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The surface landscapes of cells differ as a function of cell type and are frequently
altered in disease contexts' 3. Exploiting such differences is key to many therapeutic
strategies and is the basis for developing diagnostic and basic-science tools. State-of-
the-art strategies typically target single surface antigens, but each individual receptor

rarely defines the specific cell type**. The development of programmable molecular
systems that integrate multiple cell-surface features to convert on-target inputs to
user-defined outputsis therefore highly desirable. Here we describe an autonomous
decision-making device driven by proximity-gated protein trans-splicing that allows
local generation of an active protein from two otherwise inactive polypeptide
fragments. We show that this protein-actuator platform can perform convergent
proteinligation on designated cell surfaces, allowing highly selective generation of
active proteins, which can either remain physically associated with the cell surface
onwhich they were manufactured or be released into the surrounding milieu. Because
of itsintrinsic modularity and tunability, we demonstrate that the technology is
compatible with different types of input, targeting modality and functional output,
allowing for the localized interrogation or manipulation of cellular systems.

Cell-surface heterogeneity is exploited in nature as a central strategy for
discriminationin multicellular systems with the purpose of modulating
biological functions in time and space. Designing protein tools that
emulate this paradigm with new and highly selective stimulus-response
functions provides opportunities to study complex cell biochemistry
and to create sophisticated synthetic biology outputs. Current syn-
thetic systems use macromolecular targeting modalities, such as anti-
bodies, to selectively deliver activities that affect downstream cellular
function®’. Despite the notable successes of this strategy, it is limited
by the fact that single antigens rarely define cell or tissue types, and the
wrongful commitment of these agents can therefore complicate their
usein more complexsettings*®. Protein Boolean logic gates®® have been
implemented to define targeting more finely’®", whereby engineered
antibody-based platforms or synthetic protein switches use the concur-
rent binding of two or more targeting vectorsto recruit a third effector
modality ™. Although these are exciting developments, many effector
modalities (such as cytokines and enzymes) are highly active in ways
thatareindependent of any Boolean-based recruitment, and they will
therefore exertactivities unconstrained by target binding. It therefore
remains an outstanding challenge to turn on protein function in situ
from aninactive state in response to cell-surface cues. Developing a
system that allows for the local generation of effector proteins is one
way of achieving this goal. Fragmented proteins are often inactive
but their function can be gained by proximity-induced complemen-
tation or ligation™ V. Thus, a control strategy could be devised that
uses the identity of cell-surface antigens to recruit inactive precursor
polypeptides, which in proximity would template the reconstitution
of an effector molecule onatarget cell by in situ protein ligation. In this

scenario, activation of the desired protein function occurs only onthe
subset of target cells displaying the predefined antigen combination,
in essence making the effector activity stringently cell selective.

Conditional protein splicing (CPS) is an attractive strategy to con-
trol protein structure and function because it uses the autocatalytic
excision-ligation reaction of split inteins to synthesize functional
proteins on demand from precursor polypeptides' (Supplementary
Fig.2a,b). We previously engineered the conditional reactivity of the
ultra-efficient splitinteins Npu, gp41-1, gp41-8 and Nrd)-1 (ref. 18). This
was done by caging each splitintein fragment withatruncated segment
of the matching partner (Supplementary Fig. 2c), thereby strongly
inhibiting the initial fragment-fragment complexation required for
splicing. However, because each caged split-intein fragment exists in
anincomplete and therefore semi-frustrated structural state, the pair
will readily undergo a spontaneous intermolecular domain-swapping
event to produce the functional intein fold when colocalized" (Sup-
plementary Fig.2c). Any input thatinduces such colocalization canin
principle program this strategy, theoretically limited only by which
targeting vectors can be appended onto the caged split-intein fragment
pair.Importantly, CPS serves as abroadly applicable control strategy for
the on-demand generation of awide array of protein functions®, with
the caged split intein thereby functioning as an actuator of a rewired
stimulus-response relationship. We therefore proposed anapproach
thatuses the unique features of a cell-surface landscape to conditionally
templateinsitu protein trans-splicing, thereby achieving cell-selective
protein function.

Here, we develop aproteinactuator system called splicing-modulated
actuation upon recognition of targets (SMART), which discriminates
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Fig.1| A proteinactuator that computes Booleanlogic onlive-cell surfaces
using conditional protein splicing. a, Complementary caged splitintein
fragments (IntN°**¢ and IntC***) are fused to targeting vectors (anti-Ag, and
anti-Ag,) to different cell-surface antigens (Ag, and Ag,). Colocalization on
thecell surfaceleads to protein trans-splicing and generation of a functional
protein nested between anti-Ag, and anti-Ag,. The system works as an AND-
gated input-to-outputactuator. b, As afunctional output, SMART-SpyCatcher
was designed by splitting SpyCatcher003 at residues 73-74 and fusing the
fragments to IntN“#¢and IntC****. The reconstituted SpyCatcher003 binds
covalently to SpyTag003 through anisopeptide bond. c, Live-cellimaging of
individual K562 cell lines (wild type, HER2', EGFR" and HER2/EGFR") treated
with anti-HER2-SpyN and SpyC-anti-EGFR (100 nM each, 2 h) followed by
SpyTag003 labelled with Alexa Fluor 594 (SpyTag003-AF594,100 nM, 20 min).
Cellswere stained with Hoechst; HER2 and EGFR expression were visualized by

between various cell populations on the basis of their surface land-
scapes, such that cells with correct antigen combinations template
protein trans-splicing on their surface (Fig. 1a). We show that the sys-
tem is compatible with a wide variety of targeting modalities, from
antibody fragments to small molecules that drive the cell-selective
ligation of proteins. The localized activities of these proteins can be
used in applications as varied as gated-proximity labelling and the
induction of localized cellular signalling outputs.

Engineering a protein actuator

Although CPS can in principle generate any desired protein output,
we initially focused our efforts on designing a SMART protein that
would convert two antigen inputs presented on the same cell into a
unique protein recruitment dock. This would allow us to monitor and
characterize the protein design using fluorescence-based methods
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eGFP andiRFP, respectively. Scalebar,20 pm.d, Schematic of SMART-
SpyCatcher operating through [HER2 AND EGFR] logic on a mixed population of
the four K562 celllines. e, Flow cytometry analysis of the mixed K562 population
(combined at equalamounts) either treated with SpyTag003-AF594 alone (top)
or following treatment with SMART-SpyCatcher (bottom, [HER2 AND EGFR]
logic). The four celltypes were gated based on HER2-eGFP AND EGFR-iRFP
expressionand each cell typeis plotted as number of cells versus AF594 relative
fluorescence units (RFU); histograms are normalized to the mode. f, Dose-
response experiment on the mixed K562 population with a dilutionseries of
SMART-SpyCatcher (1pMto1nM) and excess SpyTag003-AF594 (100 nM).

Fold change in AF594 median fluorescence intensity (MFI) were calculated
relative tountreated cells. Datashownin panelsc,e,fare representative of three
independentexperiments. Allother dataare presented asmean £s.e.m.(n=3
independentbiological replicates).

and later deliver a broader arsenal of functionalities. To achieve this,
we concentrated on developing a SMART version of SpyCatcher003
(ref. 21), a protein superglue that spontaneously forms anisopeptide
bond with the 16-amino-acid peptide SpyTag003 (Fig. 1b).

We began by systematically screening multiple potential split sites
inSpyCatcher003 (designated SpyN and SpyC) for compatibility with
CPS (Extended Data Fig. 1a), initially using the caged Npu split intein
(NpuN*and NpuC**¢) in conjunction with the FKBP/rapamycin/FRB
three-hybrid system (Supplementary Fig.3 and Supplementary Table1).
Tosimulate cell-surface colocalization, we induced in-solution dimeri-
zation of SpyN-NpuN“¢*~FKBP and FRB-NpuC®&*-SpyC by adding
rapamycin (Extended Data Fig. 1b). Our screening process revealed
several pairs with the ability to fully recapitulate SpyCatcher003-
SpyTag003 reactivity after splicing (Extended Data Fig. 1c and Sup-
plementary Fig.4). We chose the SpyN'7>-SpyC”*' pair, because this
combination had minimal background reactivity with the peptide probe



before splicing, that is, spontaneous complementation was minimal
(Extended Data Fig. 1c). The Npu split intein contains four cysteinesin
itsstructure and leaves a cysteine substitutionin the spliced product.
Anticipating that these features could be deleterious to applicationsin
the oxidizing environment of the cell surface, we exchanged Npu“***for
a caged version of the NrdJ-1 split intein®, which leaves a serine at the
splicesite. Theresulting constructs SpyN-NrdJ-1IN“¢*~FKBP and FRB-
NrdJ-1C**¢*-SpyCyielded almost complete splicing when rapamycin was
added (Extended Data Fig. 1d), whereas no splicing or reactivity with
SpyTag003 was observed when the caged splitintein was inactivated
(Extended Data Fig. 1e). To enable further engineering of this system,
wegenerated afusion of NrdJ-1and solvedits structure at 1.95 A by X-ray
crystallography (Protein Data Bank (PDB): 8UBS; Extended DataFig. 1f,
Supplementary Fig. 5and Supplementary Table 2). Using this structural
information, we were able to design a fully active mutant of NrdJ-1°*¢
inwhich the non-catalytic Cys76 is replaced by a valine (Extended Data
Fig. 1f-j and Supplementary Fig. 6). We expected that this mutant
would be better suited to applications on the cell surface. We refer
hereafter to the individual components SpyN-NrdJ-IN(C76V)*¢ and
NrdJ-1C¢7*V-SpyC as SpyN and SpyC, respectively, and their sum
as SMART-SpyCatcher.

On-cell performance of SMART-SpyCatcher

Next, SMART-SpyCatcher was refitted for on-cell activation by remov-
ing both FKBP and FRB and installing DARPins®* targeting the two
model antigens HER2 and EGFR, thereby generating anti-HER2-SpyN
and SpyC-anti-EGFR (Supplementary Fig. 3 and Supplementary
Table 1). The ability of SMART-SpyCatcher to perform [HER2 AND
EGFR]logic was assessed on K562 leukaemia cells coexpressing HER2-
eGFP and EGFR-iRFP™, Treatment of these cells with anti-HER2-SpyN
and SpyC-anti-EGFR followed by a SpyTag003 Alexa Fluor 594 con-
jugate (SpyTag003-AF594) resulted in the expected fluorescence
signal, albeit a weak one, on the cell surface (Extended Data Fig. 2a);
using Npu*¢® as the actuator component also led to the expected
output (Supplementary Fig. 7). With the aim of improving the reac-
tion, we tested an enhanced version of NrdJ-1(C76V)“*¢ (referred to
as eNrdJ-1°¢) with re-engineered cages to improve the recruitment
of SpyTag003-AF594 (Supplementary Fig. 6). This strategy afforded
noticeably brighter AF594 fluorescence on the cell surface (Fig. 1cand
Extended Data Fig. 2a). We therefore continued to use this actuator
variant for all subsequent experiments unless otherwise stated. To
exclude in-solution or at-solution-surface interphase activation, we
also evaluated the activity of SMART-SpyCatcher on K562 cell lines
naive (wild type) or single positive for either HER2-eGFP or EGFR-
iRFP, all of which failed to elicit any response (Fig. 1c and Extended
Data Fig. 2b,c). We further tested the on-target/off-target specificity
of SMART-SpyCatcher when presented simultaneously with multi-
ple decisions, and applied a mixed-population flow cytometry assay
for quantification (Fig. 1d and Supplementary Figs. 8 and 9). When
incubated concurrently with equal amounts of the four cell lines in
amixture, SMART-SpyCatcher retained its target specificity (Fig. le,
Extended Data Fig. 2d and Supplementary Fig. 9), even over a broad
concentration range (nanomolar to micromolar), producing a sig-
moidal dose-response curve only for K562"ER2/ESFR* (Fig 1f), Further
experimental evidence supports a three-step mechanism of action:
first, anti-HER2-SpyN and SpyC-anti-EGFR bind to the target cell;
second, SpyCatcher003 is spliced, owing to colocalization; and third,
SpyCatcher003 reacts with SpyTag003. Blocking any of these steps
leadstoacompleteloss of the AF594 signal (Extended Data Fig. 3a-c).
Furthermore, although SMART-SpyCatcher worked under various
conditions (Extended DataFig. 3d) and was AND gated (Extended Data
Fig.3e), its decision-making ability was lost when the cages were omit-
ted fromNrdJ-1, instead inducing massive crosslinking between single-
and double-positive K562 cells (Extended Data Fig. 3f).

We also generated SpyN and SpyC constructs that target epithelial
cell adhesion molecule (EpCAM; Supplementary Fig. 3 and Supple-
mentary Table 1). When tested on mixed K562 cell lines expressing
eitherlowendogenous or high ectopiclevels of EpCAMin combination
with different profiles of HER2 and EGFR (Supplementary Figs. 9-11),
we found that SMART-SpyCatcher computed AND functions on cells
that fulfilled the assigned logic gates (Extended Data Fig. 4a). This
observation held true when SMART-SpyCatcher was evaluated on a
variety of cancer cell lines with endogenous levels of HER2, EGFR and
EpCAM (Extended Data Fig. 4b,c and Supplementary Tables 3 and 4).
Furthermore, we found that the responsiveness of SMART-SpyCatcher,
as measured by the magnitude of SpyTag003-AF594 recruitment,
was correlated with the quantity of the less-expressed antigen used
in each AND gate (Extended Data Fig. 4d). This implies that the
level of SMART actuation is predominantly dictated by the quanti-
ties of each target antigen. Finally, with multiple antigen inputs
available, we could also use SpyN-anti-Ag,/SpyN-anti-Ag,/SpyC-
anti-Ag,/SpyC-anti-Ag, in OR and SpyN-anti-Ag,/SpyC-anti-Ag,/
SpyC-anti-Ag, in AND/OR targeting strategies (Extended Data
Fig.4e-h).

Tuning SMART response dynamics

Encouraged by the ability of our protein device to make correct deci-
sions, we created a suite of SMART-SpyCatcher pairs with a dynamic
response range. Guided by the crystallographicinformation on NrdJ-1
(Fig. 2a), we manipulated the cage of eNrdJ-IN“*** while maintaining
unaltered eNrdJ-1C*#¢ as a constant. This afforded multiple pairs with
increased or decreased activities (Fig. 2b, Extended Data Fig. 5, Sup-
plementary Fig. 12 and Supplementary Tables 5 and 6), without any
compromise intarget specificity. Forinstance, introducing K114A and
K116A mutations in the cage sequence increased SpyTag003-AF594
recruitment by 150%, whereas A119K led to a 25% drop. Alternatively,
elongating or shortening the cage length of eNrdJ-1IN“*®¢ resulted in
variants with activities ranging between 13% and 150% of that of the
standard 35-amino acid toehold.

The ability to tune the responsiveness of the SMART system by engi-
neering the caging element expands the types of application possi-
ble using the approach. Notably, we were able to perform more logic
operations, includingaNOT gate, where we exploited a decoy protein
featuring a weakened cage (Fig. 2c,d, Extended Data Fig. 6a and Sup-
plementary Fig.13), and for selectively targeting breast cancer cell lines
based ontheirsurface antigen presentations (Extended Data Fig. 6b—f
and Supplementary Figs. 14-16).

