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Abstract

While bespoke sequence-specific proteases have the potential to advance biotechnology and
medicine, generating proteases with tailor-made cleavage specificities remains a major challenge.
We developed a phage-assisted protease evolution system with simultaneous positive and negative
selection, and applied it to three botulinum neurotoxin (BoNT) light-chain proteases. We evolved
BONT/X protease into separate variants that preferentially cleave VAMP4 and Ykt6, evolved
BoNT/F protease to selectively cleave the non-native substrate VAMP7, and evolved BoNT/E
protease to cleave PTEN but not any natural BoNT protease substrate in neurons. The evolved
proteases display large changes in specificity (218- to >11,000,000-fold) and can retain their
ability to form holotoxins that self-deliver into primary neurons. These findings establish a
versatile platform for reprogramming proteases to selectively cleave new targets of therapeutic
interest.
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One Sentence Summary:

Phage-assisted evolution reprograms botulinum neurotoxin proteases to selectively cleave proteins
of biomedical interest /in vitro and in neurons.

The ability of proteases to cleave protein targets with high efficiency and specificity enables
them to play important roles in biology, biotechnology, and medicine (1). Applications of
proteases would be greatly expanded by the ability to reprogram them to selectively cleave
new targets for which no known protease exists. While proteases have been engineered or
evolved for increased stability (2), solvent tolerance (3), inhibitor resistance (4, 5), activity
(6-8), and altered specificity (9-15), reports of successfully changing substrate specificity
beyond a single amino acid in the primary peptide recognition sequence are rare (16-19).
Moreover, the laboratory evolution of proteins to accept new substrates commonly results in
substrate promiscuity (19-27). While negative selections during protease evolution have
reduced off-target activity for single amino acid substrate changes (28-33), the limits of
directed evolution’s ability to extensively reprogram proteases away from their original
substrates to achieve highly specific cleavage of a new target remain largely untested.

Many pathogens have evolved proteases that cleave proteins with exquisite specificity to
precisely modulate host-cell functions. These proteases, exemplified by botulinum
neurotoxins (BoNTSs), have proven to be powerful therapeutic agents. BoNTs are a family of
bacterial toxins with seven major serotypes (BoNT/A to BoONT/G). Each BONT consists of a
heavy chain (HC, ~100-kDa) and a light chain (LC, ~50-kDa) connected through a disulfide
bond (34, 35). The HC serves as a delivery vehicle, containing both receptor-binding and
membrane translocation domains, while the LC is a zinc-dependent metalloprotease. BONT
HCs mediate entry into the neuronal cytosol, where disulfide bond reduction releases the
LC. Known substrates of BONT LCs are all members of the SNARE protein family, which
mediates membrane fusion in eukaryotic cells (36). The LCs then target and selectively
cleave SNARE proteins essential for synaptic vesicle exocytosis. BONT/A, BoNT/C, and
BoNT/E cleave the 25-kDa synaptosomal-associated protein (SNAP-25); BoNT/B, BoNT/D,
BoNT/F and BoNT/G cleave vesicle-associated membrane proteins 1, 2, and 3 (VAMP1,
VAMP2, and VAMP3); and BoNT/C also cleaves Syntaxin-1. Cleavage of these proteins
blocks synaptic vesicle exocytosis, causing muscle paralysis. While commonly known for
cosmetic applications, BONTSs have also been used as important therapeutic proteins for over
30 years to treat many other conditions (35).

The exquisite selectivity of BONT LC proteases is critical for their therapeutic application.
Past efforts to engineer BONT LCs have expanded their ability to cleave homologous
SNARE proteins, but have been unable to retarget these proteases to selectively cleave
proteins that differ even modestly from their native substrates. For example, engineered
BoNT/A and BoNT/E proteases cleave SNAP-23, but retain activity on SNAP-25 (37, 38).
Due to their high specificity and dependence on multiple exosites and conformational
changes to mediate substrate recognition and cleavage (39, 40), the prospect of
reprograming BoNT proteases to cleave proteins beyond SNARE family members has
seemed out of reach.
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While several systems for protease evolution have been reported (41), phage-assisted
continuous evolution (PACE) is especially well-suited to address this challenge since PACE
continuously diversifies and selects gene variants with desired properties ~100-fold faster
than stepwise protein evolution methods (5, 19, 21-24, 42-50). We recently reported a
PACE selection for protein cleavage (5), and used the selection to evolve tobacco etch virus
(TEV) proteases that cleave a sequence in human IL-23 (19). Because this PACE system did
not enable selection against off-target cleavage activity, the evolved TEV protease
maintained strong activity on its native substrate (19). A platform to generate highly
selective proteases that avoid such promiscuity has been a longstanding goal (51, 52). Here,
we developed a simultaneous PACE positive- and negative-selection system and used it to
reprogram the substrate specificity of three BONT LC proteases, yielding four proteases with
high specificity for their new targets. These results establish a system to rapidly evolve a
class of clinical proteases to preferentially cleave non-native targets.

