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Supplementary Fig. 14c). Therefore, we attributed the enhanced labe-
ling efficiency at 5.5–11 nm in the origami system and 6–7 nm in the 
dsDNA system to the direct oxidation of phenol with the FeIV heme 
complex at the active center of APEX2, which is substantially faster than 
a relay oxidation from a heme-sensitized phenoxy radical. The resulting 
phenoxyl radical would then engage in diradical recombination with 
the biotin-phenoxyl radicals present in the solution40, finishing the 
biotin labeling. Notably, while the APEX2–HaloTag protein remained 
the same, in the dsDNA system, the redundant triple T linkers in the 
origami system were removed (Fig. 3e) and the chemical linkers for 
click chemistry were further optimized (Supplementary Figs. 3 and 11),  
giving a shorter effective linker than in the origami. Such tuning in 
linkers matched exactly with the difference in labeling radius (6–7 nm 
on dsDNA versus 5–11 nm on origami), further supporting the contact 
mechanism. In summary, our findings inferred that APEX2 exhibits 
a dual labeling mechanism, featuring both a previously appreciated 
diffusive labeling process that covers the distal phenols within 500 nm 
and a newly unveiled strong contact labeling within 10 nm.

Measuring the distance of BioID and TurboID using  
dsDNA ruler
We further used the DNA nanoruler to investigate the labeling distance 
and mechanism of BioID and TurboID, both of which are engineered 
enzymes derived from the biotin ligase BirA. Previous studies have 
shown that BioID can label proteins within a distance of 10 nm in cells5,20. 
Therefore, we chose the fine ruler of dsDNA system functioning within 
11 nm to measure the labeling distance of these two enzymes.

TurboID can modify the lysine residues of proteins and aliphatic 
primary amines on oligonucleotides41. Therefore, we adapted the 
dsDNA scaffold from the previous setup, replacing phenol groups with 
amino groups to mimic lysine residues and substituted APEX2 with 
BioID or TurboID (Supplementary Fig. 15). The conjugation of BioID and 
TurboID to ssDNA was confirmed by SDS–PAGE (Supplementary Fig. 16). 
The reaction buffer was changed to sodium tetraborate buffer (0.1 M 
Na2B4O7, pH 8.5) to deprotonate and enhance the reactivity of the amino 
groups. Proximity labeling was initiated by the addition of biotin and 
ATP. After the labeling reaction, Tris (10 mM) was added to terminate 
the reaction and the labeling efficiency was assessed using qPCR fol-
lowing the same workflow (Supplementary Fig. 12).

In the BioID–dsDNA system, there is a highest labeling efficiency 
of ~0.1 % at 6 nm after an 18-h reaction (Fig. 4a,b), with undetecta-
ble labeling at shorter times (Supplementary Fig. 17). The pulldown 
background, which indicated the nonspecific absorption of unla-
beled DNA by streptavidin beads, was only ~0.028% ± 0.001%. The 
intermolecular labeling of BioID to another amino-ssDNA (2 nM in 
solution) was even less (~0.010% ± 0.004%). The labeling efficiency 
at 6 nm was much higher than the pulldown background while the 
labeling at other distances was comparable to intermolecular labeling. 
In the TurboID–dsDNA system, we observed a high labeling efficiency 
within 6 nm after a reaction time of 0.5 h. However, the labeling effi-
ciency dropped sharply beyond 6 nm, approaching background levels 
(Fig. 4a,c). Similar results were observed for extended labeling times 
(Supplementary Fig. 18). These results are consistent with the previ-
ous studies showing that TurboID has a higher labeling efficiency than 
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Fig. 4 | Measuring the labeling radius of BioID and TurboID by dsDNA-
nanorulers. a, Representative qPCR curves for quantifying labeling efficiencies 
of BioID and TurboID to amines with different distances spaced by dsDNA. 
b, Biotinylation yield–distance plot of BioID. Data are presented as the mean 

