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Comprehensive Summary 

 

Protein-protein interactions (PPIs) play a crucial role in drug discovery and disease treatment. However, the development of effective 
drugs targeting PPIs remains challenging due to limited methodologies for probing their spatiotemporal anisotropy. Here, we pro-
pose a single-molecule approach using a unique force circuit to investigate PPI dynamics and anisotropy under mechanical forces. 
Unlike conventional techniques, this approach enables the manipulation and real-time monitoring of individual proteins at specific 
amino acids with defined geometry, offering insights into molecular mechanisms at the single-molecule level. The DNA force circuit 
was constructed using click chemistry conjugation methods and genetic code expansion techniques, facilitating orthogonal conjuga-
tion between proteins and nucleic acids. The SET domain of the MLL1 protein and the tail of histone H3 were used as a model sys-
tem to demonstrate the application of the DNA force circuit. With the use of atomic force microscopy and magnetic tweezers, opti-
mized assembly procedures were developed. The DNA force circuit provides an exceptional platform for studying the anisotropy of 
PPIs and holds promise for advancing drug discovery research targeted at PPIs. 
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Background and Originality Content 

Protein-protein interactions (PPIs) hold promise as targets for 
drug discovery, presenting significant opportunities for therapeu-
tic modulation in disease treatment.

[1]
 PPIs can occur as homo-

meric or heteromeric interactions, exhibiting diverse strengths 
and durations. According to PPI databases, the binding affinity for 
PPIs crosses six orders of magnitude, ranging from picomolar to 
micromolar.

[2]
 Obligate PPIs are characterized by strong and 

long-lived interactions, while non-obligate interactions are typi-
cally weaker and more transient.  

The significant role of direct PPIs in diseases has received 
widespread recognition. However, the availability of drugs that 
effectively disrupt PPIs remains limited, highlighting the challeng-
es in transforming them into viable targets for drug discovery. PPIs 
involve both the globular protein and the peptide chain at their 
interface. Understanding the secondary structural features, such 
as α-helices and β-strands, within the peptide chain is crucial for 
designing inhibitors that can mimic and displace these peptides.

[3]
 

The energetics and kinetics of the interactions are essential for 
comprehending the underlying principles of PPIs.

[4]
  

Structural studies of PPIs are commonly supported by X-ray 
crystallography and nuclear magnetic resonance (NMR) spectros-
copy. Bioinformatic approaches also contribute to the detection of 
PPIs. Additionally, there are other techniques for investigating 
PPIs, such as surface plasmon resonance, microscale thermo-
phoresis, and electrophoretic mobility shift assay, among others. 
However, these techniques have their limitations as they do not 
consider the spatiotemporal anisotropy of PPIs. They typically 
evaluate the strength of PPIs based on bulk concentration, which 
may not accurately reflect the anisotropy of structures, making it 
less reliable for drug discovery.

[5]
 Previous research has shown the 

presence of mechanical anisotropy in protein stabilities, both at 
the structural and single-molecule level.

[6]
 PPI anisotropy may be 

influenced by mechanostability, which is determined by hydrogen 
bonds and interactions facilitated by membrane elastic defor-
mations. Conventional techniques do not provide insights into PPI 
anisotropy subjected to the mechanical forces encountered in 
cellular environments.

[7]
 

Unlike conventional methods mentioned earlier, single-mol-
ecule mechanical techniques, such as atomic force microscopy 
(AFM), optical tweezers, or magnetic tweezers, are powerful tools 
for elucidating the mechanical details of PPIs under forces, offer-
ing a unique approach in drug discovery research.

[8]
 These tech-

niques enable the manipulation of individual molecules, particu-
larly large biological macromolecules, and real-time monitoring of 
their spatiotemporal responses under mechanical loads. They 
offer insights into complex molecular events such as drug target-
ing, molecular interactions, and conformational changes, enabling 
the dynamic analysis of molecular mechanisms at the single-mol-
ecule level.

[9]
 

Typically, single-molecule manipulation strategies involve the 
placement of affinity tags at both ends of the biological macro-
molecule, for example, at the 3’ and 5’ ends of nucleic acids or the 
N and C termini of proteins.

[7a,10]
 These tags allow for the applica-

tion of forces on both ends of the molecule via affinity interac-
tions, allowing the investigation of single-molecule dynamics of 
nucleic acids, proteins, and their target drugs.

[9b,11]
 However, the-

se single-molecule mechanical strategies use only one manipula-
tion geometry, which corresponds to the backbone of the biolog-
ical macromolecule, such as the phosphate backbone of nucleic 
acids or the peptide bond backbone of proteins. Due to the limi-
tation of manipulation geometry, single-molecule techniques are 
particularly suitable for manipulating one molecule. To investigate 
interactions between two molecules, a common strategy is to 
manipulate one molecule while allowing the other molecule to 
freely diffuse in the reaction solution. To simultaneously manipu-
late two molecules, the current strategy makes the two molecules 

in a serial arrangement, such as engineering two interacting pro-
teins into a fusion protein with a flexible linker as an isolating 
sequence.

