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DESCRIPTION

METHOD FOR ENGINEERING PROTEASES AND PROTEIN KINASES

BACKGROUND OF THE INVENTION

[0001] This application claims the benefit of United States Provisional Patent
Application No. 61/731,196, filed November 29, 2012, United States Provisional Patent
Application No. 61/720,461, filed October 31, 2012, and United States Provisional Patent
Application No. 61/663,685, filed June 25, 2012.

[0002] This invention was made with government support under Grant Nos. R01
GMO065551 and RO1 GMO073089, awarded by the National Institutes of Health. The

government has certain rights in the invention.

1. Field of the Invention
[0003] The present invention relates generally to the field of molecular biology and
medicine. More particularly, it concerns therapeutic proteases and methods for engineering

proteases and protein kinases.

2. Description of Related Art

[0004] More than 600 proteases have been annotated so far, constituting the largest
enzyme family in the human genome (Overall and Blobel, 2007; Marnett and Craik, 2005;
Schilling and Overall, 2008). Because of their unique ability to catalyze the hydrolysis of
peptide bonds and thus activate or inactivate proteins, proteases have the potential to be used
in a number of applications in biotechnology and medicine (Chanalia et al., 2011; Gupta et
al., 2002; Craik et al., 2011). For example, on the medical intervention side, recombinant
tissue plasminogen activator (rTPA) protease is commonly used to specifically activate
plasminogen to plasmin and thereby prevent or reverse clotting in embolic or thrombotic
stroke (Collen and Lijnen, 1991). In addition, thrombin, Factor VII, and Factor IX are
approved drugs for the therapeutic modulation of thrombosis and haemostasis (Collen and
Lijnen, 1991; Craik et al., 2011; Drag and Salvesen, 2010). Looking toward the future,
protease therapies can be envisioned that would involve the specific hydrolysis of validated
disease targets (Craik ef al., 2011). Because they exhibit catalytic turnover, a therapeutic
protease would promise a substantially lower required dose compared with an antibody

hitting the same target, since an antibody is expected to operate in stoichiometric fashion.
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Additionally, proteases find numercus apphications as reagents in biotechnology, ranging
from analytical t¢ preparative biochemistry (Wohr ef «f, 2006; Gray ef «/l, 201{; Waungh,

2011).

{6008} The list of potential practical applications of proteases, however, is severely
Hodted if one is comstrained to the catalytic specificitics found in nawrally occurring
proteases.  What is needed, therefore, is a general approach to the engincering of protease
specificity (Varadarajan ef al., 2008; Gray ef al., 2010} and activity. Some previous aitempis
at rationally redesigning proteases for altered specificity based upon swapping binding site
regions between known proteases (Hedstrom ef al, 1992; Lim er af,, 2007; Villa et o/, 2003)
have been successfull  However, this approach cannot be considercd general because its
utility is confined to known protease specificities among structurally homologous proteins.
Somc examples of novel protease specificities, inchuding several reports from the inventor’s
fab, have been achieved using directed evohution approaches {(Sellamothu e ¢l, 2011,
Varadarajan ef al., 2005; Varadarajan ef of, 2008). Despiic this notable progress, two
substandial chalienges continue to frustrate aticnipts to use directed evolution to cugineer

proteases in 8 more general way.

{6006} The first challenge is that mwltiple mutations arc often required to alter
protease substrate specificity, necessitating the use of large Hbraries and therefore a high-
throughput screen, such as flow cytometry. For example, in the case of the enginecered
bacterial protease Ouowp'T, changing the P1 specificity (based on the nomenclature of
Schechier and Berger (1967)) requived screening a library of 2x10° variants and resulted in
tmproved variants with as many as nine muations in and around the binding pocket
(Varadarjan ef al, 2009a). The relatively large number of required mutations makes sgnsc
because proteases generally take part in extensive iuteractions with sgveral different amino
acids of their substrates and each substrate amine acid binding pocket is comprised of
multiple residues (Schechter and Berger, 1967, Hedstrom, 2002). In addition, changing
specifictty at a given position may require simultancous mutation of several contacts and

sometimes even second shell binding pocket residues.

{0867} The sccond challenge to engineering specificity is that directed cvolution of
enzyme function commonly leads to enzyme variants displaying relaxed specificity rather
than truly alicred specificity (Qould and Tawfik, 2005; Aharoni ef of, 2005). Engincered

proteases with relaxed specificity may not be suitable for applications involving complex
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systems or mixtures i which the none-specific activity could have deleterions effects,
inchiding iz vivo medical applications. To solve this problem, Varadarajan and coworkers
demonstrated a simultancous sclection and counter selection strategy for protease activity that
resulted in protease varants capable of reacting with new subsirates, while maintaining a
relatively narrow overall substrate specificity (Varadarjan ef g, 2005). Thelr screening
method, however, requires display of the protease on the surface of £, coli, thus limiting the
method to proteases that can be expressed in £. coli, transported to the surface, and are active
in the extracellular envirommnent. Clearly, there is a need for new methods for engincering

proteases,
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SUMMARY OF THE INVENTION

{6808} The present invention overcomes Hmitations in the prior art by providing, in
various aspects, methods for ongineering proteases or protcin kinases having an altored
substrate specificity, activity, and/or potency. These methods may be used in a variety of

5 applications vanging from biomedical research to discase therapy.  In some aspects, the
methods involve targeted interaction of a protease variant with a substrate in the endoplasmic
eeticalum (ER} of cukasyotic cells such as, e.g., yeast. The methods may involve screening a
Hibrary of proteases against a library of substrates, ln various aspects, enginecred therapeoutic

proteases are provided.

10 {8009] As described in the below examples, a yeast cell-based high-throughput
screening method is provided that cap efficiently identify evolved proteases or protein
kinases having altered substrate specificity or potency, and yeast cells displaying desirable
protease or kinase variants can be separated, e.g., using fluorescence activated cell sorting
(FACS). The method generally mvolves the targeted mteraction of the protease or kinase
variant with substrates in the veast endoplasmic reticuton (ER). Following reaction with
protcase or kinase in the ER, substrate cleavage or phosphorylation products are directed o
the yeast surface then detected with labeled antibodies. This method is demonstrated in the
examples below by altering the P1 substrate specificity of the TEV protease.  In particular,
two engincered TEV proteases were isolated that recognize and cleave ENLYFES (3EQ 1D
200 NO:1Y and ENLYFHS (SEQ I3 NO:2) substrates, exhibiting 5000-fold and 1100-fold

mcreases in activity with these subsirates, respectively, compared to the wild-type TEV

protease.

{8018] An aspect of the present invention relates to 2 nucleic acid vector, wherein the

aucleic acid encodes: (i) a first eadoplasmic reticulum (ER} targeting sequence and a first

25 endoplssmic reticulum (ER) retention sequence; (ii) a surface expression sequence; (ifi) &
first peptide sequence; (3v) a first epitope tag sequence; (v) a second peptide sequence; (vi) 4
second opttope fag sequence; (Vi) an enzyme, wherein the enzyme is 8 protoase or a kinase;

and {viii} a second endoplasmic reticulum (ER} targeting sequence and a second endoplasmic
reticulum (ER) retention sequence; wherein (1), (i), (i), (iv), {v), and (vi) are capressed as a

30 fivst fusion construct, wherein the first endoplasmic reticohum targeting sequence is located at
or near the Ne-terminus of the first fusion construct and wherein the first endoplasmic

reticelum retention sequence is located at or near the C-torminus of the first fusion construct;
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and wherein (vii) and {(vill) are expressed as a second fusion construct, wherein the second
endoplasmic reticulum targeting sequence is located at or near the N-terminus of the second
fuston constroct, and wherein the sccond endoplasaic reticulum retontion sequence is focated
at or near the C-terminus of the second fusion construct. In some embodiments, the enzyme
is @ sortase or a glycosvitransforase. In some embodiments, (i), (i1), (i), (iv), (v), and (vi) are
operably linked to a first promoter, and (vil) and (viit) may be oporably linked to a second
promaoter. The first peptide sequence may be a counter selection substrate. At least a portion
of the first peptide may be randomized. The first peptide may be the native substrate of the
protease or kinase, In some cmbodiments, the first peptide is a sequence that is unrelated to
the native substrate or shares no or cssentially no scquence identity with the native substrate.
The first peptide may be a mntated native substrate of the protease or kinase. The first
peptide may have 1, 2, 3, 4, § or more mutations, such as substitution mutations, additions, or
deletions as compared to the native substrate of the protcase or kinase but otherwise shares

complete amino acid sequence with the protease or kinase.

{8011 In some embodiments, the second peptide sequonce 15 a selection substrate,
At least a portion of the second peptide may be randomized. The second peptide may be the
native sabstrate of the protease or kinase. The first peptide may be a mutated native substrate
of the protease or kinase, The first peptide may have 1, 2, 3,4, 5,6, 7, 8, 9, 14, 11, 12, 13,
14,15, 16, 17, 18, 19, 20, 21,

23, 24,25, 26,27, 28, 29, or 30 mutations, additions, or
deletions as compared to the native substrate of the protease or kinase but otherwise shares
complete aming acid sequence with the protease or kinase. In some embodiments, a first
promoter controls expression of the first fusion protein, and a second promoter countrols
expression of the second fusion protein. The first promoter and the second promoter may be
expressible m yeast.  In some embodiments, the fisst promoter is Gall or Gall, In some
embodiments, the second promoter is Gall and Gal10. The nucleic acid may coraprise one or
more enhancers. The sucleic may also encode a thind cpitope tag sequence.  The third
gpitope tag sequence may be a hemagglutinin epitope tag.  The third epitope tag may be
comprised in the first fusion constract. The third epitope tag may be located between (it} and
{11}, The protease or kinase may be a human protease or kinase. The protease may be a
TEV-protease, 'TPA, human frypsin, a granzyme, a caspase, frypsin, human granzyme K, or
a upan caspase. The kinase may be a tyrosine kinase. At least a portion of the protease or
kinase may be randomized. The first endoplasmic reticulum (ER) targeting sequence and the

sccond endoplasmic reticulum (HR) targeting sequence may be MOLLRCFSIFSVIASYLA
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(SEQ D NG:33 The first endoplasmic reticulum (ER) retention seqoence and the second
endoplasmic reticulum (ER) retention sequence may be FEHDEL (SEQ ID NGi4), KDEL
(SEQ ID NO:5), HDEL (SEQ ID NO:6), or RDEL (SEQ 1D NO:7),

3612) In some embodiments, the nucleic acid may comprise one or more of the
9 i

n

following: {1} the first and/or second ER retention sequences may be removed from the
nucleic acid, (2} 8 stronger promoter may be vsed for expression of the first and second
peptide sequences and/or a weaker promoter may be used to express the proicase or kinase,
and/or (3) valtiple copies of the fust and second peptide sequence may be expressed in the
nucleic acid vector. To achieve differential expression levels of the fivst and second pepride
10 seqoences versus the protease or kinase, the first and second promoters may be variants of the
same promoter, e.g., @ Gall promoter and a mutant Gall promoter that is more or less active
than the wild-type Gall promoter. Altcrnatively, the first and second promoters may be
different promoters, e.g., a Gall promoter and a Galld promoter. In etther case, the first and

second promoters may have relative strengths that are differont, e g, betwoen at least about

(93]

1.5- and 100-fold different, between about 2- and 20-fold different, between about 10- and

30-fold different, and any ranges derivable thercin

{8013] Another aspect of the present invention relates to a cell comprising a nucleic

acid vector of the present wnvention. The cell may be a yeast cell.

{3814} Yet another aspect of the present invention relates to an isolated TEV protease

20 comprising a point motation at T146, D148, H167, or 5170, wherein the protease selectively
cleaves an amino acid substraic or a peptide substrate. In some embodiments, the protease is
sclected from the group consisting of Table 2, Table 3, Table 4, and Table 5. In some
embodiments, the amino acid substrate is selected from the hst congisting of
TENLYFQSGTRRW (SEQ ID NG:8), and TENLYFHSGTRRW (SEQ ID NG9,

25  TENLYFHSGTRRW (SEQ 1D NQO:1{). The protease may be comprised in & pharmaceutical

preparation. In some embodiments, the protease is comprised in a kit

{6818} Anothor aspect of the presert invention relates to an isolated TEVY protease,
wherein the protease comprises at least one point mutation, and wherein the protease
selectively cleaves an amino acid substrate selected from the group consisting of ENLYFKS

(SEQ ID NO:11), ENLYFES (SEQ ID NO:1), and ENLYFHS (SEQ ID NO:2). The protease

fad
<

may be selected from the group consisting of Table 2, Table 3, Table 4, and Table 5. The
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protease may be comprised in a pharmaceutical preparation.  In some embodiments, the

protease is coraprised in a kit

{8016] Yot another aspoct of the present imvention relates to 8 method for producing a
protease, & kinase, a glycosyltransferase, or a sortase, comprising: (1) expressing one or more
nucleic acid of the present invention n a plurality of cells; and (i) purifving or scparating
cells based on the presence or absence of an antibody that selectively binds the first epitope

tag sequence or the sccond epitope tag sequence. The cukaryotic ccll may be a yeast cell.

4Q

The nucleic acid may further comprise a third epitope tag. The method may further comprise
purifying cells that express the third epitope tag. The antibody may be labeled with a
floorophore. The purifying or separating may comprise FACS. The method may comprise
tsolating the nucleic acid. The method may comprise further randomizing the nucleic acid.
The method may comprise further characterizing the protease or kimase cncoded by the

nucleic acid. The method may comprise repeating steps (i) and (i)

{B017] In some aspects, the methods may be used to generate a modified protease or
kinase with increased potency or efficiency as compared to a wild-type protease or kinase.
For example, in order to identify a protease or kinasc with incrcased efficiency or potency,
one or more of the following strategics may be employed: (1) the first and/or second ER
retention sequences may be removed from the nocleic acid, (2) a stronger promoter may be
used for expression of the first and sccond poptide sequences and/or a weaker promotor may
be uvsed to cxpress the protease or kinase, and/or (3) mwltiple copies of the first and second
peptide sequence may be expressed in the nucleic acid vector. Thus, one may modify the
methods to insare that only a protease or kinase with only at least a certain level of activity is
identificd as a result of the methods. These approaches may be particularly suiied for
subsequent rounds of evolution or when steps (13-(i11) arc repeated. These methods may also
be used to generate a modified sortase or glycosyliransferase that displays a modified or
increased potency or efficiency as compared to a wild-type sortase or a wild-type

glveosyltransferase, respectively.

&

{0818} Another aspect of the present invention relates to a protease or kinase
produced by a method of the present invention. The protease or kinase may be comprised in
a pharmaceutical formulation. Tn some embodiments, the protease 15 an (TPA protease. In

some embodiments, the kinase is a rAbl tyrosing kinase.
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{8819] Unless defined otherwise, all technical and scientific terms used herein have
the meaning commonly understood by one of ordinary skill in the art relovant 1o the
invention.  The definitions below supploment those in the art and are directed to the

embodiments described in the current application,

{8028] As used herein, an “amino molocule”™ or “amine acid” refers to any amino
acid, amino acid derivative, or amino acid mimic as would be known to one of ordinary skill
in the art. In certain embodiments, the residues of the protease or proteinaccous molecule are
sequential, without any non-aninoe molecule intorrupting the sequence of amino meolecule
vesidues.  In other embodiments, the sequence may comprise one o7 more non-aming
molecule moieties. In particular embodiments, the sequence of residoes of the protease or

proteinaceous molecule may be interrupted by one or more non-amino molecule moictics.

18021) The torm “antibody” is used herein in the broadest sense and specifically
encompasses at least monoclonal antibodies, polyclonal antibodies, multi-specific antibodies
{e.g., bispecific antibodies), naturally polyspecific antibodies, chimeric antibodies,
humanized antibodies, homan antibodies, and antibody fragments. An antibody is & protein
comprising one or more polypeptides substantially or partially encoded by immunoglobulin
genes or fragments of immunoglobulin genes. The recognized inununoglobulin genes
inchude the kappa, lambda, alpha, gamma, delts, epsilon, and mu constant region genes, as

well as myriad immunoglobulin variable region genes.

{6022] “Antibody fragments” comprise a portion of an intact antibody, for example,
one or more portions of the antigen-binding region thereof. Examples of antibody fragments
include Fab, Fab', F(ab’2, and Fv fragments, diabodics, lincar antibodics, single-chain
antibodies, and multi-specific antibodies formed from intact antibodies and antibody

fragments.

{68231 An “intact antibody” is one comprising full-length heavy- and light-chains and
an Fe region. Ao intact antibody is also referred to as a “full-length, heterodimeric” antibody

or immwnoglobulin.

{8624] The torm “variable” refers to the portions of the tmmunoglobulin domains that
exhibit variability in their sequence and that are involved in determining the specificity and

binding affinity of a particular antibody.
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wC.

i8025] As wsed herein, the term “‘complementary nucleotide sequence” refers to a
sequence of nucleotides in a single-stranded molecule of DNA or RNA that is sufficiently
complementary to that on another single strand to specifically hybridize to it with consequent

hydrogen bonding.

{8026] An "expression vector” 1s intended to be any nucleotide molecule used to

transport genetic information,

{B027] As used herem the specification, “a” or “an” may mean one or more. As used
herein in the claim(s), when used i conjonction with the word “comprising,” the words “a”

or “an” may mean onc or more than onc.

{0828] The use of the ferm “or” in the claims is used to mean “and/or” unless
explicttly indicated to vefer o alternatives only or the altomnatives are moutually exclusive,
although the disclosure supports 3 definition that refers to only alternatives and “and/or.” As

used herein “another” may mean at least 8 second or more.

{88291 Throughout this application, the term “about” is used to indicate that a value
includes the mherent variation of emrgr for the device, the method being emploved to

determine the vahae, or the variation that exists among the study subjects.

