wo 2014/179494 A1 [N APF OO0 O

(43) International Publication Date

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

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

=

\

6 November 2014 (06.11.2014)

WIPOIPCT

(10) International Publication Number

WO 2014/179494 A1

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

International Patent Classification:
A61K 39/395 (2006.01) CI12P 21/08 (2006.01)
A61K 39/00 (2006.01)

International Application Number:
PCT/US2014/036243

International Filing Date:
30 April 2014 (30.04.2014)

Filing Language: English
Publication Language: English
Priority Data:

61/817,517 30 April 2013 (30.04.2013) US

Applicant: COLORADQO STATE UNIVERSITY RE-
SEARCH FOUNDATION [US/US]; P.O. Box 483, Fort
Collins, Colorado 80522 (US).

Inventors: COHEN, Robert E.; 124 N. Grant Avenue,
Fort Collins, Colorado 80521 (US). CHOIL, Yun-Seok;
1600 West Plum Street, #19B, Fort Collins, Colorado
80521 (US).

Agents: LAHERTY, Carol D. et al.; Cooley LLP, 1299
Pennsylvania Avenue, NW, Suite 700, Washington, Dis-
trict of Columbia 20004 (US).

(8D

(84)

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, 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, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, 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, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
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, 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, FL, 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, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

[Continued on next page]

(54) Title: SENSORS AND ASSAYS FOR UBIQUITIN OR UBIQUITIN-LIKE PROTEINS

Design concept of sensors for free Ub: link three non-
overlapping UBDs

A UIM-type UBD that binds to
Ub hydrophobic patch

A ZnF Ubp-type UBD that
binds to Ub free C-terminus

A Ruz-domain UBD that binds to the
surface around Ub Asp58

The result: The 3 UBDs were
connected with two peptide
linkers. The resulting proteins with
three UBDs exhibited
exceptionally strong affinity for
free Ub.

FG. 1

(57) Abstract: The present invention provides compositions comprising chimeric polypeptides that bind to free ubiquitin proteins or
free ubiquitin-like proteins with high affinity, as well as chimeric polypeptides that bind to both free and conjugated ubiquitin pro -
teins or free and conjugated ubiquitin-like proteins, and methods of using the chimeric polypeptides to determine the amount of free
or toal ubiquitin or free or total ubiquitin-like proteins in various types of samples.



WO 2014/179494 A1 W00V 000 0 A A

— as to the applicant's entitlement to claim the priority of —  before the expiration of the time limit for amending the
the earlier application (Rule 4.17(iii)) claims and to be republished in the event of receipt of
Published: amendments (Rule 48.2(h))

— ith listi t of description (Rule 5.2
—  with international search report (Art. 21(3)) with sequence listing part of description (Rule 3.2(a))



10

15

20

25

WO 2014/179494 PCT/US2014/036243

SENSORS AND ASSAYS FOR UBIQUITIN OR UBIQUITIN-LIKE PROTEINS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefit under 35 U.S.C.§119(e) of U.S. provisional patent
application no. 61/817,517 filed on April 30, 2013, the contents of which are incorporated

herein by reference in its entirety.

[0002] This invention was made with government support under Grant No. GM(097452
awarded by the National Institutes of Health. The government has certain rights in the

invention.
STATEMENT REGARDING SEQUENCE LISTING

[0003] The Sequence Listing associated with this application is provided in text format in
lieu of a paper copy, and is hereby incorporated by reference into the specification. The
name of the text file containing the Sequence Listing is CSUV_007 01US_ST25.txt. The
text file is 29 KB, created on April 30, 2014, and is being submitted electronically via EFS-
Web.

BACKGROUND OF THE INVENTION

[0004] Ubiquitin is a small, highly conserved protein that is found in all eukaryotic cells.
Ubiquitin proteins and ubiquitin-like proteins regulate diverse and vital processes within
cells. Ubiquitin proteins have roles in many cell functions including the mediation of various
stress responses, repair of damaged DNA, regulation of differential gene expression, and cell
cycle control. One of the best characterized roles of ubiquitin proteins is the regulation of

sclective protein degradation by the protecasome.

[0005] Ubiquitin proteins and ubiquitin-like proteins function through their covalent
attachment to other proteins, which is also referred to in the art as conjugation. The
conjugation of a ubiquitin protein or a ubiquitin-like protein can influence the target protein
in a number of ways which include the signaling of the target protein for degradation by the

proteasome, changing the activity of the target protein, or changing the cellular localization
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of the target protein. When a ubiquitin protein is conjugated to a target protein, the target

protein is said to be ubiquitinated.

[0006] Since ubiquitin proteins and ubiquitin-like proteins act through their conjugation to
other proteins, the pools of unconjugated ubiquitin must be regulated for the proper functions
of virtually all ubiquitin-dependent signaling pathways. Despite the importance of ubiquitin
and ubiquitin like proteins, few methods to measure free ubiquitin proteins have been
described. Typically, these methods have low precision or are difficult to implement for
many labs. What is needed in the art is a simple, practical assay for free ubiquitin proteins or

ubiquitin-like proteins to be measured.

[0007] The present invention addresses such needs, providing novel chimeric polypeptide
sensors for detecting free ubiquitin proteins or ubiquitin-like proteins or, alternatively, both
free and conjugated ubiquitin proteins or ubiquitin-like proteins, and related methods to use
the chimeric polypeptide sensors to determine the amount of free ubiquitin in a sample and/or
the total amount of ubiquitin in a sample. This invention also provides sensitive assays for
free ubiquitin proteins or ubiquitin-like proteins, or total ubiquitin proteins or ubiquitin-like
proteins, in a sample, and can be incorporated in experiments to measure free or total
ubiquitin or ubiquitin-like proteins in tissues or extracts, and can be used to monitor
ubiquitination or deubiquitinase enzyme activitics in real-time assays. Alternatively, variants
of the invention this invention can be incorporated into screens to identify agents that modify

ubiquitin conjugation.
BRIEF SUMMARY OF THE INVENTION

[0008] The present invention provides compositions comprising chimeric polypeptides that
bind to ubiquitin proteins or ubiquitin-like proteins with high affinity, and methods of using
the chimeric polypeptides to determine the amount of ubiquitin proteins or ubiquitin-like
proteins in various types of samples. In various embodiments, the chimeric polypeptides
bind to only free ubiquitin proteins or free ubiquitin-like proteins, or bind to both free and

conjugated ubiquitin proteins or free and conjugated ubiquitin-like proteins.

[0009] In some embodiments, the invention provides a chimeric polypeptide comprising: two
or more polypeptide sequences that bind a ubiquitin protein or a ubiquitin-like protein,
wherein the sequences bind non-overlapping regions of the same ubiquitin protein or

ubiquitin-like protein, and one or more linker(s), wherein each linker connects two or more of
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the sequences. In some embodiments, the chimeric polypeptide preferentially binds to the
free ubiquitin protein or the free ubiquitin-like protein as compared to the conjugated
ubiquitin protein or the conjugated ubiquitin-like protein. In some embodiments, the

chimeric polypeptide binds free and conjugated ubiquitin.

