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Transcriptional regulation involves a series of sophisticated protein–protein
and protein–DNA interactions (PPI and PDI). Some transcriptional com-

plexes, such as c-Fos/c-Jun and their binding DNA fragments, have been con-

served over the past one billion years. Considering the thermodynamic

principle for transcriptional complex formation, we hypothesized that the c-

Fos/c-Jun complex may represent a thermodynamic summit in the evolution-

ary space. To test this, we invented a new method, termed One-Pot-seq,

which combines cDNA display and proximity ligation to analyse PPI/PDI

complexes simultaneously. We found that the wild-type c-Fos/c-Jun complex

is indeed the most thermodynamically stable relative to various mutants of c-

Fos/c-Jun and binding DNA fragments. Our method also provides a universal

approach to detect transcriptional complexes and explore transcriptional reg-

ulation mechanisms.
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transcription factor

All biological functions are dependent on transcrip-

tional regulation, which establishes complex relation-

ships between genotype and phenotype. Species

produce different phenotypes to adapt to the environ-

ments during evolution. In this process, the transcrip-

tional regulation machines are usually updated.

However, some transcriptional regulation systems are

extremely conserved. For instance basic leucine zipper

(bZIP) proteins play several critical roles in the biolog-

ical processes of all eukaryotes. Some transcriptional

complexes composed of bZIP dimers, such as c-Fos/c-

Jun, and their binding DNA fragments, are conserved

in metazoan species that diverged approximately one

billion years ago [1–3]. This evolutionary conservation

was considered to be associated with the affinity

between the bio-macromolecules that form the tran-

scriptional complex. Aaron et al. investigated the

dimerization among bZIP proteins of five metazoan

species that represent different stages of metazoan evo-

lution. Their study found that compared with bZIP

dimers which only appear in parts of the five species,

the dimers which are conserved in all species have

stronger protein–protein interaction (PPI) strength [3].

In addition, an extensive investigation of transcription

factors (TFs) and their binding DNA sequences in dif-

ferent species showed that a stronger protein–DNA

interaction (PDI) strength leads to higher specificity

and more conserved TF binding [4]. Together, a ther-

modynamic principle for transcriptional complex for-

mation can be proposed: the more thermodynamically

stable the complex, the more conserved it is during

evolution. Thus, an interesting question arises: whether

the c-Fos/c-Jun system has reached a thermodynamic

summit in the evolutionary space?

Abbreviations

bZIP, basic leucine zipper; EMSA, electrophoretic mobility shift assay; PDI, protein–DNA interaction; PoC, proof-of-concept; PPI, protein–pro-

tein interaction; TFs, transcription factors.
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To address this question, we need to perform an

in vitro evolution in a large sequence space, during

which the mutants of c-Fos, c-Jun and DNA frag-

ments will be selected for forming stable interaction

complexes. If the conventional c-Fos/c-Jun system

reached the thermodynamic summit in the evolution-

ary space, it will have the highest frequency in the

selected interaction complex population. Nevertheless,

it remains a great challenge for determining PPI and

PDI simultaneously in the population. Various meth-

ods, including high-throughput-sequencing-based tech-

niques, have been developed in the past decades to

determine PPI or PDI [5–8]. However, most of these

methods measure the congeneric physical interactions

between interaction pairs, which cannot be used to

determine PPI and PDI synchronously. Although some

mass-spectrometry-based methods have been invented

to identify proteins binding to specific genomic loci [9–

11], they are difficult to be performed in a high-

throughput manner.

To synchronously obtain the PPI and PDI informa-

tion in the interaction complex population, we devel-

oped a new method. It is well-known that DNA

sequences can be determined more conveniently than

protein sequences. Several methods, such as SNAP dis-

play [12], phage display [13], ribosome display [14],

mRNA display [15,16] and cDNA display [17,18], have

been developed to form a barcoded protein by linking a

DNA fragment to a protein. Of these methods, cDNA

display is of great interest, because it could produce

high-content (> 1012) stable cDNA–protein fusions, pro-

viding a robust display technology for detecting molec-

ular interactions [17,18]. To read out the PPI/PDI

information, we resorted to the proximity ligation tech-

nique, which has been successfully used to determine

PPI or PDI [19,20]. This technique could ligate a

cDNA barcode to another intracomplex protein’s bar-

code, or to the intracomplex binding DNA fragment.