Development of a phage-assisted evolution negative selection for proteases

PACE uses a modified M13 bacteriophage that encodes an evolving gene of interest in place
of g/l/, which encodes a protein (plll) essential for phage replication. During PACE, g///is
encoded on an accessory plasmid (AP) in £. colihost cells, and its expression is made
dependent on the activity of interest (24, 50). To evolve proteases in PACE, we use a
protease-activated RNA polymerase (PAP), an autoinhibited T7 (or T7 variant) RNA
polymerase (RNAP) expressed in host cells as a fusion with its native inhibitor T7 lysozyme
(enLys, Fig. 1A) (5). The linker between T7 RNAP and T7 lysozyme contains the
proteolysis target sequence of interest. Cleavage of the target sequence releases T7
lysozyme, restoring T7 RNAP activity and triggering expression of g///, which is under
control of the T7 promoter (Fig. 1A). Propagating phage are continuously diluted by fresh
host cells and are continuously mutated by induction of a host-cell mutagenesis plasmid
(44).

We first verified that LC proteases from BoNT/E, BoNT/F, and the recently discovered
BoNT-like toxin BoNT/X (34, 53, 54), could perform proteolytic activation of T7-PAPs
containing minimized substrate fragments, resulting in luciferase expression. We observed
that all three proteases are functional when expressed in £. coli, and activate T7-PAP in a
manner consistent with their native cleavage specificities (fig. S1-S2).

Next, we developed a PACE negative selection that impedes the propagation of phage
encoding proteases with off-target cleavage activities. We previously evolved a T7-RNA
polymerase variant with high selectivity for the T3 promoter (T3’-RNAP) (21). We
converted T3’-RNAP, which remains inhibited by tethered T7 lysozyme, into a protease-
activated T3’ polymerase (T3’-PAP) that supports positive selection through transcription of
g/l in response to on-target cleavage (Fig. 1A). We then used a T7-PAP containing an off-
target substrate to construct a negative selection in which off-target cleavage drives
expression of g///-neg, which encodes a dominant-negative plll variant that suppresses
phage replication (21), from the T7 promoter (Fig. 1A). Negative-selection stringency can be
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tuned using ribosome binding site (RBS) variants to control translation rates of plll-neg in
different host strains.

To enable greater control of selection pressure when needed, we performed simultaneous
positive and negative selection using phage-assisted non-continuous evolution (PANCE) (23,
46-48), in which phage are periodically, rather than continuously, diluted into media
containing fresh host cells. PANCE is conducted in 96-well plates and offers reduced
selection stringency in a high-throughput format. PANCE allows parallel protease evolution
experiments at a range of negative-selection stringencies, while simultaneously maintaining
high-stringency positive selection in all hosts.

Dual-selection PANCE evolves a Ykt6-selective BONT/X protease

We started with BONT/X, which is unique among BoNT family proteases in that it cleaves
not only VAMP1, 2, and 3, but also VAMP4, 5, and Ykt6 (53, 54). While BoNT/X in
principle could serve as a powerful tool to investigate the roles of VAMP4 and Ykt6 in cells,
its substrate promiscuity impedes this possibility. To explore whether the selectivity of
BoNT/X protease can be improved using dual-selection PANCE, we generated a library of
mutant BoNT/X LC protease genes through propagation in host strains with the mutagenic
plasmid MP6 (44), and inoculated this library into host strains each supporting high-
stringency positive selection for Ykt6 cleavage alongside negative selection against VAMP1
cleavage at various selection stringencies (Fig. 1B top, 1C). Initial passages supported phage
survival only at low stringency, enriching the mutation A166E. BoNT/X proteases
containing A166E (for example, X(3206)A14) showed increased, though incomplete,
preference for Ykt6 over VAMPL1 (fig. S2). We then subjected the A166E-enriched
population to additional PANCE in triplicate using the same set of host strains for 15
passages (Fig. 1B, fig. S3), resulting in phage persistence even at high stringency under high
dilution. The final BONT/X variants converged on distinct combinations of mutations, with
substitutions at N143, T167, and L364 independently enriched in all three replicates (Table
S1). We observed a large apparent increase in Ykt6 selectivity in isolated variants (fig. S2),
and characterized in depth clone BoNT/X(4130)B1 (Fig. 1D).