Cell-selectiveKkilling

The ability to stringently deliver a payload to cells has many appli-
cations. Interestingly, when K5621ER2/ECFR* ce||s were treated with
anti-HER2-SpyN/SpyC-anti-EGFR/SpyTag003-biotin, it allowed for
the cell-selective recruitment and endosomal internalization of a
NeutrAvidin Rhodamine Red-X conjugate (Extended Data Fig. 7a-c).
We reasoned that targeted cell tagging with a protein toxin (such as
Saporin)* could allow for selective depletion in a heterogeneous
population (Fig. 2e). To test this, mixed K562 cells were first treated
with SMART-SpyCatcher assigned for [HER2 AND EGFR] logic and
SpyTag003-biotin, then cultured withaStreptavidin-Saporin disulfide
conjugate, and subsequently sampled for variations in cell composi-
tion after 72 h (Extended Data Fig. 7d,e). A one-dose regimen led to a
53% reduction of K562"ER2*/ECFR ce|s (Extended Data Fig. 7f and Sup-
plementary Fig.17), and a two-dose regimen gave a 78% depletion of
the subpopulation (Fig. 2f and Supplementary Fig.18). Importantly, the
wild type, K562"5*2* and K5625F** cell lines were not depleted to a simi-
lar extentin the mixed population. We also tested the depletion of A431
cells (HER2"*¥, EGFR" and EpCAM") and used SMART-SpyCatcher with
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Fig.2| Tuning SMART actuation and logic operations. a, Summary of the
diverseinteractions between NrdJ-IN and NrdJ-1C forming the hedgehog-
intein fold (PDB: 8UBS). Electrostatic surface potential mapping (PyMOL,
adaptive Poisson-Boltzmann solver; k; = Boltzmann constant; T=temperature
(K)and e.=elementary charge (C)) reveals anelectrostaticinterface between
the basic N terminus of NrdJ-1C and an acidic groove of NrdJ-IN (i); further
inserts detail electrostatic interactions (ii), residue hydrogen bonding (iii,iv),
backbone hydrogen bonding (v) and hydrophobic packing (vi) stabilizing the
complex. b, The eNrdJ-IN“*® variants were tested on K5621ER*7ECFR* ce|[s using
anti-HER2-SpyN (variantindicated), SpyC-anti-EGFR (eNrdJ-1C**¢) and
SpyTag003-AF594 (100 nM each). The AF594 MFl values were normalized to
theresponse withstandard eNrdJ-IN“¢¢, ¢, Anti-EGFR-Decoy was introduced
asaNOT operator to obstruct AND logic output on HER2'/EGFR'/EpCAM*
cellsby splicing with SpyC to generate defective SpyCatcher003.d, ASMART-
SpyCatcherimplementing [HER2 AND EpCAM NOT EGFR] logic was tested
onmixed K562 cells (phenotypesindicated). Cells were treated with

eNrdJ-1¢2seKAKIN g enhance the recruitment of SpyTag003-biotin.
Compared with an untreated control, A431 cells were depleted by
92% when using the two-dose regimen with SpyTag003-biotin,
Streptavidin-Saporin and SMART-SpyCatcher operating by [EGFR
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anti-EGFR-Decoy (concentrationsindicated), anti-HER2-SpyN/SpyC-anti-
EpCAM/SpyTag003-AF594 (100 nM each) and analysed by flow cytometry.
The AF594 MFlis plotted relative to control cells lacking anti-EGFR-Decoy.

e, Schematic of AND-gated cell depletion. Cells are decorated with SpyTag003-
biotin viaSMART-SpyCatcher enabling recruitment of a Streptavidin-Saporin
disulfide conjugate (Strep-Saporin), leading to cell death uponinternalization.
f,Mixed K562 cells (phenotypesindicated) were treated with a two-dose
regimen of SMART-SpyCatcher/SpyTag003-biotin ((HER2 AND EGFR] logic,
100 nM each) and Streptavidin-Saporin (20 nM) ata 24-h interval. Cell viability
was assessed after 72 hby flow cytometry and normalized to untreated wild-
typecells. g, A431 cells (HER2"", EGFR" and EpCAM™) were treated as in f, using
theindicated SMART-SpyCatcher system (eNrd]-1<?eKI#A/KLI6N) Cell yiability
was determined by XTT assay. Dataare mean +s.e.m. (n=3independent
biological replicates). Statistical analysis: unpaired two-sided t-test (b). NS, not
significant; *P < 0.05; **P < 0.01;***P < 0.001; ****P < 0.0001.

AND EpCAM] logic (Fig. 2g). As expected, an identical workflow with
SMART-SpyCatcher actingby [HER2 AND EGFR] or [HER2 AND EpCAM]
logic failed to achieve acomparable reductionin the cell viability of this
cellline, and no reduction was observed when the toxin conjugate was
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omitted. Thus, SMART-SpyCatcher enables logic-gated cell-depletion
strategies® %,

Diversifying vector modalities

Many modalities including antibody fragments and mimetics, pep-
tides and small molecules can be used to target cell-surface receptors
(Fig.3a). The ability to use these unlocks new potential targets of SMART.
Forinstance, while we earlier fused SpyN and SpyC to DARPins, we found
that single-domain antibody (sdAb)* and single-chain fragment vari-
able (scFv)* fusions could easily be produced by recombinant bacte-
rial expression (Supplementary Fig. 3 and Supplementary Table 1).
Furthermore, introducing a carboxy-terminal cysteine in eNrdJ-1C*¢
(whichlacks any other cysteines) provided facile chemicaliinstallation
of syntheticligands (Supplementary Figs.19-21). For example, we con-
jugated SpyCto the peptidyl antagonist BKT140 (ref.31) of the cytokine
receptor CXCR4, and to the small-molecule antagonist SCH58261
(ref. 32) that targets the G-protein-coupled receptor ADORA2A, cor-
respondingly making SpyC-anti-CXCR4 and SpyC-anti-A2A. To test
the generated sdAb and scFv fusions, as well as the synthetic ligand
conjugates, we used K562 7EGFR wild-type OE19 cells (HER2", EGFR™,
EpCAM", CEACAM6", CXCR4"* and ADAORA2A""), and the two stable
celllines OE19*°R*P%* and OE19*?AP°* made for the doxycycline-inducible
expression of either CXCR4 or ADORA2A, respectively (Supplementary
Fig. 22). Without altering our previous SMART-SpyCatcher protocol,
we found these new vectors to be fully compatible with our previous
DARPin variants, in each case affording the expected logic-gated out-
puts (Fig. 3b—-d, Supplementary Fig. 23 and Supplementary Table 4).
Thus, the SMART platform s highly modular with respect to targeting
vector modalities.

Logic-gated proximity labelling

Many surface proteins localize into specialized networks, the biologi-
cal functions of which are often difficult to discern. With our diverse
set of SMART-SpyCatcher pairsin hand, we reasoned that logic opera-
tions could be coupled to protein proximity labelling strategies to
elucidate such microenvironments (Fig. 3e). We initially established
aworkflow thatinvolves the delivery of SpyTag003-APEX2 for the
APEX2/H,0,-catalysed generation of long-lived phenoxyl radicals
(a t,, of milliseconds)™®. First, we treated K5621ER2ECFR* ce]s with
SMART-SpyCatcher for [HER2 AND EGFR] logic, followed thereafter
with SpyTag003-APEX2 (Extended DataFig. 8a, Supplementary Fig.3
and Supplementary Table 1). After washing out excess SpyTag003-
APEX2, abiotin-phenol probe was added and activated by H,0,, which
led to robust cell biotinylation (Extended Data Fig. 8b). Importantly, no
labelling was observed in the various controls (Extended Data Fig. 8b).
We validated these results on various cell lines by performing sev-
eral AND-gated logic combinations involving HER2, EGFR, EpCAM,
CEACAM6, CXCR4 and ADORAZ2A for the delivery of SpyTag003-
APEX2 before proximity labelling. Only when SMART-SpyCatcher was
matched with the correct antigen profile of the individual cell line did
we observe APEX2-dependent biotinylation (Fig. 3f,g and Extended
DataFig. 8c—j).

Our ability to conduct AND-gated proximity labelling was extended
to the photocatalytic proximity labelling platform pMap?*, which
uses aniridium-centred photocatalyst to activate an aryl diazirine by
blue-lightirradiation for the generation of short-lived singlet carbene
species (t,, = 2 ns). In this case, K562 cells expressing HER2 and EGFR
were treated with anti-HER2-SpyN and SpyC-anti-EGFR followed by
SpyTag003 conjugated to the iridium photocatalyst (Extended Data
Fig.9a-d and Supplementary Table 1). These initial studies confirmed
that treatment of these cells with the diazirine-biotin probe followed by
blue-lightirradiationled to robust cellular labelling that was dependent
on the SMART reaction (Extended Data Fig. 9e,f and Supplementary

Fig. 24). Encouraged by this, we then performed a similar photocata-
lytic proximity labelling experiment using mixtures of K562 cell lines
expressing different receptor combinations and used flow cytom-
etry as the read-out (Fig. 3h). We found that labelling occurred only
on cells for which the SMART-SpyCatcher was programmed to react
with the assigned antigen profile (Fig. 3i,j and Supplementary Fig. 25).
Collectively, these data demonstrate that the SMART system can be
used to conduct photocatalytic proximity labelling experimentsina
context-specific manner, potentially creating new opportunities for
proteomics mapping of cell surfacesin complex settings such as tissues.

Developing SMART-IL-18

The SMART platform has the potential to respond to antigen inputs
with different protein functional outputs through their templated
trans-splicing. To examine this further, we next focused on generating
anew SMART protein. Cytokines are a potent class ofimmune-system
modaulators, and their on-demand function has become a pursuit
of protein design®. Interleukin-1p (IL-1B) is a key pro-inflammatory
cytokine with abroad range ofimmune activities, including the stimu-
lation of antigen-presenting cells, natural killer cellsand CD4*/CD8"
T cells® (Extended Data Fig.10a). We explored whether SMART could
be used as a platform to generate IL-1f3 in response to a combination
of surface antigens with the spliced cytokine being released into
the surrounding microenvironment (Fig. 4a). Because IL-1 repre-
sents a challenging target for SMART, owing to its complex -barrel
structure, we first systematically screened for potential split sites
using the FKBP/rapamycin/FRB three-hybrid system (Extended Data
Fig. 10b-f, Supplementary Fig. 3 and Supplementary Table 1). This
revealed IL-1BN"**and IL-1BC* ™ as a candidate pair, with IL-1§ activity
on cultured HeLa cells only when spliced. Specifically, we found that
NF-kBlocalized to the nucleus (Extended Data Fig.10g,h), aclear sign
of activated IL-1 receptor 1/IL-1 receptor accessory protein (IL-1IR1/
IL-1RAcP) signalling induced by biologically active IL-1B. We there-
fore refer to the individual components IL-1BN'"**-eNrdJ-1N“¢ and
eNrdJ-1Ce-IL-1BC* 52 as IL-1BN and IL-1BC, respectively, and their
sum as SMART-IL-1.

SMART-IL-1B actuation on cells

Our original SMART mechanism retains the spliced product on the
cell surface by having targeting vectors fused onto the Nand C termini
of the ExtN and ExtC fragments, respectively (anti-Ag,~ExtN-IntN*¢
and IntC®®*-ExtN-anti-Ag,). For SMART-IL-13, however, we wanted to
release IL-1f after its antigen-templated ligation to mimic the natural
release of acytokinein areal biological context (Fig. 4a). We therefore
rearranged the domains of the protein chimeras by fusing the target-
ing vectors onto the caged splitintein fragments, replacing FKBP and
FRB, thus generating the general designs ExtN-IntN“*®*-anti-Ag, and
anti-Ag,~IntC®¢*-ExtN. Based on this, we proceeded by making IL-13N-
anti-HER2 and anti-EpCAM-IL-1BC. We then incubated these with an
OE19 (HER2", EGFR"" or EpCAM™) culture and tested the produced
medium for IL-1f activity. When HelLa cells were supplemented with
this medium, we found that IL-IR signalling was activated, indicated by
the nuclear translocation of NF-kB (Fig. 4b and Extended Data Fig. 10i);
by contrast, no activation was seen when SMART-IL-1f3 was blocked
from binding to the OE19 cells, when the splicing-deficient mutant
eNrd)-IN(C1A)“*¢ was used, or when the HelLa cells were pretreated
with IL-1receptor 1 antagonist (IL-IRA), which blocks IL-1B binding.
SMART-IL-1B therefore actuates the ligation and release of functional
IL-1B inresponse to defined antigen inputs. We quantified this further
using a cell reporter line (HEK-Blue IL-1B), which produces secreted
embryonic alkaline phosphatase (SEAP) when stimulated with IL-13
and IL-1R1/IL-1RAcP activation. Robust SEAP activity was detected
whenthereporter cell line was supplemented with medium produced
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Fig.3|Diverse SMART targeting enables AND-gated proximity labelling.
a, SMART targeting modalities encompass antibody fragments (AbFs),
antibody mimetics (AbMs) and synthetic ligands (peptides and small
molecules). b-d, SMART-SpyCatcher was tested with an anti-CEACAM6
single-domain antibody, a CXCR4-targeting cyclic peptide BKT140, an
ADORA2A-targeting small molecule SCH58261 and the DARPins anti-HER2,
anti-EGFR and anti-EpCAM. OE19 (HER2", EGFR'" and EpCAM"; b) or derivatives
stably expressing CXCR4 (OE19XCR4POX. ¢) or ADORA2A (OE194%AP%%; d) were
treated with SMART-SpyCatcher and fluorescently labelled SpyTag003

(100 nM each), followed by flow cytometry. e, Schematic of AND-gated protein
proximity labelling by the delivery of aSpyTag003 catalyst. f, K562"ER>/ECFR:
OE19, A431and OE19“XCR*P%% were treated with SMART-SpyCatcher (100 nM),
SpyTag003-APEX2 (300 nM) and then biotin-phenol (250 uM) and H,0,

(100 mM, 2 min) before westernblot analysis. AND gates predicted to enable

from a combination of OE19/IL-1BN-anti-HER2/anti-EpCAM-IL-13C
(Fig. 4c) or K562"ER2/EGR /]| .1BN-anti-HER2/anti-EGFR-IL-1BC (Fig. 4d).
Importantly, no-to-low signal was measured in control experiments.
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labellingareshowninred; asterisksindicate endogenously biotinylated proteins.
g, Densitometry analysis was done using FIJI (National Institutes of Health).
Signals were normalized to tubulin (loading control). a.u., arbitrary units.

h, Schematic of cell-selective photocatalytic proximity labelling using SMART-
SpyCatcher and aSpyTag003-Ir conjugate. i, Mixed K562 cells (phenotypes
indicated) were treated with SMART-SpyCatcher (100 nM) and SpyTag003-Ir
(200 nM). After washing, cells were incubated with biotin-diazirine (100 pM),
irradiated with 450-nmlight (5 min), stained with Streptavidin-Alexa Fluor 546
and analysed by flow cytometry; histograms are normalized to the mode.
Jj,Quantificationof the dataini; mean +s.e.m. (n=3independentbiological
replicates). Statistical analysis: applied unpaired two-sided t-test (b-d);
applied one-way analysis of variance (ANOVA) followed by Dunnett’s test (j)
(Supplementary Tables 7 and 8).

