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BioPROTACs are heterobifunctional proteins designed for targeted protein
degradation (TPD). They are useful not only for probing protein functions but
also offer a therapeutic avenue for modulating disease-related proteins. To
extend the use of TPD beyond just protein attenuation, we introduce a syn-
thetic framework for logic-gated, switchable TPD to achieve conditional con-
trol of protein content. By exploiting both the cleavage and ligation
functionalities of Sortase A (SrtA), we present a new strategy utilizing SrtA as
the control input to direct bioPROTAC activity for switchable TPD. Further-
more, by layering the SrtA input with protease gating, conditional degradation
phenotypes can be readily adapted with minimal modifications to the design.
This Logic-gated AAPROM deploying SrtA-mediated Element Recombination
(LASER) platform allows us to expand the possible protein degradation out-
comes in mammalian cells using Boolean logic operations depending on the

input combinations. The flexibility to modulate the level of multiple native
intracellular proteins can potentially lead to applications from therapy to
diagnostics and biotechnology.

Cell physiology is programmed through the dynamic interplay of
intracellular protein expression and activity, directing virtually all
cellular functions"’. Rewiring these cellular networks requires the
design of synthetic circuits to confer new cellular outputs®. While most
efforts have focused on transcriptional regulation because of the
relative ease to rewire gene expression to recognize different input
signals*®, protein-level circuits, in which post-translational modifica-
tions can specifically modify protein activity, localization, and/or sta-
bility, can often achieve much faster signaling processing’®.

Protein degradation is an effective native mechanism used in
modulating intracellular information, and plays an essential role in
maintaining cellular homeostasis’. Repurposing native protein degra-
dation in a synthetic context is gaining attention as a new strategy to
manipulate cellular behavior for a wide range of applications including
disease detection and therapy'’. Targeted protein degradation (TPD) is
a particularly attractive strategy for modulating protein contents by
hijacking the native ubiquitin-proteasome system (UPS) to achieve a

range of synthetic outcomes in mammalian systems" . Typically, a
bifunctional small molecule proteolysis-targeting chimera (PROTAC)
or a protein fusion equivalent (bioPROTAC) shepherds the colocali-
zation of the native ubiquitination pathway with a specific protein of
interest (POI) for degradation*'s, While this strategy is well docu-
mented, the current state of the art is static in nature and only limited
to applications where protein attenuation is desired. The inability to
toggle TPD precludes the feasibility to modulate the level of multiple
protein targets in a conditional manner.

Recently, we have demonstrated the integration of functional
protease linker sequences into bioPROTACs, such as the Affinity
directed Protein Missile (AdPROM) system’, to allow tunable mod-
ulation of intracellular protein levels. AAPROM is a bifunctional bio-
PROTAC composed of an endogenous CUL2 recognition motif (Von
Hippel-Lindau (VHL) protein) fused to a designer binding protein
(DBP) that recognizes the target protein for degradation'**°. Deploying
functional linkers also expands the input responsiveness to include

Department of Chemical and Biomolecular Engineering, University of Delaware, Newark, DE, USA. 2These authors contributed equally: Hopen K. Yang, Pragati

K. Muthukumar. - e-mail: wilfred@udel.edu

Nature Communications | (2025)16:8682


http://orcid.org/0009-0009-6218-2536
http://orcid.org/0009-0009-6218-2536
http://orcid.org/0009-0009-6218-2536
http://orcid.org/0009-0009-6218-2536
http://orcid.org/0009-0009-6218-2536
http://orcid.org/0009-0003-4200-8422
http://orcid.org/0009-0003-4200-8422
http://orcid.org/0009-0003-4200-8422
http://orcid.org/0009-0003-4200-8422
http://orcid.org/0009-0003-4200-8422
http://orcid.org/0000-0002-6386-6958
http://orcid.org/0000-0002-6386-6958
http://orcid.org/0000-0002-6386-6958
http://orcid.org/0000-0002-6386-6958
http://orcid.org/0000-0002-6386-6958
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-63819-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-63819-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-63819-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-63819-y&domain=pdf
mailto:wilfred@udel.edu
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63819-y

small molecule or optogenetic control via Tobacco Etch Virus protease
(TEVp)-mediated signal transduction. While this approach enables an
effective way to turn off TPD, it remains limited by the lack of ON-and-
OFF tuning or multi-target functionality®.

