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Fig. 4 |Measuring the labeling radius of BioIlD and TurbolD by dsDNA-
nanorulers. a, Representative qPCR curves for quantifying labeling efficiencies
of BiolD and TurbolD to amines with different distances spaced by dsDNA.

b, Biotinylation yield-distance plot of BiolD. Data are presented as the mean
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values +s.e.m. (n =3 biological replicates for each group). ¢, Biotinylation yield—
distance plot of TurbolD. 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.

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 Fe'¥ heme
complex attheactive center of APEX2, which is substantially faster than
arelay oxidation from aheme-sensitized phenoxy radical. The resulting
phenoxyl radical would then engage in diradical recombination with
the biotin-phenoxyl radicals present in the solution*, 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
clickchemistry were further optimized (Supplementary Figs. 3and 11),
giving a shorter effective linker than in the origami. Such tuning in
linkers matched exactly with the differenceinlabeling radius (6-7 nm
ondsDNA 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 anewly unveiled strong contact labeling within 10 nm.

Measuring the distance of BiolD and TurbolD using

dsDNA ruler

We further used the DNA nanoruler to investigate the labeling distance
and mechanism of BiolD and TurbolD, both of which are engineered
enzymes derived from the biotin ligase BirA. Previous studies have
shown that BiolD can label proteins within a distance of 10 nmin cells**°.
Therefore, we chose the fine ruler of dsDNA system functioning within
11 nm to measure the labeling distance of these two enzymes.

TurbolD can modify the lysine residues of proteins and aliphatic
primary amines on oligonucleotides*. Therefore, we adapted the
dsDNA scaffold from the previous setup, replacing phenol groups with
amino groups to mimic lysine residues and substituted APEX2 with
BiolD or TurbolD (Supplementary Fig. 15). The conjugation of BiolD and
TurbolD tossDNAwas confirmed by SDS-PAGE (Supplementary Fig. 16).
The reaction buffer was changed to sodium tetraborate buffer (0.1M
Na,B,0, 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).

Inthe BiolD-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 BiolD 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.
Inthe TurbolD-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 backgroundlevels
(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 TurbolD has a higher labeling efficiency than
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Fig. 5| Enzymatic parameters of TurbolD. a, Chemical equation of association
and dissociation of TurbolD with biotin-5-AMP. b, Dependence of the sum of the
apparent rates (1/7,and 1/7,) of the two kinetic phases on ligand concentration for
TurbolD, where 7, and 7, are the relaxation times for the first and second kinetic
phases*, respectively (Methods). Data are presented as the mean values +s.e.m.
(n=3biological replicates for each group). ¢, Dissociation of the complexes of
TurbolD bound to biotin-5-AMP measured by stopped-flow fluorescence.

d, Kinetic and thermodynamic parameters of biotin-5’-AMP binding to TurbolD,
BirA and BiolD.

BiolD". Interestingly, the labeling efficiency dropped substantially
at 7 nmin both the BiolD-dsDNA system and the TurbolD-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 BiolD and TurbolD
functions through a contact-dependent mechanism instead of the
diffusion of active biotin-5’-AMP; at 6 nm, BiolD and TurbolD 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 TurbolD supports a contact labeling
mechanism

It was previously suggested that biotin-5’-AMP is first generated by
TurbolD 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 TurbolD, we measured
its affinity with biotin-5’-AMP. Following an established protocol*,
we chemically synthesized biotin-5"-AMP (Supplementary Fig. 20)
and determined its association and dissociation rate constants with
BiolD and TurbolD using stopped-flow spectroscopy (Fig. 5a-c and
Supplementary Fig. 21). The association between TurbolD and biotin-
5-AMP was as fast as that between BirA and BiolD (Fig. 5d). Surprisingly,
the dissociation kinetics (k) of BiolD and TurbolD were relatively
closetoeach other. Consequently, the dissociation constant K, for the
BiolD-biotin-5"-AMP complex was measured to be 1.6 x 10 M (Fig. 5d
and Supplementary Figs. 21 and 22), whereas TurbolD-biotin-5"-AMP
exhibited a K, of 4.0 x 10 M (Fig. 5d). The measured K, values of

TurbolD-biotin-5’-AMP and BiolD-biotin-5-AMP were comparable to
thatreported for BirA-R118G in a previous study*’. Upon the generation
ofbiotin-5’-AMP inthe pockets of BiolD and TurbolD, the lifetime of the
complex was on the order of 10 s before the dissociation.

