wo 2017/136534 A1 [N 0000000 0

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

10 August 2017 (10.08.2017)

WIPOIPCT

(10) International Publication Number

WO 2017/136534 Al

(51

eay)

(22)

(25)
(26)
(30)

(63)

1

(72)
1

International Patent Classification:
CO7K 7/08 (2006.01) AG61K 47/48 (2006.01)

International Application Number:
PCT/US2017/016189

International Filing Date:
2 February 2017 (02.02.2017)

Filing Language: English
Publication Language: English
Priority Data:

62/290,629 3 February 2016 (03.02.2016) US

Related by continuation (CON) or continuation-in-part
(CIP) to earlier applications:

US 14/545,637 (CIP)
Filed on 3 June 2015 (03.06.2015)
US 14/612,381 (CIP)
Filed on 3 February 2015 (03.02.2015)

Applicant: KENNESAW STATE UNIVERSITY RE-
SEARCHA AND SERVICE FOUNDATION, INC.
[US/US]; 1000 Chastain Road, Kennesaw, GA 30144

(US).

Inventors; and

Applicants : MCMURRY, Jonathan L. [US/US]; 329
Nelson Street, Marietta, GA 30064 (US). SALERNO,
John C. [US/US]; 5408 Anemone Court, Acworth, GA
30102 (US). NOWAK, Scott J. [US/US]; 588 Braidwood
Circle NW, Acworth, GA 30101 (US). DAVIS, Marcus C.

(74

(8D

(84)

[US/US]; 814 Milwood Street, #103, Woodstock, GA
30188 (US). BARTLOW, Kathleen [US/US]; 132 Souty
6th Street, Richmond, IN 47374 (US).

Agents: LYMAN, Beverly, A. et al,; Thompson Hine
LLP, 10050 Innovation Drive, Suite 400, Dayton, OH
45342-4934 (US).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,
KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,
MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG,
NI NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
RU, RW, SA, SC, SD, SE, S@G, SK, SL, SM, ST, SV, SY,
TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, ZIM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: SIGNAL MOLECULES AS CELL PENETRATION AGENTS

FIG. 8A

TAT-CaM

TAT

s tag

CBS-Cargo

FLAG

CBS

Calmodulin

Cargo

(57) Abstract: Novel cell penetrating agents for intracellular delivery of desired cargo, including proteins. Use of cell penetrating
agents to deliver cargos to the interior of cells and cellular compartments and organelles is transformative for diagnostic, therapeutic,
and research processes.



WO 2017/136534 A1 WK 00N 0T N O A0

Declarations under Rule 4.17: Published:
— as to applicant’s entitlement to apply for and be granted —  with international search report (Art. 21(3))
a patent (Rule 4.17(j)) —  before the expiration of the time limit for amending the
— as to the applicant's entitlement to claim the priority of claims and to be republished in the event of receipt of
the earlier application (Rule 4.17(iii)) amendments (Rule 48.2(h))

—  with sequence listing part of description (Rule 5.2(a))



WO 2017/136534

PCT/US2017/016189

SIGNAL MOLECULES AS CELL PENETRATION AGENTS
This application claims priority to U.S. Serial No. 62/290,629 filed February 3, 2016, which

is expressly incorporated by reference herein it is entirety.

Agents such as peptides have been discovered or designed to be rapidly internalized by

eukaryotic cells. Such cell-penetrating agents, which includes but are not limited to peptides,

mediate penetration of the plasma membrane, permitting delivery of one or more macromolecules,

also termed a cargo or cargos, to the cell interior. A cargo may be a protein, nucleic acid,

liposome, drug, etc.

Typical cell penetrating peptides (CPP) are 10 to 30 amino acids in length. Typical CPP

are classified as one of arginine-rich CPP, amphipathic and lysine-rich CPP, or hydrophobic CPP.

When the macromolecule is a protein, CPP have been attached to the N-terminus, the C-terminus,

and intermediate positions, using a variety of covalent or non-specific hydrophobic linkage

methods, e.g., using cysteine thiols for targeting.

Representative known CPP include the following:

Lysine rich CPPs and others derived from translocation domains

Peptide Origin
Tat HIV-Tat protein
Protein/peptide/siRNA/
(46-58)

liposome/nanoparticle

Penetratin Homeodomain
Transportan Galanin-mastoparan
Protein/peptide/siRNA
Dat Dopamine
Protein/peptide/siRNA
transporter
VP-22 HSV-1 structural
protein
Peptide Origin
MPG HIV Gp41-SVv40
SiRNA/ODN/plasmid
Pep-1 Trp-rich motif-
SV40 NLS
MAP Chimeric

Sequence

PGRKKRRQRRPPQ

SEQ ID NO: 6
RQIKIWFQNRRMKWKK

SEQID NO: 7
GWTLNSAGYLLGKINLKALAALAKKIL
SEQ ID NO: 8

FREKLAYIAP

SEQ ID NO: 9

DAATATRGRSAASRPTERPRAPAR-
SASRPRRPVD SEQ ID NO: 10

Amphipathic peptides

Sequence

GALFLGFLGAAGSTMGAWSQPKKKRKV

SEQ ID NO: 11

KETWWETWWTEWSQPKKKRKY
SEQ ID NO: 12

KALAKALAKALA
SEQ ID NO: 13

Cargo types

peptide/siRNA/
liposome

Protein

Cargo types

Protein/peptide

Small molecule/
plasmid
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SAP Proline-rich motif VRLPPPVRLPPPVRLPPP protein/peptide
SEQ ID NO: 14

PPTG1 Chimeric GLFRALLRLLRSLWRLLLRA Plasmid
SEQ ID NO: 15

Arginine rich and other cell-penetrating peptides

Peptide Origin Sequence Cargo types
Oligoarginine  Chimeric Agr8 or Arg9
Protein/peptide/
SEQ ID NO: 16 and 17 SiRNA/ODN
hCT (9-32) Human LGTYTQDFNKTFPQTAIGVGAP
Protein/plasmid DNA
calcitonin SEQ ID NO: 18
SynB Protegrin RGGRLSYSRRRFSTSTGR Doxorubicin
SEQ ID NO: 19
Pvec Murine VE- LLIILRRRIRKQAHAHSK
Protein/peptide
cadherin SEQ ID NO: 20

CPP are promising for use as diagnostics and therapeutics. While currently used in clinical
trials and as research tools, limitations such as their penetration efficiency and endosomal
entrapment have prevented their broad adoption as a method to alter the intracellular environment.
Transcription-transactivating (TAT) peptides are short signal sequences that mediate transport of
proteins across the membranes of many cells. TAT peptides were believed to directly mediate
transport across phospholipid bilayers; they can drive uptake of large proteins that could not cross
the membrane without an active uptake process. TAT peptides attach to membrane receptors and
cause internalization in coated pits. Constructs are known that can be internalized by processes
that rely on recognition of short TAT peptides attached as C or N terminal fusions. The growing
consensus is that most, if not all, CPP are rapidly internalized by receptor-mediated endocytosis.
However, they are not efficiently released into the cytoplasm, likely due to high affinity interactions
between CPP and their receptors. Thus, covalently or hydrophobically linked CPP-cargos remain
trapped in the endosomes. These cargo proteins also required purification as CPP adducts. This
resulted in eukaryote expression complicated by binding to import machinery via the CPP, and
complicated handling of the CPP because many desirable products were rendered potentially
hazardous by the CPP tag.

The inventive system and method overcomes these and other detriments. The inventive
system and method extends utility of TAT peptide and related CPP constructs by expressing CPP
fusions of small proteins that strongly bind other proteins.

SUMMARY
In one aspect, a composition for intracellular delivery of a biomolecule is provided, where

the composition comprises a cell penetrating peptide (CPP) or cell penetrating agent (CPA)
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covalently linked to an adapter, and a cargo molecule covalently linked to an adapter binding
molecule, and the composition formed by non-covalent linkage between the adapter and adapter
binding molecule. The composition comprises a cell penetrating peptide (CPP) or cell penetrating
agent (CPA) covalently linked to an adapter, the adapter non-covalently linked to an adapter
binding molecule, and a cargo molecule covalently linked to the adapter binding molecule,

where the composition provides for intracellular delivery of the cargo. The composition for
intracellular delivery of a biomolecule is provided, the composition comprises a cell penetrating
peptide (CPP) or cell penetrating agent (CPA) covalently linked to an adapter, the adapter non-
covalently linked to an adapter binding molecule, and the adapter binding molecule covalently
linked to a cargo.

In one embodiment, the adapter is calmodulin or a calcium binding protein and the adapter
binding molecule is a calmodulin binding peptide. In one embodiment, the CPP is selected from
the group consisting of Tat, penetratin, transportan, Dat, VP-22, amphipathic peptides, MPG, Pep-
1, MAP, SAP, PPTG1, arginine rich peptides, oligoarginine, hCT (9-32), SynB, and Pvec. In one
embodiment, the CPA is selected from a receptor or transporter ligand, and the receptor is selected
from the group consisting of insulin receptor, beta 2-adrenergic receptor, folate receptor, the N-
methyl-D-aspartic acid (NMDA) receptor, opiate receptors, cannabinoid receptor, and combinations
thereof, and the transporter is selected from the group consisting of dopamine transporter,
serotonin transporter, norepinephrine transporter, endothelial glucose transporter, and
combinations thereof.

In one embodiment, the adapter binding molecule is further attached to a sequence that
localizes the cargo to a cellular location or organelle that is selected from the group consisting of
nucleus, peroxisome, mitochondria, endoplasmic reticulum, Gogli, and combinations thereof. In
one embodiment, the sequence is a nuclear localization sequence.

In various embodiments, the cargo is selected from the group consisting of a protein, a
drug, a liposome, a nucleic acid, and combinations thereof.

In various embodiments, the non-covalent linkage between the adapter and the adapter
binding molecule is reversible. In one embodiment, at least one characteristic of an intracellular
environment promotes reversal of the non-covalent linkage between the adapter and the adapter
binding molecule, resulting in release of the cargo from the CPP. In one embodiment, the
characteristic is an intracellular calcium concentration.

In one embodiment, the cargo is selected from the group consisting of a modulator of
transcription in the cell, a probe that measures a property of the cell interior, and an enzyme. In
one embodiment, the enzyme is a kinase or a phosphatase. In one embodiment, the enzyme is
modified to be constitutively active. In one embodiment, the probe is an oxidation monitor, a nitric
oxide (NO) sensor, or a pH sensor. In one embodiment, the cargo is a nucleic acid and the adapter
binding molecule is covalently linked to a nucleic acid binding protein.