SEAP activity was furthermore detectable over abroad concentration
range of SMART-IL-1f3 (Fig. 4e), with little activity related to medium
from control K562 cell lines. By tuning the cage of eNrdJ-1°¢¢, we
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Fig.4|Development ofasmartcytokine.a, Colocalization of SMART-IL-1
(IL-1BN-anti-Ag,/anti-Ag,-IL-1BC) on a target-cell template ligation and release
ofthe cytokineIL-1B, which activates IL-1IR1/IL-IRAcP on neighbouring cells.

b, OE19 cells (HER2", EGFR** and EpCAM") were treated with SMART-IL-1
(eNrdJ-1°¢¢, 20 nM) and the conditioned media supplemented to HeLacells to
stimulate IL-1R1receptor signalling (top). Control experimentsincluded: adding
anti-HER2/anti-EpCAM DARPins (500 nM); use of splicing-deficient SMART-IL-
1B (eNrdJ-IN(C1A)*¢,20 nM); and IL-1RA (IL-1R1antagonist) pretreatment of
HeLa cells. NF-kB localization was assessed by immunofluorescence imaging.
c—f, HEK-Blue IL-1B cells, reporting IL-1B stimulation by SEAP, were exposed

to conditioned media. SMART-IL-1f was supplied to OE19 (**P=0.0072) (c),
K562MER27EGFR* () and individual cultures of the specified K562 cell lines (e) at

could adjust the effective concentration of SMART-IL-13 needed on
K562HERZ/ECIRY cals to yield a 50% response on HEK-Blue IL-1p cells
(Fig. 4f).

Finally, we also tested SMART-IL-1f in co-culture experiments. First,
we co-cultured HeLa*“™™ with OE19 cells (which importantly do not
respond to IL-1f3; Extended Data Fig. 10j) and then treated these with

theindicated concentrations. The conditioned media were then transferred to
HEK-Blue IL-1 cells for 24 h before SEAP quantification. Controlsareasinb.
K562HER/EGFR* ce||s were used in dose-response experiments with SMART-IL-1f
using eNrd)-1%¢¢, eNrdJ-1°¢°138 (strengthened cage) or eNrd)-18*? (weakened
cage) (f).g, OE19 cells were co-cultured with HeLa®*®™* cells, stably expressing
eGFP, and treated with SMART-IL-1 (eNrdJ-1°*¢¢, 20 nM). IL-1R1 pathway
signalling was determined asinb. h, HEK-Blue IL-1p cells co-cultured with
K562HER>/EGER cels were treated with SMART-IL-1B (eNrdJ-1°%¢¢, 20 nM) and SEAP
activity determined after 24 h (***P=0.0003). Controlsareasinb.Dataare
mean +s.e.m. (n=3independentbiological replicates). Statistical analysis:
unpaired two-sided t-test. Datainband g are representative of two independent
experiments. Scalebars:b, 40 pm;g,20 um.

IL-1BN-anti-HER2/anti-EpCAM-IL-1BC. This led to the nuclear locali-
zation of NF-kB in the HeLa***** cells (Fig. 4g). When we co-cultured
HEK-Blue IL-1p with K562"ER*/ESFR* gnd treated these with IL-1IBN-
anti-HER2/anti-EGFR-IL-13C, we measured robust SEAP activity, which
was absentin control experiments (Fig. 4h). We believe that SMART-IL-1$3
constitutes the first example of an on-demand system capable of
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post-translationally generating an active cytokine (IL-1B) in response
tolocal stimuliand mediatingits release into the cell microenvironment.

Discussion

In this study, we present a synthetic biology platform we call SMART
that, atits core, functions as a protein actuator based on conditional
protein trans-splicing with tunable responsiveness to cellular inputs.
SMART cansense multiple cell surface features and converts thesetoa
user-defined functional output based on Boolean logic operations. Spe-
cifically, we show that programmable protein ligation is achievable on
cellsurfacesinresponse to the presence of two receptors. Akey attrib-
ute of our SMART system is its modularity in terms of possible inputs
and outputs. We have demonstrated that the platform is compatible
with avariety of protein, peptide and small-molecule targeting agents,
enabling SMART activation following the co-engagement of arange
of surface proteins, such as growth-factor receptors, cell-adhesion
molecules and G-protein-coupled receptors.

In principle, SMART can generate many types of output, lever-
aging the broad sequence tolerance of the NrdJ-1 splitintein that
functions as the protein ligase in the system. In the present work,
we have illustrated this through the generation of a functional Spy-
Catcher003 protein and the cytokine IL-1B. SpyCatcher003 serves
as a protein dock that allowed us to recruit a variety of activities to
designated cells. These two examples alsoillustrate another feature
of the SMART system, namely the ability to control whether the
reaction product remains associated with the manufacturing cells
(asin the SpyCatcher example) or is released into the extracellular
environment (as shown for IL-1 ) through a ligation-and-retain and
ligation-and-release mechanism. The latter represents a unique fea-
ture of SMART that distinguishes the approach from other protein
logic devices that rely on the recruitment of pre-existing factors to
alocation of interest. By coupling protein trans-splicing to the local-
ized release of an active protein, we can achieve exquisite control
over protein activation. We imagine that the scope of SMART will
be expanded by implementing efficient screening approaches to
identify split sites in target proteins®, in combination with the use
of orthogonal inteins from expanded libraries®”*, Finally, although
we so far focused on cell-surface applications of SMART, we expect
that the platform will find applications in other contexts, including
logic-gated imaging, proximity proteomics and possibly even genom-
icsin permeabilized cells.
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Methods

General materials

Commonreagents and chemicals were purchased from MilliporeSigma
unless stated otherwise. The 2,4-dinitrochlorobenzene (CAS num-
ber 97-00-7), tert-butyl bromoacetate (CAS 5292-43-3), N-hydroxy-
succinimide (CAS 6066-82-6), N,N'-dicyclohexylcarbodiimide (CAS
538-75-0), Celite 545 (CAS 68855-54-9), ethyl 2-bromoacetate (CAS
105-36-2) and 1-(2-aminoethyl)maleimide hydrochloride (CAS 134272-
64-3) were purchased from MilliporeSigma. The 2-[2-(2-aminoethoxy)
ethoxy]ethanol (CAS 86770-74-3), biotin-PEG3-amine (CAS 359860-
27-8),2-(furan-2-yl)-7H-pyrazolo[4,3-€][1,2,4]triazolo[1,5-c]pyrimidin-
5-amine (CAS. 288-13-1) and 4-[3-(trifluoromethyl)-3H-diazirine-3-yl]
benzylamine hydrochloride (CAS1258874-29-1) were purchased from
Ambeed. Triethylamine (CAS 121-44-8) was purchased from Thermo
Fischer Scientific. Dithiothreitol (DTT, CAS 3483-12-3), isopropyl--
thiogalactopyranoside (IPTG, CAS 367-93-1) and bovine serum albumin
(BSA) were obtained from Gold Biotechnology. Alexa Fluor 594 C5
maleimide, biotin-PEG3-NHS ester (CAS1253286-56-4), hydroxy-PEG10-
tert-butyl ester (CAS 778596-26-2) and chloroacetamido-PEG4-NHS
ester (CAS 1353011-95-6) were purchased from BroadPharm. Biotin
maleimide (CAS 116919-18-7) was purchased from MilliporeSigma.
Alexa Fluor 568 DBCO was purchased from Lumiprobe.

Oligonucleotide primers were purchased from MilliporeSigma. The
gBlock gene fragments were purchased from Integrated DNA Technolo-
gies. PrimeSTAR HS DNA polymerase was purchased from Takara Bio.
Gibson Assembly Master Mix and the restriction enzymes Nhel, Notl
and T7 DNA Ligase were purchased from New England Biolabs. DNA
purification kits were purchased from Qiagen. PCR purification and
gel extract columns were purchased from Thomas Scientific. All the
plasmid sequencing was done by GENEWIZ or Plasmidsaurus. DH5a
competent cells and One Shot Stbl3 chemically competent Escherichia
coli cells were purchased from Thermo Fisher Scientific. SHuffle T7
competent E. coli cells were purchased from New England Biolabs.
Plasmids for lentiviral preparations were obtained from Addgene.

Nickel nitrilotriacetic acid (Ni-NTA) resin was obtained from Thermo
Fisher Scientific. MOPS-SDS running buffer was obtained from Bos-
ton Bioproducts. Criterion cassettes, acrylamide, ammonium per-
sulfate, tetramethylethylenediamine and Econo-Pac 10DG columns
were obtained from Bio-Rad. Nitrocellulose membrane (0.45 pm) for
western blotting was purchased from Thermo Fisher Scientific. Empore
solid-phase extraction stage tips were purchased from Thermo Fisher
Scientific.

Primary antibodies were purchased from Santa Cruz Biotechnol-
ogy, Abcam, Cell Signaling Technology, Thermo Fisher Scientific and
MilliporeSigma. Secondary antibodies were purchased from LI-COR
Biotechnology.

NeutrAvidin Rhodamine Red-X and Streptavidin-Alexa Fluor
546 conjugates were purchased from Thermo Fischer Scientific.
Streptavidin-Saporin (Streptavidin-ZAP) was purchased from Advan-
ced Targeting Systems.

Dulbecco’s Modified Eagle medium (Gibco), RPMI-1640 medium
(Gibco), McCoy’s 5a medium modified (Gibco), F-12K medium
(Gibco), Dulbecco’s phosphate-buffered saline (DPBS, Gibco),
Penicillin-Streptomycin (5,000 U ml™?), trypsin-EDTA (0.25%),
trypsin-EDTA (0.05%), Lipofectamine 3000 transfection reagent,
L-glutamine (200 mM), puromycindichloride (10 mg mI™) and Falcon
standard tissue culture dishes were purchased from Thermo Fisher
Scientific. A mammary epithelial cell growth medium kit was pur-
chased from MilliporeSigma. Fetal bovine serum (heat inactivated)
was purchased from Bio-Techne. Doxycycline (hyclate) was purchased
from StemCell Technologies. An XTT cell viability kit was purchased
from Cell Signal Technologies. Hoechst 33342 solution was obtained
from Invitrogen. Glass-bottom plates were purchased from Cellvis.
QUANTI-Blue solution was purchased from InvivoGen.

Human cell lines K5625AMov (wild type, CCL-243), K562"ER2" K562ECFR*,
K562HER2+/EGFR+, K562HER2+/EpCAMhi and K562HER2+/EGFR+/EpCAMhi were g|ft$ frOm
D.Baker. Human cell lines MCF-10a (CRL-10317), MCF-7 (HTB-22), LoVo
(CCL-229), A594 (CCL-185) were gifts from Y. Kang. Human cell line
Sk-br-3 (HTB-30) was a gift from S. Lipkowitz. Human cell line OE19
(JROECL19) was purchased from MilliporeSigma. Human cell lines
HCT-116 (CCL-247) and A431 (CRL-1555) were purchased from ATCC.
Human cell line HEK-Blue IL-13 was purchased from Invivogen. The
PiggyBac transposase plasmid was a gift from C. Kadoch.

Coomassie-stained SDS-PAGE gels and western blots wereimaged on
an Odyssey system (LI-COR). See Supplementary Fig.1for uncropped
source data. Densitometry measurements were performed using FIJI
(National Institutes of Health)*’. Molecular graphics and analyses were
performed with PyMOL v.2.5, developed by Schrodinger. Graph plots
and statistical analysis were made in GraphPad Prism v.9.2.0 (121).

High-performance liquid chromatography

Analytical-scale reverse-phase high-performance liquid chroma-
tography (RP-HPLC) was done on an Agilent 1100 series or an Agi-
lent 1260 Infinity system equipped with a C18 Vydac column (5 mM,
4.6 x150 mm) ataflow rate of 1 ml min™. Semi-preparative RP-HPLC was
doneonanAgilent1260 Infinity system equipped with a Waters XBridge
BEH C18 column (5 mM, 10 x 250 mm) at a flow rate of 4 ml min.
Preparative-scale RP-HPLC was done on a Waters prep LC system con-
sisting of a Waters 2545 binary gradient module and a Waters 2489
ultraviolet (UV)-visible detector equipped with a C18 Vydac column
(10 mM, 22 x 250 mm). The HPLC solvents were H,0 with 0.1% TFA (sol-
vent A) and 90% acetonitrile in water with 0.1% trifluoroacetic acid
(TFA) (solvent B). Applied solvent gradients are specified in detail in
the relevant sections.

Mass spectrometry

Proteins and peptides were characterized by electrospray ionization
mass spectrometry (ESI-MS) on a Bruker Daltonics MicroTOF-Q Il mass
spectrometer by direct injection after isolation by RP-HPLC.

Peptide synthesis

The CXCR4 antagonist peptide ligand BTK140 was synthesized man-
ually using a standard Fmoc solid-phase peptide synthesis method
on a 0.2 mmol scale using H-Rink Amide resin (ChemMatrix). The
solid-phase synthesis cycle included Fmoc deprotection at room tem-
perature for 20 min with 20% v/v piperidine in dimethylformamide
(DMF) containing 0.1 M 1-hydroxybenzotriazole hydrate and coupling
atroom temperature for 30 min using 5 equivalents of Fmoc protected
amino acid in DMF with 5 equivalents of hexafluorophosphate aza-
benzotriazole tetramethyl uronium (HATU) and 10 equivalents of
N,N-diisopropylethylamine (DIPEA). All couplings were performed
twice. For non-proteogenic amino acids and for coupling of the
Arg-Argjunction, the coupling step was performed with 3 equivalents
of the specific Fmoc protected amino acid in DMF with 3 equivalents
of (7-azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluo-
rophosphate (PyAOP) and 10 equivalents of DIPEA for 3 h (if the cou-
pling step was done once) or 2 x 2 h (if double couplings were done).
D-Lys(Dde) deprotection was done on resin at room temperature for
30 min by adding 2% v/v hydrazine in DMF under N, agitation. Two
successive coupling steps were done at room temperature for 1 hwith
5equivalents of azido-PEG3-acid, or alternatively azido-PEG10-acid, in
DMF with 5equivalents of HATU and 10 equivalents of DIPEA. Deprotec-
tion of Cys(Acm) was done on resin using either thallium triflate or in
solution phase with . Final peptide cleavage and side-chain deprotec-
tion was done at room temperature for 3 husing a cleavage cocktail of
95%v/vTFA,2.5%v/v triisopropylsilane, 2.5% v/v H,0. The peptide was
pelleted by addingice-cold diethyl ether and subsequent centrifugation
at4,000g for 10 min at 4 °C. The crude peptide was then dissolved in
aqueous acetonitrile 0.1% v/v TFA and purified by preparative RP-HPLC
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using aqueous 0.1% v/v TFA as solvent Aand 90% v/v acetonitrile, 0.1%
v/v TFA as solvent B, with a gradient of 0-73% over 40 min. Pure frac-
tions were identified by analytical RP-HPLC and ESI-TOF MS, and pooled
and lyophilized.