[12]
 However, this fusion protein strategy, which applies 

forces to the beginning and ending amino acids, cannot mechani-
cally probe the PPI anisotropy at any desired amino acid positions. 
Recently, our lab, along with others, has developed a strategy that 
employs a DNA force circuit for detecting PPIs, directly revealing 
the interaction forces and residence times for PPI-targeted drug 
discovery.

[13]
 Furthermore, the force circuit strategy incorporates 

the genetic code expansion method,
[14]

 enabling us to select vir-
tually any amino acids for mechanical manipulations. This break-
through allows us to study PPI anisotropy with precise control 
over the molecular geometry.  

In this study, we provide a detailed demonstration of the DNA 
force circuit. One path is dedicated to detecting protein interac-
tions, while the other maintains the single-molecule experimental 
architecture. We used this DNA force circuit to investigate the 
interactions between the SET domain of MLL1 protein and the tail 
of histone H3. To construct the DNA force circuit, we employed 
click chemistry conjugation methods to create DNA branching 
points and genetic code expansion techniques to insert highly 
reactive unnatural amino acids into the protein. This approach 
enabled the orthogonal conjugation between proteins and nucleic 
acids, assisting the construction of the DNA force circuit. With the 
use of atomic force microscopy, we optimized the preparation and 
assembly procedures of the single-molecule DNA force circuit. The 
DNA force circuit serves as a unique single-molecule platform for 
studying PPI anisotropy. 

Results and Discussion 

PPI anisotropy in MLL1 SET-H3 complex revealed by MD sim-
ulation 

In this study, we used molecular dynamics (MD) simulations 
to investigate the spatiotemporal anisotropy in protein-protein 
interactions (PPIs) between MLL1 SET and the tail of histone 3 
(Figure 1). The initial coordinates of the MLL1 SET-H3 complex for 
the MD simulation were obtained from the Protein Data Bank 
(PDB) entry 2W5Z and set up using GROMACS software (Figure 
1A).

[15]
 The MD system consisted of 160 000 atoms and was set at 

pH 7.4 with 100 mmol·L
‒1

 NaCl, along with water molecules. Prior 
to the pulling process, the system's energy was minimized until 
the force dropped below 1000 (kJ/mol)/nm. To initiate the pulling 
process, harmonic restraints with a spring constant of 500 
(kJ/mol)/nm

2
 were applied to the α-C atoms of H3 peptide. Spe-

cifically, the α-C atoms of residues 2-THR, 4-GLN, 5-THR, and 
8-TYR were chosen as the force pulling points, and a constant 
force of 200 (kJ/mol)/nm was exerted on these atoms (Figure 1B). 
The pulling simulation was conducted with a time step of 2 fs.  

Our findings indicate that the dissociation time of the H3 pep-
tide from the MLL1 SET binding pocket is significantly influenced 
by the direction of the applied forces and the pulling sites on the 
substrate peptide. As a result, dissociation times of 5.33 ns, 2.20 
ns, 3.30 ns, and 3.27 ns were observed for residues 2-THR, 4-GLN, 
5-THR, and 8-TYR, respectively. Additionally, upon applying the 
pulling forces, the centers of mass of the eight amino acids exhib-
ited distinct detaching trajectories and showed significant struc-
tural changes in the complex (Figures 1C—F). Snapshots during 
the process of pulling the α-C atom of residue 4-GLN in H3 
demonstrate a typical detaching trajectory (Figure S1). Our MD 
results provide insights into the anisotropy (directional depend-
ence) of the PPI dissociation process and reveal the specific re-
sponse of amino acids to external forces during the pulling simu-
lation.  

Our previous work has shown that single-molecule manipula-
tion tools are unique in investigating PPI anisotropy. Specifically, 
we have developed a DNA force circuit strategy that utilizes the 
genetic code expansion method to selectively choose amino acids 
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for precise mechanical manipulations based on desired molecular 
geometry. It is crucial to optimize the preparation process of the 
DNA force circuit, which will allow for more efficient and accurate 
investigation of PPI anisotropy. 

 
Figure 1  Anisotropy of PPI dissociation revealed by molecular dynamics 

pulling simulation. (A) Initial structure of the MLL1 SET-Histone 3 complex 

for the pulling process, illustrating the H3 substrate peptide from the 

N-terminus (right) to the C-terminus (left), arranged as follows: ARG (ice 

blue) - THR (mauve) - LYS (cyan) - GLN (orange) - THR (mauve) - ALA (blue) 

- ARG (ice blue) - TYR (green). The side view of the complex is derived 

from PDB entry 2W5Z. (B) Top view of the initial structure of the pulling 

process, illustrating the directions of applied forces (indicated by arrows), 

the pulling sites at the amino acids of H3 (α-C atom of residues 2-THR, 

4-GLN, 5-THR, and 8-TYR), and the average dissociation times in four dif-

ferent directions. (C—F) Upon applying a force of 200 (kJ/mol)/nm to the 

α-C atom of residues 2-THR (C), 4-GLN (D), 5-THR (E), and 8-TYR (F), the 

trajectories of the centers of mass of the eight amino acids are depicted 

(Every ten frames, take a point, and then connect each point in sequence.), 

along with the structural evolution of the H3 peptide at three different 

time points (partial data).  