To address these challenges, we report here a robust and
modular approach to toggle the ON-and-OFF behavior of TPD via
Sortase A (SrtA)-mediated transpeptidation®?. SrtA is an enzyme
originating from Gram-positive bacteria that participate in the
covalent attachment of proteins to the bacterial cell wall**>,
The canonical Staphylococcus aureus SrtA recognizes an LPXTG
motif and harbors a catalytic cysteine residue to cleave the recog-
nition motif between the threonine and glycine residues. This pro-
teolytic cleavage reaction yields a thioacyl intermediate, which is
resolved via the creation of a new peptide bond with an N-terminal
triglycine nucleophile**~?%, SrtA has been used in protein engineering
applications to elicit conjugation of disparate protein components,
primarily in a bacterial or in vitro context®%,

While prior studies have overwhelmingly focused on the ligation
property of SrtA, we exploit here the often neglected but powerful
protease-like cleavage function to enable the reversible switching of
TPD phenotypes in a SrtA-dependent fashion. The dual functionality of
SrtA also offers the flexibility to interchange the degradation target by
swapping the binding domain on AAPROM via sequential cleavage and
ligation. By masking the required N-terminus triglycine motif for liga-
tion that is activated only by removing the ENLYFQ|G blocking
sequence by TEVp, we further integrate protease-masked SrtA
responsiveness into Boolean logic operations.

Here, we present a new platform for toggling TPD based on the
Logic-gated AAPROM deploying SrtA-mediated Element Recombina-
tion (LASER) bioPROTAC system (Fig. 1). First, we generated SrtA-
responsive AAPROMg;a designs that could be either activated or
inactivated for TPD. By exploiting the dual cleavage and ligation
functionalities of SrtA, we established a switchable AAPROMs; s
design, allowing intracellular selection between two different protein
targets for TPD. Finally, we integrated the signal processing function-
alities of both TEVp and SrtA into an AND-gated design to perform
tunable targeting of multiple intracellular proteins by TPD.

Results

Demonstrate effective SrtA-mediated bioconjugation in human
cells via a splitFAST fluorescent reporter system

While intracellular ligation in HEK293T cells has been reported using
the calcium-dependent Streptococcus pyogenes SrtA, a large excess
amount of Gs-eGFP is needed to drive a significant level of ligation with
Racl-LPETG-Myc*. The recent creation of Ca*"independent Staphylo-
coccus aureus SrtA mutants (notably the 7M and 7+ hepta-mutant
variants)*® with up 140-fold increase in activity has allowed improved
intracellular ligation of LPETG-tagged proteins in C. elegans®. Using
this improved SrtA,, variant, we first sought to demonstrate the effi-
cient cleavage and ligation activities in HeLa cells. SrtA;. activity was
evaluated using the splitFAST fluorescent reporter system, which has
been shown to provide real-time and reversible visualization of
protein-protein interactions in live cells (Fig. 2a)***.

We first investigated whether the splitFAST pair could be acti-
vated by SrtA-mediated ligation. To facilitate this, an LPETGGG motif
was appended to the C-terminus of the larger nFAST fragment, and a
triglycine motif was appended to the N-terminus of the smaller cFAST
fragment (Fig. 2b, c). An FK506 binding protein (FKBP) domain was
added in front of cFAST (10 amino acids) to enable stable expression of
the fusion protein in HeLa cells*. As expected, only background
fluorescence was observed when the splitFASTs, pair was expressed
in the absence of SrtA5.. In contrast, co-expression with SrtA-. resulted
in successful ligation of the splitFASTs,s pair, leading to HMBR bind-
ing and reconstituted fluorescence 24 h post transfection (Fig. 2e). We
next sought to confirm the cleavage activity of SrtA;. using a full-

length FASTsa design that would respond to SrtA in the opposite
manner. We constructed a full-length splitFAST fusion protein with the
same LPETG; motif inserted at the split site between nFAST and FKBP-
cFAST (Fig. 2b, d). As expected, Hela cells transfected with FASTs;a
and the non-interacting TEVp exhibited strong fluorescence at a
similar level with the ligated splitFASTs,4 pair (Fig. 2e). However, co-
expression and cleavage by SrtA;, separated the two domains and
reduced the fluorescent signal by more than 2-fold (Fig. 2e). Collec-
tively, these results demonstrated that SrtA;. could efficiently direct
both ligation and cleavage reactions intracellularly.

Sortase A as a bioPROTAC control switch for targeted protein
degradation

We next sought to exploit the use of SrtA;. to achieve “ON and OFF”
TPD in Hela cells. To achieve OFF control, we inserted an LPETGG
motif into the linker region of the GFP-targeting AAPROMg;4 in lieu of
our previously used TEVp cleavage site (Fig. 3a). Since substrates
containing two glycines has been shown to have significantly lower
ligation efficiency, the number of glycines in the SrtA cleavage motif is
reduced to two (LPETGG) to minimize re-ligation*. This design
achieved a similar level of SH2-GFP knockdown as with the original
AdPROM (Fig. 3b). Only co-expression with SrtA;. resulted in the
proper cleavage and deactivation, as demonstrated by a recovery in
GPF signal, while strong attenuation of the GFP fluorescence was still
detected with co-expression of the non-interacting TEVp (Fig. 3b).
Western blotting was used to interrogate the cleavage reaction and
disappearance of the full-length AAPROMgs,4 band was observed only
when SrtA;. was co-expressed, consistent with the SH2-GFP degrada-
tion outcome (Supplementary Fig. 1).