Purified X(4130)B1 protease (fig. S4) showed large increases in selectivity for Ykt6 over
other native 60-mer substrate fragments when assayed /n vitro (Fig. 1E-F) (55, 56).
X(4130)B1 also showed reduced activity on not only VAMPL, but also other VAMP family
substrates, despite the fact that no other VAMP homolog was the target of negative selection
(Fig. 1F). Overall, evolved X(4130)B1 showed 1.5-fold higher activity on Ykt6 and 700-fold
lower activity on VAMP1/2/3 relative to wild-type BoNT/X, representing a total evolved
protease selectivity change of 1,060-fold. These findings establish that negative-selection
protease PANCE can evolve variants of a promiscuous BoNT protease with greatly
improved substrate selectivity.

Reversion analysis of X(4130)B1 demonstrated that A166E and T1671 were responsible for
much of the selectivity for Ykt6 over VAMPL (fig. S5). We further obtained X-ray
diffraction-quality crystals of X(4130)B1 protease, and solved the 1.8-A resolution crystal
structure (Fig. 2A, Table S2, PDB code 7KZ7). The fold of BONT/X(4130)B1 is largely
unchanged from that of wild-type BONT/X LC (PDB code 6G47, rmsd=0.42 A) (54). The
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E166 mutation places a negatively charged Glu side chain across the active site cleft from
the catalytic zinc cofactor. The structure of the related BoNT/F protease bound to a VAMP2
substrate mimic (40) suggests that E166 may interact with the substrate’s P3 residue (Fig.
2A). We speculate that the AL66E mutation electrostatically repels the anionic P3 residue
(D66) in VAMP1, while tolerating the neutral P3 amino acid (V171) in Ykt6, thereby
contributing to Ykt6 selectivity.

Negative-selection PANCE to evolve a VAMP4-selective BoONT/X protease

Next, we applied the protease negative selection to evolve BoNT/X LC into a VAMP4-
selective protease that rejects VAMP1 (Fig. 1B, bottom). We began with PANCE in
triplicate, again using a mutagenized population of wild-type BoNT/X phage, and observed
phage titers drop rapidly at all stringencies, necessitating mutagenic drift at passage 5. After
this re-diversification, phage began to persist at low dilution factors and under the lowest
negative-selection stringency. Phage isolated after nine total passages converged on distinct
sets of mutations between replicates, with mutations at N143, N164, P174, and S240
enriching across multiple populations. These proteases showed increased selectivity for
VAMP4 over VAMPL1 in the bacterial luciferase assay (fig. S6), although they also showed
high apparent activity on Ykt6, likely because positions of divergence between VAMP1 and
VAMP4 are mostly conserved between VAMP4 and Ykt6 (Fig. 1C).

We reinitiated PANCE using the same host strains to improve the partially VAMP4-selective
phage. After 12 passages, clones from the highest stringency conditions in all three
replicates (Fig. 1B, fig. S7) independently converged on mutations T2241 and S240K (Table
S3). The replicate that evolved the clones with the highest selectivity (vide infra) also
converged on the A166E mutation present in the Ykt6-selective X(4130). Since VAMP4
similarly lacks a negatively charged P3 Asp, these results support the hypothesis that the
A166E mutation provides selectivity against VAMPL.

When evaluated by luciferase assay, all variants from the final PANCE passage showed very
high apparent selectivity for VAMP4 over VAMP1 (fig. S8). As with the X(4130)B1
protease, we observed selectivity for VAMP4 over all other natural BONT/X substrates,
including VAMP5 and Ykt6, in several evolved BoNT/X protease variants (fig. S8). Protease
BoNT/X(5010)B1, which contained seven mutations relative to wild-type BoNT/X protease,
exhibited the highest selectivity for VAMP4 over all other BONT/X substrates (Fig. 1G) and
was characterized further. X(5010)B1 contained mutations in the substrate-binding cleft that
contribute to selectivity, including A166E, N164S, and P174T (fig. S9). Isolated X(5010)B1
protease (fig. S4) showed a 85-fold reduction in keo/Ky for VAMPL, and a 2.5-fold increase
in keat/ Ky for VAMPA4, resulting in an overall catalytic efficiency (kqa/Knm) change of 218-
fold compared with wild-type BoONT/X protease. A substrate analysis revealed that
X(5010)B1’s preference for VAMP4 over VAMPS5 improved >6-fold, and for VAMP4 over
Ykt6 increased 2.8-fold (Fig. 1G). These outcomes establish the ability of the PANCE dual
positive- and negative-selection system to evolve selective proteases.
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Biological evaluation of evolved BONT/X proteases

