the biotin on the linker sequence. The resulting library 

is amplified and subjected to paired-end sequencing. Taken together, SMART-display and 

INLISE constitute the entire PROPER-seq experimental pipeline.

Purification and Immobilization of Display Products: 75 uLs of Dynabeads™ MyOne™ 

Streptavidin T1 (Thermo Fisher Scientific, 65601) were prepared by washing twice in 

an equivalent volume of 1x PBS pH 7.4 (Thermo Fisher Scientific, 70011044). The IVT 

reaction was added to the suspended beads in 1.8 mLs of 1x PBS pH 7.4 (Thermo 

Fisher Scientific, 70011044) with 0.1% Triton™ X-100 (Sigma-Aldrich, T8787-50ML) and 

incubated for 1 hour with rotation at room temperature. D-Biotin (Ivitrogen, B20656) was 

added to 2.25 uM and incubated at room temperature for 10 minutes with rotation. The 

beads were washed 2 times for 5 minutes with 500 uLs 1x PBS pH 7.4 with 0.1% Triton™ 

X-100 (Sigma-Aldrich, T8787-50ML).

DNA Synthesis: 50 uLs of first strand reaction was mixed per sample containing 500 U of 

Superscript II Reverse Transcriptase (Thermo Scientific, 18064014), 1x Superscript II FS 

Buffer, 5 mM DTT, 1 uM dNTP mix (NEB, N0447S), 1 M Betaine (Sigma-Aldrich, 61962), 

6 mM MgCl2, 500 pmol of End Capture TSO (5’ /5dSp/AGT AAA GGA GAC CTC AGC 

TTC ACT GGA rGrGrG 3’), and 40 U of SUPERase· In™ RNase Inhibitor. The mix was 

added to the beads and incubated at 42°C for 50 minutes with agitation, and then cycled 

10 times at 50°C for 2 minutes followed by 42°C for 2 minutes. The beads were washed 2 
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times for 5 minutes with 500 uLs 1x PBS pH 7.4 with 0.1% Triton™ X-100. 100 uLs of first 

strand reaction was mixed per sample containing 20 U DNA Polymerase I (NEB, M0209S), 

1x NEBuffer 2, 2.4 mM DTT, and 0.25 mM dNTP mix. The mix was added to the beads 

and incubated at 37°C for 30 minutes with agitation. The beads were washed 2 times for 5 

minutes with 500 uLs 1x PBS pH 7.4 with 0.1% Triton™ X-100.

Restriction Digestion and Control Digestion: All samples were digested with 10 U of 

BbvCI (NEB, R0601S) in 1x CutSmart Buffer at 500 uLs. The digestion was incubated at 

37°C for 1 hour with agitation. After the restriction enzyme digestion, but without washing 

the beads, the bait population used in the Proteinase control was generated by the addition 

of 5 uLs of Proteinase K (NEB, P8107S) to the sample. The sample was incubated an 

additional 30 minutes at 37°C with agitation. All samples were then washed 2 times for 5 

minutes with 500 uLs 1x PBS pH 7.4 with 0.1% Triton™ X-100.

Synthesis of Interaction Linker: The top and bottom strands of the interaction linker were 

reconstituted to 200 uM with Annealing Buffer. The two strands were mixed in a 1:1 molar 

ratio, incubated at 75 °C for 5 minutes and cooled slowly to 25 °C.

Interaction Linker Ligation and Release of Prey: Samples with a dl containing puromycin 

containing linker were ligated to the Interaction Linker and subsequently released from the 

Dynabeads™ MyOne™ Streptavidin T1 beads to generate the prey population. Ligation 

was performed at 37°C with agitation for 30 minutes, with 200 pmol Interaction Linker, 

4000 U T4 DNA Ligase (NEB, M0202M), and 1x T4 DNA Ligase Buffer in 500 uLs. The 

interaction linker was omitted in the prey reaction used in the No-linker control. The beads 

were washed 2 times for 5 minutes with 500 uLs 1x PBS pH 7.4 with 0.1% Triton™ X-100. 