To reverse the outcome into an ON control, we generated a split
AdPROMg,s pair comprised of the VHL domain with a C-terminus
LPETGG motif, and the GFP-targeting nanobody GBP1 (aGFP) with an
N-terminus triglycine (Fig. 3c). Unlike the cleavage reaction, SrtA-
mediated ligation is typically pushed toward >85% completion by
adding an excess amount (-5-fold) of one of the ligation partners®. For
split AAPROMs;4 ligation, the level of ligated AAPROMs;4 can directly
impact the extent of SH2-GFP degradation. To optimize ligation,
experiments were performed by transfecting HeLa cells with different
ratios of plasmid DNAs expressing either VHL-LPETGG or GGG- aGFP.
Consistent with other reports, detectable SH2-GFP degradation was
observed only when the GGG- aGFP to VHL-LPETGG transfection ratio
is greater than 5:1 and SrtA7+ was co-expressed, indicative of efficient
splitADPROMs;a ligation. Ratios lower than 5:1 resulted in no sig-
nificant degradation (Fig. 3d).

We next confirmed that the ligation approach is compatible
with the usage of different DBPs by replacing the GFP-targeting aGFP
nanobody with an SH2-targeting NSal monobody (aSH2)*¢"
(Fig. 3e). Ligation of VHL-LPETGG with GGG-aSH2 to generate the
full-length SH2-targeting AAPROMs, 2" resulted in a level of SH2-
GFP degradation (Fig. 3f) comparable to that of ligation with GGG-
aGFP. In contrast, only ligation of VHL-LPETGG with GGG- aGFP but
not GGG- aSH2 could target the YFP reporter for degradation. This
result confirms that TPD is a direct result of specific target binding
and suggests the possibility of switching the degradation target
simply by replacing the DBP.

Sortase A-mediated intracellular retargeting for conditional
targeted protein degradation

The most exciting capability of SrtA is to elicit ON and OFF control
simultaneously to mix and match different binding domains for TPD.
This can be executed by first expressing a full-length ADPROMg;
containing aGFP to target YFP for degradation. Inclusion of a LPETGG
motifinto the linker region enables not only SrtA-mediated cleavage of
aGFP but also the simultaneous ligation with a compatible GGG- aSH2.
In this manner, we could toggle protein degradation between two
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Fig. 1| Schematic representation of the Logic-gated AAPROM deploying SrtA
mediated Element Recombination (LASER) bioPROTAC platform. Program-
mable targeted protein degradation outcomes with integrated target selection and
safety modes can be achieved using different input combinations. LASER is com-
prised of the Von Hippel Lindel (VHL) E3 ligase recruitment protein fused to a
designer binding protein (DBP1) that recruits a target protein (T1) for degradation.
These proteins are genetically fused together using a Sortase A (SrtA) recognition
motif linker. Concurrently, a DPB2 capable of binding a different target protein (T2)

is expressed with an N-terminal tobacco etch virus protease (TEVp) responsive

motif as a protective cap and a triglycine sequence for Sortase ligation. The default
LASER state (1) redirects the native ubiquitin proteasome system to degrade T1 with
no impact on T2. Expression of TEVp (2) removes the protective cap from DPB2 but
no switching occurs without SrtA. However, LASER can be deactivated via addition
of SrtA alone (3), resulting in rescue of T1. When both inputs are introduced (4), the
LASER targeting is switched - T1is rescued and the orthogonal T2 is now degraded.

different targets via SrtA;. expression as degradation of YFP is halted
and degradation of SH2-miRFP670 is induced (Fig. 4a).

To demonstrate this capability, we designed a system to toggle
degradation between YFP and a near-infrared SH2-miRFP670 fusion
protein. In the absence of SrtA;., expression of the full length GFP-
targeting AAPROMs;,5 depleted YFP to a low level without any impact
on SH2-miRFP670 even when GGG- aSH2 was co-expressed (Fig. 4b).
However, expression of SrtA. effectively removed the GFP-targeting
domain by cleavage and replaced it with the alternative Nsal
monobody by ligation to drive formation of an SH2-targeting
AdPROM, 4", Toggling between two target-binding domains res-
cued YFP from degradation and redirected the SH2-targeting

AdPROMs, ™" to promote degradation of the near-infrared SH2-
miRFP670 fusion protein (Fig. 4b).

