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Boolean logic-gated protein presentation 
through autonomously compiled molecular 
topology
 

Ryan Gharios1,7, Murial L. Ross    2,7, Annabella Li1, Shivani P. Kottantharayil    2, 
Jack Hoye1 & Cole A. DeForest    1,2,3,4,5,6 

Stimulus-responsive materials have enabled advanced applications 
in biosensing, tissue engineering and therapeutic delivery. Although 
controlled molecular topology has been demonstrated as an effective route 
toward creating materials that respond to prespecified input combinations, 
prior efforts suffer from a reliance on complicated and low-yielding 
multistep organic syntheses that dramatically limit their utility. Harnessing 
the power of recombinant expression, we integrate emerging chemical 
biology tools to create topologically specified protein cargos that can be 
site-specifically tethered to and conditionally released from biomaterials 
following user-programmable Boolean logic. Critically, construct topology 
is autonomously compiled during expression through spontaneous 
intramolecular ligations, enabling direct and scalable synthesis of 
advanced operators. Using this framework, we specify protein release from 
biomaterials following all 17 possible YES/OR/AND logic outputs from input 
combinations of three orthogonal protease actuators, multiplexed delivery 
of three distinct biomacromolecules from hydrogels, five-input-based 
conditional cargo liberation and logically defined protein localization on or 
within living mammalian cells.

Programming stimulus responsiveness into biomaterials, living cells 
and biohybrid constructs represents an exciting frontier poised to 
galvanize many advanced bioengineering applications1–3. For instance, 
controlled presentation of biomolecules (for example, proteins, pep-
tides, polysaccharides and nucleic acids) in or from materials holds 
direct applicability in therapeutic delivery4,5, tissue engineering6,7, 
organoid development8,9 and the biomanufacturing of value-added 
chemicals10. Co-opting methods from organic and synthetic biobased 
chemistries11–14, stimulus-responsive material platforms have been 
reported that sense and act upon diverse inputs including light15–18, 
redox potential19, enzyme20,21 and pH22. While such approaches have 

largely transformed biomaterials from static to dynamic systems23, the 
overwhelming majority of these platforms exhibit only single-input/
single-output-type responses that dramatically limit their scope of use.

Recognizing that next-generation applications, including 
disease-triggered payload delivery24,25 and analyte biosensing26,27, 
would benefit tremendously from multistimulus responsiveness, truly 
‘smart’ materials have been developed that transduce a set of environ-
mental inputs into a functional output through user-specified Boolean 
logic1. Although logically defined biomolecule release has been accom-
plished using hydrogel–enzyme hybrids28, degradable nanoparticles29 
and caged self-immolative polymers30, existing strategies have been 
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to encode advanced environmental responsiveness31–33. Here, the 
linker between a biomolecule cargo and a stable material serves as an 
executable YES gate for programmable release when it contains a single 
degradable moiety, an OR gate (denoted with logic symbol ∨) when two 

limited in their lack of generalizability, reliance on specific input chem-
istries and overall inability to elicit multiplexed operations. Toward 
imparting more modular Boolean biocomputability into materials, 
we recently demonstrated that molecular topology could be used 
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Fig. 1 | Autonomously compiled molecular topologies enable Boolean logic-
based protein presentation. a, The YES-gated tether contains a single protease-
responsive sequence (red). Introduction of the cognate protease cleaves this 
sequence, breaking the covalent linkage between the protein cargo (green 
star) and tethering motif (pink). b, The OR-gated tether contains two protease-
responsive sequences (red and blue) connected in series. The introduction of 
either relevant protease cleaves the sequence, resulting in cargo release. c, The 
AND-gated tether contains two protease-responsive sequences (red and blue) 
connected in parallel. The introduction of one cognate protease cleaves one arm 
but does not fully sever the cycle. Simultaneous introduction of both proteases 
cleaves both arms, resulting in protein release. d, YES/OR/AND operators can be 
hierarchically layered to engineer higher-order logical responses. A total of 17 

unique protein tethering topologies can be obtained through combination of the 
three base operations with three distinct protease actuators. Each region of the 
Venn diagrams displayed represents a unique combination of protease inputs 
and indicates whether the tether is predicted to cleave (colored) or remain intact 
(white). e, SICLOPPS provides a genetically encoded and near-traceless approach 
for the N-to-C cyclization of proteins based on intein trans-splicing. f, Tag/
Catcher chemistries form isopeptide bonds between complementary protein 
modules through SpyLigation, SnoopLigation and DogLigation. g, Reactions 
depicting protease recognition of target sequence and subsequent cleavage: the 
recognition sequence ENLYFQ↓S is recognized and cleaved by the TEV protease, 
LAET↓G is recognized and cleaved by eSrtA(2A9) and LPES↓G is recognized and 
cleaved by eSrtA(4S9).
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orthogonal cleavable moieties are included in series and an AND gate 
(denoted by logic symbol ∧) when two orthogonally scissile moieties 
are present in parallel (Fig. 1a–c). Importantly, logical gates can be 
expanded hierarchically to create advanced logical circuits responsive 
to several stimuli through nested YES/OR/AND operations (Fig. 1d). 
To date, such systems have been obtained through multistep organic 
reactions alongside solid-phase and solution-phase peptide synthesis—
poorly scalable methods whose inherent complexity and low-yielding 
nature limit their implementation and potential for higher-ordered 
logical responses. Moreover, these systems cannot be synthesized and/
or deployed within cells, precluding many applications from program-
ming living function. Given these caveats, (bio)chemical strategies 
that permit one-step synthesis of logically releasable cargos would 
be profoundly enabling.

Toward expanding logical complexity, improving synthetic acces-
sibility and exercising operations on/within living cells, we sought 
to identify generalizable biobased methods that enable the direct 
and facile assembly of topologically specified Boolean-responsive 
cargos. In this regard, we were drawn to the benefits of recombinant 
protein expression, augmented with recent advances in chemical 
biology. Recombinant polypeptides are highly monodisperse with 
a sequence defined by their encoding DNA, able to be produced at 
scale through well-established fermentation processes and amena-
ble to the introduction of non-natural functionalities through semi-
synthesis34 and/or genetic code expansion35. Furthermore, judicious 
use of engineered motifs permits the creation of heterodox protein 
architectures; proteins can be cyclized head to tail autocatalytically 
using split inteins (a method referred to as SICLOPPS36,37; Fig. 1e) or 
assembled into a variety of bespoke branched structures (for example, 
tadpoles, n-armed stars and H-shapes) using Tag/Catcher ligation 
chemistries (Fig. 1f)38–40. Although these advances can yield diverse pro-
tein topologies starting from simple, singular, plasmid blueprints41–45, 
such methods have not previously been exploited for the creation of 
stimulus-responsive systems46.