The release of the complexes from the beads was performed at 37°C with agitation for 30 

minutes, with 40 U of Endonuclease V (NEB, M0305S) in 50 uLs of 1x NEBuffer™ 3 

(NEB, B7003S).

Interaction: The sample without deoxyinosine (dl) bases in the puromycin containing linker 

were retained on the Dynabeads™ MyOne™ Streptavidin T1 beads to become the bait 

libraries. These samples were suspended in 150 uLs Binding Buffer (10 mM HEPES 

(Fisher Scientific, BP299100), 50 mM KCl, 4 mM MgCl2, 2mM DTT, 0.2 mM EDTA, 

0.1% Tween® 20 (Sigma-Aldrich, P9416-100ML)). The 50 uL of supernatant from the 

Endonuclease V digestion (the prey library), was added to the bait samples with the 

following conventions. PROPER-seq reaction: bait and prey libraries with the full PROPER­

seq protocol; No-linker control: bait library with the full PROPER-seq proctol, prey library 

created without the interaction linker ligated; and Proteinase control: bait library treated with 

Proteinase K and the prey library created with the full PROPER-seq protocol. The mixtures 

were incubated at room temperature with rotation for 1 hour. 800 uLs of Binding Buffer was 

added to each reaction to bring the volume to 1 mL, and they were rotated an additional 10 

minutes at room temperature.

Crosslinking and Proximity Ligation: Crosslinking was performed at room temperature 

for 30 minutes with 0.5 mM BS3 (Thermo Fisher Scientific, A39266). The reaction was 
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quenched with 50 mM Tris-HCl Buffer, pH 7.5 with rotation for 15 minutes. The beads were 

washed 3 times for 5 minutes with 500 uLs 1x PBS pH 7.4 with 0.1% Triton™ X-100.

Proximity ligation was performed with 20,000 U of T4 DNA Ligase in 1 mL of 1x T4 DNA 

Ligase Buffer. The reaction was incubated with constant rotation for 30 minutes at room 

temperature. The enzyme was inactivated before the beads were gathered by heating to 65°C 

for 10 minutes. The beads were washed 2 times for 5 minutes with 500 uLs 1x PBS pH 7.4 

with 0.1% Triton™ X-100.

Sequencing Library Generation and Sequencing: The DNA was released from the beads 

with the NEBNext® Ultra™ II FS DNA Module (NEB, E7810S) using twice the reaction 

volume and a fragmentation time of 5 minutes. The end repair step was not performed. 

Libraries were then generated with the NxSeq® UltraLow DNA Library Kit (Lucigen, 

15012-1) up to the final AMPure XP Bead purification before amplification. Each sample 

was eluted in 50 uLs Nuclease-free water, and added to 10 uLs of Dynabeads™ MyOne™ 

Streptavidin T1 beads suspended in 50 uLs 1x PBS pH 7.4 with 0.1% Triton X-100. The 

selection was performed at room temperature for 1 hour. Beads were washed 2 times with 

500 uLs Low Salt buffer [0.1% SDS (Invitrogen, AM9820), 0.1% Triton™ X-100, 2 mM 

EDTA, 20 mM Tris-HCl buffer, pH 8 (Invitrogen, 15568025), 150 mM NaCl], 2 times with 

500 uLs 1x B&W buffer (5 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 1M NaCl), and 2 times 

with 500 uLs 1x PBS pH 7.4 with 0.1% Triton™ X-100. Library amplification was then 

performed with the NxSeq® UltraLow DNA Library Kit as directed.

Each library was paired end sequenced for 100 cycles on each end on an lllumina HiSeq 

4000 or NovaSeq 6000.

Validation by proximity ligation assay (PLA)

Cell Culture: HEK 293T cells were cultured in Dulbecco’s modified Eagle medium 

(DMEM; GIBCO, 11960044) supplemented with 10% FBS (Gemini, 100-500), 2 

mM Glutamax (GIBCO, 35050061), and 5,000 U/ml penicillin/streptomycin (GIBCO, 

15070063), at 37°C with 5 % CO2.

