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Abstract

Proteases are widely studied as they are integral players in cell cycle control and apoptosis. We report
a new approach for the design of a family of genetically encoded turn-on protease biosensors. In our
design, an auto-inhibited coiled-coil switch is turned on upon proteolytic cleavage, which results in
the complementation of split-protein reporters. Utilizing this new auto-inhibition design paradigm,
we present the rational construction and optimization of three generations of protease biosensors,
with the final design providing a 1000 fold increase in bioluminescent signal upon addition of the
TEV protease. We demonstrate the generality of the approach utilizing two different split-protein
reporters, firefly luciferase and beta-lactamase, while also testing our design in the context of a
therapeutically relevant protease, caspase-3. Finally, we present a dual-protease sensor geometry that
allows for the use of these turn-on sensors as potential AND logic gates. Thus these studies potentially
provide a new method for the design and implementation of genetically encoded turn-on protease
sensors while also providing a general auto-inhibited coiled-coil strategy for controlling the activity
of fragmented proteins.

Introduction

The cleavage of specific amide bonds by proteases are implicated in numerous biological
pathways including cell-cycle regulation and programmed cell death. 1=* Thus there is much

interest in developing probes for measuring protease activities both in vitro and in vivo. Peptide

substrates with attached self-quenched fluorescent probes are widely utilized for in vitro

measurement of protease activity and substrate specificities. > However, many chemical probes

containing large peptidic inserts often lack cell permeability and are not ideal for studying

proteases such as caspases or viral proteases in their natural intracellular context. ® To this end

genetically encoded sensors 7 based upon tethered green fluorescent protein (GFP) variants

have been designed, which detect protease activity through changes in Forster energy transfer

or changes in fluorescence cross-correlation, both requiring sensitive instrumentation. More
recently, a sensitive yet practical luminescent turn-on biosensor was reported by Wood and
co-workers, where they discovered a genetically encoded turn-on luciferase based protease
sensor through screening a library of cyclically permutated firefly luciferase (FLuc) mutants

8 with embedded protease cleavage sites. However, to our knowledge there are no general and
rational approaches (non-selection based) for designing turn-on biosensors for proteases that
rival the elegant design principles central to generating self-quenched small molecular probes.

Towards the long-term goal of made to order turn-on protease biosensors, we detail our
progress towards a new design paradigm utilizing an auto-inhibitory coiled-coil design
architecture embedded in user-defined split-proteins (Figure 1).

*To whom correspondence should be addressed. ghosh@email.arizona.edu.
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Our new biosensor design relies both on sensitive split-protein signal generating domains as
well as designed coiled-coil. Split-protein or protein fragment complementation methods,
starting with split-ubiquitin, ® have emerged as a promising approach for studying a wide range
of biomolecular interactions. Numerous signal generating split-protein sensors have been
developed based upon careful fragmentation of the green fluorescent protein 10-12
dihydrofolatereductase, 13 p-lactamase, 1416 firefly luciferase, 17> 18 and Gaussia Luciferase.
19 At the same time, in another protein-design arena, natural and designed parallel and anti-
parallel coiled-coils have emerged as a widely utilized modular domain 20-22 for applications
in synthetic biology. Coiled-coils have been designed to interrogate the relation between
sequence space and structure/stability of proteins,23 for testing novel amino acids,24 25 in the
design of self replicating systems,25: 27 in the construction of biomaterials,26-30 and perhaps
most widely as made to order dimerization/trimerization motifs. 31733 What is also of note for
our sensor design strategy is that nature has utilized auto-inhibited coiled-coils for allosteric
control. For example, in calmodulin dependent protein kinase-I1, a dimeric coiled-coil domain
blocks substrate and ATP binding to the otherwise active kinase domains.3* To the best of our
knowledge, coiled-coil auto-inhibition, whether natural or designed, and the subsequent relief
of auto-inhibition by protease action has not been utilized as a means for driving the reassembly
of split-proteins as a direct read-out for protease activity (Figure 1). & 34