To further validate the selectivity and activity of the evolved BoNT/X proteases on full-
length substrates, we incubated purified proteases with lysate from human HEK293T cells
expressing full-length VAMP2, VAMPA4, or Ykt6. In HEK293T cell lysates, X(4130)B1 and
X(5010)B1 each cleave their respective new targets with selectivities consistent with their
activity /n vitrorelative to wild-type BoNT/X protease (Fig. 1F-G, 2B).

To test if the evolved proteases remain compatible with native BoNT holotoxin delivery
machinery, we incorporated proteases X(4130)B1 and X(5010)B1 into a hybrid holotoxin
consisting of the evolved BoNT/X proteases linked to the BONT/X translocation domain
(Hpn) and conjugated to the BoNT/A receptor-binding domain (H¢) via sortase-mediated
ligation (53). This process generated chimeric holotoxins containing X(4130)B1 or
X(5010)B1 as their LCs (fig. S10). Both of these evolved protease holotoxins showed potent
self-delivery and efficient cleavage of their intended intracellular targets at picomolar
concentrations in rat cortical neurons (Fig. 2C). Moreover, the evolved protease holotoxins
show dramatically reduced (~100-fold lower) cleavage of their native target VAMP2,
indicating that the large activity and selectivity changes evolved during PANCE in bacteria
also manifest in neurons. These findings establish that the dual-selection protease evolution
platform can generate reprogrammed BoNT proteases that support assembly into holotoxins,
intracellular delivery into neurons, and selective activity on their chosen targets in
mammalian cells.

Evolution of BONT protease activity on a non-canonical SNARE substrate

We next challenged the dual selection system to reprogram a BoNT protease to cleave a
novel SNARE target not known to be processed by any native BONT protease. We chose to
evolve BoNT/F LC protease due to the availability of structural (40) and structure-activity
relationship (57) data. We selected the longin-SNARE VAMP?7 as the target because of its
role in trafficking, secretion, and autophagy (58). VAMP7 poses a challenge as a new target
due to its limited homology (40% identity) with VAMP1/2/3 across the protease recognition
site (Fig. 3A, bottom) (57), and no BoNT proteases have been reported to cleave VAMP?Y.

We designed a positive-selection evolutionary trajectory for BONT/F protease starting from
VAMP1(T29-K89) and ending with VAMP7(K121-R180) (Table S4). The trajectory passes
through five intermediate substrates that serve as evolutionary stepping-stones (Fig. 3A). We
first evolved tolerance of the D58G mutation in VAMPL1 (stepping-stone F1, or SS.F1),
which is known to prevent cleavage by BoNT/F (57). We then divided the surviving phage
into three replicate populations that were subjected to PACE on the remaining stepping-
stones in parallel to preserve access to diverse solutions (42). We added substrate mutations
L55A (SS.F2), Q60E (SS.F3), and K61R (SS.F4) before challenging the surviving phage on
SS.F7, which contained seven mutations as well as substrate termini from VAMP7 (Fig. 3A,
bottom). Surviving phage were finally evolved in host cells harboring a T7-PAP containing
VAMP7(K121-R180). The resulting replicate populations were pooled, then competed in a
PACE experiment with a high-stringency VAMP7 AP, yielding the genotypes in Table S5.
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The overall PACE campaign consisted of 795 hours of PACE in the longest linear path,
requiring phage to survive an average total dilution of ~10240-fold. The resulting proteases
(Fig. 3B) exhibited high apparent cleavage activity on the VAMP7 selection substrate (Fig.
3C). One clone with 16 mutations relative to wild-type BoNT/F protease, F(3041)B6,
showed >18-fold improved activity on VAMP7, constrained by the detection limit of
VAMPY7 cleavage by wild-type BoNT/F (fig. S11). These efforts generated the first protease
to our knowledge that can cleave VAMP7, and the first example of a BoONT protease
cleaving a protein outside the known substrate portfolio of natural BoNTSs.