Peptide conjugation

To BTK140-PEG3-azide (370 pg, 123 nmol) dissolved in 1 ml MeCN we
added aslight excess of AF568-DBCO (124 nmol) dissolved in DMSO to
1mM, and the reaction was left overnight at room temperature away
fromlight. The crude mixture was analysed by RP-HPLC and diluted with
9 mlof solvent A (aqueous 0.1% v/v TFA) on full conversion to BTK-AF568,
which was further purified by preparatory-scale RP-HPLC (0-73% sol-
vent B for 40 min). The collected product fractions were combined and
lyophilized away from light. The peptide was redissolved in 100 mM
NaH,PO, (pH7.2),150 mMNaCl,1 mMEDTA and 10% v/v glycerol to afinal
concentration of 100 pM when used for cell-phenotyping experiments.

Chemical synthesis

Synthetic protocols of SCH58261 and its maleimide functionalization,
the azido-PEG10-acid linker, the iridium photocatalyst and its chloro-
alkane functionalization, and the biotin-phenol and biotin-diazirine
probes are provided in the Supplementary Methods.

DNA cloning

Allbacterial expression vectors were based on a pET backbone vector
withagene for kanamycinresistance. DNA fragments amplified by PCR
were inserted into a gene cassette using Gibson Assembly. The gene
cassette included an upstream T7 promoter under regulation of a lac
operator, an ATG start codon in frame with an N-terminal His,-SUMO
fusion tag when specified and ended with a TAA stop codon and a
T7-terminator sequence.

Site-directed mutagenesis (including missense substitutions, inser-
tionsand deletions), as well as amplifications of gene inserts and plas-
mid backbones, was done using PCR. To a solution of 10 pl of 1 ng pl™
plasmid, 1 pM forward primer and1 pMreverse primer we added 10 pl
2x PrimeSTAR DNA polymerase master mix. The mixture wasusedina
PCRreaction. The completed PCRreactionwas restriction digested with
20 units of Dpnl for 1 h at 37 °C before the PCR amplicon was isolated
by a general PCR clean-up protocol. The purified PCR amplicon was
thenusedinaGibson assembly reaction (see below). Alternatively, full
plasmid amplicons fromsite-directed mutagenesis were used directly
in heat-shock transformations of chemically competent E. coli DH5«x
cells, whichwere plated on LB-agar plates supplemented with 50 pg ml™
kanamycin. Single colonies were picked, grown and the plasmidisolated
before being verified by Sanger sequencing.

DNA components prepared by PCR using primers designed to have
15-20 base pair overlaps were used in Gibson Assembly reactions. Gib-
son Assembly reactions were set up by mixing 2 pl of DNA fragments
(100 ng plasmid backbone amplicon, 3-5 molar excess gene insert
amplicon) with 2 pl 2x NEBuilder HiFi DNA Assembly master mix. The
reaction wasincubated for 15 minat 50 °C, cooled and thereafter used
inaheat-shock transformation of chemically competent E. coli DH5a,
whichwas plated on LB-agar plates supplemented with 50 pg ml™ kana-
mycin. Single colonies were picked, grown and the plasmid isolated
before being verified by Sanger sequencing.

The PiggyBac transposon plasmids used in the generation of sta-
ble cell lines were generated by standard restriction cloning. Gene
fragments containing the desired transgene sequence were synthe-
sized to contain Nhel and Notl restriction sites. Separate restriction
digest reactions with Nhel and Notl were prepared for the plasmid
backbone and the two gene inserts encoding SP,,-Flag-CXCR4-GFP
and SP,,-Flag-ADORA2A-mCherry. Reactions were done for1hat37°C
and the digest products isolated. The linearized plasmid backbone
was mixed with either of the digested gene inserts and T7 DNA ligase
and the reactions incubated for 1 h at 37 °C. The ligation reactions

where then used to transform One Shot Stbl3 chemically competent
E. coli cells, which were plated on LB-agar plates supplemented with
ampicillin (100 pg m1™). Single colonies were picked, grown and the
plasmid isolated before being verified by either Sanger sequencing
or full plasmid sequencing.

Recombinant protein expression and purification
Chemically competent E. coli BL21(DE3) cells were heat-shock trans-
formed with apET vector carrying the gene cassette for the protein of
interest. Cells were grown overnight at 37 °C in 8 ml LB medium sup-
plemented with 50 ug ml™kanamycin. This overnight culture was used
toinoculate anexpression culture of11LB medium supplemented with
50 pg ml™ kanamycin. Ingeneral, the expression culture wasincubated
at 37 °C until it reached an optical density at 600 nm (OD,,) of 0.4,
after which it was cooled for 20 min at 18 °C. Protein expression was
then induced by the addition of 0.1 mI1 M IPTG and the culture was
left overnight at 18 °C. For expression of full-length NrdJ-1, used in
the crystallography study and for any SpyTag003 and stand-alone
DARPin constructs, the expression culture was incubated at 37 °C until
itreached an OD,,, 0f 0.6. The expression was theninduced by the addi-
tionof 0.1 mI1MIPTG and the culture was left for4 hat37 °C.Inall cases,
cells were collected by centrifugationat 3,500gat 18 °C for 20 min and
suspended in lysis buffer containing 20 ml 50 mM NaH,PO, (pH 8.0),
300 mM NaCl, 20 mM imidazole, supplemented with1mM DTT and
1 mM phenylmethylsulfonyl fluoride (PMSF). Cell suspensions were
theneither stored at 20 °C until further use or used directly. Soluble
protein was extracted by subjecting the cell suspension to sonication
usingaduty cycleof 20 son, 30 s offat 30% amplitude while cooled on
anicebath, after whicha cleared lysate was produced by centrifugation
at35,000g at 4 °C for 20 min. The cleared lysate was passed through
a pre-equilibrated Ni*"-nitrilotriacetic acid (NTA) column (2 ml resin
slurry per litre of culture) and the flow-through discarded. The col-
umn was then washed with 50 ml lysis buffer, before the protein was
eluted using 6 ml lysis buffer supplemented with 250 mM imidazole.
His,-SUMO tagged proteins were treated overnight with His,-Ulp1 pro-
tease while being dialysed against lysis buffer supplemented with1 mM
DTT. The dialysed sample was then passed through a pre-equilibrated
Ni?*-NTA column to remove any cleaved His,—~SUMO tag and His,-Ulp1
protease. The flow-through and an additional 6 ml lysis buffer passed
through the column was collected, combined and concentrated to
0.5 ml. The concentrated sample was filtered through a 0.22 pm spin
filter.Size-exclusion chromatography was done at4 °Cwithaflowrate
of 0.5 ml min™ on an AKTA Fast Performance liquid chromatography
(GE Healthcare) system using a Superdex 200 10/300 GL (Cytiva Life
Sciences) columnwith100 mM NaH,PO, (pH 7.2),150 mM NaCl,1 mM
EDTA and 1 mM DTT as the eluent. Pure fractions were identified by
SDS-PAGE, validated by analytical RP-HPLC and the protein mass was
confirmed by ESI-TOF MS. Pure fractions were supplemented with10%
v/vglycerol, aliquoted and flash-frozen in liquid nitrogen before being
stored at =80 °C until further use. Analytical data for all proteins is
showninSupplementary Fig. 3, Extended Data Fig. 9 and Supplemen-
tary Table 1. The fully annotated amino acid sequences of overexpressed
constructs used in this study are given in Supplementary Table 9.
SHuffle T7 competent £. coli cells were used for the cytosolic expres-
sion of His,~SUMO-anti-HER2,,~SpyN. Chemically competent cells
were heat-shock transformed witha pET vector carrying the gene cas-
sette for the protein of interest. Cells were grown overnight at 37 °C
in 8 ml LB medium supplemented with 50 pg ml™ kanamycin. This
overnight culture was used toinoculate an expression culture of 11 LB
medium supplemented with 50 pg ml™ kanamycin. The culture was
incubated at 37 °C until it reached an OD,, of 0.4, after which it was
cooledfor30 minat16 °C.Protein expression was theninduced by the
additionof 0.3 mI1 MIPTG and the culture was expressed overnight at
16 °C. Cells were collected and the protein purified from the soluble
fraction as mentioned above.



Western blotting

Samples were run onan SDS-PAGE gel. For westernblotting, the gel was
used foratransfer reaction onto anitrocellulose membrane, whichwas
subsequently blocked with TBS-T (25 mM Tris, 150 mM NacCl, 0.1% v/v
Tween-20, pH 7.7) supplemented with 4% w/v skimmed-milk powder
for1h at room temperature. The membrane was washed 3 times for
5 min with TBS-T and incubated with primary antibodies at specified
dilution (Supplementary Table 10) on an orbital shaker for 1 hatroom
temperature or alternatively overnight at 4 °C. After washing 3 times
for 5 min with TBS-T, the IRDye secondary antibody or alternatively
IRDye Streptavidin was applied for 30 minto1 hatroomtemperature,
before imaging on a Li-Cor Odyssey imager (Li-Cor).

X-ray crystallography

Crystallography studies used a fused version of NrdJ-1containing C1A
and N145A inactivating mutations and SGG and SEl as N- and C-terminal
exteinsequences, respectively. The protein was dialysed against abuffer
containing 25 mMHEPES (pH 7.5),150 mM NacCl, then concentrated to
40 mg ml™, and finally flash-frozen as aliquots in liquid nitrogen before
being stored at -80 °C for further use. Initial crystallization conditions
were established using a SaltRx HT screen (Hampton Research) with
a Phoenix crystallization robot (Art Robbins). Crystals were grown at
4 °C by the sitting-drop vapour-diffusion method. A focused screen
was centred on conditions with increasing concentrations of sodium
formate at various pH values. Optimal crystals were obtained after one
week usingasolution of 4.5 Msodium formate (pH 7.0). Diffraction data
were obtained at the National Synchrotron Light Source Il (Brookhaven
National Laboratory), beamline17-ID-1. The data were processed using
the XDS package*°. The phase information was determined by molecu-
lar replacement using PHASER in the CCP4 suite* and using aninsilico
AlphaFold2 (refs. 42,43) model of full-length NrdJ-1as input. Iterative
rounds of model building in Coot** and refinements in PHENIX Refine
(v.1.17_3644)* were performed to obtain the final structure. Data collec-
tion and refinement statistics are displayed in Supplementary Table 2.

Protein conjugation reactions

Purified protein containing a C-terminal cysteine (SpyTag003-Cys,
SpyTag003P"7A-Cys, anti-HER2-Cys DARPin, anti-EGFR-Cys DARPin,
anti-EpCAM-Cys DARPin, anti-CEACAM6-Cys single-domain antibody
and SpyC-Cys) or catalytic cysteine (anti-HER2-SpyN-eNrdJ-1N“¢¢) was
reduced with1 mM DTT for 20 min on ice to prepare it for conjuga-
tion chemistry. The sample was washed with buffer (100 mM NaH,PO,
(pH 7.2),150 mM NacCl, 1 mM EDTA) using spin-filtration to remove
small-molecule thiols. The reduced protein was either flash-frozen
inliquid nitrogen and stored at —80 °C for later use or used directly in
conjugation reactions as described in the following sections.

The reduced protein was mixed with amolar excess of the required
alkylating agent (iodoacetamide, Alexa Fluor 594 maleimide, Alexa
Fluor 568 maleimide, Alexa Fluor 488 maleimide, biotin-maleimide,
DBCO-maleimide or SCH58261-maleimide) and incubated for 20 minat
roomtemperature in the dark. Reactions were monitored by RP-HPLC
and ESI-TOF MS and quenched with1mM DTT when completed. The
reactionmixture was then passed over an Econo-Pac10DG column using
100 mM NaH,PO, (pH7.2),150 mM NaCl,1 mM EDTA, 10% v/v glycerol
astheeluent. The product was characterized by RP-HPLC and ESI-TOF
MS, flash-frozen and stored at —80 °C. Analytical data for protein con-
jugations are provided in Supplementary Fig. 3 and Supplementary
Table1, and for the SpyC-anti-A2A conjugate in Supplementary Fig. 21
and Supplementary Table 1.

SpyC-DBCO was generated by reacting SpyC-Cys with DBCO-
maleimide according to the protocol described above and used sub-
sequently in a strain-promoted alkyne-azide cyclo-addition reaction
with the synthetically prepared CXCR4 antagonist peptide BTK140
functionalized with an azide. SpyC-DBCO (1.7 mg, 94 nmol) was reacted

with BTK-PEG10-azide (4.4 mg, 133 nmol) in100 pl of 100 mM NaH,PO,
(pH7.2),150 mM NaCl,1 mMEDTA, 10% v/v glycerol. The reaction was
incubated at 4 °C and monitored by RP-HPLC and ESI-TOF MS. When full
conversionwas observed, thereaction was washed with buffer (100 mM
NaH,PO, (pH 7.2),150 mM NaCl, 1 mM EDTA, 10% v/v glycerol) by spin
filtration to remove excess peptide and then finally concentrated to
1ml. Size-exclusion chromatography was done at 4 °C at a flow rate
of 0.5 ml min™ on an AKTA Fast Performance liquid chromatography
(GE Healthcare) system using a Superdex 200 10/300 GL (Cytiva Life
Sciences) columnwith100 mM NaH,PO, (pH7.2),150 mM NaCl,1 mM
EDTA, 10% v/v glycerol as the eluent. Pure fractions were identified by
SDS-PAGE, validated by analytical RP-HPLC and the protein mass was
confirmed by ESI-TOF MS. Pure fractions were flash-frozen in liquid
nitrogen before being stored at —80 °C until further use. Analytical
data for the final SpyC-anti-CXCR4 conjugate are provided in Sup-
plementary Fig. 21 and Supplementary Table 1.

Anti-CEACAM6-AF594 was prepared by reacting anti-CEACAM6-
SpyCatcher003 (0.33 mg, 12.3 nmol) with SpyTag003-AF594 (0.2 mg,
12.5nmol) in 100 pl of 100 mM NaH,PO, (pH 7.2), 150 mM NacCl, 1 mM
EDTA,10% v/v glycerol. The reaction was incubated away from light at
room temperature and monitored by RP-HPLC and ESI-TOF MS. When
full conversion was observed, the reaction was washed with buffer
(100 mMNaH,PO, (pH7.2),150 mMNaCl,1 mMEDTA, 10% v/v glycerol)
by spin filtration to remove excess peptide and then finally concen-
trated to reach100 pM of the conjugate. The product was validated by
RP-HPLC and ESI-TOF MS, flash-frozen and stored at =80 °C.