{8038] Other obijects, features, and advantages of the present invention will become
apparcnt from the following detailed description. It should be understood, however, that the
detaiied description and the specific examples, while indicating preferred embodiments of the
invention, are given by way of illustration only, since various changes and modifications
within the spirit and scope of the mvention will become apparent to those skilled in the art

from this detailed description.
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BRIEF DESCRIPTION OF THE DRAWINGS

{0831} The following drawings form part of the present specification and are included
to further demonstrate certain aspects of the present mvention. The wmvention may be better
understood by reference to one or more of these drawings in combination with the detailed

description of specific cmbodiments presented herein.

{0832] FIGS. 1A-D:  The yeast endoplasmic reticulum scguestration screcaing
systern {YESS), FIG, TA: Saliont featurss of the substrate and protease fusion genes used in
the YESS system. FIG. 1B: Schematic showing the rationale for the YESS system. The
protease Hbrary and the Aga2-substrate fusion polypeptide are expressed from the pESD
shuttle vector. The two polypeptides are translocated into the ER, where proteolytic cleavage
of the substrate fusion polypeptide gives rise to a product that is displayed on the cell surface
by virtue of the M-terminal Aga2. The presence of epitope tags in the processed substrate
fusion is detected with fluorescently labeled antibodics to reveal whether selection substrate,
the counter selection substrate, or both, had been cleaved. FIG. 1C: An overview diagram
or rationale of the YESS method. The TEV-P library and the AgaZ-fused TEV-P peptide
substrate hibrary were integrated mto pESD shuttle vector, which lead to the co-cxpression
and escort of the protease and substrates into the yeast ER. After the enzymatic digestion, the
Aga2-fused TEV-P substrates were transported to the yeast cell surface, where the epitope
tags associated with the substrates were labeled with different fluorophore-conjugated
antitbodics on the ccll surface, providing a fast and cfficient method for cell sorting.  FIG.
11 Scheme of the general strategy for screening the ovolved protease. The general steps of
the protease Hbrary sorting using the YESS system. Step (1) Generating the substrate and
protease gene bbrarics. Step {(2): Performing the yeast transformation to imcorporate the
substrate and proteasc gene librarics. Step (3): Sorting the yeast cells via FACS analysis.
Step (4):  Obtaining the initial cvolved proteases.  Step (8 Sub-cloning the evolved
proteases obtained in Step (4) into the expression vector. Step (6): Initial characterization of
the evolved proteases obtained in Step (4) to identify the desired variants. Step (7): Based on
the results of Step (6}, the desired variaunts were chosen for the second round of library
sorting. New protease gene hibrarics based on these variants were generated and incorporated
tnto the new construct, in which the ER retention seqoence was removed from the (-terminus

of the protease to generate a more stringent proteolytic condition. Step (2) to Step (7) were
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repeated until the desived vartants were obtained. Step (8} Detailed kinetic analysis was

performed for the obtained protease variants.

{6833] FIGS, ZA-F: The YESS systom was validsted using the TEV-P with its
canonical substrate ENLYFQS (SEQ 113 NO:18) and mutated substrate ENLYFKS (SEQ iD
MOt Al the constructs wore generated based on the pESD vector mode! (see detailed
vector information in FIG. 21, After induction with galactose, all the cells were Iabeled with
anti-FLAG-PE and anti-0xHis-FITC antibodics followed by FACS analysis. FIG. ZA: The
base pESD vector model, FiG, 2B: Cells contamning the construct pESD-1, FIG. 2¢€: Cells
containing the construct pESD-I. FIG. 2D Cells containing the constroct pESD-E. FIG.
ZE: Cells containing either pESD-1, pESD-], or pESD-K were mixed with a ccll density ratio
of S00:1:500, respectively. The sorting gate was drawn based on the signals presented by the
cells containing construct pESD-J. FIG, 2F: Cells after one round of sorting the mixture
shown in FIG. 2E. Cells faliing in the gate were sorted, grown on an agar plate, and
randomby picked for scquencing.  Six out of 10 sequences were ideniified as the target
protease vector (pESD-J}. The envichment s from 111000 0 6:10, which gives the number of

600,

{6034 FIGS, 3A-J:  Preparation of the TEV-P substrate P1 position library.
Representative FACS data from sorting the TEV-P ST binding pocket library. FIG. 3A: Pre-
screcning of the TEV-P substrate Hbrary based on the vector pESD-L (FIG. 7G). Cells were
tabeled with the anti-GxHis-FITC antibody, and the plasmid DNA of the top 3.0% of the colls
presenting the highest fluorophore was collected. FIG. 38: The starting cells after the THV-
P Si binding pocket Hbrary was imtegrated with the TEV-P substrate library. FIG. 3C-FIG.
3E: FACS data of the cells after the first-, second-, and third-round enrichment. Four gates
(P1-P4) were drawn to collect cells after the thivd-round envichment. FIG, 3F-FIG. 3L The
fourth-round enrichment of the cells collected from the P1-P4 regions, respectively. FEG. 34
The vector model of the constructs used in the pre-screening of the TEV-P substrate library
(pESD-L, FI1G. 21, without the TEV-P S1 pocket library}, and the screening of the TEV-P S1
pocket hibrary (pESD-M, FIG. 21, with the TEV-P Si pocket library). Sequences depicted
correspond to SEQ ID NOs: 12 and 23.

{8638} FIG. 4: 5DS-PAGE analysis showing digestion of protein fusion substrates
by TEV-P and its engincered variants. Reactions were incubated at 30°C, pH 8.0, for L h

with § g protein substrate mixed with or without 0.1 pg protease in 20 L reaction buffer,
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Lane 1, molecular mass ladders; Lane 2, the ProSo (MBP-ENLYFQS-GST, MBP-SEQ 1D
NO:18-GST) substrate only; Lane 3, the ProSi (MBP-ENLYFES-GST, MBP-SEQ 1D NO:i-
GST) substrate only; Lane 4, the ProS;; (MBP-ENLYFHS-GST, MBP-SEQ 1D NO:2-GST)
substrate only; Lane 3, the ProSq substrate incubated with the TEV-P; Lane 6, the ProSg
substrate incubated with the TEV-P; Lane 7, the ProSy substrate incubated with the TEV-P; Lane
8, the ProSg; substrate incubated with the TEV-PE10; Lane 9, the ProSy substrate incubated with
the TEV-PH21; Lane 10, the ProSy substrate incubated with the TEV-PH21 for 3 h.

[0036] FIG. 5: Mutations of the TEV-PE10 responsible for substrate binding. The
residues that might be involved in the interactions between the TEV-PE10 and the Glu residue in
the PepSg substrate are labeled. The hydrogen bonds (dotted line, light shading) and the
hydrophobic interactions (dotted line, heavy shading) between the S1 binding pocket residues of
the TEV-P and the Gln residue in the PepSg substrate are also marked. All the residues are

shown with nitrogen in blue and oxygen in red. Image is generated based on the PDB file 1LVB.
10037} FIG. 6: Map of the vector pESD.

[0038] FIGS. 7A-G: The ER retention effects in the YESS-YPD system. Five
constructs were generated to evaluate the ER retention effects in the YESS-YPD system. All the
cells were grown, induced, antibody labeled, and analyzed. FIG. 7A: Cells containing the
construct pESD-A; FIG. 7B: Cells containing the construct pESD-B; FIG. 7C: Cells containing
the construct pESD-C; FIG. 7D: Cells containing the construct pESD-D; FIG. 7E: Cells
containing the construct pESD-E; FIG. 7F: Cells containing either pESD-A or pESD-E were
mixed with a cell density ratio of I:1, respectively; FIG. 7G: Vector maps of the pESD
constructs. ER signaling peptide MQLLRCFSIFSVIASVLA (SEQ 1D NO:3) and ER retention
sequence FEHDEL (SEQ ID NO:4) are shown in FIG. 7G. Peptide | and 2 correspond to SEQ
ID NOs: 17 and 18, respectively.

[0039] FIG. 8: FACS data of the selected TEV-P variants after the cell sorting of the S1
pocket library. The representative single colonies obtained from the S1 pocket library sorting

were sequenced, grown, induced, and analyzed using FACS.

[0040] FIGS. 9A-C: FACS data from the TEV protease Variant E error-prone PCR
library sorting process. The error-prone PCR library was constructed using the TEV-PE3 as the
template, and the cells were sorted as stated in the Methods and Materials. FIG. 9A:
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Cells expressing the TEV-PE3; FIG. 9B: Cells expressing the mutated TEV-PE3 in which the
ER-retention signal peptide was removed from the C-terminus of the protease; FIG. 9C: The
starting cells after the TEV-PE3 error-prone library was integrated with the ENLYFES(SEQ ID
NO:1)-containing pESD vector. FACS data of the cell sorting of the TEV-PE3 based crror-prone

PCR library. Data were recorded after the first-, sccond-, third-, and fourth-round enrichment.

[0041] FIGS. 10A-C: FACS data from the TEV protease Variant H error-prone PCR
library sorting process. The error-prone library was constructed using the TEV-PH7 as the
template, and the cells were sorted as stated in the Methods and Materials. FIG. 10A: Cells
expressing the TEV-PH7; FIG. 10B: Cells expressing the mutated TEV-PH7 in which the ER-
retention signal peptide was removed from the C-terminus of the protease; FIG. 10C: The
starting cells after the TEV-PE7 error-prone library was integrated with the ENLYFHS (SEQ ID
NO:2) containing pESD veetor. FACS data of the cell sorting of the TEV-PH7 based error-prone

PCR library. Data were recorded after the first-, second-, third-, and fourth-round enrichment.

[0042] FIG. 11: FACS data of the representative variant E single colonies. The middle
row shows the representative single colonies obtained for recognizing the ENLYFES (SEQ ID
NO:1) substrate from the sorting of the TEV-PE3 based error-prone PCR library. The ER
retention sequence was removed from the C-terminus of the protease in the construct. The
variants obtained for recognizing the ENLYFES (SEQ 1D NO:1) substrate were grown, induced,
and analyzed using FACS.

[0043] FIG. 12: FACS data of the representative TEV-PH variants. 'The bottom row
shows the representative single colonies obtained for recognizing the ENLYFHS (SEQ ID NO:2)
substrate from the sorting of the TEV-PH7 based error-prone PCR library. The ER retention
sequence was removed from the C-terminus of the protease in the construct. The variants
obtained for recognizing the ENLYFHS (SEQ 1D NO:2) substrate were grown, induced, and
analyzed using FACS.

[0044] FIGS. 13A-B: Protein purification of wild-type TEV protease and its variants.
FIG. 13A: Diagrams of the protein substrate purification constructs (MBP-ENLYFXS-6xHis-
GST, MBP-SEQ ID NO:15-GST) and the protease purification constructs (MBP-ENLYFXS-
6xHis-TEV-P, MBP-SEQ ID NO:15-TEV-P). X can be Q, E, and H, correspondent to TEV-P,
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TEV-PEID, and TEV-PH21, respectively.  FIG. 138 The SDS-PAGE analysis of the
purified TEV-F, TEV-PE1Q, and TEV-FHZ1. Lanc I molecular mass ladders; Lane 20 10

ng purified TEV-P; Lane 3: 10 ng purified TEV-PEIQ; Lane 4: 10 pg purified TEV-PH21.

{0845 FIGS, 14A-H: The kinetic studies of the TEV-P, TEV-PE10, and TEV-PH21
against difforent peptide substrates through HPLC analysis. All reactions of purified protease
and synthesized peptides were incubated at 307C for 1 h with 100 pM peptide substrates.
points according fo the acefonitrile gradients. The data were plotted with the peptide-
substrate concentrations against the rates (s7). FIG. 14A: HPLC analysis of the digestion of
peptide substrates by the TEV-P, TEVPEIQ, and TEV-PH2I. 1. 0.1 pM TEV-P incubated
with 100 pM TENLYFQSGTRRW (PepSo, SEQ 1D NO:8y; 2: .1 uM TEV-PELQ incubated
with 100 pM TENLYFQSGTRRW (PepSo, SEQ ID RO:E); 30 0.5 udM TEV-PH2I
incubated with 100 pM TENLYFQSGTRRW (PepSo, SEQ ID NO:B), 4: 1 uM TEV-P
imcubated with 160 uM TENLYFESGTRRW (PepSg, SEC D NOi10y, 50 0.1 uM TEV-
PE1D incubated with 100 pM TENLYFESGTRRW (PepSy, SEQ ID NO:LD), 6 1 M THY-
P protease incubated with 100 pM TENLYFHSCGTRREW (PepSp, SEQ ID NG9, 7 0.5 uM
TEV-PHZI incubated with 100 pM TENLYFHSGTRRW (PepSy, SEQ ID NO9). The
sequence for peak indicated as SGTRRW is provided as SEQ ID NO:51. The corresponding
products were confirmed using Mass Spectrometry.  Plots of substrate concentration versus
rate of FIG. 14B: the TEV-P against the TENLYFQ3OTRRW (PepSq, SEQ ID NO:8); FIG.
14C: the TEV-P against the TENLYFESGTRRW (PepSe, SEQ 1D NO:10); FIG, 14D the
TEV-P against the TENLYFHSGTRRW (Pephy, SHQ 1D NO:9), FIG, 14K the TEV-PELQ
against the TENLYFQSGTREW (PepSo, SEQ ID NO:R)Y; FIG. 14¥: the TEV-PE1Q against
the TENLYFESGTRRW (PepSpe, SEQ ID NG: 1Oy, FIG. 14G: the TEV-PH2! against the
TENLYFQSGTRRW (PepSy, SEQ ID NO:8);, FIG, 14H: the TEV-PHZ! against the
TENLYFHSGTRRW (PepSy, SEQ D NG:9).

{8046] FIGS. 15A-C: Protein substrate digestion by the TEV-P, TEV-PE1(, and
TEV-PHZ 1 under different pH conditions. The SDS-PAGE analysis of the protein substrate
digestion by the TEV-P and #ts variants. Protein substrate digestion reactions were incubated
at 30°C for 1 h with 5 pg protein substrates mixed with 0.1 pg proteascs in 20 pl. reaction

Ay
i
/

buffer. F1G. 15A: rcactions performed at pH 8.0; FIG. 18B: reactions performed at pH

o n

FIG. 15C: reactions performed at pH 6.5.
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{8647] F15. 16 Table of pESD constructs. ER  signaling peptide
MOLLRCFSIFSVIASVEA (SEQ 1D NGO:3) and ER retention sequence FEHDEL (SEQ 1D
NO:4) are shown in the figare. Abbreviations in the table are as follows: E1: ER retention
signal at C-termimus of TEV-P; E2: ER retention signal at C-terminus of substrates Pep A:
Unrelated sequence (DEMEECASHL, SEQ ID NO:17); Pep B: TEV-P native substrate
(ENLYEQS, SEQ 1D NO:18) Pep C: mutated TEV-P substrate (ENLYFKS, SEQ 1D
NGO

(2]

{8048] FIGS. 17A-F:  Two-color FACS analysis of cells with and without ER

retention signals 1 the substrate fusion and protease. Al cells were grown, induced,

1G  antibody labeled, and analyzed under the same conditions. FIG. 17A: Cells expressing

substrate fusion only (construct pESD-A i FiG. 17F); FIG, 17B:  Cells co-expressing

protease and substrate fusion both containing ER retention sequences {(construct pESD-B in

FIG. 17F); FiIG, 17C: Cells as in FIG. 178 except that TEV-P lacks the ER rciention

sequence {construct pESD-C in FIG. 17F); FiG., 17D Cels as in FIG. 178 except that both

15 TEV-P and the substrate fusion lack the ER retention sequences (construct pESD-D) in FIG.

17Fy FIG, 176 A 111 mixture of cells from FIG. 17A and FIG. 178 above; FIG, 17F:

Schematic of the constructs pESD-A, pESDE-B, pESD-C, and pESD-D. The counter

sclection encodes the substrate of HCV protease {DEMEECASHL, SECQ ID NO:17), and the
selection substrate encodes the substrate of TEV-P (ENLYFQS, SEQ 1D NO:18).

20 {8049) FIGS, I8A-G: FACS analysis of TEV-P ST subsite library using the YESS
system. FIG. 18A: Two-color FACS analysis of the hibrary cells. FIGS. 18B-: Two-color
FACS of cells after the first, second, and third round of sorting. FEGS. 18E: The TEV-PE3
varignt, FiG, 1BF: The TEV-PH7 variant. FIG, 18G: Molecular model of the S1 pocket of
the wild-type TEV-P, and the amino acid substitutions introduced in the TEV-PE1D variant.

25 The PI residue (Gln) of the substrate peptide interacts with the TEV-P 81 pocket residues
{emphasized in rectangular boxes) throogh the hydrogen bonds (dotted line, heavy shading)
and the hydrophobic interactions {dotted ling, light shading). In the TEV-PEL(, mutations
that are close to the new 51 pocket (PI residue is replaced with Glg) were annotated. Tmage

is generated based on the PDB fifle 1LVR.

>3
]

{0850} FIGS. 13A-C: Detection of granzyme K and the HCV protease by YESS.
FIG. 18A: HCV protease was assayed in the YESS system. Light shade data indicates

negative control consisting of the HCV protease preferred subsirate construct with no HCV
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protease {construct pESE-N, FIG. 21; data points clustered 1n a line at the center of the FIG).
Heavy shade data indicates HOV protease expressed along with its preferred substrate
construct {constract pHESD-O, FI1G. 21; data points shifted to the right). FIG, 198B: Human
granzymie K was assayed in the YESS system. Light shade data indicates negative control
consisting of the human granzyme K preferred substrate construct with no human granzyme
K {consteuct pESD-P, FIG. 21; data points clustered in a line at the center of the FIG). Heavy
shade data indicates human granzyme K expressed along with its preforred substrate
construct {construct pESD-Q, FIG. 21; data points shifted to the right). FIG. 18C: Human
Abclson tyrosine kinase (AbITK) was assayed in the YESS sysicm. Light shade data
indicates boman ABITK expressed along with #s preferred substrate construct {construct
pESD-R, FI1G. 21; data points clustered in a line at the center of the FIGQ). Heavy shade data
indicates negative control consisting of the homan AbITK preferred substrate construct with

no human ABITK (construct pESD-S, FIG. 21; data points shifted to the right}.