In another aspect, a method for delivering a cargo inside a cell is provided. In one

embodiment, the method comprises forming a complex by contacting a cell penetrating peptide
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(CPP) or cell penetrating agent (CPA) covalently linked to an adapter, with a cargo molecule
covalently linked to an adapter binding molecule, under conditions suitable for forming a non-
covalent bond between the adapter and adapter binding molecule, and contacting the cell with the
complex under conditions sufficient to result in delivery of the cargo inside the cell. In one
embodiment, the cell penetrating peptide (CPP) or cell penetrating agent (CPA) covalently linked to
an adapter and the cargo molecule covalently linked to an adapter binding molecule are added
separately to culture media containing the cell, and the complex forms in the culture media.

In one embodiment, the adapter is calmodulin or a calcium binding protein and the adapter
binding molecule is a calmodulin binding peptide. In one embodiment, the CPP is selected from
the group consisting of Tat, Penetratin, Transportan, Dat, VP-22, Amphipathic peptides, MPG, Pep-
1, MAP, SAP, PPTG1, arginine rich peptides, Oligoarginine, hCT (9-32), SynB, and Pvec. In one
embodiment, the CPA is selected from the group consisting of a receptor or transporter ligand. In
one embodiment, the receptor is selected from the group consisting of insulin receptor, beta 2-
adrenergic receptor, folate receptor, the N-methyl-D-aspartic acid (NMDA) receptor, opiate
receptors, and cannabinoid receptor, and the transporter is selected from the group consisting of
dopamine transporter, serotonin transporter, norepinephrine transporter, and endothelial glucose
transporter.

In one embodiment, the adapter binding molecule is also bound to a localization sequence.
In one embodiment, the localization sequence is a nuclear localization sequence.

In one embodiment, the cargo is at least one of a protein, a drug, a liposome, or a nucleic
acid.

In one embodiment, the non-covalent linkage between the adapter and the adapter binding
molecule is reversible. In various embodiments, at least one characteristic of an intracellular
environment promotes reversal of the non-covalent linkage between the adapter and the adapter
binding molecule, resulting in release of the cargo from the CPP. In one embodiment, the
characteristic is an intracellular calcium concentration.

In one embodiment, the cargo is selected from the group consisting of a modulator of
transcription in the cell, a probe that measures a property of the cell interior, an enzyme, and
combinations thereof. In one embodiment, the enzyme is a kinase or a phosphatase. In one
embodiment, the enzyme is modified to be constitutively active. In one embodiment, the probe is
selected from the group consisting of an oxidation monitor, a NO sensor, a pH sensor, and
combinations thereof.

In one embodiment, the cargo is a nucleic acid and the adapter binding molecule is
covalently linked to a nucleic acid binding protein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a scheme for cellular uptake of cargo tagged with a cell penetrating peptide
(CPP), where uptake of CPP bound cargo proceeds clockwise from upper left by binding to
membrane and invagination; depending on the CPP tag, cargo may be targeted to internal

compartments such as nuclei, mitochondria, etc., or to the cytoplasm.
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FIG. 2 shows one scheme for the adapter mediated cellular uptake of cargo; association
can be mediated by protein-protein or protein-ligand interactions. Clockwise from upper left,
association mediated by protein-protein or protein-ligand interactions, binding to cell membrane,
internalization, and redistribution to internal compartments.

FIGS. 3A and 3B show the basic fluorescence resonance energy transfer (FRET)
experiment to detect protein-protein interactions. FIG. 3A shows that excitation of D leads to
emission from A only when A and D are in proximity due to complex formation, also reducing donor
emission. FIG. 3B shows that when A and D are not in proximity, there is no emission from A.
Examples of donor acceptor pairs with good overlap include Alexa Fluor 488 and Alexa Fluor 647.

FIGS. 4A and 4B show ribbon representations of the three dimensional structure of
calmodulin (CaM), used here as an adapter. Structures of Ca**-CaM bound to a canonical target
peptide in the center of the molecule (FIG. 4A) and in the dumbbell-shaped conformation in the
absence of target (FIG. 4B). The central helix breaks during recognition and binding, allowing
calmodulin to wrap around the target. Ca** are shown as small spheres; the protein is less ordered
in the absence of Ca®* (not shown). Free N and C termini are visible.

FIG. 5 shows sequence alignment of human calmodulin 1 (CALM) and four “calmdulin-like
proteins”. The similarity of these human calmodulin homologs is much less than the similarity of
human and C. elegans calmodulin; less than 2% of the positions are identically conserved. The
sequences shown are, from top to bottom, SEQ ID NOS: 21-25.

FIG. 6 shows the amino acid sequence of TAT-CaM, a CPP tagged calmodulin. The short
CPP binding sequence (SEQ ID NO: 26), which contains amino acids 47-57 of SEQ ID NO: 6
(TAT), is located directly before the NOT1 site, which is followed by CaM (SEQ ID NO: 21).

FIGS. 7A and 7B show confocal microscopy images demonstrating uptake of a
fluorescence labeled enzyme, neuronal nitric oxide synthase (nNOS), mediated by a CPP linked
calmodulin adapter. Projection confocal image of labeled nNOS three hours after onset of TAT-
CaM mediated uptake by BHO cells. The indicated nucleus is stained blue; labeled nNOS is
stained yellow with DyLight 540. FIG. 7A shows nNOS added without CPP adapter. Background
still shows stained nNOS after washing with media. Some nNOS adheres to the cell surface; three-
dimensional cross sections show no nNOS inside cells. FIG. 7B shows that in the presence of
TAT-CaM, a large amount of nNOS is rapidly and actively pumped inside the cell, clearing the
intracellular space and protecting nNOS from removal by washing. The cell boundary is now visible
because cytoplasm is stained by released nNOS. three dimensional cross sections confirm that
labeled nNOS is inside the cells. Circles (yellow) inside cells are labeled endosomes.

FIGS. 8A-8F show a design of TAT-CaM and cargo proteins, according to one
embodiment, and dissociation data for various embodiments. FIG. 8A shows a schematic of TAT-
CaM and cargo proteins with amino termini at left. FIGS. 8B-8E show biolayer interferometry (BLI)
analysis of TAT-CaM binding to (FIG. 8B) purified endothelial nitric oxide synthase; (FIG. 8C) CBS-
B-Gal; (FIG. 8D) CBS-HRP; and (FIG. 8E) CBS-myoglobin. TAT-CaM was biotinylated and bound

to streptavidin (SA) sensors. Reference-subtracted raw data are rendered as points with fits to a
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global single-state association-then-dissociation model. Analyte concentrations are noted for each
trace. Association and dissociation phases were 300s in length. FIG. 8F shows dissociation data
of the constructs of FIGS. 8C-8E after dissociation in buffer only.

FIGS. 9A-9C show confocal imaging of cell penetration, where the cargo is B-galactosidase
(FIG. 9A), HRP (FIG. 9B), and myoglobin (FIG. 9C).

FIGS. 10A and 10B show cell penetration assay for SAP-CaM (FIG. 10A) and SAP(E)-CaM
(FIG. 10B) using fluorescently labelled CBS-myoglobin as cargo.

FIGS. 11A-11F show biolayer interferomtery (BLI) analysis of sensorgrams of TAT-CaM 2.0
(FIG. 11A); TAT-calmodulin like protein 3 (FIG. 11B); SAP-CaM (FIG. 11C); SAP(E)-CaM (FIG.
11D); and TAT-troponin (FIG. 11E). FIG. 11F shows the calcium-dependent binding for all
constructs in FIGS. 11A-11E.

FIGS. 12A and 12B show transport of a cargo, CBS-tubulin, into live myotubes in the
presence of TAT-CaM (FIG. 12B) or absence of TAT-CaM (FIG. 12A).

FIGS. 13A and 13B show cell penetration assay for Cas9-CBS in the presence of TAT-
CaM (FIG. 13B) or absence of TAT-CaM (FIG. 13A).

FIG. 14 shows subcellular localization of a cargo comprising a nuclear localization
sequence, according to one embodiment.

FIG. 15 shows one embodiment of a scheme of a Cas construct for nuclear delivery.

FIGS. 16A and 16B show BLI sensorgram of TAT-CaM/CBS-tamavidin/biotinylated cargo
complex assembly (FIG. 16A) and delivery of CBS-tamavidin into BHK cells (FIG. 16B).

FIGS. 17A-17C show delivery of HPV E2 into SiHa cells (FIG. 17A), induction of
senescence in SiHa cells (FIG. 17B), and reduction of metabolic activity (FIG. 17C).

FIG. 18 shows the structure of a targeted expression control construct, according to one
embodiment.

The disclosed CPP-adapter constructs, schematically represented as

where the longer darker line indicates a covalent bond, and where the shorter lighter line indicates
a non-covalent bond, overcomes these and other problems.

As only one non-limiting example, the construct of CPP = HIV transactivator of transcription
(TAT), the adapter = calmodulin (CaM), and cargo contains a calmodulin binding site, the construct
overcomes the limitations of covalently fused CPP-cargo constructs. Automatic internal release
from the CPP is effected upon construct entry into a cell, because most mammalian cells maintain
low resting calcium concentrations, facilitating escape of the construct from endosomal
degradation.

The mechanism(s) by which CPP cellular uptake occurs is under investigation; however,
several pathways appear to be used. In part, this reflects differences among the CPP themselves,
but the same CPP may be taken up by different pathways under different circumstances.

The initial interaction between cellular membranes and CPP-protein constructs is through

interactions with membrane surface hydrophobic components and/or negatively charged groups,
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such as phospholipids and heparin sulfate proteoglycans. The constructs that are membrane-
associated, but not yet translocated, are difficult to distinguish from translocated groups, except by
advanced three dimensional methods (e.g., confocal microscopy). This difficulty has led to artifacts
in the study of CPP mechanisms. Once the CPP construct is associated with the membrane
surface, several translocation mechanisms may be used. For example, there is evidence for
clathrin dependent endocytosis, caveolin dependent endocytosis, and macropinocytosis for
different construct combinations, i.e., CPP and cargo.