We envisioned that our general biosensor architecture for measuring protease activity would
comprise three modular domains; a split reporter protein, an anti-parallel heterodimeric coiled
coil and a protease cleavable linker (Figure 1). One split-protein reporter half would be attached
to one of the coiled coil partners, B, whereas the other split-protein reporter half would be
attached to the cognate coiled coil, A, and its binding partner, B’ (identical amino acid sequence
as B) through a protease cleavable linker (Figure 1). Thus initially, the complementation of the
split reporter halves is auto-inhibited since the coiled coils A and B’ prefer to interact intra-
molecularly due to favorable entropy. However, once auto-inhibition is relieved by cleavage
of the linker by a specific protease, the split reporter halves can potentially complement each
other through intermolecular coiled-coil interactions, which will restore the activity of the split-
protein reporter. Herein, we successfully demonstrate the feasibility and generality of our turn-
on biosensor design strategy and also provide several iteratively redesigned systems with split-
firefly luciferase and split-p-lactamase to achieve high sensitivity (~1000 fold S/N) as well as
specificity (>15 fold ). We utilize a cell free in vitro translation system to test our methodology,
18 which in addition to providing an extremely rapid assay platform also enables the study of
proteases in a lysate environment that approximates a complex in vivo setting.

Results and Discussion

Firefly Luciferase Complementation Utilizing Anti-parallel Coiled-Coils

Since our proposed design requires the use of dimeric anti-parallel coiled coils, we first tested
two different designed coiled coil pairs namely, the EE/RR pair designed by Vinson and co-
workers and the Acid /Base (A/B) coiled-coil pair designed by Oakley and co-workers. 3
36-38 These peptides were fused to either the N- or C- termini of split-luciferase reporter protein
fragments (B-NFluc/CFluc-A and RR-NFluc/CFluc-EE) through flexible (GGGS)3 linkers
(supporting information, Figure S1 and Figure S2). If the coiled-coils dimerize and complement
firefly luciferase assembly, we expect that the functional luciferase will catalyze the mono-
oxygenation of luciferin with the concomitant production of light.39—40 As a first test, proteins
were produced by co-translation of mMRNA corresponding to B-NFluc/CFluc-A and RR-NFluc/
CFluc-EE in Rabbit Reticulocyte Lysate system (Promega) followed by the addition of the
luceferin reagent (SteadyGlo, Promega), which resulted in >60 and 1500 fold increase in
luminescence respectively, when compared to the translated individual halves alone (Figure
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2b, 2e) verifying that the coiled-coils under study are amenable for reassembling a functional
split-luciferase enzyme.

A First Generation Singly Inhibited Protease Biosensor

To test our proposed sensor design strategy, the coiled-coil, B’ and RR’ was fused to the CFluc-
A and CFluc-EE constructs through a tobacco etch virus (TEV) protease cleavable linker
(GGGGENLYFQ-GGKLGGGG) to yield CFluc-A-TEV-B’ and CFluc-EE-TEV-RR’
respectively. The mRNA corresponding to B-NFluc and CFluc-A-TEV-B’ (AB’/B system)
and CFluc-EE and CFluc-EE-TEV-RR’ (ER/R’ system) were then co-translated with
subsequent incubation in the presence or absence of TEV 42 43 protease. The AB’/B system
provided an 18 fold enhancement while the ER/R’ system provided an 11 fold enhancement
in luminescence respectively (Figure 2b, 2e). This to our knowledge is the first demonstration
of a rationally designed split-protein system that produces a turn-on signal upon enzymatic
cleavage. To test if switching the coiled-coil attachment with respect to the split-protein halves
influences signal to noise (S/N), experiments with A’-TEV-B-NFluc and CFluc-A were also
carried out and resulted in almost identical enhancements in signal upon addition of TEV
protease as the original design (Supporting Information, Figure S3). To directly confirm that
the increase in enhancement correlated with TEV cleavage, translations were carried out in the
presence of 35S labelled methionine. The products of translation, in the presence and absence
of TEV protease, were separated by SDS PAGE and visualized by autoradiography (Figure
2c), which confirmed TEV protease dependent cleavage (please see Supporting Information
for a more complete time-course, Figure S4 and Figure S5). Thus these results help validate
that the production of CFluc-A and B-NFluc mediated by TEV cleavage is most likely
responsible for the observed enhancement in split-luciferase activity.