Here we introduce a modular chemical biology-based framework 
to autonomously compile proteins with defined molecular topology 
that can be site-specifically tethered to and conditionally released from 
biomaterials through nested Boolean operations. Using this template, 
we successfully demonstrate specification of protein release from 
biomaterials following all 17 possible YES/OR/AND logic outputs from 
input combinations of three orthogonal protease actuators, as well as 
the multiplexed delivery of three distinct biomacromolecules from a 
common hydrogel network through distinct logical operations. Further 
highlighting the expanded logical complexity enabled by these meth-
ods, we demonstrate control over protein liberation using a system that 
exercises biocomputation following a five-input Boolean-responsive 
operator circuit, as well as the ability to logically specify protein localiza-
tion on and within living mammalian cells. Autonomous molecular com-
pilation represents a powerful framework for biosynthesis and offers 
high specificity over biomolecule presentation in and from materials.

Results
Autonomous compilation of logic-gated proteins
Toward establishing design rules that functionally underlie our 
autonomous molecular compilation, we adopted mGreenLantern47—a 

monomeric green fluorescent protein variant recently evolved for 
enhanced brightness and expression levels—as a model protein cargo 
whose extent of release could be readily quantified through its fluo-
rescence. Seeking to use cleavable moieties for protein release that 
are genetically encoded, we identified three protease actuators that 
operate on distinct peptide sequence substrates, sortase variants 
eSrtA(2A9) and eSrtA(4S9) evolved to recognize different pentapep-
tides (LAET↓G and LPES↓G, referred to as A and S, respectively)48–50, 
alongside an evolved potyviral tobacco etch virus (TEV) protease (which 
acts upon sequence ENLYFQ↓S, referred to as T)51,52, reasoning that the 
trio of actuators would exhibit no undesirable crosstalk (Fig. 1g). Hav-
ing identified the mGreenLantern cargo and the three stimulus-labile 
moieties, we sought to recombinantly synthesize the 17 distinct logi-
cally responsive systems that exhaustively span all possible hierarchical 
YES/OR/AND combinations. To enable Ni-NTA-based immobilized metal 
affinity chromatography (IMAC) purification and covalent anchor-
ing onto SpyCatcher-displaying materials53, we installed both a 6×His 
tag and a SpyTag motif onto each protein regardless of the targeted 
logical operation.

With our design criteria established, we assembled the three base 
logical operators as follows: (1) YES gates (that is, A, S and T) were 
designed as routine constructs, harboring a protease-specific recog-
nition sequence between the mGreenLantern cargo and the SpyTag 
anchor; (2) OR gates (that is, A∨S, A∨T and S∨T) followed a similar 
blueprint, whereby two distinct protease recognition sequences were 
installed in series between the cargo and material-tethering point; and 
(3) AND gates (that is, A∧S, A∧T and S∧T) were cyclized head to tail using 
a split Cfa intein by SICLOPPS54,55. To further bias the reaction toward 
complete splicing and eliminate possible byproducts, an SsrA tag was 
installed at the protein C terminus to mark all unspliced (that is, non-
cyclized) product for proteasomal degradation and clearance56. Plas-
mids encoding the nine possible YES-gated, OR-gated and AND-gated 
operators were transformed into BL21(DE3) Escherichia coli. Follow-
ing conventional expression, proteins were purified by IMAC; cyclic 
constructs were further purified by size exclusion chromatography 
(SEC) to separate the target monocyclical constructs from higher-order 
macrocycle byproducts that can result from SICLOPPS (Supplemen-
tary Methods). In each case, desired proteins were obtained in good 
yield (YES and OR operators were produced at 30–50 mg L−1 of cul-
ture, whereas the AND operators had a final yield of approximately 
20 mg L−1 of culture), as indicated by SDS–PAGE analysis and liquid 
chromatography–mass spectrometry (LC–MS) (Extended Data Fig. 1). 
Some higher-order macrocycles remained for AND-gated constructs 
following SEC (that is, ~15% of the S∧T and A∧T and ~25% for A∧S).

Heartened by our ability to recombinantly produce the base 
YES-type, OR-type and AND-type Boolean gates, each from a singu-
lar reading frame, we extended our methods to target higher-order 
logical operators responsive to distinct inputs. First, OR/(AND)-gated 
constructs (that is, A∨(S∧T), S∨(A∧T) and T∨(A∧S)) were designed 
to undergo macrocyclization through SnoopLigation57,58, whereby 
installation of the SnoopCatcher motif at an internal site in the protein 
while keeping the SnoopTag at the N terminus leads to the creation of a 
bespoke branched structure that faithfully recreates the tadpole-like 
geometry necessary for the logical operation. Importantly, SnoopLi-
gation and SpyLigation are fully orthogonal to each other, permitting 

Fig. 2 | Autonomously assembled logic operators undergo preprogrammed 
cleavage from bead surfaces in response to actuator input combinations. 
a, SpyCatcher-functionalized magnetic beads can be decorated with different 
logical operators holding a SpyTag motif through SpyLigation. In this example, 
mGreenLantern-A is cleaved from the resin and solubilized in response to the A 
treatment. b, Supernatant fluorescence indicates logic-based release (here, to 
input A). c, The response profiles of the YES-gated single-input tethers. d,e, The 
response profiles of the two-input OR-gated (d) and AND-gated (e) tethers. f–i, 
The response profiles of the three-input OR/(AND)-gated (f), AND/(OR)-gated 