values ± s.e.m. (n = 3 biological replicates for each group). c, Biotinylation yield–
distance plot of TurboID. Data are presented as the mean values ± s.e.m. (n = 3 
biological replicates for each group). Pink areas represent the intermolecular 
labeling background and green areas represent the pulldown background.
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BioID17. Interestingly, the labeling efficiency dropped substantially 
at 7 nm in both the BioID–dsDNA system and the TurboID–dsDNA 
system, which deviates from the previous perceived labeling mecha-
nism. Moreover, labeling within 6 nm was paradoxically less efficient 
than at 6 nm. We speculate that the labeling of BioID and TurboID 
functions through a contact-dependent mechanism instead of the 
diffusion of active biotin-5′-AMP; at 6 nm, BioID and TurboID holding 
the biotin-5′-AMP could physically reach the amino group with optimal 
geometry (Supplementary Fig. 19a), resulting in a highest labeling 
efficiency. Labeling within 6 nm was sterically unfavored, whereas 
labeling beyond 6 nm was out of range, resulting in negligible labeling 
(Supplementary Fig. 19b).

Enzymology of TurboID supports a contact labeling 
mechanism
It was previously suggested that biotin-5′-AMP is first generated by 
TurboID using ATP and biotin as precursors, followed by the release 
of biotin-5′-AMP, which labels distal amines. Our data from the DNA 
ruler, however, suggested a strong preference for contact labeling. 
To further understand the labeling profile of TurboID, we measured 
its affinity with biotin-5′-AMP. Following an established protocol42, 
we chemically synthesized biotin-5′-AMP (Supplementary Fig. 20) 
and determined its association and dissociation rate constants with 
BioID and TurboID using stopped-flow spectroscopy (Fig. 5a–c and 
Supplementary Fig. 21). The association between TurboID and biotin-
5′-AMP was as fast as that between BirA and BioID (Fig. 5d). Surprisingly, 
the dissociation kinetics (koff) of BioID and TurboID were relatively 
close to each other. Consequently, the dissociation constant KD for the 
BioID·biotin-5′-AMP complex was measured to be 1.6 × 10−8 M (Fig. 5d 
and Supplementary Figs. 21 and 22), whereas TurboID·biotin-5′-AMP 
exhibited a KD of 4.0 × 10−8 M (Fig. 5d). The measured KD values of 

TurboID·biotin-5′-AMP and BioID·biotin-5′-AMP were comparable to 
that reported for BirA-R118G in a previous study42. Upon the generation 
of biotin-5′-AMP in the pockets of BioID and TurboID, the lifetime of the 
complex was on the order of 10 s before the dissociation.

Although TurboID was devised with drastically higher labeling 
efficiency than BioID, the underlying mechanism was elusive. One 
speculation from the original TurboID paper was that it offers faster 
dissociation with biotin-5′-AMP17. However, our data, showcasing that 
TurboID was only marginally more prone to biotin-5′-AMP release 
than BioID, contradicted this speculation. Looking at the distance 
profile, BioID and TurboID gave consistent labeling preference of 
reachable amines, suggesting that most of the labeling reactions 
between biotin-5′-AMP and amines happened within the BioID or 
TurboID pocket thanks to the relatively long dissociation lifetime 
(~10 s). Overall, the enzymology of TurboID revealed a tight bind-
ing with biotin-5′-AMP, supporting the contact labeling mechanism 
unveiled with DNA rulers.

Discussion
In this study, we developed a DNA nanostructure-based platform to 
precisely control the distance between enzymes and labeling targets, 
allowing the reconstruction of proximity labeling systems in vitro. 
This design allows for precise spatial control and ensures that all reac-
tive groups are presented in a uniform and reproducible chemical  
environment—an experimental condition that is difficult to achieve 
on native proteins. By using qPCR to measure the relative labeling 
efficiency at different distances, we elucidated new aspects of the 
proximity labeling mechanism that challenges the current paradigm. 
Our results suggest that APEX2 labeling involves both contact and 
noncontact mechanisms (Fig. 6a), whereas BioID and TurboID labeling 
is primarily through a contact-based mechanism within the reach of 
ligase (Fig. 6b). Such universal contact-based labeling is substantiated 
with solid evidence using DNA rulers. From a proteomics perspective, 
our findings provide practical guide into selecting appropriate proxi
mity labeling methods and insights for data interpretation. TurboID is 
recommended for more accurate identification of interacting proteins 
because of its strict contact-dependent labeling, whereas APEX2 is 
better suited for longer-distance labeling.