Since discovery of the Tat peptide (TaTp), a variety of CPP have been found to enable
transport of macromolecular cargos to both cells in culture and in animals. Well characterized CPP
originating from the N- or C- termini of viral proteins include TATp, oligoarginines, MPG peptides,
Pep1, and VP22,

The TAT CPP derived from the carboxy terminus of the dopamine transporter can
translocate large cargos. For example, the 1,024 amino acid E. coli B-galactosidase can be
transported. It exists as a 464-kDa homotetramer with each subunit having five domains: jelly-roll
type barrel, two fibronectin type Ill-type barrels, a B-sandwich domain, and a TIM-type barrel
domain that contains the catalytic site. The CPP tag can enable translocation of such a multimer
of modular components.

Versatile translocation systems that use CPP tags to produce novel systems to transport
cargo and manipulate the interior of cells are disclosed.

Adapter molecules that make strong protein-protein interactions and are linked to CPP are
disclosed.

The inventive constructs provide a convenient and powerful method to perturb cell
interiors. The constructs may contain many potential cargos and may be selective CPP. The
invention is thus not limiting to a particular component of the construct.

Non-limiting examples of the adapter, which is covalently bound to CPP, are disclosed. In
one embodiment, the adapter is calmodulin or a related calcium binding protein. In one preferred
embodiment, the CPP is TAT or another CPP listed in Table 2. In one embodiment, the adapter
releases its cargo after targeting to an interior cellular compartment. In one embodiment, such
targeting takes advantage of the low calcium environments in many compartments. In one
embodiment, the adapter uses protein-ligand interactions to bind the cargo by an adapter binding
molecule, where the adapter binding molecule is non-covalently linked to the adapter and is
covalently linked to the cargo. In one embodiment, the construct of a CPP covalently bound to an
adapter, which may be referred to as a CPP tagged adapter, incorporates G protein subunits with
slow GTPase activity to release cargos internally after GTP hydrolysis. In one embodiment, the
CPP tagged adapter molecule uses internal enzymatic activity, e.g., kinase or phosphatase activity,
to release cargoes in the cell interior.

One embodiment is a method using CPP tagged adapters as previously described to
deliver a cargo to the interior of cells either in culture or in vivo. Applications include, but are not

limited to, internal measurements of conditions including pH, calcium, oxygen, and nitric oxide
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concentration, and delivery of reagents to internal compartments to map the location of cell
components using protein-protein interactions. In one embodiment, the cargo delivered to internal
compartments detects and measures the presence of proteins and nucleic acids in vivo or in situ in
cultured or isolated cells. In one embodiment, the cargo is a fluorescence tagged Fab antibody
fragment, and the target may be an internal pathogen so the method is used for diagnosis of a
pathology. In one embodiment, the cargo delivered to internal compartments perturbs the cellular
state, e.g., metabolic state, developmental state, etc., in vivo orin situ. In one embodiment, the
cargo is a constitutively active protein that is a phosphorylation mutant of kinases at activating sites.
In one embodiment, the cargo delivered inside a cell and/or to internal compartments modifies
expression, e.g., repressors or enhancers of gene expression, and small RNAs such as siRNA and
miRNA. In one embodiment, the cargo is delivered to treat diseases resulting in part from internal
pathogens. In one embodiment, the cargo is an antibody or antibody fragment. In one
embodiment, the cargo is a specific enzyme, a ligand, or a small RNA. In one embodiment, the
cargo is delivered to treat a metabolic disorder or symptoms of a metabolic disorder, such as
delivering fah to treat hereditary tyrosinemia. In one embodiment, the cargo is a constitutively
active modified kinase. In one embodiment, the cargo is delivered to modify the genome of an
organism.

Methods that integrate protein purification and cell entry use the attachment mechanism as
an affinity ligand for chromatography.

In one embodiment where the cargo is a protein, the cargo has a calmodulin binding
peptide as an N- or C-terminal extension, and is then purified on a calmodulin affinity column and
delivered internally by CPP tagged calmodulin. In one embodiment where the cargo is a nucleic
acid or small molecule, the calmodulin binding peptide is covalently linked to the nucleic acid or
small molecule.

In one embodiment, the cargo is a Cas protein linked to a calmodulin binding peptide, and
may also be linked to a nuclear localization sequence, and CPP allows delivery of Cas to the cell
interior. Cas may be used for genome modification, including gene knock-out and gene knock-in
modifications.

As one example, the method delivers a CRISPR /Cas complex to the cell interior, using a
Cas construct with a CaM binding peptide/adapter binding molecule with TAT-CaM or other CPP-
adapter. This example may be used for extensive downstream applications including, but not
limited to, protocols for using CRISPR/CRISPRI in living organisms, such as animals and plants,
cell lines with low efficiency of success using conventional CRISPR-based techniques, antiviral
applications, antiparasitic applications, chemotherapeutic agents using CRISPR gene editing to
introduce mutations or CRISPRI to manipulate expression of essential genes.

Other uses include delivery of therapeutics for autoimmune diseases with genetic
components (e.g. celiac disease, rheumatoid arthritis, etc.), potentially-fatal or disabling childhood
genetic diseases (e.g. Tay-Sachs, PKU, Duchenne’s muscular dystrophy, beta-thalassemia, sickle-

cell anemia, etc.), and neurological disorders including Huntington’s disease, Alzheimer’s disease,
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some forms of Parkinson’s disease, amyotrophic lateral sclerosis, etc. CRISPR and CRIPSR1 is
also used for topical therapies, e.g., for severe eczema and other skin conditions.

The method and construct may be used in industrial applications. Examples include rapid
modification of single-celled organisms, e.g. bacteria and algae, biofuel production, rapid
modification of organisms used in industrial chemical production, rapid modification of genetic
organisms used to produce biologics, e.g., insulin, growth hormone, etc. The compositions and
methods also are used in agricultural applications, e.g., rapid genetic modification of livestock,
optimization of animal husbandry applications involving recombinant DNA, modification of
domesticated crops for feedstocks and human food consumption, modification of crops used in
biofuel applications, etc.

The CPP tagged adapters reversibly bind an adapter binding molecule tagged cargo by
non-covalent bonds then release the cargo in the cell interior, which may include targeting to one or
more internal cellular compartment, e.g., nucleus, mitochondria, peroxisomes, endoplasmic
reticulum, etc. The stable but reversible adapter coupling the CPP to a cargo has applications and
advantages in safety, utility, and in ease of cargo purification. The term ‘adapter’ has been used in
reference to the CPP itself, not to a coupling intermediate.

Ideal adapters are small, stable, readily purified proteins capable of strong interaction with
the cargo, either alone by intrinsic protein-protein interactions, or via an adapter binding molecule,
e.g., a group such as biotin covalently bound to the cargo. This advantageously allows a cargo
protein to be purified by affinity chromatography using an N- or C- terminal extension, and the same
extension can be used to mediate cargo binding to the CPP tagged adapter.

This also provides other advantages. This scheme allows production of cargos with only a
single tag, rather than a CPP adapter and an affinity tag. This scheme also requires only a few
CPP tagged adapters to be developed to deliver many different cargos; significant because the
direct CPP tagged versions of many potential cargos carry a potential risk to workers involved in
their purification due to the cell membrane permeability enhancement. Production of a limited
number of relatively benign CPP-adapter constructs, under well-controlled conditions, provides a
significant safety factor, and the adapter-cargo complex need only be assembled at the point of
use, and in cases where construct formation is faster than uptake by cells, even being added
separately to cell cultures.

The CPP-adapter-cargo construct can be designed to dissociate on cellular internalization.
One convenient way of doing this is to use an adapter that responds to the internal cellular
conditions. Other methods, e.g., an unstable linkage, autocatalytic dissociation, photodissociation,
etc., are also possible. The use of calcium by mammalian cells as a signal provides an avenue for
cargo release; cell interiors are normally maintained at very low levels of calcium by ATP-driven
pumps, and cells contain a variety of calcium biosensors that respond to transient calcium
increases to tightly bind and release target peptides. In one embodiment, the adapter protein is a

calcium biosensor such as calmodulin.
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Calmodulin (CaM) is a small (16.7 kDa), soluble, heat resistant, multifunctional calcium
biosensor protein that is the major mediator of calcium signaling in mammalian cells. When
calcium is present, the CaM protein folds into a dumbbell-shaped configuration with two connected
globular regions; each end of the globular “dumbbell” contains two calcium-binding EF hands. The
alpha helix connector breaks, and closes around targets containing a 17 amino acid canonical motif
or one of several alternative target motifs. CaM binds to targets with high affinity, in the picomolar
range, and is typically diffusion limited. CaM is the archetypical member of the EF hand-calmodulin
superfamily of calcium signaling proteins. It is easy to produce CaM site-directed mutants and
constructs; production of novel CaM constructs provides unique and valuable reagents.

The invention extends the usefulness of TAT peptide constructs, and related CPP
constructs, by expressing TAT fusions of small adapters that strongly bind other molecules.
Specifically, TAT-calmodulin is readily taken up in whole organisms and by cells in culture, such as
CHO cells. TAT was used as the initial CPP tag because of prior success in producing TAT tagged
proteins that are taken up by mammalian cells. Other CPP tagged calmodulins, such as
antennapedia-CaM, SAP-CaM and SAP(E)-CaM, an engineered anionic version of SAP (Martin et
al., Chembiochem, 12(6), 896-903 (2011)), as well as TAT fusions with other CaM binding proteins,
such as TAT-troponin and TAT-calmodulin-like protein 3 (CALM3) have been made and shown to
work in nearly identical fashion.

FIG. 1 shows a scheme for the uptake of cargo, e.g., payload, covalently tagged with a cell
penetrating peptide (CPP) by cells. The inventive system and method uses adapters that provide
strong protein-protein interactions as a convenient and powerful method to perturb cell interiors with
a broad palette of selectively membrane permeable probes (FIG. 2). Common and inexpensively
produced adapters are modified by introducing a CPP tag, enabling any protein that binds the
adapter to be moved into cells. It is relatively easy and safe to express and purify proteins with a
tag that binds to a coupling protein with high affinity. Some tags allow rapid purification of the
protein chosen for delivery using a one-step affinity column.

Delivery of proteins to the interior of cells has numerous applications. In addition to
mapping the location of the components of living cells with fluorescent tags, the availability of a
system capable of translocating proteins into the cell interior enables detection of internal
components in real time in living cells, and provides tools for manipulation of signaling pathways
and gene expression by allowing the introduction of constitutively active kinases, repressors, and
enhancers. Viruses may be intracellularly detected and destroyed. The metabolic state and/or
expression profiles of cells may be altered, resulting in wide medical application.