SpyTag003-HaloTagl3 was used inreactions with the iridium catalyst
functionalized withachloroalkanelinker (Ir-PEG4-C4H,,Cl). Specifically,
one equivalents of SpyTag003-HaloTag13 (585 pg, 15 nmol) was reacted
with three equivalents of Ir-PEG4-C¢H,,Cl (62 pg, 50 nmol) in 100 mM
NaH,PO, (pH7.2),150 mM NaCl,1 mM EDTA,1 mMDTT for1hatroom
temperature. The reaction was monitored by RP-HPLC. When all the
protein had been consumed to generate the SpyTag003-HaloTagl3-Ir
conjugate (referred to as SpyTag003-Ir), the reaction was washed in
100 mM NaH,PO, (pH 7.2),150 mM NaCl, 1 mM EDTA,1 mM DTT by
spin filtration to remove excess Ir-PEG4-C,H,Cl. The conjugate was
thenaliquoted, flash-frozen and stored at —80 °C.

Rapamycin-induced protein trans-splicing reactions

Screening for the optimal split site within SpyCatcher003 was donein
splicing buffer (100 mM NaH,PO, (pH 7.2),150 mM NaCl,1 mM EDTA,
1mMDTT, 10% v/v glycerol) by combining complementary protein
chimeras Flag-SpyN"*-NpuN®¢-FKBP and FRB-NpuC“¢*-SpyC**~-Myc
(1M ofeach), withxandydenoting thelast and first residue of the two
fragments (the split site). Whenindicated, samples were supplemented
with SpyTag003 or conjugates thereof (2 uM) and either rapamycin
(afinal concentration of 10 uM from a 50 pM DMSO stock) or TEV pro-
tease (10 units). Reaction mixtures were incubated for 24 h at 37 °C
before being analysed by SDS-PAGE or western blotting.

Screening for the optimal split site in IL-13 was done in splicing buffer
(100 mM NaH,PO, (pH 7.2),150 mM NaCl,1 mM EDTA,1 mM DTT, 10%
v/v glycerol) by combining complementary protein chimeras Flag-IL-
1BN"*-eNrdJ-IN“*¢*-FKBP and FRB-eNrdJ-1C*-IL-13C"**-Myc (1 uM of
each), with xand y denoting the last and first residue of the two frag-
ments (the splitsite). Whenindicated, samples were supplemented with
rapamycin (final concentration of 10 uM from a 50 uM DMSO stock).
Reaction mixtures were incubated at 37 °C before being analysed by
SDS-PAGE or western blotting.

Generation of stable cell lines

Togenerate stable cell lines expressing CXCR4-and ADORA2A-related
constructs, low-passage OE19 cells were transfected with a PiggyBac
transposon plasmid encoding for the desired transgene under the
control of a doxycycline-inducible promoter and a PiggyBac trans-
posase plasmid (2:1ratio). Lipofectamine 3000 transfection reagent
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was used for the transfection according to the manufacturer’sinstruc-
tions. The transfected cells were allowed to recover in RPMI-1640 sup-
plemented with 2 mM L-glutamine, 10% v/v FBS,100 U ml™ penicillin/
streptomycin for 30 h after transfection. The cells were then cultured
for 5 days in RPMI-1640 supplemented with 2 mM L-glutamine, 10%
v/v FBS, 100 U ml™ penicillin/streptomycin and 1 pg ml™ puromy-
cin. Transfected OE19 cells that survived puromycin selection were
further expanded and maintained in RPMI-1640 supplemented with
2 mM L-glutamine, 10% v/v FBS, 100 U ml™ penicillin/streptomycin
and 1 pg ml™ puromycin, with cultures being discarded after 30 pas-
sage cycles. Transgene expression was achieved by supplementing
the culture with 400 ng ml™ doxycycline for 24 h. Protein expres-
sion was confirmed by western blot, immunofluorescence micro-
scopy and flow cytometry. The primary structures of the CXCR4- and
ADORAZ2A-related constructs are given in Supplementary Table 11.

Lenti-X 293 T cells (TakaraBio, 632180) were cultured in DMEM sup-
plemented with 10% (v/v) FBS and 100 U mI™ penicillin/streptomycin
in 6-well plates to approximately 70% confluency. The cells were then
transfected in culture medium without penicillin/streptomycin using
Lipofectamine 2000 with: a transfer plasmid encoding the genes for
HER2A-eGFP and blasticidin resistance (4 pg); the envelope plasmid
pMD2.G (1.2 pg); and the packaging plasmid psPAX2 (3.6 pg). After
24 h, the culture was aspirated and DMEM supplemented with 10%
(v/v) heat FBS and 100 U mI™ penicillin/streptomycinadded. Lentivirus
was collected the following day by isolating and filtering (0.45 pum) the
culture supernatant. The lentivirus preparation was stored at -80 °C
until further use. Wild-type HeLa cells were cultured in DMEM supple-
mented with10% (v/v) FBSand 100 U mI™ penicillin/streptomycintoa
confluency of 50%ina 6-well plate. Then, 1 ml of the produced lentivirus
preparation was added along with 1 ml of fresh medium and further
supplemented with 4 pg ml™ polybrene. After 24 h, an extra1 ml of
virus was added to the HeLa cells. The following day, the medium was
changed and the cells were allowed torecover for another 24 h. The day
after that, selection was initiated by adding 1 pug ml ' blasticidin. After
several passages, the cells were sorted by fluorescence-activated cell
sorting on a BD FACSymphony A3 Cell Analyzer using the eGFP signal
for gating to isolate the HeLa*“""* population. The primary structure
of HER2A-eGFP is givenin Supplementary Table 11.

Mammalian cell culture

Mammalian cell lines were cultured in media as detailed in the Sup-
plementary Table 12 in an incubator at 37 °C and 5% CO,. All cell lines
were regularly tested free of mycoplasma.

Confocal microscopy

Suspension cell lines. The specific cell line or mixture was treated
as specified in the relevant section. After treatment, cells were sus-
pendedin DBPS, 1% w/v BSA,2 mM CaCl, supplemented with Hoechst
33342 (10 pg ml™?) and incubated for 30 min at room temperature
before being washed twice in buffer. The cells were then transferred to
aglass-bottom plate and allowed to settle before being imaged using
40x magnification on a Nikon A1/HD25 microscope (Nikon Instru-
ments). Processing of fluorescence microscopy images was done using
FIJI (National Institutes of Health)®.

Adherent cell lines. The specific cell line was plated on aglass-bottom
plate, cultured and then treated as specified in the relevant section.
After treatment, DBPS, 1% w/v BSA, 2 mM CaCl, supplemented with
Hoechst 33342 (10 pg ml™) was added to the plate and the adherent
cellsincubated for 30 min at room temperature before being washed
twice in buffer. The cells were then imaged as described above.

Flow cytometry
Celllines were suspended as 1,000,000 cells per mlin cold DBPS, 1%
w/vBSA,2 mM CacCl, (supplemented with 50 mM EDTA for adherent cell

cultures), filtered through a cell strainer and kept onice. Flow cytom-
etry data acquisition was obtained on a BD LSR Il flow cytometer and
the results were analysed using FlowJo 10.8.1. Single-colour controls
wereincluded for compensation adjustments. Examples for the gating
strategy used for flow cytometry analysis of mixed K562 populations
aregivenin Supplementary Figs. 8-11. Examples for the gating strategy
used for flow cytometry analysis of mixed mammary populations are
givenin Supplementary Figs. 14-16.

Cell surface labelling using SMART-SpyCatcher

Suspension cell lines. Individually cultured K562 cell lines were
spun down and counted to estimate the cell concentration. Then
approximately 200,000 cells of anindividual K562 cell culture were
isolated, washed twice with a buffer containing DPBS, 1% w/v BSA
and 2 mM CacCl, and then suspended in 0.4 ml of the same buffer or
in an appropriate medium. To this sample was added the specified
SMART-SpyCatcher system at the stated concentration by adding
each individual component (SpyN and SpyC) from stock solutions
dissolvedin100 mM NaH,PO, (pH7.2),150 mM NaCl,1 mM EDTA and
1mMDTT. The sample was then incubated for 2 h at 37 °Cin 5% CO,
to allow for cell-surface receptor binding and protein trans-splicing.
The specified SpyTag003 conjugate was then added (100 nM final
concentration) and the SpyTag003-SpyCatcher003 reaction was
allowed to proceed in the dark at room temperature for 20 min. The
cellswere then washed twice with cold DPBS, 1% w/v BSA,2 mM CaCl,
andincubated onice until further analysis by confocal microscopy or
flow cytometry. Samples subjected to SDS-PAGE or western blotting
were washed twice with DPBS alone to remove excess BSA. Control
experiments examining the mechanism of action in Extended Data
Fig. 3a-cincluded the following steps before the addition of Spy-
Tag003-AF594: first, addition of competing DARPins (500 nM) block-
ing SMART-SpyCatcher binding; second, addition of the Cys1-alkylated
eNrdJ-IN“®¢component, unable to perform protein trans-splicing; or
third, pre-addition of unlabelled SpyTag003 (500 nM) to block the
reaction with SpyTag003-AF594. In reactions with SpyTag003™"7A-
AF594, the mutation D117A disables the formation of an isopeptide
bond with SpyCatcher003.

Adherent cell lines. Individually cultured adherent cell lines were
lifted using trypsin, washed with complete medium and counted to
estimate the cell concentration. Then 200,000 cells were seeded in
24-well plates and allowed to attach and recover for 24 hin complete
media. The assay protocol for SMART-SpyCatcher actuation and Spy-
Tag003 recruitment followed that outlined above for the suspension
celllines. After treatment, the adherent cells were washed twice with
DPBS, 1% w/v BSA, 2 mM CacCl, and then lifted with a non-enzymatic
solution of DPBS, 1% w/vBSA, 50 mM EDTA and incubated oniice before
analysis by flow cytometry. For SDS-PAGE or western blotting, cells
were lifted as described and then washed with DPBS alone to remove
excess BSA.

Mixed-population experiments using SMART-SpyCatcher
Suspension cell lines. Two distinct mixed populations of K562
celllines were generated (K562 expresses low endogenous levels of
EpCAM):

« Mixed K562 population1

« K562 (wild-type cell line)

. K562EGFR+

. K562HER2+

. K562HER2+/EGFR+

« Mixed K562 population 2

« K562 (wild-type cell line)

. K562EGFR+
. K562HER2+/EpCAMhi

. K562HER2+/EGFR+/EPCAMhi



The mixed populations were generated by combining the speci-
fied four cell lines (50,000 cells each) in a reaction tube. The
SMART-SpyCatcher system (SpyN and SpyC) was then added at the
specified concentration and the sample wasincubated for 2 hat 37 °C
and 5% CO, to allow for cell-surface receptor binding and protein
trans-splicing. In experiments involving NOT gating, the decoy was
added at 100 nM just before the addition of SMART-SpyCatcher. The
required SpyTag003 conjugate was thenadded (100 nM final concen-
tration) and the SpyTag003-SpyCatcher003 reaction was allowed to
proceedinthe dark atroomtemperature for 20 min. The cells were then
washed twice with cold DPBS, 1% w/v BSA, 2 mM CaCl, and incubated
onice until further analysis by confocal microscopy or flow cytom-
etry. When appropriate for data representation, the individual data
sets from the two distinct mixed populations were combinedinto one
common bar graph.

Adherent cell lines. The three adherent cell lines MCF-10a, MCF7
and Sk-br-3 were cultured individually. Each cell line was lifted with a
non-enzymatic solution of DPBS, 1% w/v BSA, 50 mM EDTA and counted
to estimate the cell concentrations. MCF-10a was then mixed in equal
numbers with either MCF-7 or Sk-br-3, and the two mixed mammary pop-
ulations washed with either complete DMEM medium (MCF-10a + MCF-7)
or complete McCoy’s 5a Medium Modified medium (MCF-10a + Sk-br-3)
before being aliquoted at 200,000 cells per well in a 24-well plate. The
cellswere incubated for 6 hat 37 °C and 5% CO,. The assay protocol for
SMART-SpyCatcher actuation and SpyTag003 recruitment follows that
outlined above for the suspension celllines. After treatment, the adher-
entcells were washed twice with DPBS, 1% w/v BSA,2 mM CaCl,and then
lifted with a non-enzymatic solution of DPBS, 1% w/v BSA, 50 mM EDTA
andincubated onice before analysis by flow cytometry.

Cell antigen phenotyping

Suspension cell lines. Individually cultured K562 cell lines were spun
down and counted to estimate the cell concentration. Then approxi-
mately 200,000 cells of an individual K562 cell culture were isolated,
washed with DBPS, 1% w/v BSA, 2 mM CaCl, and incubated for 30 min at
roomtemperature in the same buffer supplemented with100 nM Alexa
Fluor 594 DARPin conjugate targeting the antigen EpCAM. The cells
were washed twice with DBPS, 1% w/v BSA, 2 mM CaCl, and incubated
onice until further analysis by flow cytometry.

Adherent cell lines. Plated cells were lifted with trypsin, washed with
complete medium and counted to estimate the cell concentration.
Then 200,000 cells were seeded in a 24-well plate format and allowed
to recover and attach for 24 hin complete media. The cells were then
washed with DBPS, 1% w/v BSA, 2 mM CaCl, and incubated for 30 min at
roomtemperature in the same buffer supplemented with 100 nM Alexa
Fluor 594 DARPin conjugate targeting one of the three antigens HER2,
EGFR or EpCAM, or alternatively 100 nM Alexa Fluor 594 single-domain
antibody conjugate targeting CEACAM6. The doxycycline-inducible cell
lines OE19<**P%Xand OE19*?AP* were incubated with100 nM of the syn-
thetic conjugates BTK140-PEG3-AF568 or SCH58261-AF488 respectively.
The cells were washed twice with DBPS, 1% w/v BSA, 2 mM CaCl, before
being lifted with anon-enzymatic solution of DPBS, 1% w/v BSA, 50 mM
EDTA and incubated onice until further analysis by flow cytometry.

NeutrAvidin Rhodamine Red-X recruitment assay

The cellsample was prepared following the assay protocol detailed for
single population or mixed populations of suspension cells described
above. Afterincubation with SMART-SpyCatcher (SpyN and SpyC each
at100 nM final concentration) for 2 h, SpyTag003 labelled with biotin
(SpyTag003-Biotin,100 nM) was added to the cells and the SpyTag003-
SpyCatcherO03 reactionallowed to proceed for 20 minat room temper-
atureinthe dark. The cells were then washed twice with cold DPBS, 1%
w/vBSA,2 mM CaCl,and thenincubated with NeutrAvidin Rhodamine

Red-X (1:500) for 30 min. The cells were then washed with DBPS, 1%
w/vBSA,2 mM CaCl, before being imaged by confocal microscopy or
analysed by flow cytometry. For the experiment studying the intake of
NeutrAvidin Rhodamine Red-X, the sample was imaged immediately
and after anextraincubation period of 4 hat the specified temperature.