Mechanistically, this work addresses several long-standing con-
troversies. Firstly, the half-life of biotin-5′-AMP at neutral pH should 
be minutes43, which would confer BioID and TurboID with a long-range 
proximity labeling method if they function through diffusive labe-
ling mechanism (Supplementary Fig. 23). However, multiple stud-
ies have suggested that BioID and TurboID function within 10 nm  
(refs. 1,20). The working model proposed in this work, where BioID and 
TurboID function through the direct labeling of adjacent amines with 
the BioID·biotin-5′-AMP or TurboID·biotin-5′-AMP complex, reconciles 
with previous data showing that BioID and TurboID labeling happens 
predominantly within 10 nm. Notably, the contact-based labeling 
mechanism proposed for BioID and TurboID in this study resembles the 
endogenous ‘spray-like’ post-translational modification mechanisms 
observed with writer enzymes such as p300/CBP and PARP1 (ref. 44). 
This similarity suggests that contact-dependent enzymatic modifica-
tions may be a broadly used and functionally essential mechanism 
in biological systems. Secondly, for APEX and peroxidase labeling, 
while electron microscopy suggested a labeling resolution of ~20 nm  
(refs. 6,18) and STED microscopy gave a labeling radius of ~270 nm 
(ref. 21), our data provide a unified model. The heavy signal within 
20 nm can be attributed to the direct contact sensitization from heme, 
where the diffusive labeling of phenol radical gives a small portion of 
distal signal with a radius of ~270 nm. Overall, this work adds to the few 
approaches to measuring the distance parameter of proximity labe-
ling. The in vitro labeling patterns herein unveil previously uncharted 
mechanistic insights that reconcile the existing evidence obtained 
using different approaches.
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Fig. 5 | Enzymatic parameters of TurboID. a, Chemical equation of association 
and dissociation of TurboID with biotin-5′-AMP. b, Dependence of the sum of the 
apparent rates (1/τ1 and 1/τ2) of the two kinetic phases on ligand concentration for 
TurboID, where τ1 and τ2 are the relaxation times for the first and second kinetic 
phases42, respectively (Methods). Data are presented as the mean values ± s.e.m. 
(n = 3 biological replicates for each group). c, Dissociation of the complexes of 
TurboID bound to biotin-5′-AMP measured by stopped-flow fluorescence.  
d, Kinetic and thermodynamic parameters of biotin-5′-AMP binding to TurboID, 
BirA and BioID.
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From the view of chemical tools, the nanoruler platform we estab-
lished through DNA nanostructures proved versatile for measuring the 
diffusion of active molecules at the nanoscale. Complementing the 
fluorescence resonance energy transfer dynamic ranges of 1–10 nm  
(ref. 45) and super-resolution imaging that offers precise measure-
ments at >20 nm (refs. 46,47), this study exemplifies the power of DNA 
rulers for profiling microscopical patterns in the 1–100-nm window48,49. 
Notably, this work integrates a qPCR-based DNA quantification scheme 
with the DNA origami platform, capitalizing on the precise address-
ability of DNA origami structures. This work opens new avenues for 
investigating biochemical reactions within microenvironments and 
provides fresh insights into detecting complex reaction intermediates. 
While earlier studies relied on AFM to image single-molecule reactions 
on DNA origami platforms25,26, we advocate to introduce detection 
methods from modern molecular biology such as qPCR with boosted 