Green Fluorescent Protein (GFP) and other fluorescent proteins may be tagged. GFP and
engineered variants and homologs, are powerful tools for cellular interior labeling; they are readily
purified. GFP is typically expressed after transfection with the appropriate vector, but many cell
types are resistant to transfection. In one embodiment, the cargo delivered is a fluorescent probe
such as a GFP fusion containing a site that recognizes an internal target and a tag recognized by a

CPP adapter, e.g., a calmodulin binding peptide recognized by TAT-CaM. Such probes are widely
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used, in part because they can be expressed in mammalian cells after transfection with a shuttle
vector, and spontaneously generate a fluorophore inside the cells. The ability to deliver external
probes broadens the possibilities.

Many protein types can be labeled with commercially available custom fluorophores, e.g.,
the Alexa series, and introduced into the cell interior compartments with CPP tags. Tagged
proteins may be followed in the cell with confocal microscopy. More demanding investigations
including FRET and fluorescence lifetime experiments may be performed. As FIGS. 3A and 3B
show, in FRET experiments, components are labeled with fluorophores chosen so that the
emission spectrum of one, the donor D, is heavily overlapped with the excitation spectrum of the
other, the acceptor A. If the labeled molecules associate in the cell, Forster energy transfer will
cause the acceptor to fluoresce when the donor is excited by pumping its absorbance lines, as FIG.
3A shows. If D and A are not in proximity, there is no emission from A, as FIG. 3B shows. This
provides information about complex formation in cells. FRET experiments can be performed inside
cells using two different GFP variants, but it would be advantageous to use CPP adapters to deliver
a pair of proteins labeled with different synthetic fluorophores. Paired fluorophores optimized for
FRET, such as Alexa and DyLight, have far better properties, e.g., yield and spectral overlap, than
the engineered GFP variants. An important advantage is that they are small and introduce much
less steric interference than a GFP fusion.

In lifetime experiments, a fluorophore is repeatedly excited by a pulse from a laser and the
fluorescence decays are collected, yielding the lifetimes of the fluorophore in all environments.
Typically three or four environments can be readily distinguished with lifetimes in the 50 psto 5 ns
range and contributions as low as a few percent.

Calmodulin is remarkable for its high sequence conservation; only four other proteins are
more conserved in eukaryotes. Mammalian calmodulins are identical, and C. elegans calmodulin is
96% identical to its human homolog. Sequence homology conservation is primarily driven by
retention of target specificity, not by the requirement for calcium binding and associated
organization into the characteristic dumbbell shape. Because calmodulin binds to many ca*
activated targets in cells, the ability of the targets and calmodulin to co-evolve is severely restricted.

FIGS. 4A and 4B show structures of calcium-calmodulin bound to a canonical target
peptide (FIG. 4A) and in the dumbbell-shaped conformation in the absence of target (FIG. 4B). The
central helix breaks during recognition and binding, allowing calmodulin to wrap around the target.
The protein is less ordered in the absence of calcium (not shown).

As the FIG. 5 alignment shows, sequence similarity within the calmodulin-EF hand
superfamily is much lower; identity within the four human sequences shown is about 20%. The
sequence variation within the superfamily allows members to recognize and regulate distinct
targets in response to a single ionic signal. It permits using the different specificity of superfamily
members to produce EF hand based adapters that are specific to different target sequences; all
these targets are about 17 AA in length because of the dimensions of the folded EF hand proteins,

but the amino acid sequences of the targets are different. This is important because it confers
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potential to address different cargos to different cellular compartments. FIG. 6 shows the amino
acid sequence of TAT-CaM, a CPP tagged calmodulin. The short CPP binding sequence (SEQ ID
NO: 26) is located directly before the NOT1 site, which is followed by CaM (SEQ ID NO: 21).

Target proteins are delivered to the interior of cells with CPP labeled calmodulin. Initial
demonstrations were designed to use neuronal nitric oxide synthase (nNOS) and CaM kinase; both
enzymes are activated by calcium/calmodulin, and both can be purified on a calmodulin column.
CaM kinase isoforms have monomer molecular masses of about 41 kDa; the truncated CaM kinase
Il (New England Biolabs) has a molecular mass of 36 kDa. However, CaM kinases form very large
quartenary complexes of 400 kDa-600 kDa, making them an exacting test for the calmodulin
mediated translocation system, comparable to beta-galactosidase. The nNOS active dimer has a
molecular mass of about 322 kDa. Both nNOS and CaM kinase proteins can be readily labeled
with high quantum yield fluorophores that have distinctive spectral signatures, allowing evaluation
of their uptake and cellular distribution. These target proteins were selected because they contain
a calmodulin binding motif, but most proteins can be produced with a small calmodulin binding tag
at the N or C terminus without significantly affecting their activity, or like nNOS with an internal tag
associated with an exposed surface loop.

FIGS. 7A and 7B show confocal microscopy images demonstrating uptake of a
fluorescence labeled enzyme, neuronal nitric oxide synthase (nNOS), mediated by a CPP linked
calmodulin adapter. Projection confocal image of labeled nNOS three hours after onset of TAT-
CaM mediated uptake by BHO cells. The indicated nucleus is stained blue; labeled nNOS is
stained yellow with DyLight 540. FIG. 7A shows nNOS added without CPP adapter. Background
still shows stained nNOS after washing with media. Some nNOS adheres to the cell surface; three-
dimensional cross sections show no nNOS inside cells. FIG. 7B shows that in the presence of
TAT-CaM, a large amount of nNOS is rapidly and actively pumped inside the cell, clearing the
intracellular space and protecting nNOS from removal by washing. The cell boundary is now visible
because cytoplasm is stained by released nNOS. three dimensional cross sections confirm that
labeled nNOS is inside the cells. Circles (yellow) inside cells are labeled endosomes.

There was rapid uptake of a novel cargo in which a calmodulin binding site is attached to
cargos of myoglobin, horseradish peroxidase, and b-galactosidase. All these cargos are rapidly
taken up by mammalian cells, and all rapidly enter the cytoplasm. Calcium triggered release solves
the endosomal entrapment problem because cargos are released from trapped CPP when the
calcium concentration drops. This is evidenced by cargo escape from endosomes to the cytoplasm
while TAT-CaM remains trapped, as shown below in FIG. 9.

TAT tagged calmodulin was initially produced as purified His-tagged calmodulin using His
tag and nickel column. Calmodulin binding site-containing cargos may be purified using a
calmodulin affinity column, a 17 amino acid canonical sequence calmodulin binding sequence
bound with high affinity in the presence of calcium. Calmodulin without the His tag can be
produced by affinity chromatography, binding to the column in the presence of calcium, and eluting

with the calcium ionophore EDTA.
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FIG. 8A shows design of TAT-CaM and cargo proteins, according to one embodiment,
schematic of TAT-CaM and cargo proteins with amino termini at left. FIGS. 8B-8E show biolayer
interferometry (BLI) analysis of TAT-CaM binding to (FIG. 8B) purified endothelial nitric oxide
synthase; (FIG. 8C) CBS-B-Gal; (FIG. 8D) CBS-HRP; and (FIG. 8E) CBS-myoglobin. Biolayer
interferometry (BLI) was performed using a FortéBio (Menlo Park CA, USA) Octet QK using SA
sensors. Assays were done in 96 well plates at 25°C. Volumes of 200 uL were used in each well.
Ligands were loaded onto sensors for 300-900 s followed by baseline measurements in binding
buffer 10 mM HEPES pH 7.4, 150 mM NacCl, 10% glycerol) for 300 s. Association was measured
by dipping sensors into solutions of analyte protein and was followed by moving sensors to buffer
only to monitor dissociation. Binding was fit to a global 1:1 association-then-dissociation model
using GraphPad Prism 5.02. TAT-CaM was biotinylated and bound to streptavidin (SA) sensors.
Reference-subtracted raw data are rendered as points with fits to a global single-state association-
then-dissociation model. Analyte concentrations are noted for each trace. Association and
dissociation phases were 300s in length. FIG. 8F shows that after dissociation in buffer only,
sensors were moved to buffer containing 10 mM EDTA. The rapid dissociation phases of the 1 yM
samples for each cargo protein are shown. Binding is shown as % specific binding to reconcile the
varying magnitudes of different analytes.

The prototype CPP-adapter, TAT-CaM (New Echota Biotechnology, Georgia USA), is
encoded by a pET19b-based vector containing a cleavable His-tag, the cell penetrating sequence
from the HIV transactivator of transcription fused to calmodulin via a GGR linker. Calmodulin was
selected as the prototype because mammalian cells typically maintain low resting cytoplasmic ca*
levels, allowing rapid release of cargo after internalization. TAT-CaM was expressed and purified
from E. coli BL21(DE3)pLysS using metal affinity chromatography without detergents. Cargo
proteins were expressed in BL21(DE3)pLysS from pCal-N-FLAG-based plasmids (Agilent
Technologies, CA, USA) and included myoglobin (Myo), horse radish peroxidase (HRP) and B-
galactosidase (B-Gal), each with an amino-terminal vector-encoded calmodulin binding site (CBS).
Proteins were purified over a calmodulin sepharose column (GE Healthcare) and exchanged into
binding buffer (10 mM HEPES, pH 7.4, 150 mM NacCl, 10% glycerol, 1mM CacCl,). For cell
penetration assays, cargo proteins were labelled with DyLight 550 according to the manufacturer’s
protocol. Unreacted label was removed via a dye binding column.

TAT-CaM bound to endothelial nitric oxide synthase via the native CaM binding site, with
affinity similar to wild-type CaM as assayed with biolayer interferometry (BLI), an optical biosensing
technique similar to surface plasmon resonance (FIG. 8B). All cargos bound CaM with low
nanomolar affinity (FIG. 8C-E). TAT-CaM and cargo proteins dissociated rapidly upon exposure to
EDTA (koz~ 0.1 s”, FIG. 8F), i.e. the TAT-CaM-CBS interaction is functioning indistinguishably
from wild type CaM. All analytes exhibited negligible binding to sensors without TAT-CaM. Rate
and affinity constants determined from single-state global fits are listed in Table S1.

Ko (nM) Kon (M7 s) Kot (57) kott (EDTA) (s
eNOS 15 1.2 x10* 1.8*10™ ND
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B-Gal 73 9.2x10° 6.7*10™ 0.05
HRP 160 1.7*10° 2.8*10* 0.2
Myo 0.9 5.9x10* 55*10° 0.09

Table S1. Kinetic parameters for sensorgrams shown in FIG. 8. ND, not determined but previously
reported to be ~0.11 s™.

