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ABSTRACT: Here we describe YESS 2.0, a highly versatile Cleaves S1
version of the yeast endoplasmic sequestration screening (YESS) !
system suitable for engineering and characterizing protein/peptide
modifying enzymes such as proteases with desired new activities. D |
By incorporating features that modulate gene transcription as well ~ Membrane S5 . GS8

[l Metrics & More | @ Supporting Information

Cleaves S2 No cleasvage
2

Protease
activity

as substrate and enzyme spatial sequestration, YESS 2.0 achieves a

significantly higher operational and dynamic range compared with 6 protoace - LT <1

the original YESS. To showcase the new advantages of YESS 2.0, @ module "l | [T | oees
we improved an already efficient TEV protease variant (TEV- lp Substrate g:;y}m)mw) <l )
EAV) to obtain a variant (eTEV) with a 2.25-fold higher catalytic @ Yeast ER ARG

efficiency, derived almost entirely from an increase in turnover rate  engincered  10u2.4200: pAGT1 LEB.CYCLpADHT -blo ADHTE

(keoe)- In our analysis, e TEV specifically digests a fusion protein in  ®8""%°*®?* Glossan: () ER targeting signal @ pesiradiol

2 h at a low 1:200 enzyme to substrate ratio. Structural modeling

indicates that the increase in catalytic efficiency of eTEV is likely due to an enhanced interaction between the catalytic Cys151 with
the P1 substrate residue (Gln). Furthermore, the modeling showed that the ENLYFQS peptide substrate is buried to a larger extent
in the active site of eTEV compared with WT TEV. The new eTEV variant is functionally the fastest TEV variant reported to date
and could potentially improve efficiency in any TEV application.

P roteases are ubiquitous in biology, playing major roles in
initiating, regulating, and terminating cellular processes.
The diversity and breadth of protease substrate preferences
have been harnessed for a variety of applications, including
protease therapeutics,l protein purification,” and mass
spectrometry-based proteomics.” Proteases are also being
utilized for interrogating protein—protein interactions,”
imagin% 8newly synthesized pr?teins,é and designing synthetic
genetic”” and protein circuits.” ™"

To successfully repurpose proteases for these applications,
one often needs to engineer protease catalytic properties using
Directed Evolution. Protease variants with the desired
phenotypes are isolated from a large pool, so a high-
throughput protease screening system should ideally exhibit a
high operational range (sensitivity over a large variation in
input), and a high dynamic range (signal-to-noise ratio). Also,
it should avoid laborious design—build—test cycles that slow
progress.mz_19

Previously, our lab developed the Yeast Endoplasmic
Reticulum (ER) Sequestration Screening (YESS) system,”*™>*
which is a robust yeast surface display (YSD) approach that
combines for the first time a protease engineering and a
comprehensive substrate specificity profiling platform (Figure
1A). In YESS, an aga2-substrate cassette fusion designed for
surface display contains both desired substrates and counter-
selection substrates flanked by strategically placed epitope tags.
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A protease is coexpressed with the substrate cassette, both of
which are targeted to the ER of S. cerevisize. Upon
coexpression in the ER, the protease interacts with the
transiting substrate fusion, resulting in four possible outcomes:
no interaction, cleavage of the selection substrate (SS),
cleavage of the counter-selection substrate (CS), or cleavage
of both substrates (Figure 1B). These phenotypes can be
directly quantified by staining the cells with fluorophore-
labeled antibodies, allowing visualization and selection by
fluorescence-activated cell sorting (FACS). In contrast to
modified YSD methods for enzyme engineering,” " the YESS
systemm’22 marks a significant step in converting YSD,
conventionally used to engineer protein binding affinity,
thermostability, and solubility into a platform that quantifies
catalytic turnovers.