Fixation and Permeabilization: Approximately 0.5 million HEK cells per well were fixed 

with 4% formaldehyde (Thermo Fisher Scientific, 28906) in PBS pH 7.2 (Life Technologies, 

20012027) at room temperature for 30 minutes on a Lab-Tek 8-well Chamber Slide (Thermo 

Fisher Scientific, 154534). Cells were washed once with PBS pH 7.2, then permeablized 

with 200 uLs of 0.1% Triton X-100 (Sigma-Aldrich, T8787-50ML) in PBS for 15 minutes at 

room temperature with rocking.

Blocking: Cells were blocked by adding 40 uLs Duolink Blocking Solution (Sigma-Aldrich, 

DUO92101-1KT) and incubating in a humidity chamber for 1 hour at 37°C.

Staining with Primary Antibody: Primary antibodies were added to the cells at the dilutions 

listed below in a total of 40 uLs. The slides were incubating in a humidity chamber for 1 

hour at 37°C.

Johnson et al. Page 19

Mol Cell. Author manuscript; available in PMC 2022 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Target Manufacturer Catalog Number Dilution

PARP1 Abeam Ab227244 1:250

PARP1 Atlas Antibodies AMAb90959 1:200

SUMO1 Abeam Ab32058 1:250

XP01 Atlas Antibodies HPA042933 1:500

MATR3 Atlas Antibodies HPA036565 1:250

IP05 Santa Cruz Biotechnology Sc-55527 1:1000

GFP Thermo Fisher Scientific A10259 1:250

Staining with PLA Probes, Ligation, and Amplification: Slides were wash 2x with 70 mL 

of wash buffer A, and stained with PLA probes according to the Duolink Assay instructions. 

Slides were wash 2x with 70 mL of wash buffer A, and ligation performed according to 

the Duolink Assay instructions. Slides were wash 2x with 70 mL of wash buffer A, and 

amplification performed according to the Duolink Assay instructions. Slides were then wash 

2x with wash buffer B and 1x with 1:100 wash buffer B.

Imaging: Coverslips were mounted with 12 uLs Duolink PLA mounting medium with DAPI 

per well and sealed with clear nail polish. Images were acquired on Olympus Inverted 

Microscope using a 60X/1.518 oil objective (GE Healthcare Life Sciences) (pixel size = 

0.1075 μm). A series of z-stack images across the cells were acquired with 0.3 μm sample 

thickness (3 sections).

Validation by co-IP: Five million HEK293T cells were lysed in RIPA buffer [150 

mM NaCl, 5 mM EDTA, 50 mM Tris pH 7.5, 1% NP-40, 0.5% sodium deoxycholate 

(Sigma-Aldrich, 30970-25G), 0.1% SDS, and a protease inhibitor cocktail (Sigma Aldrich, 

P8340)] for 30 minutes on ice and subsequently centrifuged at 10,000 xg for 10 minutes. 

The supernatants were precleared by incubation with Protein-G Dynabeads (Thermo 

Fisher Scientific, 10003D) for 30 minutes at 4°C. Antibody-coated beads were prepared 

by incubating rabbit anti-human Leo1 antibody (5 μg per sample, Bethyl Laboratories, 

A300-175A) or control rabbit IgG (5 μg per sample; Abeam, AB37415) with pre-washed 

Protein-G Dynabeads for 2-3 hours at room temperature. 5% of the precleared lysate (input) 

was saved for later analysis, and the remaining lysate was split equally among the Leo1- 

or IgG-coated beads for immunoprecipitation (IP). IP was carried out overnight at 4°C. 

10% of the flow through (FT) was retained for analysis. The Dynabeads were washed 

3 times for 5 mins each with RIPA buffer. The washed beads were eluted in reducing 

sample buffer (Thermo Fisher Scientific, 39000) before resolving on an 8% SDS-PAGE and 

immunoblotting (IB) with indicated antibodies.