For confocal studies, as shown in FIG. 9, 1 uM each of TAT-CaM and fluorescently-labelled
cargo protein in buffer containing 1 mM CaCl, were added to subconfluent BHK cells and incubated
for 1 hour, after which cells were washed three times in phosphate buffered saline with 1 mM
CaCl,. This produced very high loading suitable for imaging; enzymatic activity requires much
smaller levels of Tat-CaM and cargo. Treated cells were washed three times in phosphate buffer
which contained 1 mM CaCl,. Cells were labeled with NucBlue (Life Technologies) to visualize the
nuclei. Cargo uptake into cell interiors was assayed using an inverted Zeiss LSM700 confocal
microscope equipped with a 40x Neofluar-Plan objective (NA= 1.3). Pinholes for each fluorophore
were set at 1.0 Airy Units (29 microns), and SP 490 and LP 615 filters were used to acquire the
NucBlue (Blue channel) and DyLight 550 (Red Channel) signals, respectively. Z-stacks of both
Tat-CaM treated and untreated cells were acquired, and later analyzed for incorporation of
fluorescently labeled cargo into the cytoplasm. Orthogonal projections of Z-stacks were then
generated using Zeiss ZEN software, which allowed for viewing both treated and untreated cells
alike at the same depth within the cell, relative to the diameter of the nucleus. Using the diameter
of the nucleus as a landmark, the Z-plane chosen for analysis corresponded to approximately the
mid-point depth of the nucleus. Finally, the DyLight 550 signal was analyzed separately (FIG. 9,
left panel, white signal), and merged with NucBlue (FIG. 9, right panel, red (DyLight 550) and white
(NucBlue), respectively).

FIGs. 9A-C show confocal imaging of cell penetration, where the cargo is B-galactosidase
(FIG. 9A), HRP (FIG. 9B), and myoglobin (FIG. 9C). BHK cells were treated for 1 hour with the
indicated DyLight 550 fluorescently labeled cargo proteins (white in left panel, red channel in right
panel), in either the absence or presence of TAT-CaM, washed and imaged live. Orthogonal
projections were generated and the center images presented are optical sections set at a similar
depth of the nucleus (NucBlue staining, white, right panel), as determined by position within the Z-
stack. Comparison of TAT-CaM-treated vs. untreated cells indicates that cargo proteins are
entering into the cell, and are localized primarily to the cytoplasm. Scale bars in all panels = 20 pm.

As shown in FIG. 9, all cargo proteins were delivered to the interiors of the cells and
showed significant cytoplasmic distribution, indicating efficient penetration and escape from
endosomes. The fluorescently labelled cargo proteins without TAT-CaM showed some adherence
to the surfaces of cells, but no discernable penetration at the same cytoplasmic depth as that
observed cells treated with TAT-CaM (FIG. 9A-C).

The alternative of CPP directly attached to a cargo, and previous work using CPP attached

to cargoes by covalent or, in a few cases, non-specific non-covalent interactions, have several
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drawbacks. One drawback is additional handing of potentially toxic CPP. Another drawback is
CPP remaining on the tag after internalization, causing the cargo to remain associated with the
input machinery and preventing endosomal escape. Previous methods require toxic, laborious, and
irreversible covalent crosslinking or assembly of irreversible hydrophobic complexes.

In one embodiment, the cargo is tagged with an adapter recognized moiety (e.g., a
calmodulin binding peptide) using standard cross linking methods. This embodiment is an
alternative to integrated affinity purification and CPP-adapter attachment for proteins that are
produced in-house. For example, any commercial proteins, even lacking a CaM binding site, can
readily be tagged and rendered cell permeable by covalent crosslinking.

Cell penetrating agents mediate penetration of the plasma membrane, allowing delivery of
macromolecular cargos to cell interiors. However, until this invention, cell penetrating agents such
as CPP have lagged in development for each of research, diagnostic, and therapeutic applications,
hindered by their poor cargo delivery and lack of release. With the inventive system and method,
there is efficient intracellular delivery and endosomal escape of user-defined cargos, including but
not limited to protein cargos. For example, three different cargo proteins were successfully
delivered to the cytoplasm of BHK cells, demonstrating feasibility of numerous applications in living
cells including alteration of signaling pathways and gene expression.

While there are over 25 CPP clinical trials underway, including one in Phase Ill, CPP have
largely disappointed for reasons including non-penetration, limited endosomal escape, and
requirements for hydrophobic cargos. The disclosed invention is a novel technology that solves or
ameliorates all of these problems using a novel CPP-adapter protein fusion. TAT-Calmodulin
(TAT-CaM) is used to non-covalently bind, deliver and release cargo into the cytoplasm. The
strategy is generally applicable to any soluble protein and also be used to deliver non-protein
cargos. Assays can be performed in real time with live cells without significant cytotoxicity. The
invention greatly expands the applications of CPPs.

As described above, CPP other than TAT can also be used. FIG. 10 shows results of a cell
penetration assay for SAP-CaM (FIG. 10A) and SAP(E)-CaM (FIG. 10B) using fluorescently
labelled CBS-myoglobin as cargo. BHK cells were treated for one hour with DyLight 550
fluorescently labeled cargo protein CBS-myoglobin. The images are optical sections set at a
similar depth of the nucleus. DyLight 550-tagged CBS-myoglobin is shown (left panel), nuclei are
stained with NucBlue (center panel), and the cytoplasm is marked with CellTracker Green CMFDA
dye (right panel). Orthogonal projections are shown to the right and top of each panel,
demonstrating that the cargo penetrated the cell and was distributed throughout the cytoplasm, as
opposed to adhered to the outside of the cell; see ‘+SAP-CaM’ (FIG. 10A) and ‘+SAP(E)-CaM’
(FIG. 10B). Control experiments without CPP-adapter are labelled -SAP-CaM’ (FIG. 10A) and ‘-
SAP(E)-CaM’ (FIG. 10B), and show no significant penetration, as expected.

FIG. 11 shows biolayer interferomtery (BLI) analysis of sensorgrams of additional described
constructs. FIG. 11A shows TAT-CaM 2.0 (a modified version of TAT-CaM of FIG. 6, where the
Not1 site, and the GGR it encoded, are removed), FIG. 11B shows TAT-calmodulin like protein 3,
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FIG. 11C shows SAP-CaM, FIG. 11D shows SAP(E)-CaM, and FIG 11E shows TAT-troponin.
Ligands were biotinylated and tethered to streptavidin sensors. All analytes were CBS-myoglobin
except in FIG. 11E using troponin inhibitory peptide-myoglobin. Analyte concentrations ranged
from 1 yM to 63 nM, as indicated. Fits are shown to a one-state association-then-dissociation
model. Kinetic and affinity constants for CPP-adapter binding to CBS-myoglobin (or TIP-
myoglobin) are shown in the table below.

Constant TAT-CaM 2.0 TAT-CALL3 SAP-CaM SAP(E)-CaM TAT-Troponin
k (M_1s_1) 4900 6100 8300 9400 3700
on
k() ND 18x10° 17x10°  13x10° ND
Ky (nM) ND 29.8 20.6 13.3 ND
k (EDTA) (5'1) 017 0.07 0.11 0.20 0.018
off

FIG. 11F shows the calcium-dependent binding for all constructs in FIGS. 11A-E, where the sensor
was exposed to the highest concentration of analyte in FIGS. 11A-E and was dipped into buffer
containing EDTA to remove calcium. Rapid dissociation was observed for each complex (koff
about 10™ s™ for all except TAT-troponin, which was 1.8 x 102 s™).

The inventive complexes can be used to introduce a cargo into cells that are difficult to
transfect, such as primary cultures. As shown in FIG. 12, the inventive constructs can be used to
deliver cargo into myotubes, where myotubes were treated for one hour with DyLight 550
fluorescently labeled a-tubulin-CBS, in either the absence (FIG. 12A) or presence (FIG. 12B) of
TAT-CaM, washed, and imaged live. The center panels show optical sections set at a similar
depth of the nucleus (NucBlue staining shown by arrow in center panel), as determined by position
within the Z-stack. Cytoplasmic compartments in live cells were visualized using CellTracker Green
CMFDA dye (shown by arrow in right panel). Comparison of TAT-CaM-treated (FIG. 12B) with
untreated cells (FIG. 12A) indicates that the cargo protein entered into the cell and localized
primarily to the cytoplasm.

In one embodiment, the cargo delivered by the CPP tagged adapter is a modulator, either
activator or repressor, of transcription. In one embodiment, the cargo is a probe that measures a
property of the cell interior, e.g., an oxidation monitor, NO sensors, pH sensor. In another
embodiment, the cargo is a kinase, phosphatase or other enzyme, which may be modified to be
constitutively active. In another embodiment, the cargo itself delivers another cargo such as
tamavidin, caspase, etc.

Other cargos, including liposomes and their contents, nucleic acids, inhibitors, and drugs
can also be delivered by extensions of the same methods, e.g. using DNA binding proteins with
calmodulin binding N or C terminal extensions. In one embodiment, the cargo is a nucleic acid
delivered using a DNA or RNA binding protein with an adapter binding molecule. In another
embodiment, the cargo is a drug or other small molecule delivered using a protein or other scaffold

that binds the small molecule and is equipped with an adapter binding molecule.
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Secreted peptide hormones such as insulin, bradykinin, EGF, etc. form a large category of
endocrine signal molecules controlling diverse and numerous cellular processes. Many of these
signal pathways are autoregulated by a negative feedback process that preferentially internalizes
hormone receptors with bound ligands.

The inventors were first to recognize and use cell signaling molecules as CPP as cell
penetrants. Peptide endocrine and paracrine signals are cell penetrating agents (CPA) if they
promote receptor internalization. The prototype is insulin.

Compositions including a CPA-adapter construct combination, such as insulin-calmodulin,
are also disclosed. This is a distinct embodiment of the invention, in contrast to CPP-adapter
technology using established CPPs, e.g., TAT-calmodulin or TAT-CaM. The embodiments
described as using CPPs can also be constructed using CPAs.

In some embodiments, signal molecule-based CPA may not be as effective as existing
CPP for general internalization of molecules, but they provide the advantage of specifically
targeting the vesicles in which internalized receptors are stored prior to recycling or degradation.
This permits specific labeling experiments, FRET experiments, and manipulation of the specific
internal compartment to modify the fate of internalized receptors.