Here we report YESS 2.0, a markedly improved version of
YESS that incorporates features to independently modulate
protease and substrate transcription, substrate and protease
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Figure 1. YESS 2.0: an improved YESS system for the engineering and profiling protease specificity. (A) Schematic of the YESS plasmid and
process for protease engineering. (B) Phenotypes of surface-displayed substrate cassettes after interaction with protease in yeast. (C) Rapid
assembly of substrate and protease parts in YESS 2.0. In the pYESS2 plasmid, the enzyme is under the control of the $-estradiol titratable promoter
(LexA-box),-pminCYC). On the substrate side, a GFP expression cassette expressed constitutively in E. coli and flanked by BsmBI restriction sites
is placed directly downstream of aga2. A BsmBI-mediated golden gate reaction enables the seamless and rapid assembly of a polypeptide or protein
substrate display cassette. The enzyme and substrate cassettes can be added independently or sequentially in the pYESS2 scaffold using Bsal or
BsmBI assemblies, respectively. Arrows indicate the directionality of Type IIs restriction sites. (D) Construction of the EBY100-Tune strain. (E)
Breakdown of aga2 substrate cassette to enable assembly of substrate parts using Golden Gate. The overhangs are made unique (two hamming
distances between any two overhangs) by taking advantage of the redundancy in DNA sequences that translate into the GS linker between parts,
effectively rendering parts only position-dependent. (F) Assembly of a six-part substrate cassette into pYESS2. The order of parts was chosen to be
HIS-ENLYFQS-FLAG-ENLYFES-HA-ERS. However, parts can be assembled in any order as long as the correct overhangs are chosen. The plate
shown highlights the efficiency of this reaction as more than 90% of colonies show GFP drop out. Moreover, all 10 white colonies that were
selected were found to have the correct sequence. (G) fB-Estradiol dose-dependent induction of TEV-H activity in the presence of an ERS in the
enzyme cassette. To calculate fold activity, the ratio of FLAG/HA signal from each f-E induction concentration is normalized to the FLAG/HA
ratio of the control sample (no S-E induction). Reactions were run in duplicates. Statistical two-tailed ¢ test was performed (p > 0.05: ns; p < 0.001:
ks < 0.01: *%; p < 0.0S: *). (H) f-Estradiol dose-dependent induction of TEV-H activity in the absence of an ERS in the enzyme cassette.
Data was analyzed as in 1G).

spatial sequestration within a versatile, seamless, and rapid
assembly method (Figure 1C). Importantly, protease activity
can be tuned with significantly higher sensitivity and dynamic
range in YESS 2.0 compared with the original YESS platform.
Using YESS 2.0, we sought to further improve an already
efficient Tomato etch virus (TEV) protease variant (TEV-
EAV) evolved using YESS 1.0. By modulating both the ratio of
TEV to substrate and the contact time between TEV and its
substrate in the ER, several TEV variants with higher catalytic
efficiency were obtained. Among them, the variant eTEV
displayed a 2.25 fold higher catalytic efficiency compared to

TEV-EAV, solely attributable to an increase in turnover rate
(ke)- €TEV also shows a noticeable improvement in efficiency
under real-use conditions, making it a potentially valuable new
tool for protein purification and many other applications.

B MATERIALS AND METHODS

Construction of pYESS2. The plasmid pYESS2 was based
on the pESD backbone previously described”' with the
following modifications. First, the Bsal and BsmBI sites
found on the pESD backbone were removed by Gibson
Isothermal assembly. Second, an intermediate entry vector was
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constructed by replacing the substrate and enzyme cassettes of
pESD with a gene block containing multiple type II restriction
sites. These restriction sites were used to add sequentially a
Gall promoter, a f-estradiol-inducible promoter (lexA(box),-
pCYC1), aga2, a constitutively expressed GFP cassette flanked
by BsmBI sites on the substrate side, and a multiple cloning
site flanked by Bsal sites on the enzyme side. The plasmid
FRP793 _insul-(lexA-box),-PminCYC1-Citrine-TCYC1 used
to amplify the S-estradiol-inducible promoter, was a gift from
Joerg Stelling (Addgene plasmid no. 58434; http://n2t.net/
addgene:58434; RRID:Addgene _38434).”"

EBY-Tune Strain Construction. The MoClo-YTK
plasmid kit was a gift from John Dueber (Addgene kit no.
1000000061). A receiver plasmid was constructed using Mo-
Clo-YTK to integrate at the Leu2 marker of EBY100 under
zeocin selection (LeuIV-ZeoR). The lexA-ER-haB112 tran-
scription factor cassette was amplified from the plasmid
FRP880 PACT1(—1—520)-LexA-ER-haB112-TCYC1, a gift
from Joerg Stelling (Addgene plasmid no. 58437; http://n2t.
net/addgene:58437; RRID: Addgene 58437). The transcrip-
tion factor was cloned in LeulV-ZeoR via Bsal assembly. The
obtained plasmid LeulV-ZeoR-LexA TF was linearized with
Notl and transformed into EBY100-kex2- by electroporation as
described elsewhere.”