A Second Generation Protease Biosensor: Optimization of Biosensor Response by Coiled-
coil Redesign

In order to further optimize the response of our first generation turn-on biosensor systems
(AB’/B and ER’/R), we first chose to modulate the affinities of the coiled-coil, B’ and RR’,
which are intramolecularly attached to CFluc-A and CFluc-EE. We reasoned that post-
proteolytic cleavage, if the newly redesigned B’ and RR’, possess weaker affinity to CFluc-A
and CFluc-EE than the parent coiled-coil, B and RR, attached to NFluc, this would increase
the relative population of CFluc-A/B-NFluc and CFluc-EE/RR-NFluc, resulting in the
functional complementation of the split-luciferase fragments. Thus systematic destabilizing
mutations were introduced (Figure 2a, 2d) in both coiled coil systems. For the AB’/B system
the first redesign incorporated two alanines in place of leucines in the first heptad (AB’,) and
the second redesign incorporated four leucine to alanine mutations (AB’44) (Figure 2a). For
the ER’/R system the first redesign incorporated two leucines and an asparagine mutations to
alanines in the second heptad (ER’3a/R) and the second redesign incorporated three more
leucines to alanines mutations in the fourth and fifth heptads (ER’ga/R). Previous studies**:
45 with coiled-coils suggests that each leucine to alanine mutation is expected to decrease
affinity by (~0.5 — 2 kcal/mol) while the asparagine mutation in EE/RR was introduced so as
to neutralize the preference for parallel orientation.3® Utilizing these new coiled-coils, we
repeated our TEV protease assay with both AB’/B and ER’/R systems (Figure 2b, 2e). We
observed a 2.5 fold increase in overall signal and no significant change in background signal
(no added protease) for the AB’,a/B system leading to an overall S/N ratio of 33. A 1.5 fold
increase in signal was observed for the AB’4a/B system as compared to the AB’54/B system
but a concomitant 2 fold increase in the background signal led to a overall S/N ratio of 22.
Overall, the AB’,a/B system showed a ~1.8 fold increase in signal over background ratio than
our original AB’/B system. In contrast, the ER’3a/R system showed the same S/N noise ratio
as the original ER’/R system, which somewhat surprisingly suggests that two leucine to alanine
mutations are not sufficiently destabilizing to afford an appreciable change in the relative
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populations of the EE/RR’35 and EE/RR’ coiled-coil pairs at the nanomolar concentration
regime of the experiments. However, with the incorporation of further destabilizing mutations,
the ER’ga/R system exhibited a 1.5 fold increase in signal to noise ratio over the parent ER’/
R system. It is also noteworthy that the protease biosensors derived from the EE/RR coiled
coil exhibited a much higher background as compared to the protease biosensor derived from
AJ/B coiled coil, which may arise from formation of low affinity three-helix bundles or higher
assemblies, which are possible with designed and natural coiled-coil systems 46=48 (Supporting
Information, Figure S6). Since the Acid-Base coiled-coil systems afforded amuch higher signal
to noise ratio upon proteolytic cleavage, we chose to use this coiled-coil pair for application
in other split-protein sensors as well as for further systematic redesigns.

A Turn-on Split-B-lactamase Protease Biosensor

To investigate the generality of our auto-inhibitory design strategy we chose a second split-
protein reporter, B-lactamase (Figure 3a), which when reassembled can catalyze the cleavage
of a lactam ring in a designed substrate, Fluorocilin Green (Invitrogen), resulting in
fluorescence. To construct the singly inhibited split-p-lactamase protease biosensor (AB’/B
system) Acid-TEV-Base was attached to the N-terminus of NfLac (NpLac-A-TEV-B’) and
Base was attached to the C-terminus of CpLac (B-CpLac). The mRNAs corresponding to
NpLac-A-TEV-B’and B-CpBLac were co-translated with subsequent incubation in the presence
or absence of TEV protease. The observed enhancement in signal from TEV protease mediated
proteolysis utilizing the new split-p-lactamase coiled-coil systems were very similar to that
observed with our split-luciferase biosensor. We observed a 30 fold enhancement in S/N upon
addition of TEV protease and a subsequent 1.6 fold enhancement in S/N upon introduction of
the second generation AB’44/B coiled-coil (Figure 3b, 3c). Thus these studies demonstrate
that the auto-inhibited coiled-coil strategy is general and can be applied to other available split-
protein systems.