Cell-depletion assay
Mixed K562 population depletion. The sample was prepared following
the assay protocol detailed for mixed populations of suspension cells
described above. Afterincubation with SMART-SpyCatcher (SpyN and
SpyCeach at100 nM final concentration) for 2 h, SpyTag003 labelled
with biotin (SpyTag003-biotin, 100 nM) was added tothe cellsand the
SpyTag003-SpyCatcher003 reaction allowed to proceed for 30 min at
room temperature. The cells were washed with complete RPMI-1640
medium. Cells were then aliquoted into a 96-well plate (12,500 cells
per well) and an extra 100 pl of complete RPMI-1640 media contain-
ing Streptavidin-Saporin (20 nM final concentration) was added. The
cells were then cultured for 72 h for the single-dose regimen. For the
two-dose regimen, the cells were cultured for 24 h before being sub-
jected to the treatment described above a second time and then cul-
tured for anextra72 h.Samples were then analysed by flow cytometry.
Subpopulation percentages obtained from the flow cytometry
analysis were normalized using the following formula: percentage
viability = X,/(X, x (WT,/WT,)) x 100, where X, is the percentage of the
specificsubpopulationin the negative untreated sample, X; is the per-
centage of the specific subpopulation, the relevant sample, WT is the
percentage of the wild-type subpopulation in the negative untreated
sample, and WT, is the percentage of the wild-type subpopulationin
therelevantsample. The derived percentage is taken to be the viability
of the specified subpopulation.

Single A431 population depletion. For the A431 cell-depletion assay,
the cultured cells were lifted with trypsin, counted and then seeded at
5,000 cells per wellin a 96-well plate before further culturing for 24 h
at37 °Cand 5% CO,. The cells were then washed with DPBS, 1% w/v BSA,
2 mM CaCl,and incubated with the indicated SMART-SpyCatcher (SpyN
and SpyC, each at 100 nM final concentration) for 2 h at 37 °C and 5%
CO,.SpyTag003-biotin (100 nM) was added and the sample was incu-
bated for 30 min at room temperature. The cells were gently washed
with complete DMEM medium before being suspendedin 200 pl DMEM
medium containing 20 nM Streptavidin-Saporin conjugate as indi-
cated. The cells were cultured for 24 h at 37 °C and 5% CO, before the
complete treatment described above was repeated to give a two-dose
regimen. Finally, the cells were cultured for an extra 72 h. Each well
was then washed twice with complete DMEM medium and 200 pl of
complete DMEM medium added. An XTT cell viability assay was used
to quantify the metabolic activity of each sample according to the
protocol prescribed by the manufacturer. The conversion of XTT to
formazanwas measured on aSpectraMaxiD5 Multi-Mode Microplate
Reader (Molecular Devices) using well-scan mode at 465 nm at room
temperature. The obtained absorbance values were normalized to the
negative untreated control.

Protein proximity labelling

APEX2 proximity labelling. The cell sample, prepared following
the assay protocol detailed for single populations, was treated with
the SMART-SpyCatcher reactants (SpyN and SpyC each at 100 nM
final concentration) for 2 h. The cells were then incubated with Spy-
Tag003-APEX2 (300 nM) for 30 minat room temperature before being
washed twice with DPBS. To initiate APEX proximity labelling, the cells
were treated with 1 ml DPBS containing biotin-phenol (250 uM final
concentration) followed by the addition of 10 pl of freshly prepared
DPBS containing 100 mM H,0,, and the reaction was allowed to proceed
atroom temperature under gentle swirling for the indicated time. The
reactionwas quenched by the addition of200 pl DPBS,10 mMsodium
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ascorbate and 5 mM Trolox, and the cells washed twice with1 ml of the
same buffer. The cells were lifted (when necessary) by the addition of
1mIDPBS, 50 mMEDTA, pelleted and suspendedin200-500 pl 50 mM
Tris-HCI (pH 8.0),150 mM NaCl, 1% v/v NP-40, 0.5% w/v sodium deoxy-
cholate, 0.1% w/v sodium dodecyl sulfate supplemented with 1x Halt
Protease Inhibitor Cocktail and1 mM PMSF, then sonicated briefly and
centrifuged for 20 minat15,000gat 4 °C. The supernatant wasisolated
and analysed by SDS-PAGE/western blotting.

AND-gated pMap photocatalytic proximity labelling. For the
mixed-cell experiment, the mixed K562 population 1was prepared
as described above in DPBS, 1% w/v BSA, 2 mM CaCl,. The cells were
incubated with the SMART-SpyCatcher (100 nM, eNrdJ-1°*¢variant) in
1mIDPBS, 1% w/vBSA,2 mM CaCl, for2 hat37 °C, 5% CO,. SpyTag003-Ir
was added to a final concentration of 200 nM in DPBS and the cells
were incubated for 30 minatroom temperature. The cells were washed
twice with DPBS before incubationin DPBS supplemented with 250 pM
biotin-diazirine for 5 min at room temperature. The cell sample was
thenirradiated using aKessil PR160L lamp (LED 440 nm) for 5or 10 min.
The cells were washed again twice with DPBS and then treated with
Streptavidin-Alexa Fluor 546 (1:2,000 v/v ratio) and incubated for
30 min. Finally, the cells were washed twice with DPBS and analysed
by flow cytometry.

Cell experiments using SMART-IL-1

On-cell splicing and release. OE19 cells were cultured to full conflu-
encyonal2-well plate and washed twice with DBPS supplemented with
1% w/vBSA and 2 mM CaCl,. Alternatively, one million cultured K562 cells
were collected and washed twice with DBPS, 1% w/v BSA, 2 mM CacCl.,.
In both cases, the cells were incubated with each SMART-IL-1§3 frag-
ment (at the specified concentration) in 0.5 ml with DBPS, 1% w/v BSA
and 2 mM CacCl, for 2 hat 37 °C and 5% CO,. The supernatant was then
withdrawn, cleared of any cell debris by centrifugation and used further.

IL-1B stimulation of HeLa cultures. HeLa cells were cultured to about
30-50% confluency in a 24-well glass-bottom plate. The supernatant
from OE19 or K562 cultures, prepared as described above, was applied
to the cell culture with an additional 500 pl fresh DMEM supplemented
with10% v/v FBS,100 U ml™ penicillin/streptomycin for 30 minat37 °C
at 5% CO,. The cells were then washed with DBPS before being fixed
by incubation in 0.5 ml 5% v/v formaldehyde for 10 min at room tem-
perature. Excess formaldehyde was quenched by the addition of 0.5 ml
150 mM glycine followed by washes with DPBS. The cells were subse-
quently permeabilized by incubation with 0.5 mI DPBS and 0.5% v/v
Triton X-100. The fixed and permeabilized cell sample was then washed
and blocked for 1 h at room temperature by the addition of DPBS, 4%
w/v BSA and 0.1% v/v Tween-20, and then washed with DPBS, 4% w/v
BSA and 0.1% v/v Tween-20. The cell sample was thereafter treated
first with rabbit anti-NF-kB (p65) antibody in DPBS and 1% w/v BSA
for1hat room temperature, washed and then incubated with goat
anti-rabbit dye conjugate and Hoechst (1:2,000 dilution) in DPBS and 1%
w/vBSAfor30 mininthebuffer. Finally, the cell sample was subjected to
immunofluorescence microscopy.

HEK-Blue IL-1B cell assay. Cultured HEK-Blue IL-1f3 cells were gently
lifted by trypsinization, counted and plated as100,000 cells per wellin
a24-wellplate, after which they were allowed to recover overnight. After
aspiration, 500 plsupernatant from OE19 or K562 cultures, prepared as
described above, was added with an additional 500 pl of fresh medium
without Normocin/Zeocin. The cell cultures were then incubated for
24 hat 37 °C and 5% CO,. From each of the treated HEK-Blue IL-1p cell
cultures, 50 plsupernatant was transferred toa96-well plate. Toeach
wellwe added 150 pL QUANTI-Blue solution, after which the plate was
incubated for 30 min at 37 °C. SEAP levels were then determined using
aplate reader measuring the absorbance at 630 nm.

Mixed cells K562 and HEK-Blue. One million K562 cellsand 100,000
HEK-Blue IL-1p cells were collected, mixed and washed and sus-
pended in 0.5 ml DPBS, 1% w/v BSA and 2 mM CacCl,. The cells were
then co-incubated in a 12-well plate. SMART-IL-13 was added to the
cell sample, which was further incubated for 2 h at 37 °C and 5% CO,.
Then 500 pl RPMI medium supplemented with 5% FBS, 100 U mI™
penicillin-streptomycin and 25 mM HEPES buffer was added and the
cellswere co-cultured for24 hat 37 °Cand 5% CO,. The SEAP assay was
then done as described above.

Mixed cells OE19 and HeLa®®""*, OE19 and HeLa*“"** cells were seeded
ina24-wellglass-bottom plate ina5:1ratio and cultured in a mixture of
50% DMEM, 50% RPMI media supplemented with 2 mM L-glutamine,
10% w/v FBSand 100 U ml™ penicillin-streptomycin. When nearly con-
fluent, the cells were washed with DPBS, 1% w/v BSA and 2 mM CacCl,
and incubated with SMART-IL-1§ for 2 h at 37 °C and 5% CO,. The cells
were thenwashed, fixed, permeabilized and analysed by fluorescence
microscopy as described above.

Statistics and reproducibility

All statistical analyses were done in GraphPad Prism v.9.2.0. P-values
were determined by either two-sided ¢-test or one-way ANOVA fol-
lowed by Dunnett’s test, as listed in the figure legends. The statistical
significances of differences (NS, not significant; *P < 0.05, **P < 0.01,
**+P<(0.001, ***P < 0.0001) are specified throughout the figures and
legends. Heatmaps were generated using GraphPad Prism v.9.2.0. All
experiments analysed by SDS-PAGE/western blotting and/or flow
cytometry were repeated at least 2-3 times (independent biological
replicates). All experiments analysed by microscopy were repeated
at least twice (independent biological replicates). All results were
reproducible.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All the data supporting the findings of this study are available in the
paper and the Supplementary Information. Coordinates and structure
files have been deposited to the Protein Data Bank (PDB: S8UBS).
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Extended DataFig.1|Systematicscreeningtoidentify SpyCatcher003 split
siteand optimization of SMART-SpyCatcher. a, SpyCatcher003 was split at
various sites and the cognate pairs used to generate FLAG-SpyN"*-NpuN®e-
FKBP and FRB-NpuC®¢-SpyC*'3-Myc, with x and y denoting the last and first
residue of the two fragments (i.e., the split site). Theisopeptide bond (formed
between D117 of SpyTag003 and K31 of SpyCatcher003) is shownin sticksin
the structure of SpyTag-SpyCatcher (PDB: 4MLI). The primary structure of
SpyCatcher003isshownwith splitsitesindicated. b, Schematic of the cell-
freeinvitroscreenused toidentify the optimal split site. Conditional protein
splicing (CPS) wasinduced either by proteolytic decaging using TEV protease
or through chemically induced FKBP/rapamycin/FRB hybridization, which
simulatesideal colocalization on atarget cell surface. ¢, The result of screening
FLAG-SpyN'”>-NpuN¢*¢-FKBP and FRB-NpuC®*#-SpyC"*"*-Myc generated from
splitting SpyCatcher003 at position 73-74. Reactions were performed with
FLAG-SpyN'7>-NpuN¢*¢-FKBP (1 uM), FRB-NpuC®#-SpyC’***-Myc, (1 M) and
His,-SpyTag003 (2 uM). CPS was induced by the addition of either TEV protease
(10 units) or rapamycin (10 uM). The reactions were analyzed by Western blot
after 24 hrincubationat 37 °C. FLAG-SpyCatcher003-Myc was used as asize
standard for the spliced product; FLAG-SpyCatcher003-Myc (1 uM) reacted
with His¢-SpyTag003 (2 uM) was used as a size standard for the covalent
complexbetweenthe two. Thelegend and experimental conditions apply for
subsequent panels with alterations when noted. d, Npu“**¢ was swapped with
Nrd)-1°°¢¢in SMART-SpyCatcher thereby giving FLAG-SpyN'7>-Nrd}-1N“*-FKBP
and FRB-NrdJ-1C*€-SpyC™*"3-Myc. A SpyTag003 Alexa Fluor 594 conjugate
(SpyTag003-AF594) was used as the activity probe. Thereactions were analyzed

by Westernblot. e, SpyN'7>-NrdJ-1N“*%-FKBP with the wildtype (WT) ora
catalytically dead C1A mutant of NrdJ-1N“*¢* was mixed with FRB-NrdJ-1C*¢*-
SpyC™*'B3-Mycand SpyTag003-AF594. The reactions were analyzed by Western
blot.f, The crystal structure of fusion NrdJ-1(PDB: 8UBS), with sequences
corresponding to NrdJ-1IN and NrdJ-1C colored in cyan and orange respectively.
Aschematicrepresentation of the fusion protein and the caged splitinteinis
shown as welltoindicate relevant domains in addition to their N-and C-termini
and the position of the non-catalytic Cys76.g-h, Astructural analysis was
performedto predict theimpact ofintroducinga C76V mutationin fusion
NrdJ-1.g, Thebackbone of wildtype NrdJ-1 (crystal structure) and that of the
NrdJ-1°¢Y mutant (insilico AlphaFold2 model) are superimposable with aroot
mean square deviation (RMSD) of 0.56 A. h, Residue sidechains of Cys76 and
Leu2areshownassticks and cavitiesinsolid grey. The experimentally
determinedlocal environment of Cys76 is shown on the left, whereas the in
silico predictedlocal environment of C76Vis shown on theright and changes
between the two are indicated witharrows. i, Combinations of FLAG-SpyN'">-
NrdJ-1N°*€-FKBP or FLAG-SpyN!73>-NrdJ-1INC76V****-FKBP with FRB-NrdJ-1C¢®¢-
SpyC™*'3-Myc or FRB-NrdJ-1C®¢7*V).Spy C7#113-Myc were tested as indicated
usingthe reaction conditions described above. Thereactions were analyzed by
Westernblot.j, Electrospray ionization time-of-flight mass spectrometry (ESI-
TOF MS) characterization of the SpyCatcher003 spliced product produced by
rapamycintriggered CPS between FLAG-SpyN'7>-NrdJ-INC76V**¢¢-FKBP and
FRB-NrdJ-1C*¢C7Y).5py C7#113-Myc. Reaction conditions followed those
described above. Datashownin panels c-e,andiare representative oftwo
independent experiments.
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apply similar reaction and analysis conditions asin panel a using the SMART-
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Extended DataFig. 3| The mechanism ofaction of SMART-SpyCatcher.

a, K562HER?/ECFRY ca[s were treated with aHER2-SpyN (100 nM) and SpyC-
o«EGFR (100 nM) for 2 hr, followed by SpyTag003 labeled with Alexa Fluor 594
(SpyTag003-AF594,100 nM) for 20 min. SMART-SpyCatcher employed eNrd]J-
1°°¢¢, Following washing, the live cells were analyzed by confocal microscopy.
Cellnuclei were stained with Hoechst, while HER2 and EGFR were tagged with
eGFPandiRFP, respectively. Thecellsinrow1weretreated as described above,
whereas reaction conditionsin the subsequent experiments were supplemented
with DARPins targeting HER2 and EGFR (500 nM each, row 2), used aninactivated
version of NrdJ-IN“*#¢ (Cysl-alkylated, row 3), or were supplemented with
unlabeled SpyTag003 (500 nM, row 4). Scale bar equals 20 um. All subsequent
panelsapply similar reaction and analysis conditions asin panela (row 1) using
the SMART-SpyCatcher (eNrdJ-1°*¢) system with any alterations as noted.