Branched DNA handles used in the DNA force circuit for sin-
gle-molecule PPI assays 

The construction of branched DNA handles used in the single- 
molecule DNA force circuit consists of affinity modification com-
ponents and branching components. Affinity modifications come 
from the digoxigenin- and biotin-modified PCR primers (Figure 2A). 
The branching components in the DNA for DNA force circuit re-
quire bioconjugate chemistry of which we employed copper-cata-
lyzed azide-alkyne cycloaddition (CuAAC) to create branching 
points. Alkyne and azide oligos were used to generate branched 
primers, which were then utilized to prepare affinity handles with 
branching points. The affinity handles were further connected to 
conventional PCR-prepared linker, DNA handle L. In the DNA force 
circuit, we also used CuAAC to synthesize the H and S branch pri-
mers, where H stands for histone and S for SET. The digoxigenin 
handle carries the H branching point for anchoring the tail of his-
tone 3, while the biotin handle carries the S branching point for 

anchoring the SET domain of MLL1 protein. 
Considering the kinetic theory of local equilibrium, the reac-

tion rate of this click chemistry reaction is influenced by various 
factors, such as the source of copper ions, ligand, reducing agent, 
temperature, substrate molar ratio, shaking, and ambient gas.

[16]
 

Previously, we have tested reaction conditions such as the source 
of copper ions, ligand, and reducing agent.

[13a]
 We specifically 

investigated the substrate molar ratio, shaking, ambient gas, 
temperature, and reaction time (Figures 2B—C). The optimized 
reaction conditions consist of a substrate molar ratio of 2 : 1, a 
temperature of 30 °C, nitrogen gas purged, and shaking at 40 
r/min for 4 h (Figure 2B, lane 9; Figure 2C, lane 7), as revealed by 
gel quantification (Figure S2). The reaction efficiency currently 
allows for the almost complete consumption of one of the two 
substrates. 

We next purified the three DNA fragments, DNA handle L, bi-
otin handle with the S branching point, and digoxigenin handle 
with the H branching point (Figure 2D). The final ligation efficien-
cy of DNA handles, calculated based on the substrate, is approxi-
mately 20%—30% (Figure 2E). The molecular morphology of the 
final DNA handle was characterized using atomic force microsco-
py (AFM). The nucleic acid molecules exhibited equal lengths (647 
± 55 nm, n = 48), consistent with the theoretically expected 
lengths (Figure 2F and Figure S3). 

Bioconjugation between the SET domain of MLL1 protein and 
DNA 

We expressed and purified the MLL1 SET protein in E. coli. 
Subsequently, we used the genetic code expansion technique to 
introduce an unnatural amino acid, 4-azido-L-phenylalanine (AzF), 
at the N-terminus of the MLL1 SET protein for protein-DNA con-
jugation.

[17]
 The gene sequence of the target protein MLL1 SET 

was inserted into the pET-28a vector, regulated by a lactose-con-
trolled operator, and required IPTG activation for expression, with 
the unnatural amino acid encoded by the amber codon UAG. 
Previously, our lab used the plasmid pEVOL-AzF to express the 
tRNA and aminoacyl-tRNA synthetase (aaRS) required for the 
genetic code expansion.

[13a,18]
 The plasmid pEVOL-AzF contains an 

arabinose-controlled operator, enabling efficient expression of 
the tRNA and aaRS to translate the amber codon into the unnat-
ural amino acid.

[19]
 However, there has been a problem of low 

expression efficiency using the plasmid pEVOL-AzF. To improve 
the expression level, glycerol and DMSO were supplemented in 
the culture medium.

[13a]
 The typical expression conditions previ-

ously used were LB medium, cultivation temperature of 37 °C, 
induction temperature of 25 °C, IPTG of 0.2 mmol/L, arabinose of 
0.2%, supplemented with 10 μmol/L ZnCl2, and addition of 5% 
glycerol or 5% DMSO. In order to further investigate the effects of 
glycerol and DMSO on bacterial expression, we here optimized 
the conditions and found that under conditions where only zinc 
ions were supplemented, the protein was not expressed, and the 
various combinations of glycerol and DMSO in the culture medi-
um did not significantly improve the expression level of the pro-
tein (Figure S4A). 

We also expressed the tRNA and aaRS using another plasmid, 
pEVOLCNF-RS.

[20]
 After co-transformation of pEVOLCNF-RS and 

the MLL1 AzF-SET plasmid, we cultured bacteria in 2xYT medium 
supplemented with 20 μg/mL chloramphenicol and 25 μg/mL 
kanamycin. To investigate the effect of the operator in the pro-
tein expression conditions, we also increased the arabinose dose 
from 0.02% to 0.2% and decreased the IPTG dose from 1 mmol/L 
to 0.2 mmol/L. Nevertheless, we found that neither glycerol nor 
DMSO is necessary for the expression of the MLL1 AzF-SET using 
the plasmid pEVOLCNF-RS (Figure S4B).  