sensitivity. Additionally, the use of DNA origami structures with inter-
nal cavities—such as rectangular origami with voids50, U-shaped DNA 
origami51 or DNA origami clamps52—could enable physical separation 
of enzymes and labeling targets to eliminate potential ‘relay’ effects 
of the origami scaffold on intermediate diffusion. This represents an 
important future direction for optimization and refinement. Overall, 
we foresee a broad potential for DNA nanotechnology to serve as a 
robust quantitative tool in biochemical research.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41589-025-02086-w.
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Methods
Construction of plasmids
For cloning, PCR fragments of HaloTag–APEX2, HaloTag–BioID, 
HaloTag–TurboID, BioID and TurboID with a 6×His tag at the C termi-
nus were amplified using Phanta polymerase (Vazyme, P520-01). Then, 
the fragments were cloned into pET21a vectors by homemade Gibson 
assembly reagents.

Expression of recombinant proteins
Escherichia coli BL21 (DE3) cells were transformed with HaloTag–
APEX2, HaloTag–BioID, HaloTag–TurboID, BioID and TurboID con-
structs. Then, these cells were cultured in 500 ml of LB medium 
containing 100 μg ml−1 of ampicillin at 37 °C for 4 h. Once the optical 
density at 600 nm reached 0.5, as measured by a Tecan plate reader, 
protein expression was induced by the addition of 0.5 mM IPTG. Sub-
sequently, the cultures were incubated at 16 °C for 20 h. The cells were 
harvested by centrifugation at 5,000 rpm for 10 min. After resuspend-
ing in binding buffer (50 mM Tris and 300 mM NaCl, pH 7.5), the cells 
were lysed by sonication for 30 min. The lysate was then centrifuged at 
11,000g for 30 min at 4 °C to collect the supernatant, which was then 
incubated with a gravity column containing 2 ml of Ni-NTA agarose 
beads. Excess liquid was removed by gravity flow. The beads were 
then washed sequentially with wash buffers, first with a buffer con-
taining 10 mM imidazole, followed by one with 20 mM imidazole. The 
recombinant protein was eluted using an elution buffer (50 mM Tris, 
300 mM NaCl and 200 mM imidazole, pH 7.5). The purified protein was 
concentrated using a 10-kDa ultrafiltration tube and the buffer was 
exchanged for PBS. Finally, the proteins were aliquoted and stored at 
−80 °C for further use.

Preparation of staple strands modified with phenol group
The amino-modified ssDNA was ordered from Sangon Biotech and 
dissolved in 0.1 M Na2B4O7 pH 8.5 to a concentration of 100 µM. It was 
then mixed with 100 equivalents of phenol-NHS (CAS: 34071-95-9, 
dissolved in DMSO). The mixture was shaken at 1,000 rpm overnight 
at room temperature. The phenol-modified ssDNA was recovered 
using an ethanol precipitation method. Specifically, 0.1 volumes of 3 M 
sodium acetate (pH 5.2) was added to the reaction solution, followed 
by 2.5 volumes of anhydrous ethanol. The mixture was placed on ice 
for 30 min and subsequently centrifuged at 12,000 rpm for 30 min 
at 4 °C. The supernatant was carefully discarded and the pellet was 
washed twice with 70% ethanol. The tube cap was left open for 5 min 
to allow residual alcohol to evaporate. The pellet was resuspended 
in ultrapure water. Finally, the phenol-modified ssDNA was verified 
by MS (LTQ XL linear ion trap MS instrument, Thermo) and stored at 
−20 °C before use.