b, Western blot analysis of K5621ER>7EGFR* cel|s treated with aHER2-SpyN and
SpyC-aEGFR (identified by FLAG and Myc respectively), and SpyTag003 labeled
with biotin (SpyTag003-biotin; identified by Strep-800). The inactivated version
of NrdJ-IN“*#¢ (Cysl-alkylated) was used as a negative control. ¢, Experiments
were performed on K562"5R7E6FR* cels with the SMART-SpyCatcher (eNrdJ-1¢¢)
[HER2 AND EGFR] system, and either SpyTag003-AF594 or inactive
SpyTag003P°"7Alabeled with Alexa Fluor 594 (SpyTag003""7A-AF594). Scale bar

equals 20 pm. d, K562"ER2/ECFR ce|s were treated with SMART-SpyCatcher
(100 nM, eNrd]J-1°°¢) in buffer (DPBS, 1% w/v BSA, 2 mM CaCl,), RPM11640
medium (cystine-free), orin medium supplemented with 5% v/v fetal bovine
serum (5% v/v FBS) for 2 hr, followed by SpyTag003-AF594 for 20 min. Further
image analysis was performed as described above. Scale bar equals 20 pm.

e, Flow cytometry analysis of amixed population consisting of equal amounts
of K562 (wildtype), K562"ER?*, K5625CFR* and K562"ER2ECFR* ce|s following
treatment with SMART-SpyCatcher (eNrdJ-1°**°) operating through the AND
logicindicated. Theadded SpyN and SpyC pairs (i.e., the targeting DARPins
employed in the constructs) areindicated at the bottom. Data are presented
asthe mean of the AF594 median fluorescence intensities (MFI) from flow
cytometry analysis with error bars signifying the standard errormean (n=3
independentbiological replicates; see Supplementary Table 13 for statistical
one-way ANOVA followed by Dunnett’s test). f, The mixed K562 population
described above were treated with xHER2-SpyN (100 nM) and SpyC-aEGFR
(100 nM) employing eNrdJ-1°*¢¢ or the uncaged splitintein Nrd)-1, for 2 hr,
followed by SpyTag003-AF594 (100 nM) for 20 min. Further image analysis was
performed as described above. Scale bars are equal to 20 um. Datashownin
panelsa-d, and farerepresentative of twoindependent experiments.
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Extended DataFig.4 |Extended SMART logic and three-input systems.

a, SMART-SpyCatcher (i.e., SpyN and SpyC) was assigned to operate through
AND logicinvolving combinations of EpCAM with HER2 and EGFR. Two
combinations of K562 cell lines were used to test for the actuation of SMART-
SpyCatcher and thereby recruitment of SpyTag003-AF594. Anticipated target
cellsare highlighted inred. Mixed-population1consisted of equalamounts

of K562 (wildtype), K562 K562"ER2* and K562HER2/ECFR* whereas mixed-
population 2 consisted of equal amounts of K562 (wildtype), K5625™,
K562HER2+/EPCAMRigh g K 56HER2/ECFREpCAMNiEh The antigen profile of each cell
lineisindicated below each bar plot (Land H designates low endogenous and
high ectopiclevels respectively for EpCAM), whereas the antigens targeted

by the added SpyN and SpyC pairs (i.e. the targeting DARPins employedin the
constructs) areindicated at the bottom. Experiments were performed with
SMART-SpyCatcher (100 nM, eNrdJ-1°*¢),100 nM SpyTag003-AF594. Data are
presented as the mean of the AF594 median fluorescence intensities (MFI)
from flow cytometry analysis with error bars signifying the standard error
mean (n=3independentbiological replicates; see Supplementary Table 13

for statistical one-way ANOVA followed by Dunnett’s test). b, Target cells were
profiled for their relative surface levels of HER2, EGFR, and EpCAM. Cells were
treated with DARPins labeled with AF594 followed by flow cytometry analysis.
In parallel, combinations of SpyN and SpyC linked to targeting DARPins were
used tosolvethe AND logic matrix foragiven cellline. c, Top: Single cells lines
were profiled for their relative surface levels of HER2, EGFR, and EpCAM using
the three DARPin Alexa Fluor 594 conjugates aHER2-AF594, aEGFR-AF594, and
oEpCAM-AF594. Cells were treated with the indicated DARPin-AF594 conjugate
and analyzed by flow cytometry analysis. Bottom: Single cell lines were also
treated with variations of SMART-SpyCatcher003 (100 nM, eNrdJ-1°¢¢) operating
through different combinations of AND logic targeting HER2, EGFR, and
EpCAM. The heatmaps represents the mean MFl of the AF549 signal from three

independentreplicates (see Supplementary Tables 3 and 4 for individual values).
Thecelllines are categorized as displaying low (MFI <1000) or high (MFI>1000)
levels of thethree antigens. d, The quantity of the lesser-expressed antigen used
ineach AND gate and theresulting recruitment of SpyTag003-AF594 is plotted
for the datafrom panel c. Errors = standard error mean (n =3 independent
biological replicates). e, Schematicillustrating SMART-SpyCatcher operating
through [(HER2 OREGFR) AND (HER2 OR EGFR)] logic on a mixed K562
population; sets of SpyN and SpyC are used to achieve [HER2 AND HER2],
[EGFRAND EGFR], [HER2 AND EGFR], and [EGFR AND HER2] gating, essentially
resultingin ORlogic. f, The SMART-SpyCatcher [HER2 OR EGFR] logic operation
wastested on mixed K562 cell population 1. Cells were treated with SMART-
SpyCatcher (i.e. HER2-SpyN/aEGFR-SpyN/SpyC-aHER2/SpyC-aEGFR, each at
100 nM, employing eNrd)-1°¢¢), and SpyTag003-AF594 (100 nM) and analyzed by
flow cytometry. Error bars signify the standard error mean (n =3 independent
biologicalreplicates; see Supplementary Table 14 for statistical one-way ANOVA
followed by Dunnett’s test). g, Schematicillustrating a3-input logic operation,
where SMART-SpyCatcheracts through the use of aAg,-SpyN/SpyC-aAg,/SpyC-
aAg,toachieve [Ag; AND either Ag, OR Ag,] cell targeting strategy. h, SMART-
SpyCatcher (i.e. xAg;-SpyN/SpyC-aAg,/SpyC-aAg,) was used in mixed K562
cell experiments to evaluate its AND/OR logic function involving combinations
of HER2, EGFR and EpCAM. The two mixed populations of K562 cell lines
described above were used to test for the actuation of SMART-SpyCatcher and
thereby recruitment of SpyTag003-AF594. Experiments were performed with
SMART-SpyCatcher (100 nM, employing eNrdJ-1¢¢), and SpyTag003-AF594
(100 nM). Dataare presented as AF594 MFIfrom flow cytometry analysis with
error bars signifying the standard error mean (n =3 independent biological
replicates; see Supplementary Table 15 for statistical one-way ANOVA followed
by Dunnett’s test).
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Extended DataFig. 5| Tuning SMART for an adjustable stimulus-response.
Several eNrdJ-IN“*¢* variants were made either by mutating ionizable sidechain
residues (a-c) or adjusting the cage length (d-f); these were tested in standard
mixed K562 cell experiments followed by flow cytometry analysis. Dataare
presented as the mean of the AF594 median fluorescence intensities (MFI) from
flow cytometry analysis with error bars signifying the standard error mean
(n=3independentbiological replicates). Panels b and e: Amixed population

consisting of equal amounts of K562 (wildtype), K562152*, K562~ an

d

K562HER2ECFR* colls was treated with aHER2-SpyN (using the indicated eNrdJ-
IN“*#¢variantat100 nM), SpyC-aEGFR (using the standard eNrdJ-1C**#¢ variant
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at100 nM), and SpyTag003-AF594 (100 nM). The experimental median
fluorescence intensity (MFI) values were normalized to those obtained
employing eNrdJ-1IN“&¢for comparison (n =3 independent biological
replicates). The normalized AF594 MFl associated with the individual four
celllines across the different experiments are summarized in the form of
two heatmaps (see Supplementary Table 13 for statistical one-way ANOVA
followed by Dunnett’s test and Supplementary Tables 5and 6 for individual
values). Panels cand f: The most active variants from the two ways of cage
tuning were tested in dose-response experiments.
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Extended DataFig. 6| Employing tuned SMART-SpyCatchers.
a,SpyCatcher003 utilizesitsresidue K31to formanisopeptide bond with D117 of
SpyTag003 uponbinding. A mutant of SpyN carrying K31E was evaluated for its
abilty torecruit SpyTag003-AF594 upon SMART actuation of SpyCatcher003.
The datarepresent the flow cytometry analysis of K562"ER27ECFR* ce|s Jeft
untreated or treated with either SMART-SpyCatcher or SMART-SpyCatcher**'®
(bothat100 nM, employing eNrd)-1**¢and operating through [HER2 AND EGFR]
gating). RFU denotes relative fluorescence units. The relative mean AF594 MFlis
giveninthebargraph ontheright witherrorbars signifying the standard error
mean (n=3independentbiological replicates) and statistical significance
evaluated using an unpaired two-sided t-test (ns =not significant; ****P<0.0001).
b, The total cellular levels of HER2 and EpCAM for MCF-10a, MCF-7, and Sk-br-3
celllines were determined by Westernblotting (left) and quantified (right).
Intensity values were corrected against the GAPDH signal for each cell line

and further normalized to the overall highest level (Sk-br-3 for HER2, MCF-7 for
EpCAM).c, Theendogenous surfacelevels of HER2and EpCAM on mammary
celllines MCF-10a, MCF-7, and Sk-br-3 were furthermore profiled and categorized
aslow (MF1<1000) or high (MFI>1000). Errors=standard error mean (n=3
independentbiological replicates). d, MCF-10acells either unstained or stained

withthe cell-permeable dye 5-Chloromethylfluorescein diacetate (CMFDA)
were also phenotyped to determine any differencesin the levels of surface
HER2 and EpCAM. Errors =standard error mean (n =3 independent biological
replicates). Statistical significance was evaluated using an unpaired two-sided
t-test (ns=notsignificant). e, SMART-SpyCatcher assigned for [HER2 AND
EpCAM]logic was tested in flow cytometry experiments using mixed
mammary cell population1(equal amounts of MCF-10a"ERoW/EpCAMIow 5 5
MCF-7HER2low/EpCAMhighy 3 d mixed mammary population 2 (equal amounts of
MCF-10aHER2IoWEPCAMIoW 3 G- br-3HER2high/EPCAMNigh) NCF-10a cells were pre-
stained with CMFDA, which labelsintracellular proteins. Each population was
incubated with100 nM SpyTag003-AF594 in the absence or presence of 100 nM
oHER2-SpyN and SpyC-aEpCAM (employing eNrd)-1°¢° with K114AK116A).
Shownare representative flow cytometry plots of the recruitment of SpyTag-
AF594 by the subpopulations under the different conditions. f, SMART-
SpyCatcher003 using different versions of eNrdJ-1°** were tested on the cell
lines (color coded asin panel e) and the quantified data presents the mean of
theindividual median fluorescence intensities (MFI) of the AF594 signal with
error bars signifying the standard error mean (n =3 independent biological
replicates). Statistical analysis using paired two-sided t-test.



b

BF LysoTracker NA-RRx Merge
0 hr AND gated in-take 1500 °
37 °C T
S 1000
4
4 hr < 500
37°C < s
0
HER2 + +
4hr EGFR -+ o+
4°C SpyN aHER2
Endocytosis SpyC aEGFR
120 ns ns ns ns
SMART-SpyCatcher One-dose regimen 100]epre 2Tn® 020 a0
Mixed F 80
~ K562 Dose 1 Analysis <
1927 Z 60
16090} 3 .
aHER2- SpyC- [S\Q0 T S 40
SpyN aEGFR t t s
SpyTag003- 20
X / i~ ;
ROR N biotin Two-dose regimen
+%) %Q%@ (i B S S B B S S B S e
Strep-Saporin %’\@ﬁ HER2 -+ -+ -+-4+ -+ -4+ -+ -+
Dose 1 Dose 2 Analysis EGFR - - ++ - -4+ - -++4 - - ++
Altered composition
& SpyTag003-biotin - + - +
P49 9] 1 1 L 3 ¥ i R R
G JC A/i\/i\/?_f\ N t N Strpt-Saporin + +
0 24 96 SMART-SpyCatcher - - + +

Extended DataFig.7|Targeted cell depletion using Booleanlogic.

a, K562MER?/ECFR: cells were treated with SMART-SpyCatcher (100 nM, employing
eNrd)-1°°¢) for [HER2 AND EGFR] logic and SpyTag003 labeled with biotin
(SpyTag003-biotin, 100 nM). Following washing, the cells were treated with a
NeutrAvidin Rhodamine Red-X conjugate (NA-RRx, magenta) and then either
visualized by confocal microscopy immediately or after furtherincubation for
4 hrat37°Cor4°C.Cellnuclei were stained with Hoechst, while lysosomal
compartments were stained with LysoTracker. Scale bar equals 20 pm.

b, Schematicillustrating the proposed recruitment and internalization of
NA-RRx enabled by the SMART-SpyCatcher system. ¢, Amixed population
consisting of equal amounts of K562 (wildtype), K5625F%* K562 "> and
K562HER2ECRR cells was used to test for the selective recruitment of SpyTag003-
biotin and subsequent recruitment of NA-RRx. The cell mixture was treated as
inpanelb. The NA-RRx signal associated with the individual subpopulations
was quantified by flow cytometry with the data presented as the mean of the
NA-RRxmedian fluorescence intensities (MFI) with error bars signifying the

standard errormean (P(WT vs HER2) =0.9950; P(WT vs EGFR") =0.9950; P(WT
vs HER2'/EGFR’) < 0.0001; see Supplementary Table 13 for further statistical
one-way ANOVA followed by Dunnett’s test). d, Schematicillustrating the
selective cell depletion of a HER2/EGFR positive K562 cell linein acomplex
cell mixture using SMART-SpyCatcher, SpyTag003-biotinand a Streptavidin-
Saporindisulfide conjugate. e, Summary of how the one-dose and two-dose
regimens were performed. f, The mixed K562 cell population employed in
panel cwas treated with SMART-SpyCatcher (100 nM, employing eNrd]-1*¢
and [HER2 AND EGFR] logic), SpyTag003-biotin (100 nM), and Streptavidin-
Saporin (20 nM). Cells were then analyzed by flow cytometry and the data
presented as percentage viability relative to untreated wildtype cells (ns =not
significant; ****P < 0.0001). All flow cytometry dataare presented as the mean
witherror barssignifying standard error mean (n =3 independent biological
replicates). Statistical significance in panel fwas evaluated using an unpaired
two-sided t-test. Datashownin panel aisrepresentative of two independent
experiments.
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Extended DataFig. 8| AND-gated proximity labeling. a, Western blot analysis
of K562MER3/ECFR treated with xHER2-SpyN (100 nM, eNrdJ-1°¢¢) and SpyC-«EGFR
(100 nM) for 2 hrat 37 °C, followed by HA-tagged SpyTag003-APEX2 (300 uM)
for 20 min. b, K562 (wildtype), K562"E*%*, K5625FR* and K562HER>/ECFRY cells were
treated individually as described in panel a. Following washing, APEX2 proximity
labeling was induced by the addition of biotin-phenol (250 uM) and H,0, (1 mM).
Thereactions were quenched with sodium ascorbate (10 mM) and Trolox

(5 mM) atroom temperature after two minutes. Samples were then analyzed

by Western blot using Strep-800 to detect biotinylation. c-e, Time-course
study of APEX2labeling. The cellswere treated as in panel bwith labeling
quenched attheindicated time points. tHER2-SpyN/SpyC-aEGFR was used
with the K5621ER2ECFR* cells; xHER2-SpyN/SpyC-aEpCAM was used with the
OE19 cells; kEGFR-SpyN/SpyC-aEpCAM was used with the A431 cells. SMART-
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SpyCatcher employed eNrd)-1¢¢in all cases. f, Displayed are the employed AND
gates used in the following experiments (note, lettering differs from thatin
Fig.3).Each AND gate constitute a pair of SpyN and SpyC protein fusions

and/or syntheticligand conjugates; forinstance, AND gate D is generated by

o« CEACAM6-SpyN and SpyC-aHER2. g-j, AND-gated proximity labeling using the
described AND gates, SpyTag003-APEX2 and the workflow described under
panelsa-e.Ineachcase, thelane expected to give proximity labelingisindicated
inred. When applicable, cells were treated for 12 hr beforehand with doxycycline
(DOX,200 ng/mL) toinduce the expression of FLAG-CXCR4-eGFP (OE19“XCR¢DOX)
or FLAG-ADORA2A-mCherry (OE19*?A%X) SpyC-Cysindicates the unconjugated
variant. Asterisks indicate endogenously biotinylated proteins. Datashownin

panelsa-e,and g-jare representative of two and three independent experiments,
respectively.