Cassette Assemblies. For module construction, 150 pmol
of each the forward and reverse primers were mixed with 1 yL
of T4 ligase buffer and 0.2 uL of T4 polynucleotide kinase (T4
PNK) in a 10 uL reaction. The oligos were phosphorylated
and annealed using the following PCR program: 37 °C for 30
min, 98 °C for 5 min, 0.1 °C/s ramp down to 4 °C. Annealed
modules were diluted 12.5-fold in water, kept on ice to be used
immediately, or stored at —20 °C.

To assemble modules in pYESS2, each module (0.5 4L) was
mixed with 25 ng of pYESS2 in a § uL reaction containing 0.5
UL of T4 ligase buffer, 0.25 uL of BsmBI, 0.25 uL of T7 ligase.
Golden gate assembly program was as follows: (37 °C for 1
min, 16 °C for 2 min) X 29 cycles, 37 °C for 60 min, 65 °C for
20 min, 4 °C. Golden gate reactions were desalted by drop-
dialysis (HVLP04700 Durapore, Millipore) and transformed in
E. coli DH10B by electroporation, plated on LB + ampicillin
(100 pg/mL) plates, and incubated at 37 °C overnight. White
clones were picked, miniprepped, and sequenced.

For cloning of the enzyme into pYESS2, the choice of ERS
strength was encoded on the reverse primer used to amplify
the enzyme gene. The enzyme was added to pYESS2 or
pYESS2 + substrate via a Bsal Golden Gate assembly. Routine
transformations of pYESS2 plasmids in EBY100-Tune were
performed in EZ-competent cells (Zymo Research, CA) and
plated on YNB-CAA-glucose plates and incubated at 30 °C.

Screening of TEV-H at Various #-E Concentrations.
Two plasmids encoding TEV-H + ERS (FEHDEL) and a
TEV-H substrate cassette (Aga2-Flag-ENLYFHS-HA), with
and without an FEHDEL ERS, respectively, were transformed
in EBY-Tune and plated on YNB-CAA-Glucose plates.
Individual clones were grown in YNB-CAA-glucose and
induced at 30 °C in YNB-CAA-Galactose containing
increasing concentrations of f-estradiol. After overnight
induction, 107 cells were washed in cold PBS + 0.5% BSA,
followed by labeling in ice-cold PBS + 0.5% BSA with anti-
FLAG-PE (Biolegend, 0.10 #L/10” cells) and anti-HA-FITC
(Genscript, 0.10 uL/107 cells) antibodies at a concentration of
10° cells/uL and incubated on ice, in the dark, for 1 h. Lastly,

cells were washed in PBS + 0.5% BSA and scanned by flow
cytometry.

TEV Protease Library Construction and Sorting. A
TEV protease error-prone library (4.8 X 10°) with no ERS
with a 1.5% error rate was prepared using Taq DNA
polymerase. A combinatorial NNS site saturation library (1
X 10°) was prepared by overlap extension PCR. pYESS2
vectors were linearized by PstI and Sphl, and yeast trans-
formation was performed as described previously.”” Libraries
were induced in YNB-CAA-Galactose supplemented with
various concentrations of S-estradiol at a starting OD of 0.5.
Typically, the number of induced cells corresponded to a ~10-
fold coverage of the initial library or the number of cells
collected in the previous sorting round. For antibody labeling,
cells were washed in cold PBS + 0.5% BSA, followed by
labeling in ice-cold PBS + 0.5% BSA with anti-FLAG-PE
(Biolegend, 0.25 uL/107 cells) and anti-HA-FITC (Genscript,
0.5 uL/107 cells) antibodies at a concentration of 10° cells/uL
and incubated on ice, in the dark, for 1 h. Lastly, cells were
washed in PBS + 0.5% BSA and scanned or sorted by FACS.
After sorting, the cells were plated on selective medium plates,
and individual colonies were reanalyzed and confirmed by flow
cytometry. The DNA was extracted from the confirmed yeast
single colonies using a Zymoprep kit (Zymo Research, CA)
and transformed into E. coli for Sanger sequencing.