[0010] In some embodiments, the invention comprises a chimeric polypeptide, wherein the
chimeric polypeptide comprises three polypeptide sequences that bind to non-overlapping
regions of the ubiquitin protein or the ubiquitin-like protein, wherein the three polypeptide

sequences are connected by two linkers.

[0011] In some embodiments, the invention provides a chimeric polypeptide that comprises,
in the following order (amino terminal to carboxy terminal): a first polypeptide sequence that
binds to a first region of the ubiquitin protein or the ubiquitin-like protein, a first linker that
connects the first polypeptide sequence with a second polypeptide sequence, the second
polypeptide sequence, which binds to a second region of the ubiquitin protein or the
ubiquitin-like protein, a second linker that connects the second polypeptide sequence with a
third polypeptide sequence; and the third polypeptide sequence, which binds to a third region
of the ubiquitin protein or the ubiquitin like polypeptide, wherein the regions of the ubiquitin
protein or the ubiquitin-like protein bound by the first, second, and third polypeptide
sequences are non-overlapping. In some embodiments, the chimeric polypeptide comprises

linker(s), wherein the linkers are polypeptides.

[0012] In some embodiments, the invention provides the chimeric polypeptide , wherein the
sequences comprise a sequence that binds to the ubiquitin C terminus. In some embodiments,
the chimeric polypeptide comprises a sequence that binds to the ubiquitin hydrophobic patch.
In some embodiments, the chimeric polypeptide comprises a sequence that binds to the
surface around Asp58 of ubiquitin. In some embodiments, the chimeric polypeptide
comprises a sequence that binds to the ubiquitin C terminus and a sequence that binds to the
ubiquitin hydrophobic patch. In some embodiments the chimeric polypeptide comprises a
sequence that binds to the ubiquitin C terminus and a sequence that binds the surface around
Asp58 of ubiquitin. In some embodiments, the chimeric polypeptide comprises a sequence
that binds to the ubiquitin hydrophobic patch and a sequence that binds to surface around
Asp58 of ubiquitin. In some embodiments, the chimeric polypeptide comprises a sequence
that binds to the ubiquitin C terminus, a sequence that binds to the ubiquitin hydrophobic

patch, and a sequence that binds to the surface around Asp58 of ubiquitin.
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[0013] In some embodiments, the invention provides a chimeric polypeptide, wherein the
sequences comprise the zine finger binding domain of Isopeptidase T. In some embodiments,
the chimeric polypeptide comprises sequences comprising a Ruz domain of Rabex-5. In
some embodiments, the chimeric polypeptide comprises sequences comprising a ubiquitin
interacting motif of Vps27. In some embodiments, the chimeric polypeptide comprises
sequences comprisingthe ubiquitin associated domain of Dsk2. In some embodiments, the
chimeric polypeptide comprises sequences comprising a zinc finger binding domain of
Isopeptidase T and the Ruz domain of Rabex-5. In some embodiments, the chimeric
polypeptide comprises sequences comprising the zinc finger binding domain of Isopeptidase
T and the ubiquitin interacting motif of Vps27. In some embodiments, the chimeric
polypeptide comprises sequences comprising a Ruz domain of Rabex-5 and the ubiquitin
interacting motif of Vps27. In some embodiments, the invention provides a chimeric
polypeptide, wherein the sequences comprise the zinc finger binding domain of Isopeptidase

T, the Ruz domain of Rabex-5, and the ubiquitin interacting motif of Vps27.

[0014] In some embodiments, the chimeric polypeptide comprises sequences comprising the
zinc finger binding domain of Isopeptidase T and the ubiquitin associated domain of Dsk2.In
some embodiments, the chimeric polypeptide comprises sequences comprising the Ruz
domain of Rabex-5 and the ubiquitin associated domain of Dsk2. In some embodiments, the
chimeric polypeptide comprises sequences comprising the zinc finger binding domain of

Isopeptidase T, the Ruz domain of Rabex-5, and the ubiquitin associated domain of Dsk?2.

[0015] In some embodiments, the invention provides the chimeric polypeptide, wherein the
sequences bind to non-overlapping regions of the ubiquitin protein. In some embodiments,
the chimeric polypeptide comprises sequences bind to non-overlapping regions of the
ubiquitin-like protein. In some embodiments, the ubiquitin-like protein is Nedd8. In some

embodiments, the ubiquitin-like protein is SUMO.

[0016] In some embodiments, the invention provides the chimeric polypeptide comprising a
detectable label attached to the polypeptide. In some embodiments, the detectable label is a
fluorophore. In some embodiments, the chimeric polypeptide comprises a quencher that is

attached to the chimeric polypeptide.

[0017] In some embodiments, the invention provides a method of determining an amount of a

free ubiquitin protein or a free ubiquitin-like protein in a sample, the method comprising:
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contacting the sample with a chimeric polypeptide that preferentially binds to the free
ubiquitin protein or the free ubiquitin-like protein as compared the conjugated ubiquitin
protein or the conjugated ubiquitin-like protein for a period of time, wherein the chimeric
polypeptide comprises two or more polypeptide sequences that bind the ubiquitin protein or
the ubiquitin-like protein, wherein the sequences bind non-overlapping regions of the
ubiquitin protein or ubiquitin-like protein; and one or more linker(s), wherein each linker(s)
connect two or more of the sequences; and determining: (i) an amount of the free ubiquitin
protein or free ubiquitin-like protein bound to the chimeric polypeptide; or (ii) an amount of a
free competitor protein bound to the chimeric polypeptide, wherein if step (ii) is performed,
the method further comprises step contacting the sample with the free competitor ubiquitin
protein or the free competitor ubiquitin-like protein prior to step determining an amount of
free competitor protein bound to the chimeric polypeptide, thereby determining the amount of

the free ubiquitin protein or the free ubiquitin-like protein in the sample.

[0018] In some embodiments, the method comprises contacting the sample with the chimeric
polypeptide for the period of time, and determining the amount of the free ubiquitin protein

or free ubiquitin-like protein bound to the chimeric polypeptide.

[0019] In some embodiments, the chimeric polypeptide is the chimeric polypeptide is any
chimeric peptide disclosed by the invention. In some embodiments, the method the chimeric
polypeptide is tagged with a detectable label. In some embodiments, the detectable label is a
fluorophore. In some embodiments, the method comprises detecting the detectable label. In
some¢ embodiments, the detection comprises measuring fluorescence intensity. In some

embodiments, the detection comprises measuring fluorescence anisotropy.

[0020] In some embodiments, the method further comprises comparing the amount of the
bound free ubiquitin protein or the bound free ubiquitin-like protein to a predetermined value

or to a control value.