Although TurbolD was devised with drastically higher labeling
efficiency than BiolD, the underlying mechanism was elusive. One
speculation fromthe original TurbolD paper was that it offers faster
dissociation with biotin-5-AMP". However, our data, showcasing that
TurbolD was only marginally more prone to biotin-5’-AMP release
than BiolD, contradicted this speculation. Looking at the distance
profile, BiolD and TurbolD gave consistent labeling preference of
reachable amines, suggesting that most of the labeling reactions
between biotin-5"-AMP and amines happened within the BiolD or
TurbolD pocket thanks to the relatively long dissociation lifetime
(-10 s). Overall, the enzymology of TurbolD 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 BiolD and TurbolD 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. TurbolD 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 minutes*’, which would confer BiolD and TurbolD with along-range
proximity labeling method if they function through diffusive labe-
ling mechanism (Supplementary Fig. 23). However, multiple stud-
ies have suggested that BiolD and TurbolD function within 10 nm
(refs.1,20). The working model proposed in this work, where BiolD and
TurbolD function through the direct labeling of adjacent amines with
the BiolD-biotin-5"-AMP or TurbolD-biotin-5"-AMP complex, reconciles
with previous data showing that BiolD and TurbolD labeling happens
predominantly within 10 nm. Notably, the contact-based labeling
mechanism proposed for BiolD and TurbolD 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 aradius of 270 nm. Overall, this work adds to the few
approaches to measuring the distance parameter of proximity labe-
ling. Theinvitro labeling patterns herein unveil previously uncharted
mechanistic insights that reconcile the existing evidence obtained
using different approaches.
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Fig. 6 | Proposed labeling profile of APEX2 and TurbolD, whose distinctive
mechanisms give rise to different spatial preference. a, APEX2 involves
acombination of contact and diffusive labeling. In parallel to the widely
appreciated phenol radical-mediated diffusive labeling, the proximity-induced
oxidation of adjacent phenols directly from the heme is favored, giving strong
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contact labeling that has been largely neglected in previous mechanistic studies.
b, BiolD and TurbolD function primarily through contact-dependent labeling,
where the generated biotin-5’-AMP is mainly consumed by adjacent amino
groups frominteracting proteins before release from the pocket, giving little
diffusive labeling at distal proteins. POI, protein of interest.

Fromtheview 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 patternsin the 1-100-nm window*5*.
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 freshinsightsinto detecting complex reactionintermediates.
While earlier studies relied on AFM to image single-molecule reactions
on DNA origami platforms*?¢, 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 voids®, U-shaped DNA
origami®' or DNA origami clamps**—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.
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Methods

Construction of plasmids

For cloning, PCR fragments of HaloTag-APEX2, HaloTag-BiolD,
HaloTag-TurbolD, BiolD and TurbolD with a 6xHis 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-BiolD, HaloTag-TurbolD, BiolD and TurbolD con-
structs. Then, these cells were cultured in 500 ml of LB medium
containing 100 pg ml™ 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 wereincubated at 16 °C for 20 h. The cellswere
harvested by centrifugationat 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 mMimidazole, followed by one with20 mMimidazole. The
recombinant protein was eluted using an elution buffer (50 mM Tris,
300 mMNaCland 200 mMimidazole, pH7.5). 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 °Cfor further use.

Preparation of staple strands modified with phenol group

The amino-modified ssDNA was ordered from Sangon Biotech and
dissolvedin 0.1 MNa,B,0,pH8.5toaconcentration of 100 uM. 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
sodiumacetate (pH5.2) 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 °Cbefore use.