We further carefully examined the conditions for the expres-
sion of MLL1 AzF-SET using the plasmid pEVOLCNF-RS. Under the 
condition without any additives at 25 °C, MLL1 AzF-SET was not 
expressed (Figure S5A, lane 1). With the addition of IPTG and   
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Figure 2  Optimization of the preparation procedure of branched DNA handles. (A) Flowchart illustrating the preparation procedure of branched DNA 

handles. (B) Optimization of CuAAC conditions for branched primer H. (C) Optimization of CuAAC conditions for branched primer S. Reaction conditions 

are as follows: Lane 1: 4 h reaction without shaking, molar ratio of azide to alkyne primers = 1, 30 °C, not nitrogen purged. Lane 2: 4 h reaction without 

shaking, molar ratio of azide to alkyne primers = 1, 40 °C, not nitrogen purged. Lane 3: 1 h reaction without shaking, molar ratio of azide to alkyne pri-

mers = 2, 37 °C, not nitrogen purged. Lane 4: 1 h reaction without shaking, molar ratio of azide to alkyne primers = 2, 37 °C, nitrogen purged. Lane 5: 4 h 

reaction without shaking, molar ratio of azide to alkyne primers = 2, 80 °C, not nitrogen purged. Lane 6: 4 h reaction without shaking, molar ratio of azide 

to alkyne primers = 2, 30 °C, nitrogen purged. Lane 7: 4 h reaction shaking at 40 r/min, molar ratio of azide to alkyne primers = 2, 30 °C, nitrogen purged. 

(D) Purified DNA handles H, L, and S. (E) Final ligation of the DNA handles. (F) AFM imaging of the final DNA handles. 

arabinose, but without providing the unnatural amino acid AzF, 
the protein was not expressed. This indicates that the BL21(DE3) 
bacterial expression system co-transformed with two plasmids 
has a reliable background control. After supplementing 1 mmol/L 
IPTG, 0.02% arabinose, and 1 mmol/L AzF to the culture, the tar-
get protein MLL1 AzF-SET was expressed significantly (Figure S5A, 
lane 3). According to our previous experience, 5% glycerol should 
be supplemented to increase the concentration of the unnatural 
amino acid AzF inside the bacterial cells, but there was no signifi-
cant expression of the target protein MLL1 AzFSET in BL21(DE3) 
bacteria (Figure S5A, lane 4). When 5% DMSO was substituted for 
glycerol, the expression level of MLL1 AzF-SET in BL21(DE3) bacte-
ria was slightly lower compared to the condition without DMSO 
reagent (Figure S5A, lane 5). Under the condition of supplement-
ing 5% glycerol and 5% DMSO, MLL1 AzF-SET showed weak ex-
pression (Figure S5A, lane 6). 

In short, glycerol or DMSO is not necessary to increase the 
concentration of the unnatural amino acid AzF inside the bacterial 
cells which has been argued previously.

[13a]
 BL21(DE3) bacteria 

can efficiently incorporate AzF without the supplement. The arab-
inose dose required for regulation by the plasmid pEVOLCNF-RS is 
relatively low compared to the arabinose induction dose used 
previous in literature.

[13a]
 A dose of 0.02% is sufficient to induce 

the expression of the tRNA and aaRS required for the genetic 
code expansion. In addition, 1 mmol/L IPTG is higher than the 
previously used dose of 0.2 mmol/L.

[13a]
 Based on the above re-

sults, we found the optimized expression conditions as follows: 

2xYT medium, culture temperature of 37 °C, induction tempera-
ture of 25 °C, IPTG of 1 mmol/L, arabinose of 0.02%, supple-
mented with 10 μmol/L ZnCl2, and no need for the addition of 
glycerol or DMSO. We subsequently expressed and purified the 
MLL1 AzFSET protein in BL21(DE3) bacteria (Figure S5B). 

We chose the strain-promoted azide-alkyne cycloaddition 
(SPAAC) reaction, which does not require copper, for protein-DNA 
conjugation.

[21]
 When proteins are coupled to nucleic acids using 

SPAAC click chemistry, we used DNA primers modified with diben-
zocyclooctyne (DBCO) (Figure 3A). The MLL1 SET protein carrying 
AzF was prepared as above. Through SPAAC reaction with a  

 

Figure 3  Protein-DNA bioconjugation. (A) Schematic representation of 

protein-DNA bioconjugation using SPAAC. (B) Bioconjugation of SET and 

DNA. (C) Bioconjugation of H3 tail and DNA. 
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DBCO-modified S primer, the protein-DNA conjugate migrated 
noticeably lower than the protein band in SDS-PAGE gels (Figure 
3B). Using the same click chemistry strategy, the H3 tail peptide 
was conjugated with a DBCO primer, and after non-denaturing 
PAGE electrophoresis and nucleic acid staining, a noticeable up-
ward shifted band could also be observed (Figure 3C). Based on 
the guidelines for DNA and protein elution and recovery methods 
described in the literature,

[22]
 we ran the DNA-protein conjugates 

on a non-denaturing PAGE gel, excised the target bands, and 
eluted them by electrophoresis. The products were then subject-
ed to dialysis or concentration using an ultrafiltration or 
PEG20000 dialysis tube, and the protein-DNA conjugates were 
collected. 