[0021] In some embodiments, the determination of an amount of the free ubiquitin protein or
free ubiquitin-like protein bound to the chimeric polypeptide further comprises determining
the amount of the free ubiquitin competitor protein or the free ubiquitin-like competitor
protein bound to the chimeric polypeptide at two or more time points during the period of
time. In some embodiments, determining an amount of the free ubiquitin protein or free

ubiquitin-like protein bound to the chimeric polypeptide comprises determining the amount
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of the free ubiquitin competitor protein or the free ubiquitin-like competitor protein bound to
the chimeric polypeptide at two or more regular time points throughout the period of time. In
some embodiments, the method further comprises comparing the amount of the bound free
ubiquitin protein or the bound free ubiquitin-like protein to a predetermined value or to a

control value at two or more time points during the period of time.

[0022] In some embodiments, the sample is a biological sample. In some embodiments, the
biological sample is derived from cultured cells, optionally ecukaryotic cells. In some
embodiments, the biological sample is derived from a biological tissue, and wherein the

biological tissue optionally comprises eukaryotic cells.

[0023] In some embodiments, the method of determining an amount of a free ubiquitin
protein or a free ubiquitin-like protein in a sample comprises contacting the sample with the
chimeric polypeptide that preferentially binds to the free ubiquitin protein or the free
ubiquitin-like protein as compared the conjugated ubiquitin protein or the conjugated
ubiquitin-like protein for the period of time, contacting the sample with the free competitor
ubiquitin protein or the free competitor ubiquitin-like protein, and determining the amount of
the free competitor ubiquitin protein or the free competitor ubiquitin-like protein bound to the

chimeric polypeptide.

[0024] In some embodiments, the chimeric polypeptide is any chimeric peptide disclosed by
the invention. In some embodiments, the method the chimeric polypeptide is tagged with a
detectable label. In some embodiments, the detectable label is a fluorophore. In some
embodiments, the method comprises detecting the detectable label. In some embodiments,
the detection comprises measuring fluorescence intensity. In some embodiments, the

detection comprises measuring fluorescence anisotropy.

[0025] In some embodiments, the further comprises comparing the amount of the free
competitor ubiquitin protein or free competitor ubiquitin-like protein bound to the chimeric

polypeptide to a predetermined value or a control value.

[0026] In some embodiments, determining the amount of the free competitor ubiquitin
protein or the free competitor ubiquitin-like protein bound to the chimeric polypeptide
comprises determining the amount of the ubiquitin competitor protein or the ubiquitin-like
competitor protein bound to the chimeric polypeptide at two or more time points during the

period of time. In some embodiments, determining the amount of the free competitor
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ubiquitin protein or the free competitor ubiquitin-like protein bound to the chimeric
polypeptide comprises determining the amount of the ubiquitin competitor protein or the
ubiquitin-like competitor protein bound to the chimeric polypeptide at two or more regular

time points throughout the period of time.

[0027] In some embodiments, the method further comprises comparing the amount of the
ubiquitin competitor protein or the ubiquitin-like competitor protein bound to the chimeric
polypeptide to a predetermined value or a control value at two or more time points during the

period of time.

[0028] In some embodiments, the free ubiquitin competitor protein or the free ubiquitin-like
competitor protein is tagged with a first detectable label, and the chimeric polypeptide is

tagged with a second detectable label.

[0029] In some embodiments, the first detectable label and the second detectable label are
suitable for performing fluorescence resonance energy transfer (FRET). In some
embodiments the first detectable label and the second detectable label are the same. In some
embodiments, the first detectable label and the second detectable label are different. In some
embodiments, the first detectable label is a fluorophore. In some embodiments, the second
detectable label is a fluorophore. In some embodiments, the first detectable label is a
quencher and the second detectable label is a fluorophore. In some embodiments, the first
detectable label is a fluorophore and the second detectable label is a quencher. In some
embodiments, determining the amount of the free competitor ubiquitin protein or the free
competitor ubiquitin-like protein bound to the chimeric polypeptide comprises detecting the
detectable labels. In some embodiments, the detection comprises measuring fluorescence

intensity. In some embodiments, the detection comprises measuring fluorescence anisotropy.

[0030] In some embodiments, the method further comprises comparing the amount of the
bound ubiquitin protein or bound ubiquitin-like protein to a predetermined value or a control
value. In some embodiments, determining the amount of the free competitor ubiquitin protein
or the free competitor ubiquitin-like protein bound to the chimeric polypeptide comprises
determining the amount of the free ubiquitin competitor protein or the free ubiquitin-like
competitor protein bound to the chimeric polypeptide at two or more time points during the
period of time. In some embodiments, determining the amount of the free competitor

ubiquitin protein or the free competitor ubiquitin-like protein bound to the chimeric
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polypeptide comprises determining the amount of the ubiquitin competitor protein or the
ubiquitin-like competitor protein bound to the chimeric polypeptide at two or more regular
time points throughout the period of time In some embodiments, the method further
comprises comparing the amount of the ubiquitin competitor protein or the ubiquitin-like
competitor protein bound to the chimeric polypeptide to a predetermined value or a control

value at two or more time points during the period of time.

[0031] In some embodiments, the invention provides a method of determining a total amount
of a ubiquitin protein or a conjugated ubiquitin-like protein in a sample, the method
comprising contacting the sample with a chimeric polypeptide that binds to both the free and
conjugated ubiquitin protein or both the free and conjugated ubiquitin-like protein for a
period of time, wherein the chimeric polypeptide comprises two or more polypeptide
sequences that bind the ubiquitin protein or the ubiquitin-like protein, wherein the sequences
bind non-overlapping regions of the ubiquitin protein or ubiquitin-like protein, and one or
more linker(s), wherein each linker(s) connects two or more of the sequences; and
determining: an amount of the ubiquitin protein or ubiquitin-like protein bound to the
chimeric polypeptide; or an amount of a competitor ubiquitin protein or a competitor
ubiquitin-like protein bound to the chimeric polypeptide, wherein if an amount of a
competitor ubiquitin protein or a competitor ubiquitin-like protein bound to the chimeric
polypeptide is determined, the method further comprises step contacting the chimeric
polypeptide sensor or the sample with the competitor ubiquitin protein or the competitor
ubiquitin-like protein prior to step determining an amount of a competitor ubiquitin protein or
a competitor ubiquitin-like protein bound to the chimeric polypeptide, thereby determining
the total amount of the conjugated ubiquitin protein or the conjugated ubiquitin-like protein

in the sample.

[0032] In some embodiments, the method comprises contacting the sample with the chimeric
polypeptide for the period of time, and determining the amount of the ubiquitin protein or

ubiquitin-like protein bound to the chimeric polypeptide.

[0033] In some embodiments, the chimeric polypeptide is the chimeric polypeptide is any
chimeric peptide disclosed by the invention. In some embodiments, the method the chimeric
polypeptide is tagged with a detectable label. In some embodiments, the detectable label is a

fluorophore. In some embodiments, the method comprises detecting the detectable label. In
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some embodiments, the detection comprises measuring fluorescence intensity. In some

embodiments, the detection comprises measuring fluorescence anisotropy.