Target Manufacturer Catalog Number Dilution

Leo1 Bethyl Laboratories A300-175A 1:1000
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Target Manufacturer Catalog Number Dilution

PARP1 Thermo Fisher MA3950 1:500

Quantification and Statistical Analysis

Processing proper-seq read pairs: The following data processing steps are implemented 

in the PROPERseqTools pipeline: https://qithub.com/Zhong-Lab-UCSD/PROPERseqTools. 

The sequencing reads were subjected to Cutadapt 2.5(Martin, 2011) to remove the 3′ 
linker sequence and the 5′ adapter sequence. The remaining read pairs were subsequently 

subjected to Fastp 0.20.0(Chen et al., 2018) to remove low-quality reads (average quality 

per base < Q20) and short reads (<20 bp). The remaining read pairs were subsequently 

mapped to RefSeq transcripts (O’Leary et al., 2016) (based on GRCh38.p13, NCBI Homo 

sapiens Annotation Release 109.20190607) using BWA-MEM 0.7.12-r1039 (Li, 2013) with 

the default parameters. A read was regarded as mapped to a gene if this read was mapped to 

any of the Refseq transcripts of this gene. The read pairs where the two ends were mapped to 

two different protein coding genes were identified. Any duplicated chimeric read pairs were 

subsequently removed to obtain non-duplicate chimeric read pairs.

Test of association between a gene pair and the chimeric read pairs: A Chi-square test 

was carried out on every gene pair. The null hypothesis is that the mapping of one end 

of a chimeric read pair to a gene is independent of the mapping of the other end of this 

chimeric read pair to the other gene. The contingency table of this association test is given 

in Figure S4A. FDR computed from the Benjamini-Hochberg procedure was used to control 

for family-wise errors.

Downloading APID data and its subsets: PPIs were downloaded as a MITAB file from 

the Agile Protein Interactomes DataServer (APID) at http://cicblade.dep.usal.es:8080/APID/

init.action. The AP-MS and co-IP derived PPIs were identified by the corresponding labels 

in the ‘Interaction detection method’ column of the downloaded MITAB file. The LC-MS 

derived PPIs identified by the label of “biochemistry” in the ‘Interaction detection method’ 

column and specifying “Publication first author” as “Wan, C. et al. (2015)” (Wan et al., 

2015), “Havugimana, PC. et al. (2012)” (Havugimana et al., 2012) and “Kristensen, AR. et 

al. (2012)” (Kristensen et al., 2012).

Quantifying reproducibility by odds ratio: The odds ratio was used to quantify the degree 

of overlap between two sets of PPIs. The odds ratio (OR) of the following contingency 

table is calculated as OR=(A×D)/(C×B), where A, B, C, D are numbers of PPIs in the 

corresponding cell in the contingency table.

Within set II Outside set II

Within set I A B

Outside set I C D
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Comparison to structurally predicted PPIs: The human prePPIs were 

downloaded from the prePPI database (https://honiglab.c2b2.columbia.edu/prePPI/ref/

preppi%20final600.txt.tar.gz). The Uniprot protein IDs used in prePPI were converted to 

gene symbols using the org.Hs.eg.db Bioconductor package in R.

GO term defined subnetworks: The subnetwork associated with a GO term (Ashburner 

et al., 2000) was retrieved by the PROPER v.1.0 nodes that were annotated by this GO 

term and all the edges connecting these nodes. GO term enrichment analysis was based 

on hypergeometric tests between the genes annotated by every GO term and the PROPER 

v.1.0 nodes. FDR computed from the Benjamini-Hochberg procedure was used to control 

for family-wise errors. The entire PROPER v.1.0 was plotted with Gephi (0.9.2, https://

gephi.org/) (Bastian et al., 2009). All other network figures were plotted with Cytoscape 

(Shannon et al., 2003).

Test of cell type association: A Chi-square test was applied to every PPI to test the 

association of this PPI with a cell type. The null hypothesis is that whether a chimeric 

read pair is mapped to this gene pair is independent to whether this chimeric read pair was 

generated from this cell type. A PPI was regarded as attributable to a cell type if Chi-square 

test FDR < 0.05 and odds ratio > 2, where the odds ratio for the following contingency table 

is calculated as OR=(A×D)/(C×B).