Assembly of the DNA force circuit for PPI 

The DNA force circuit for probing MLL1 SET-H3 PPIs in sin-
gle-molecule assays was assembled through DNA base pairing 
(Figure 4A). To evaluate the assembly efficiency and the occur-
rence of high molecular weight byproducts, we performed AFM 
morphological analysis. To suppress the occurrence of high mo-
lecular weight byproducts, we explored the mixing ratios and 
concentrations of DNA templates, splint oligos, and protein-DNA 
bioconjugates. The AFM imaging in liquid demonstrated excellent 
dispersity of the constructed PPI structures, with minimal occur-
rence of high molecular weight byproducts, and revealed suc-
cessful overall assembly of the PPI structures, with the target 
proteins assembled at the expected positions (Figure 4B).  

 

Figure 4  Assembly and characterization of the DNA force circuit. (A) 

Schematic representation of the assembly of the DNA force circuit. (B) 

AFM images of the DNA force circuit. The right panel is a zoomed-in view 

of the circled region in the left panel. Arrows indicate the bioconjugated 

protein on DNA (left) and the α conformation formed by the DNA force 

circuit through protein-protein interactions (right). 

The MLL1 SET protein consists of 185 amino acids and has a 
molecular weight of 21.47 kDa. The folded SET protein adopts a 
spherical shape with a diameter of a few nanometers. The DNA 
double helix has a diameter of 2 nm. These basic data of the mol-
ecules provided essential references for our AFM morphological 
analysis. We observed that the DNA strands exhibited a height of 
approximately 1.5 nm and appeared copper-colored, while the 
protein regions appeared white and exhibited a greater height 
compared to DNA. The SET protein, prepared using the expanded 
genetic code technology, was conjugated to the nucleic acid 
through orthogonally clickable chemistry. The alkyne-modified 
position on the nucleic acid was located at approximately 1/5 
position on one end of the DNA handle. Based on the protein size 
and the location of nucleic acid conjugation, we concluded that 
the MLL1 SET protein successfully assembled onto the DNA tem-

plates. The assembly position of the H3 peptide on the DNA han-
dle is approximately located at 3/5 position. Therefore, by inter-
acting with the H3 peptide, the MLL1 SET protein causes a con-
formational change of the DNA handle, resembling an alpha letter 
(Figure 4B). Following the overall assembly, the PPI structures 
were phosphorylated using T4 PNK kinase and ligated using T4 
DNA ligase before being used in single-molecule manipulation 
experiments. 

Single-molecule signals of PPI by the DNA force circuit 

The interaction between MLL1 SET and histone H3 tail within 
the DNA force circuit was probed using single-molecule magnetic 
tweezers (Figure 5A). The glass substrate of the sample chamber 
was coated with anti-digoxigenin antibodies, which served as 
anchors for the digoxigenin end of the DNA force circuit. The bio-
tin end of the circuit was immobilized onto magnetic beads con-
jugated with streptavidin. Consequently, one end of the circuit 
was fixed on the glass substrate, while the other was attached to 
the surface of the magnetic beads. This allowed us to apply me-
chanical loads to the DNA force circuit. 

 
Figure 5  Single-molecule manipulations of the DNA force circuit for 

detecting MLL1 SET-H3 tail PPIs. (A) Schematic representation of the ex-

perimental setup using single-molecule magnetic tweezers and the DNA 

force circuit. The inset shows a representative force-extension trace. (B) 

Five force-extension traces reveal rupture events of PPIs in force ramp 

assays. (C) Representative extension trace demonstrating the duration of 

a PPI under a constant force in force jump assays. 

To investigate the mechanical properties of the MLL1 SET-H3 
interaction, we performed force ramp assays on the DNA force 
circuit in the range of 0—30 pN. We first allowed the MLL1 SET 
and H3 tail to interact under zero mechanical load and then in-
creased the mechanical load at a rate of 0.5 pN/s. Once the me-
chanical load reached 30 pN, we unloaded the force back to 0 pN 
at a rate of ‒0.5 pN/s. After a few minutes, we repeated the sin-
gle-molecule force ramp procedure. We observed that mechani-
cal loads could disrupt the PPI between MLL1 SET and histone H3 
tail (Figure 5B). The position of the magnetic beads was continu-
ously monitored by the magnetic tweezers to measure the length 
of the DNA force circuit. The length of the DNA force circuit in-
creased as the mechanical load intensified in accordance with 
theoretical predictions.