Third Generation Protease Sensors: Doubly Inhibited Coiled-coil Systems

We next chose to test a third generation designed system (Figure 4a), where two auto-inhibited
coiled-coils, A-B, are attached to the split-protein halves. It is worth noting that the split-
luciferase system has been previously shown to be reversible and under thermodynamic
control8 as opposed to kinetic control observed for some split-GFP sensors.® The off-state
requires that the intramolecular coiled-coils attached to the two halves of luciferase be
thermodynamically favored, primarily through favourable entropy, when compared to the
alternate extended coiled-coil system which can potentially result in undesirable
complementation (Supporting Information, Figure S7). To test such a doubly inhibited system,
mRNAs corresponding to A’-TEV-B-NFluc and CFluc-A-TEV- B’ were co-translated and an
impressive 250 fold increase in firefly luciferase activity was observed upon addition of TEV
protease (Figure 4b). Moreover, the incorporation of the designed mutations as in the second
generation singly inhibited system, to afford CFluc-A-TEV-B’ 5 and CFluc-A-TEV-B’4a,
led to a signal to noise ratio of 1040 and 840 for the AB’,a/A’B and AB’4a/A’B systems
respectively. The overall signal obtained from the doubly inhibited system was surprisingly 5
fold higher than that obtained in the singly inhibited system, which we speculate may possibly
arise from an increase in folding competent split-protein halves in the translation system.

A Turn-on Biosensor for Caspase-3 and Assessment of Specificity

Having established three iterative redesigns of our auto-inhibited coiled-coil approach, we next
turned to establishing the utility of our new turn-on biosensor for a biologically relevant
protease, caspase-3.%0 To this end, we incorporated a caspase-3 cleavable linker
(GGGGDEVD-GKLGGGG) within the split-luciferase AB’/A’B system. This new caspases-3
sensor also afforded a ~250 fold increase (Figure 4c) in signal upon addition of caspase-3.
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Notably, our rationally designed TEV and caspase-3 biosensors utilizing split-luciferase
provide comparable S/N as that afforded by selection strategies 8 with the possibility of further
rational redesign or incorporation of selection steps®l 52, Further, to establish the specificity
of these biosensors, we investigated TEV versus caspase-3 dependent signal for both AB’/A’B
coiled-coil based protease sensors. We observed >15 fold specificity (Figure 5a), where the
TEV sensor selectively responds to addition of TEV and not caspases-3, while the caspase-3
sensor responds to caspase-3 and not TEV. Thus these results further demonstrate the generality
of the design strategy and it potential application to biologically relevant intracellular proteases.

A Dual Protease Biosensor and its Application as an AND Logic Gate

Finally, we envisioned a mixed protease biosensor utilizing the doubly inhibited system,
wherein the biosensor is fully activated only when two different proteases are present. To test
such a system mRNAs corresponding to A’-TEV-B-NFluc and CFluc-A-CASP3-B’ were co-
translated and the response of the biosensor was monitored after addition of either TEV,
Caspase-3, TEV + Caspase-3, or no protease. The results (Figure 5b) clearly demonstrate that
the dual protease biosensor was fully active only when both proteases were added to the system.
Similarly, if we utilized A’-CASP3-B-NFluc and CFluc-A-TEV-B’ we also observed a 30 fold
increase in signal compared to the presence of each individual proteases. These new dual-
protease sensors systems function as molecular logic gates, producing an output of 1 when
both of its inputs are 1, and an output of O if either or both inputs are 0. Thus this mixed protease
activated sensors may perhaps be useful for designing a new class of molecular logic gates and
also for targeted detection/therapy in a situation where both proteases are present in a diseased
state but not in a normal state allowing for selectively turning on a previously split-enzyme.

Conclusion

We have developed a suite of genetically encoded protease biosensors utilizing an auto-
inhibited coiled-coil strategy utilizing the complementation of split-proteins as our read out.
The generality of the protease biosensor had been demonstrated using both a fluorescent (B-
lactamase) and bioluminescent (luciferase) split-protein reporter as well as two different
proteases. Our results confirm that it is possible to rationally design turn-on split-protein
sensors for proteases utilizing an auto-inhibited coiled-coil design strategy with up to 1000
fold increase in S/N. The modular nature of our auto-inhibitory design will likely allow for
further improvements and its application to numerous split-protein systems 8 and proteases of
interest. The currently described turn-on sensors provide a method for directly detecting
protease activity in complex lysate mixtures. Future research will focus upon testing the
potential of our new class of split-protein protease biosensors for the more challenging
measurement of protease activity in living cells. The described system may also be of potential
utility in investigating the design of functional coiled-coil assemblies, which are of much
interest as components of key circuits in synthetic biology. Further, the protease activated
doubly inhibited systems presented herein have the potential to be utilized for the selective
activation of split-toxins domains at the cell-surface similar to protease dependent specific
delivery of toxic payloads.®: 3 Finally, the design of molecular logic gates as demonstrated
by the mixed protease biosensor may be further refined for designing more elaborate cellular
logic systems that can function in a cellular context. Thus these studies not only provide turn-
on protease sensors but also provide a general auto-inhibited coiled-coil methodology for
controlling the activity of fragmented proteins, which may be of general utility.
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Materials and Methods