The read pairs is generated from this cell type

Yes No

Mapped to this gene pair Yes A B

No C D

A GO term defined subnetwork was included in the analysis of cell type association when 

this GO term contained at least 50 genes (regardless of whether these genes were included 

in PROPER v.1.0) and this GO term defined subnetwork contained at least 10 edges. The 

association of a subnetwork to a cell type was quantified by the proportions of PPIs (edges) 

associated with that cell type among all the PPIs of this subnetwork.

Calculating screening completeness, sampling sensitivity, assay sensitivity, precision, 
and protein interactome size for PROPER v.1.0: Screening completeness, sampling 

sensitivity, assay sensitivity, precision, and protein interactome size were defined by Yu 

et al. (Yu et al., 2008) and Venkatesan et al. (Venkatesan et al., 2009). We calculated these 

metrics for PROPER v.1.0 based on the methods described by Venkatesan et al. (Venkatesan 

et al., 2009) and the following positive reference set (PRS), random reference set (RRS) and 

orthogonal validation sets.

Positive reference set (PRS).: The CORUM database (Giurgiu et al., 2019) contains 2417 

human protein complexes, corresponding to 3433 proteins and 39,103 protein pairs. These 

39,103 protein pairs are used as our PRS.
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Random reference set (RRS). Following Venkatesan et al. (Venkatesan et al., 2009), RRS 

was randomly sampled from PROPER-seq’s search space outside the PRS to contain the 

same number of gene pairs as PROPER v.1.0.

Orthogonal validation assay.: Targeted co-IP is used as the orthogonal validation assay. The 

targeted co-IP data were retrieved from APID based on two MI Ontology terms: Anti bait 

coimmunoprecipitation (MI:0006) and Anti tag coimmunoprecipitation (MI:0007)).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• PROPER-seq maps protein-protein interactions (PPI) en masse through DNA 

sequencing.

• PROPER-seq reveals over 200,000 previously uncharacterized human PPIs.

• PROPER-seq validates over 17,000 computationally predicted human PPIs.

• The hubs of the human protein interactome tend to be synthetic lethal genes.
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Figure 1. 
Overview of PROPER-seq experimental pipeline. (A) PROPER-seq starts with SMART­

display, that transforms the input cells into a library of RNA-barcoded proteins (the first 

arrow), followed by INLISE, that transforms the barcoded proteins in a sequencing library, 

such that the barcodes of interacting protein pairs form a chimeric sequence (the second 

arrow). (B) Alignment of the barcodes to reveal the identities of the two genes (top track) 

between which the chimeric sequences (rows) were formed.
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Figure 2. 
SMART-display. (A) The structure of gene templates produced by SMART-display (the 

product of step (F)). (B) Poly-A selected and rRNA depleted mRNA is collected from the 

input cells. (C) A reverse transcription primer containing a random sixteen base-pair region 

followed by the sequences for a FLAG tag and a GC-rich puromycin linker hybridization 

site is annealed to the mRNA. (D) Reverse transcription and incorporation of the template 

switching oligo (TSO). (E) PCR is performed with a primer that partially overlaps the TSO 

sequences to introduce the T7 promoter and complete the ribosome binding site. (F) Double­

stranded DNA is purified. (G-H) The transcribed RNA is ligated to a puromycin-containing 

linker sequence (G) and subsequently translated to form mRNA-protein fusion products (H).
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Figure 3. 
INLISE. Steps are indicated in bold font to the left of each process arrow, and the primary 

enzymes or reagents used to accomplish each step are indicated to the right of the process 

arrow. The process begins with the stabilization of the display complexes on streptavidin 

magnetic beads. Subsequently, the RNA component of each display complex is converted to 

double-stranded DNA and digested with a non-palindromic restriction enzyme. The library 