Expanding Sortase A ligation with logic functions

While SrtA,. is efficient in offering simple ON and OFF control, it lacks
the ability to perform more complex logic functions such as an AND
gate operation. To overcome this limitation, we introduced a TEVp-
cleavable masking motif in front of the triglycine recognition sequence
to block ligation mediated by SrtA;.. Only cleavage of the TEVp
recognition motif ENLYFQ | GGG™ liberates the masked triglycine tag
for SrtA ligation (Fig. 5a), effectively creating an AND-gate design
requiring both TEVp and SrtA;. to generate a functional outcome.
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Fig. 2 | Sortase A-responsive splitFASTs,, reporter proteins. a The FAST protein
reversibly binds HMBR to produce a fluorescent signal upon excitation at 481 nm
and emission at 540 nm. b Schematic description of reporter protein sequences.
FASTsa is expressed as a full-length protein with the LPETGGG SrtA recognition
motif inserted after nFAST. An FKBP domain and a (G,S), linker were inserted
before cFAST to match the design of the splitFAST pair as it is not possible to
express the 10 amino acid cFAST without a fusion partner. To create splitFASTs;,
the nFAST and FKBP-cFAST fragments are fused to the LPETGGGPV and triglycine
motifs, respectively, for separate expression. An HA (hemagglutinin)-tag was
inserted into both the full-length FASTs,ta and splitFASTs,s sequences for probing
protein expression. ¢ SrtA-mediated ligation of splitFASTs,s fragments results in a
tethered splitFAST protein and fluorescence activation. d Insertion of a SrtA
recognition motif into the same full-length FAST protein enables SrtA cleavage to
separate the nFAST and cFAST fragment and induce inactivation of fluorescent
signal. e HeLa cells expressing either the full length FASTss or the splitFASTs s
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fragments were used to confirm intracellular SrtA-mediated transpeptidation
activity. In both cases, co-expression of TEVp was used as a negative control.
Ligation of the splitFASTs,s fragments proceeds only under the condition where
SrtA;. is present, resulting in reconstitution of FAST protein fluorescence as con-
firmed by flow cytometry. Similarly, successful cleavage of the full-length FASTsa
protein by SrtA. is accompanied by a decrease in FAST fluorescence detected
using a plate-reader based fluorescence measurements as described in the sup-
plementary methods. Data are biological triplicates (three separately transfected
wells) of the relative fluorescence units (RFU) as measured on a per-well basis using
a plate-reader set to 480/540 nm excitation/emission wavelengths. Values are
normalized to the RFU for inactive expression in HeLa cells. For comparison of split
and full-length expressions, background fluorescence is subtracted prior to nor-
malization. Error bars represent standard deviation (SD) of the mean. Statistical
significance was evaluated using the ordinary one-way ANOVA test; P<0.0001 is
denoted as ****. Source data are provided as a Source Data file.

To first test the effectiveness of the AND-gate architecture, we
adapted an assay based on a cyclically permutated firefly luciferase
(cycLucspmy) that could be activated by the Soybean Mosaic Virus
protease (SbMVp) to interrogate split protease ligation (Supplemen-
tary Fig. 2a)’. We constructed a SrtA-responsive split SbMVp pair and
demonstrated this split pair had almost no background reconstitution
as no activation of cycLucspmy Was detected (Supplementary Fig. 2b).
In comparison, full activation was achieved when a full-length SbMVp
was co-expressed. Co-expression of SrtA-., on the other hand, resulted

in successful ligation of the split SbMVp pair and cycLucsyymy activation
(Supplementary Fig. 2b).

We next designed a masked split SbMVp pair to achieve
cycLucspmy activation using a two-input, AND-gate design. A TEVp-
cleavage peptide motif was appended in front the triglycine tag of the
cSbMVp fragment. For this masked split SbMVp pair, expression of
either SrtA;. or TEVp alone had no impact on cycLucspyy activation
(Supplementary Fig. 2b). However, co-expression of both SrtA. and
TEVp resulted in ligation of the split SbMVp™™ and cycLucspmy
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Fig. 3 | Conditional AAPROM assembly and TPD mediated by Sortase A cleavage
or ligation. a To achieve OFF control, a SrtA cleavable AAPROMg, is created via
insertion of a LPETGG motif between the E3 ligase recruitment VHL domain and the
GFP-targeting DBP (aGFP) in the original GFP-targeting AAPROM. Cleavage by SrtA
separates the two domains and deactivates SH2-GFP degradation. b HeLa cells were
transiently transfected with plasmid DNA expressing an SH2-GFP fluorescent
reporter. TPD was induced through co-expression of either AAPROM, the TEVp-
responsive AAPROMygy, or the SrtA-responsive AAPROMga. All three AAPROM
variants demonstrate similar levels of SH2-GFP attenuation in the absence of both
TEVp and SrtA. When the appropriate input is given, TPD inactivation is demon-
strated by the three- to four-fold recovery in fluorescent signal. ¢ For ON control,
the VHL-LPETGG fusion and the GGG-aGFP fusion are independently expressed in
the split AAPROMgs,4 scheme. Here, the two components only assemble in the
presence of a SrtA input to degrade SH2-GFP. d HelLa cells were transiently trans-
fected with plasmid DNA expressing an SH2-GFP fluorescent reporter. TPD was
induced via co-transfection of SrtA and with different ratios of the split AAPROMs;a
fusion proteins. Successful ligation of split AAPROMs,4 fragments is observed only