General Materials

Chemicals were purchased from Sigma unless otherwise noted. Restriction enzymes were
obtained from NEB, in vitro transcription and translation products were purchased from
Promega. Oligonucleotide primers were obtained from IDT. Caspase-3 was purchased from
CalBioChem.

Plasmid construction and mRNA production

The plasmid constructs used in this study are shown in the supporting information (Figure S1,
Figure S2) and were generated by overlapping PCR with appropriate primers and subsequently
cloned into a pETDUET-1 prsfDuet (Novagen) or pMAL-c2x (NEB) vector containing the
desired reporter protein fragments as described!® using standard techniques. All sequences
were verified by dideoxynucleotide sequencing. For mRNA synthesis, PCR fragments
corresponding to the desired fusion constructs were generated as previously described.18 The
PCR products were subsequently used as templates for in vitro transcription using the
RiboMAX Large Scale RNA Production System-T-7(Promega) following the manufacturer’s
protocols.

Protease Sensing utilizing split-firefly luciferase

For the singly inhibited firefly luciferase TEV biosensor assay, 25 pL translation was carried
out in Flexi Rabbit Reticulocyte Lysate(Promega) according to the manufacturer’s protocol
using 1 pmol of MRNA encoding for B-NFluc (4-416) and 0.5 pmol of mRNA corresponding
to one of the following; CFluc-A, CFluc-A-TEV-B’, CFluc-A-TEV-B’yp, CFluc-A-TEV-
B’4a. For the doubly inhibited TEV biosensor, 1 pmol of mRNA encoding for A’-TEV-B-
NFluc was co-translated with 1 pmol of mRNA corresponding to either CFluc-A-TEV-B’,
CFluc-A-TEV-B’yp or CFluc-A-TEV-B’ 4. For the doubly inhibited firefly luciferase
capsase-3 biosensor, 1 pmol of mMRNA encoding for A’-CASP3-B-NFluc was co-translated
with 1 pmol of mMRNA corresponding to CFluc-A-CASP3-B’. After translation for 90 minutes
at 30 °C, the translation sample was divided into two lots of 12.5 pL each. To one sample,
treated as control, 7.5 pl of appropriate protease buffer was added and to the other sample either
7.5 ul of TEV (40 pmols) or 200 units (2 pl) of caspase-3 (Calbiochem) was added. The samples
were subsequently incubated for three hours at 30°C. To perform the assay 10 pL of translation
solution was mixed with 40 pL of Steady-Glo Luciferase Assay System (Promega). Light
emission was monitored, immediately after mixing Steady Glow containing luceferin, using a
Turner Biosystems 20/20 luminometer with a 3s delay and a 10 s integration time. The single
tube luminometer is equipped with a photomultiplier tube (PMT) with a spectral (photon
collection) window of 350 — 650 nm. The TEV used in all the assays was expressed and purified
as described by Doudna and co-workers.3° There is a ~1-2 fold difference in the absolute signal
depending upon the lysate lot obtained from Promega Lysate, however the overall fold
differences are conserved. Experiments with CFluc-EE-TEV-RR’, CFluc-EE-TEV-RR’ 35 or
CFluc-EE-TEV-RR’ga with the corresponding EE-TEV-RR-NFluc luciferase halves were also
carried out as essentially described above.

Reassembly of B-lactamase

For each B-lactamase assay, 25 pL translations, in duplicate, were carried out in Wheat Germ
Extract Plus (Promega) according to manufacturer’s protocol using 1 pmol mRNA encoding
for B-CBLac(198-290) and 0.0625 pmols of mRNA encoding for either NBLac-A-TEV-‘B or
NpLac-A-TEV-B’4a. After translation for 90 minutes at 30°C, the translation sample was
divided into two halves of 12.5 pL each. To one sample, treated as control, 7.5 pl TEV buffer
was added, while to the other 7.5 pl (40 pmols) of TEV was added. The samples were
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subsequently incubated for three hours at 30°C. To measure lactamase activity, 20 pL of
translation sample was combined with 60 pL of PBS buffer containing a final concentration
of 10 uM Fluorocilin Green soluble p-lactamase substrate (Invitrogen). The rate of Fluorocillin
Green hydrolysis was determined by exciting at 495 nm and monitoring emission at 525 nm
with a 515 nm emission cutoff using a Spectra Max Gemini plate reader (Molecular Devices).
Emission was read every min for 15 min.