Preparation and purification of DNA origami
The rectangular DNA origami sequence was based on a previous study53. 
The staple strands were purchased from Sangon Biotech. M13mp18 
scaffold strand was produced in-house according to previous work54,55. 
A 50-μl solution was prepared, containing M13mp18 scaffold strand 
(10 nM), phenol-modified staple strands (200 nM), APEX2-anchoring 
strand (200 nM), internal reference strand (200 nM) and other staple 
strands (100 nM), all in a TAE-Mg2+ buffer (40 mM Tris–acetic acid pH 
8.0, 2 mM EDTA and 12.5 mM MgCl2). The solution was annealed using 
the following program: 95 °C for 15 min, then cooled to 20 °C at a rate 
of 1 °C min−1. The assembled origami was purified with PEG-8000 to 
remove the excess staple strand56. Specifically, an equal volume (50 μl) 
of precipitation buffer (15% PEG-8000 (w/v), 5 mM Tris pH 8.0, 1 mM 
EDTA and 505 mM NaCl) was added. The mixture was then placed at 4 °C 
for 10 min and centrifuged at 5,000g for 20 min. The supernatant was 
gently discarded and the pellet was resuspended in 50 µl of TAE-Mg2+ 
buffer. The above process was repeated twice; the pellet was resus-
pended in 50 µl of TAE-Mg2+ buffer and stored at −20 °C.

Preparation of APEX2–ssDNA
First, we prepared ssDNA conjugated with a HaloTag ligand. 
Alkynyl-NHS (CAS: 1858242-47-3) and NH2-HaloTag ligand (CAS: 
1035373-85-3) were mixed in DMSO at a ratio of 1:10 and reacted at room 
temperature for 30 min. Then, ssDNA-azide (poly-LGT-N3) was added 
to the mixture. A solution (50 μl) containing ssDNA-azide (100 µM), 
alkynyl-NHS (1 mM), NH2-HaloTag ligand (10 mM), THPTA (2 mM), 
CuSO4 (1 mM) and sodium ascorbate (5 mM) was reacted at room tem-
perature for 1 h at 1,000 rpm. Ethanol precipitation was then performed 
according to the previous method to prepare the ssDNA–HaloTag 
ligand. The conjugate was resuspended in PBS and stored at −20 °C.

Subsequently, ssDNA–HaloTag ligand (100 µM) and APEX2–
HaloTag (50 µM) were mixed and reacted at room temperature for 
1 h. The mixture was purified using a Ni-NTA column to remove unre-
acted ssDNA–HaloTag ligand, followed by ion-exchange chroma-
tography to separate out any unreacted proteins. For ion-exchange 
chromatography, the APEX2–ssDNA conjugate was concentrated 
using a 10-kDa ultrafiltration tube and the buffer was exchanged with 
buffer A (50 mM Tris pH 7.5). The mixture was then loaded onto an 
anion-exchange column in ӒKTA Pure chromatography system and 
eluted using gradient of buffer B (50 mM Tris and 1 M NaCl, pH 7.5), 
with the gradient increasing from 0% to 30% over 5 min, then 40% 
to 70% over 30 min and finally 70% to 100% over 5 min. The APEX2–
ssDNA conjugate product was concentrated and buffer-exchanged 
to PBS using a 10-kDa ultrafiltration tube. The conjugate was stored 
at −80 °C before use.

Assembly and purification of APEX2–origami
The APEX2–ssDNA conjugate was incubated with DNA origami at 
room temperature for 30 min, with the conjugate at a fivefold excess. 
Unbound APEX2–ssDNA was removed using a 100-kDa ultrafiltration 
tube by centrifuging it five times at 4,000g for 10 min each. Finally, the 
buffer was exchanged with a reaction buffer (PBS and 12.5 mM MgCl2) 
using an ӒKTA Pure chromatography system and the sample was stored 
at −20 °C before performing subsequent reactions.

AFM imaging
For topographic AFM imaging under liquid conditions, a 15 μl of 0.5 nM 
sample was deposited onto a freshly cleaved mica surface for 1 min  
followed by adding 1.5 μl of 100 mM NiCl2 onto the mica for 30 s. Silicon 
nitride probe (ScanAsyst-Fluid+, Bruker) with a tip radius of 2 nm and 
a nominal spring constant of 0.7 N m−1 was typically used. Imaging 
was performed at room temperature in peak force tapping mode on 
BioScope Resolve AFM (Bruker) with a resolution of 256 × 256 pixels 
at a scan rate of 0.5 Hz. A peak force amplitude of 25 nm was used and 
the force imparted on the sample during imaging was 80 pN. All AFM 
images were processed and analyzed with NanoScope Analysis software 
(Bruker, version 1.8).