[6851] FIGS. 20A-B: ER rciention offects in the YESS system. FIG. 28A: The
vector model of the constructs vsed in the time-course experiments to ovaluate the ER
retention effects of different ER rotention sequences {e.g.,, MOLLRCFSIFSVIASVLA (SEHQ
1D NG:3)). The counter selection encodes the substrate of HCV protease (DEMEECASHL,
SEQ 1D NG:17), and the sclection substrate encodes the substrate of TEV-P (ENLYFQS,
SEQ 1D NO:1R). FiIG. 20B:  The time-course oxperiments.  Cells containing different
vectors were grown, induced, and analyzed using FACS. Line indicated with diamonds:
vector contains no protease gene and no ER retention sequence at the C-terminal of substrate
{constroct pESD-E, FIG. 21). Line indicated with squarcs: vector contains no proteasc gene
but the KDEL {SEQ I3 NO:S) ER retention sequence at the C-termynal of substrate
{construct pESD-F, FIG. 21}. Line indicated with triangles: vector containg no protease gene
but the FEHDEL {SEQ ID N(:4) ER rotention sequence at the C-terminal of substrate
{construct pESD-G, FIG. 21} Line ndicated with crosses:  vector contains TEV-P gene
with the FEHDEL (SEQ 1D NO:4) ER retention sequence anchored at its C-tormings, and
also the FEHDEL (SEQ ID N{»:4} ER retention sequence at the C-terminus of the sobstrate
{construct pESD-H, FIG. 21}, The existence of the TEV-P will cause the cleavage at the
sclection substrate region, removing the ER retention scquence from the C-terminus of the

substrate.
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{68521 FIG. 21: pESD constructs wsed in this application. Ep: ER reiention
sequence at C-terminus of TEV-P (FEHDEL, SEQ 1D NO4); Es; ER retention sequence at
C-terminus  of substrates (FEHDEL (SEQ 1D NO:4) if not otherwise annotated);
COYGPKKKRRKVGG:  human granzyme Ko osubstrate  sequence (SEQ 1D NG:I9);
DEMEECASHE:  HCV-P gubstrate sequence (SEQ ID NO:17); ENLYFQS: TEV-P
canonical substrate sequence (SEQ 1D NQO:18), ENLYFKS: mustated TEV-P substrate
sequence {SEQ HI NO:11 ARITK: human Abelson tyrosine kinase; #: pESD-R and pESD-
S do not contain the fragment of HA-SCe-FLAG in the substrate fusion polypeptide; ™
tyrosine phosphorylation; (@: fluorcscent signal of Alcxa Fluor® 647, GFP:  green

fluorescent protein,
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DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

{3833} The present invention provides, in various aspects, a yeast ER sequestration

(YESS) approach for screening large libraries of protease or kinase variants for altered
specificity and/or high overall catalytic asctivity. This general approach may be used o

5§  geoerate proteases, such as modified TEY proteases, or kinases, such as modified Abi
tyrosine kinases, that exhubit modified specificity, potency, or efficiency. In various aspects,

specitic modified TEV proteases that exhibit altered specificity are provided.

{8854] As shown in the below examples, the YESS approach may be utilized to allow

for protease and subsirate sequences to be co-cxpressed and targeted (Peltham eof af, 1948,

10 Semenza ef ¢f., 1990) 1o the yeast endoplasouc reticulum (ER) in order to facilitate profease-
substrate interaction in a relatively confined environment. Following the encounter with a
protease variant in the ER, the cleaved/uncleaved substrate can be transported to the yeast
surface using, e.g., the Agalp veast display system (Boder and Wittrup, 1997). A set of
mternal mmunotag sequences on the substrate can be used in comjunction with the

15 corresponding thisrescently labeled antibodies to report the location and extent of cleavage
during ratiometric fluorescence activated cell sorting (FACS) of the library. In order to
scroen against unwanted promiscucus proteasc variants, the substrate construct can be
designed to contain a single selection substrate sequence along with one or more counter
sclection substrate sequences. An advantage of this strategy is that intracellular expression of

20 both the protease and substrate are used such that a Bbrary of protease variants can be

»

screened agatnst a library of substrate sequences in a “library-on-library” experiment. The
tibrary on library approach should inerease the odds that 8 highly active engineered protease-
novel sabstrate pair can be ideniified through divected evolution. Using the YESS library-on-

fibrary approach, 52 different TEV-P variants that can rccognize six different peptide

]
wn

substrates were isolated. Two variants, TEV-PEI0 and TEV-PH21, which recognize E and H
in P1, respectively, were forther characterized. A S000-fold change in substrate specificity
was obtained with TEV-PEI0, and an 113{-fold change was obtained for TEV-PHZI
compared o wild-type TEV-P. These results demonstrate that the YESS system can be very

effectively used for protease engineering in eukaryotic cells.

3 L YESS SYSTEM FOR PROTEASE OR PROTEIN KINASE ENGINEERING
{B855] An overview of the YESS protease engincering strategy used in the helow

examples 1s presented 1o FIG. 1B and FI1G. 1C. In some embodiments, a protease variant and
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a cell-surface display (e.g., AgaZ)-fused peptide substrate are co-gxpressed, transported into
the veast endoplasmic reticulum (ER)Y due to an N-torminal ER signal sequence (e.g.,
MGOLLRCFSIFSVIASVLA, SEQ D NO:3), and anchored on the ER inner membrane
through a C-ierminal fusion to the ER rotontion signal peptide {eg., FEHDEL, SEQ 1D
NG:4), In some embodiments, a protein kinase variant may be substitoted for the protease
variant using those methods. Withoot wishing to be bound by any theory, the ER targeting
may be used to increase the opportunity for a protease-substrate fnteraction to ocewr in the
confined envirorment of the ER, thus improving the sensitivity of the assay. Due to a cell-
surface {e.g., AgaZ?) fusion in the substrate construct, the cleavediuncleaved substrate can be
subsequently transported then atiached to the veast surface where it can be labeled with
antibodies to detect and quantify the location and extent of cleavage. On the pESD vector
{(FI1G. 6), co-expression of the protease and s substrates are under the control of the
galactose inducible GALT and GAL1IO promoters, respectively.  The bidirectional GALI-
GALIC hybrid promoter, in which GALT promoter has a similar individual strength with
GALTO promoter, is used to drive relatively high-level expression of both the protease and

the substrate constructs, althongh they are expressed as entirely separaie polypeptides.

{3836} In some aspects, a modified kinase may be generated by these methods. The
kinase 15 preferably a protein kinase, such as, e.g., a tyrosine kinase, a scrine/threonine-
specific protein kinase, a protein-dual-specificity protein kinase, a protein histidine protein
kinase, a protein-histidine pros-kinase, a protein-histidine tele-kinase, or a histidine kinase.
As shown in the below examples, a mutant Abl tyrosine kinase with modified activity was
gencrated. It is anticipated that virmally any kinase may be used with the methods disclosed
herein.  For example, if one has one or more enzymes that can dishngush between
phosphorylated and unphosphorylated peptides or proteins, then one or more cells expressing
a3 mutant kinase may be identified, e.g., via FACS, Specific kinases types that may be
generated nelude, eg the various mombers of the ocukarvotic protein kinases superfamily
including the AGC, CAMEK (CaM Kinases), CMGC, CK1, 3TE, TKL, and thymidine kinases
{TK kinases).

{8857] In some embodiments, methods of the present imvention may be wsed to
generate an engineered sortase. The sortases are an enzyme class characterized by the ability
to ligate two different peptide sequences together.  In the sortase reaction mechanism, a first

substratc peptide sequence s recognized and cleaved at a specific site to produce a free
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carboxylic acid group, then the amine terminus of a second specific peptide is attached to this
carboxyl group to give the ligated construct, Adapied to the YESS approach, a first peptide
substrate sequence containing the sortase cleavage site may be attached or fused to a
scquence 10 allow for veast cell surface attachment {e.g., such as the AGAZ sequence in some
preferred embodiments), and a2 second peptide substrate seguence that can serve as the
peptide to (possibly) be ligated at s amine tocrminus is preferably fused to an antibody
gpitope. Both of these substrate sequences may be targoted to the ER for expression via an
ER specific signal sequence similar to those used in the protease and kinase embodiments.
Only if a sortase, also eapressed in the same yeast cell and targeted to the ER, higates the first
peptide substrate sequence fo the sccond peptide substrate sequence, will the opitope be
attached to the cell surface via the AGA2 hinkage. The presence of epitopes (from the second
sequence) attached to the yeast surface will therefore be a divect measure of sortase activity,
that can be identified thoogh binding of a labeled antibody that recognizes the epitope {e.g.,
via FACS). Scguences in the cogineered sortase may be randomized, e.g., at or near sifes
involved sequence recognition, cleavage, and/or ligation, etc. Thus, a sortase may be
inchided as the enzyme in a sucleic acid vector of the present invention and used to engineer
& modified sortase that displays, e.g., modified activity, potency, ot specificity. In addition,
one or both of the substrate sequences can be randormiized to develop a comprehensive profile

of the substrate specificity of a sortase of interest.

{8858] In some ombodimenmts, methods of the present nvention may be osed to
generate an engineered glycosyltransferase.  For ecxample, methods used to engineer 3
glycosyliransforase may be very similar to 2 the methods used to generate an cnginecred
kinase; however, tostead of using an antibody to recogrize the presence or absence of a
phosphorylation event, an antibody that recognizes the presence or absence of a glycosylation
cvent (e.g., transfer of a carbohydrate, ghycoside, oligesaccharide, or a polysaccharide t© an
aming acid sequencey may be used to identify and or separatc one or more
glveosyltransferases  that exhibit a desived activity,  Sequences in an  engincered

ghveosyltransterase may be randomized, e.g., at or near sites imvolved in sequence recognition
of activity, erc. Thus, & glycosyliransferase may be substitnted for a kinase in mocleic acid
vectors of the present invention and used fo engincer @ modified glycosviransferases that

displays, ez, modified activity, potency, or specificity.
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{88591 A major problem encountered in carly protease engineering work was that
often, atterpts to alter protease specificity only resulted in the production of promiscuous
enzymes.  As shown in the below cxamples, the inventors were able to overcome this
difficulty by imcorporating one or more counter sclection substrate sequences o the
screening protocol {Varadarajan ef of, 2008; Varadarajan ef ¢/, 2009a). In a simuibtancous
sclection/counter sclection screen, only those proteases are isolated that maximize cleavage
of a desired vew substrate sequence while minimizing promuiscuous cloavage of the original

wild-type or other unwanted substrate sequence. In various aspects, the protease itself may
on occasion act as an ctfoctive counter seloction substrate in the sense that any proteasc
varifant with specificity relaxed to the point that it efficiently cleaves itself will not exhibit a

positive signal.

{8068] A simultaneous selection/counter selection FACS assay may be achieved by
placing clements in the following order: An AN-terminal Aga?P anchoring sequence followed
by the wild-type preforred counter selection substrate sequence (Peptide 1), the FLAG
epitope tag sequence, the selection subsirate sequence, a 6xHis sequence, and a C-terminal
HR retention signal (See Figure 2). Note that the 6xHis sequence serves as an epitope tag
owing to the ready availability of anti-6xHis antibodies. The ant-FLAG and anti-6xHis
antibodics may be purchased as the phycoerythrin (PE) and FITC conjugates, respectively.
Specific cleavage at the desired new subsirate sequence {(only Peptide 2) would result o a
produet that maintains the FLAG epitope, bt not the OxHis sequence. Thus, a yeast cell
harboring a protease variant with a desived new substrate activity would have high PE
fluorescence, but relatively low FITC fluorescence. A nonspecific protease would lead to
cleavage at both the counter selection and selection sequences, leading to no signal with
either antibody.  Similarly, an enzyme with enaltered wild-type specificity would give a
similar lack of signal with cither antibody due to cleavage at the Peptide 1 sequence.
Protease variants with no activity with cither seguence would have similarly bigh PE and
FITC signals. These three cutcomes are easily separated by FACS asing a two-dimensional
analysis in which gates are set for high signal in the PE channel, but low signal in the FITC

channel,

{8861] In some aspects, the YESS approach can display a very siguificant or
unprecedented versatility and a tunable dynamic range. 1t is straightforward to vary the

sequence of the protease, or the sclection substrate cleavage sequence, or both
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simultancously. Thes, the YESS system may be used to carry out a variety of cxperiments,
mcluding, e.g., the following three distinet types of experiments: 1} A protease library could
be screened in an effort 1o identify activity with a single, desirable new target sequence. 2) A
single protease could be screencd against a library of substrate scquences to identify the
overall substrate preferences of a protease. 3} In an attempt o maximize the chances of
finding a proteasc variant with altcred sequence specificity, a protease library could be
screened against @ library of potential target substrate sequences, a so-called “library-on-
bibrary™ experiment.  An advantage of the YESS approach is that the dynamic range of the
assay can be adjusted by subtracting the ER retention sequences on either the protease or
substrate sequences, ot both. In this way, the stringency of the assay can be significantly
increased by reducing the amount of fime the protease and sabstrate can interact in the

confines of the ER.

{8862} In addition, the compartmental nature of cukaryotic cells makes possible the
specific targeting of both protease and substrate o the same compartment, namely the ER.
Having the protease interact with substrate in the relatively confined environment of the ER
provides a considerable level of conirol that is not possible m the cytoplasmic miheu. In
particular, by adding a C-terminal ER retention sequence, both the protease and sobstrate can
be anchored on the ER membrane, increasing ER residence timg, local proicase/substrate
concentrations, and therefore assay sensitivity.  Increased assay sensitivity may be
particularly helpful during initial Hibrary screens. When intermediate sensitivity s needed,
for example during the middle rounds of library optimization/screening, the ER retention
signal can be left off of either the protease or substrate. At the end of 4 sereening experiment,
when only the most active variants are being sought, the assay can be made even less
sensitive by leaving off the ER retention sequences altogether. Consistent with the assay
design criteria, wild-type TEV-P gave a maximum FACS signal with #ts preferred substrate
when both the protease and substrate had the ER retontion signals attached (FIGS. 7A-G).
Imtermediate FACS signals were seen when ondy one component had the ER retention signal
and the least intense FACS signal was scen when ne ER rotention signal was present (FIGS.
TA-(3y, To the knowledge of the inventors, such precise control over the dynamic range of 2
high-throughput enzyme hibrarv-screening assay is unprecedented.  The strong signal
correlation of FACS signal with ER retention signals supports the idea that the protease-

substrate interaction can occur pritarily, if not entirely, within the ER.
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{88631 The YESS approach incorporates two additional powerful features useful for
hibrary screening. Simultancous selection and counter selection screens may be used to avoid
isolating variants with relaxed specificity (Varadarajan e al., 2005; Varadarajan e7 al., 2008;

Sellamuthu e of., 2008; O'Loughlin er ¢f, 2006). Any number of counter sclection substrate
sequences {(eg., 1,2, 3,4, 5,6, 7, 8,9, 10, or more) can be added to the YESS substrate
construct to refine specificity.  Additionally, becausc both the protease and substrate
counstructs are typically genetically encoded in the YHSS approach, & hibrary can be used for
cither one. Thus, a novel protease sebstrate specificity for a single desired substrate can be
sought, e.g., by using a protease library with one substrate construct. The converse situation,
in which a single protease is used in conjunction with a substrate library, can be used to
identify the substrate specificity profile of a protease. In order to improve the chances of
finding a new protease-substrate combination, a protease library can be screened against a
substrate library. The inventors used this “library-on-library” approach to alter the P
substrate specificity of the TEV-P.  As shown in the below cxamples, all four contact
regidues in the putative 51 subsite of TEV-F were randomized as well ag the P1 residue of the
subsirate in attempt to isolate TEV variants with novel P1 specificities.  Combinatorial
saturation of the residues that form the 81 subsite of TEV-P enables the isolation of cozyme
variants capable of accepting six different amino acids other than Gln in P1. Notably, TEV-P
mutants were identified that display selectivity for a new amino acid over the Gln that is

overwhelmingly preferred by the wild-type cnzyme at that position.

{8864} As shown in Table 3, 52 different active variants with activity toward six
different substrates were obtained from the initial Hbrary screening.  Without wishing w0 be
bound by any theory, several factors hikely lead to this success. The wild-type preferred
sequence, inchuding Gln at P1, was used as the counter selection portion of the substrate
construct in an effort to maximize overall specificity by minimizing wild-type activity.
Notably, a stop codon iuserted i the substrate sequence or an otherwise fruncated construct,
such as a frame-shift, would give a false positive FACS signal by mimicking a cleaved
product. For this reason, all stop codon containing or frame-shifted substrate constracts were
removed in a preliminary FACS screcn (FIG. 3A). The prescreened subsirate library was
then combined with the TEV SI library, followed by FACS screening.  In order to cast a
“wide net” in the initial scroens, assay sensitivity was increased by inclading the C-terminal

ER retention signals in both the protease and substrate constructs.
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[0065] As shown in the below examples, the tunability of the YESS assay was used to
advantage while screening the second generation error-prone PCR libraries constructed from the two
most promising isolated clones, one specific for Glu and the other specific for His at P1. In
particular, by removing the ER retention sequences from the C-terminus of the protease, only
variants with relatively high levels of activity produced a significant FACS signal. Once again, wild-
type preferred Gln at Pl was used as counter selection. As a result, two clones (TEV-PE10 and
TEV-PH21) displaying substrate specificity reversals of 5,000-fold and 1,100-fold, respectively,
along with relatively high overall catalytic activity were identified. In fact, the TEV-PE10 variant
displayed a k../Ky, that was roughly 2-fold higher than that of even TEV-P reacting with its preferred
substrate, verifying that new specificity did not come at the expense of overall catalytic activity. As
further evidence of successful protease engineering, TEV-PE10 and TEV-PH21 were shown to be
efficient in the processing of GST-MBP fusions containing their preferred recognition sequences,
namely MBP-ENLYFES-GST (MBP-SEQ ID NO:1-GST) and MBP-ENLYFHS-GST (MBP-SEQ
1D NO:2-GST respectively (FIG. 4; FIG. 13). Importantly, the generality of the YESS approach was
demonstrated by showing that a human (granzyme K) and another viral (HCV) protease are also

amenable to expression and quantitative assay using the YESS system (FI1G. 19).