TEV Protease and MBP-ENLYFQS-GST Fusion Protein
Expression and Purification. TEV protease variants were
cloned downstream of a maltose-binding protein and trans-
formed into E. coli BL21-RIL as described previously.”> TEV
proteases were purified using Ni-NTA chromatography,
followed by dialysis overnight in storage buffer (50 mM
Tris-HC], pH 8.0, 0.1 mM NaCl, 1 mM DTT, 10% glycerol).
For kinetic analysis, freshly purified TEV proteases were used.
The MBP (maltose binding protein) and the GST
(glutathione-S-transferase) protein were fused with a peptide
linker containing the TEV substrate ENLYFQS, designated as
MBP-ENLYFQS-GST. The MBP-ENLYFQS-GST fusion
protein was expressed and purified on an amylose resin as
described previously.”!

Protease Characterization. TEV kinetic assays were
carried out as described previously with minor modification.”
Kinetic assays were carried out in 50 mM Tris-HCI, pH 8.0
containing 1 mM EDTA, and 2 mM freshly prepared DTT. In
a 50 uL reaction, a total of 7.5 yuM to 1 mM of substrate
peptide (TENLYFQSGTRRW) was incubated with 0.1-0.5
UM of purified enzyme at 30 °C for 10—30 min. Subsequently,
the reactions were quenched with 10 yL of 5% trifluoroacetic
acid (TFA), followed by HPLC analysis on a C-18 column
using an acetonitrile gradient from 2% to 60% over 10 min at a
flow rate of 0.62 mL/min. The product amount was calculated
upon the integration area at 280 nm and converted to
concentration using a product response curve (SGTRRW).
The MBP-ENLYFQS-GST fusion protein was used to monitor
cleavage of proteins by TEV variants by SDS-PAGE analysis.
The extent of cleavage of fusion proteins was calculated using
the Image Lab Software (Bio Rad).

Structural Modeling of TEV Variants. The structure
modeling was performed according to a previously published
procedure.”* The wild-type TEV protease structure (PDB:
1LVB) and peptide substrate, ENLYFQS, were derived from
the protein data bank.”® The structure of ¢eTEV was derived
from simulation using the online ITASSER program (https://
zhanglab.ccmb.med.umich.edu/ITASSER/ ).‘6 The modeling
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studies were performed using the ZDOCK program,”’
followed by subsequent refinement with the RDOCK protocol.

B RESULTS AND DISCUSSION

Generation of the YESS 2.0 System. Two key elements
of YESS 2.0 are the newly designed and highlgf modular vector
pYESS2 (Figure 1C) and an EBY100**~*° strain with a
chromosomally integrated synthetic transcription factor that
enables f-estradiol (5-E) induction®® (EBY100-Tune) (Figure
1D). The plasmid, pYESS2, contains four principal features.
(1) The transcription of the substrate cassette and enzyme are
decoupled as they are under the control of §-E and galactose-
inducible promoters, respectively. (2) Induction by S-E
enables tight control and titration of enzyme levels, addressing
possible protease toxicity and enabling sorting in the absence
of enzyme expression (i.e., allowing a negative sort by
removing f-E and therefore enzyme expression). (3)
Introduction of Bsal and BsmBI sites allow for rapid enzyme
and substrate library incorporation via Golden Gate cloning.*®
(4) BsmBI sites on the substrate cassette side flank a
constitutively expressed GFP that drops out upon correct
substrate ligation, enabling a rapid initial green-white screen
(Figure 1E).** The strain EBY100-Tune was generated by
integrating the LexA-ER-haB112 synthetic chimeric tran-
scription factor at the leu2 marker of EBY100***~. The
EBY100"*~ strain is a previously reported display strain that
removes a major yeast endogenous proteolytic background,
rendering this platform amenable to profiling proteases with
trypsin-like activity.”’