[0034] In some embodiments, the method further comprises comparing the amount of the
bound ubiquitin protein or the bound ubiquitin-like protein to a predetermined value or to a
control value. In some embodiments, the method comprises determining the amount of the
bound ubiquitin protein or the bound ubiquitin-like protein at two or more regular time points
throughout the period of time. In some embodiments, the method comprises comparing the
amount of the bound ubiquitin protein or the bound ubiquitin-like protein to a predetermined

value or to a control value at two or more time points during the period of time.

[0035] In some embodiments, the sample is a biological sample. In some embodiments, the
biological sample is derived from cultured cells, optionally cukaryotic cells. In some

embodiments, the biological sample is derived from a biological tissue.

[0036] In some embodiments, the method comprises contacting the sample with the chimeric
polypeptide for the period of time, determining an amount of the competitor ubiquitin protein
or the conjugated competitor ubiquitin-like protein bound to the chimeric polypeptide, and
contacting the sample or the chimeric polypeptide sensor with the competitor ubiquitin
protein or the conjugated competitor ubiquitin-like protein prior to determining an amount of
the competitor ubiquitin protein or the conjugated competitor ubiquitin-like protein bound to

the chimeric polypeptide.

[0037] In some embodiments, the chimeric polypeptide is any chimeric peptide disclosed by
the invention. In some embodiments, the method the chimeric polypeptide is tagged with a
detectable label. In some embodiments, the detectable label is a fluorophore. In some
embodiments, the method comprises detecting the detectable label. In some embodiments,
the detection comprises measuring fluorescence intensity. In some embodiments, the

detection comprises measuring fluorescence anisotropy.

[0038] In some embodiments, the method further comprises: comparing the amount of the
competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the chimeric

polypeptide to a predetermined value or a control value.

[0039] In some embodiments, determining an amount of the competitor ubiquitin protein or

the conjugated competitor ubiquitin-like protein bound to the chimeric polypeptide comprises
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determining the amount of the competitor ubiquitin protein or the competitor ubiquitin-like
protein bound to the chimeric polypeptide at two or more time points during the period of
time. In some embodiments, determining an amount of the competitor ubiquitin protein or the
conjugated competitor ubiquitin-like protein bound to the chimeric polypeptide comprises
determining the amount of the competitor ubiquitin protein or the competitor ubiquitin-like
protein bound to the chimeric polypeptide at two or more regular time points throughout the

period of time.

[0040] In some embodiments, the method further comprises comparing the amount of the
competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the chimeric
polypeptide to a predetermined value or a control value at two or more time points during the

period of time.

[0041] In some embodiments, the competitor ubiquitin protein or the competitor ubiquitin-
like protein is tagged with a first detectable label, and the chimeric polypeptide is tagged with
a second detectable label. In some embodiments, the first detectable label and the second
detectable label are suitable for performing fluorescence resonance energy transfer (FRET).
In some embodiments, the first detectable label and the second detectable label are the same.
In some embodiments, the first detectable label and the second detectable label are different.
In some embodiments, the first detectable label is a fluorophore.In some embodiments, the
second detectable label is a fluorophore. In some embodiments, the first detectable label is a
quencher and the second detectable label is a fluorophore. In some embodiments, the first
detectable label is a fluorophore and the second detectable label is a quencher. In some
embodiments, the method comprises detecting the detectable labels. In some embodiments,
the detection comprises measuring fluorescence intensity. In some embodiments, the

detection comprises measuring fluorescence anisotropy.

[0042] In some embodiments, the method further comprises comparing the amount of the
bound ubiquitin protein or bound ubiquitin-like protein to a predetermined value or a control
value. In some embodiments, the method comprises determining the amount of the
competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the chimeric

polypeptide at two or more time points during the period of time.

[0043] In some embodiments, the method comprises determining the amount of the

competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the chimeric

10
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polypeptide at two or more regular time points throughout the period of time. In some
embodiments, the method further comprises comparing the amount of the competitor
ubiquitin protein or the competitor ubiquitin-like protein bound to the chimeric polypeptide to

a predetermined value or a control value at two or more time points during the period of time.

[0044] In some embodiments, the invention provides a method of determining a
deubiquitinase activity of a known or candidate deubiquitinase, comprising providing a
mixture, comprising a chimeric polypeptide, wherein the chimeric polypeptide preferentially
binds to a free ubiquitin protein or a free ubiquitin-like protein as compared to the conjugated
ubiquitin protein or the conjugated ubiquitin-like protein comprising two or more polypeptide
sequences that bind a ubiquitin protein or a ubiquitin-like protein, wherein the sequences bind
non-overlapping regions of the ubiquitin protein or ubiquitin-like protein, and one or more
linkers, wherein each linker connects two or more of the sequences; and a conjugated
ubiquitin; contacting the mixture with a known or candidate deubiquitinase for a period of
time; and determining an amount of free ubiquitin in the mixture, thereby determining the

deubiquitinase activity of the known or candidate deubiquitinase.

[0045] In some embodiments, the method further comprises, comparing the amount of the
free ubiquitin determined to the the amount of the free ubiquitin determined prior to
contacting the mixture with a known or candidate deubiquitinase for a period of time or
determining the amount of free ubiquitin in a negative control, wherein a greater amount of
free ubiquitin after contact with the known or candidate deubiquitinase indicates that the
known or candidate deubiquitinase decreases conjugation of the ubiquitin protein or the
ubiquitin-like protein, and a lesser amount of free ubiquitin associated with the presence of
the known or candidate deubiquitinase indicates that the known or candidate deubiquitinase

increases the conjugation of the ubiquitin protein or the ubiquitin-like protein.

[0046] In some embodiments, the method further comprises comparing the amount of free
ubiquitin determined at a first timepoint to the amount of free ubiquitin determined at one or
more subsequent time point(s), wherein a greater amount of free ubiquitin determined at the
onc or more subsequent time point(s) indicates that the known deubiquitinase or the
candidate deubiquitinase is a deubiquitinase of the ubiquitin protein or the ubiquitin-like

protein.

11
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[0047] In some embodiments, the method comprises, providing a plurality of independently
addressable mixtures, each comprising the chimeric polypetide and a different conjugated
ubiquitin; contacting each of the mixtures with the known deubiquitinase or the candidate
deubiquitinase for a period of time, and determining the amount of the free ubiquitin protein
or free ubiquitin-like protein bound to the chimeric polypeptide in each of the mixtures,
thereby determining the deubiquinase activity of the known deubiquitinase or canddiate

deubiquitinase for each of the different ubiquitins in the mixtures.

[0048] In some embodiments, the chimeric polypeptide is the chimeric polypeptide is any
chimeric peptide disclosed by the invention. In some embodiments, the method the chimeric
polypeptide is tagged with a detectable label. In some embodiments, the detectable label is a
fluorophore. In some embodiments, the method comprises detecting the detectable label. In
some embodiments, the detection comprises measuring fluorescence intensity. In some

embodiments, the detection comprises measuring fluorescence anisotropy.