[0066] Most applications of proteases involve the cleavage of proteins, not peptides.
Notably, the altered specificities measured for TEV-PE10 and TEV-PH21, using peptide substrates,
translated into similar results when cleaving the corresponding GST-MPB fusion proteins (FIG. 4;
FIG. 15). Thus, these results indicate that the methods disclosed herein may be used to generate a

wide variety of specific proteases, e.g., based upon engineered versions of TEV-P or other proteases.

[0065] Without wishing to be bound by any theory, the origin of substrate specificity
in the isolated variant TEV-PE10 was predicted (FIG. 5) and may be useful for interpreting
the engineered TEV proteases identified in the below examples. The negatively-charged
D148 was mutated to the positively-charged residue Arg, likely favoring interaction with the
presumably deprotonated and therefore negatively-charged Glu residue at P1.  This theory
was further supported by the TEV-PE] (D148K) variant (Table 3). In addition to the D148R
replacement, two other mutations, T173A and NI177K, which were not present in the Sl
binding pocket of the TEV-P (Phan et al., 2002), might also be involved in the binding of the
TEV-PE10 against with an E residue at P1 (FIG. 5). Compared to the TEV-PE10 variant, it
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is less clear how the observed mutations in TEV-PH21 faver reaction with His at P1 since the
TEV-PH variants did not show any consistent mutations that were obviocusly charge-related
However, all the TEV-PH variants contained mutations of T146 and D148 to residues, such
as Ala, Pro, Cys, and Ser. These mutations might be wmvolved in the expanding of the

docking space for the His residue i the new 51 binding pocket.

{8868} In summary, the below data demonstrates that the YESS system can be used to
gencrate proteascs with significantly altered substrate specificity while maintaining bigh
overall catalytic activity. It is anticipated that assay dynawndc range tumability and the
mcorporation of a counter selection substrate sequence may be very helpful for success. The
YESS systern may be wsed in other applications of protease enginesering, including the
development of potential therapeutic proteases. In addition, the methods disclosed herein
may be used to detect other enzymatic reactions corpatible with reaction in the ER, where
the reaction product is displayed and detected on the yeast ocuter surface.
1IN PROTEASES

18669] The present invention may be used in various aspects to engineer a protease.
A variety of proteases may be generated via these methods, such as, ez, a TEV protease, a
tissue plasminogen activator, such as a recombinant tissue plasminogen activator (fTPA), a
protease that targets or atfects the fimction of a proteinase-activated receptor {(PAR), or any
protease capable of expression in yeast. in some embodiments, the enginecred protease may
be used n resecarch to cleave a peptide Hiker, e.g., to separate profein ontitics in a fusion
protein.  In some embodiments, the engineered protease i3 a therapeutic protease. The
therapeutic protease may be useful in treating diseascs, including, but not limited o,
cardiovascular discase, sepsis, a digestive disorder, inflammmation, cystic fibrosis, a retinal
disorder, psoriasis, cancer, a cell proliferative discase, diabetes, blood coagulation disorders
{e.g., hemophelia, a deficiency in factor 7 and/or factor 9), an autoimmune disorder {e.g.,
psoriasis, lupus, eic.), an inflammatory hung disease (eg., cystic fibrosis, crphysems,
sarcoidosis, efc.), or asthma, as well as in disorders of the cardiovascular, musculoskeletal,

gastrointestinal, respiratory, and/or central nervous system.

{8478} The methods provided herein may be used as a fast and efficient high-
throughpet screening method to identify new proteases. The YESS system may be used to
isodate desired variants from large protease libravies, and may bhe used in a wide range of

poterdial apphications for proteases. Several proteases, such as the tmportant protease 1TPA,



(2]

[
N

20

30

CA 02877346 2014-12-18

WO 2014/004540 PCT/US2013/047663
26

are curtently wvsed chinically (Craik er «f, 2011; Ramachandran ef o/, 2012}, but the
therapeutic application of proteases has thus far been limited to situations in which a naturally
occurring protease cleavage specificity is of therapeutic benefit.  The ability to precisely
enginecr a desived new scquence specificity into a human protease may facilitate the
investigation of proteases as a general alternative to antibody therapeutics (Craik et af |, 2011;
Ramachandran ef af, 2012). Compared to antibodies, which are relatively large molecules
that bind/nactivate their therapeutic targets in stoichiometric fashion, a properly engineered
therapeutic protease may require 4 much lower dose becapse it is significantly smaller and
capable of catalytic inactivation of its target. Morcover, other proteases, such as TEV-P and
subtilisin, have found significant academic as well as comunercial application, and adding one

or more new specificities would dramatically increase their potential nacs.

TEY Proteases

{3871} In some embodiments, the protease is a TEV protcase. TEV protcasc is a
catalytic part of the Nuclear Inclusion protein “a” (Nia) from tobacco oteh virus {TEV), TEV
is a cystcine protease that specifically recogunizes and cleaves a linear epitope with the gencral
sequence F-X-X-Y-X-Q-{(G/S) {(where X i3 any aming acid, SEQ 1D NO:20) (Dougherty ef
al., 1989; Dougherty and Parks, 1989; Dougherty er o/, 1988; Kapust e/ @f., 2002a}. For a
pative TEV protease, the cleavage typically occurs between O and (/5. The most common
sequence is ENLYFQG (SEQ 1D NO:21) or ENLYFQS (8EQ ID MNO:1R). As shown in the
present invention, medified TEV proteases may be generated that exinbit altered specificity,
efficiency, and/or potency. For reforcnce, the wild-type TEV protease (TEV-P) proferably
has the sequence (SEQ 1D NO:52Z). o some preferred embodiments, the wild-type TEV-P
contains the S219P mutation.  Another wild-type TEV protease {TEV-E) that may contain

one or more mtation as imdicated herein proferably has the sequence (SEQ 1D N(:53).

{B072] TEV proteases may be resistant to many widely osed serine and cysteine
protease inhibitors, such as PMSE, AEBSFE, TLCK, E-64, or “Complete” protease inhibitor
cocktail (Roche). Robust enzyme activity may be observed n a wide range of different
buffers (with NaCl varied from 0 1o 0.4 M and in pH from 4 10 9, enzyme tolerates MES,

acetate, phosphate, glycerol, and sorbitol).

{38731 TEV proteases may be used for tag removal from thermolabile proteins. TEV

proteases may be active in a broad temperatre range, ey, from about 4°C 10 about 30°C

&
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{although the native enzyme is about three times less active at 4°C than at 307C) (Nallamsrity

et af., 2004). TEV proteases may be sensitive to some detergents (Mohanty ef ¢f., 2003).

{8874} TEY proteascs may be particularly useful for removing affinity tags from
fusion proteins in conditions friendly for a target protein. TEV proteases may be genctically
maodified to reduce avtolysis (self-cleavage) and increase catalytic activity, as compared to
the wild-type enzyme.

I,  CONSTRUCYTS COMPRISING OR  ENCODING AN  ENGINEERED
PROTEASE

{8475} Certam aspects of the present invention involve nucleic acids that ¢ncode a
protease and/or an amino acid substrate. The protease and the substrate may be expressed as
a fusion protein with one or more additional sequences, such as an ER targeting sequence, an
ER retention sequence, a cell-surface sequence, and/or one or more immunoctag sequences. In
some embodiments, a single nocleic acid may be used to express both a protease and an
amino acid substrate in a cell. 1t is generally anticipated that, although expressing both a
protease and an amine acid substrate from a stugle vector or construct may effectively allow
for interactions between the protease and amino acid substrate in a cell, in some embodiments
the protease and amino acid substrate may be encoded by two different or separate pucleic

acids or vectors, and the two nucleic acids may be expressed in a cel, such as a veast cell.

{8076] As shown in the below examples, the following construct may be generated.
Under the control of the GALIU promoter and after the Aga? gene used for veast surface
display, & five-part cassette may be cloned counsisting of (1) the native subsirate of a protease
{e.g., TEV-P, ENLYFQS, SEQ 1D NO:18); (2) a first epitope tag sequence (e.g., a FLAG tag,
DYRDDDDK, SEQ 1D NO:22%; (3) the designed peptide substrate hibrary (e.g., ENLYFXS,
X can be any vesidue, SEQ ID N(O:23)y; (4) a sceond eptiope tag (e, 6xHis tag, HHHHHH,
SEQ ID NG:24); and (5) an ER retention signal peptide {e.g., FEHDEL, SEQ 1D NOA4).
Under the control of the GALT promoter, the protease Hbrary (such as the TEV-P library, see
below) may be cloned along with a designed N-terminal ER targeting signal peptide

{QLLRCFSIFSVIASVLA, SEQ ID NG:25) and with or without a C-terminal ER retention

signal peptide.
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Endoplasmic Reticulum (ER) Targeting Sequences

[0077] The construct may comprise 1, 2, or more sequences for targeting an amino
acid sequence (e.g., comprising a protease or a substrate sequence) to the endoplasmic
reticulum (ER). In some embodiments, the HDEL (SEQ ID NO:6) system may be used as
described in Monnat et al. (2000). In some embodiments, the ER targeting signal peptide
(QLLRCFSIFSVIASVLA, SEQ ID NO:25) is used. The ER targeting signal peptide may be
at or ncar the N-terminal portion such that an amino acid comprising a protease or substrate

sequence can be targeted to the ER.

[0078] Without wishing to be bound by any theory, the ER targeting sequence may
bind a ribosome and allow for the amino acid to be transported into the ER. Generally, an ER
targeting sequence may promote entry of an amino acid sequence, peptide, or protein, by
promoting entry of the protein into the ER through the translocon, e.g., via a protein-
conducting channel formed by a conserved, heterotrimeric membrane-protein complex
referred to as the Sec61 or SecY complex. In some embodiments, a sequence disclosed as an
ER targeting sequence of Rapoport (2007), Hedge and Keenan (2011), or Park and Rapoport
(2012) may be used with the present invention. In some embodiments, an N-terminal
targeting sequence for promoting entry into the endoplasmic reticulum may be identified via
the Predotar (Prediction of Organelle Targeting sequences) method disclosed in Small et al.

(2004).

Endoplasmic Reticulum (ER) Retention Sequences

[0079] Once in the ER, in certain embodiments, it may be preferable to include an ER
retention sequence or peptide in order to allow or promote an amino acid (e.g., comprising a

protease or a substrate sequence) to remain in the interior of the ER.

[0080] In some embodiments, the ER retention signal peptide is FEHDEL (SEQ ID
NO:4). The HDEL (SEQ ID NO:6) system may be used as described in Monnat et al. (2000).
In some embodiments, a protein chimera may be generated that contains a C-terminal
tetrapeptide sequences of (-KDEL (SEQ ID NO:5), -HDEL (SEQ ID NO:6), or -RDEL (SEQ
ID NO:7)) to promote retention in the ER. If only a partial retention in the ER is desired, a
protein chimera may be generated that contains C-terminal sequence (-KEEL, SEQ ID

NO:26). In some embodiments where it is desirable a mammalian cell line for expression of
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constructs, it may be useful to use the mammalian (-KDEL, SEQ ID NO:5) sequence in a
fusion protein with a protease or a substrate. The particular ER retention sequence used may
be chosen based on the amount of retention in the ER produced in a particular eukaryotic cell
type. In some embodiments, an upstream sequence beyond the C-terminal tetrapeptide may
be included that can influence or may be part of the structure of reticuloplasmin retention
signals. In various aspects, a sequence may be included in a chimeric protease or in a
chimeric substrate that promotes retention of the protein or peptide in the ER by affecting one
or more of the following mechanisms: sorting of exported protein, retention of residents,

and/or retrieval of escapees.

[0081] HDEL (SEQ ID NO:6) sequences are further described in Denecke et al.
(1992). In some embodiments, an ER targeting sequence or ER retention sequence of Copic
et al. (2009) may be used. In some embodiments, an ER-targeting sequence, such as the
cytoplasmic KKXX (SEQ ID NO:27) or RR of Teasdale and Jackson (1996), may be used.
The ER-targeting sequence may be a Kar2p retention mutant, e.g., as described in Copic et al.
(2009). In some embodiments, the C-terminal sequence -VEKPFAIAKE (SEQ ID NO:28)
described in Arber et al. (1992), may be used to promote localization to a subcompartment of

the ER.

Epitope Tag Sequences

[0082] A construct of the present invention may comprise one, two, or more epitope
tag or immunotag sequences conjugated to or expressed as a fusion protein with the substrate
target in or on the surface of a cell. It is anticipated that virtually any epitope tag may be
used in various embodiments of the present invention. For example, epitope tags that may be
included in a peptide or encoded by a nucleic acid of the present invention include, e.g,
FLAG*, 6xHis, hemagglutinin (HA), HIS, c-Myec, VSV-G, V5 HSV, and any peptide
sequence for which a monoclonal antibody is available. Antibodies that selectively bind one,
two, or more of the epitope tag sequences may be used to detect the presence or absence of
the epitope tag(s). In some embodiments, the antibodies are labeled with a dye, such as a
fluorophore, and used for cell sorting. As would be appreciated by one of skill in the art, a
wide variety of antibodies that selectively recognize an epitope tag and are labeled with a
fluorophore are commercially available. Antibodies that selectively bind different epitope

tags may be labeled with different fluorophores; in this way, cells may be separated or

CA 2877346 2019-04-17
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purified based on the presence or absence of one, two, three, or more flucrescent signals, e.g.,

using raticmetric FACS,

{8883}] Many different cpitope tags have been engincered into recombinant proteins,
These inchude FLAG®, HA, HIS, ¢-Myce, VEV-G, V5, and HSV., Select epitope tags that may

be used with the present invention are listed below.

Table 1: Select Epitope Tag Sequences

Tag Seguence SEG ID NO:

HiS HHHHHH SEQ 1D NOG:24
c-MYC FOQKLISEEDL SEQ 1D NG:29
HA YPYDVPDYA SEG ID NG:30
VSV-G YTBIEMNRLGK SEQ D NO:31
HSV QOPELAPEDPED SEQ 1D NO:32
V5 GKPIPNPLLGLDST SEQ ID NG:33
FLAG DYKDDDDK SEQ D NOG34

Cell Surface Displav Sequence

{8084] The constroct may comprise a sequence for expression on the cell surface. For
example, affer Golgi-derived vesicle to plasma membrane fusion occurs where the vesicle
contains a substrate (containing a ER targeting sequence and an ER retention sequence), a
ccll-surface display sequence may be used to retain an amino acid {e.g., comprising ¢ne or
maore cleaved or uncleaved substrate sequences) on the surface of a eukaryotic cell, such as,

e.g.,a yeast cell.

>

{3885} In some embodiments, an AgaZp sequence can be used to display an aming
acid scquence, such as a cleaved or uncleaved substrate amino acid sequence, on the surface
of a cukaryotic cell, such as a yveast. For example, yeast cells can display a substrate from a
randomized library extracellolarly as a fusion to the AgaZp cell surface mating factor, which
i3 covalently bound to the Agalp mating factor via disulfide bonds {e.g., see FIG. 1)
Expression of a fusion construct comprising Aga2p on the surface of yeast. AgaZp is an
adhcsin protein that is involved in agghminin interaction mediated by Agalp-Agalp
complexes and Sagip (Huang e af, 2009), and AgaZp may be used for extracelular

cxpression of a fusion protein m veast {e.g, Kim ef ¢/, 2010; Boder and Wittrup, 1997). The
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Aga2p approach for expression of fusion proteins on the surface of yeast may be used for

expression of a wide variety of proteins (Gai et al., 2007).

[0086] In other embodiments, an amino acid sequence, such as a cleaved or uncleaved
substrate, may be displayed on the cell surface of a cell, such as a yeast using a

glycosylphosphatidylinositol (GPI) anchor attachment signal sequence.

[0087] A mammalian mannosetypeMan5GlcNAc2 N-linked glycans may also be used
to display a substrate. For example, a glycoengineered Pichia pastoris host strain that is
genetically modified to secrete glycoproteins may be particularly useful for displaying a
glycoprotein via this method as described, e.g., in Lin et al. (2011). This surface display
method may use a linker (e.g., a pair of coiled-coil peptides) while using a GPI-anchored cell
surface protein as an anchoring domain, such as, e.g., the Saccharomyces cerevisiae Sedlp

GPI-anchored cell surface protein.

[0088] A self-assembled amyloid-like oligomeric-cohesin scaffoldin may be used for
protein display on a yeast, such as, e.g., Saccharomyces cerevisiae. For example, the
cellulosomal scaffolding protein cohesin and its upstream hydrophilic domain (HD) may be
genetically fused with the yeast Ure2p N-terminal fibrillogenic domain consisting of residues
1 to 80 (Ure2p1-80). The resulting Ure2p1-80-HD-cohesin fusion protein may be expressed
in Escherichia coli to produce self-assembled supramolecular nanofibrils that can serve as a
protein scaffold. The excess cohesin units on the nanofibrils provide ample sites for binding
to dockerin fusion protein, such as a dockerin-substrate fusion protein. Self-assembled
supramolecular cohesin nanofibrils created by fusion with the yeast Ure2p fibrillogenic
domain can provide a protein scaffold that can be effectively used for yeast cell surface

display. Related methods are described in additional detail in Han et al. (2012).

[0089] In some embodiments, the construct may comprise an Aga2p sequence. The
Aga2p yeast display system (Boder and Wittrup, 1997) has been previously characterized and
may be used in various aspects of the present invention. Non-limiting examples of proteins
that may be used as cell-surface proteins are described in Chen et al. (2011); Lee et al.
(2011); Lin et al. (2012); Han et al. (2012); Gai et al. (2007); and article in press as: Gera et
al. (2012).