of display proteins is then split into two populations. One half of the display protein complex 

is ligated to the biotinylated interaction linker and then digested to remove the complexes 

from the streptavidin beads. The free half of the display protein library is combined with 

the half still on the beads to perform the interaction step and the interacting proteins 

crosslinked. The beads are washed to remove nonspecific interactions and then proximity 

ligation between the display nucleic acids is performed. The DNA is then fragmented and 

adaptor ligation for sequencing is performed before a final streptavidin selection for the 

biotin containing interaction linker and library amplification.
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Figure 4. 
PROPER v.1.0. (A) The entire PROPER v.1.0 network with proteins as nodes and PPIs as 

edges. The degree of nodes is color-coded from high (red) to low (blue). (B) PROPER’S 

degree distribution, with the degree (number of connections of a node) (x axis) plotted 

against the proportion of nodes in that degree (y axis). Arrow: the PARP1 node. The fitted 

probability density function of the degree distribution is proportional to k−1076, where k is 

the degree. (C) The number of genes (x axis) of each GO term (dot) vs. the enrichment 

level of this GO term in PROPER v.1.0 (y axis). Color of the dots: the GO terms with less 

(green) and more (yellow) than 300 genes. (D) The translation subnetwork. (E) The RNA 

splicing subnetwork, including the core components of human spliceosomes (U snRNP), 
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components of the pre-spliceosome complex, the precatalytic spliceosome and catalytic step 

1 spliceosome (Complex A/B/C), the exon junction complex (EJC), and the transcription 

and export complex (TREX), as well as SR proteins, Sm proteins, heterogeneous nuclear 

ribonucleoproteins (hnRNP) and pre-mRNA processing factors (Prp). Pink edges: known 

PPIs (as documented in APID database). Grey edges: previously uncharacterized PPIs.
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Figure 5. 
Experimental validations of previously uncharacterized PPIs. (A) The 605 PPIs involving 

PARP1. Pink edges: known PPIs. Grey edges: previously uncharacterized PPIs. The 5 

PPIs tested are labeled. (B) Box plots of the number of PLA foci. Columns: experimental 

conditions, including 4 test conditions (PARP1+SUMO1, PARP1+XPO1, PARP1+IPO5, 

PARP1+MATR3) and 8 control conditions (the other columns). *: p-value < 0.05, 

Wilcoxon test. (C-N) Representative microscopic images in each experimental condition 

corresponding to columns C-N in panel B, with DAPI staining (blue) and PLA signals (red). 
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Scale bar: 10 μm. (O) co-IP analysis of PARP1 and LEO1. PARP1 immunoblots in LEO1 

antibody (IP/LEO1) and IgG antibody immunoprecipitated materials (IP/IgG). M: Marker 

lane from a pre-stained protein ladder. Input: 5% of precleared cell lysates.
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Figure 6. 
Cell type-associated subnetworks. (A) Numbers of PPIs associated with HEK, Jurkat, 

HUVEC and those that did not associate with any cell type (shared). (B) Associations of 

subnetworks and cell types. The proportion of PPIs that are associated with each cell type 

(each axis on the edge of the triangle) in every GO term-defined subnetwork (dot). The 

relative associations to the three cell types are also represented in a color gradient from red 

(Jurkat) to green (HUVEC) and to blue (HEK). Dot size: the number of genes in a GO 

term. (C-D) Expanded view of the combined subnetwork of the subnetworks associated with 

Jurkat (C) and those associated with HUVEC (D). Edge colors denote shared PPIs (grey) as 

well as the PPIs associated with Jurkat (red) or HUVEC (green).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Polyclonal Biotinylated Anti-GFP Thermo Fisher 
Scientific