Extended DataFig. 9| Optimization of AND-gated pMap photocatalytic
proximity labeling. a, lllustration of the principle of AND-gated photocatalytic
proximity labeling achieved using SMART-SpyCatcher targeting two cell surface
antigensand the subsequent delivery of SpyTag003 conjugated to aniridium
photocatalyst.Iridium enables the blue light activation of abiotin diazirine
probe, whichreacts with nearby proteins. b, Schematic of the preparation of
SpyTag003-Ir from the precursors SpyTag003-HaloTagl3 and theiridium
photocatalyst Ir-PEG4-C4H,,Cl. HaloTag13 is based on HaloTag9 with the
additional mutations C61S and C262S to improve recombinant expressionand
solubility*. ¢, d, The protein preparation of SpyTag003-HaloTag13 andits
conjugate with Ir-PEG4-C4H,,Cl (i.e. SpyTag003-Ir) were analyzed by SDS-PAGE
(left), RP-HPLC (0-70% B gradient over 30 min, middle), and ESI-TOF MS (right).
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e, The K5621ER?/ECFR ca] line was treated with SMART-SpyCatcher (100 nM,
eNrdJ-1°¢) operating by [HER2 AND EGFR] logic and subsequently supplemented
with SpyTag003-Ir (200 nM). Following awash, the culture wasincubated with
biotin-diazirine (250 pM) andirradiated with blue light (LED 440 nm) for 5min or
10 min. The cells were thereafter analyzed by flow cytometry using Streptavidin
conjugated to AlexaFluor 546 (AF546) to detect biotinylation. f, Quantification
ofthe flow cytometry datafrom panel e for the samples irradiated for 5min
(****P<0.0001). Dataare presented as the mean of the AF546 median
fluorescence intensities (MFI) with error bars signifying the standard error
mean (n=3independentbiological replicates). See Supplementary Table 16
forindividual values. Statistical significance was evaluated using an unpaired
two-sided t-test.
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Extended DataFig.10|Systematic screento make SMART-IL-1B. a, The X-ray
crystalstructure (PDB: 4DEP) of interleukin 1B (IL-1B) bound to interleukin1
receptor, type1(IL-1R1). b, IL-13 was splitat various sites and the cognate pairs
used to generate FLAG-IL-1BN"*-eNrdJ-IN“*¢-FKBP and FRB-eNrdJ-1C***-IL-
1BCY*3-Myc, with xand y respectively denoting the last and first residue of
thetwo fragments (i.e., the split site). Shown is the X-ray crystal structure
(PDB:9ILB) and primary structure of IL-1f with tested split sites indicated.
c,Schematicof theinvitroscreen used to identify the optimal split site that
would render a conditional version of IL-1f: (i) The screen relied on chemically
induced FKBP-rapamycin-FRB heterodimerization to trigger conditional
proteinsplicing (CPS) with analysis by Western blotting to identify spliced
IL-1B; (ii) spliced IL-1 variants were subsequently tested on cells to determine
biological activity usingimmunofluorescence imaging to determine NF-kB
localization. d, Western blot of reactions performed with FLAG-IL-1BN"*eNrd)-
IN“2-FKBP (0.5 pM), FRB-eNrd)-1C®*#=-IL-13C* ">~ Myc (0.5 pM) and rapamycin
(10 pM) for 2 hrat 37 °C. The expected mass of spliced IL-1B is 20.5 kDa.

e-f, Additional experiments for the two pairs FLAG-IL-1BN"**-eNrdJ-IN“*¢*-FKBP/
FRB-eNrdJ-1C=Ee-|L-1BC*3-Myc and FLAG-IL-1BN***-eNrdJ-IN“*¢-FK BP/FRB-
eNrdJ-1C&-]L-1BC7**53-Myc to validate splicing of IL-18 being rapamycin- and
CPS-dependent (the latter experiment used the splicing-deficient eNrd)-

IN(C1A)“*¢*mutant). g, Cultured HeLa cells were incubated with recombinantly
expressed IL-13 for 20 minat 37 °C toinduce IL-1R1signaling and NF-kB nuclear
localization. Cells were then fixed (5% formaldehyde), permeabilized (0.5%
Triton X100), and analyzed by confocal imaging using a primary rabbit anti-NF-
kB (p65) antibody and asecondary goat anti-rabbit antibody Alexa Fluor 488
conjugate. Scale barequals 100 pm. Subsequent experiments followed a
similar analytical procedure. h, Cultured HeLa cells were treated with reaction
mixtures of the pair FLAG-IL-1BN"**-eNrdJ-IN“*¢*-FKBP/FRB-eNrdJ-1C*¢-] -
1BC**53-Myc and analyzed as described above to determine IL-1R1signaling
activation. Scale barequals 50 pm. i, HeLa cells were left untreated or incubated
withrecombinantIL-1f (0.5 nM). In experiments with SMART-IL-1p (i.e. IL-1BN/
IL-1BC), HeLacells were treated with amedium produced by incubating OE19
cells (HER2"=", EGFR'", EpCAM"") with IL-1BN-aHER2 (20 nM) and aEpCAM-IL-
1BC (20 nM) for2 hrat37°C.Inall cases, HeLa cells were incubated for 30 min at
37°C,beforebeing collected and analyzed by Western blotting to determine
the phosphorylation of NF-kB (pNF-kB) and IkB (plkB). j, The localization of NF-
kB was examined for OE19 cells untreated or incubated with recombinant IL-1B.
Scale bar equals 40 pm. Datashown are representative of twoindependent
experiments.
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E The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
E A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

E The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Coomassie-stained SDS-PAGE gels and Western blots were imaged on an Odyssey system (LI-COR). X-ray diffraction data was obtained at the
National Synchrotron Light Source Il (Brookhaven National Laboratory), beamline 17-ID-1. Confocal microscopy was performed using 40x
magnification on a Nikon A1/HD25 microscope (Nikon Instruments, Inc., Melville, NY). Flow cytometry data acquisition was obtained on a BD®
LSR Il Flow Cytometer. XTT Cell Viability assaying was measured on a SpectraMax® iD5 Multi-Mode Microplate Reader (Molecular Devices).

Data analysis Diffraction data was processed using the XDS package (Kabsch, W. Xds. Acta Crystallogr D Biol Crystallogr 66, 125-132 (2010)). The phase
information was determined by molecular replacement using PHASER in the CCP4 suit (Winn, M. D. et al. Overview of the CCP4 suite and
current developments. Acta Crystallogr D Biol Crystallogr 67, 235-242 (2011)) and using an in silico AlphaFold2 (Jumper, J. et al. Highly
accurate protein structure prediction with AlphaFold. Nature 596, 583-589 (2021); Varadi, M. et al. AlphaFold Protein Structure Database:
massively expanding the structural coverage of protein-sequence space with high-accuracy models. Nucleic Acids Res 50, D439-D444 (2022))
using the model of full-length NrdJ-1 as input. Iterative rounds of model building in Coot (Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K.
Features and development of Coot. Acta Crystallogr D Biol Crystallogr 66, 486-501 (2010)) and refinements in PHENIX Refine (version
1.17_3644; Liebschner, D. et al. Macromolecular structure determination using X-rays, neutrons and electrons: recent developments in
Phenix. Acta Crystallogr D Struct Biol 75, 861-877 (2019)). Western blot quantification was performed in Fiji (Schindelin, J. et al. Fiji: an open-
source platform for biological-image analysis. Nat Methods 9, 676-682 (2012)). Flow cytometry results were analyzed using FlowJo(TM)
10.8.1. All statistical analyses were conducted in GraphPad Prism v.9.2.0. PyMOL v.2.5 was used for protein structure visualization and
analysis..

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data supporting the findings of this study are available within the paper and its Supplementary Information. Coordinates and structure files have been deposited
to the Protein Data Bank (PDB) under ID 8UBS (DOI: 10.2210/pdb8UBS/pdb).
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender n/a

Reporting on race, ethnicity, or n/a
other socially relevant groupings

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

E Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. Sample sizes were based on conducting at least three independent biological
replicates, following established practices in the field and as cited in the literature. Based on prior studies, the sample sizes used in this study
are sufficient to support statistical analysis and ensure reproducibility of the findings.

Data exclusions No data was excluded.
Replication All experiments were performed with 3+ independent biological replicates. All data were reproducible.
Randomization Randomization procedures applicable to human or animal studies were not relevant to this study. Experimental groups consisted of

predefined cell populations or in vitro samples, and allocation was based on experimental design rather than random assignment.

Blinding Blinding is not relevant to this study. All biological samples were processed in the same way and raw data analyzed via computation.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods
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Plants
Antibodies

Antibodies used Rabbit anti-FLAG Sigma (F7425) 1:2,000
Mouse anti-Myc CST (2276S) 1:2,000
Mouse anti-HA Invitrogen (26183) 1:2,000
Rabbit anti-HER2 CST (4290) 1:1,000
Rabbit anti-EGFR CST (4267) 1:1,000
Mouse anti-EpCAM Abcam (ab216136) 1:2,000
Rabbit anti-NF-kB (p65) CST (D14E12) 1:1,500
Goat Anti-Rabbit 1gG H&L (Alexa Fluor® 594) Abcam (ab150080) 1:10,000
IRDye 680RD Goat anti-Rabbit IgG (H + L) LI-COR (926-68071) 1:10,000
IRDye 800CW Goat anti-Rabbit IgG (H + L) LI-COR (926-32211) 1:10,000
IRDye 680RD Goat anti-Mouse 1gG (H + L) LI-COR (926-68070) 1:10,000
IRDye 800CW Goat anti-Mouse IgG (H + L) LI-COR (926-32210) 1:10,000
IRDye 800CW Streptavidin LI-COR (926-32230) 1:10,000

Validation Validation profiles can be found on the supplier websites. Additionally, each antibody was validated by either SDS-PAGE/Western

blot, immunofluorescence microscopy, or flow cytometry.

Rabbit anti-FLAG Sigma (1:2,000, Ext. Data Fig. 1, Supplementary Fig. 3)
Mouse anti-Myc CST (1:2000, Ext. Data Fig. 1, Supplementary Fig. 3)
Mouse anti-HA Invitrogen (1:2000, Ext. Data Fig. 9a)

Rabbit anti-HER2 CST (1:1,000, Ext. Data Fig. 6b,c)

Rabbit anti-EGFR CST (1:1,000, Ext. Data Fig. 6b,c)

Mouse anti-EpCAM Abcam (1:2,000, Ext. Data Fig. 6b,c)

Rabbit anti-NF-kB (p65) CST (1:1,500, Fig. 4bc, Ext. Data Fig. 10g,h,j)

Fluorescently labeled secondary antibodies were validated in conjuction with the primary antibodies described above.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The following cell lines were provided by D. Baker: K562 (wildtype, CCL-243), K562HER2+, K562EGFR+, K562HER2+/EGFR+,
K562HER2+/EpCAMhi, K562HER2+/EGFR+/EpCAMhi. The following cell lines were provided by Y. Kang: MCF-10a
(CRL-10317), MCF-7 (HTB-22), LoVo (CCL-229), A594 (CCL-185), Sk-br-3 (HTB-30), HCT-116 (CCL-247) and A431 (CRL-1555).
OE19 (JROECL19) and Lenti-X 293T were purchased from Sigma-Aldrich. OE19 and Hela stable cell lines were generated in

house.
Authentication None of the cell lines were independently authenticated.
Mycoplasma contamination All cell lines were regularly tested free of mycoplasma.

Commonly misidentified lines  nNo commonly misidentified cell lines were used in this study.
(See ICLAC register)
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Flow Cytometry

Plots
Confirm that:

[zl The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

[zl 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).

[zl All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Mammalian cell cultures were grown individually in culture dishes using appropriate media conditions. For an in-depth
description of sample preparation, please refer to the individual assay sections found in the methods.

Flow cytometry data acquisition was obtained on a BD® LSR Il Flow Cytometer.
Flow cytometry data were analyzed using FlowJoTM 10.8.1.
HelaeGFP+ cells were sorted to purity with gating based on the eGFP signal. Purity was based on the eGFP signal.

For K562 suspension cells (single or mixed populations): Three gates were used to define the cell population: Gate 1 was set
as forward scatter area (FSC-A) versus side scatter area (SSC-A) to identify cells; gate 2 was set as forward scatter area (FSC-A)
versus forward scatter height (FSC-H) to isolate single cells; gate 3 was set as eGFP fluorescence versus iRFP fluorescence to
categorize K562 cells by their HER2-eGFP and EGFR-iRFP phenotypes (their distribution is shown in percentages).

For adherent cell lines (single populations): Two gates were used to define the cell population: Gate 1 was set as forward
scatter area (FSC-A) versus side scatter area (SSC-A) to identify cells; gate 2 was set as forward scatter area (FSC-A) versus
forward scatter height (FSC-H) to isolate single cells (their distribution is shown in percentages).

For mammary cell lines (single or mixed populations): Three gates were used to define the cell population: Gate 1 was set as
forward scatter area (FSC-A) versus side scatter area (SSC-A) to identify cells; gate 2 was set as forward scatter area (FSC-A)
versus forward scatter height (FSC-H) to isolate single cells; gate 3 was set as CMFDA fluorescence versus AF594 fluorescence
to categorize mammary subpopulations by their CMFDA/AF594 phenotype (their distribution is shown in percentages).

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