In this way, the information of PPI and PDI contained

in the interaction complex population could be decoded

by DNA sequencing. Therefore, this method could

determine PPI/PDI of transcriptional complexes in one

pot, which is called the One-Pot-seq method.

In this study, firstly, the feasibility of the One-Pot-

seq method was examined by a proof-of-concept

(PoC) experiment. Then, based on this method, the

in vitro evolution of c-Fos/c-Jun system was per-

formed. Our work not only takes a brief glance into

the evolution of the bZIP transcriptional system, but

also provides a new method for determining internal

interactions of DNA–protein complexes, which may

help to elucidate the mechanisms of transcriptional

regulation.

Materials and methods

Preparation of templates for cDNA display

Construction of the DNA templates with cDNA display

formation for c-Fos/c-Jun and glutathione S-transferase

(gst) were prepared by PCR using the primers listed in

Table S1. The DNA sequence used in this experiment was

identical as previously used [21]. The mouse brain cDNA

library (CWBio, Beijing, China) and pGEX-4T-1 plasmid

served as templates for the first round PCR. MFFos/

SRFos, MFJun/SRJun and MFGST/SRGST were used as

primers. The PCR products were purified with an EZNA

Cycle Pure Kit (OMEGA, Norcross, GA, USA). Using the

purified products as a template, the second round PCR was

performed with MT7 and SR, and the third round PCR

was performed with MT7 and LHR-59. After the third

PCR, the full-length DNA sequences were obtained, con-

taining a T7 RNA polymerase promoter, an e-enhancer, a
Shine-Dalgarno sequence for ribosome binding at the 50

end, a His-tag sequence, a spacer sequence and the comple-

mentary sequence of the puromycin linker DNA (LHR) at

the 30 end. The purified PCR products were then ligated

with the pMD-18T vector, transformed into competent

E. coli DH5a cells and sequenced by Wuhan TsingKe Bio-

logical Technology Co., Ltd. (Wuhan, China).

Preparation of barcoded proteins by cDNA

display

Barcoded proteins were prepared according to the proce-

dures of previous studies [18,21,22], with some modifica-

tions. The templates were in vitro transcribed with the T7

Ribo-MAX Large Scale RNA Production System (Promega,

Madison, WI, USA) and purified using a MicroElute RNA

Clean-up kit (OMEGA), detected by 1.5% agarose gel elec-

trophoresis and quantified using EON (Biotek, Winooski,

VT, USA). The purified mRNA and a puromycin linker [18]

(at a proportion of 1 : 1.5) were ligated using T4 RNA

ligase (Takara, Dalian, Liaoning, China). The mRNA-puro-

mycin conjugate solution was then concentrated to 20 lL
using a 30 kDa MWCO Amicon Ultra-0.5 mL centrifugal

filter unit (Millipore, Burlington, MA, USA) at 8000 g for

20 min. An E. coli S30 Extract System for Linear Templates

(Promega) was used for in vitro translation.

The cDNA-displayed proteins were reverse-transcribed

with SuperScriptIII reverse transcriptase (Invitrogen, Carls-

bad, CA, USA) at 42 °C for 30 min. In order to perform

double-stranded blunt end ligation, we synthesized the sec-

ond strand of cDNA using the Klenow fragment (Takara)

with the primer T7P, which was phosphorylated at the 50

end and biotin-modified at the fourth base. 400 lL washed

Streptavidin C1 beads (ThermoFisher, Waltham, MA,

USA) were added to the mixture containing mRNA–pro-
tein fusions and incubated for 30 min at room temperature,
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and then washed three times with 1 9 NEB buffer 4. Then

the barcoded proteins were released with Endo V (NEB).

The fusions were prepurified using 200 lL of Metal Affin-

ity Resin (TALON, Dalian, Liaoning, China) to remove

the frameshift mutation sequence.