(g), OR/OR-gated (h) and AND/AND-gated (i) tethers. Plot titles correspond to the 
protein tether identity. The y axis represents extent of protein release from bead 
surfaces as measured by supernatant fluorescence; the x axis indicates treatment 
conditions, wherein N indicates no treatment, A indicates eSrtA(2A9), S indicates 
eSrtA(4S9) and T indicates TEV. Green bars indicate conditions expected to 
yield tether cleavage, whereas red bars indicate conditions not expected to 
yield release. Error bars correspond to ±1 s.d. about the mean with propagated 
uncertainties for n = 3 experimental replicates.
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complete chemical decoupling of payload configuration and anchor-
ing, analogous to the use of orthogonal synthetic “click” chemistries 
for material synthesis59. Second, AND/(OR)-gated constructs (that 
is, A∧(S∨T), S∧(A∨T) and T∧(A∨S)) were assembled similarly to the 
dual-input AND structures, differing in that two of the cleavable 
sequences were expressed in series to one another and in parallel to 
the third. Third, the OR/OR-gated construct (that is, A∨S∨T) harbors 
the three protease substrate sequences expressed directly in series. 
Fourth, the AND/AND construct (that is, A∧S∧T) relies on two orthogo-
nal Tag/Catcher ligations occurring in tandem to form a bicyclic pro-
tein cargo. Here, SnoopTag is installed at the cargo’s N terminus and a 
DogTag51 is installed at the C terminus, with their concomitant Catchers 
located internally in the expression frame. Plasmids encoding these 
eight remaining three-input systems were cloned, transformed into 
BL21(DE3) cells, expressed and purified by IMAC and SEC. All species 
were obtained with the expected molecular weights in good yield, as 
indicated by SDS–PAGE and LC–MS analysis (Extended Data Fig. 1). 
The OR/OR-gated and OR/(AND)-gated species were of high purity, 
while the AND/(OR)-gated constructs had good overall purity with 
<15% macrocycles present. The A∧S∧T target was correctly identified 
by whole-protein MS, although challenges separating the bicyclic and 
monocyclic species by SEC limited the final sample purity to ~75%.

Notably, the 17 distinct logically responsive proteins were autono-
mously compiled and obtained from singular plasmids by conventional 
fermentation and purification and characterized by a single researcher 
over the course of just a few weeks. In direct contrast to prior efforts 
reliant on organic synthesis and/or peptide chemistry, the reported 

approach features a rapid Design–Build–Test–Learn timeline that ena-
bles designs to be quickly sequence-optimized, structurally debugged 
and scaled up as needed.

Characterization of operator logical response in solution
With our core library in hand, we next sought to assay the 17 constructs’ 
in-solution logical response to each of the eight possible input com-
binations of eSrtA(2A9) (denoted as A), eSrtA(4S9) (denoted as S) and 
TEV (denoted as T) (Supplementary Fig. 1) at nonkinetically limited 
endpoints (Supplementary Figs. 2–4 and Supplementary Methods). As 
expected, changes in protein mass and/or topology gave rise to altered 
migration patterns60–62, with full SDS–PAGE gels for all 17 logical opera-
tors and eight treatment conditions presented in Supplementary Fig. 5. 
Through gel densitometry, we quantified the extent of response for each 
protein to each input actuator set, demonstrating that our genetically 
encoded logical operators behaved as expected (Extended Data Fig. 2). 
Of note, we observed near-perfect responses with exceptionally high 
signal-to-noise ratios for 16 of the 17 operators, attributed to the simple 
yet meticulously engineered logical operators and the pristine target-
ing of orthogonal protease-driven actuation. Although small amounts 
of macrocycle contaminants were present in some samples, these 
did not interfere with logical operation or result in off-target release. 
Because of monocyclic impurities present in the A∧S∧T construct, gel 
densitometry analysis was not performed on the AST-releasable cargo. 
The exhaustive validation of each possible construct demonstrates that 
complex biocomputation can be achieved with high fidelity through 
hierarchical nesting of simple YES/OR/AND logic gates.
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Fig. 3 | Autonomously compiled molecular topologies enable the multiplexed 
and independently triggered release of distinct proteins from a hydrogel 
network. a, PEG-tetraBCN, TEG-diazide and SpyCatcher-azide ligated 
to SpyTagged proteins of interest react by SPAAC to form functionalized 
hydrogels. b, mGreenLantern-A∨T, mCherry-S and mCerulean-S∧T are tethered 
homogenously into an underlying PEG network, each exhibiting a different 

logic-based release profile. c, Appropriate protein is released when the correct 
input combination is present. Fully colored bars (green for mGreenLantern, 
red for mCherry and blue for mCerulean) indicate conditions expected to yield 
protein release, whereas lightly colored bars denote conditions not expected to 
result in release. Error bars correspond to ±1 s.d. about the mean with propagated 
uncertainties for n = 3 experimental replicates.
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Characterization of operator logical response from magnetic 
bead surfaces
After molecularly validating construct behavior, we shifted our focus 
toward characterizing the stimulus responsiveness of the species in a 
materials’ context63. Here we developed a magnetic bead-based assay 
enabling rapid interrogation of each protein’s logical response to input 
actuator combinations, whereby supernatant fluorescence would indi-
cate protease-driven mGreenLantern release from the solid support. 
Dibenzocyclooctyne (DBCO)-functionalized magnetic beads were 
uniformly decorated with a monofunctionalized SpyCatcher-azide 
protein by strain-promoted azide–alkyne cycloaddition (SPAAC)64. 
SpyCatcher-azide was obtained using genetic code expansion, wherein 
an azido-phenylalanine was site-specifically installed by amber sup-
pression near the protein’s C terminus (Supplementary Fig. 6 and 
Supplementary Methods) and served as a linker to immobilize each 
logic-releasable mGreenLantern protein to the supporting substrate. 
For each operator type, responsiveness to all eight input combinations 
involving A, S and T was evaluated. Protein release was quantified by 
measuring supernatant fluorescence at nonkinetically limited endpoints 
following treatment (Fig. 2a,b). Consistent with the in-solution treat-
ment assays, we observed the expected and near-perfect signal-to-noise 
release profiles for 16 of the 17 logical operators (Fig. 2c–i). The A∧S∧T 
system also yielded the desired response, in that there was much 
higher release accompanying the AST treatment compared to all other 
conditions but with ~25% undesired release in two-inputs (that is, AS, AT 
and ST) that we attributed to sample impurity (that is, the presence of 

monocyclic two-input responsive species); the ability to fully purify 
the logical species is essential in achieving perfect Boolean respon-
siveness, which may prove difficult for some higher-order constructs 
that rely on multiple cyclization chemistries. These logically advanced 
computational signatures for protein release will likely open doors for 
controlled drug delivery and biosensing.