Consistent with prior efforts to reprogram proteases (19), the VAMP7-cleaving BoONT/F
variants maintained activity on the native VAMP1 substrate (fig. S12). We therefore applied
the dual selection system to reduce activity on VAMP1 while maintaining activity on
VAMP7. Starting with the F(3041) population, we initiated PANCE in separate replicates at
four negative-selection stringencies (Fig. 3A). Initially, phage persisted only with the two
lowest-stringency negative-selection VAMP1 APs. After periodic reinfection into high-
stringency negative-selection host cells, the evolving phage eventually accessed solutions
that propagated in high-stringency host cells at 10-fold higher dilution levels than initial
passages (fig. S13). After 15 total passages, we evaluated clones (Table S6) surviving the
highest negative-selection stringency by luciferase assay (Fig. 3C). These assays suggested
variants evolved greatly reduced activity on VAMP1, while maintaining VAMP7 activity.
Based on activity, selectivity, and protein production levels, we selected BoNT/F(3230)A3
for in-depth characterization.

Purification and /n vitro assessment confirmed that F(3230)A3 protease cleaves the target
VAMP7 sequence (fig. S4, S14), with only trace cleavage of VAMP1 (Fig. 3D). Because the
activity of wild-type BoNT/F on VAMP7 was too low to determine Kgq/ Kpg, turnover
frequency (kcat,app) at 5 mM substrate was used to compare selectivity between evolved
and wild-type BoNT/F proteases. The evolved F(3230)A3 protease cleaved VAMP1 (T29-
K89) with a Keat,app Of 1.6 x 107 s and VAMP7 with a Keat app 0f 7.7 x 1073571, In
contrast, wild-type BoNT/F protease cleaved VAMP1 with a Keat app 0 1.1 s~1and VAMP7
with a Keat app Of 1.5 % 1074 s71. Thus, the total selectivity change of evolved F(3230)A3
favoring VAMP7 (251-fold) and disfavoring VAMP1 (6,800-fold) is 3.5 x 10°-fold.

To illuminate the role of individual mutations, we separately reverted each of the 21
mutations in F(3230)A3 and assessed their relative VAMP1 and VAMP7 cleavage activities
by luciferase assay (fig. S15). None of the individual reversion mutants recovered
meaningful VAMP1 activity, demonstrating that the origins of selectivity cannot be
attributed to any single mutation. Several reversions (H72Y, A106V, N148S, P158A, Y166S,
H184N, G200E, S2241, and L240R) reduced apparent VAMP?7 activity, suggesting that they
are important either for VAMP7 activity or for expression in £. coli. Four reversion
mutations increased apparent VAMP7 activity: S232A, G350S, M381L, and L410P. When
these four reversions were combined, VAMP1 off-target cleavage activity increased
markedly (fig. S16). These results are consistent with the complex nature of BoNT protease
substrate recognition and processing, driven by exosite binding interactions as well as
conformational reorientation (39, 40).
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BoNT/F(3230)A3 also demonstrated =20-fold selectivity for VAMP7 over all eight related
VAMP family members (Table S7). While the basis of this broad selectivity is not clear, we
determined by mass spectrometry that F(3230)A3 cleaved VAMP7 not between E153-N154
as anticipated, but instead nine residues C-terminal, after E162 (Fig. 3A bottom, fig. S17).
This region of VAMP7 contains several residues, including L156, 1158, T161, and N163,
that are minimally conserved among the eight other VAMP family proteins. To test whether
this cleavage site shift contributes to specificity for VAMP7, we generated chimeric
VAMP7-VAMP1 substrates that substituted corresponding VAMP7 residues into VAMPL1 at
positions E64, D66, A69, and A71 (fig. S18). While none of the resulting individual VAMP1
mutants are competent substrates for F(3230)A3, the combination of all four substitutions
yielded a substrate that was cleaved by evolved F(3230)A3 (fig. S18). These findings
suggest that PACE evolved recognition of an optimal VAMP7 sequence that diverges from
other VAMP homologs to survive the dual selection, resulting in broad specificity among
other VAMP proteins.

Evolution of BONT proteases that selectively cleave a non-SNARE target

To further challenge this protease evolution platform, we sought to generate BoNT proteases
that selectively cleave a target unrelated to SNARE proteins. We selected BONT/E protease
for this purpose, which natively targets SNAP-25. Interactions between BoNT/E and
SNAP-25 residues G168 (P13), D172 (P9), 1178 (P3), and 1181 (P1’) are known important
substrate recognition elements (59). We performed a protein BLAST search for targets that
preserved these residues with similar spacing, with no restrictions on the 16 remaining
positions across a nominal 20-residue cleavage site. We manually reviewed the resulting
candidates for target sequence accessibility with available structural data, and for potential
biomedical impact. This evaluation identified phosphatase and tensin homolog (PTEN) as an
attractive target. PTEN plays a number of critical roles in cellular signaling (60, 61) and has
been a target of longstanding interest in regenerative medicine. Recent reports suggest that
PTEN knockdown can stimulate nerve regeneration after injury (62). PTEN is not a SNARE
protein and shares only 4 of 20 residues with SNAP-25 flanking the anticipated proteolysis
site. The evolution of a BONT protease that selectively cleaves PTEN thus represents a
formidable challenge.