[0049] In some embodiments, the method further comprises comparing the amount of the
bound free ubiquitin protein or the bound free ubiquitin-like protein to a predetermined value
or to a control value. In some embodiments, the method further comprises comparing the
amount of the bound free ubiquitin protein or the bound free ubiquitin-like protein to a
predetermined value or to a control value at two or more time points during the period of

time.

[0050] In some embodiments, the chimeric polypeptide is the chimeric polypeptide is any
chimeric peptide disclosed by the invention. In some embodiments, the method the chimeric
polypeptide is tagged with a detectable label. In some embodiments, the detectable label is a
fluorophore. In some embodiments, the method comprises detecting the detectable label. In
some embodiments, the detection comprises measuring fluorescence intensity. In some

embodiments, the detection comprises measuring fluorescence anisotropy.

[0051] In some embodiments, the method further comprises comparing the amount of the
competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the chimeric
polypeptide to a predetermined value or a control value. In some embodiments, the method
further comprises comparing the amount of the competitor ubiquitin protein or the competitor
ubiquitin-like protein bound to the chimeric polypeptide to a predetermined value or a control

value at two or more time points during the period of time.

12
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[0052] In some embodiments, the competitor ubiquitin protein or the competitor ubiquitin-
like protein is tagged with a first detectable label, and the chimeric polypeptide is tagged with
a second detectable label. In some embodiments, the first detectable label and the second
detectable label are suitable for performing fluorescence resonance energy transfer (FRET).
In some embodiments, the first detectable label and the second detectable label are the same.
In some embodiments, the first detectable label and the second detectable label are different.
In some embodiments, the first detectable label is a fluorophore.In some embodiments, the
second detectable label is a fluorophore. In some embodiments, the first detectable label is a
quencher and the second detectable label is a fluorophore. In some embodiments, the first
detectable label is a fluorophore and the second detectable label is a quencher. In some
embodiments, the method comprises detecting the detectable labels. In some embodiments,
the detection comprises measuring fluorescence intensity. In some embodiments, the

detection comprises measuring fluorescence anisotropy.

[0053] In some embodiments, the method further comprises comparing the amount of the
competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the chimeric
polypeptide to a predetermined value or a control value at two or more time points during the

period of time.

[0054] In some embodiments, the invention provides a method of identifying an agent that
modulates the conjugation of a ubiquitin protein or a ubiquitin-like protein to a substrate, the
method comprising contacting a mixture comprising a ubiquitin substrate or a ubiquitin-like
protein substrate with the ubiquitin protein or the ubiquitin-like protein and a candidate agent
for a period of time; contacting the ubiquitin protein or the ubiquitin-like protein with a
chimeric polypeptide, wherein the chimeric polypeptide preferentially binds to the free
ubiquitin protein or the free ubiquitin-like protein as compared to the conjugated ubiquitin
protein or the conjugated ubiquitin-like protein comprising: two or more polypeptide
sequences that bind a ubiquitin protein or a ubiquitin-like protein, wherein the sequences bind
non-overlapping regions of the ubiquitin protein or ubiquitin-like protein and one or more
linkers, wherein each linker connects two or more of the sequences; determining an amount
of the free ubiquitin protein or free ubiquitin-like protein bound to the chimeric polypeptide;
or an amount of a competitor ubiquitin protein or a competitor ubiquitin-like protein bound to
the chimeric polypeptide, wherein if an amount of a competitor ubiquitin protein or a

competitor ubiquitin-like protein bound to the chimeric polypeptide is determined, the
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method further comprises contacting the chimeric polypeptide sensor with the competitor
ubiquitin protein or the competitor ubiquitin-like protein prior determining the amount of a
competitor ubiquitin protein or a competitor ubiquitin-like protein bound to the chimeric

polypeptide.

[0055] In some embodiments, the method comprises contacting the mixture comprising the
ubiquitin substrate or the ubiquitin-like protein substrate with the ubiquitin protein or the
ubiquitin-like protein and the candidate agent, contacting the ubiquitin protein or the
ubiquitin-like protein with the chimeric polypeptide, determining an amount of the free
ubiquitin protein or free ubiquitin-like protein bound to the chimeric polypeptide; and
comparing the amount of the free ubiquitin determined to the amount of the free ubiquitin
determined when using a negative control instead of the candidate agent, wherein a greater
amount of free ubiquitin associated with the presence of the candidate agent indicates that the
candidate agent decreases conjugation of the ubiquitin protein or the ubiquitin-like protein,
and wherein a lesser amount of free ubiquitin associated with the presence of the candidate
agent indicates that the candidate agent increases the conjugation of the ubiquitin protein or

the ubiquitin-like protein.

[0056] In some embodiments, the method comprises contacting the mixture comprising the
ubiquitin substrate or the ubiquitin-like protein substrate with the ubiquitin protein or the
ubiquitin-like protein and the candidate agent; contacting the ubiquitin protein or the
ubiquitin-like protein with the chimeric polypeptide; determining an amount of the
competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the chimeric
polypeptide; and contacting the chimeric polypeptide sensor with the competitor ubiquitin
protein or the competitor ubiquitin-like protein prior to determining an amount of the
competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the chimeric
polypeptide; comparing the amount of the bound competitor protein determined to the
amount of the bound competitor protein determined when using a negative control instead of
the candidate agent, wherein a greater amount of the bound competitor protein associated
with the presence of the candidate agent indicates that the candidate agent increases
conjugation of the ubiquitin protein or the ubiquitin-like protein, and wherein a lesser amount
of the bound competitor protein associated with the presence of the candidate agent indicates
that the candidate agent decreases the conjugation of the ubiquitin protein or the ubiquitin-

like protein.
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[0057] In some embodiments, the chimeric polypeptide is the chimeric polypeptide is any
chimeric peptide disclosed by the invention. In some embodiments, the method the chimeric
polypeptide is tagged with a detectable label. In some embodiments, the detectable label is a
fluorophore. In some embodiments, the method comprises detecting the detectable label. In
some embodiments, the detection comprises measuring fluorescence intensity. In some

embodiments, the detection comprises measuring fluorescence anisotropy.

[0058] In some embodiments, the method comprises determining the amount of the
competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the chimeric
polypeptide at two or more time points during the period of time. In some embodiments, the
method comprises determining the amount of the competitor ubiquitin protein or the
competitor ubiquitin-like protein bound to the chimeric polypeptide at two or more regular

time points throughout the period of time.

[0059] In some embodiments, the competitor ubiquitin protein or the competitor ubiquitin-
like protein is tagged with a detectable label. In some embodiments, the detectable label is a
fluorophore. In some embodiments, the method comprises detecting the detectable label. In
some embodiments, the detecting comprises measuring fluorescence intensity. In some

embodiments, the detecting comprises measuring fluorescence anisotropy.