Characterization of operator logical response from hydrogel 
matrices
We next sought to further extend the applicability of our method by 
programming biomacromolecule release from three-dimensional 
hydrogel networks, thus assessing the ability to trigger and multiplex 
signals through our autonomously compiled molecular topology-based 
approach. To do so, we first supplemented our protein toolkit by 
expressing and purifying two additional YES-gated fluorescent pro-
teins that are spectrally separated from our starting A-releasable 
mGreenLantern cargo (mGreenLantern-A, λexc. = 495 nm, λem. = 525 nm). 
Specifically, we constructed and purified an S-releasable mCherry 
(mCherry-S, λexc. = 580 nm, λem. = 610 nm) and a T-releasable mCerulean 
(mCerulean-T, λexc. = 433 nm, λem. = 475 nm) (Supplementary Fig. 2), both 
also containing a SpyTag motif for material anchoring and 6×His tag 
for purification. These species responded molecularly as expected 
to our exhaustive suite of potential inputs, indicated by SDS–PAGE 
analysis (Extended Data Fig. 3 and Supplementary Figs. 3 and 4). 
Poly(ethylene glycol) (PEG)-based hydrogels were synthesized through 
the SPAAC-based step-polymerization of a PEG-tetrabicyclononyne 
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((A∨S)∧T)∨(C∧V) is readily purified and obtained with the correct molecular 
mass. d, The response profiles of the five-input system. The y axis represents 
extent of protein release from bead surfaces as measured by supernatant 
fluorescence; the x axis indicates treatment conditions, wherein N indicates 
no treatment, A indicates eSrtA(2A9), S indicates eSrtA(4S9), T indicates TEV, V 
indicates TVMV and C indicates HRV-3C. Green bars indicate conditions expected 
to yield tether cleavage, whereas red bars indicate conditions expected to keep 
the tether uncleaved. Error bars correspond to ±1 s.d. about the mean with 
propagated uncertainties for n = 3 experimental replicates.
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(PEG-tetraBCN, Mn ~ 20 kDa) macromer and a triethylene glycol 
(TEG)-diazide65 in the presence of a small amount of SpyCatcher-azide 
bound to mGreenLantern-A, mCherry-S and mCerulean-T through Spy-
Ligation (Fig. 3a and Supplementary Methods). Such trifunctionalized 
hydrogels were subjected to each unique input combination involving A, 
S and T and supernatant blue, green and red fluorescence was quantified 
to determine each individual protein release. Gratifyingly, the three 
proteins were released independently in the manner specified by their 
preprogrammed YES-gated input (Extended Data Fig. 4).

Looking to build on this initial success and benefit from the ease 
of assembly offered by our approach, we sought to go beyond the 
multiplexed release of YES operators and layer in different logical 
operators into the underlying matrix. Toward this end, we decorated 
our SpyCatcher-modified PEG hydrogels with mGreenLantern-A∨T, 
mCherry-S and an additionally designed and solution-characterized 
mCerulean-S∧T (Fig. 3b, Supplementary Figs. 7 and 8 and 
Extended Data Fig. 3). Following treatment with all possible actuator 
sets, we observed the release of each target biomacromolecule only 
in response to the appropriate cues or combinations thereof (Fig. 3c). 
Collectively, these studies establish a powerful route toward the crea-
tion of multi-input/multi-output materials.

Seamless scale-up of logical response and complexity through 
genetic encodability
Having successfully demonstrated the promise of autonomously 
compiled molecular topologies in three different contexts (that is, 
in solution, on surfaces and within hydrogel networks), we set out 
to leverage the intrinsic benefits of unsupervised biosynthesis to 

create a five-input-responsive (AND/(OR))OR(AND)-gated system, 
extending well beyond the biocomputational complexity achievable 
through other material approaches (Fig. 4a). Toward this goal, we 
identified two additional proteases expected to operate orthogonally 
to our existing set of inputs: the potyviral tobacco vein mottling virus 
(TVMV) protease (operating on substrate ETVRFQ↓S, referred to as 
V)66 and the human rhinovirus 3C (HRV-3C) protease (recognizing 
LEVLFQ↓GP, denoted as C)67 (Fig. 4b and Supplementary Fig. 1). Hav-
ing identified our five input proteases, we sought to synthesize the 
mGreenLantern-((A∨S)∧T)∨(C∧V) protein, a design that would neces-
sitate the compilation of a genetic blueprint into a bicyclic protein. 
To achieve such a logical operation, we adopted a recently pioneered 
‘assembly reaction’ synergy approach, where motifs that assemble 
through fragment dimerization, catenation or similar mechanisms 
bring covalent chemistries (for example, Tag/Catcher ligations) into 
close proximity that drive reaction completion68,69. In our case, we rea-
soned that deploying SICLOPPS to cyclize a target protein would bring 
internal Tag and Catcher motifs into physical proximity, promoting 
complete ligation to create the pinch point-containing bicyclic protein. 
Using this methodology, our mGreenLantern-((A∨S)∧T)∨(C∧V) was 
generated solubly, in high purity (>95%) (Supplementary Fig. 9) and 
yield (5 mg L−1 of culture following IMAC/SEC) and with the expected 
molecular mass (Fig. 4c).

To validate the response signature of this logical con-
struct, we immobilized mGreenLantern-((A∨S)∧T)∨(C∧V) onto 
SpyCatcher-functionalized magnetic beads and assessed release 
by supernatant fluorescence following treatment with each of the 
32 potential actuator combination sets. We observed the expected 
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Fig. 5 | Boolean logic-based labeling of the mammalian extracellular 
membrane. a, HER2-expressing human breast cancer cells are tagged with an 
HER2Nb-C∧(A∨T)–eGFP, localizing a green fluorophore to the extracellular 
membrane through a nanobody–receptor interaction. An AND/(OR)-gated 
response of the HER2Nb-C∧(A∨T)–eGFP to eSrtA(2A9) (A), TEV (T) and HRV-3C 
(C) before cell treatment prevents membrane labeling with eGFP. b, Fluorescent 
confocal microscopy indicates expected membrane labeling with eGFP (green), 

with nuclei counterstained with Hoechst 33342 (blue). Scale bar, 20 µm. c, 
Logically specified cell labeling was further confirmed by flow cytometry (10,000 
events collected per condition). Conditions outlined in green or presented as a 
green histogram are those in which release is expected (that is, no cell labeling 
with eGFP); those in red indicate conditions not expected to yield release (n = 1 
experimental replicates, independently for experiments in b,c).
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anti-interferent five-input responsiveness, demonstrating pro-
tein release only in preprogrammed conditions with near-perfect 
signal-to-noise ratios (Fig. 4d and Supplementary Fig. 10). Excitingly, 
despite its functional complexity, this cargo was generated through 
routine recombinant methods and required no extensive debugging 
or recoding. Most promisingly, our studies suggest that the potential 
for even higher-order logical complexity is limited primarily by the 
number of orthogonally labile peptide motifs and fragment reconstitu-
tion chemistries that can be identified.