Verification of qPCR specificity
To verify the specificity of primer A for a specific dsDNA A, all functional 
strands were mixed and recorded as sample 1. dsDNA A was removed 
from sample 1, creating sample 2. Both sample 1 and sample 2 were 
subjected to qPCR using P141 and specific primer A to observe the 
amplification and melting curves.

Workflow
Proximity labeling using APEX2–DNA origami system (step 1). To 
initiate the reaction, 500 µM biotin-phenol and 1 mM hydrogen per
oxide were added to the prepared APEX2–origami sample and allowed 
to react for 30 min at room temperature. The reaction was terminated 
by the addition of 10 mM Trolox and 10 mM sodium ascorbate. The 
mixture was then purified using PEG-8000 precipitation56. The pellet 
was resuspended in 20 µl of TAE-Mg2+ buffer (40 mM Tris–acetic acid 
pH 8.0, 2 mM EDTA and 12.5 mM MgCl2).
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Displacement and purification (step 2). The staple strand was sepa-
rated from the DNA origami by strand displacement. To the resus-
pended sample in step 1, 2 µl of primer F-5.2, 1 µl of Deep Vent DNA 
polymerase (New England Biolabs, M0259) and 5 µl of 10× buffer were 
added, with water added to reach a total volume of 50 µl. The reac-
tion proceeded at 72 °C for 1 h. The reaction sample was purified and 
separated using the DNA cleanup kit (New England Biolabs, T1030). 
Briefly, the mixture (50 µl) was combined with 200 µl of binding buffer, 
loaded onto a column (in DNA cleanup kit) and centrifuged for 1 min 
at 13,000 rpm to collect the filtrate. Then, 50 µl of water and 600 µl of 
anhydrous ethanol were added to the filtrate. The mixture was trans-
ferred to a new column and centrifuged for 1 min at 13,000 rpm. The 
column was washed twice with wash buffer and finally eluted with 20 µl 
of ultrapure water.

DNA extension (step 3). We first optimize the condition of staple 
extension. The functional staple strands were mixed and 2 µl of 
TL141-AA (10 µM) and 40 µl of 2× Phanta Max (Vazyme, P520-01) were 
added to the mixture. The mixture was then extended for 1 min at each 
of the following temperatures: 35 °C, 40 °C, 50 °C, 60 °C and 72 °C. 
The sample was then purified using a DNA cleanup kit and verified by 
a 10% PAGE gel.

To the purified sample in step 2, 2 µl of TL141-AA (10 µM) and 40 µl 
of 2× Phanta Max were added and then extended at 50 °C for 1 min.  
The mixture was purified using DNA cleanup kit and finally eluted with 
20 µl of ultrapure water, recorded as Input.

DNA enrichment (step 4). Streptavidin beads were blocked with a 
blocking buffer (1 μg μl−1 random DNA and 1 μg μl−1 BSA) for 2 h. Then, 
0.6 µl of blocked streptavidin beads and 14.4 µl of 2× loading buffer 
(100 mM Tris pH 7.5, 1 M NaCl, 10 mM EDTA and 0.2% v/v Tween-20) were 
added to 15 µl of the input sample and then the mixture was incubated 
at 1,000 rpm for 45 min. After removing the supernatant, the beads 
were washed three times with washing buffer (100 mM Tris pH 7.5, 
4 M sodium chloride, 10 mM EDTA and 0.2% v/v Tween-20) at room 
temperature, twice with washing buffer at 50 °C for 10 min and twice 
with PBS. The beads were resuspended in 20 µl of elution buffer (95% 
v/v formamide, 10 mM EDTA and 1.5 mM biotin, pH 8.0) and incubated 
at 95 °C for 10 min. The supernatant was purified using a DNA cleanup 
kit and recorded as enrich.

qPCR (step 5). Both the input and enrich samples were subjected to 
qPCR (instrument: CFX96, Bio-Rad) using primer P141 and specific 
primers with the Takara qPCR kit (RR820A). The Ct values of each  
staple and internal reference were recorded to calculate the relative 
labeling efficiency of each site using equation (1).