+ GFP-targeting

+ SH2-targeting
split AdAPROMg,;, split AAPROMg 5

at a GGG- aGFP /VHL-LPETGG transfection ratio higher than five as reflected by a
similar level of SH2-GFP degradation to that of the full-length APROMga. € TO
verify that the compatibility of this approach is not limited to a single DBP, a split
AdPROMg,:2""2 system was constructed using an SH2-targeting DBP (aSH2)
domain. Here, full-length AAPROMs; 4" could target SH2-GFP for degradation but
would not interact with YFP. f Both split AAPROMs4 Variants can target the SH2-
GFP reporter after SrtA ligation. However, co-expression of ligated AAPROMs;4*5H?
with the orthogonal YFP target results in no signal ablation. The specificity of the
response confirms both the generalizability of this approach, and that the observed
changes in fluorescence are degradation based. All data are presented as the
average of biological triplicates for the geometric mean fluorescence intensity
(MFI), normalized against the strongest fluorescence condition as a reference
point. Error bars represent standard deviation (SD) of the mean. Statistical sig-
nificance was evaluated using the ordinary one-way ANOVA test; P < 0.05 is denoted
as *, P<0.0001 is denoted as ***, no statistical significance is denoted as (ns).
Source data are provided as a Source Data file.
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Fig. 4 | Toggling targeted protein degradation by coupling Sortase A-mediated
cleavage and ligation. a Schematic representation of SrtA-mediated target selection
for TPD. A full length AAPROMg;4 targeting YFP is redirected to target SH2-miRFP670
via sequential SrtA-mediated cleavage to remove the GFP-targeting aGFP and ligation
with the SH2-targeting aSH2 to generate AdAPROMs;a™"2. b Hel a cells were transfected
with plasmids expressing the full length GFP-targeting AAPROMs;4 and GGG-aSH2.
Co-expression of the non-interacting TEVp has no impact on AAPROMg;a as YFP
remains degraded and SH2-miRFP670 is unaffected. In contrast, co-expression with

SrtAz. resulted in cleavage of GFP-targeting AAPROMs;«4 and formation of
AdPROMg; 42 - toggling degradation away from YFP and toward SH2-miRFP670.
Data are biological triplicates (three separately transfected wells) of the geometric
mean fluorescence intensity (MFI). Normalization is done using the strongest fluor-
escence condition as a reference point. Error bars represent standard deviation (SD) of
the mean. Statistical significance was evaluated using the ordinary one-way ANOVA
test; P=0.0022 is denoted as **, P< 0.0001 is denoted as ***. Source data are provided
as a Source Data file.

activation. Successful ligation was further confirmed by western blot-
ting (Supplementary Fig. 2b).

Logic-gated targeted protein degradation via protease-masked
Sortase A ligation
We next implemented the AND-gate design to elicit improved control
over TPD in a similar manner. A TEVp-cleavable motif was added in
front of the SH2-targeting GGG-aSH2 (Fig. 5a). A fluorescent protein
Electra2 was also added in front of the TEVp cleavage site (Electra2-
ENLYFQ | GGGG-aSH2) to provide better steric blocking of SrtA liga-
tion. Expressing the two split protein fragments (VHL-LPETGG and
Electra2-ENLYFQ | GGGG-aSH2) even in the presence of TEVp had no
ablative effect on levels of the near-infrared reporter (SH2-miRFP670).
However, where both SrtA;, and TEV, are co-expressed, full-length
AdPROM; 4" assembly proceeded, and SH2-miRFP670 degradation
was activated (Fig. 5b). Similar to the direct ligation results, full SH2-
miRFP670 degradation was observed only when an Electra2-
ENLYFQ | GGGG-aGFP to VHL-LPETGG transfection ratio higher than 5:1
was employed. Both TEVp and SrtA are required for cleavage and
ligation, as co-expression with a similar Soybean Mosaic Virus protease
(SbMVp) and SrtA could not activate TPD. This result confirms that
SH2-miRFP670 degradation is solely due to formation of the new full-
length AAPROMs,,**2, which requires specific cleavage by TEVp and
ligation by SrtA. While the current design allows selective activation of
targeted protein degradation based on an AND-gate architecture, an
additional layer of control can be easily added by using split TEVp pairs
that are responsive to either small molecules or light*.