Integrating the lessons from the campaigns described above, we pursued parallel
evolutionary trajectories towards a PTEN-cleaving BoNT/E variant (Fig. 4A, Table S8).
Trajectory A began by challenging proteases to recognize the P1 site R180S mutation
(SS.E1a), starting from phage containing NNK codon randomization at E159 and N161 in
BoNT/E. Survivors of PACE on SS.Ela were then challenged to cleave a stepping-stone
substrate containing the D179C+R180S double mutant (SS.E2) either with continuous
mutagenesis (Trajectory Al) or with NNK codon randomization of H216 and K225 prior to
inoculation (Trajectory A2). Trajectory B began with the P2 site D179C mutation (SS.E1b),
and PACE experiments were inoculated with BoNT/E phage carrying NNK codon libraries
at H216 and K225. This initial PACE stage was also followed by selection on the D179C
+R180S double mutant (SS.E2), either directly (Trajectory B1) or with NNK codon
randomization of E159 and N161 (Trajectory B2) (Fig. 4A).
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These PACE trajectories each converged on distinct genotypes. We evolved the resulting
populations separately on four additional evolutionary stepping-stones before selection on
the final PTEN target sequence (Fig. 4A-B). These intermediate substrates first incorporated
PTEN residues S294—C296 in place of the SNAP-25 residues N169-N171 (SS.E3), then
replaced the entire N-terminal SNAP-25 M167-Q177 with PTEN residues N292-S302
(SS.E4). Finally, all lineages were challenged with PACE on PTEN N292-N311 (AP-PTEN)
at low then moderate stringency (Fig. 4A). Surviving phage originated from a single lineage
(trajectory A1), which strongly enriched 10 consensus mutations relative to wild-type
BONT/E protease (Fig. 4C). In luciferase assays, the consensus clone E(0285)B6
demonstrated clear but weak PTEN cleavage activity (Fig. 4D, fig. S19). As expected given
the absence of negative selection, this evolved protease retained high activity on its native
SNAP-25 substrate.

Next, we performed low-stringency dual positive- and negative-selection PACE to reduce
activity on SNAP-25 and improve activity on PTEN. These experiments evolved BoNT/E
protease variants such as E(0308)B2 (Fig. 4C) with improved, but incomplete, selectivity
(Fig. 4D). After rediversifying the protease populations across 15 passages of positive-
selection PANCE on PTEN (Fig. 4A. middle bottom), we performed an additional 15
PANCE passages of dual positive and negative selection (Fig. 4A, fig. S20). After passage
15, phage from the host cells containing the highest stringency negative-selection APs
(Table S9) converged on additional mutations C26Y, D156N, N248K, and Y357F (Fig. 4C).
The consensus clone BONT/E(4130)A2 carried 16 total mutations compared to wild-type
BoNT/E protease, with seven mutations arising during negative selection. This E(4130)A2
protease demonstrated high apparent activity on the PTEN substrate with nearly
undetectable activity on SNAP-25 in luciferase assays (Fig. 4D). Reversion analysis (fig.
S21) revealed that E159L, N161N, Q162S, and R163S contribute to PTEN cleavage activity.

Isolation and /n vitro kinetic assessment of E(4130)A2 (fig. S4) confirmed high activity
levels on PTEN and low activity on SNAP-25. E(4130)A2 protease efficiently cleaved the
target PTEN sequence, which is not detectably cleaved by wild-type BoNT/E protease, with
a measured improvement in kgo; of >18,300-fold, constrained by the assay’s limit of
detection (Fig. 4E). When combined with 606-fold reduced cleavage of the endogenous
SNAP-25 substrate (Fig. 4E), E(4130)A2 exhibits an overall 1.1 x 10’-fold change in
substrate selectivity. This large change in selectivity was driven primarily by a much higher
keat for PTEN, which increased from <3.2 x 107° s™1 for wild-type BoNT/E protease to 0.59
s~1 for E(4130)A2, rather than by an impaired Ky, for SNAP-25 (fig. S22). Selectivity
through k4t rather than Ky, is consistent with host cells producing a large excess of off-
target SNAP-25 substrate relative to the on-target substrate during the negative selection. At
high concentrations of SNAP-25, BONT/E variants that evolve impaired Ky, for SNAP-25
likely gain little fitness compared to variants that evolve impaired kqo; for SNAP-25.
Adjusting the concentrations of substrates (PAPs) could modify the selection in ways that
favor improvements in selectivity that are Ky,-driven.