Rapid Assembly of Protease Activity Reporters. In
YESS 1.0, the substrate cassettes were either assembled using
traditional restriction digestion-ligation of a gBlock (aga2-
substrate cassette fusion) or by overlap extension PCR. This is
because the substrate cassettes downstream of aga2 (sub-
strates, epitope tags, and ERS) are normally as short as possible
(<50 bp) to avoid having longer sequences that would increase
the chances of containing an inadvertent substrate sequence
for a given protease. These obstacles hinder the cloning of
parts by traditional cloning or Gibson isothermal assembly.
However, with any given enzyme, it is often necessary to (1)
test several substrates, (2) permute epitope tags to eliminate
adventitious protease substrate sequences and simultaneously
optimize surface display, and (3) test various ERS sequences. A
multivariable optimization using YESS 1.0, therefore, required
many sequential cycles of laborious plasmid construction and
analysis.

The second-generation vector pYESS2 was designed to
enable the rapid assembly of substrate cassette parts in any
desired order, number, and identity as needed, allowing for
completion of cloning within 2—3 days rather than 2 weeks
(Supplemental Figure 1). In particular, the substrate cassette
sequence downstream of aga2 was divided into short modules
connected by a Gly-Ser linker (Figure 1C). Taking advantage
of the degeneracy of the codons that translate into Gly-Ser,
unique four base pair (bp) overhangs were designed to ensure
that modules ligate in the correct order (Figure 1E). Therefore,
epitope tag and ERS modules can be reused across multiple
assemblies. Furthermore, modules are easily assembled by
annealing and phosphorylating two DNA oligos in a way that
generates the overhangs necessary for ligation. It needs to be
pointed out that modules are only position-dependent because
their overhangs are within the GS linker and do not interfere
each module. The first and last module contain 4-bp overhangs

that match the §'- and 3'-backbone of pYESS2 substrate
receiver module. Another strategy used in the pYESS2 plasmid
is that a GFP gene was originally inserted in the substrate
region, which could be replaced by the substrate cassette, thus
enabling a white/green selection (Figure 1C). As an example,
the BsmBI assembly efficiency of 6 TEV protease substrate
modules in pYESS2 resulted in GFP dropout in over 90% of
the colonies (Figure 1F and Supplemental Table 1). Moreover,
all 10 white clones picked and sequenced were the expected
construct. BsmBI assembly of 4, S, and 6 modules are routinely
performed with over 90% accuracy. Through a Bsal assembly,
the protease can be added to pYESS2 before or after the
substrate cassette construction (Figure 1C). However, the
choice of ERS is encoded in the protease reverse primer
sequence rather than as a separate module.

Modulating Protease Activity in YESS 2.0. In YESS 1.0,
the inability to finely control or turn off protease expression
sometimes resulted in unwanted consequences. Since protease
activity on a substrate within YESS is observed through a loss
of fluorescence, we have observed that mutations or stop
codons accumulated within the C-terminal epitope tag or the
substrate itself can be enriched by FACS and overtake the
sorted population. This phenomenon makes it challenging to
assess whether a sorted library contains improved variants or
false positives, as a significant fraction of the sorted library may
contain epitope tag mutations and stop codons. False positives
can only be removed by recloning a sorted protease library in a
new plasmid. In contrast, the YESS 2.0 system overcomes these
obstacles by shifting protease expression to a titratable,
orthogonal f-E-inducible promoter and enabling one to switch
off protease activity independently of substrate expression for
use in negative screening rounds.

These YESS 2.0 features were first showcased by building
and transforming two TEV-H activity reporters into EBY100-
Tune. We had previously identified TEV-H as an orthogonal
TEV variant, preferring a P1 His over the wild-type preferred
P1 Gln. The two reporters constructed differed by the presence
or absence of the FEHDEL ERS from the protease cassette,
with no ERS present on the substrate end. When the FEHDEL
ERS is present, TEV-H activity increases in a dose-dependent
manner over nearly 3 orders of magnitude of S-E
concentration (Figure 1G). In contrast, with the added
stringency of an absence of any ERS, TEV-H shows observed
activity only if the S-E concentration is above 125 nM (Figure
1H). This key result verified that, indeed, YESS 2.0 can control
enzyme activity at both transcriptional and post-translational
levels. Importantly, no protease activity is observed in the
absence of f-E.