[23]
 The DNA handle L in the parallel circuit 

was longer than the PPI path, indicating that the PPI path bore 
the primary mechanical load. When the mechanical load exceed-
ed the strength of the MLL1 SET-H3 interaction, the PPI ruptured, 
resulting in a sudden leap in the position of the magnetic beads or 
a sudden extension of the DNA force circuit in the force extension 
curve. At the same time, DNA handle L experienced a force from 
zero to the current mechanical load upon PPI ruptured. 

Single-molecule force spectroscopy experiments allowed us to 
investigate the PPIs between MLL1 SET and histone H3 tail over a 

 16147065, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cjoc.202300723 by N

ankai U
niversity, W

iley O
nline L

ibrary on [23/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 
Chin. J. Chem. 2024, 42, 1456—1464 ©  2024 SIOC, CAS, Shanghai, & WILEY-VCH GmbH www.cjc.wiley-vch.de 1461 

 Exploring Protein-Protein Interactions at the Single-Molecule Level Chin. J. Chem. 

wide range of mechanical forces. Moreover, by rapidly changing 
the mechanical load, we could examine the local non-equilibrium 
kinetics of the PPIs in force jump assays (Figure 5C). At zero or 
extremely low mechanical loads, we allowed a certain time for 
the MLL1 SET protein and histone H3 tail to undergo PPIs. Then, 
we abruptly increased the mechanical load to a high level. At this 
moment, we started timing the duration for which the PPI be-
tween MLL1 SET and histone H3 tail endured the mechanical load 
until the PPI ruptured, thereby obtaining the dissociation time of 
the PPI at a constant force.  

Discussion 

Epigenetic modifications, including methylation, acetylation, 
phosphorylation, among others, have been shown to influence 
the PPIs of transcription factors, thus regulating gene 
expression.

[24]
 The mixed-lineage leukemia protein MLL1 plays an 

essential role in the top-level control of transcription and is the 
first member of the KMT2 family identified.

[25]
 The MLL1 protein 

contains several drug-targeting domains of great interest, includ-
ing CXXC, PHDs, Bromo domain, and SET.

[26]
 Of particular im-

portance is the SET domain, which houses the catalytic center 
responsible for MLL1-mediated methylation of histone proteins, 
rendering it a significant target for epigenetic drug discovery en-
deavors.

[15a,27]
 

The formation of a complex involving the SET domain of MLL1, 
the cofactor, and a histone H3 peptide is well-established. Tradi-
tional approaches based on biochemical and molecular biology 
techniques have yielded ensemble-averaged parameters charac-
terizing this complex. To further examine the interaction dynam-
ics, we implemented a novel experimental approach using mag-
netic tweezers and AFM to measure the forces and durations of 
the PPIs of MLL1 SET with its H3 substrate at the single-molecule 
level. Previously, we have demonstrated a parallel DNA circuit to 
explore the organization of telomeric DNA at the single-molecule 
level, discovering that single-stranded overhangs at telomeric 
ends can form triplex structures through unfolding events with 
upstream double-stranded DNA.

[28]
 Additionally, this single-mol-

ecule DNA force circuit can also be employed to study nucleic acid 
drugs targeting the HIV genome, evaluating the mechanical sta-
bility and specificity of drug-nucleic acid interactions. Moreover, 
we used the DNA force circuit to investigate the PPIs between the 
PHD3-Bromo domain of MLL1 and its histone substrate.

[13a]
 

To further improve the DNA force circuit, we optimized its 
construction using click chemistry and genetic code expansion 
techniques. Click chemistry offers high biocompatibility and speci-
ficity for biological conjugation, making it an invaluable tool in our 
research. Genetic code expansion technology, on the other hand, 
allows for the introduction of unnatural amino acids into proteins, 
providing enhanced biocompatibility and biological orthogonality 
while enabling site-specific and stoichiometric control over con-
jugation reactions.

[29]
 Through atomic force microscopy morphol-

ogy analysis, we were able to evaluate the critical steps in the 
development of methods during the preparation and assembly of 
PPI structures. After optimizing the preparation and assembly 
procedure of single-molecule PPI structures in this study, the 
efficiency of bioconjugate reactions has been improved, as well as 
the efficiency of protein engineering using expanded genetic 
codes to introduce unnatural amino acids.  

Utilizing DNA as a scaffold for probing PPIs offers two main 
advantages. Firstly, DNA modules with clickable nucleotides pro-
vide flexibility by enabling a wide range of manipulation geome-
tries on PPIs. This is accomplished through the incorporation of 
unnatural amino acids into the two proteins of interest, which 
allows for the achievement of numerous mechanical manipula-
tion geometries via bioconjugation between protein and DNA 
using click chemistry. Secondly, DNA modules are scalable in size, 
enabling convenient adjustment of the DNA length to accommo-
date variable designs of the PPI construct. We have designed an 

additional circuit preparation flowchart of a PPI construct using 
longer DNAs and included its AFM characterization of the DNA 
scaffold (Figure S6), demonstrating the versatility and adaptability 
of the DNA scaffold. 