Peptide hormones are not unique as endocrine and paracrine signals, and receptors for
both larger molecules, e.g., mediating low density lipoprotein uptake or ephrin signaling, and small
molecules may be used. Epinephrine in an example of a small molecule endocrine signal that
induces receptor internalization. The B-2-adrenergic receptor also serves as a well-established
example of G protein coupled receptor internalization in response to a small molecular ligand.
Other examples of ligand induced internalization include the folate receptor, the N-methyl-D-
aspartic acid (NMDA) receptor, opiate receptors such as MOPr, and the CB1 cannabinoid receptor.
All of these ligands are coupled to other proteins, such as the adapter CaM, and used to drive the
uptake of cargos into the specific endosomes that contain the ubiquinated receptors. This permits
study of trafficking, and also potentially affect the fate of receptors, which can either be recycled or
shipped to lysosomes for degradation.

In addition to receptors, transporters are often regulated by ligand activated internalization.
Examples include autoregulation of dopamine uptake. This process is initiated by external ligands
including cocaine, amphetamines, and melittin. Antidepressants induce internalization of the
serotonin transporter in serotonergic neurons. The norepinephrine transporter is also regulated by
ligand induced internalization. Specialized cell penetrants may be comparable to the previously
disclosed adapters. Other transporters, e.g., the endothelial glucose transporters, are internalized
and recycled from the cell interior in response to internal signals, e.g., endothelial glucose transport
is regulated by internal glucose. This may be used for, e.g., neuroscience investigations.

The CRISPR/Cas gene editing system is an important advance in research and potential
therapeutics. A major obstacle for both is that delivery of CRISPR reagents, e.g. Cas9 and guide

RNA, is usually transfection-based, which is difficult or impossible in many situations. The inventive
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method delivers the components of the CRISPR system, rescuing the function and allowing
genome editing in recalcitrant systems.

The clustered regularly interspaced short palindromic repeats, abbreviated CRISPR, are
short DNA sequences characterized by repeated palindromic sequences. Palindromic repeats are
separated by short DNA spacers, which may have been acquired from viral or plasmid DNA. The
CRISPR/Cas system allows prokaryotes to degrade exogenous DNA from plasmids and phages.
CRISPR/Cas has been developed as an inexpensive, powerful and transformative gene editing
technique due to its wide applicability as a both a tool and potential therapeutic. For gene editing,
guide RNA and Cas9 protein must be expressed or delivered to the cell interior.

Current use of the CRISPR/Cas system is severely limited by the feasibility of delivering
essential components to the cell interior. Delivery is currently by transfection or viral transduction of
eukaryotic cells with genes coding for Cas9 and for guide RNA; while effective for some
applications, it is unsuccessful in others, either because of inefficient transfection/transduction or
poor gene expression. In contrast, as shown in FIG. 13, Cas9 delivery is achieved using the
described constructs. Specifically, FIG. 13B shows that, using Cas9-CBS and TAT-CaM, Cas9
was effectively delivered inside BHK cells, where BHK cells were treated for one hour with 1 yM
DyLight 550-labelled Cas9. FIG. 13A shows the control without TAT-CaM.

CPP- or CPA-adapters deliver components to the cytoplasm and target them to specific
cellular compartments, including the nucleus. For example, as FIG. 14 shows, a cargo comprising
CBS-myoglobin with a consensus nuclear localization sequence from SV40 Large T-antigen (SEQ
ID NO: 1), complexed with TAT-CaM, was efficiently transport to the nucleus. Specifically, 1 yM
DyLight 550-labelled CBS-myoglobin with a consensus nuclear localization signal was complexed
with 1 uM TAT-CaM and delivered to BHK cells. The cytoplasm is stained with CytoTracker
Green, the nucleus with NucBlue and the NLS-CBS-myoglobin in red. The pink color, indicated by
the arrow, demonstrated co-localization of DyLight-labelled CBS-NLS-myoglobin and the NucBlue
nuclear stain, and nuclear localization. The right panel of FIG. 14 shows the orthogonal projection,
demonstrating nuclear localization.

This nuclear localization allows the extension of CRISPR/Cas technology to recalcitrant
systems. The application of CPP-adapters and CPA-adapters required production of novel Cas
protein constructs. In general, such constructs include a Cas protein, an adapter binding site, and
a nuclear targeting signal sequence. In one embodiment, the construct contains an N terminal
nuclear localization sequence (NLS), a calmodulin binding sequence, and a Cas encoding
sequence separated by short spacers. In some cases it may be necessary to also deliver the
double stranded RNA component, either with a directly bound adapter recognition tag or using an
RNA binding protein.

Examples of common nuclear localization sequences include PKKKRKV SEQ ID NO: 1 and
KR[PAATKKAGQA]KKKK SEQ ID NO: 2, a bipartite NLS where the KR and KKKK are the
determinant residues. A representative example of a canonical calmodulin binding sequence is the
NNOS KRRAIGFKKAEAVFSAKLM SEQ ID NO: 3 sequence (Bredt and Snyder, Proc. Natl. Acad.
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Sci. 87(2) 682-685 1990). Similar sequences 17-20 residues long are high affinity ligands for
calcium replete calmodulin; other CaM binding motifs, e.g., the IQ motif, are also possible. FIG. 15
shows one embodiment of a schematic of a Cas construct for nuclear delivery. This construct can
be delivered by the disclosed TAT-CaM CPP adapter system using a construct of the HIV derived
CPP TAT and calmodulin.

Outgrowths of CRISPR-Cas include CRISPRi and CRISPR based expression control. In
CRISPRI, an inactive Cas is targeted to specific genomic DNA sequences by guide RNA. This
technology can be extended by delivering the components to the nucleus using the inventive CPP-
adapter technology. This will interfere with expression of a specific gene or genes by preventing
transcription through steric inhibition, e.g., of promoter binding. CRISPRI is thus analogous to RNAI
suppression of expression, but at the level of transcription rather than translation, useful to target
integrated retroviral sequences into the host genome for transcriptionally silencing viral DNA
sequences.

In one embodiment, the invention is a composition comprising an inactive Cas analog of
the construct shown in FIG. 15, and a method for expression suppression.

Expression controls using Cas-enhancer and Cas-repressor constructs are closely related
to CRISPRI. These are targeted by guide RNA to locations adjacent to the binding sites for
promoters or enhancers, greatly increasing the effective affinity of these agents for their binding
sites on chromosomal DNA. Unlike CRISPRI, downregulation is independent of steric effects by
Cas binding and in some cases would be more effective.

It may be desirable to improve delivery of CRISPR guide RNAs to the nucleus. Three
potential methods for achieving this are to deliver a preformed Cas-RNA complex, deliver an
alternative RNA binding protein complexed with guide RNA, or deliver the guide RNA using a
peptide-nucleic acid (PNA) adapter binding moiety bonded to the guide RNA, itself, or to the
complement of the guide RNA, which can anneal with a sequence in the RNA. Release of guide
RNA from the double-stranded cargo inside the cell can be done by matching the annealing
temperature to the experimental conditions. A more effective scheme would lower the temperature
of the cells to favor annealing, then return cells to 37°C to dissociate the cargo RNA from the
adapter.

As previously described, cellular internalization is stimulated with ligands and is used to
translocate cargo into the cell interior. Not all receptors and transporters are internalized, except on
a long time scale as part of general protein turnover. For example, many somatostatin receptor
types are not internalized because of ligand binding but their internalization can be forced with CPP
attached to receptor ligands by a crosslinker. In one embodiment, a CPP is linked by a crosslinker
to a CPA. The structure of the crosslinker may be an amino acid chain 5-20 residues in length,
depending on the size of the membrane proteins. Alternatively, materials other than peptide, e.g.,
carbohydrates, could be employed as a crosslinker. One end of the crosslinker would be covalently

attached to a CPP, and one end would be attached to a transporter or receptor ligand or a CPA.
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An adapter, such as CaM, can be integrated into the linker to allow detachment inside the cell. This
is schematically shown as follows:
CPP - crosslinker - transporter
CPP - crosslinker - receptor ligand
CPP - crosslinker - cell penetrating agent

Many of the most important techniques available in research and therapeutics are hindered
by inability to get nucleic acids across cell membranes. The roster includes transfection of cells
with DNA, inhibition of translation, hence expression, by RNAi, CRISPR-Cas editing, and Cas
mediated control of expression. Nucleic acid target variants using the inventive system and method
solve many of these problems.

Many DNA and RNA binding proteins are available that recognize single or double
stranded nucleic acids. A calmodulin binding site (CBS)-nucleic binding protein is a potential
vehicle for DNA or RNA import. The drawback is release; reliance on equilibrium either reduces
the import efficiency, i.e., low affinity, or slows the release rate, i.e., high affinity. Additional affinity
considerations are subsequently disclosed. Some prokaryotic nucleic acid binding proteins are
calcium sensitive. The visinin-like protein, important in neurons, is an EF hand protein that binds
double stranded RNA, and is a neuron-specific calcium-dependent double-stranded RNA-binding
protein. High affinity CaM binding transcription activators provide an alternative strategy; CaMTAs
are DNA binding proteins that are calcium activated via Ca*? release, so low internal calcium would
release a CaMTA-nucleic acid complex from TAT-CaM, triggering immediate nucleic acid release
from CaMTA.

Biotin, a water-soluble B vitamin, is used as a labelling molecule, particularly for end-
labeling of synthetic nucleic acids. Avidin, a protein with high affinity for biotin, e.g. streptavidin, is
used as biotin-binding proteins in laboratory processes. CPP-adapters can be used in tandem with
calmodulin-binding site (CBS)-avidin fusions to bind and deliver biotinylated nucleic acids. CBS-
tamavidin has been produced and delivered to BHK cells, as shown in FIG. 16. Specifically, FIG.
16A shows biolayer interferometry sensorgram of TAT-CaM/CBS-tamavidin/biotinylated cargo
complex assembly, where phase 1 is TAT-CaM binding to sensors; phase 2 is CBS-tamavidin
binding to TAT-CaM; and phase 3 is biotinylated cargo protein binding to CBS-tamavidin. The
traces vary only in the concentration oﬁéﬁibiotinylated cargo protein: 2 yM, 1 uM, and 500 nM, and all
data are reference subtracted. CBS-tamavidin did not bind sensors in the absence of TAT-CaM
and biotinylated cargo did not bind TAT-CaM-saturated sensors. As FIG. 16B shows, TAT-CaM
delivered CBS-tamavidin into BHK cells (CBS-tamavidin and nuclei shown by arrows). Other
embodiments include monomeric streptavidins. CBS-avidins can also be used to bind and deliver
proteins that are not expressible or active as CBS-fusions but can be biotinylated, e.g. antibodies.