While SrtA;. can be used to toggle degradation between two
different protein targets, this approach was constrained by the

coupled deactivation and activation of the two degradation pheno-
types. The compatibility of the AND-gate design with the toggling
behavior presents an opportunity to decouple the deactivation and
activation steps and generate LASER: Logic-gated AdPROM deploying
SrtA mediated Element Recombination (Fig. 6a). By utilizing an AND-
gated SH2-targeting monobody Nsal in conjunction with the SrtA-
responsive GFP-targeting AdPROMs,s, we could deactivate GFP-
targeting separately from initiating SH2-targeting. This LASER strat-
egy enables us to expand the possible outcomes from merely
degrading either one of the two targets to now include a third potential
outcome wherein neither target is degraded.

To implement LASER, Electra2-ENLYFQ | GGGG-aSH2 was expressed
in conjunction with the full length AAPROMs,4 to elicit a switchable
targeting system with an additional OFF-state (Fig. 6b). In the presence of
TEVp alone, the GFP-targeting AAPROMs;s remained intact and only YFP
was targeted for degradation. In the presence of SrtA;. alone, the GFP-
targeting AAPROMg;4 Was cleaved and both YFP and SH2-miRFP670
signals remained high (Fig. 6b). However, SrtA-mediated cleavage and
ligation occurred in the presence of both TEVp and SrtA;., resulting in
complete toggling between YFP and SH2-miRFP670 degradation 24 h
post transfection (Fig. 6b). The ability to produce three distinct TPD
states within a single cell growth cycle is the most unique of feature of
LASER, making it useful to elicit a wider range of cellular outcomes
compared to other reported TPD strategies using bioPROTACs.

Using a HA tag inserted in front of aSH2, successful cleavage and
ligation of Electra2-ENLYFQ | GGGG- aSH2 for the LASER experiments
were further verified by western blotting (Fig. 6¢). A cleavage band was
detected upon TEVp co-expression, but no impact was observed when
only SrtA was co-expressed. A new ligated product corresponding to the
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expressed, a significant reduction in SH2-miRFP670 signal, on par with that
achieved using the full-length AdPROMs, 4" alone, was detected only when
Electra2-ENLYFQ | GGGG-aSH2 was delivered at a 6:1 transfection ratio relative to
VHL-LPETGG to ensure efficient AND-gated ligation. Data are biological replicates
of n=4 (four separately transfected wells) of the geometric mean fluorescence
intensity (MFI) normalized to the MFI for a SH2-miRFP670 expression control in
Hela cells. Error bars represent standard deviation (SD) of the mean. Ordinary one-
way ANOVA was performed with P< 0.05 considered statistically significant
throughout the experiments. P=0.0030 was denoted as **, and P< 0.001 was
denoted as ****, Source data are provided as a Source Data file.

concurrent cleavage of Electra2-ENLYFQ | GGGG- aSH2 and ligation of
GGGG- aSH2 was detected when TEVp and SrtA were co-expressed.
Similarly, western blotting was used to demonstrate the cleavage of VHL-
aGFP and changes in YFP and SH2-miRFP670 levels. This result is
consistent with the observed changes in fluorescent signals, indicating
only the corresponding full-length AdPROM variant degrades its
specific target.

To better assess the kinetics of LASER, we carried out a time
course experiment by probing YFP and miRFP670 signals 4, 8, 12, 16,
and 24 h post transfection (Supplementary Fig. 3). Reliable expression
of both fluorescent proteins (>15% cells) was not detected until 12h
post transfection. Switching between different TPD states was detec-
ted at 16 h post transfection, indicating SrtA-mediated cleavage and
ligation occurred within 4 h after protein expression. While the level of
SH2-miRFP670 continued to increase from 16 to 24 h for the control,
SH2-miRFP670 levels declined slightly for cells co-expressing both
TEVp and SrtA, highlighting the efficiency of the LASER system. This is
also reflected in the continuous rescue of YFP at 24 h.

Discussion

Proteins play a diverse role in controlling cell physiology, responsible
for virtually all cellular functions. Their precise function within a
complex cellular environment is typically investigated through altera-
tions in the protein’s levels followed by analysis of the associated
phenotypes*’. Overexpression of proteins, for instance, is easy to
implemented but may lead to gain-of-function artifacts*. Protein
inactivation, on the other hand, is more reliable in providing insights on
protein functions. Gene-level inactivation via RNA interference or
genome editing offers high specificity and holds promise for treating
genetic disorders**™*, but is not ideal due to lack of conditional control.
Furthermore, knockout strategies are irreversible and gene silencing is
slow in reducing stable proteins already present within cells*. Targeted
protein degradation has recently emerged as an alternative strategy to
modulate protein levels as it offers the possibility of exquisite control
over the kinetics of protein knockdown*. BioPROTACs have been
garnering increased attention as a viable alternatives to small molecule
PROTACs for TPD due to the highly modular nature of targeting”.