[0060] In some embodiments, the competitor ubiquitin protein or the competitor ubiquitin-
like protein is tagged with a first detectable label, and the chimeric polypeptide is tagged with
a second detectable label. In some embodiments, the first detectable label and the second
detectable label are suitable for performing fluorescence resonance energy transfer (FRET).
In some embodiments, the first detectable label and the second detectable label are the same.
In some embodiments, the first detectable label and the second detectable label are different.
In some embodiments, the first detectable label is a fluorophore.In some embodiments, the
second detectable label is a fluorophore. In some embodiments, the first detectable label is a
quencher and the second detectable label is a fluorophore. In some embodiments, the first
detectable label is a fluorophore and the second detectable label is a quencher. In some
embodiments, the method comprises detecting the detectable labels. In some embodiments,
the detection comprises measuring fluorescence intensity. In some embodiments, the

detection comprises measuring fluorescence anisotropy.
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[0061] In some embodiments, the method comprises determining the amount of the
competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the chimeric
polypeptide at two or more time points during the period of time. In some embodiments, the
method comprises determining the amount of the competitor ubiquitin protein or the
competitor ubiquitin-like protein bound to the chimeric polypeptide at two or more regular

time points throughout the period of time.

[0062] In some embodiments, the invention provides a method of determining an amount of
an intact extracellular ubiquitin protein in a sample containing serum, the method comprising:
contacting the sample with a chimeric polypeptide that preferentially binds to the intact
extracellular ubiquitin protein, wherein the chimeric polypeptide comprises: two or more
polypeptide sequences that bind the ubiquitin protein or the ubiquitin-like protein, wherein
the sequences comprise a sequence that binds to the ubiquitin C-terminus or the ubiquitin-like
protein C-terminus and wherein the sequences bind non-overlapping regions of the ubiquitin
protein or the ubiquitin-like protein; and one or more linker(s), wherein the linker(s) connect
two or more of the sequences; and determining an amount of the intact extracellular ubiquitin
protein bound to the chimeric polypeptide; or an amount of a competitor ubiqutin protein or a
competitor ubiquitin-like protein bound to the chimeric polypeptide, wherein if the amount of
a competitor ubiqutin protein or a competitor ubiquitin-like protein bound to the chimeric
polypeptide is determined, the method further comprises contacting the sample with the
competitor ubiquitin protein or the competitor ubiquitin-like protein prior to determining an
amount of a competitor ubiqutin protein or a competitor ubiquitin-like protein bound to the
chimeric polypeptide, thereby determining the amount of the intact extracellular ubiquitin

protein in the sample.

[0063] In some embodiments, the method comprises contacting the sample with the chimeric
polypeptide for the period of time; and determining the amount of the intact extracellular

ubiquitin protein bound to the chimeric polypeptide.

[0064] In some embodiments, the method the chimeric polypeptide is tagged with a
detectable label. In some embodiments, the detectable label is a fluorophore. In some
embodiments, the method comprises detecting the detectable label. In some embodiments,
the detection comprises measuring fluorescence intensity. In some embodiments, the

detection comprises measuring fluorescence anisotropy.
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[0065] In some embodiments, the method further comprises comparing the amount of the
bound intact extracellular ubiquitin protein to a predetermined value or to a control value. In
some embodiments, the method comprises contacting the sample with the chimeric
polypeptide for the period of time determining the amount of the competitor protein bound to

the chimeric polypeptide.

[0066] In some embodiments, the competitor ubiquitin protein or the competitor ubiquitin-
like protein is tagged with a detectable label. In some embodiments, the detectable label is a
fluorophore. In some embodiments, the method comprises detecting the detectable label. In
some embodiments, the detecting comprises measuring fluorescence intensity. In some

embodiments, the detecting comprises measuring fluorescence anisotropy.

[0067] In some embodiments, the method further comprises, comparing the amount of the
competitor ubiquitin protein or competitor ubiquitin-like protein bound to the chimeric

polypeptide to a predetermined value or a control value.

[0068] In some embodiments, the competitor ubiquitin protein or the competitor ubiquitin-
like protein is tagged with a first detectable label, and the chimeric polypeptide is tagged with
a second detectable label. In some embodiments, the first detectable label and the second
detectable label are suitable for performing fluorescence resonance energy transfer (FRET).
In some embodiments, the first detectable label and the second detectable label are the same.
In some embodiments, the first detectable label and the second detectable label are different.
In some embodiments, the first detectable label is a fluorophore.In some embodiments, the
second detectable label is a fluorophore. In some embodiments, the first detectable label is a
quencher and the second detectable label is a fluorophore. In some embodiments, the first
detectable label is a fluorophore and the second detectable label is a quencher. In some
embodiments, the method comprises detecting the detectable labels. In some embodiments,
the detection comprises measuring fluorescence intensity. In some embodiments, the

detection comprises measuring fluorescence anisotropy.

[0069] In some embodiments, the method further comprises comparing the amount of the
bound ubiquitin protein or bound ubiquitin-like protein to a predetermined value or a control

value.

[0070] Other objects, features, and advantages of the present invention will be apparent to

one of skill in the art from the following detailed description and figures.
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DESCRIPTIONS OF THE FIGURES

[0071] Figure 1 provides a schematic illustration of the design concept for the chimeric
polypeptide sensors for free ubiquitin. Ubiquitin is depicted interacting with three binding
domains that bind non-overlapping regions of ubiquitin (top). An example chimeric
polypeptide comprising three domains connected by two linkers is depicted binding to

ubiquitin at three non-overlapping sites (bottom).

[0072] Figure 2 provides a construction scheme for the chimeric polypeptide. Here, the
depicted polypeptide has 3 domains, a domain that binds the ubiquitin C terminus, a domain
that binds the ubiquitin hydrophobic patch, and a domain that binds to the surface of ubiquitin
near Asp358, that are connected by two linkers.

[0073] Figure 3 provides schematic diagrams of two prototype chimeric polypeptides
comprising three binding domains that bind ubiquitin in non-overlapping regions. Both
prototype polypeptides contain a domain that binds the ubiquitin C terminus, a domain that
binds the ubiquitin hydrophobic patch, and a domain that binds to the surface of ubiquitin
near Asp58. The binding domains are connected by polypeptide linkers. In the first
prototype (tIVR) the domain that binds to the C terminus of ubiquitin is the zinc finger
domain of Isopeptidase T (IsoT“""), the domain that binds to the ubiquitin hydrophobic patch

is the ubiquitin-interaction motif from the Vps27 protein (VpsZ7UIM

), and the domain that
binds to the surface of ubiquitin near Asp58 is the Rabex-5 ubiquitin binding zinc finger
(Ruz). In the second prototype (tIDR), the IsoT”" and Ruz domains are linked to the
ubiquitin associated (UBA) domain of the Dsk2 protein (Dsk2"*), which binds to the
ubiquitin hydrophobic patch. Below the schematics, the amino acid sequences of Vps27"™,

Ruz, IsoT”™ and Dsk2"B* are shown in the tIVR and {IDR chimeric polypeptides.
[0074] Figure 4 shows structural models of tIVR and tIDR bound to ubiquitin.