CA 2877346 2019-04-17
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Yectors

{8898} The term “vector”™ 18 used to refer 1o a carner nucleic acid molecule nto which
a nucleic acid sequence can be inserted for introduction into a cell where it can be replicated.
A muocleic acid sequence can be “exogenous,” which means that it is foreign to the cell into
which the vector is being introduced or that the sequence is homologous (o a sequence in the
cell but in a position within the host cell nucleic acid in which the sequence is ordinarily not
found. Vectors melude plasmids, cosmids, viruses {bacteriophage, animal viroses, and plant
viruses), and artificial chromosomes {e.g, YACs). One of skill in the art would be well
equipped to construct a vactor through standard recombinant techniques. In certain preferred
embodiments, the vector can express a mucleic acid sequence in a eukaryotic cell, such as,

e.g., a yeast cell

{8891] The term “expression vector” refers to any type of gemetic construct
comprising a sucleic acid coding for a RNA capable of being transcribed. In some cases,
RNA mwolecuies are then translated into a protein, polypeptide, or peptide. In other cases,
these sequences are not franslated, for example, in the production of antisense molecules or
ribozymes. Expression vectors can contain a variety of “control sequences,” which refer to
nucleic acid sequences necessary for the transcription and possibly translation of an operably
tinked coding sequence in a particular host cell. In addition to control sequences that govern
ranscription and translation, vectors and expression vectors may contain nuclete acid

sequences that serve other functions as well, such as those described herein

{8092] An expression vector may coroprise, for example, one or two or more
promoters, enhancers, iniliation signals, internal ribosome hinding sites, multiple cloning site
{(MCS), RNA splicing sites, torminstion signals, polvadenviation signals, ovigins of

rephication (often termed “ori™), or selectable or screenable markers.

v, EXPRESSION IN EUKARYOTIC CELLS

{3893} In certain aspects of the present invention, a protease and protease substrate
may be expressed in cukaryotic cells. Cells that may be used with the present mvention
include, e.g., yveast, mammalian cells, insect cells, stem cells, human cells, primate cells,
indoced pluripotent stem cells, cancerous cells, and embryonic cell Tnes {e.g., HEK 263 cells,

erc.), In certain proferred examples, veast cells are used. It is anticipated that, in varioos
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embodiments, virtually any cell that contains an endoplasmic reticulum (ER) may be used to

selectively target a protease and a substrate io the ER of the cell

{8894} Using cukaryotic cclls, such as yeast, can offer significant advantages over
using bacteria. Building upon previous experience with £, coli-based protease engineering
systems (Varadarajan ef of., 2008} as well as yeast surface expression (Boder and Wittrup,
1967}, the YESS appmmh uses ecokarvotic cells and thes can offer several potential
advantages for protease engincering. For example, the cukaryotic expression machinery in
yeast can be more compatible with mammalian proteases, especially human proteases, as

compared with bacteria, such as . coli.

{3495} In some cmbodiments, yeast cells arc used for sclection of a protease. Yeast
cells may in some embodiments be advantageounsly used since, eg., they are capable of
dividing quickly and arc relatively robust and aliow for a reasonably simple culture. Ycast
cell Hines that may be used with the present tnvention foclude, eg, G515 cells, INVSel
cells, KM71H cells, SMIDTI6E cells, SMD1T168H cells, and X-33 cells. 1t is anticipated that
virtually any strain of yeast may be usced with the present invention. In some embodiments
the yeast may be, e.g., Saccharomyces cerevisiae or Pichia pastoris. The yeast may be an
Ascoraycota, such as a  Saccharomycotiva (reforred to as “true veasts”), or a

Taphrinomycotina, such as Schizosaccharomycetales (the “fission yeasts™ ).

{8896} Various inscct coll bines may be used with the present invention. For example,
insect cells that may be used with the present invention include, e.g., Drosophila cells, 519
cells, and 521 cells.

{8697] Mammalian cell banes that may be osed with the present invention include,
eg., HEK 293 cells, CHO cells, 373 cells, BHK cells, CV1 cells, Turkat cells, and HeL

cells, In some embodiments, a human cell line may be used.

V. CELL SORTING

{3898} Cells may be sorted based on the presence of one or more sequences on the
surface of the cell. For example, cells may be sorted using fluorcscence-activated cell sorting

(FACS) or magnetic-activated cell sorting (MACS),

{8099] Subsequent to cell sorting, the specific protease produced by a veast may be

determined by genotyping nucleic acids from a colony of the yeast. A varicty of known
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methods may be used for nuclectide sequencing. Virtually any sequencing method, such as,
for example, traditional methods of sequencing or next-generation sequencing mcthods, may
be used to determine one or more of the proteases expressed in a cell. [n some embodiments,
the nucleotide sequencing can be determined, e.z., by pyrosequencing or by chain termination

sequencing.

Macenctic-Activated Ccll Serting (MACS)

{84166} Cells that selectively oxpress a particular target sequence on the
surface of the colls (eg., due to expression of a protease that selectively cleaves a target
subsirate) may be isolated from other cells using a maguoetic-activated cell sorter (MACS).
MACS typically utilizes an antibody (e.g., an antibody that selectively binds an epitope tag
sequence located within an expressed protein or peptidel, in combination with magoctic
beads to separate cells over a column, MACS may, In certain embodiments, be relatively
gentle on cells and favorably affect cell viability and integrity of certain mammalian cell lines

as compared to FACS,

{86101} Vartous MACS products are commercially available, inclading MACS
MicroBeads ™ columns or AutoMACS™ (Milienyi Biotee, CA, USA), and may be used
according fo the manufacturer’s instructions. PBS/0.5% BSA (without EDTA} may vsed as
the buffer for cell isolation. In some experiments, a Dead Cell Removal Kit (Miltenyi
Biotec) may be used to remove dead cells prior to isolation of cells that express a cleaved

target scquence. Repeated MACS colurans may be used if necossary.

Fluorescence-Activated Cell Serting (FALS)

{86162} Fluorcscence-activated cell sorting (FACS) may also be used to
separate cclls that express a particelar target sequence, e.g., that has been cleaved by a
protease.  FACS utilizes the degree of fluorescence exhibited by a cell to separate cells. In
certain embodiments, one, two, o more anti-epitope tag sntibodies comprising different
flucrescent labels may be used to separate or purify a cell, such as a yeast cell, that expresses
a cleaved or uncleaved substrate on the surface of the coll {indicating the prescnce of a

wrotease with a particular specificiiy, activity, or potency).
o 7 k o

{681 03] In some embodiments, FACS screening or other automsted flow
cytometric techniques may be used for the efficient isolation of a cukaryotic cell {e.g., a yeast

cell) comprising a protease that exhibils a desired specificity, potency, or efficiency.
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Instriments for carrying out flow cytometry are known to those of skill in the art and are
commercially available to the public. Examples of such instraments inelude FACStar’™ Phus,
FACScan' ", and FACSort’” instruments from Becton Dickinson (Foster City, CA), Epics C
from Coulter Epics Division {(Hialeah, FA), and MOFLO™ from Cytomation (Colorado

Springs, COL.

{68104] FACS may be used for sorting of cells. In various embodiments, the
presence or absence of 1, 2, or more antibodies, which recognize 1, 2, or more epitope tags on
the surtace of a cell, reflects the activity of a protcase. For example, the absence of a signal
may indicate undesired activity of 4 protease, no activity of a protease, or desired activity of a
protease. FACS may also be used to separate cells that have been transformed with a desired
construct from cells that do not contain or have not been transformed with a desired

construct.

{66105] Flow cytometric techniques in general tnvolve the separation of cells
ot other particles in a Bguid sample. Typically, the purpose of flow cytometry 18 to analyze
the separated particles for one or more characteristics, such as, ez, presence of a labeled
tigand or other molecule. FACS generally involves the direction of a fluid sample through an
apparatus such that a Hguid stream passes through a sensing region. The particles should pass
one at a time by the sensor and are categorized base on size, refraction, light scattering,

opacity, roughacss, shape, fluorescence, efc.

[8416¢] Rapid gquoantitative analysis of cells proves gseful in biomedical
rescarch and medicine. Apparatuses pormit quantitative multiparameter analysis of cellular
properties at rates of several thousand cells per second. These instrurnents provide the ability
1o differentiate among cell types. Data are often displayed in one-dimensional (histogram) or
two-dimensional {contour plot, seatter plot) frequency distributions of measured variables.
The partitioning of multiparameter data files involves consecutive use of interactive one- or

two-dimensional graphics programs.

186167 Quantitative analysis of multiparameter flow cytometric data for vapid
cell detection consists of two stages: cell elass chavacterization and sample processing, In
general, the process of cell class characterization partitions the cell feature into cells of
interest and not of interest. Then, in sample procossing, cach cell s classified in onc of the

two categories according to the region in which it falls.
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[00108] FACS is described further, e.g, in U.S. Patent Nos. 3,826,364,
4,284,412; 4,989,977, 4,498,766, 5,478,722; 4,857,451; 4,774,189, 4,767,206; 4,714,682;
5,160,974; and 4,661,913.

[60109] In some embodiments, flow cytometry can be used repeatedly during
multiple rounds of screening that are carried out sequentially. Cells may be isolated from an
initial round of sorting and immediately reintroduced into the flow cytometer and screened
again to improve the stringency of the screen. In some embodiments, non-viable cells can be
advantageously recovered or separated using flow cytometry. Since flow cytometry
generally involves a particle sorting technology, the ability of a cell to grow or propagate is
not necessary in various embodiments of the present invention. Techniques for the recovery
of nucleic acids from such non-viable cells are well known in the art and may include, for

example, use of template-dependent amplification techniques, including PCR.

Bioreactors and Robotic Automation

[00110] One or more steps for the culture or separation of cells may be
automated. Automating a process using robotic or other automation can allow for more
efficient and economical methods for the production, culture, and differentiation of cells. For
example, robotic automation may be utilized in conjunction with one or more of the culture
of stem cells, passaging, addition of media, and separation of cell type, e.g., using MACS or

FACS.

[00111] A bioreactor may also be used in conjunction with the present
invention to culture or maintain cells. Bioreactors provide the advantage of allowing for the
“scaling up” of a process in order to produce an increased amount of cells. Various
bioreactors may be used with the present invention, including batch bioreactors, fed batch
bioreactors, continuous bioreactors (e.g., a continuous stirred-tank reactor model), and/or a

chemostat.

V. PHARMACEUTICAL PREPARATIONS

[00112] In select embodiments, it is contemplated that a protease of the present
invention may be comprised in a pharmaceutical composition and administered to a subject to
treat a disease. The protease may, in some embodiments, be a modified or mutated rTPA

protease.
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[00113] The phrases "pharmaceutical,” “pharmaceutically acceptable,” or
“pharmacologically acceptable" refers to molecular entities and compositions that do not
produce an adverse, allergic, or other untoward reaction when administered to an animal,
such as, for example, a human, as appropriate. As used herein, "pharmaceutically acceptable
carrier” includes any and all solvents, dispersion media, coatings, surfactants, antioxidants,
preservatives (e.g., antibacterial agents, antifungal agents), isotonic agents, absorption
delaying agents, salts, preservatives, drugs, drug stabilizers, gels, binders, excipients,
disintegration agents, lubricants, sweetening agents, flavoring agents, dyes, such like
materials and combinations thereof, as would be known to one of ordinary skill in the art
(see, for example, Remington: The Science and Practice of Pharmacy, 21st edition,
Pharmaceutical Press, 2011). Except insofar as any conventional carrier is incompatible with

the active ingredient, its use in the compositions of the present invention is contemplated.

[00114] A person having ordinary skill in the medical arts will appreciate that
the actual dosage amount of a pharmaceutical composition comprising a protease
administered to an animal or human patient can be determined by physical and physiological
factors, such as body weight, severity of condition, the type of disease being treated, previous
or concurrent therapeutic interventions, idiopathy of the patient, and on the route of
administration. The practitioner responsible for administration will, in any event, determine
the concentration of active ingredient(s) in a composition and appropriate dose(s) for the

individual subject.

[00115] A pharmaceutical composition of the present invention may comprise
different types of carriers depending on whether it is to be administered in solid, liquid, or
aerosol form, and whether it needs to be sterile for such routes of administration as injection.
A pharmaceutical composition disclosed herein can be administered intravenously,
intradermally, intraarterially, intraperitoneally, intralesionally, intracranially, intraarticularly,
intraprostaticaly, intrapleurally, intratracheally, intranasally, intravitreally, intravaginally,
intrarectally, topically, intratumorally, intramuscularly, intraperitoneally, subcutaneously,
subconjunctivally, intravesicularlly, mucosally, intrapericardially, intraumbilically,
intraocularly, orally, topically, locally, and by inhalation, injection, infusion, continuous
infusion, lavage, and localized perfusion. A pharmaceutical composition may also be

administered to a subject via a catheter, in cremes, in lipid compositions, by ballistic
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particulate delivery, or by other method or any combination of the forgoing as would be
known to one of ordinary skill in the art (see, for example, Remington: The Science and

Practice of Pharmacy, 21% Ed. Lippincott Williams and Wilkins, 2005).

[00116] While any suitable carrier known to those of ordinary skill in the art
may be employed in the pharmaceutical compositions of this invention, the type of carrier
will vary depending on the mode of administration. For parenteral administration, such as
subcutaneous injection, the carrier preferably comprises water, saline, alcohol, a fat, a wax, or
a buffer. For oral administration, any of the above carriers or a solid carrier, such as
mannitol, lactose, starch, magnesium stearate, sodium saccharine, talcum, cellulose, glucose,
sucrose, and magnesium carbonate, may be employed. Biodegradable microspheres (e.g.,
polylactic galactide) may also be employed as carriers for the pharmaceutical compositions of
this invention. Suitable biodegradable microspheres are disclosed, for example, in U.S.

Patents 4,897,268 and 5,075,109,

[00117] In some embodiments, a pharmaceutical composition may comprise,
e.g., a lipid microsphere, a lipid nanoparticle, an ethosome, a liposome, a niosome, a
phospholipid, a sphingosome, a surfactant, a transferosome, an emulsion, or a combination
thereof. The formation and use of liposomes and other lipid nano- and microcarrier
formulations is generally known to those of ordinary skill in the art, and the use of liposomes,
microparticles, nanocapsules, and the like have gained widespread use in delivery of
therapeutics (e.g., U.S. Patent 5,741,516). Numerous methods of liposome and liposome-like
preparations as potential drug carriers, including encapsulation of peptides, have been

reviewed (U.S. Patents 5,567,434; 5,552,157; 5,565,213, 5,738,868; and 5,795,587).

[00118] A protease may, in certain instances, be formulated into a composition
in a neutral or salt form. Pharmaceutically acceptable salts include the acid addition salts
(formed with the free amino groups of the protein), which are formed with inorganic acids,
such as, for example, hydrochloric or phosphoric acids, or such organic acids as acetic,
oxalic, tartaric, mandelic, and the like. Salts formed with the free carboxyl groups can also

be derived from inorganic bases, such as, for example, sodium, potassium, ammonium,
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calcium, or ferric hydroxides, and such organic bases as isopropylamine, trimethylamine,

histidine, procaing, and the like.

{88119] In any case, the composition may comprise various antioxidants io
rotard oxidation of one or more compounerd, Additionally, the prevention of the action of
5  microorganists can be brought about by preservatives, such as various antibacterial and

anttfungal  agents, mcluding but not bimted to parabens (eg., methylparabens,

propylparabens), chlorobutanol, phenol, sorbic acid, thimerosal, or combinations thereot.

{60128] Sterile injectable sohutions may be prepared by incorporating the active

proteases in the required smount in the appropriate solvent with various amounts of the other

10 ingredients cmumevated above, as required, ufilizing filtered sterilization.  (Generally,
dispersions may be prepared by incorporating the various stertlized active ingredients into a
sterile vehicle that contains the basic dispersion medium and/or the other ingredicats. In the

case of stertie powders for the preparation of sterile injectable solutions, suspensions, or
emulsion, the preforred methods of preparation are vacumm-drying or freere-drying

15 technigues, which yield a powder of the active mgredient plus any additional desired
ingredient from a previously sterile-filtered liquid medinm thereof  The liguid medium
should be suitably buffered #f necessary and the liguid diluent first rendered isotonic prior
imection with sufficient saline or ghicose.  The preparation of highly concentrated
compositions for direct injection is also coniemplated, where the use of DMSQO ag solvent is

20 envisioned fo result in extremely rapid peunetration, delivering high concentrations of the

active agents to a small arca.

{66121} The composition must be stable under the conditions of manufacture
and storage, and preserved against the contaminating action of microorganisms, such as
bacteria and fungi. It will be appreciated that endotoxin contemination should be kept

25  minimally at g safe level, for example, less than 0.5 ng/mg protein.

61221 In pearticular embodiments, prolonged absorption of an injectable
composition can be brought about by the use in the compositions of agents delaying

absorption, such as, for example, alurnimum monostearate, gelatin, or combinations thereof
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VII. MODIFIED PROTEASES

[00123] Some embodiments concern modified proteins and polypeptides,
particularly a modified protein or polypeptide that exhibits at least one functional activity that
is comparable to the unmodified version, yet the modified protein or polypeptide possesses an
additional advantage over the unmodified version, such as altering protease specificity,
potency, or efficiency, decreasing degradation in the body, reduced antigenicity, easier or
cheaper to produce, eliciting fewer side effects, and/or having better or longer efficacy or
bioavailability. Thus, when the present application refers to the function or activity of
“modified protein” or a “modified polypeptide” one of ordinary skill in the art would
understand that this includes, for example, a protein or polypeptide that 1) performs at least
one of the same activities or has at least one of the same specificities as the unmodified
protein or polypeptide, but that may have a different level of another activity or specificity;
and 2) possesses an additional advantage over the unmodified protein or polypeptide.
Determination of activity may be achieved using assays familiar to those of skill in the art,
particularly with respect to the protein’s activity, and may include for comparison purposes,
for example, the use of native and/or recombinant versions of either the modified or
unmodified protein or polypeptide. It is specifically contemplated that embodiments
concerning a “modified protein” may be implemented with respect to a “modified
polypeptide,” and vice versa. In addition to the modified proteins and polypeptides discussed
herein, embodiments may involve domains, polypeptides, and proteins described in WO

2008/137475.