Directed Evolution of a Highly Active TEV Protease.
Besides the need for TEV proteases with orthogonal substrate
specificities,”' **>*' it has long been a goal to improve the
turnover rate (k) of TEV protease on its native substrate
ENLYFQS (0.15 s7') to leverage its exquisite substrate
specificity fully. Importantly, synthetic systems that rely on
TEV-mediated actuation™”'>** may benefit from a catalyti-
cally superior TEV protease, enabling faster proteolysis-based
signaling and logic operations. In our previous effort, YESS 1.0
was used to evolve a triple mutant TEV variant (G79E, T173A,
S219V) (referred to here as TEV-EAV) with 3.5-fold higher
catalytic efficiency compared to the parent TEV-S219P when
reacting with the native substrate ENLYFQS*' and this was
due to a decrease in Ky. To determine whether further
enhanced TEV variants with increased k, could be isolated by
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Figure 2. YESS 2.0 evolution of a highly active TEV variant. (A) Two TEV-EAV reporters were built to assess TEV-EAV activity in YESS 2.0.
Experiments were in duplicates. (B) Activity of TEV-EAV can be tightly controlled using #-E in galactose medium. The legends “+ERS” and “—
ERS” refer to the presence or absence of an ER retention sequence on the protease cassette. Both constructs are missing an ERS on the substrate
cassette. (C) Kinetic characterization of evolved TEV variants. Kinetic characterization of TEV variants on the peptide TENLYFQSGGTRW. TEV
variant eTEV was obtained by combining mutations from TEV-E2 and TEV-S7 (supplemental Table 2). Kinetic parameters for uTEV3, a variant
published elsewhere,” were determined on a peptide substrate by HPLC and compared to published results (in parentheses). (D) Digestion of an
MBP-TEVcs-GST by TEV variants. Ten pug of MBP-TEVcs-GST was mixed with 0.1 yig of TEV variant in a 10 yL reaction and incubated at 30 °C.
Reactions were run in duplicates. Statistical two-tailed ¢ test was performed (p > 0.05: ns; p < 0.001: ***; p < 0.01: **; p < 0.05: *).

leveraging the operational range of YESS 2.0, TEV-EAV
reporter strains were induced at three concentrations of 5-E (0,
20, and 200 nM). Induction of a TEV-EAV reporter devoid of
ERS with 20 and 200 nM f-E showed a respective 2.5-fold and
7.5-fold increase in activity compared to cells induced with
galactose only (Figure 2A). This assay indicated that inducing
a TEV-EAV library with 20 nM f-E or lower would allow
variants with higher catalytic efficiency to be selected. Since
YESS 2.0 operation may approach enzyme saturation kinetics
at low p-E concentrations in 2% galactose, faster variants may
be obtained that show an increased k.

On the basis of this result, an error-prone (1.5% error rate)
and a site-saturation mutagenesis library (at residues E79,
A173, and V219) with no ERS on either substrate or protease
ends were prepared on the TEV-EAV template and screened
against the AGA2-FLAG-ENLYFQS-HA substrate cassette.
After being transformed into EBY100-Tune,** 2 x 10° cells
were induced in YNB-CAA-galactose supplemented with 20
nM f-E and subsequently labeled with fluorescently labeled
anti-FLAG-PE and anti-HA-FITC antibodies. Cells that
displayed high PE and low FITC fluorescence (0.2% of the
population) were collected. Post-R1 cells were induced with 20
nM and 8 nM S-E in YNB-CAA-galactose, respectively. After
analyzing the activity of the library, cells induced with 8 nM f-
E that displayed high PE and low FITC fluorescence were
collected (1% of the population). Finally, a negative sorting
round (in the absence of S-E) was performed, and cells
displaying both high PE and FITC signals were collected
(Supplemental Figure 2). This sorting strategy appraised the
functionality of the sorted library after each round and can

inform the choice of sorting stringency or whether to perform
a negative round of sorting. A negative sort allows one to
collect cells that display both FLAG and HA epitope tags,
effectively removing stop codons and mutations from the
library. After four rounds of sorting, all screened clones showed
improved cleavage activity in YESS 2.0 compared to parent
TEV-EAV (Supplemental Figure 3). These phenotypes were
retained in vitro as six selected clones showed higher activity on
the peptide TENLYFQSGTRRW compared to TEV-EAV
(Supplemental Table 2, Supplemental Figure 4).