Preparation of the bait DNA pool

In the proof-of-concept experiment, the bait and mutant

DNA sequences were the same as previously used [21]. The

bait DNA sequence was composed of three cognate c-Fos/c-

Jun-binding DNA fragments-TPA responsive element

(TRE), and the mutant TRE DNA fragment was a combi-

nation of six tandem mutant motifs without c-Fos/c-Jun-

binding ability (Table S1). The bait and mutant DNA frag-

ments were prepared by two-step PCR. The variable regions

of the two DNA sequences were generated by the first round

overlap extension PCR using MDF/MDR and CDF/CDR

for cognate and mutant fragments respectively. The different

50 and 30 constant sequences were joined via a second PCR

with the primer OPDF/KMR and COPD/KMR. The PCR

products were analysed by 2% agarose gel electrophoresis

and purified using a High Pure PCR Product Purification

kit (Roche, Basel, Switzerland). KMF-4/KMR was used to

amplify the DNA fragments in the subsequent solution-

phase selection. Desthiobiotin-modified primers DIB and

KMR were used to amplify the products during the solid-

phase selection and in situ proximity ligation. For these

steps, Pfu Taq DNA polymerase (Thermo) was used to

reduce the errors introduced by the PCR process.

For the in vitro evolution platform, which was used to eval-

uate the feasibility of One-Pot-seq in a complex system, we

redesigned the bait DNA pool. The new DNA pool consisted

of three components: the bait DNA (130 bp) and two mutant

pools of the bait DNA. The full length of the mutants’ DNA

was 134 bp, which contained the ggat barcode. The mutant I

comprised six tandem nucleotide fragments (TGANTCA),

which included a modification of the fourth base of the TRE

motif to N (N = A, G, C or T), whereas the mutant II was

composed of six NNNNNNN fragments. The samples were

prepared with KMF/KMR as described above. The final

DNA pool was mixed at a ratio of 1: 1: 10, and the diversity

of 3 lg of this DNA pool was around 2.0 9 1013.

Preparation of c-Fos/c-Jun random trans mutant

library

The trans mutant library was prepared using transfer muta-

genic PCR according to a previously reported method [23].

The mixture was dispensed into 16 PCR tubes, with 96.8

and 96.5 lL in the c-fos (F1) and c-jun (J1) tubes, respec-

tively, 88 lL in the F2-F8/J2-J8 tubes. 1.2 lL of c-fos

(80.5 ng�lL�1) and 1.5 lL of c-jun (59 ng�lL�1) were

added into tubes F1 and J1 respectively. Following a denat-

uration step (94 °C, 1 min), the reaction temperature

reached 62 °C, 1 lL of 50 mM MnCl2 (Sigma, St. Louis,

MO, USA) and 1 lL of rTaq DNA polymerase (Takara)

were added into tubes J1/F1. After four cycles of PCR

amplification (94 °C, 1 min; 62 °C, 1 min; 72 °C, 3 min),

10 lL of PCR products in tubes J1/F1 were transferred to

tubes J2/F2 as the DNA template. The PCR program was

started. Once the PCR program reached the annealing step,

the PCR program was paused. 1 lL of 50 mM MnCl2
(Sigma) and 1 lL of rTaq DNA polymerase (Takara) were

added into tubes J2/F2. The second-step PCR was per-

formed using the same program as the first-step PCR. The

same procedure used for tubes J2/F2 was repeated for

tubes J3-J8/F3-F8. The results of the error-prone PCR were

examined by agarose gel electrophoresis. PCR products

were purified using a Cycle Pure kit (OMEGA). The library

was then sequenced to evaluate the mutation efficiency and

calculate the diversity of the random library.

Selection of the interaction complexes in solid

phase

In this process, we performed two-step solid-phase purifica-

tion to select the interaction complexes. First, we used the

desthiobiotin tag in the bait DNA to eliminate nonspecific

binding to DNA. 3 lg of bait DNA pool was immobilized

using 200 lL Dynabeads MyOne C1 (Invitrogen). Then the

beads were blocked with free biotin in the binding buffer

[5 mM Tris-HCl (pH 7.5), 1 M NaCl, 0.5 mM EDTA] and

equilibrated with selection buffer. The 100 lL mixture con-

tained barcoded proteins were incubated with the bait

DNA on the beads at 4 °C with rotation for 2 h. The

beads were washed with selection buffer twice to eliminate

nonspecific binding protein. Then the interaction complexes

were eluted with selection buffer containing 5 mM biotin.

The supernatant was dialysed with a Thermodialysis tube

(Thermo) to remove the excess biotin. Next, we performed

the second-step purification with the His-tag in barcoded

proteins to remove the nonspecific binding DNA. The

supernatant was incubated with 200 lL Dynabeads His-

Tag beads (Thermo) at room temperature for 30 min. The

beads were washed with 400 lL of Wash Buffer to remove

the unbound DNA. Bound barcoded proteins and DNA

were then amplified by PCR and used as templates in the

next round of selection.