Determination and calculation of amplification efficiency of 
each staple strand
The Input sample was diluted with EASY Dilution (Takara, 9160); then, 
the diluted samples underwent qPCR with P141 and corresponding 
primers. The fitting curve of N and Ct values was drawn according to 
equation (3) and then the amplification efficiency E was calculated.

lg(N) = −Ct × lg(1 + E) + C (3)

Preparation and purification of scaffold strands–HaloTag–
APEX2, scaffold strands–HaloTag–TurboID and scaffold 
strands–HaloTag–BioID
Scaffold strands modified with 3′-amino and 5′-amino groups were 
ordered from Sangon Biotech, dissolved in 0.1 M Na2B4O7 pH 8.5 and 
mixed in equimolar amounts. To the mixture, 100 equivalents of 
alkynyl-NHS (CAS: 1858242-47-3, dissolved in DMSO) was added and 
reacted at room temperature overnight at 1,000 rpm. The modified 

scaffold strands were purified by ethanol precipitation as previously 
described, with the pellet resuspended in PBS and stored at −20 °C 
until needed.

HaloTag ligand conjugation with scaffold strands was performed 
using a click reaction. A solution (50 μl) containing alkynyl-modified 
scaffold strands (100 µM), azide-HaloTag ligand (CAS: 2568146-55-2, 
10 mM), THPTA (2 mM), CuSO4 (1 mM) and sodium ascorbate (5 mM) 
was reacted at room temperature for 1 h at 1,000 rpm. The mixture 
was purified by ethanol precipitation as previously described. The 
conjugate was resuspended in PBS and stored at −20 °C.

Subsequently, scaffold strands conjugated with the HaloTag ligand 
(100 µM) were mixed with APEX2–HaloTag (50 µM), TurboID–HaloTag 
(50 µM) or BioID–HaloTag (50 µM) and reacted at room tempera-
ture for 1 h. Unreacted ssDNA–HaloTag ligand was removed using a 
Ni-NTA column, followed by further purification of the sample using 
ion-exchange chromatography as previously described. The conjugates 
were stored at −80 °C until needed.

Measurement of TurboID and BioID labeling in dsDNA system
The amino-modified staple strands were mixed with three equiva-
lents of either scaffold strands–HaloTag–TurboID or scaffold strands–
HaloTag–BioID. The mixture was incubated at room temperature for 
30 min, after which the buffer was replaced with 0.1 M Na2B4O7 pH 8.5 
and 12.5 mM Mg2+ using a desalting column in the ӒKTA Pure chroma-
tography system. The final concentration of each amino-modified 
staple strand was 1 nM and the proximity labeling was initiated by 
adding 1 mM ATP and 1 mM biotin. The reaction was allowed to pro-
ceed for 30 min, 2 h and 18 h. The reaction was quenched with 10 mM 
Tris-HCl, followed by the addition of 300 µl of formamide to denature 
the dsDNA into ssDNA. Subsequently, the mixture was purified using a 
DNA cleanup kit and eluted with 20 µl of ultrapure water.

Next, 2 µl of TL141-AA (10 µM) and 40 µl of 2× Phanta max were 
added to the purified sample and extended at 50 °C for 1 min. Then, 
200 µl of lysis buffer (PBS and 300 mM NaCl) was added and scaffold 
strands–HaloTag–TurboID or scaffold strands–HaloTag–BioID were 
removed using a Ni-NTA column, with the filtrate collected. The filtrate 
was purified with a DNA cleanup kit and eluted with 20 µl of ultrapure 
water, recorded as input.

The pulldown and qPCR steps were the same as those used in the 
APEX2–origami system.