Logic-specified extracellular labeling of mammalian cells
Having established the ability to logically specify protein presenta-
tion on bead surfaces and within hydrogel biomaterials, we shifted 
our focus toward doing so in the context of living mammalian cells. 
After validating the cytocompatibility of the various input treatments 
(Supplementary Fig. 11), we created a C∧(A∨T)-gated nanobody—a 
single-domain antigen-binding protein derived from the heavy chain 
of an antibody—against the breast-cancer-associated human epidermal 
growth factor receptor type 2 (HER2)70,71 (Fig. 5a). Here, the HER2 nano-
body (HER2Nb) was fused to SpyTag through the cyclic C∧(A∨T) link-
age and subsequently conjugated to a SpyCatcher-modified enhanced 
green fluorescent protein (eGFP) (Supplementary Methods). The result-
ing fusion construct (HER2Nb-C∧(A∨T)–eGFP) was obtained in good 
purity and expected molecular weight (Supplementary Figs. 12 and 13), 
responded as expected following in-solution treatment with the eight 
possible input combinations of A, C and T (Supplementary Fig. 14) and 
selectively bound to the extracellular membrane of HER2-expressing 
SK-BR-3 cells (Supplementary Fig. 15).

Following the treatment of HER2Nb-C∧(A∨T)–eGFP with each 
of the eight relevant input combinations, samples were individually 
incubated with SK-BR-3 cells. After nuclear labeling with Hoechst 33342 
and confocal imaging, fluorescent labeling of cells agreed with the 
AND/(OR)-specified logical operation; eGFP signal was not observed 
for cells treated with AC, CT or ACT, although all other conditions show-
cased extracellular labeling (Fig. 5b and Supplementary Methods). 
These findings were corroborated using flow cytometry, calculating 
the percentage of eGFP-positive cells for each protease condition 
(Supplementary Fig. 16). As expected, cells receiving the N, A, C, T and 
AT treatments were fluorescently labeled (>97% eGFP+), while those in 
which eGFP was proteolytically cleaved from HER2Nb (that is, AC, CT 
or ACT treatments) were >97% eGFP− (Fig. 5c). Excitingly, these studies 
demonstrate that more advanced bioactive cargos can be easily incor-
porated during autonomous molecular compilation and the resulting 
logic-based operations can be performed in the presence of living cells.

Logic-specified localization of proteins autonomously 
compiled within mammalian cells
Encouraged by our successes in logically specifying protein binding 
to extracellular membrane components, we next sought to examine 
whether our method could be used to both autonomously compile 
and subsequently execute nested Boolean operations within living 
mammalian cells. In this regard, we looked to logically specify whether 
an expressed protein would translocate to the interior cell membrane 
or throughout the cytosol. Taking advantage of our system’s genetic 
encodability, we generated a stable HEK293 cell line by lentivirus trans-
duction that expressed a C∨(T∧V) motif bridging mGreenLantern and a 
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Fig. 6 | Autonomous compilation and logic-defined localization within 
mammalian cells. a, HEK293 cells are stably modified by lentiviral transduction 
to express an mGreenLantern-C∨(T∧V)–CAAX fusion that translocates to the 
intracellular plasma membrane. When cells are subsequently transfected 
with plasmids encoding for each of the eight relevant protease combinations, 
the fluorescent species is liberated from the cell membrane into the cytosol 
following an OR/(AND)-gated response to HRV-3C (C), TEV (T) and TVMV (V). b, 
Fluorescent confocal microscopy indicates expected membrane labeling with 

mGreenLantern (green) following treatment. Scale bar, 10 µm. c,d, CellProfiler-
based analysis of mGreenLantern intracellular positioning illustrates expected 
cytosolic presentation following C, CT, CV, TV and CTV treatments. Conditions 
outlined or presented in green correspond to those in which release is expected 
(that is, cytosolic mGreenLantern); those in red indicate conditions not expected 
to yield release. Error bars correspond to ±1 s.d. about the mean (n = 23 N, n = 22 C, 
n = 25 T, CV and TV, n = 26 V and CT and n = 28 CTV technical replicates).
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membrane-binding CAAX motif72 through an OR/(AND)-gated topology 
(Fig. 6a and Supplementary Methods); if the correct protease combi-
nations were present, we anticipated that the mGreenLantern cargo 
would be proteolytically cleaved from the CAAX tag, shuffling it from 
the membrane to the cytosol. These stably modified cells were subse-
quently transfected with plasmids that individually encoded for each 
of the input combinations (that is, N, C, T, V, CT, CV and CTV), where each 
protease was separated by a self-cleaving P2A peptide sequence73 and 
a C-terminal mCherry reporter indicating successful transfection and 
full plasmid readthrough. Protease-expressing cells were fluorescently 
imaged by confocal microscopy, with cytosolic mGreenLantern largely 
confined to the expected input combinations (that is, C, CT, CV, TV and CTV) 
(Fig. 6b). Radial distribution of mGreenLantern was calculated using 
CellProfiler (25 total bins) throughout individual mCherry+ cells from 
each of the eight treatment conditions. Taking the ‘cell membrane’ as 
the outermost 20.8% of these radial bins (5 of 24 total), we quantified 
the relative amounts of cytosolic mGreenLantern protein throughout 
the cell (Fig. 6c,d). As programmed, the mGreenLantern remained mem-
brane bound through the intact CAAX motif for N, T and V conditions. 
Notably, some degree of mGreenLantern presented within the cytosol 
for the T treatment, which we attributed to proteolytic cleavage of the T 
linkage before SnoopLigation-mediated AND gate formation, thereby 
removing the CAAX tag from the mGreenLantern protein in these cases; 
this is not unexpected, given that the proteases and C∨(T∧V) construct 
are being coexpressed within the same cell. These studies highlight the 
ability to both autonomously compile and logically dictate protein 
presentation within mammalian cells, offering exciting potential for 
cell and tissue engineering applications.