Selection of the interaction complexes in

solution phase

Based on the different electrophoretic mobility shift, the

interaction complexes can be isolated. The 100 lL bar-

coded protein mixture and 3 lg of bait DNA pool were

incubated in selection buffer [50 mM Tris-HCl (pH 8.0),

40 mM NaCl, 5 mM MgCl2, 3 mM KCl and 2% glycerol

(vol/vol)], at 4 °C with rotation for 2 h. The mixtures were

then run on a 6% native polyacrylamide gel at 20 mA. The
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positions of the barcoded proteins were defined by FITC

label in the puromycin linker, and the barcoded protein–
DNA complexes showed the smallest shift in the gel. The

band larger than the barcoded proteins was cut and col-

lected. The gel containing the interaction complexes was

purified using a QIAquick Gel kit (QIAGEN, Hilden, Ger-

many). The eluted fractions were amplified by PCR and

used as templates in the next round of selection.

Capture of interaction complexes by proximity

ligation

During this process, we also conducted two-step consecu-

tive affinity-purification to increase the selection pressure

and decrease the number of false positives. The 200 lL
Dynabeads MyOne C1 beads, coated with desthiobiotin tag

bait DNA was used to eliminate the nonspecific barcoded

proteins, the same with the first step of solid-phase selec-

tion. After incubation, the beads were washed twice with

selection buffer and then equilibrated with T4 DNA poly-

merase buffer. The end of the fragment was filled by add-

ing T4 DNA polymerase (Takara) and dNTP; the reaction

was held at 11 °C for 20 min and then terminated by the

addition of 5 lL of 0.5 M EDTA. The supernatant was

discarded, and the beads were washed three times with T4

DNA ligase buffer. The 4 lL T4 DNA ligase was then

added to perform in situ proximity-based ligation at 16 °C
for 6 h with rotation in 200 lL ligation buffer.

After the proximity ligation, 5 lL of protease K

(Thermo) was added, and the mixture was incubated at

65 °C for 12 h. Subsequently, an additional 2 lL of pro-

tease K was added. After protein degradation, the interac-

tion complexes were eluted with selection buffer containing

5 mM biotin. The supernatant was dialysed with a Ther-

modialysis tube (Thermo) to remove the excess biotin. Next,

the second-step purification was also performed with the

desthiobiotin modification in the second strand cDNA of

the barcoded proteins to remove the unligated DNA frag-

ments. T4 DNA polymerase (Takara) was added to remove

the desthiobiotin modification in the unligated DNA frag-

ments, and then Dynabeads MyOne C1 beads were used

once again to pull down the ligated DNA fragments.

Interaction complex amplification by in situ

nested PCR

The beads mentioned in the above step were resuspended

with 100 lL 1 9 EB buffer [10 mM Tris-Cl (pH 8.5)] to be

used as the template for nested PCR. Different primers

were used to detect the PDI or PPI. The primers were listed

in Table S1. The PDI ligation products were amplified

using KMF-4/SR for the first round of PCR and NMD/

NSR for the second round of PCR. In the case of PPI

detection, SR was used in the first round and NSR was

used in second round of PCR. The final PCR product was

purified using an EZNA Cycle Pure Kit (OMEGA). The

purified PCR product was ligated to the vector, trans-

formed into competent cells and sequenced by Wuhan

TsingKe Biological Technology Co., Ltd. (Wuhan, China).

Analysis of high-throughput sequencing data

Consensus contigs of pairwise reads were generated using

FLASH [24]. To eliminate aberrant sequences arising from

mutations during PCR and sequencing, only contigs with

130 or 134 bp length were regarded as reliable contigs, then

the primer sequences in contigs were removed. Finally, the

filtered contigs were analysed with BLAST program [25] and

the frequencies and rates were calculated with R package.

Results and Discussion

Pipeline for One-Pot-seq

The pipeline for One-Pot-seq method is as follows.

First, the target proteins are covalently linked with

their corresponding double-stranded DNA fragments

using cDNA display, forming barcoded proteins. Bar-

coded proteins are then incubated with the bait DNA

and enriched using consecutive affinity-purification

(solid-phase selection) or iterative subtractive differen-

tial electrophoretic mobility shift assay (EMSA) (solu-

tion-phase selection) [26]. The solid-phase selection is

appropriate for screening the complexes with different

masses. Whereas, the solution-phase selection is suit-

able to screen the interaction complexes with similar

molecular masses, and is helpful for maintaining the

conformation of the complexes. The screened protein–
protein and protein–DNA complexes are joined via

in situ blunt end proximity ligation. The captured liga-

tion products are amplified by in situ nested PCR and

analysed by DNA sequencing to decode the interacting

PPI/PDI complexes (Fig. 1).