Preparation and purification of DNA origami

Therectangular DNA origami sequence was based ona previous study™.
The staple strands were purchased from Sangon Biotech. M13mp18
scaffold strand was produced in-house according to previous work®**,
A 50-pl 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-Mg?" buffer (40 mM Tris-acetic acid pH
8.0,2 mMEDTA and 12.5 mM MgCl,). The solution was annealed using
the following program: 95 °C for 15 min, then cooled to 20 °C at arate
of 1°C min™. The assembled origami was purified with PEG-8000 to
remove the excess staple strand*. Specifically, an equal volume (50 pl)
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
for10 min and centrifuged at 5,000g for 20 min. The supernatant was
gently discarded and the pellet was resuspended in 50 pul of TAE-Mg?*
buffer. The above process was repeated twice; the pellet was resus-
pended in 50 pl of TAE-Mg?* 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 NH,-HaloTag ligand (CAS:
1035373-85-3) were mixed in DMSO ataratio of 1:10 and reacted at room
temperature for 30 min. Then, ssDNA-azide (poly-LGT-N,) was added
to the mixture. A solution (50 pl) containing ssDNA-azide (100 pM),
alkynyl-NHS (1 mM), NH,-HaloTag ligand (10 mM), THPTA (2 mM),
CuSO, (1mM) and sodium ascorbate (5 mM) was reacted at room tem-
peraturefor1hat1,000 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 pM) and APEX2-
HaloTag (50 uM) were mixed and reacted at room temperature for
1h. 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 a10-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 AKTA Pure chromatography system and
eluted using gradient of buffer B (50 mM Tris and 1 M NacCl, 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 a100-kDa ultrafiltration
tube by centrifugingit five times at 4,000g for 10 mineach. Finally, the
buffer was exchanged with a reaction buffer (PBS and 12.5 mM MgCl,)
using an AKTA Pure chromatography system and the sample was stored
at—20 °Cbefore performing subsequent reactions.

AFMimaging

For topographic AFMimaging under liquid conditions, a15 pl of 0.5 nM
sample was deposited onto a freshly cleaved mica surface for 1 min
followed by adding 1.5 pl of 100 mM NiCl, onto the micafor 30 s. Silicon
nitride probe (ScanAsyst-Fluid+, Bruker) with a tip radius of 2nmand
anominal spring constant of 0.7 N m™ was typically used. Imaging
was performed at room temperature in peak force tapping mode on
BioScope Resolve AFM (Bruker) with a resolution of 256 x 256 pixels
atascanrate 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, version1.8).

Verification of qPCR specificity

To verify the specificity of primer A for aspecific dsSDNA 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 pM biotin-phenol and 1 mM hydrogen per-
oxide were added to the prepared APEX2-origamisample and allowed
toreact for 30 minatroom 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 precipitation®®. The pellet
was resuspended in 20 pl of TAE-Mg?* buffer (40 mM Tris-acetic acid
pH8.0,2 mM EDTA and 12.5 mM MgCl,).
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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 instep 1, 2 pl of primer F-5.2, 1 ul of Deep Vent DNA
polymerase (New England Biolabs, M0259) and 5 pl of 10x buffer were
added, with water added to reach a total volume of 50 pl. 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 pl) was combined with 200 pl of binding buffer,
loaded onto a column (in DNA cleanup kit) and centrifuged for 1 min
at13,000 rpmtocollect thefiltrate. Then, 50 pl of water and 600 pl 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
columnwas washed twice with wash buffer and finally eluted with 20 pl
of ultrapure water.

DNA extension (step 3). We first optimize the condition of staple
extension. The functional staple strands were mixed and 2 pl of
TL141-AA (10 pM) and 40 pl of 2x Phanta Max (Vazyme, P520-01) were
added to the mixture. The mixture was then extended for1 minateach
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
a10% PAGE gel.

Tothe purifiedsampleinstep 2,2 pl of TL141-AA (10 uM) and 40 pl
of 2x 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 pl of ultrapure water, recorded as Input.

DNA enrichment (step 4). Streptavidin beads were blocked with a
blocking buffer (1 ug pl™ random DNA and 1 pg pl™ BSA) for 2 h. Then,
0.6 pl of blocked streptavidin beads and 14.4 pl of 2x loading buffer
(100 mMTrispH7.5,1MNaCl,10 mMEDTA and 0.2% v/v Tween-20) were
added to15 ploftheinput 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 pl of elution buffer (95%
v/vformamide, 10 mM EDTA and 1.5 mM biotin, pH 8.0) and incubated
at95°Cfor10 min. The supernatant was purified using a DNA cleanup
kitand 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
eachstaple 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 £ was calculated.

Ig(N) = —Ctx Igd+E)+C 3)

Preparation and purification of scaffold strands-HaloTag-
APEX2, scaffold strands-HaloTag-TurbolD and scaffold
strands-HaloTag-BiolD

Scaffold strands modified with 3’-amino and 5’-amino groups were
ordered from Sangon Biotech, dissolved in 0.1 M Na,B,0, 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.