Discussion
In this work, we introduced and harnessed the concept of autono-
mous macromolecular compilation to create bioactive proteins that 
can be site-specifically tethered to and conditionally released from 
biomaterials and cells following user-programmable and hierarchi-
cally nested Boolean YES/OR/AND operations. Exploiting the intrinsic 
modularity and scalability of recombinant expression, we demon-
strated multiplexed and multi-stimuli-triggered protein release from 
biomaterials, including release through a five-input-responsive (AND/
(OR))OR(AND)-gated system, as well as the logically defined protein 
localization on or within living mammalian cells. Our design rules 
yield species that are structurally simple yet functionally complex, all 
through direct and unsupervised biosynthesis.

The power of the presented approach lies in its modularity. 
Although we used five orthogonal proteases to serve as inputs, alter-
native protease inputs associated with overproduction in disease 
states could be easily incorporated for natural targeting and cargo 
release74. Additionally, polypeptide motifs that sense and respond to 
other input types (for example, light18,75 and small molecules76) can be 
readily incorporated to afford additionally engineered programma-
bility. Moreover, alternative approaches that map nonproteinaceous 
inputs onto protease function and/or expression could be readily 
implemented; protease bioactives can be conditionally regulated 
with alternative inputs (for example, small-molecule-mediated het-
erodimerization of split protein pairs77 or direct photoactivation78), 
just as protease expression can be selectively induced (for example, 
heat-shock promoters, optogenetic activators, small-molecule addi-
tion and CRISPRa).

Beyond the fluorescent cargos initially adopted for their ease of 
characterization, Boolean-actuated release of more functional bioac-
tive proteins (for example, enzymes and growth factors) should be 
easily attained. While we used SpyTag and Catcher ligation to tether 
proteins to materials, this chemistry can likely be effortlessly swapped 
for alternative (non)covalent reactions, including those involving 
de novo-designed heterodimer interactions79 or click-type handle 
installation through genetic code expansion80. Lastly, as the systems 

are fully genetically encoded, additional opportunities exist to both 
create and functionally deploy these platforms in cellulo and poten-
tially even in vivo. Because of its powerful simplicity and plug-and-play 
potential, we expect that this approach will find a host of applications in 
highly targeted drug delivery, on-demand biosensor engineering and 
next-generation protein architecture development and refinement.
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Methods
Protein expression and purification
All construct plasmids were ordered from GenScript (Piscataway) and 
made available on Addgene (243769–243798). E. coli cells [BL21(DE3) or 
SHuffle] were transformed with the proper operator plasmid construct 
and grown at 37 °C for BL21 strains (New England Biolabs, C2527H) or 
30 °C for SHuffle strains (New England Biolabs, C3029J) with 220-rpm 
agitation to an optical density (OD) of 0.6–0.8 in lysogeny broth sup-
plemented with kanamycin. IPTG was used to induce protein expres-
sion, at which point the cultures were moved to a reduced temperature 
(18 °C) for 18 h. Cells were then harvested by centrifugation and either 
flash-frozen and stored at −80 °C or directly processed for purification.

Standard purification methods were followed. Briefly, cell pel-
lets were reconstituted in lysis buffer (40 ml; 20 mM Tris and 50 mM 
NaCl, pH 7.5), supplemented with PMSF and sonicated on ice (18 min 
at 30% amplitude and 33% duty cycle) (Fisher Scientific). Lysates 
were then centrifuged to separate soluble from insoluble fractions. 
Clarified lysates were loaded onto an ÄKTA Pure 25-L fast protein 
LC instrument (Cytiva) equipped with a HisTrap HP column. The 
HisTrap column was equilibrated with lysis buffer before loading 
and then the sample was applied. Once all protein was bound, the 
column was washed with lysis buffer until residual ultraviolet read-
outs (λ = 280 nm) dropped to 0 absorbance units. Target protein 
was then eluted off the column into a 96-well plate by switching to 
elution buffer (lysis buffer + 250 mM imidazole). Eluate fractions 
were preliminarily assessed for purity by SDS–PAGE; the purest 
fractions were then pooled pending further dialysis for SEC. Protein 
yield was determined by measuring pooled elution concentration 
(NanoDrop2000/2000c 1.6.198, A280 absorbance) and then backcal-
culating the final yield per liter of culture.

For linear constructs that had no higher-order macrocycle con-
taminants, the pooled purified protein was dialyzed (20 mM Tris and 
50 mM NaCl, pH 7.5) to remove imidazole (SnakeSkin dialysis tubing, 
10-kDa molecular weight cutoff (MWCO); Fischer Scientific). Proteins 
were then spun-concentrated if needed using an Amicon Ultra 15 cen-
trifugation filter (10-kDa MWCO; Sigma-Alrich). The purified solution 
was supplemented with glycerol (10%), aliquoted and flash-frozen with 
liquid nitrogen before long-term storage at −80 °C.

For cyclized constructs, proteins were loaded onto a HiLoad 
26/600 Superdex 75pg SEC column. The column was preequilibrated 
with a high-salt buffer solution (20 mM Tris and 300 mM NaCl, pH 
7.5). Buffer flow rate through the system occurred at 1.5–1.8 ml min−1. 
Purified eluates were collected in 96-well tubes. Fraction purity was 
reassessed by SDS–PAGE. Gels were imaged using an Azure 600 AZI600 
scanner with Azure Biosystems 1.6.4.1229 software and then gel densi-
tometry was performed in ImageJ 1.53c to determine final sample purity 
and presence of macrocycles. Final products were spin-concentrated 
and stocked as previously described.