Proof-of-concept experiment

To examine the feasibility of the One-Pot-seq method,

a proof-of-concept experiment was performed to deter-

mine the cognate binding DNA fragments of the c-Fos/

c-Jun complex (Fig. 2). The barcoded protein library

was prepared by cDNA display, during which DNA

templates for c-fos, c-jun and glutathione S-transferase

(gst) were pooled at a ratio of 1 : 1 : 10, and gst was

used as a negative control. The DNA library consists of

bait DNA containing three TRE sequences, and mutant

DNA without the ability to bind c-Fos/c-Jun with a

proportion of 1 : 10 (Table S1). We performed the

solid-phase and solution-phase selection to enrich the
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specific interaction complex. In the solid-phase selec-

tion, DNA library was immobilized using Dynabeads

MyOne C1 and then incubated with the barcoded pro-

tein library. The specific interaction complexes were

separated through two-step solid-phase selection. In the

solution-phase selection, the barcoded protein library

was incubated with the DNA library. The interaction

complex, which has lower electrophoretic mobility than

Fig. 1. One-Pot-seq for PDI/PPI complexes. Following the solution-phase screening, the barcoded proteins prepared by cDNA display and

bait DNA are further enriched by two-step solid-phase purification. The first step uses the desthiobiotin tag in the bait DNA to eliminate

unbound proteins, during which one tenth of the surface of beads is used and the rest surface is blocked with free biotin; meanwhile, the

proximal blunt end ligation was performed in situ. The desthiobiotin tag on the barcoded proteins was utilized in the second-step purification

to remove unbound DNA. Subsequently, in situ nested PCR amplification with different universal primer pairs is performed and DNA

sequencing is used to decode the PPI/PDI involved in the transcriptional complex.

Fig. 2. A highly parallel assay for exploring the affinity and specificity of the c-Fos/c-Jun transcriptional complexes with One-Pot-seq. In PoC

experiment, we conducted a 2 9 3 library-by-library screen, the cis element was composed of bait DNA, consisting of three TPA responsive

element (TRE) sequences and mutant DNA without the ability to bind c-Fos/c-Jun, at a proportion of 1 : 10, the trans factors (barcoded

proteins) were prepared by cDNA display, during which DNA templates for c-fos, c-jun and glutathione S-transferase (gst) were pooled a

ratio of 1 : 1 : 10, and gst was used as a negative control. In in vitro evolution, the assay was performed in a high-order complex mixture,

2.0 9 1012 cis mutations 9 2.0 9 1013 trans mutations. The cis mutations consisted of three components: the bait DNA, mutants I and II,

the mutant I comprised six tandem nucleotide fragments (TGANTCA), which included a modification of the fourth base of the TRE motif to

N (N = A, G, C or T), whereas the mutant II was composed of six NNNNNNN fragments (See Materials and methods for details). The final

DNA pool was mixed with a ratio of 1 : 1 : 10, and the diversity of 3 lg of this DNA pool was 2.0 9 1013. The trans mutations were

prepared with a 30 pmol randomly mutated c-fos/c-jun library, of which the diversity was approximately 2.0 9 1012. After the iterate rounds

One-Pot-seq selection, the native c-Fos/c-Jun transcriptional complexes showed the best performance in terms of selectivity and affinity in

both the PoC experiment and the in vitro evolution.
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free DNA and barcoded protein, were separated by

EMSA. After one round of selection, the interaction

complex was analysed by pilot PCR which use the bar-

codes of the proteins as templates. This analysis showed

that in both kinds of selection, c-fos and c-jun were

enriched, whereas gst was largely filtered out (Fig. 3a),

indicating solution-phase and solid-phase selection were

effective.