HaloTagligand conjugation with scaffold strands was performed
using a click reaction. A solution (50 pl) containing alkynyl-modified
scaffold strands (100 uM), 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 uM) were mixed with APEX2-HaloTag (50 pM), TurbolD-HaloTag
(50 uM) or BiolD-HaloTag (50 uM) 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 TurbolD and BiolD labeling in dsDNA system
The amino-modified staple strands were mixed with three equiva-
lents of either scaffold strands-HaloTag-TurbolD or scaffold strands-
HaloTag-BiolD. The mixture was incubated at room temperature for
30 min, after which the buffer was replaced with 0.1 M Na,B,0, pH 8.5
and 12.5 mM Mg”* using a desalting column in the AKTA 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 hand 18 h. The reaction was quenched with 10 mM
Tris-HCI, followed by the addition of 300 pl of formamide to denature
the dsDNA into ssDNA. Subsequently, the mixture was purified usinga
DNA cleanup kit and eluted with 20 pl of ultrapure water.

Next, 2 pl of TL141-AA (10 uM) and 40 pl of 2x Phanta max were
added to the purified sample and extended at 50 °C for 1 min. Then,
200 pl of lysis buffer (PBS and 300 mM NaCl) was added and scaffold
strands-HaloTag-TurbolD or scaffold strands-HaloTag-BiolD were
removed using a Ni-NTA column, with the filtrate collected. Thefiltrate
was purified with a DNA cleanup kit and eluted with 20 pl 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

NH,
N
e ¢<T )
NH OH N =
HN H + N
H ““\MO o (0] .
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HO™ on OH
Biotin AMP
NH,
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Biotin-5'-AMP

Biotin (24.4 mg, 0.10 mmol, 1.0 eq) and AMP (38.2 mg, 0.11 mmol,
1.1eq) weredissolvedin 0.4 mlofasolution containing pyridineand D,O
inal:3ratioat 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 lig-
uid chromatography (LC)-MS (4.6 mm x 150 mm, 3-pm C18 column;
2-plinjection; 5-100% CH;CN/H,O0, linear gradient, with constant
0.1% v/v formic acid additive; 6.5-min run; 0.4 ml min™ 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™; detection wavelength, 254 nm;
eluent A, double-distilled H20 containing 0.1% trifluoroacetic acid
(v/v); eluent B, acetonitrile; column, Orienda Prep C18 column, FLA-
2015-5-120A-BP,120 A, 5 1m, 20 x 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 C,,H,,N,0,PS*, 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 study*.
In detail, the excitation wavelength was set at 280 nm for all measure-
ments and fluorescence emission was monitored above 340 nmusing
a cutoff filter. For association of biotin-5’-AMP and TurbolD or BiolD,
TurbolD or BiolD instandard buffer (10 mM Tris-HCI pH 7.5,200 mMKCI
and 2.5 mMMgCl,) and asolution 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 TurbolD or BiolD was 1 pM and the concentrations of biotin-5-AMP
were varied from 5 pM to 15 pM to satisfy pseudo-first-order conditions.
Stopped-flow fluorescence traces obtained are well described by the
following double exponential equation (3), where Fis the measured
fluorescenceintensity and A,and 7,and A,and 7, are the amplitudes and
relaxation times for the first and second kinetic phases, respectively.
We obtained 7, and 7, at different concentrations of biotin-5"-AMP
accordingto equation (4). We then calculated the dissociation constant
k, using equation (5).

F:Alexp<t><l)+A2exp<txl>+C 4)
T 15}

L1 klligand] + kg +ky + ko ©)
71 (%)

For dissociation of biotin-5"-AMP and TurbolD or BiolD, preformed
complexes of TurbolD-biotin-5’-AMP or BiolD-biotin-5’-AMP in stand-
ard buffer wererapidly mixed withasolution containing 100 pM biotin
inal:1ratio. The subsequenttime-dependent decreasein fluorescence
was then measured. The resulting kinetic traces were analyzed using
asingle-exponential model (equation (6)) and equation (7) to obtain
unimolecular dissociation constants K.

F=Aexp(§)+C (6)

1
Kott = 7 ()]

Finally, we calculated K}, using equation (8).

k
Kp = —f 8
b= (8)
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in the manuscript, pose a threat to:

Yes

[ ] Public health

[] National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents




Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A
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ChlP-seq

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

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

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and

lot number.

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

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

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

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

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

Methodology
Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Instrument Identify the instrument used for data collection, specifying make and model number.
Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a

community repository, provide accession details.




Cell population abundance

Gating strategy

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design
Design type

Design specifications

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

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

Behavioral performance measures  State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal

Volume censoring

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

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

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

D Not used

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

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

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

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

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

Statistical modeling & inference

Model type and settings

Effect(s) tested

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

Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether

ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based [ ] Both

Statistic type for inference

(See Eklund et al. 2016)

Correction

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

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

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

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

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

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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