A construct CPP-nucleic acid or CPA-nucleic acid can be made using chemical
crosslinking. Such a construct is a CPP or CPA adapter system analogous to TAT-CaM if the
nucleic acid is complementary to a sequence in the cargo polynucleotide, allowing duplex
formation. An example is a CPP-DNA construct such as TAT-TTTTTTTTTTTT (TAT-SEQ ID NO:
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4). Such a construct would bind tightly to the polyA tail of messenger RNA at temperatures below
the melting point of the duplex. This can be a mechanism for facilitated endosomal escape, loading
at slightly reduced temperatures (25°C-32°C) followed by return to 37°C, where the duplex will
dissociate. For polyA-polyT interactions, 10-15 bases are likely to be optimal.
TAT-TTTTTTTTTTT (TAT-SEQ ID NO: 4)

ERRRRERRERN

AAAAAAAAAAAAAA-cargo (SEQ ID NO: 5-cargo)
Other nucleic acids can be internalized using custom TAT-DNA constructs that anneal to target
sequences in the cargo DNA. Alternatively, for applications that tolerate a short additional
sequence, e.g., a polyA tail or a shorter CG rich tail, a generic TAT-DNA construct could be used.
While TAT-DNA is easier to work with and much less sensitive to degradation, TAT-RNA and TAT
morpholinos are also useful.

For cell culture experiments, high affinity between CPP and their target and/or receptor is
optimal as long as internal release is sufficiently fast to internalize cargo into internal
compartments. This is likely also true for experiments targeting small volumes in large animals, or
in experiments with small animals, e.g., C. elegans. For experiments targeting larger volumes,
lower affinity CPP are superior because they are not be taken up by the first few layers of cells they
encounter. In general, targeting larger volumes of tissue require large amounts of CPP-adapter-
cargo complex and CPP with lower affinity. CPP with progressively altered amino acid sequences
to obtain altered affinity and kinetics can be evaluated. TAT-CaM delivers cargo to the cytoplasm
within about five minutes, and may be in endosomes in about a minute or less. A low affinity
mutant of TAT, or another CPP, allows diffusion and circulation to reach a much larger cell
population. Constructs similar to TAT CaM may be designed that would act on the time scale of
hours.

Conversely, the affinity of the CPP-adapter for the cargo construct should be high to
optimize import efficiency; this is very effective for cargos with a built in release, e.g., ca*
sensitivity, pH sensitivity, temperature sensitivity, autocleavage, etc. For cargo without such a
mechanism, a lower affinity would permit a compromise between efficient import into endosomes
and release from the membrane. This can be readily accomplished by modifying the linkage
between adapter and cargo.

The inventive system and method has use in anti-cancer strategies, including those
subsequently described and also those including telomerase suppression, suppression of motility
factors that promote metastasis, and suppression or enhancement of oncogene products as
appropriate.

The enzyme telomerase extends chromosomal DNA by adding repeats of the sequence
TTAGGG as telomeres to the 3’ end of chromosomes, non-coding extensions that are
progressively removed during cell divisions because of the inability of DNA polymerase to add

bases onto the 3’ end of DNA. Mammalian telomerases are only active during meiosis, and the
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length of the telomeric extension determines how many times cells can divide before the coding
region is degraded and the cells senesce.

In one embodiment, an active telomerase is delivered to the nucleus, greatly extending the
lifetime of cells. Unlike cancer cells, these cells would not be immortalized, because telomerase
would not be expressed and the level of activity would fall with time. Cell cultures could be
retreated, however, with each treatment extending their life. This is a great advance in cell and
tissue culture. In addition, stem cell lifetimes could be greatly extended, not only delaying
senescence but producing an essentially unlimited population of cells from a small initial sample.
This is of great value for researchers, and allows new therapeutic approaches in diverse areas,
e.g., wound healing to anti-agathics.

The inventive system and method enhances existing chemotherapeutic treatment regimens
and protocols for the treatment of malignant carcinomas. Many carcinomas result from increased
or decreased activity of bHLH transcription factors such as Twist, a developmentally critical
transcription factor that, when abnormally regulated, can induce epithelial cells to change from a
senescent, sessile state to a malignant motile state. The nuclear transcription co-factors Akirin-1
and/or Akirin-2 is/are a regulator of transcription factor activity in a variety of contexts. Targeting
and reducing Akirin-2 levels using nucleic acid-based techniques have been demonstrated to
increase sensitivity of Twist-regulated cancer cells in vivo. However, the administration and control
of stoichiometry of nucleic acid-based molecules is problematic using conventional technologies.

Using the inventive CPP-based technology overcomes the myriad issues with delivery of
nuclei acids to carcinoma cells in vivo. For example, generating a construct consisting of the
transcription factor (TF) interacting domain (ID) of Akirin-1 and/or Akirin-2, fused with a nuclear
localization signal, cell-penetrating peptide, and CaM binding site (AkirinID-CPP). Using the
disclosed inventive delivery system, the fusion protein is introduced to tumor cells including, but not
limited to, glioblastoma, neuroblastoma, retinoblastoma tumor cells, and the fusion protein is
delivered to the cell and subsequently translocated to the cell nucleus. Once inside the cell, this
interaction domain out-competes endogenous TF/AKkirin interaction and favors TF/AKirinID-CPP
interactions instead, which weakens the tumor cells and renders them more susceptible to parallel
treatments. This method is utilized for all potentially mechanistically meaningful domains of Akirin-1
and Akirin-2, once they are identified.

The inventive system and method delivers senescence inducing proteins in virally derived
cancers and other anti-viral therapeutics, also with research applications.

Cervical carcinoma is the third most common cancer, representing about 16% of all
cancers among females. About 90% of cervical cancers are caused by human papilloma virus
(HPV), most frequently (75%) by two strains: HPV type 16 and 18. E6 and E7 are the major viral
oncogenes. E6 protein binds tumor suppressor p53, targeting it for ubiquitin-mediated degradation.
E6 also stimulates telomerase activity. E7 protein binds p105%° and other retinoblastoma tumor
suppressor proteins. The combined effect of the activities of these proteins leads to aggressive

proliferation.
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Early viral transcription produces E2 protein, which represses expression of E6 and E7.
However, during integration into the host chromosome leading to oncogenesis, the gene encoding
it is disrupted, which leads to increases in E6 and E7 expression and proliferation. Differential
activities of E6 and E7 in HelLa cells were previously characterized and induced replicative
senescence by superinfection with a recombinant SV40 virus encoding bovine E2.

The disclosed inventive senescence inducing cargo protein CBS-E2, or calmodulin binding
site fused to HPV protein E2, is used in tandem with Tat-CaM. For example, as FIG. 17 shows,
TAT-CaM delivered HPV E2 induced senescence in SiHa cells. FIG. 17A shows delivered
fluorescently labelled CBS-E2 (indicated by arrow; magenta) aligning on the mitotic plate of a
dividing cell. Cytoplasm is marked with CytoTracker Green and nuclei are labeled with NucBlue.
FIG. 17B shows control with TAT-CaM only (left panel), and TAT-CaM/CBS-E2 (right panel), where
TAT-CaM/CBS-E2 induced morphological changes indicative of senescence at 72 hr. FIG. 17C
shows metabolic activity reduction varies by the concentration of E2, TAT-CaM only controls are
insignificantly different from no addition control (Ctrl), and 2 uM and 4 uM E2 caused significantly
lower metabolic activity of the affected cells. CPP/E2 offers many advantages over recombinant
virus in terms of safety, stability and effective dosing. Applications include, but are not limited to the
following:

Elimination of HeLa contamination of cultured cells. HelLa cells, the oldest and most
commonly used human cell line, has undergone horizontal gene transfer from HPV18 at five
different sites in its hypertriploid genome. It is well adapted to growth in tissue culture plates and
easily contaminates other lines, often overgrowing them. Users are often not aware of the
overgrowth, leading to devastating but unknown impact on a multitude of projects; one report was
29% of 360 known cross-contaminated cell lines were HelLa contaminated; another report was
about 10-20% of all in vitro cell lines are contaminated with HeLa, resulting in numerous artifactual
results across a wide array of research efforts. CPP-E2 arrests the proliferation of HeLa in a
contaminated cell line while allowing proliferation of the desired cells, eliminating the contamination.

Tissue culture media additive. The stability of CPP-E2 makes it an excellent additive for
tissue culture media to prevent HeLa contamination. Its specificity for HPV-infected cells means
that it is non-toxic and non-interfering to other types of cells. There is a large and growing global
cell culture supplies market.

Topical antiviral. CPP-E2 is soluble, stable and non-toxic. It can be used as an antiviral
additive to condom lubricants, diaphragm jellies, contraceptive sponges, representing a significant
value-added proposition to the global contraceptives market. CPP-E2 may also be used as an
additive to cleaning products.

Anti-cancer therapeutic. Papillomavirus infects keratinocytes, causing skin lesions. Given
CPP-EP2 cell-penetrating capabilities, applications are delivery to tumors in vivo for cervical, skin,
and other mucosal or cutaneous cancers.
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Oncogenesis research tool. Delivery of E6 and E7 can induce immortalization when, paired
with induction of senescence, a suite of tools may be produced for study of cellular processes and
events surrounding the immortalization/replicative senescence boundary.

Other applications include other antivirals including ones targeted against herpes, HIV,
Epstein-Barr, hepatitis B, and hepatitis C.

Targeted expression control. The ability to load constructs directly into cell interiors makes
it possible to deploy synthetic cargos not found in nature and which cannot be expressed by
transfected cells. Examples of these constructs can be used to up or down regulate expression.

FIG. 18 schematically shows the structure of one embodiment of a targeted expression
control construct. The CaM binding site can dock with a construct such as TAT-CaM, importing it
into the cell. The N terminal nuclear localization signal targets the construct to the nucleus. In the
nucleus, the attached complementary DNA sequence, which can be covalently attached but need
not be as long as the attachment is high affinity, binds to a chromosomal sequence 3’ to the gene
and associated control sequences. This targets the repressor or enhancer to the appropriate
binding site, up or down regulating the target gene. In principle, this is similar to CRISPRi but is
simplified because only a single molecule is needed rather than inactive mutant Cas and a guide
RNA.

Many other applications exist for expression control. Exemplary non-limiting examples
include reduction of inflammatory proteins, repression of telomerase in cancer treatment, enhanced
production of enzymes where function has been compromised by low expression, etc.