Next, we performed the in situ proximity ligation in

the solid-phase selection system. Two-step consecutive

affinity purification was conducted to improve the

specificity of the approach (Fig. 1). In order to reduce

ligation probability of the intercomplexes, bait DNA

was immobilized at a low surface density on strepta-

vidin-coated beads, which occupied approximately one

tenth of the bead surface area. This occupancy ration

(0.1) is much lower than that used in the tethered con-

formation capture method (0.4) [27]. After the proxim-

ity ligation, we subsequently purified the ligation

products to remove the unbound DNA with strepta-

vidin-coated beads through the desthiobiotin tag in the

second strand of cDNA. Given that the 50 of protein

barcodes and 30 of bait DNA are linkable, the ligation

patterns of PPI and PDI are unique, as shown in

Fig. 4. In the meantime, the determinative ligation

form also facilitates the follow-up in situ nested PCR,

because the primers are only designed along the liga-

tion direction.

The captured PPI and PDI ligation products were

amplified by in situ nested PCR with different primer

pairs. The PCR products were cloned and randomly

chosen for sequencing. The results were used to define

the PPI/PDI involved in the transcriptional complexes.

Based on the experimental design, the expected size of

PDI and PPI lengths would be around 420 bp and

720 bp respectively (Fig. S1). The results showed that

all of the ligated sequences corresponded to c-Fos-c-

Jun, c-Fos-DNA and c-Jun-DNA and lacked GST

sequences, bait DNA mutants or c-Jun-c-Jun ligation

(Fig. 3b,c). The absence of c-Jun-c-Jun ligation prod-

ucts is consistent with a previous report that the c-

Fos-c-Jun heterodimer, rather than the c-Jun-c-Jun

homodimer, binds DNA [28,29]. Therefore, the com-

bined use of cDNA display and proximity ligation

provides a platform to determine transcriptional com-

plexes in one pot.

In vitro evolution by One-Pot-seq

After One-Pot-seq showed its feasibility, the in vitro

evolution of c-Fos/c-Jun complex was performed based

on this method to investigate whether the conventional

interaction complex reached the thermodynamic

summit. The content of the initial gene pool (i.e. c-

Fos, c-Jun and binding DNA fragment library) used in

evolution is important. A higher content gene pool is

more possible to contain proteins and DNA fragments

capable of forming stable complexes. The barcoded

protein used in One-Pot-seq was constructed by cDNA

display, which can produce high-content libraries

(> 1012). The randomly mutated c-fos/c-jun DNA tem-

plates which were used for cDNA display were gener-

ated using eight consecutive rounds of serial transfer

mutagenic PCR [24]. The c-fos/c-jun mutants were

cloned and randomly chosen for sequencing. The

results showed that the average extent of mutagenesis

was approximately 8% at the amino acid level, and

the mutated sites were evenly distributed. Given that

each DNA mutant was unique, and the complexity of

the library was determined by the total number of

molecules generated in the mutagenic PCR, we

inferred that the diversity of a 30 pmol c-fos/c-jun

Fig. 3. Affinity enrichment of DNA-binding protein complexes. PoC

experiment results of c-Fos/c-Jun transcriptional complex by One-

Pot-seq. (A) Enrichment of c-Fos and c-Jun transcriptional factors.

Pilot PCR with universal primer MT7/LHR-59 was used to detect c-

fos/c-jun and gst. Lanes 1/2 are the 10th round PCR products and

lanes 3/4 are the 20th PCR products. Lanes 1/3 were amplified

with the solid-phase selection template and lanes 2/4 were

amplified with the solution-phase selection template. This result

shows that both c-fos and c-jun were enriched, whereas gst was

largely filtered out. (B) Final PCR products of PDI ligation. (C) Final

PCR products of PPI ligation. Based on the design, the expected

sizes of the different amplification products are known. The

lengths of PDI and PPI were around 420 bp and 720 bp

respectively. These results indicate that proximity ligation was

successful. Nested PCR with different primer pairs were used to

amplify the PDI and PPI ligation products.
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library (trans mutant library) was approximately

2 9 1012 [30]. The DNA fragment library (cis mutant

library)consisted of cognate c-Fos/c-Jun-binding DNA

fragment and their mutants produced by random syn-

thesis. The complexity of a 3 lg DNA library is

2 9 1013.