Protease specific activation of protease biosensors

For the TEV biosensor, 1 pmol of mRNA encoding for A’-TEV-B-NFluc was co-translated
with 1 pmol of mMRNA corresponding to CFluc-A-TEV-B’ and for the caspase-3 biosensor 1
pmol of MRNA encoding for A’-CASP3-B-NFluc was co-translated with 1 pmol of mMRNA
corresponding to CFluc-A-CASP3-B’. After translation for 90 minutes, to both protease
biosensors either TEV (40 pmols) or Caspase-3 (5 units from Calbiochem), was added and the
samples were incubated for three hours at 30° C. To perform the assay 10 pL of translation
solution was mixed with 40 pL of Steady-Glo Luciferase Assay System (Promega). Light
emission was monitored, immediately after mixing Steady Glow, using a Turner Biosystems
20/20 luminometer with a 3s delay and a 10 s integration time.

Dual protease biosensor

50 pL translations, in duplicate were carried out in Flexi Rabbit Reticulocyte Lysate(Promega)
according to the manufacturer’s protocol using 2 pmol of mMRNA encoding for A’-TEV-B-
NFluc and 2 pmol of mMRNA encoding for CFluc-A-CASP3-B’. After translation for 90
minutes, the sample was divided into four 12.5 pl aliquots and either i) TEV (7.5 pl, 40pmols),
ii) caspase-3 (2 ul, 200 units), iii) TEV (7.5 ul, 40pmols), and caspase-3 (2 pl, 200 units), or
iv) TEV buffer (5 ul ) and Caspase-3 buffer (2 pl) was added and the samples were incubated
for three hours at 30° C. Mixed protease biosensor with mRNA corresponding to A’-Casp3-
Base-NFluc and CFluc-Acid-TEV-Base was performed in an identical manner as described.
To perform the assay 10 pL of translation solution was mixed with 40 uL of Steady-Glo
Luciferase Assay System (Promega). Light emission was monitored, immediately after mixing
Steady Glow, using a Turner Biosystems 20/20 luminometer with a 3s delay and a 10s
integration time.

35S |abeled protein translations and auto-radiography

Two separate translations were carried out using 1 pmol of mRNA corresponding to CFluc-
A-TEV-B’ and A-TEV-B-NFluc constructs as described in the manufacturer’s protocol
(Promega). The specific activity of 3°S used was 10 uCi/pl. After translation for 1.5 h at 30°
C the translation sample was divided into two halves of 12.5 uL each. To one sample, treated
as control, 7.5 pl of TEV protease buffer was added and to the other 7.5 pl of TEV (40 pmols)
added. The samples were subsequently incubated at 30° C and 5 pl aliquots were taken out
every hour and stored at —20° C overnight. The samples (5 pl) were mixed with 15 pl of loading
dye (50 Mm Tris-HCI, 2% SDS, 0.1 % bromophenol blue, 10% glycerol, BME) and heated at
70° C for 15 min and subsequently run on a 15% SDS-PAGE gel. The PAGE gels were
subsequently fixed (50% methanol, 10% glacial acetic acid, 40% water) for three hours and
dried at 80° C under vacuum and exposed to a phosphor screen overnight with imaging on a
Typhoon Imager (GE Healthcare).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Turn-on protease biosensor design: auto-inhibited intramolecular coiled-coil cleavage
dependent split-protein complementation. CFluc; C-terminal fragment of firefly luciferase
(Fluc), residues 398-550, NFluc; N-terminal fragment of Fluc, residues 2—-416. Helices A and
B’ comprise an intramolecular dimeric coiled-coil connected by a tobacco etch virus (TEV)-
protease cleavage site. In the first generation design the coiled-coils, B and B’ have identical
amino acid sequences. Upon incubation of the bipartite split-protein sensor (CFluc-A-TEV-B’
and B-NFluc) with TEV-protease, the linker is cleaved and the two firefly luciferase halves
can potentially reassemble firefly luciferase that catalyzes the mono-oxygenation of luciferin
to produce light.
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Figure 2.