Conclusions 

The single-molecule mechanical PPI method developed in this 
study not only expands the toolbox for studying PPIs but also 
offers a novel experimental approach for elucidating the enzy-
matic mechanisms of epigenetic drug targets. We anticipate that 
our single-molecule mechanical method is not limited to the field 
of PPIs but also holds potential applicability in the broader field of 
drug discovery. 

Experimental 

Other than expressly noted, we have purchased all chemicals 
from Sigma-Aldrich and enzymes from New England Biolabs. 

MD simulation 

The all-atom dynamics simulation of the pulling process was 
performed using the GROMACS-2022.4 software package.

[15b]
 We 

obtained the initial structure of the simulation system, force field 
parameters (CHARMM36m force field

[15c]
), using the CHARMM- 

GUI web server.
[15d]

 The initial coordinates of MLL1 and the sub-
strate were obtained from the PDB entry 2W5Z. In the initial 
structure of the simulation system, water was modeled using the 
TIP3P model. Protonation of MLL1 and its substrate (pH 7.4) was 
performed, and 100 mmol/L NaCl was added to neutralize the 
system's charge. The entire system consisted of approximately 
160 000 atoms. To calculate electrostatic interactions, the particle 
mesh Ewald method was employed, while electrostatic and van 
der Waals interactions were truncated at a length of 12 Å. The 
LINCS algorithm was used to constrain bonds involving hydrogen 
atoms. 

For simulating the pulling of the substrate in different direc-
tions, first, the system energy was minimized using the steepest 
descent algorithm until the force reached less than 1000 
(kJ/mol)/nm. Next, a NVT equilibration was carried out for 125 ps 
using the Velocity-rescale thermostat at 294.15 K with a time step 
of 1 fs. To facilitate the pulling process, harmonic position re-
straints were applied to the α-C atoms of the H3 peptide with a 
spring constant of 500 (kJ/mol)/nm

2
. Specifically, the α-C atoms of 

2-THR, 4-GLN, 5-THR, and 8-TYR were selected as the force appli-
cation points, with a constant force of 200 (kJ/mol)/nm applied. 
Upon determining the pulling parameters, the system underwent 
a pulling simulation in the NPT ensemble with a time step of 2 fs 
using the Velocity-rescale thermostat and Berendsen isotropic 
barostat. 

Expression and purification of MLL1 AzF-SET 

From professor Ming Lei (Shanghai Jiao Tong University), we 
obtained the sequence of MLL1 SET (Table S1).

[25d]
 To introduce 

site-specific mutagenesis in the MLL1 SET domain, we utilized a 
Hieff Mut™ kit (Cat#: 11003ES10, Yeasen Biotech, China) to mu-
tate the codon of the targeted amino acid to an amber stop co-
don (TAG).  

For the expression and purification of the MLL1 AzF-SET do-
main, we initially transformed and induced cells, followed by cell 
lysis using an ultrasonic cell crusher (Scientz-IID, SCIENTZ, China) 
in a PBS buffer (pH 7.4). The cell lysate was then subjected to 
centrifugation, and the resulting supernatant was passed through 
a resin (Cat#: 17531806, Ni Sepharose 6 Fast Flow, GE Healthcare, 
USA) capable of binding 6xHis tags. Subsequently, extensive 
washing with 20 mmol/L imidazole was performed to remove 
nonspecifically bound proteins. 

To elute the MLL1 AzF-SET protein, an elution buffer contain-
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ing a linear gradient of imidazole (50—300 mmol/L) was used. 
The elution buffer was then exchanged to PBS using Amicon Ultra 
centrifugal filter units (Cat#: UFC903024, Millipore, USA). The 
protein was further purified by binding to a resin (Cat#: 17075601, 
GE) through GST tags, which were later cleaved using HRV 3C 
protease (Cat#: 88946, Thermo Fisher, USA). 

To confirm the successful expression and purification of the 
MLL1 AzF-SET protein, SDS-Polyacrylamide gel electrophoresis 
(PAGE) and Western blot analysis using an anti-6xHis tag antibody 
(Cat#: ab9108, Abcam, USA) were performed. The final purified 
product, MLL1 AzF-SET (300—500 μmol/L), was stored at ‒80 °C. 

Engineering the DNA force circuit 

The DNA force circuit was engineered using a CuAAC ap-
proach to create branched conjugates of DNA oligos. Commer-
cially available azide and alkyne modified DNA oligos from Sangon 
Biotech were used (Table S2). The CuAAC reaction was performed 
by mixing an alkyne-DNA oligo and an azide-DNA oligo in a 50 μL 
solution containing 10 mmol/L tris[(1-benzyl-1H-1,2,3-triazol-4- 
yl)methyl]amine (TBTA), 20 mmol/L sodium ascorbate, and 2.5 
mmol/L CuSO4. The reaction was quenched by adding 1 μL of 500 
mmol/L EDTA. The resulting branched conjugates of DNA oligos 
were separated and purified using denaturing urea PAGE with a 
0.5× TBE buffer. After ethanol precipitation, the branched primers 
were recovered and stored at ‒20 °C.  