The cis and trans mutant libraries of c-Fos/c-Jun

transcriptional system were incubated and subjected to

five successive rounds in PoC experiment by EMSA

(Fig. 2). To evaluate the enrichment efficiency, the

fifth round of selected DNA was amplified by PCR

and sequenced on a Hi-seq instrument to obtain

paired-end 100 + 100 nucleotide reads, which can

cover the full length of bait DNA. A total of 1.59 Gb

were sequenced, and basic information regarding the

sequencing results is shown in Table S2. The cognate

c-Fos/c-Jun-binding DNA fragment was efficiently

enriched, with the occupancy increased from 8.3% to

18.8% in the total sequences. In the random

sequences, the most enriched sequences also consisted

of the cognate c-Fos/c-Jun-binding motif (Fig. S2),

accounting for 1.4% of the total random reads. The

enriched protein and DNA were further purified by

solid-phase purification, during which proximity liga-

tion was performed in situ. The finally captured liga-

tion products were amplified and cloned. Of the

ligated sequences, the wild-type PPI/PDI interactions

are predominant, with 23% (7/30) corresponded to c-

Fos-c-Jun, 31% (14/45) corresponded to c-Fos-DNA

and 33% (9/27) corresponded to c-Jun-DNA, indicat-

ing that the wild-type c-Fos/c-Jun-DNA complex is

most stable (Fig. 5), which is consistent with previous

reports [31–33]. This result strongly suggests that in

the current evolutionary space (2.0 9 1012 trans muta-

tions 9 2.0 9 1013 cis mutations), the wild-type c-Fos/

c-Jun system represents a thermodynamic summit,

which well explains its evolutionary conservation.

5'

5'

3'

3'

Fig. 4. Different ligation patterns for

protein–protein and protein–DNA

interactions (PPI and PDI). For PPI, 50 of
trans factors are ligated. For PDI, 30 of cis
element ligated with the 50 of trans factor.

Fig. 5. In vitro evolution results of c-Fos/c-Jun transcriptional

complex by One-Pot-seq. The frequency of wild-type c-Fos/c-Jun

and their PDI/PPI complexes indicates that wild-type c-Fos and c-

Jun were enriched after 5-round selection (left). After proximity

ligation, the wild-type c-Fos/c-Jun was further enriched, the

frequency of PDI/PPI complexes reaches 31% (c-Fos-DNA, yellow),

33% (c-Jun-DNA, orange), and 23% (c-Fos-c-Jun, pink) respectively

(right).
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The evolutionary conservation is usually the result of

functional constraints. The extreme conservation

observed in the c-Fos/c-Jun complex shows its important

role in metazoans. Indeed, c-Fos/c-Jun regulated tran-

scription participates in several most basic biologic pro-

cess, including cell proliferation, differentiation, and

apoptosis [34,35]. c-Fos/c-Jun was also involved in the

pathogenesis of some diseases, such as cancer and

immune diseases [36]. Since the conformation and compo-

sition of transcription complex are dependent on DNA

binding [31,37,38], a precise elucidation of transcriptional

regulation mechanism needs the determination of PPI/

PDI involved in transcriptional complexes. One-Pot-Seq

provides a solution to synchronously determine PPI and

PDI, which is useful to clarify the mechanisms of tran-

scription, and may be conducive to the studies of related

biologic process and diseases. Moreover, the present

methodology has a high content and supports high-

throughput sequencing (a detailed description is presented

in Fig. S3). Thus, this method could be expected to find

applications in evolutionary biology, synthetic biology

and drug discovery (peptide drug screening in particular).

Summary

Thermodynamic stability of biomacromolecule com-

plexes were found positively correlated with their evolu-

tionary conservation. In this study, using a combination

of cDNA display and proximity ligation, a method to

determine the PPI/PDI of transcriptional complexes in

one pot was established, which we have called the One-

Pot-seq method. On the basis of this method, we per-

formed the cis and trans in vitro coevolution of c-Jun/c-

Fos transcriptional complexes in a large evolutionary

space (2.0 9 1012 trans mutations 9 2.0 9 1013 cis

mutations), and found that the conventional complex

represents a thermodynamic summit, which is consistent

with the extreme evolutionary conservation of the c-Fos/

c-Jun system. In addition, this study proved the feasibil-

ity of the One-Pot-seq method. The high content, com-

patibility with high-throughput sequencing, and the

ability to synchronously determine PPI and PDI confers

this method with great potential in future applications.
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Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.

Fig. S1. The expected sequences of the proximity liga-

tion products.

Fig. S2. The most prevalent sequence of bait DNA and

protein.

Fig. S3. Preparation of One-Pot-seq samples for high-

throughput sequencing.

Table S1. Oligonucleotides used for One-Pot-seq.

Table S2. Basic information of NGS dataset.
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