Next, we combined the two best variants, E2 (S3I, P8Q,
S31T, A231V) and S7 (E79G, V219R), from the error-prone
and saturation mutagenesis libraries, respectively, to generate
the hexamutant enhanced TEV “eTEV” (S3I, P8Q, S31T,
E79G, T173A, V219R, A231V). This enhanced TEV shows a
2-fold improvement in catalytic efficiency (k./Ky) compared
with TEV-EAYV, corresponding to an ~8-fold overall increase
in catalytic efficiency relative to the parent TEV-S219P.
Notably, while Ky, of eTEV remained almost unchanged at 65
uM with that of TEV-EAV, the turnover rate (k) was
improved 2.4-fold from 0.17 s™' to 0.41 s™' (Figure 2C,
Supplemental Figure S).

Finally, eTEV was tested in MBP-ENLYFQS-GST fusion
protein cleavage assays using conditions recommended for
commercial TEV protease. eTEV routinely outperformed
TEV-S219P and TEV-EAV at various ratios of enzyme to
substrate (Figure 2D and Supplemental Figure 6). For
instance, eTEV was able to digest 85% of the MBP-
ENLYFQS-GST fusion protein in 40 min at 30 °C at a
1:100 ratio, compared with ~68% for TEV-EAV and TEV-
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Figure 3. eTEV outperforms uTEV3 on protein substrates and in YESS 2.0. (A) MBP-TEVcs-GST cleavage assay comparing eTEV and uTEV3.
Statistical two-tailed ¢ test was performed (p > 0.0S: ns; p < 0.001: **¥; p < 0.01: **; p < 0.05: *). (B) Comparing the activity of uTEV3, eTEV,
and TEV-S219V in YESS 2.0. In these constructs, the protease contains an ERS, while the substrate cassette does not. Statistical two-tailed ¢ test
was performed (p > 0.0S: ns; p < 0.001: ***; p < 0.01: **; p < 0.05: *).

S219P (Figure 2D, Supplemental Figure 6). Therefore, the low
amount of eTEV and reduced time needed to reach complete
cleavage of a protein fusion (~70 min) makes eTEV a valuable
reagent for protein purification.

Comparison of eTEV and uTEV3. During our eTEV
engineering, an evolved TEV variant, named uTEV3, was
reported. uTEV3 was generated using a yeast platform based
on TEV-mediated transcription factor release via induction of
protein—protein interactions.” Based on our characterization,
eTEV and uTEV3 possess similar catalytic efficiencies under
the same conditions (Figure 2C), except that the improved
catalytic efficiency in uTEV3 appears to be mainly due to a
significant Ky, decrease. In the MBP-ENLYFQS-GST fusion
protein cleavage assay, eTEV outperformed uTEV3 at every
point along the assay time course (Figure 3A). After 30 min, at
a 1:200 protease to substrate ratio, eTEV cleaved 70% of the
MBP-TEVcs-GST fusion, compared to only 30% cleavage with
uTEV3. Furthermore, at a 1:200 ratio, eTEV reached ~90%
digestion of the fusion protein after 120 min (Supplemental
Figure 7).

As evidence that the TEV engineering strategy in YESS 2.0
was operating at saturating substrate levels, uTEV3 was cloned
in a pYESS2 construct with no ERS similar to TEV-EAV and
tested by FACS. Under these conditions, uTEV3 showed
comparable activity to TEV-S219P, highlighting that the YESS
2.0 approach used to make eTEV did not select for TEV
variants with stronger substrate—binding interactions.

Structural Modeling of TEV Variants. Although ¢eTEV
contains 6 mutations, none of them exist in the S1 binding
pocket or catalytic core residues. To help understand the better
catalytic properties of eTEV, structure modeling of TEV-
S219P and eTEV was performed with the peptide substrate,
ENLYFQS. Our results revealed a clear substrate channel and
compared with TEV-S219P, the S1 binding pocket in eTEV
was rearranged and further buried inside the protease (Figure
4A,B). Moreover, detailed analysis of the SI binding pocket
indicated that although the main residues interacting with
substrate P1 residue, Gln, in the S1 binding pocket remained
the same, the residue interaction in eTEV is tighter, which
might be due to the more buried nature of its S1 binding
pocket (Figure 4A). Considering that the eTEV has an
approximately 2.8-fold lower Ky; and 2.7-fold higher k,,, it is
reasonable to assume that the more buried S1 binding pocket
in eTEV leads to a stronger substrate interaction, which
apparently simultaneously enhances substrate proteolysis.

eTEV

TEV-S219P

Figure 4. Structural modeling of TEV variants. (A) Compared with
TEV-S219P, the S1 binding pocket in eTEV is further buried inside
the protease. (B) Overview of the S1 binding pocket of eTEV and
TEV-S§219P.