[0075] Figure 5 provides the affinities of tIVR and tIDR to fluorophore-tagged ubiquitin.
The values were calculated from assays incorporating fluorophore-labeled ubiquitin.
Experiments were performed with fluorescein, Atto532, and Alexa488-tagged ubiquitin
tagged with the indicated fluorophore at residue 20. The experimentally determined Ky

values are presented in the table.
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[0076] Figure 6 shows the binding curves of tIVR and tIDR to free ubiquitin. Affinity of
tIVR to free ubiquitin was measured by detecting fluorescence anisotropy. Different
concentrations of free ubiquitin were added to 150 pM (top, left). Affinity between
Alexad488-tagged ubiquitin and Atto532-tagged was measured by detecting change in
fluorescence intensity. Different concentrations of tIVR were added to 50 pM Atto532-
tagged ubiquitin or 100 pM Alexa488-tagged tagged ubiquitin (bottom, left). Binding
between fluorescein tagged ubiquitin and tIDR also was measured as the ratio of association
and dissociation rates (right panel). Changes in fluorescence anisotropy of 50 nM fluorescein
tagged ubiquitin were measured with and without 26 nM tIDR to measure association.
Dissociation of 50 nM tIDR from 50 nM fluorescein tagged ubiquitin was measured by

detecting change in fluorescence anisotropy.

[0077] Figure 7 shows a table and graphs showing that various chimeric polypeptide
sensors with different ubiquitin binding domains have different affinities for free ubiquitin.
The affinities (as K4 values) of Atto532-tagged chimeric polypeptides comprising one, two,
or three ubiquitin binding domains are displayed in the table (top). The graphs show the
fluorescence intensities of mixtures of the Atto532-tagged chimeric peptides measured as a
function of free ubiquitin concentration; the lines are fits to single-site binding isotherms
(bottom). Curves generated from experiments such as these can be used as a calibration

standard in assays to measure free ubiquitin proteins in complex biological samples.

[0078] Figure 8 provides a graph and a table showing the affinity of tIVR to free
ubiquitin, conjugated ubiquitin and Nedd8. The tIVR polypeptide has an approximately
3000-fold higher affinity for free ubiquitin than for conjugated ubiquitin or free NeddS8. A
competition assay was performed to determine the binding affinity of tIVR to free ubiquitin,
conjugated ubiquitin, or Nedd8 (top). When bound to tIVR, the Atto532-tagged ubiquitin
display reduced fluorescent intensity when stimulated compared to Atto532-tagged ubiquitin
that is unbound to tIVR. Fluorescence intensity at 551 nm was measured in counts per second
(CPS). The competitor proteins, free ubiquitin (circles), conjugated ubiquitin (triangles), or
Nedd8 (squares) were added to a 10 nM tIVR and 10 nM Atto532-tagged ubiquitin mixture.
Since Atto532-tagged ubiquitin displaced from tIVR has enhanced fluorescence emission,
increased fluorescence intensity indicates binding of competitor proteins to tIVR. A table lists

the K; values for tIVR for free ubiquitin, conjugated ubiquitin, and Nedd8 (bottom).
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[0079] Figure 9 provides a graph and a table showing that tIVR has similar binding
affinities for different kinds of conjugated free ubiquitin. A competition assay was performed
testing 0.8 nM Atto532 tagged ubiquitin and 6 nM tIVR. Fluorescence intensity was
measured as different concentrations of different linkage types of conjugated ubiquitin
proteins were added (top). The binding affinities, shown as Ki values, of each linkage type of
di- or poly-ubiquitin are listed in the table (bottom).

[0080] Figure 10 provides a diagram of tIVR with normal length or shortened linker and
binding with conjugated ubiquitin and a table reporting the binding properties of tIVR with a
shortened linker. Reducing the length of the linker connecting the domain that binds the
ubiquitin C terminus with the domain that binds the ubiquitin hydrophobic patch increases

the binding specificity of tIVR to free ubiquitin compared to conjugated ubiquitin.

[0081] Figure 11 provides a table demonstrating that an optimized linker 1 in tIVR is short
and made more rigid by having a high fraction of Ala residues. The table lists K4 to Atto532-
tagged ubiquitin and Ub-GB1 a model of conjugated ubiquitin, and ratio of affinities for free
ubiquitin over conjugated ubiquitin, for a short tIVR linker 1(SEQ ID NO: 30), a different
short linker 1 for tIVR (SEQ ID NO: 13), or a long tIVR linker 1 (SEQ ID: 28).

[0082] Figure 12 provides graphs that evaluate the binding of Atto532-tagged ubiquitin and
Ub-GBI1 to tIVR with linker 1 variants. Different concentrations of tIVR with a short linker
1 (SEQ ID NO: 30) arc added to a mixture containing 1 nM atto532 tagged ubiquitin (left).
Different concentrations of tIVR containing a long linker 1 (SEQ ID NO: 28) are added to a
mixture containing 0.5 nM Atto532-tagged ubiquitin (middle). Different concentrations of
Ub-GBI1 are added to a mixture containing 3 nM Atto532-tagged ubiquitin and §nM tIVR
with a long linker 1 (SEQ ID NO: 28; right).

[0083] Figure 13 provides illustrations of how the chimeric peptide sensors can be used with
assays that measure fluorescence intensity. When chimeric polypeptide sensors bind a
fluorophore-tagged ubiquitin protein, the fluorescence intensity is reduced compared to when
the fluorophore-tagged ubiquitin is unbound (left). When a fluorophore-tagged chimeric
polypeptide sensor is bound to a ubiquitin protein, the fluorescence intensity is increased

compared to when the chimeric polypeptide is unbound (right).

[0084] Figure 14 provides graphs showing that unbound fluorophore-tagged ubiquitins have

altered fluorescence intensity compared to fluorophore-tagged ubiquitin bound to tIVR. The
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percentage decrease of the fluorescence intensity of fluorescein, Alexa488, or Atto532-tagged
ubiquitin in the presence of tIVR compared to the absence of tIVR is graphed (left). The
percentage change of fluorescence intensity of Alexa586, Atto532, and Alexa488-tagged
chimeric polypeptide sensors with three, two, or one ubiquitin binding domains upon binding

free ubiquitin is graphed (right).

[0085] Figure 15 provides a graph showing that Atto532-tISR L1 Cys2 shows a large
fluorescence intensity change upon binding to ubiquitin. In this chimeric polypeptide sensor,
the L1 Cys2, the linker between the IsoT”"" and the UIM, has a Cys conjugated with the
fluorophore. Relative fluorescence intensity of Atto532-tISR L1 Cys2 is shown with

different concentrations of free ubiquitin proteins (triangles) or conjugated ubiquitin proteins.