In-solution treatment and analysis of protein library
Each of the 17 mGreenLantern YES/OR/AND nested protein operators 
were treated with 23 = 8 possible combinations of inputs emanating 
from A, S and T. Protease treatments were performed in buffer contain-
ing 20 mM Tris and 50 mM NaCl, pH 7.5, supplemented with 1 mM 
DTT, 1 mM CaCl2, 18 mM GGG and the input-relevant enzymes. Molar 
ratios of protease to the appropriate mGreenLantern construct were 
1:100, 1:100 and 1:10 for A, S and T, respectively. Reaction volumes were 
adjusted with buffer to compensate for varying volumes of added 
proteases to equate final protein concentration for gel densitometry. 
Enzymatic treatments were allowed to proceed for 6 h at 4 °C, with 
nonkinetically limited endpoints determined to yield full cleavage 
for all constructs. Reactions were run in triplicate and analyzed by 
SDS–PAGE. Gel densitometry was then performed using ImageJ 1.53c to 
determine the normalized percentage of cargo released. Band intensity 
for the uncleaved and released cargo was determined for each input 

combination, allowing for the percentage released to be calculated in 
Microsoft Excel (2016).

Bead release assay for logical operators
Magnetic beads functionalized with DBCO (Vector Laboratories) were 
preequilibrated in reaction buffer (20 mM Tris and 50 mM NaCl, pH 7.5, 
supplemented with 1 mM DTT, 1 mM CaCl2 and 18 mM GGG) and washed. 
Bead washes consisted of diluting the working bead slurry volume 
(50–100 µl) in 1 ml of reaction buffer. The microcentrifuge tube contain-
ing the slurry were placed in a magnetic separation rack to pull the beads 
toward the tube wall. While tubes were in the slot, fresh reaction buffer 
was added and the solution was mixed before additional washes using 
the same method (>5 times). After equilibration, beads were reacted 
with SpyCatcher-azide for 2 h at room temperature on a tube rotator and 
mixer. Beads were again washed as described before removing unbound 
SpyCatcher-azide. The appropriate SpyTagged operator was then added 
to conjugate onto the beads through SpyLigation. Reactions were kept 
in a tube rotator and mixer for 2 h at room temperature before thorough 
washing to remove any unbound mGreenLantern.

All eight possible input combinations of A, S and T had molar ratios 
of protease to each mGreenLantern (assumed to have conjugated onto 
the beads at 50% efficiency) construct of 1:100, 1:100 and 1:10 for A, S and 
T, respectively. Treatments were performed for 6 h at 4 °C. Afterward, 
15 µL was taken from each input condition with a gel-loading pipette 
and added to a clear-bottom 384-well black plate. Supernatant fluores-
cence measurements were taken on a BioTek Synergy microplate reader 
(BioTek; Gen5 version 3.09 software). All conditions were performed in 
at least three technical triplicates. Fluorescence measurements were 
normalized by calculating the average fluorescence per input and then 
the percentage of cargo released was calculated assuming that the 
brightest fluorescence measurement was 100% released.

Multiplexed release from polymeric hydrogels
Hydrogels were formulated from PEG-tetraBCN (Mn ≈ 20,000 Da, 
4 mM), TEG diazide (MW = 200.2 g mol−1, 8 mM), SpyCatcher-azide 
(15 µM) and the set of SpyTagged fluorescent proteins (2 µM each) 
in gel buffer (20 mM Tris, 50 mM NaCl and 10 mM CaCl2, pH 7.5). The 
fluorescent protein constructs and SpyCatcher-azide were first reacted 
before the addition of PEG-tetraBCN. Then TEG-diazide was added 
and the mixture was aliquoted into microcentrifuge tubes (1.5 ml), 
where the materials formed hydrogels. Gel buffer was added to each 
tube and the formed hydrogels were washed for 72 h with three buffer 
changes to remove unconjugated fluorescent protein. Depending on 
the intended input, samples were treated with a combination of A, S and 
T at concentrations of 5 µM, 5 µM and 7 µM, respectively. All treatments 
were performed at 4 °C in gel buffer supplemented with DTT (1 mM) for 
6 h. Supernatant fluorescence was measured and used to calculate the 
corresponding concentrations of released mGreenLantern, mCherry 
and mCerulean proteins. Fluorescence normalization was performed 
as previously stated in the bead release assay method.

Extracellular membrane labeling with HER2Nb–eGFP
HER2Nb-C∧(A∨T)–SpyTag and eGFP–SpyCatcher were expressed and 
purified as previously described, with the addition of an endotoxin 
wash (standard lysis buffer supplemented with 0.1% Triton X-114). 
HER2Nb–SpyTag and eGFP–SpyCatcher were reacted at a 1:1 molar 
ratio for 14–16 h at 4 °C on a rocker. The HER2Nb now tagged with eGFP 
(denoted HER2Nb-C∧(A∨T)–eGFP) was supplemented with 1 mM DTT, 
1 mM CaCl2 and 18 mM GGG and then treated with 23 = 8 possible com-
binations of inputs emanating from A, C and T. Molar ratios of protease 
added were 1:100, 1:50 and 1:50 for A, C and T, respectively. Enzymatic 
treatments were allowed to proceed for 6 h at 4 °C, with nonkinetically 
limited endpoints determined to yield full cleavage for all constructs. 
Protease-treated samples were then used for SDS–PAGE analysis or 
membrane-labeling experiments.
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To image membrane labeling of SK-BR-3 breast cancer cells over-
expressing HER2 receptors (HTB-30, American Type Culture Collec-
tion (ATCC)), cells were seeded overnight on an eight-chamber glass 
slide (ibidi) in DMEM supplemented with 1% penicillin–streptomycin 
and 10% FBS. The wells were washed once with cold PBS; then, 100 nM 
protease-treated HER2Nb-C∧(A∨T)–eGFP and 1:1,500 dilution of Hoe-
chst 33342 in PBS was incubated with the cells for 1 h at 4 °C. The cells 
were washed twice with cold PBS and then imaged on a Leica Stellaris 
5 confocal microscope (Leica; Leica Application Suite X 4.5.0.25531) 
at ×10 magnification.

For flow cytometry, SK-BR-3 cells were passaged and resuspended 
at 1×106 cells per ml in fluorescence-activated cell sorting (FACS) buffer 
(PBS and 1% BSA). The cells were washed once with cold FACS buffer; 
then, 100 nM protease-treated HER2Nb-C∧(A∨T)–eGFP in FACS buffer 
was incubated with the cells for 1 h at 4 °C. The cells were washed twice 
with cold FACS buffer and eGFP-positive events were collected on a BD 
FACSSymphony A3 analyzer (BD Bioscience; BD FACSDiva version 8.0 
software). Data were analyzed in FlowJo version 10 to determine the 
percentage of the population positive for eGFP.