To generate double-stranded DNA (dsDNA) handles for the 
PPI construct, branched primers were used in a PCR reaction with 
λ-DNA as templates. Biotin or digoxigenin modified paired pri-
mers were included in the PCR to produce biotin or digoxigenin 
handles. The DNA handles and the flexible linker were ligated 
using T4 DNA ligase at the restriction sites of BbvcI and BssSa I. 

Protein-DNA conjugation was achieved through copper-free 
click chemistry using SPAAC. The click reaction was initiated by 
mixing the DBCO oligo (General Biosystems, Inc.) and azide-modi-
fied MLL1 SET in PBS (pH 7.4). The conjugate was purified by elec-
troelution using a D-tube Dialyzer (MWCO = 3.5 kDa, Millipore) 
followed by buffer exchange using an Amicon filter (Millipore) 
before storing in PBS at ‒20 °C. A similar click reaction was per-
formed to prepare the conjugate of H3-DNA using DBCO-modified 
DNA oligo (General Biosystems, Inc.) and azide-modified 
H3K4me3 tail (Shanghai Top-Peptide Biotechnology, China) (Table 
S1). 

The assembly of the final PPI construct involved annealing the 
DNA handles and the protein-DNA conjugate by heating to 65 °C 
and gradual cooling to 4 °C. The nick at the branched DNA was 
ligated using T4 DNA ligase. The PPI construct was isolated 
through agarose gel electrophoresis, followed by gel cutting, 
electroelution, and Amicon filter-based buffer exchange. The final 
PPI construct of the DNA force circuit was stored in a buffer of 10 
mmol/L Tris (pH 8) with 100 mmol/L NaCl at ‒20 °C. 

AFM imaging 

The AFM instrument used in this study was the Multimode 8 
(MM8) manufactured by Bruker. Sample preparation for AFM 
imaging followed a procedure published in literature.

[30]
 Prior to 

AMF imaging, 100 μL of 100 mmol/L NiCl2, 20 mL of deposition 
buffer (containing 10 mmol/L HEPES adjusted with KOH, 10 
mmol/L MgCl2, and 25 mmol/L KCl), and 5 mL of imaging buffer 
(containing 10 mmol/L HEPES adjusted with KOH, 10 mmol/L NiCl2, 
and 25 mmol/L KCl) were freshly prepared. To prepare the mica 
surface, adhesive tape was used to peel it, ensuring its freshness. 
Then, 20 μL of 100 mmol/L NiCl2 was immediately pipetted onto 
the mica surface, followed by a 1-minute incubation. The mica 
surface was then rinsed with 50 mL of autoclaved MilliQ water, 
and excess water was carefully removed using tissue paper. Sub-
sequently, 20 μL of 0.5 ng/μL DNA was pipetted onto the mica 
surface. The DNA was initially rinsed with 1 mL of deposition 
buffer, followed by further rinsing with 8 mL of deposition buffer 
while tilting the mica from a flat to an inclined position. Finally, 

the mica surface was rinsed with 2 mL of imaging buffer, leaving a 
volume of 120 μL droplets on the surface for subsequent AFM 
imaging. 

For high XY resolution, a 2 nm tip, such as the ScanAsyst Flu-
id+ probe or the SNL-10 probe manufactured by Bruker, was 
recommended. The Amplitude setpoint was optimized to ensure 
that the trace and retrace curves closely matched each other. 
Additionally, adjustments were made to the Integral gain and 
Proportional gain parameters to achieve a close alignment of the 
trace and retrace curves without any oscillations. Gradually in-
creasing the scanning range from 10 nm was done to determine 
the appropriate scan size, accompanied by a decrease in scan rate 
as the scanning range increased. Image analysis was carried out 
using NanoScope software and FiberApp.

[31]
 

Single-molecule manipulations using magnetic tweezers 

We employed custom-made magnetic tweezers,
[9b,11a,28]

 con-
sisting of a microscopy system, motor-controlling magnets, and a 
flow cell connected to a pump. Single-molecule experiments were 
conducted using a microsphere-DNA-coverslip setup within a 
microfluidic chamber. Typically, we mixed 0.1 ng of PPI construct 
with 10 μL of streptavidin-coated microspheres (Cat#: 65305, 
M270, Invitrogen, USA) in 40 μL of PBS buffer (pH 7.4) or Tris 
buffer (pH 8.0, 10 mmol/L Tris, 100 mmol/L NaCl). The coverslip 
was coated with a 0.1% g/mL nitrocellulose matrix, and subse-
quently passivated with BSA (5 mg/mL) overnight. The PPI con-
struct was immobilized between the coverslip surface and micro-
spheres. Single-molecule manipulation assays were performed at 
a sampling rate of 200 Hz, using a PBS buffer (pH 7.4) or Tris buff-
er (pH 8.0) supplemented with 10 μmol/L ZnCl2 and 0.00315% 
Tween 20. Data analysis was conducted using Matlab 2022a 
(MathWorks, USA), unless otherwise stated explicitly. 

Supporting Information 

The supporting information for this article is available on the 
WWW under https://doi.org/10.1002/cjoc.202300723. 
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