First and second generation turn-on protease biosensors. a) Helical wheel diagram depicting
the A/B coiled-coil, with sites for mutations shown in orange. b) TEV protease cleavage
dependent change in luciferase activity in the singly inhibited A/B coiled-coil split-luciferase
sensor. The translated proteins were incubated in the presence or absence of TEV (40 pmols)
for 3 hrs and luminescence was measured. AB’/B refers to the B-NFluc and CFluc-ATEV-B’
sensor, AB’,a/B refers to the B-NFluc and CFluc-A-TEV-B’yx sensor and AB’4a/B refers to
the B-NFluc and CFluc-A-TEV-B’4x sensor. ¢) SDS-PAGE analysis of the TEV protease
cleaved translation products using 3°S methionine after 3 hrs. d) Helical wheel diagram
depicting the EE/RR coiled-coil with sites for mutations shown in orange. e) TEV protease
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cleavage dependent change in luciferase activity in the singly inhibited EE/RR coiled-coil split
reporter. The translated proteins were incubated in the presence or absence of TEV (40 pmols)
for 3 hours and luminescence was measured. ER’/R refers to the RR-NFluc and CFIucEE-
TEV-RR’ sensor, EERR’3a/RR refers to the RR-NFluc and CFluc-EE-TEV-RR’34 sensor,
and EERR’ga/B refers to the RR-NFluc and CFluc-EE-TEV-RR’ga sensor. Please see text for
details of the design.
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Figure 3.

Turn-on Protease Biosensor utilizing Split-B-Lactamase. a) Schematic presentation of the
protease biosensor design based upon the singly inhibited p-lactamase split-protein reporter
with either no (B’) or four mutations (B’44), b) Rate of hydrolysis of the Fluorocillin Green,
B-Lactamase substrate, (Invitrogen) subsequent to the addition of TEV as a function of time.
AB’/B refers to assays performed with co-translation of NpLac-A-TEV-B and B-CpLac,
AB’4/B refers to co-translation of NpLac-A-TEV-Bya and B-CBLac. ¢) The slope of the
hydrolysis data from (b) represented as a bar graph for the indicated split-p-lactamase sensors
in the presence and absence of TEV protease for comparison to the split-luciferase derived
sensors.
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Figure 4.

Third generation doubly inhibited protease biosensors and application to caspase-3. a)
Schematic representation of the doubly inhibited luciferase sensor, Helices A and A’ have
identical amino acid sequences and have been labelled differently for clarity. b) TEV protease
dependent change in luminescence signal in the doubly inhibited coiled coil-split reporter
system. AB’/A’B, AB’,a/A’B and AB’4a/A’B refer to co-translations of the A’-TEV-B-NFluc
half with either CFluc-A-TEV-B’, Cfluc-A-TEV-B’54, or CFluc-A-TEV-B’4a, to yield the
three different sensors. ¢) Caspase-3 dependent activation of doubly inhibited firefly luciferase
split reporter system in the presence and absence of added caspases-3. AB’/A’B(CASP3) refers
to the CFluc-A-CASP3-B’ and A’-CASP3-B-NFluc containing sensor.
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Figure 5.

Design of AND logic gates utilizing dual protease bionsensors. a) Protease specific activation
of the TEV and caspase-3 turn-on biosensors. For the split-luciferase TEV protease biosensor,
MRNA corresponding to A’-TEV-B-NFluc was co-translated with CFluc-A-TEV-B’ and
either TEV or Caspase-3 was added. For the split-luciferase caspase-3 protease biosensor,
MRNA corresponding to A’-CASP3-B-NFluc was co-translated with CFluc-A-CASP3-B’ and
either caspase-3 or TEV was added and luminescence recorded. b) Dual protease biosensors;
MRNA corresponding to either A’-TEV-B-NFluc and CFluc-A-CASP3-B’ or A’-CASP3-B-
NFluc and CFluc-A-TEV-B’ were co-translated and appropriate proteases and buffers were
added separately or together and luminescence recorded. The biosensors are fully activated
only upon the addition of both TEV and caspase-3. A truth table for the AND logic gate (inset),
wherein, an output of 1 is obtained only when both inputs equal 1.
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