[00124] Aspects of the present invention relate to one or more of the below
modified proteases, e.g., a TEV protease as shown Table 2, Table 3, Table 4, and/or Table 5.
These modified proteases are further discussed in the examples below. In some
embodiments, a modified TEV protease may comprise one or more of the mutations listed

below.

Table 2: Engineered TEV-P variants obtained after sorting the S1 pocket library

Number Variant T146 D148 H167 $170 Other mutations
(P1)

TEV-PE1 E T K H S

TEV-PH1 H A A H S V228A

CA 2877346 2019-04-17
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TEV-PLL L C A Y T T173N
TEV-PNL N A ) H T
TEV-PPL P T D Y L G213C
TEV-PT1 T v R Q A T1134, T173A

Table 3: Evolved TEV-P variands obtained aticr the cell sorting of the 81 pocket Bbrary and

the ervor-prone PCR fibraries

MNumber Variant Ti46 D148 Hig? §170 Other mutations
{Pi
TEV-PEL £ ¥ K H )
TEV-PEZ E T P H R
TEV-PE3 E T R H )
TEV-PE4 E T R H A T224, L56W, F172L,
T1734, Q1978
TEV-PES E T R H A V1254, TA734, N174H
TEV-PEG £ T R H A K6ER, T1734, N177K,
F186L, M218]
TEV-PE7 E T R H A P92, R108H, MI121L,
$122P, T173A, N177K
TEV-PES E T R H 5 N171S
TEV-PES E T R H S N177K
TEV-PELC E f H ) S120R, T173A, N177K,
M218i
TEV-PELL £ A P H A T1734, N177K
TEV-PEL2 E A P H A T173A, NI77¥, V188D
TEV-PELS E A 2 H A TA734, N177K, Q196R
TEV-PEL4 E A p H A K&5E, TI73A, N177K,
F179L
TEV-PE1S £ A P H A Ni2D, 1163V, T1734,
N177K, M218}
TEV-PEIS £ A P H A MI241, T1734, N177K,
K184R, F2215
TEV-PELT E A P H A C110R, R159G, Ti734,
NI77K, N192D, E223G
TEV-PHL H A A H ) V228A
TEV-PH2 H A A H T
TEY-PH3 H A A H T R2030
TEV-PH4 H A S H T
TEV-PHS H A P H A
TEV-PHE H A P H A E106G, T173A
TEV-PH7 H A p H A Ti73A, M218I
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TEV-PHS H A P H 5
TEV-FHY H A p H 3 K89R, T173A
TEV-PH10 H A p H S Q96R
TEV-PHI1 H A p H T
TEV-PH12 H C P H T
TEV-PH13 H ¢ o) H g N171D
TEV-PH14 H v A H S
TEV-PH15 H y p H A N1715
TEV-PH16 H v P H S T1288, D136G
TEV-PH17 H v P H 5 D136G
TEV-PH18 H v p H T K147T
TEV-PH18 H y R H S
TEV-PH20 H A p H A T1734
TEV-PH21 H A p H A T174, $153C, S168T,
T173A
TEV-PH22 H A p H A ¥11F, C110R, 1144T,
T173A, F1861, M218I
TEV-PLL L C A vV T T173N
TEV-PL2 L C A v T T173N, N1925
TEV-PL3 L c P v T T17A, T173N, K184R
TEV-PL4 L R v T T70M, T173N
TEV-PLS L o] R v T Q58K, KO9E, T173N
TEV-PN1 N A S H T
TEV-PN2 N v £ H T QI04R, T173A
TEV-FN3 N y P H 5 D136G
TEV-PN4 N v p H S P39H, D136G
TEV-PN5 N v p H A N171%
TEV-PNG N v R H 5
TEV-PP1 p T D y L G213C
TEV-PT1 T y R Q A T113A, TA73A

Variants TEV-PE4 ¢ TEV-PE17, and TEV-PH20 to TEV-PH21 were obtained from the

error-prone PCR Bbraries.

Table 4; Engineered TEV-P variants obtained after sorting the ervor-prone lbraries

Mumber Variant Ti46 D148 Hig? $17¢ Gther mutations
{#1}
, S120R, T173A, NI77K,
TEV-PELD £ T R H S M7 18]
) T17A, S153C, 51687,
TEV-PH21 H A p H A T173A

w
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ISTCA 19814 WELTL “Lyp il MO0 LA Y H d Y H CTHA-AAL
VELIL L8918 "DESIS VAL Y H d Yy H TTHA-AAL
VELIL Y H d A H O7HA-AHL
DCTTH Q6N MLLIN VELIL 0681 N0 1D A4 H d % g LiAd-AdL
STZTd Y81 “SMLLIN VELLL TPUIW Y H d A4 a 9THd-AHL
ETTA LN T YELLL ALY "QTIN ¥ H d v q CIHd AL
T6L1d HLLIN TVELTL THS9Y v H d Y q PIAd-AAL
9610 WLLIN VELTL Y H d 4 g CIAd-AHL
Q66TA THLLINVELIL v H d Y q T1Ad-AFL
MLLINVELLL Y H d v | HAd-ATL
EQTTIN "HLLTNWELTL "M0TTS g H e L q OIHd-ATL
SMLLIN S H | L g 6Ad-AHL

SILIN S H i1 L q 8Hd-AML

SLLTNYELTE "dTTIS TIZI THRO T "1Z6d Y H o L q LAd-AHL
ISETIA 1991 "SLLIN YELIL ST Y H 34 L q 99d-AAL
HPLIN VELIL WETIA Y H d L g CHA-AHL

MLOTO VELIL 10414 "AAYS T YTTL Y H 4 L g pAd-AAL

{(1d)
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{668125] Madified proteins may possess deletions and/or substitutions of amino
acids; thus, a protein with a deletion, a protein with a substiiution, and a protein with a
deletion and a substitution arc modified proteins. In some embodiments these modified
proteins may further include fnsertions or added amino acids, such as with fusion proteins or
proteins with linkers, for example. A “modified deleted protein”™ lacks one or more residaes
of the native protein, but posscsses the specificity and/or activity of the native protein. A
“modified deleted protein” may also have reduced tnwmogenicity or antigenicity.  An
example of a modified deleted protein is one that has an amino acid residue deleted from at
lcast one antigenic region, that is, a rogion of the protein determined to be antigenic in a
particular organism, such as the type of organism that may be administered the modified

protein.

{86126} Substirutional ot replacerent variants typically comtain the exchange
of one amino acid for another at onc or more sites within the protein and may be designed to
modelate one or more propertics of the polypeptide, particularly its effector functions and/or
bicavailability. Substitutions may or may not be conscrvative, that is, one amine acid is
replaced with one of similar shape and charge. Conservative substitutions are well known in
the art and inchwde, for example, the changes oft alanine to serine; arginine to lysine;
asparagine to glutaming or histidine; aspartate to ghitamate; cysteine to sering; glutamine fo
asparaging; glutamate 10 aspartate; glycine to proline; histiding to asparagine or ghitaming;
isofeucing to leucine or valine; leucine to valine or iseleucine; lysine to argining; methionine
to leucine or iscleucine; phenylalanine o tyrosine, leucine or methionine; serine to threoning;
threonine fo serine; tryptophan to tyrosine; tyrosine fo fryptophan or phenyialanine; and

valine 1o isoleucine or leucing.

168127 Tn addition to a deletion or substitution, 2 wodified protein may
possess an insertion of residues, which typically involves the addition of at least one residue
in the polypeptide. This may inchude the insertion of a targeting peptide or polypeptide or

simply a single residuc. Terminal additions, called fusion proteins, are discussed below,

{88128} The term “bicslogically functional equivalent” is well understood in the
art and 15 further defined n detail herein.  Accordingly, sequences that have between about
70% and shout 8G%, or between about 81% and about 90%, or even between about 919 and

about 99% of amino acids that are identical or functionally equivalent to the amine acids of a



CA 02877346 2014-12-18

WO 2014/004540 PCT/US2013/047663
45

native palypeptide are included, provided the biclogical activity of the protein is maintained.

A modified protein may be biologically functionally equivalent to its native counterpart.

{B36129] It also will be understood that amino acid and nucleie acid sequences

may include additional residues, such as additional NV- or C-ternuinal amino acids or §' ot 3

5  sequences, and vet still be essentially as set forth in one of the sequences disclosed herein, so
Iong as the sequence meets the criteria set forth above, including the maintenance of
biological protein activity where protein expression is concerned. The addition of terminal
scquences particularly applies fo nucleic acid sequences that may, for example, include
various non-coding sequences flanking either of the 57 or 3' portions of the coding region or

10 may include various internal sequences, 7. e, introns, which are known to occur within genes.
o 2 2 5

{86134} The following is a discussion based gpon changing of the amino acids
of a protein to create an cquivalent, or cven an improved, second-gencration molecule. For
example, cortain amino acids may be substituted for other amino acids i a protein stuchure
with or without appreciable loss of interactive binding or enzymatic capacity with structues,

15 such as, for example, binding sites to substraic molecules. Swmee it is the inferactive capacity
and nature of a protein that defines that protein’s biological functional activity, certain amino
acid substitutions can be made in a protein sequence and in is undedying DNA coding
sequence, and nevertheless produce a protemn with like properties. 1t is thus contemplated by
the inventors that various changes may be made in the DNA sequonces of genes without

20 approciable foss of their biological utility or activity, as discussed below. A proteinaceous
molecule has “homology” or is considered “homologous™ 10 a second proteinaceous molecule
if one of the following “homology critcria” is met: 1} at least 30% of the proteinaceous
molecule has sequence identity at the same positions with the second proteinaceous molecule;

2) there is some sequence identity at the same positions with the sccond proteimaceous

]
wn

molecule and at the nonidentical residues, at least 30% of them are ¢onservative differences,
as described herein, with respect to the second proteinaceous molecule; or 3 at least 30% of
the proteinaceous molecule has sequence identity with the sccond proteinaceous molecule,
but with possible gaps of nonidentical residucs between identical residues. As used herein,
the term “homologous” way equally apply to a region of a proteinaceous molecule, wstead of
30 the entive molecule. If the term “homology” or “homwologous” is qualified by a number, for
example, “50% homology”™ or “30% homologous,” then the homology eriteria, with respect

10 13, 23, and 3), 15 adjusted from “at least 30%” to “af least 50%.” Thus it 1s contemplated

[oy N
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that there may be homology of at least 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%,
75%, 80%, 85%, 90%, 95%, or more between two proteinaceous molecules or portions of

proteinaceous molecules.

[00131] Alternatively, a modified polypeptide may be characterized as having a
certain percentage of identity to an unmodified polypeptide or to any polypeptide sequence
disclosed herein, including an engineered or modified protease, such as a TEV protease. The
percentage identity may be at most or at least 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%,
90%, 95%, 96%, 97%, 98%, 99%, 99.5%, 99.9%, or 100% (or any range derivable therein)
between two proteinaceous molecules or portions of proteinaceous molecules. For example,
a modified protease may have from 85% to 99.5% homology as compared to the wild-type
protease. Generally, a modified polypeptide or modified protease will have at least one
mutation, substitution mutation, addition, or deletion, as compared to the wild-type
polypeptide or protease such that the amino acid sequences of the modified polypeptide or
protease are not identical to the wild-type polypeptide or protease. It is contemplated that the
percentage of identity discussed above may relate to a particular region of a polypeptide
compared to an unmodified region of a polypeptide. In some embodiments, a modified
protease or a modified protein kinase may comprise 1, 2, 3, 4, 5, 6, 7, 8,9, 10, 11, 12, 13, 14,
15, 16,17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 or more mutations, substitution
mutations, additions, or deletions as compared to the native or wild-type protease or kinase,
respectively, but otherwise share complete amino acid sequence identity with the protease or

kinase.

[00132] In making such changes, the hydropathic index of amino acids may be
considered. The importance of the hydropathic amino acid index in conferring interactive
biologic function on a protein is generally understood in the art (Kyte and Doolittle, 1982). It
is accepted that the relative hydropathic character of the amino acid contributes to the
secondary structure of the resultant protein, which in turn defines the interaction of the
protein with other molecules, for example, enzymes, substrates, receptors, DNA, antibodies,

antigens, and the like.

[00133] It also is understood in the art that the substitution of like amino acids
can be made effectively on the basis of hydrophilicity. U.S. Patent 4,554,101, states that the
greatest local average hydrophilicity of a protein, as governed by the hydrophilicity of its

adjacent amino acids, correlates with a biological

CA 2877346 2019-04-17
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property of the protein.  As detailed in US. Patent 4,554,101, the following hydrophilicity
values have been assigned to amino acid residues: arginine {+3.0); lysine (+3.0); aspartats
(+3.0 £ 1); glutamate (+3.0 £ 1); serine (+0.3); asparagine (+0.2); glutamine (+0.2); glycine

(0); threonine (-0.4); proline (-0.5 & 1); alanine {(-0.5); hisndine (-0.5); cysteine {-1.0};

<N

methionineg (-1.3); vabine (-1.5); leucine (-1.B); isoleucine (-1.8); tyrosine (-2.3);

s N

phenylalanine (-2.5); tryptophan {-3.4).

{06134] it is understood that an amino acid can be substituted for another
having a similar hydrophilicity value and still produce a biologically cquivalent and
mmmunologically equivalent protein.  In such changes, the substitution of ammo acids whose
hydrophilicity values are within 42 is preferred, those that arc within ! are particularly

preferred, and those within £0.8 are even more particolarly preferred.

{868135] As outlined above, amino acid substitutions generally are based on the
relative similarity of the amino acid side-chain substitucnts, for cxample, their
hydrophobicity, hydrophilicity, charge, sive, and the like. Exemplary substitutions that take
into consideration the various foregoing characteristics are well known to those of skill in the
art and include: arginine and lysine; glutamate and aspartate; serine and threonine; glutamine

and asparaging; and valine, leucine, and isoleucine.

Fusion and Conjuvated Proteing

{36136} A specialized kind of insertional variant 15 the fusion protein.  This
molecule generally has all or a substantial portion of the native molecule, linked at the N- or

{-ternuinus, to all or & portion of a second polypeptide.

{08137] Embodiments also concern conjugated polypeptides, such as translated
proteins, polypeptides, and peptides that are linked to at Icast one agent to form 2 modified
protein or polypeptide.  In order to increase the efficacy of molecules as diagnostic or
therapewtic agents, it is conventional to link or covalently bind or complex at least one
desired molecule or moiety. Such a molecule or moisty may be, but 18 not limited to, at least
oune effector or reporter molecule.  Effector molecules comprise molecules having a desired
activity, e.g., cytotoxic activity, Non-limiting examples of effector molecules that have been
attached to antibodies include toxins, anti-tumor agents, therapeutic enzymes, radio-labeled
nucleotides, antiviral agents, chelating agents, cytokines, growth factors, and oligo- or poly-

nucleotides. By contrast, a reporter molecule 1s defined as any moiety that may be detected
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using an assay. Non-limiting examples of reporter molecoles that have been conjugated to
antibodies inchude ¢nzymes, radiolabels, hsptens, fluorescent labels, phosphorescent
molecules, chemilominescert  molecules, chromophores, luminescent molecules,

photoaffinity melecules, colorved particles, or higands, such as biotin,

{06138} Certain examples of antibody conjugates are those conjugates in which
the antibody s linked to a detectable label. “Detectable labels” are compounds and/or
clements that can be detected due to their specific functional properties, and/or chemical
characteristics, the use of which allows the antibody to which they are attached to be
detected, and/or further quantified if desired.  Another such example is the formation of a
conjugate comprising an antibody linked to a cytotoxic or anti-cellular agent, and may be

termed “immunoioxins.”

{68139] Amino acids, such as selectively-cleavable linkers, synthetic linkers, or

other amine acid sequences, may be used to separate proteinaceous moeicties.

Vill. EXAMPLES

{68148] The following examples are mcluded to  demonstrate preferred
embodiments of the fnvention. It should be appreciated by those of skill in the ant that the
tochoiques disclosed in the examples which follow represent techniques discovered by the
inventor to function well in the practice of the invention, and thus can be considered to
constitute preferred modes for its practice. However, those of skill in the art should, in light
of the present disclosure, appreciate that many changes can be made in the specific
embodiments which are disclosed and still obtain a hike or sinvlar result without departing

from the spirit and scope of the invention,
EXAMPLE 1
Materialy and Methods

{66141} Construction and fransformation of veast vectors for lbrary

sorting, The pESD plasmid was constructed based on the pCTCon2 {generously contributed

by Dr. Dane K. Wittrap at MIT) and the pESC-TRP vectors {(Agilent Technologies, Santa
Clara CA; generously contributed by Dr. Edward W. Marcotte at UT Austin} (FIG. 6). The
GAL /10 bidirectional promoter in the pCTCon2 plasmid was replaced by the dual GALI-

GALIO promoter that tfranscribes in both directions, establishing a co-expressing systen
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The strength ratio of the GALLI:GALID in this bi-directional promoter is around 0.8:1.0 based
on the company manual, The TEV-P substrate library was mserted dowunstream of the
GALIO promoter in the pESD veetor. Under the control of the GALI0 promoter and after
the Aga2 gene used for veast surface display, a five-part cassctic was cloned consisting of (1)
the native substrate of TEV-P, ENLYFQS (SEQ 1D NC:18); (2) 2 FLAG tag, DYKDDDDEK
(SEQ ID NO:22); (3) the designed peptide substrate fibrary, ENLYFXS (X can be any
residue) (SEQ 1D NOWZ3Y (4) a oxHis tag; and {5} the ER retention signal peptide, FEHDEL
(SEQ ID NG:4). Under the control of the GALT promoter, the TEV-P 31 pocket hbrary (see
below) was cloned by homologous recombination along with a designed N-terminal ER
targeting signal peptide (QLLRCFSIFSVIASVLA, SEQ 1D NO:25) and with or without a C-
terminal BER retenton signal peptide.  EBY 100 cclls (URAY, len-, tip-, Succharomyces
cerevisiaey were transformed with pESD (TRP+) vector by electroporation using the protocol

previously described (Benatuil er af |, 2010).