Interestingly, the E(4130)A2 cleavage site in PTEN was determined by mass spectrometry to
occur after PTEN residue S302 (fig. S23), three residues N—terminal from our predicted
cleavage position. This cleavage position preserves key amino acid identity between
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SNAP-25 and PTEN at P1’, P2, and P3, which is apparently preferred over predicted
cleavage site preservation at P1’, P3, P9, and P13 (Fig. 4B). Consistent with the cleavage
site shift during the evolution of BoNT/F(3230)A3, positional flexibility during protease
evolution may contribute to the acquisition of selective activity on new targets. Collectively,
these results represent the first example of generating a BoNT protease that cleaves a non-
SNARE substrate.

Finally, we assessed E(4130)A2 in mammalian cells. We co-transfected plasmids encoding
the protease and PTEN into human HEK293T cells. Although weak cleavage of PTEN was
detected, most PTEN was not cleaved in cells (Fig. 4F), potentially because PTEN is
localized to plasma membranes, while BoNT/E LC is known to remain cytosolic (63). To
localize the evolved protease to plasma membranes, we fused to the N-terminus of
E(4130)A2 a plextrin homology (PH) domain from protein kinase C that binds to plasma
membranes (64). Co-expression of this PH-E(4130)A2 protease with full-length PTEN
resulted in efficient cleavage in HEK293 cells (Fig. 4F). Expression of either E(4130)A2 or
PH-E(4130)A2 resulted in no loss of viability (fig. S24), an important additional indicator of
selectivity.

We also transduced rat cortical neurons with lentivirus encoding PH-E(4130)A2, and
examined cleavage of both endogenous PTEN and SNAP-25 by western blot. The
transduced cells show substantial cleavage of endogenous PTEN, with minimal off-target
cleavage of the native BONT/E substrate SNAP-25 (Fig. 4G). This selectivity was further
enhanced by introducing the L166A mutation, which is known to disrupt an exosite binding
interaction and decrease SNAP-25 cleavage by BoNT/E protease (65) (Fig. 4G). Other
endogenous SNARE proteins such as VAMP2 and Syntaxin 1 were not cleaved by PH-
E(4130)A2 (Fig. 4G). These results confirm that evolved BoNT proteases emerging from
dual-selection PACE can support efficient and selective proteolysis of a non-SNARE target
in mammalian cells.

Discussion

Botulinum neurotoxins are powerful agents for mediating intracellular proteolysis, but
attempts to extend their application beyond their small set of native SNARE protein targets
has been a longstanding challenge. Here we developed and applied a dual-selection PACE
system to evolve four BONT protease variants that selectively cleave both native (Ykt6,
VAMP4) and non-native (VAMP7, PTEN) substrates. The efficiency of phage-assisted
evolution enables complex fitness landscapes to be quickly navigated using parallel
trajectories and carefully controlled positive- and negative-selection stringencies. This
system makes practical the evolution of proteases over hundreds of generations of mutation,
selection, and replications. Varying additional selection parameters such as substrate
concentration and PAP efficiency could in principle generate proteases with additional
desired properties.

Our findings establish that BONT proteases may be far more evolutionarily malleable than
their high natural target specificity would suggest. The evolved F(3230)A3 and E(4130)A2
proteases cleave new substrates that share limited homology with their native substrates. The
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known exosite dependence of BoNT proteases may facilitate reprogramming their
specificities, since their extended enzyme-substrate interface provides a large surface over
which new contacts can evolve while maintaining interactions required for catalysis.

Though extended substrate recognition may contribute evolutionary plasticity and selectivity
in BONT proteases, we found a structurally homologous 5-amino acid stretch of BONT
protease active sites (residues 164—-168 in BoNT/F, 159-163 in BONT/E, and 164-168 in
BoNT/X) that carried at least two mutations in each of the evolved proteases characterized in
depth in this study (fig. S25). The comparatively high frequency of mutations in this region
across all four evolved proteases suggests that diversifying this region of BoNT proteases
may be especially productive for future BoNT reprogramming efforts.