Synthesis of biotin-5′-AMP
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Biotin (24.4 mg, 0.10 mmol, 1.0 eq) and AMP (38.2 mg, 0.11 mmol, 
1.1 eq) were dissolved in 0.4 ml of a solution containing pyridine and D2O 
in a 1:3 ratio at 0 °C. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide 
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hydrochloride (76.7 mg, 0.40 mmol, 4.0 eq) was then added to the 
mixture. The mixture was stirred at 0 °C for 3 h until the reaction 
was complete. The progress of the reaction was monitored by liq-
uid chromatography (LC)–MS (4.6 mm × 150 mm, 3-µm C18 column; 
2-µl injection; 5–100% CH3CN/H2O, linear gradient, with constant 
0.1% v/v formic acid additive; 6.5-min run; 0.4 ml min−1 flow; electro-
spray ionization (ESI); positive ion mode; ultraviolet detection with 
Acquity photodiode array). The reaction mixture was then purified by 
high-performance LC (eluent, a 45-min linear gradient, from 10% to 
100% solvent B; flow rate, 10.0 ml min−1; detection wavelength, 254 nm; 
eluent A, double-distilled H2O containing 0.1% trifluoroacetic acid 
(v/v); eluent B, acetonitrile; column, Orienda Prep C18 column, FLA-
2015-5-120A-BP, 120 Å, 5 μm, 20 × 150 mm). Biotin-5′-AMP (0.14 mmol, 
69.8% yield) was finally obtained as a white solid upon freeze-drying. 
ESI-MS: m/z calculated for C20H29N7O9PS+, Biotin-5′-AMP (M + H)+ 
574.2, found 574.4.

Determination of dissociation constant and binding constant 
by stopped-flow spectroscopy
The rates of association and dissociation were measured by 
stopped-flow spectroscopy using an SX20 stopped-flow instrument 
(Applied Photophysics) following the methods of a previous study42. 
In detail, the excitation wavelength was set at 280 nm for all measure-
ments and fluorescence emission was monitored above 340 nm using 
a cutoff filter. For association of biotin-5′-AMP and TurboID or BioID, 
TurboID or BioID in standard buffer (10 mM Tris-HCl pH 7.5, 200 mM KCl 
and 2.5 mM MgCl2) and a solution containing biotin-5′-AMP were rapidly 
mixed at a 1:1 ratio. Subsequently, the time-dependent change in the 
intrinsic protein fluorescence was measured. The final concentration 
of TurboID or BioID was 1 µM and the concentrations of biotin-5′-AMP 
were varied from 5 µM to 15 µM to satisfy pseudo-first-order conditions. 
Stopped-flow fluorescence traces obtained are well described by the 
following double exponential equation (3), where F is the measured 
fluorescence intensity and A1 and τ1 and A2 and τ2 are the amplitudes and 
relaxation times for the first and second kinetic phases, respectively. 
We obtained τ1 and τ2 at different concentrations of biotin-5′-AMP 
according to equation (4). We then calculated the dissociation constant 
k1 using equation (5).

F = A1 exp (t ×
1
τ1
) + A2 exp (t ×

1
τ2
) + C (4)

1
τ1
+ 1
τ2

= k1[ligand] + k−1 + k2 + k−2 (5)

For dissociation of biotin-5′-AMP and TurboID or BioID, preformed 
complexes of TurboID·biotin-5′-AMP or BioID·biotin-5′-AMP in stand-
ard buffer were rapidly mixed with a solution containing 100 µM biotin 
in a 1:1 ratio. The subsequent time-dependent decrease in fluorescence 
was then measured. The resulting kinetic traces were analyzed using 
a single-exponential model (equation (6)) and equation (7) to obtain 
unimolecular dissociation constants koff.

F = A exp ( tτ ) + C (6)

koff =
1
τ (7)

Finally, we calculated KD using equation (8).

KD =
koff
k1

(8)

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

Data availability
Data associated with this study are presented in the article and its Sup-
plementary Information. Source data are provided with this paper.
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