However, the current strategies are static in nature and a key challenge
moving forward is to create a new synthetic biology framework that
can elicit conditional protein degradation to permit targeting of
essential proteins that is not presently possible.

Sortase A provides a unique solution to elicit conditional control
of TPD as it possesses the ability to catalyze both protein cleavage and
ligation reactions. Here, we exploit the inherent dual functionality of
SrtA as a new synthetic biology tool to toggle the assembly and dis-
assembly of the bioPROTAC AdPROM in human cells to achieve con-
ditional TPD on two different protein targets. A broad range of TPD
outcomes can be achieved by tuning both the affinity of the protein-
binding domains and SrtA expression. The flexibility to modulate the
level of many native intracellular proteins of interest can potentially
lead to applications from therapy to diagnostics and biotechnology.

By exploiting the need for a free N-terminus triglycine motif for
ligation, we further layer a protease-gated mechanism to activate SrtA
ligation by removing the ENLYFQ | GGG blocking sequence by TEVp.
The resulting LASER platform allows us to expand the possible
degradation outcomes using Boolean logic operations depending on
the input combinations. The ability of LASER to perform intracellularly
switchable targeting with AND gate logic operations open up the
possibility to interrogate novel protein targets previously untenable
due to their essential nature. Furthermore, exploring intracellular
protein interactions and dependencies could allow the dynamic fine-
tuning of protein cascades.

Another advantageous feature of SrtA is its amenability to logic-
gated outputs. Integrating signal transduction would present even
greater opportunities for expanded input responsiveness in various
cellular reprogramming applications. We expect that a split TEVp
would enable small molecule and light responsive LASER outcomes”*’.
Such an approach would enable an expanded logic-gated commu-
nication system to direct intracellular reprogramming.

Methods

Chemicals and reagents

Reagents and solvents used in this study were obtained from com-
mercial sources and used without further purification.
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¢ Western blot analysis of the LASER experiment. TEVp cleavage and SrtA ligation
were interrogated by probing for the HA-tagged aSH2. Full-length Electra2-
ENLYFQ/GGG-HA- aSH2 intensity diminished and a 15 kDa cleavage band was
detected upon TEVp co-expression (T), but no impact on the full-length protein was
observed when only SrtA was co-expressed (S). A 38 kDa band resulting from SrtA
mediated ligation of a TEVp cleavage product (GGGG-aSH2) to an independent
SrtA-dependent ligation partner (VHL-SrtAs) was detected when both TEVp and
SrtA were co-expressed (T +S). Western blotting with a VHL antibody elucidates the
disappearance of a 39 kDa band upon cleavage of VHL-aGFP by SrtA(S), and
restoration of a similar sized band when ligation of VHL-aSH2 occurs (S+T).
Changes in YFP and SH2-miRFP670 levels were probed using the GFP and SH2
antibodies, respectively. A GAPDH control blot indicates consistent protein load-
ing. Representative blot of n =3 biological replicates with similar results. Source
data are provided as a Source Data file.

Plasmid construction

A list of all plasmids used in this study is provided in Supplementary
Table 1. A list of amino acid sequences for each construct is provided in
Supplementary Table 2 and all full-length gene sequences are available
in the Supplementary Data 1. For Hela studies, all expression vectors
were constructed using pcDNA3.1(+) as the backbone. This was pur-
chased from Invitrogen via ThermoFisher Scientific.

The desired DNA (purchased from TWIST or PCR’d from existing
lab plasmid stocks) and desired backbone were mated using digestion
with standard restriction enzymes (New England BioLabs) and ligation
via T4 DNA ligase (M0202S, New England BiolLabs). All PCRs were
performed using Q5 High-Fidelity Hot-Start DNA Polymerase (New
England BioLabs) according to manufacture protocols. Sequence ver-
ification was done by Sanger sequencing (Azenta).

Cell culture

HelLa cells were cultivated as specified by ATCC. HeLa cells were main-
tained in complete growth media consisting of MEM (Corning 10-101CV),
supplemented with 10% FBS (fetal bovine serum), and 1% penicillin—

streptomycin. Cells were passaged at 90% confluency, typically every
fourth or fifth day. For subculturing, aspirate and discard the culture
media. Wash the cell layer with PBS (phosphate-buffered saline) (1X pH
7.4) and aspirate. One milliliter of trypsin—ethylenediaminetetraacetic
acid (EDTA) (Corning Trypsin—EDTA 1X, 0.25% Trypsin/2.21mM EDTA)
was added to cover the cell layer and incubated for 5 min at 37 °C. Upon
detachment of the cells, 5 mL of complete growth media was added to
inactivate the trypsin. Appropriate aliquots of the cell suspension were
seeded into new culture vessels prepared with 12 mL of fresh complete
growth media, typically T-75 flasks (CellTreat Scientific Products, Pep-
perell MA). Seeding densities and culture volumes are as described by
ThermoFisher Scientific Cell Culture Protocols.