Another interesting finding concerns the role residue 219
(Supplemental Table 2). Residue 219 is part of the flexible C-
terminal loop positioned below the catalytic core and plays a
critical role in regulating TEV autolysis and substrate
binding.*>** Variant S6 reverted to the wild-type sequence
and showed autolysis after purification as expected (Supple-
mental Figure SB). Importantly, the respective mutations of
§219 to Arg and Lys in variants S7 and S8 are shown for the
first time to increase the catalytic efficiency of TEV while
preventing autolysis (Supplemental Figure SA). In particular,
the V219R mutation in variant S7 suggests that it may be solely
responsible for the observed improvements in catalytic
efficiency. Our report adds to the known effects of mutating
residue 219. On the one hand, S219P and S219E prevent TEV
autolysis but occur at the detriment of k., and Ky,
respectively.”’ On the other hand, mutating $219 to Val,
Asn, Lys, or Arg also prevents autolysis, yet, in addition, they
result in increased catalytic activity™”** (Figure 2B). Whether
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residue 219 has greater impacts on Ky or k., may not be
straightforward and may depend on the context of other
mutations present in TEV.

B CONCLUSIONS

Extensive rescreening of individual clones to confirm activity is
an underreported bottleneck of directed evolution experi-
ments. It is therefore noteworthy that 14 out of 16 TEV
variants isolated from our screen showed higher activity when
analyzed by FACS as an individual clone in YESS 2.0 as well as
when the same clone was analyzed using in vitro cleavage
assays with a peptide substrate (Supplemental Figure 4),
thereby circumventing the rescreening bottleneck. Further-
more, by targeting the protease to the ER, the YESS 2.0 system
promotes protein folding and could potentially synergize with
ER engineering approaches that enhance protein folding and
secretion.” " Such tools might be necessary to facilitate rapid
activity tests for uncharacterized and difficult-to-express
proteases. Nevertheless, in soon to be reported studies, several
different mammalian proteases have now been shown to be
active by ER sequestration, including serine*® and metal-
loproteases.”

Opverall, the YESS 2.0 system brings us closer to unlocking
the full potential of a YSD approach for understanding and
redesigning the specificity of protein-modifying enzymes such
as proteases. First, the speed and versatility with which
protease activity reporters are constructed and verified in YESS
2.0 compared with YESS 1.0 were much-needed improvements
that significantly improve experimental workflow (Supplemen-
tal Figure 1). Second, the transcriptional and translational
control nodes introduced in YESS 2.0 provide for substantially
higher sensitivity and dynamic range compared to YESS 1.0.
These features allowed the system to operate at, or near,
saturation kinetics, so that TEV variants with higher k_, were
selected. This TEV variant exhibits 2.25-fold higher catalytic
efficiency compared to the parent enzyme TEV-EAV and this
activity increase was almost entirely attributable to an increase
in catalytic turnover (k,). To the best of our knowledge, while
TEV protease has been extensively engineered, eTEV is the
first TEV variant with increased k.. While we have shown that
eTEV is faster at tag cleavage experiments under substrate
saturating conditions, it remains to be tested whether eTEV
properties could improve other applications, including
synthetic circuits based on TEV-mediated actuation.

The modifications introduced in YESS 2.0 will also benefit
substrate profiling”>***’ and drug screening”**" applications.
The decoupling of enzyme and substrate transcriptions will
ensure that sorted libraries contain very few false positives,
resulting in populations highly enriched for true positives.
Furthermore, the ability to finely modulate stringency via
enzyme to substrate ratios allows one to stratify substrates
directly based on their activities, generating high-quality data

for next-generation sequencing and data-driven applica-
49,51
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