Intracellular Boolean logic membrane labeling
A stable HEK293T cell line (CRL-3216, ATCC) that continuously 
expresses mGreenLantern-C∧(T∨V)–CAAX was produced. Briefly, HEKs 
were transfected with envelope plasmid pMD2.G (Addgene, 12259), 
packaging plasmids pMDLG/pRRE (Addgene, 12251) and pRSV-REV 
(Addgene, 12253) and the mGreenLantern-C∧(T∨V)–CAAX using 
Lipofectamine 2000 (Invitrogen). Cells were cultured for 2 days after 
transfection and virus-laden medium was isolated. Active lentivirus was 
concentrated by mixing viral medium with 4× lentiviral concentration 
solution (40% w/v PEG-8000 and 1.2 M NaCl), and incubated overnight 
at 4 °C. Flocculated lentiviral particles were pelleted, resuspended at 
10× in PBS and then stored at −80 °C until use.

Fresh HEK293T cells were plated in a 35-mm dish (Fisher Scientific). 
After allowing the cells to adhere, the medium was supplemented with 
concentrated lentivirus and incubated overnight. The following day, 
mGreenLantern production was confirmed by confocal microscopy 
(Leica; Leica Application Suite X 4.5.0.25531). Cells were selected in 
10 µg ml−1 puromycin (Fisher Scientific) for 24 h and then DMEM was 
replaced; the surviving transgenic cells were allowed to recover and 
expand. mGreenLantern expression was optimized later by fluores-
cence assisted cell sorting on a Symphony A6 (BD BioSciences).

Protease treatment was performed by transient transfection of 
plasmids containing protease(s) on a polycistronic expression cassette 
with a C-terminally expressed mCherry cassette to assay transfection 
efficiency. mGreenLantern expressing HEK293T cells were transfected 
with Lipofectamine 3000 (Invitrogen) and allowed to recover for 24 h. 
Cells were then imaged using confocal microscopy (Leica) and saved 
images were cropped such that one cell expressing both mGreen-
Lantern and mCherry was present per image. Single-cell images were 
processed using CellProfiler 4.2.1. Regions of interest were manually 
determined and the membrane or cytosolic localization of mGreen-
Lantern was reported as a radial distribution function relative to the 
center of a cell-containing region of interest. The outermost 20.8% 
of the object was considered to be the membrane and the interior 
remainder was considered to be the cytosol.

Statistical Analysis
Statistical tests and graphs were completed in GraphPad Prism (ver-
sion 6). All data presented were from experiments performed in trip-
licate, with plots displaying the mean ± 1 s.d. about the mean, unless 
otherwise stated.

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

Data availability
All pertinent experimental and characterization data are available 
within this paper and its associated Supplementary Information. Plas-
mids generated during the current study are listed in the Supplemen-
tary Information and are available through Addgene. Source data are 
provided with this paper.
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Extended Data Fig. 1 | Mass spectrometric validation of logically releasable mGreenLantern. a, YES-gated single-input tethers. b-c, Two-input (b) OR-gated and (c) 
AND-gated tethers. d-g, Three-input (d) OR/(AND)-, (e) AND/(OR)-, (f) OR/OR-, and (g) AND/AND-gated tethers. Plot titles correspond to the protein tether identity.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | SDS-PAGE analysis of in-solution treatment of 
autonomously compiled mGreenLantern pendants. a, mGreenLantern-
A∧(S∨T) is differentially cleaved following the 8 possible input combinations of A, 

S, and T. Input conditions A, S, T, and ST are expected to linearize the product but not 
induce payload release, leading to a product with less electrophoretic mobility 
than the initial cyclic construct. Payload release is expected following input 
conditions AS, AT, and AST, accompanied with a product band that migrates further 
than the starting species. b, Changes in topology and/or molecular weight in 
response to a specific set of inputs leads to changes in protein electrophoretic 
mobility, which can be analyzed through gel densitometry. c, The response 
profiles of the YES-gated single-input tethers. d-e, The response profiles of the 

two-input (d) OR-gated and (e) AND-gated tethers. f-h, The response profiles 
of the three-input (f) OR/(AND)-, (g) AND/(OR)-, and (h) OR/OR-gated tethers. 
Plot titles correspond to the protein tether identity; the y-axis represents 
extent of cleavage as measured through migration on an SDS-PAGE with gel 
densitometry analysis; the x-axis indicates treatment conditions, wherein N 
indicates no treatment, A indicates eSrtA(2A9), S indicates eSrtA(4S9), and T 
indicates TEV. Green bars indicate conditions expected to yield tether cleavage, 
whereas red bars indicate conditions expected to keep the tether non-cleaved. 
Error bars correspond to ±1 standard deviation about the mean with propagated 
uncertainties for n = 3 experimental replicates.
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Extended Data Fig. 3 | SDS-PAGE analysis of in-solution treatment of 
autonomously compiled mCherry and mCerulean pendants. a-c, Changes in 
topology and/or molecular weight in response to a specific set of inputs leads 
to changes in protein electrophoretic mobility, which can be analyzed through 
gel densitometry. Results are shown for species (a) mCherry-S, (b) mCerulean-T, 
and (c) mCerulean-S∧T. Plot titles correspond to the protein tether identity; the 

y-axis represents extent of cleavage as measured through migration on an SDS-
PAGE with gel densitometry analysis; the x-axis indicates treatment conditions, 
wherein N indicates no treatment, A indicates eSrtA(2A9), S indicates eSrtA(4S9), 
and T indicates TEV. Error bars correspond to ±1 standard deviation about the 
mean with propagated uncertainties for n = 3 experimental replicates.
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Extended Data Fig. 4 | Multiplexed YES-gated release of proteins from 
hydrogel biomaterials. a, mGreenLantern-A, mCherry-S, and mCerulean-T are 
tethered homogenously into an underlying PEG-based hydrogel network via 
SpyLigation, each exhibiting a different YES-gated response. b, Appropriate 
proteins are individually released when their corresponding input is present. 

Fully colored bars (green for mGreenLantern, red for mCherry, blue for 
mCerulean) indicate conditions expected to yield protein release, whereas 
opaque colored bars denote conditions not expected to result in release. Error 
bars correspond to ±1 standard deviation about the mean with propagated 
uncertainties for n = 3 experimental replicates.
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