[06142] Construction of TEV-P P1 packet library and erver-prone library.

A saturation mutagenesis library of TEV-P, termed the 81 pocket library, was consiructed
using a previously described method (Varadarajan ef o/, 20009b). Four residues i the 31
substrate-binding pocket—T146, D148, HI67, and S170--were chosen for mutagenesis
based on the known structure of TEV-P (Phan ef of., 2002). Bricfly, for the construction of
the §1 pocket library of TEV-P, PAGE-purified primers (Primers 1-Primaer 8, Table 63, which
contained a randomired NNS codon (N = A, T, G, or C; 5 = G or €} in place of the wild-type
codon at these four positions, were used to amplify the TEV-P gene by splicing overlap
extension PCR (Kim er @/, 2000). The PCR product was digested with Kpul and Pstl, gel
purified, and hgated mto simalarly digested vector pTreS9A-MBP, The higation product was
used to electroporate electrocompetent £ coli MCI061 [F Alara-lewy7697 faraD13%pn
AlcodB-lacD3 galBi6 galB15 47 eld” morAl relAl rpaU150GUR) spoT merB1 AsdRZG
o }] cells, and the library was plated oo selective media. Plasmid DNA was isofated from

the pooled clones using a QlAprep Spin Miniprep kit (QIAGEN, Valencia, CA, USA).

{66143} The TEV-P S1 pocket hibrary DNA was then PCR-amplified using
Primer Y and Primer 10 (Table 63, A sequence encoding the ER retention peptide (FEHDEL
(5EQ 1D NG: 4) was fused in frame to the 37 by overlap extension PCR. The library DNA
was fused to a sequence encoding the Aga? signal peptide QLLRCFSIFSVIASVLA (SEG D
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by homologous recombination, in the Succharomyees cerevisine EBY 100 strain (URA+ leu-,

trp-) (Benatuil ef af., 2010).

Table &6: Primers

Primers Seguences

Primer 1 | 5-GGAAGCATTGGATTCAANNSAAGNNSGGGCAGTGTGGCAGTCC-3  (SEQ 1D
NO:35)

Primer 2 | S-ATTAGTATCAACTAGAGATGGGTTCATTGTTGGTATA-3 (SEQ 1D NO:36)

Primer 3 | 5-ATCTCTAGTTGATACTAATGGACTGCCACACTGCIC-3' {SEQ 1D NQ:37)

Primer 4 | 5-TTTGTGTTGGTGAAATTSNNTGCTGASNNTATACCAACAATGAACCC-3" (SEQ (D
NO:38)

Primer 5 | S -TTGAATCCAATGCTTCCAGAA-3 (SEQ ID NO:39)

Primer 8 | S-AATTTCACCAACACAAACAA-S (SEG ID NO:40)

Primer 7 | 5-TACCATCTGUAGAGLGACGGUGACGALUGATTCATGAG-3 {(SEQID N(O:41)

Primer 8 | 5-ATGGTTGGTACCGAAAATCTTTATTITAGCGGTCATCATCATC-3' (SEQ ID NO:42)

Primerg | 3"
CGTCAAGGAGAAALAACCCCGGATCLGTAATACGACTCACTATAGGOLLCGGECGTC
GACATGCAACTTTTGAGATGCTTCAGTATTTTCAGCGTCATCGLCAGTETGCTGELCA
GCTTGTTTAAGGGGCCECGTE-3 (SEQ ID NO:43)

Primer 10 | §'-
GTACAGTGGGAACAAAGTLGATTTTGTTACATCTACACTGTTIGTTATCAGATCTCGAG
CGGTACCTTACTCATTACAATTCGTCGTGTTCGAMALTACCCAAGTCCTCTTCAGAAAT
AAGCTTTTGTTCGGATCCATTCATGAGTTGAGTCGCTTCC-3' {S3EQ 1D NO:44)

Primer 11 | S™-ATGGLUTGGLCCAGLCGECCAGCTTGTTTAAGGGGLCGUG-3 (SEQ 1D NO:45)

Primer 12 | §'-GTCCATGGCCCCCGAGGLCTTAATTCATGAGTTGAGTCGCYTCCTTAAL-S (SEQID
NO:46)

Primer 13 | 5'-
GTACAGTGGGAACAAAGTCGATTTTGTTACATCTACACTGTTGTTATCAGATITCGAG
CGGTACCTTACTCATTAATTCATGAGTTGAGTCGCTTCC-3' (SEQLID NO:47)

Primer 14 | 3
GAGCTCACAATTCGTCGTGTTCGAAACTACCATGATGATGATGATGATGACTTGLCAGA
SNNGAAATACAAATTTTCACTGCCTTTATCGTCGTCATCTTTATAATC-3Y (SEQ 1D
NO:48)

Primer 15 | 3 -CGAATTCAACCCTCACTAAAGGGUGGCCGCACTAGTATCGATG-3 {SEQ D
NO:43)

{88144] Errvor-prone PCR library construction, Random mutagencsis was
performed by error-prone PCR amplification (Drommond e af, 2005) using the sclected

TEV-P variants as templates and Primers 11 and 12 {Table 6). The error-prone PCR libraries

were then constructed in the pMOPACI2 vector (Jung er ¢/, 2010) for library confirmation

and storage.

The error-prone PCR. libraries were amplified for yeast transformation using

Primer 9 and Primer 13 (Table 6). The ER retention peptide was removed during the PCR
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amplification process. The amplified library was then integrated into the pESTY veclor during

veast fransformation by homologous recombination.

{88145] Substrate Bbrary construciion., For the construction of the TEV-P

substrate library, PAGE-purified primers (Primer 14 and Primer 15, Table 6), which

5 contained a randomized NN3 codon correspondent to the residue Q i the wild-type TEV-P
subsirate (ENLYFQS, SEQ D NO:18), were used to amplify the whole subsirate fusion
gene. The whole substrate fusion gene is comprised of AgaZ, selection and counter selection
substrate scquences, multiple mtervening cpitope tag sequences, and a CHorminal ER
retention sequence.  The PCR products were then inserted downstream of the GAL1O

16 promoter in the pESD vector by homologous recombination, in the Seccharomyces cerevisiae
EBY 100 strain (URA-+, lew, twp-) (Benatud ef af, 2018). The substrate library was labeled

with anti-6xHis-FITC antibody and pre-soried o remove any undesired mutations, including

possibie stop codons or shifted reading frames.

{8814g] Library serting with flow cviomelry. The constructed libraries were

15 integrated into corresponding pESD veetors during the transformation into yeast cells
EBY 100 by electroporation (Benatuil o7 «f, 2010). The cells were grown and induced as
proviously doscribed with slight modification {Chao er of, 2006). The yeast cells were
grown to an ODgo of 2.0-3.0 n | L YNB-CAA+ghucose medium, followed by induction
through switching the medium fo YNB-CAA+galactose medium with a final QD of 0.5,

20 The colls were thon grown at 30°C overnight with shaking. The induced cells (2-5 x 10°
cells, which s around 10-fold larger than the lbrary sizes) were washed and then labeled
with anti-FLAG-PE antibody (ProZyvme, Hayward, CA, USA) followed by anti-6xHis-FITC
auntibody {Genscript, Piscataway, NJ, USA). During the antibody labeling steps, the cells
were resuspended into 1x PRS solution containing 0.5% BSA with a final cell density of 10°

25 ccls/ul. The amounts of antibody used for labeling were 0.02 pg/ul. and 0.01 pg/ul. for
anti-FLAG-PE antibody and anti-6xHis-FITC antibody, respectively. The antibody-labeled
cells were washed and resuspended in 1x PBS buffer and analyzed by BD Biosciences FACS
Aria 11 flow eytometer (BD Biosciences San Jose, CA, USA). Library sorting was performed
using gates set on FSC/SSC and 575/30 no as well as 510/20 nm endssion filters, A total of

30 about 2 x 10 cells were screened.  To avoid bacterial contamination, penicillin and

strepiomycin were added into the growth and inducing media, with the final concentration of

100 units and 100 pg/ml., respectively. After 4-5 rounds of cell sorting and resorting, the
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cells were plated on selective medium plates, and individual colonies were re-analyzed and
confirmed by flow cytometry. The DNA was extracted from the confirmed yeast single colonies,

then transformed into E. coli and sequenced to obtain the mutated gene sequence information.

[00147] In similar steps, human AbITK expressing cells were labeled using Alexa
Fluor® 647 anti-Phosphotyrosine antibody (BioLegend, San Diego, CA, USA) and anti-6xHis-FITC
antibody (Genscript, Piscataway, NJ, USA) with final concentrations of 0.03 pg/pL and 0.01 pg/uL,
respectively. The gates were set on 660/20 nm emission filter for Alexa Fluor® 647 as well as
510/20 nm emission filter for FITC in the BD Biosciences FACS Aria Il flow cytometer (BD
Biosciences San Jose, CA, USA).

[00148] Purification of TEV proteases and their protein substrates. The wild-type

TEV-P and its variants were expressed and purified as previously described (Tropea et al., 2009). To
monitor the cleavage of fusion proteins by TEV-P or its variants, protcin substrates were constructed
by anchoring the different peptide sequences between the maltose binding protein (MBP) and the
glutathione-S-transferase (GST) proteins. The protein substrate Q (ProSg), protein substrate E
(ProSg), and protein substrate H (ProSy), contained ENLYFQS (SEQ ID NO:18), ENLYFES (SEQ
ID NO:1), and ENLYFHS (SEQ ID NO:2) peptide sequences, respectively, between the MBP and
GST proteins. The respective fusions were designated MBP-ENLYFQS-GST (MBP-SEQ 1D
NO:18-GST), MBP-ENLYFES-GST (MBP-SEQ ID NO:1-GST), and MBP-ENLYFHS-GST (MBP-
SEQ ID NO:2-GST).  For kinetic analysis, the different substrate peptides, including
TENLYFQSGTRRW (PepSq, SEQ 1D NO:8), TENLYFESGTRRW (PepSg, SEQ ID NO:10), and
TENLYFHSGTRRW (PepS;;, SEQ ID NO:9), were synthesized by and purchased from Genscript
(Genscript, Piscataway, NJ, USA).

[00149] Kinetic measurement of wild-type TEV-P and its variants. All

purified enzymes were >95% pure as determined by SDS-PAGE with Coomassie staining
(Tropea er al., 2009). Kinetic assays were carried out in 50 mM Tris-HCI buffer, pH 8.0,
containing 1 mM EDTA and 2 pM freshly prepared DTT. Five micromolar to 6 mM
substrates were incubated with 0.025-5 pM purified enzymes at 30°C for 10 to 30 minutes.
The reactions were quenched with freshly prepared 0.5% trifluoroacetic acid (TFA) followed
by freezing at -80°C. All the enzymatic reactions were analyzed by HPLC on a Phenomenex

Cis reverse-phase column (Phenomenex, Torrance, CA, USA) using an acetonitrile gradient



(2]

Nl
W

30

CA 02877346 2014-12-18

WO 2014/004540 PCT/US2013/047663
53

from 15% to 90%, and 3 flow rate of 1 mi/min. The cleavage products were collected and
confirmed by LC-MS (ESD on g Magic 2002 mstroment (Micron Bicresources, Auburg,
CA). The product amount was calculated upon the integration arca af 280 nm and fitted to
nonlinear regression of the Michaclis-Menten equation using KaleidaGraph software

{Synergy Software, Reading, PA, USA).

EXAMPLE 2
Protease Engineering Using Yeast ER Sequesiering (YESS)

YESS Methed Validation

{86158] The expression of both the protease and substrate as separate fusions
alows for at least three differcut types of experiments using the YESS format, A single new
substrate can be used as the sclection substrate along with one or more counter selection
substrates i the presence of a protease library in order to isolate a protease variant with a
desired new sequence specificity, Alternatively, a single proteasce of interest can be used with
a fibrary of substrate sequences in order to profile protease cleavage positional specificity.
Finally, a “library-on-library” approach can be used in which a hbrary of proteases is
expressed in conjunction with 3 library of substrates, potentially increasing the odds of

identifying highly active/specific new engingered protease-substrate pairs.

{88151 A number of experiments were carried out to validate the YESS
system. Throughout, the TEV-P was used as a model protease dus to its broad application in
research and industry as well as ifs relatively high level of substrate specificity. The substrate
construct consisted of AgaZ fused at its (-terminus to the HA epitope tag (for infernal
expression level calibration), a flexible linker (GGGR)4, a counter sclection peptide sequence
{the canonical hepatitis C vivas NS4A/NS4RB protease (HOV-P) substrate DEMEECASHIL,
SEQ I NO:17y, the FLAG epitope tag, the wild-type TEV-P preferred substrate peptide
ENLYFQS (SEQ ID NO:1#), the 6xHis epitope tag, and finally the ER retention signal at the
C-terminus.  Followmg induction of expression of the protease and substrate fusion
constracts in media with galactose as the carbon source, the cells were incubated with the PE-
fabeled, anti-FLAG antibody as well as the FITC-labeled, anti-6xHis antibody. When the
TEV-P was not exprossed, the cells were kabeled with both antibodies and hence occupy the
diagonal in the two dimensional FACS plot {(FIGS. 17A and F). The presence of the TEV-P
anchored with a C-terminal ER retention sequence gave rise to a cell population exhibiting

high PE but low FITC fluorescence, consistent with the expected selective cleavage at the
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ENLYF(S (SEQ ID NO:18) sequence that results in loss of the C-terminal 6xHis tag (FIG.
1783 Removal of the ER retention sequence from the CHierminus of TEV-P or from both the
TEV-P and the substrate constract gave rise to markedly higher FITC {6xHis) fluorescence
relative to the positive control (FIGS. 17C and D). A 1] muxure of positive control cells
with cells lfacking the TEV-P gene showed a fluorescence profile identical to the sum of the
respective single cell populations {compare FIGS. 17A and B with FIG. 17E) indicating that
auy adventitious release of TEV-P in the culture supornatant does not lead to cleavage of the
substrate constroct in other cells.  Further, TEV-P could not be detected in the growth
medium by western blotting presumably because, if present at all, its concentration must have
been below the detection limit.  After single colony sequencing of enrviched cells, an
enrichment factor of approximately 600-fold was obscrved in a single round of YESS using
yeast cells co-exnpressing TEV-P and a substrate fusion polypeptide mixed with a 1,000-fold
excess of cells that either lacked protease activity or in which the sclection and counter

sclection substrate sequences were in the wrang slots (FIGS, 2B-F).

{06152} Six vectors based on the pESD plasnud were constructed to cvaluate
various details of ER retention effects in the YESS system (FIG. 16; FIGS, 7A-G). The

construct pESD-E, in which both the TEV-P and s peptide substrates contain the C-terminal
FEHDEL (SEG ID NQ: 4) ER retention peptide, presented high PE but low FITC signals in
the FACS analysis, indicating efficient cleavage at the peptide 2 sequence, which in this case
was the TEV-P native peptide substrate (FIG. 7B} Both high PE and FITC signals were
exhibited in the construct pESD-A, which is 3 control vector containing only the substrate
construct and no TEV-P (FIG. TA). Constrocts pESD-C and pESD-D lack the ER retention
signals i the protease and substrate constructs, respectively. Compared fo constract pESD-
E, constructs pESD-C and pESD-D have similar high PE signals but with the FITC signals
exhibit fntensitics hetween those seen with constructs pESD-A and pESD-E (FIGS. 7C and
3. Fmally, construct pESD-B, lacking either ER retention signal, exhibited the same high
PE and high FITC signals as scen with construct pESD-A, consisternt with a requirement for
the ER targeting peptides to maximize substrate cleavage in the ER (FIG. 7B). To verify that
signal does not transfer from positive to negative yeast cells, two widely separated cell
populations were observed after the mixing of the construct pESD-A containing cells with the

construct pESD-E-containing cells (FIG. 7F).
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188153} A cell-enrichment study was carrted out in order {o evaluate the
efficiency of the YESS screen (FIG. 2}, Based on the model vector, three different plasmids,
constructs pHESD-F, pESD-G, and pESD-H, were generated (FIG. 16), cach contsining the
TEV-P with its preferred sequence in the peptide 1, peptide 2, or neither position,
respoctively. Construct pESD-F presented both low PE and FITC signals with #s cutting site
at peptide 1 position (FIG. 2BY; construct pESD-G exhibited high PE but low FITC signals
with s cutting sife at peptide 2 position (FIG. 2C); and construct pESD-H cuts neither of
those two positions, presenting both high PE and FITC signals (FIG. 2D). Cells containing
constract pESD-F, pESD-G, and pESD-H were then mixed with a cell ratio of 500:1:500,
respectively (FIG. 2H). Sort gates were set to the PE/FITC signal pattera seen with the
construct pHESD-G. Selected cells were sorted and plated (FIG. 2E). Ten single colonies
were selected at random and sequenced. Six of the selected colonies were shown to contain
construct pESD-G containing cells, a sitpation that was confirmed by single colony FACS
analysis, Taken togethor, these results indicate a roughly 600-fold corichment cfficiency

after one round of cell sorting.