Cat#A10259; RRID: 
AB_2534021

Rabbit Polyclonal Anti-PARP1 Abcam Cat#Ab227244

Mouse Monoclonal Anti-PARP1 Atlas 
Antibodies

Cat#AMAb90959; 
RRID: AB_2665732

Rabbit Monoclonal Anti-SUMO1 Abcam Cat#Ab32058; 
RRID: AB_778173

Rabbit Polyclonal Anti-XPO1 Atlas 
Antibodies

Cat#HPA042933; 
RRID: AB_2678229

Rabbit Polyclonal Anti-MATR3 Atlas 
Antibodies

Cat#HPA036565; 
RRID: 
AB_10673623

Mouse Monoclonal Anti-IPO5 Santa Cruz 
Biotechnologies

Cat#sc-55527; 
RRID: AB_2127684

Rabbit Polyclonal Anti-LEO1 Thermo Fisher 
Scientific

Cat#A300-175A; 
RRID: AB_2135932

Mouse Monoclonal Anti-PARP1 Thermo Fisher 
Scientific

Cat#MA3-950; 
RRID: AB_325523

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Transcend™ tRNA Promega Cat#L5061

BS3 Thermo Fisher 
Scientific

Cat#A39266

Critical Commercial Assays

PURExpress® In Vitro Protein Synthesis Kit NEB Cat#E6800S

SuperScript™ III One-Step RT-PCR System Invitrogen Cat#12574018

NEBNext® Ultra™ II FS DNA Module NEB Cat#E7810S

NxSeq® UltraLow DNA Library Kit Lucigen Cat#15012-1

Duolink™ In Situ Red Starter Kit Mouse/Rabbit Millipore 
Sigma

Cat#DUO92101-1KT

Deposited Data

All sequencing data have been uploaded to GEO. This paper GSE150818

Experimental Models: Cell Lines

Human T-Cells (Jurkat) ATCC Cat#TIB-152; RRID: 
CVCL 0255

Human Embryonic Kidney Cells (HEK 293T) ATCC Cat#CRL-3216; 
RRID: CVCL_0063

Human Umbilical Vein Cells (HUVEC) ATCC Cat#CRL-1730; 
RRID: CVCL_2959
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

Oligonucleotides

Right/Random primer: 5′ TTT CCC CGC CGC CCC CCG TCC TGC TGC CGC CCT TGT CGT CAT CGT CTT TGT AGT C(Nx15) 3′ This paper N/A

Library TSO: 5′ /5Biosg/GGC TCA CGA GTA AGG AGG ATC CAA CAT rGrGrG 3′ This paper N/A

Left PCR primer: 5′ GCG AAT TAA TAC GAC TCA CTA TAG GGC TCA CGA GTA AGG AGG 3′ This paper N/A

Right PCR primer: 5′ TTT CCC CGC CGC CCC CCG TC 3′ This paper N/A

Biotin Arm (w/dI): 5’ /5Phos/CC/ideoxyI/ C/iBiodT/C /ideoxyI/AC CCC CCG CCC CCC CCG /iAzideN/CCT 3’ This paper N/A

Biotin Arm (w/o dI): 5’ /5Phos/CCG C/iBiodT/C GAC CCC CCG CCC CCC CCG /iAzideN/CCT 3’ This paper N/A

Puromycin Arm: 5’ /5DBCON/TCT /iSp18/iSp18/iSp18/iSp18/CC/3Puro/ 3’ This paper N/A

Puromycin containing linker with no biotin: 5’ /5Phos/CC/ideoxyI/CTC/ideoxyI/ACCCCCCGCCGCCCCCCGTCCT/iSp18/iSp18/iSp18/iSp18/CC/
3Puro/ 3’

This paper N/A

Universal forward primer: 5’ 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCGAGTAAGGAGGATCCAACATG 3’

This paper N/A

Indexed reverse primer: 5’ 
CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTGTCGTCATCGTCTTTGTAGTC 
3’, where X represents the index bases

This paper N/A

End Capture TSO: 5’ /5dSp/AGT AAA GGA GAC CTC AGC TTC ACT GGA rGrGrG 3’ This paper N/A

Recombinant DNA

Software and Algorithms

PROPERseqTools is available at https://github.com/Zhong-Lab-UCSD/PROPERseqTools. This paper DOI: 10.5281/
zenodo.5009171

other
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