Transient transfection in HeLa cell lines

Hela cells were seeded in 12-well plates (CellTreat Scientific Products,
Pepperell MA) at 1 x 10° cells/mL in 1 mL of complete growth media. For
dosage studies and condition screening, HelLa cells were seeded in 96-
well plates (Santa Cruz Biotechnology, Santa Cruz CA) at 1x 10° cells/
mL in 0.ImL of complete growth media. After 20h, cells were
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transfected between 80 and 90% confluency. Transfection was carried
out with Lipofectamine 3000 (ThermoFisher) according to the man-
ufacturer recommended protocols. Transfection ratios can be found in
Supplementary Table 3. Cells were aspirated and fresh growth media
added between 8 and 18 h post transfection. Cells were generally
analyzed 24 h after transfection, unless otherwise noted.

Luminescence assays

For luminescence assays, Hela cells were generally transfected in 24-
well plates (CellTreat). 24 h post transfection, HeLa cells were washed
with PBS before being trypsinized and 100 mL was transferred to 96 W
plates for imaging. Subsequently, an equal volume of freshly recon-
stituted ONE-Glo assay reagent (Promega) added to each well.
Reconstituted ONE-Glo Luciferase assay reagent was prepared
according to manufacturer recommendations at room temperature.
Quantification was performed using a Synergy H4 (Biotek) plate reader
at a standard sensitivity setting.

Flow cytometry

For flow cytometry, HeLa cells were generally transfected in 12-well
plates (CellTreat Scientific Products). 24 h post transfection, HeLa cells
were washed with 0.5 mL/well PBS (phosphate-buffered saline) (1%, pH
7.4), trypsinized with 200 pL of trypsin-EDTA (Corning Trypsin-EDTA
1%, 0.25% trypsin/0.53 mM EDTA) for 5 min, with incubation at 37 °C.
Upon cell detachment, 0.8 mL of complete growth media was added to
inactivate trypsin. Cells were centrifuged for 5 min at 4 °C at 800 g. The
media was removed, and cells were resolubilized in cold PBS, before
transfer to a flow cytometry tube. The flow cytometer used for all
experiments is the ACEA NovoCyte Flow Cytometer (Agilent, Santa
Clara, CA). The cells were gated for live cells and then gated to exclude
any doublets. Gated events (>15,000) were collected for each sample.
YFP and GFP fusion protein fluorescence was detected using the
configuration for fluorescein isothiocyanate (FITC) (Ex: 488 nm/
detection: 530 nm). The mean fluorescence intensity values are shown
as the results. miRFP670 and miRFP670 fusion protein fluorescence
was detected using the 640 nm laser and 660 nm filter. The gating
strategy is provided in Supplementary Fig. 4.

Western blot analysis

Hela cells were plated at 1 x 10° cells/cm? and transfected as described
above before lysis with NP40 lysis buffer (Thermo Fisher Scientific).
Lysates were separated on hand-cast 12% Tris-acrylamide gels and
transferred to PVDF membranes. Transferred proteins were blocked
with TBST + 5% milk for 8 h at 22 °C. a-VHL (Invitrogen #MA5-13940),
«-SH2 (Invitrogen #MA5-49146), a-GFP (BioLegend #902602), a-FLAG
(Abcam #ab49763), a-HA (Invitrogen #32-6700), and o-GAPDH (Invi-
trogen #MAI1-16757) antibodies were diluted, 1:1000, 1:1000, 1:5000,
1:3000, 1:1000, and 1:1000 respectively, in TBST and incubated for 8 h
at 4 °C. Secondary antibody goat a-mouse IgG with HRP conjugation
(Bio-Rad #170-6516) was diluted at 1:3000 and used as needed.

Statistical analysis

All experiments were performed in biological triplicates, except for
one as noted performed with n=4. Results were also expressed as
means * standard deviations (SD). The Ordinary One-way ANOVA was
performed with P < 0.05 considered statistically significant throughout
the experiments. P<0.05 was denoted as *, P<0.01 was denoted as
** P<0.001 was denoted as ***, P< 0.0001 was denoted as ****, and no
statistically significant difference as (NS).

Data availability

Sequences of all constructs studied are included in the Supplementary
Data 1. All data supporting the findings of this study are available within
the article and its Supplementary Information. Additional data are

available from the corresponding author upon request. Source data
are provided with this paper.
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