Internalization of antifreeze proteins (AFP) and ice nucleation proteins in organisms living
in environments where the ambient temperature is below the freezing point of water; such
organisms have evolved antifreeze proteins to prevent cellular damage secondary to ice crystal
formation. Antifreeze proteins interact with water molecules to prevent freezing by regulating the
formation and shape of ice crystals. AFP may be localized to the extracellular fluid, the cell
surface, orintracellularly. Treatment with extracellularly-administered AFPs can improve
cryopreservation of embryos and a wide range of cell types. However, treatment with Type 1 AFP
has led to increased destruction of some cell types and tissues during freezing, apparently due to
formation of needle-like intracellular ice crystals.

Use of the inventive CPP-based technology intracellularly delivers a wide range of AFP into
cells destined for cryopreservation, without their genetic modification. An example strategy fuses a
calmodulin binding site to an AFP, producing CBS-AFP to be used in tandem with TAT-CAM or
other CPP-CAM construct. CBS-AFP has the potential to enhance viability of cryopreserved cells
and embryos by regulating intracellular ice formation, and may increase the potential for
cryopreservation of whole tissues and organs.

The class of ice nucleation proteins (INP) promote formation of ice crystals. CPP-based
delivery of intracellular INP would render cells more susceptible to cold injury. In an analogous

example strategy to CBS-AFP, CBS-INP is constructed by fusing a calmodulin binding site to an ice
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nucleation protein, and delivered intracellularly using TAT-CAM. CBS-INP could be a useful
adjuvant to cryosurgery.

Oct4, Soc2, Kif4 and c-Myc, the Yamanaka Factors are highly expressed in embryonic
stem cells. Their forced expression in differentiated cells can return those cells to a stem cell state,
creating induced pluripotent stem cells (iPSC). Previous approaches used retroviral vectors to
deliver cDNAs expressing these reprogramming factors. While effective in the laboratory, this gene
delivery strategy creates potential problems, particularly if iPSC are to be used in a therapeutic
context. The inventive cargo system and method bypasses this issue by delivering proteins directly
to the cell. This enormous benefit is extended to the direct reprogramming of differentiated cells
into other cell types, e.g., neurons, islet cells, etc.

Other CPP-cargo strategies rely on covalent linkage or nonspecific hydrophobic linkers that
are susceptible to getting trapped by membrane association as the CPP itself may not be released
into the cytoplasm. Even non-hydrophobic CPP are likely to be tightly bound to membrane proteins
associated with the import machinery, which would be expected to greatly hinder endosomal
escape by covalently attached cargo proteins. One group estimates that a fraction of 1% of TAT-
fused cargos escape endosomes. High-affinity but reversible noncovalent attachment of cargos
overcomes trapping effects via Ca”-dependent dissociation, allowing rapid and efficient cargo
distribution to the cytoplasm even though the CPP may remain attached to the membrane.

Cytotoxicity is also a major drawback with current CPP, particularly given the
concentrations necessary to attain observable endosomal escape. With cytotoxic effects of TAT
becoming significant in the tens of uM, the fact that TAT-CaM effects significant cytoplasmic
distribution of cargos at 1 uM without an increase in cell death as measured by Trypan Blue
exclusion (data not shown) is particularly exciting. Release of cargo is the rate limiting step in
endosomal escape.

The time frame of cargo delivery using CPP-adapters is an hour or less. This contrasts to
the time required to transfect cells; CPP-adapter augmentation is roughly two orders of magnitude
faster than transfection, making possible time course experiments that could never be previously
attempted.

An wide array of applications can be developed from the inventive method and system.
CPP-adapters can allow for subcellular addressing, e.g. delivery of a transcription factor to the
nucleus, with kinetics, dosing, toxicity and other parameters as well delivery of a wide array of
cargos.
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The embodiments shown and described in the specification are only specific embodiments
of inventors who are skilled in the art and are not limiting in any way. Therefore, various changes,
modifications, or alterations to those embodiments may be made without departing from the spirit of
the invention in the scope of the following claims. The references cited are expressly incorporated

by reference herein in their entirety.
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What is claimed is:

1. A composition for intracellular delivery of a biomolecule, the composition comprising

a cell penetrating peptide (CPP) or cell penetrating agent (CPA) covalently linked to an
adapter, and

a cargo molecule covalently linked to an adapter binding molecule,
the composition formed by non-covalent linkage between the adapter and adapter binding

molecule.

2. A composition comprising

a cell penetrating peptide (CPP) or cell penetrating agent (CPA) covalently linked to an
adapter,

the adapter non-covalently linked to an adapter binding molecule,

a cargo molecule covalently linked to the adapter binding molecule,

the composition for intracellular delivery of the cargo.

3. A composition for intracellular delivery of a biomolecule, the composition comprising a cell
penetrating peptide (CPP) or cell penetrating agent (CPA) covalently linked to an adapter, the
adapter non-covalently linked to an adapter binding molecule, the adapter binding molecule

covalently linked to a cargo.

4. The composition of any of claims 1, 2, or 3 where the adapter is calmodulin or a calcium binding

protein and the adapter binding molecule is a calmodulin binding peptide.

5. The composition of any of claims 1, 2, or 3 where the CPP is selected from the group consisting
of Tat, penetratin, transportan, Dat, VP-22, amphipathic peptides, MPG, Pep-1, MAP, SAP,
PPTG1, arginine rich peptides, oligoarginine, hCT (9-32), SynB, and Pvec.

6. The composition of any of claims 1, 2, or 3 where the CPA is selected from a receptor or

transporter ligand.

7. The composition of claim 6 where the receptor is selected from the group consisting of insulin
receptor, beta 2-adrenergic receptor, folate receptor, the N-methyl-D-aspartic acid (NMDA)

receptor, opiate receptors, cannabinoid receptor, and combinations thereof.
8. The composition of claim 6 where the transporter is selected from the group consisting of

dopamine transporter, serotonin transporter, norepinephrine transporter, endothelial glucose

transporter, and combinations thereof.
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9. The composition of any of claims 1, 2, or 3 where the adapter binding molecule is further
attached to a sequence that localizes the cargo to a cellular location or organelle that is selected
from the group consisting of nucleus, peroxisome, mitochondria, endoplasmic reticulum, Gogli, and
combinations thereof.

10. The composition of claim 9 where the sequence is a nuclear localization sequence.

11. The composition of any of claims 1, 2, or 3 where the cargo is selected from the group

consisting of a protein, a drug, a liposome, a nucleic acid, and combinations thereof.

12. The composition of any of claims 1, 2, or 3 where the non-covalent linkage between the

adapter and the adapter binding molecule is reversible.

13. The composition of claims 1, 2, or 3 where at least one characteristic of an intracellular
environment promotes reversal of the non-covalent linkage between the adapter and the adapter

binding molecule, resulting in release of the cargo from the CPP.

14. The composition of claim 13 where the characteristic is an intracellular calcium concentration.

15. The composition of claims 1, 2, or 3 where the cargo is selected from the group consisting of a

modulator of transcription in the cell, a probe that measures a property of the cell interior, and an

enzyme.

16. The composition of claim 15 where the enzyme is a kinase or a phosphatase.

17. The composition of claim 15 where the enzyme is modified to be constitutively active.

18. The composition of claim 15 where the probe is an oxidation monitor, a nitric oxide (NO)
sensor, or a pH sensor.

19. The composition of claim 11 where the cargo is a nucleic acid and the adapter binding

molecule is covalently linked to a nucleic acid binding protein.

20. A method for delivering a cargo inside a cell, the method comprising

forming a complex by contacting a cell penetrating peptide (CPP) or cell penetrating agent
(CPA) covalently linked to an adapter, with a cargo molecule covalently linked to an adapter binding
molecule, under conditions suitable for forming a non-covalent bond between the adapter and

adapter binding molecule, and
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contacting the cell with the complex under conditions sutficient to result in delivery of the

cargo inside the cell.

21. The method of claim 20 where the cell penetrating peptide (CPP) or cell penetrating agent
(CPA) covalently linked to an adapter and the cargo molecule covalently linked to an adapter
binding molecule are added separately to culture media containing the cell, and the complex forms

in the culture media.

22. The method of claim 20 where the adapter is calmodulin or a calcium binding protein and the

adapter binding molecule is a calmodulin binding peptide.

23. The method of claim 20 where the CPP is selected from the group consisting of Tat,
Penetratin, Transportan, Dat, VP-22, Amphipathic peptides, MPG, Pep-1, MAP, SAP, PPTG1,
arginine rich peptides, Oligoarginine, hCT (9-32), SynB, and Pvec.

24. The method of claim 20 where the CPA is selected from the group consisting of a receptor or

transporter ligand.

25. The method of claim 24 where the receptor is selected from the group consisting of insulin
receptor, beta 2-adrenergic receptor, folate receptor, the N-methyl-D-aspartic acid (NMDA)
receptor, opiate receptors, and cannabinoid receptor.

26. The method of claim 24 where the transporter is selected from the group consisting of
dopamine transporter, serotonin transporter, norepinephrine transporter, and endothelial glucose

transporter.

27. The method of claim 20 where the adapter binding molecule is also bound to a localization

sequence.

28. The method of claim 27 where the localization sequence is a nuclear localization sequence.

29. The method of claim 20 where the cargo is at least one of a protein, a drug, a liposome, or a

nucleic acid.

30. The method of claim 20 where the non-covalent linkage between the adapter and the adapter

binding molecule is reversible.

31



WO 2017/136534 PCT/US2017/016189

31. The method of claim 30 where at least one characteristic ot an intracellular environment
promotes reversal of the non-covalent linkage between the adapter and the adapter binding
molecule, resulting in release of the cargo from the CPP.

32. The method of claim 31 where the characteristic is an intracellular calcium concentration.

33. The method of claim 20 where the cargo is selected from the group consisting of a modulator
of transcription in the cell, a probe that measures a property of the cell interior, an enzyme, and
combinations thereof.

34. The method of claim 33 where the enzyme is a kinase or a phosphatase.

35. The method of claim 33 where the enzyme is modified to be constitutively active.

36. The method of claim 33 where the probe is selected from the group consisting of an oxidation

monitor, a nitric oxide (NO) sensor, a pH sensor, and combinations thereof.

37. The method of claim 29 where the cargo is a nucleic acid and the adapter binding molecule is

covalently linked to a nucleic acid binding protein.
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