The ability to potently deliver their protease domains to the cytosol of susceptible cells is a
remarkable feature of BONTS. It is encouraging that evolved BoNT proteases can retain
compatibility with translocation machinery in BoNT HCs to form functional holotoxins.
Efforts to engineer BoONT HCs to support self-delivery to various cell and tissue types (66)
raise the intriguing possibility of developing evolved BoNTSs for tissue-specific delivery of
reprogrammed proteases that selectively manipulate target intracellular proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
(A) Top: Superposition of the 1.8-A resolution x-ray crystal structure of evolved X(4130)B1

(light blue) with the wild-type BoNT/X LC (grey, PDB 6F4E). Mutated residues in
X(4130)B1 are shown in purple, with the active site zinc shown as a black sphere. Bottom:
Superposition of a BONT/F LC-bound VAMP2-mimic (orange, from PDB 3FIE) and the
crystal structure of X(4130)B1 (light blue), showing the close proximity of the P3 Arg
(orange) to E166 and 1167 (purple). The active site zinc is shown as a black sphere. (B)
Evaluation of X(4130)B1 and X(5010)B1 activity on full-length substrates in human
HEK?293T cell lysates by immunoblot. Actin served as a loading control. (C) Evolved
protease delivery and activity as chimeric BoNT holotoxins (53) added to cultured rat
cortical neurons. Neurons were treated with the indicated concentration of holotoxin for 16
h. Cleavage on endogenous VAMP2, VAMP4, and Ykt6 was detected by immunoblot on
neuron lysates.
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Figure 3.

(A) Top: Summary of the strategy for stepwise evolution of a VAMP7-cleaving protease
from BoNT/F LC protease, followed by dual positive and negative selection for evolving
VAMPY7 selectivity from promiscuous variants. Bottom: substrates used during the evolution
of a VAMP7-selective protease from a VAMP1-cleaving protease. The orange wedge shows
the wild-type BoNT/F cleavage site. The predicted (hollow) and actual (filled) purple
wedges show VAMP?7 cleavage sites of the evolved F(3230)A3 protease. (B) Selected
variants from evolution of VAMP7-selective BoNT/F proteases. Mutations in grey enriched
during negative selection. (C) Apparent protease activity by luciferase assay for selected
clones from various stages of BoNT/F evolution. (D) Comparison of wild-type BoNT/F
protease (left) and evolved F(3230)A3 protease (right) activity on VAMP1 and VAMP7.
Assays were performed using proteases containing an N-terminal MBP tag under standard
assay conditions at 37 °C with 5 UM substrate and either 2.5 nM BoNT/F or 50 nM
F(3230)A3.
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PACE positive selection

(A) Strategy for stepwise evolution of a PTEN-cleaving protease from wild-type SNAP-25-
cleaving BONT/E LC protease. (B) Protease cleavage substrates used during the evolution of
a PTEN-selective protease. (C) Selected variants from the evolution of a PTEN-selective
BoNT/E protease. Mutations in green enriched during the positive selection, and mutations
in grey enriched during negative selection. (D) Apparent protease activity by luciferase assay
of clones from BoNT/E evolution. dBoNT/F is an inactive BONT/F protease mutant. (E)
Comparison of wild-type BoNT/E LC (left) and E(4130)A2 protease (right) activity on
SNAP25 and PTEN. Assays were performed under standard conditions at 37 °C using 5 uM
substrate and 10 nM protease. (F) Evaluation of full-length PTEN cleavage in cells. FLAG-
tagged full-length PTEN was co-expressed with either HA-tagged E(4130)A2 or HA-tagged
PH-E(4130)A2 in HEK293 cells. PH-E(4130)A2 contains an N-terminal pleckstrin
homology (PH) domain fused to E(4130)A2. Cell lysates were analyzed by immunoblot,
detecting PTEN (via FLAG-tag) and E(4130)A2 (via HA tag). Actin served as a loading
control. Numbers indicate the ratio of BONT/LC plasmid:PTEN substrate plasmid. LC,
light-chain proteases. (G) PTEN and SNARE protein cleavage in cultured rat cortical
neurons transduced with lentivirus expressing RFP (negative control), PH-E(4130)A2
protease, or the PH-E(4130)A2(L166A) protease. Neuron lysates were analyzed by
immunoblot, detecting endogenous PTEN, SNAP-25, VAMP2, and Syntaxin 1. Actin served
as a loading control. The asterisk marks the minor cleavage of SNAP-25 by PH-E(4130)A2
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detected with long exposure time (Long expo.), which is not observed for PH-
E(4130)A2(L166A).
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