{B8154] The ER retention sequence plays an important role in modulating the
sensitivity and dynamic range of the YESS system. In time-course experiments, the ER
retention sequence, FEHDEL (SEQ 1D NO:4), dramatically retains the protein substrate in
the yeast HER (FIG. 20). Hxpression of both the protease and substrate constructs with the ER
retention signal retards their release from the ER, thus increasing the time n which they have
an opportunity {0 react. o the absence of the ER retention signal, the contact time as well as
the protease concentration is decreasced, allowing selection of enzymes that process the

substrate constract with higher efficiency n later rounds of divected evolution (FI1G. 1D},

Directed Eveoluiion of TEV-P with Altered Substrate Specificity

{311 55] After successful systom validation, the venter’s sought to alter the
TEV-P substrate specificity at P1 using the YESS systent. In an effort o find a new enzyme-
substrate combination in an efficient manner, the inventor's adopted the “library-on-library”
approach. Fivst, 8 substrate Hbrary randomized at the P position (ENLYFXS, X can be any
residue, SEQ ID NO:23) was created asing specifically randoniized oligonuclectides imserted
into the pepiide 2 position of the construct without a TEV-P {(pESD-A, FIG 70G). As a
prefude to lbrary screcning, a plasmid (pHSD-L, FIG. 21) containing the P1 substrate

construct Hbrary but lacking the TEV-P protease was constructed.  In order to enrich for in-
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frame library members and simultancously climinate stop codons to minimize false positive
signals for cleavage during library scroening, about 107 substrate fibrary-containing yoast
cells were induced with galactose followed by labeling with the anti-6xHis-FITC antibody.
The 3% of cells that presented the highest FITC signal intensity were collected using FACS,
then their DNA was extracted (FI1G. 3A) to be used as the subsirate library. In addition, any
substrate that is cleaved by an endogenous protease can be climinated through this siep. A
TEV-P substrate-binding pockst hbrary was created by randowmdzing the four S1 pocket
residoes, T146, D48, H167, and S170, using the NNS codon strategy (N = any nt, S = G/C).
The resulting TEV-P S1 pocket library was combined with the P1 substrate library in the
pESD construct containing ER retention signals for both protease and substrate (FIG. 2A).
Linearived plasmid DNA was cotransformed into veast with linear DNA encoding the TEV-P
St saturation bbrary (pESD-M, FIG. 21). Homologous recombination of the substrate
construct and TEV-P S1 satoration fibraries in 8 cerevisice EBY 100 cells resulted in 3.3 x

7

18

4

transformeants. o this “library-on-library” construct, the counter sclection substrate
sequence (peptide 1) was the wild-type TEV-P preferred cleavage sequence {(ENLYFQS,
SEQ ID NO:18) while the PI sobstrate library (ENLYFXS, SEQ 1D NO:23) was cloned into
the peptide 2 position.  After galactose mduction at 30°C, overnight, the cells were washed
and labeled with anti-FLAG-PE and anti-6xHis-FITC antibodics, followed by cell sorting
using FACS. Afier three rounds of enrichment (FIGS. 3B-E; FIGR. 18A-13) for high PE and
low FITC signal intensity, the signals were divided mto four regions {P1, P2, P3, and P4),
which were sorted separately (FIGS. 3F-I). The sorted cells from different regions were
plated, and the single colonics were picked, evaluated as single colonies by FACS, and
sequenced. A total of 33 different TEV-P variant-substrate combinations were obtained,
involving six different substrates (Table 3). The isolated variant-substrate combinations are
summarized in Table 2, with the corresponding selected FACS analysis presented in FIG. &,
Sequencing of 30 of the sclected clones led to the identification of 35 different TEV-P
variant-substrate combinations that contained Pro, Thr, Asn, Leu, Gly, or His at P1 (FIGS. §,
11, and 12; Table 3). Notably, no TEV-P variant-substrate combinations encoding the wild-
type preferred sequence ENLYFQS (SEQ 1D NGO 1R} were 1solated, highlighting the uiility of

the counter selection substrate,

{88156) To obtain the faster and more specific onginecred TEV-P variants,
second-generation Bbraries were constructed without BR retention signals using the most

promising variants (analogous o the pESD-C construct). The idea is to decreass
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concentration as well as the amount of time the protease variani incubates with substrate in
the ER, mcreasing stringency of the screen.  In particular, the variamts with the highest
refative PE to FITC signals from the initial sorting experiment (Table 33, TEV-PE3 (P1 =§)
(FIG. 18E) and TEV-PH7 (Pl = H) (FIG. 18F), were chosen as the templates for generating
new error-prone PCR libraries. Note that the TEV-PE3 and TEV-PH7 variants were selected
in combination with E and H residucs, respectively, in the subsirate P1 position. In
particular, the PE3 and PH7 TEV-P genes were subjected to randomn mutagenesis by error-
prone PCR (1.5%-3.0% error rate). Error-prone PCR libraries of § x 107 (TEV-PE3) and 2 x
107 (TEV-PH7) members were produced then recombined with their corresponding
ENLYFES (SEQ 1D NO:1) and ENLYFHS (SEQ 1D NO:2) substrates, After five rounds of
tibrary sorting (FIGS. SA-C; FIGS. 10A-C) using FACS, a total of seventeen different
variants with relatively high PE-FITC signal ratios were obtaimed, incloding fourteen from
the TEV-PE3 based error-prone PCR library and three from the TEV-H7 based ervor-prone
PCR fibrary {Table 5). FACS analysis of single clones identificd the TEV-PEIQ and TEV-

PH21 clones as displaying the highest PE v, FITC fluorescence (FI1G3. 8, 11, and 12).

Charaeterization of Engineered TEV-P Variants

{861387] After analyzing the sorted single colonies using FACS (FIG. 11 FIG.
123, the TEV-PEID and TEV-PHZ1 wvarianis were chosen for further enzymatic
characterization because they exhibited the highest PE vs, FITC signals (Table 4). The
variant protease genes were cloned imto the prk793 expression vector with their
corresponding substrate peptides (ENLYES (SEQ 1D NO:50) and ENLYFHS (SEQ 1B
N, respectively) inserted berween the MBP and the 6xHis-TEV protease moicty so that
the fatter could be released by autocatalvtic cleavage and purified by Immobilized Metal fon
Affinity Chromatography (IMAC) (FIGS. 13A and B). The MBP fusion partner aids in
overall expression and refolding efficiency, but then cach construct can auto-process to give
TEV containing a 6xHis-tag. Followmg purification, the TEV-P, THV-PELD, and TEV-PH21
were incubated with different peptide substrates encoding either Gln, Gha, or His as the P
substrate residuc (F1G. 14A) and their detailed kinetic paramcters for the various protease-
substrate pairs determined (See Table 7 and FIGS. 148-H). The &./Kyy value determined for
wild-type TEV-P reacting with ity preferred TENLYFQSGTRRW substrate {SEQ 1D NG:R)
is 1.20 & 0.09 mM's”, which is 375-fold and 150-fold farger than the values determined
using TENLYFESGTRRW (SEQ ID NO:10) and TENLYFHSGTRRW (SEQ ID NO:9),

respectively.  The variang TEV-PELD, on the other hand, exidbited a 13-fold higher &o./Kur
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value (2.06 + 046 mM's') for TENLYFESGTRRW (SEQ ID NO:10) versus
TENLYFQSGTRRW (SEQ ID NO:8) (0.16 + 0.02 mM's™), resulting in a dramatic 5000
-fold reversal of substrate specificity compared to TEV-P. Similarly, TEV-PH21 exhibited a seven-
fold higher k./Ky value for TENLYFHSGTRRW (SEQ ID NO:9) (0.15 + 0.02 mM's™") versus
TENLYFQSGTRRW (SEQ ID NO:8) (2.07 £ 0.13 x 107 mM's™), an also impressive 1100-fold
reversal of substrate specificity compared to TEV-P.

Table 7: Michelis-Menten kinetics of the wild-type TEV-P and selected variants with peptide

substrates
Enzyme Mutations Substrate Ky (mM) keals™) Ko/ Ky (mM-
1_-1
s)
TEV-P none TENLYFQSGTRRW 0.11+0.02 0.13£0.01 1.20+0.09
(SEQ ID NO:8)
TEV-P TENLYFESGTRRW 1.93+0.25 6.09+0.3 x 10~ 3.14+£0.45 x
(SEQ ID NO:10) 107
TEV-P TENLYFHSGTRRW 0.64+0.10 4.93+020x 107 7.55+0.68 x
(SEQ ID NO:9) 10°
TEV- S120R, TENLYFQSGTRRW 0.12+0.03 1.94+0.1 x 107 0.16+0.02
PE10O D148R, (SEQ ID NO:8)
TEV- T173A, TENLYFESGTRRW 1.28+0.18 x | 2.55+0.08 x 10 2.06+0.46
PE10 NI177K, (SEQ ID NO:10) 107
M218I
TEV- TI7A, TENLYFQSGTRRW 0.82+0.10 1.7120.06 x 107 2.07+£0.13 x
PH21 TI146A., (SEQ ID NO:3) 10°
TEV- D148p, TENLYFHSGTRRW 0.25+0.02 3.75£0.08 x 10 0.15+0.02
S153C, (SEQ ID NO:9)
PH21 S168T.
S170A,
T173A

[00158] To assess the activities of the TEV-P, TEV-PEICQ, and TEV-PH2! variants with
protein (as opposed to peptide) substrates, three different MBP-GST fusion protein substrates were
created containing the sequences ENLYFQS (MBP-ENLYFQS-GST) (MBP-SEQ ID NO:18-GST),
ENLYFES (MBP-ENLYFES-GST) (MBP-SEQ ID NO:1-GST), and ENLYFHS (MBP-ENLYFHS-
GST) (MBP-SEQ ID NO:2-GST), respectively, within a linker inserted between the MBP and GST
units (FIGS. 13A-B). Using TEV-P under conditions that lead to 95% cleavage of the MBP-
ENLYFQS-GST (MBP-SEQ ID NO:18-GST) fusion construct, approximately 3% cleavage was seen
with  either the MBP-ENLYFES-GST (MBP-SEQ ID NO:1-GST) or MBP-
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ENLYFHS-GST (MBP-SEQ 1D NO:2-GST) fusion protein substrates (FIG. 4). In contrast, the
TEV-PE10 caused more than 99% cleavage of the MBP-ENLYFES-GST (MBP-SEQ ID NO:1-
GST) construct and TEV-PH21 gave closc to 50% cleavage of the MBP-ENLYFHS-GST (MBP-
SEQ ID NO:2-GST) construct under these conditions. Importantly, in the latter case, longer
incubation lead to complete cleavage. The protein substrates were also used to evaluate pH
dependent cleavage in the range of 6.5 to 8.0. The TEV-PE10 and TEV-PH21 variants exhibited
a pH dependence that is qualitatively similar to TEV-P, exhibiting the highest activity at pH 8.0
and slightly decreased activity at pH 7.2 and pH 6.5 (FIGS. 15A-C).

Using Other Proteases and Kinases with the YESS System

[00159] To assess the generality of the YESS system for other proteases, analogous
constructs were created in which the hepatitis C protease (HCV-P) and the human granzyme K
protcase (GrK) were used in conjunction with their preferred substrate sequences, respectively.
As seen in FIGS. 19A and B, yeast cells expressing the HCV-P and GrK proteases with their
preferred substrates displayed relatively similar PE but low FITC signals by FACS compared to
the controls lacking proteases. Furthermore, the YESS system is not only limited to protease
engineering. Our preliminary experiments of using the YESS system for the human AbITK
indicated that kinases might also be engineered through the YESS system (FIG. 19C). Yeast
cells expressing the human AbITK with their preferred substrates displayed relatively similar
FITC but high Alexa Fluor@647 signals by FACS compared to the controls lacking proteascs,
indicating complete tyrosine phosphorylation by human AbITK of its substrate in the YESS
system. These results, identical to that seen with the analogous TEV-P construct, confirm that

many other proteases and kinases will be compatible with the YESS approach.

* %k %k

[00160] All of the methods disclosed and claimed herein can be made and executed
without undue experimentation in light of the present disclosure. While the compositions and
methods of this invention have been described in terms of preferred embodiments, it will be
apparent to those of skill in the art that variations may be applied to the methods and in the steps
or in the sequence of steps of the method described herein without departing from the concept,
spirit and scope of the invention. More specifically, it will be apparent that certain agents which

are both chemically and physiologically related may be substituted for the
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agents described herein while the same or similar results would be achieved. All such similar
substitutes and modifications apparent to those skilled in the art are deemed to be within the

spirit, scope and concept of the invention as defined by the appended claims.
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WHAT IS CLAIMED IS:

1. A nucleic acid, wherein the nucleic acid encodes:

(i) a first endoplasmic reticulum (ER) targeting sequence and a first endoplasmic
reticulum (ER) retention sequence;

(i1) a surface expression sequence;

(ii1) a first peptide sequence;

(iv) a first epitope tag sequence;

(v) a second peptide sequence;

(vi) a second epitope tag sequence;

(vii) an enzyme, wherein the enzyme is a protease or a protein kinase; and

(viii) a second endoplasmic reticulum (ER) targeting sequence and a second
endoplasmic reticulum (ER) retention sequence;

wherein (i), (ii), (iii), (iv), (v), and (vi) are expressed as a first fusion construct,
wherein the first endoplasmic reticulum targeting sequence is located at or near the N-
terminus of the first fusion construct and wherein the first endoplasmic reticulum retention
sequence 1s located at or near the C-terminus of the first fusion construct; and

wherein (vii) and (viii) are expressed as a second fusion construct, wherein the second
endoplasmic reticulum targeting sequence is located at or near the N-terminus of the second
fusion construct, and wherein the second endoplasmic reticulum retention sequence is located
at or near the C-terminus of the second fusion construct.
2. The nucleic acid of claim 1, wherein (i), (ii), (iii), (iv), (v) and (vi) are operably linked
to a first promoter; and wherein (vii) and (viii) are operably linked to a second promoter.
3. The nucleic acid of any one of claims 1-2, wherein the first peptide sequence is a
counterselection substrate.
4, The nucleic acid of any one of claims 1-3, wherein at least a portion of the first
peptide is randomized.
5. The nucleic acid of any one of claims 1-4, wherein the first peptide is a native
substrate of the protease.

6. The nucleic acid of any one of claims 1-4, wherein the first peptide is a sequence that
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is unrelated to a native substrate of the protease or shares no or essentially no sequence
identity with the native substrate.

7. The nucleic acid of any one of claims 1-4, wherein the first peptide is a mutated native
substrate of the protease.

8. The nucleic acid of any one of claims 1-4, wherein the first peptide has 1, 2, 3, 4, or 5
mutations, additions, or deletions as compared to a native substrate of the protease.

9. The nucleic acid of any one of claims 1-8, wherein the second peptide sequence is a
selection substrate.

10.  The nucleic acid of any one of claims 1-9, wherein at least a portion of the second
peptide is randomized.

11.  The nucleic acid of any one of claims 1-10, wherein the second peptide is a native
substrate of the protease.

12. The nucleic acid of any one of claims 1-4, wherein the first peptide has 1, 2, 3, 4, 5, 6,
7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30
mutations, additions, or deletions as compared to a native substrate of the protease.

13. The nucleic acid of claim 1, wherein a first promoter controls expression of the first
fusion protein, and a second promoter controls expression of the second fusion protein.

14.  The nucleic acid of claim 13, wherein the first promoter and the second promoter are
expressable in yeast.

15.  The nucleic acid of any one of claims 13-14, wherein the first promoter is Gall or
Gal10. |

16.  The nucleic acid of any one of claims 13-15, wherein the second promoter is Gall or
Gall0.

17.  The nucleic acid of any one of claims 13-16, wherein the nucleic acid comprises one
or more enhancers.

18.  The nucleic acid of any one of claims 1-17, wherein the nucleic also encodes a third
epitope tag sequence.

19.  The nucleic acid of claim 18, wherein the third epitope tag sequence is a
hemagglutinin epitope tag.

20.  The nucleic acid of any one of claims 18-19, wherein the third epitope tag is

CA 2877346 2020-01-29
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comprised in the first fusion construct.
21.  The nucleic acid of any one of claims 18-20, wherein the third epitope tag is located

between (ii) and (ii1).

22.  The nucleic acid of any one of claims 1-21, wherein the enzyme is a protease.
23.  The nucleic acid of claim 22, wherein the protease is a human protease.
24.  The nucleic acid of any one of claims 1-23, wherein the enzyme is a TEV-protease,

rTPA, a coagulation factor, factor 7, factor 9, human trypsin, a granzyme, a caspase, trypsin,
human granzyme K, or a human caspase.

25.  The nucleic acid of claim 4, wherein the enzyme is a protein kinase.

26. The nucleic acid of claim 25, wherein the kinase is a tyrosine kinase, an AGC kinase,
a CAMK (CaM kinase), a CMGC kinase , a CK1 kinase, a STE kinase, or a TKL kinase, or a
thymidine kinase (TK kinase).

27.  The nucleic acid of any one of claims 1-26, wherein at least a portion of the protease
or the protein kinase is randomized.

28.  The nucleic acid of any one of claims 1-27, wherein the first endoplasmic reticulum
(ER) targeting sequence and the second endoplasmic reticulum (ER) targeting sequence are
MQLLRCFSIFSVIASVLA (SEQ ID NO:3).

29.  The nucleic acid of any one of claims 1-28, wherein the first endoplasmic reticulum
(ER) retention sequence and the second endoplasmic reticulum (ER) retention sequence are
FEHDEL (SEQ ID NO:4), KDEL (SEQ ID NO:5), HDEL (SEQ ID NO:6), or RDEL (SEQ
ID NO:7).

30, A cell comprising the nucleic acid of any one of claims 1-29.
31. The cell of claim 30, wherein the cell is a yeast cell.
32. A method for producing a protease or kinase, comprising:

(1) expressing one or more nucleic acid of any one of claims 1-29 in a plurality of
cells; and

(i1) purifying or separating cells based on the presence or absence of an antibody that
selectively binds the first epitope tag sequence or the second epitope tag sequence.
33.  The method of claim 32, wherein the cell is a yeast cell.

34.  The method of any one of claims 32-33, wherein the nucleic acid further comprises a

CA 2877346 2020-01-29
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third epitope tag.

35.  The method of claim 34, further comprising purifying cells that express the third
epitope tag.

36. The method of any one of claims 32-35, wherein the antibody is labeled with a
fluorophore.

37.  The method of any one of claims 35-36, wherein the purifying or separating comprises
FACS.

38.  The method of any one of claims 32-37, further comprising isolating the nucleic acid.
39.  The method of any one of claims 32-38, further comprising randomizing the nucleic
acid.

40.  The method of any one of claims 32-39, further comprising characterizing the protease

or kinase encoded by the nucleic acid.

41.  The method of any one of claims 32-40, further comprising repeating steps (i) and (ii).

CA 2877346 2020-01-29
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