[0086] Figure 16 provides a graph showing that fluorescence intensity changes with
increasing amounts of free untagged ubiquitin. Fluorescence intensitics of emissions across
500 nm to 550 nm wavelengths of 3 nM fluorescein-tagged ubiquitin with 3 nM tIVR was
measured. Concentrations ranging from 0 to 3000 nM of free untagged ubiquitin were added
to the mixture. Fluorescence intensity increased with higher concentrations of free ubiquitin.
Further, there was no shift observed in the fluorescence emission wavelength due to binding

of free ubiquitin.

[0087] Figure 17 provides a graph showing that anisotropy of fluorescein-tagged
ubiquitin proteins is changed when bound by tIVR. Anisotropy of mixtures with 150 pM
fluorescein-tagged ubiquitin proteins was measured and concentrations of tIVR (0 — 10 nM)
were added. Fluorescence was stimulated with polarized light at a 492 nm wavelength and
polarized light emission was measured at 518 nm. Increasing the concentration of tIVR

increased the anisotropy measured in the mixtures.

[0088] Figurc 18 provides a diagram of fluorophore-tagged ubiquitin proteins bound and
unbound to tIVR, and a graph showing that anisotropy of fluorophore-tagged ubiquitin
proteins decreases when they are released from tIVR. Anisotropy of a mixture of 20 nM
fluoroscein-tagged ubiquitin proteins and 20 nM tIVR was measured. Adding free ubiquitin
proteins to the mixture displaced fluorophore-tagged ubiquitin proteins and reduced the
anisotropy measured from the mixture. The curve generated from this experiment can be
used as a calibration standard in assays to measure free ubiquitin proteins in complex

biological samples.
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[0089] Figure 19 provides a graph showing that free ubiquitin proteins change the amount of
quenching due to FRET between quencher-tagged tIVR and fluorophore-tagged ubiquitin
proteins. When the tagged ubiquitin protein is bound to the tIVR, the fluorescence of the
tagged ubiquitin protein is reduced by the quencher conjugated to the tIVR.  Since free
ubiquitin proteins disrupt the binding of the fluorophore-tagged ubiquitin proteins and tIVR
tagged with the quencher, increasing levels of free ubiquitin proteins results in greater
fluorescence intensity. This change in fluorescence depends not only on FRET, but also by
the quenching induced by the interaction between tIVR and fluorophore-tagged ubiquitin
proteins. The curve generated from this experiment can be used as a calibration standard in

assays to measure free ubiquitin proteins in complex biological samples.

[0090] Figure 20 provides a graph showing that deubiquitinase enzyme activity can be
measured in a real-time assay. Release of ubiquitin by YUHI, a deubiquitinase enzyme, was
measured as a fluorescence intensity change. Fluorescence intensity of a mixture containing
YUH1, 500 nM of ubiquitin-D77 (i.e., ubiquitin conjugated to aspartic acid) as substrate, 10

nM fluorescence-tagged ubiquitin, and 10 nM tIVR was measured over time.

[0091] Figure 21 provides a graph showing that deubiquitinase activity can be monitored
continuously. A real-time deubiquitinase assay using Atto532-tagged ubiquitin proteins and
tIVR is graphed. A mimic of polyubiquitinated-protein substrate, was digested with 25 nM
Usp2cc or 3 uM OTUBI1 with or without UbcHSc in presence of 1 nM Atto532-tagged
ubiquitin protein and 1 nM tIVR to detect free ubiquitin released by the deubiquitinases.
OTUBI activity is upregulated by UbcHS5c.

[0092] Figure 22 provides a graph showing that Atto532-tagged tIV L1 Cys binds to free
Nedd8 with a K4 of several uM.

[0093] Figure 23 provides the construction scheme for the universal sensors. A chimeric
polypeptide comprising a domain that binds to the hydrophobic patch of ubiquitin protein and
a domain that binds the surface around ubiquitin are depicted. A linker connects these

domains.

[0094] Figure 24 provides a schematic illustration of the design concept for the chimeric
polypeptide universal sensor for free ubiquitin. Ubiquitin is depicted interacting with two

binding domains that bind non-overlapping regions of ubiquitin (top). An example chimeric
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polypeptide comprising two domains connected by two linkers is depicted binding to

ubiquitin at the two non-overlapping sites (bottom).

[0095] Figure 25 provides a graph and table showing that the tSR chimeric peptide universal
sensor does not discriminate among ubiquitin protein. A competition assay was performed
where unconjugated free ubiquitin proteins, different kinds of conjugated free ubiquitin
proteins, and Nedd8 were added to mixtures of 5 nM Atto532-tagged ubiquitin protein and
600 nM tSR. The relative fluorescence was measured. While tSR had similar binding
affinities for unconjugated ubiquitin proteins and conjugated ubiquitin proteins, tSR
displayed specificity against Nedd8 (top). The Ki values for unconjugated ubiquitin proteins

and the different kinds of conjugated free ubiquitin proteins are provided in a table (bottom).

[0096] Figure 26 provides an illustration and graphs demonstrating that tSR can be used for
direct titration experiments. An illustration shows fluorophore-tagged tSR is shown binding
to ubiquitin (left). The relative fluorescence intensity changes of Alexa488-tagged tSR when
ubiquitin is added is shown (middle). The relative fluorescence of 10 nM Alexa488 tSR
when different concentrations of unconjugated ubiquitin protein, conjugated ubiquitin

protein, or Nedd8 are added (right).
DESCRIPTIONS OF THE SEQUENCES

[0097] SEQ ID NO: 1 is the amino acid sequence of the tIVR chimeric polypeptide

Sensor.

[0098] SEQ ID NO: 2 is the amino acid sequence of the tIVR L1 Cys chimeric
polypeptide sensor.

[0099] SEQ ID NO: 3 is the amino acid sequence of the tIVR (R218C) chimeric
polypeptide sensor.

[00100] SEQ ID NO: 4 is the amino acid sequence of the tIDR chimeric polypeptide

SCnsor.

[00101] SEQ ID NO: 5 is the amino acid sequence of the tIV L1 Cys chimeric
polypeptide sensor.
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[00102]

SCnsor.

[00103]

SCnsor.

[00104]

domain.

[00105]

domain.

[00106]

[00107]

domain.

[00108]

domain.

[00109]

[00110]

[00111]

[00112]

[00113]

addition.

[00114]

addition.

[00115]

[00116]

[00117]

SEQ ID NO: 6 is the amino acid sequence of the tISR chimeric polypeptide

SEQ ID NO: 7 is the amino acid sequence of the tSR chimeric polypeptide

SEQ ID NO: 8 is the amino acid sequence of the IsoT”™ ubiquitin binding

SEQ ID NO: 9 is the amino acid sequence of the Vps27"™ ubiquitin binding

SEQ ID NO: 10 is the amino acid sequence of the Ruz ubiquitin binding domain.

SEQ ID NO: 11 is the amino acid sequence of the Dsk"* ubiquitin binding

SEQ ID NO: 12 is the amino acid sequence of the S5a"™ ubiquitin binding

SEQ ID NO: 13 is the amino acid sequence of the tIVR linker 1.
SEQ ID NO: 14 is the amino acid sequence of the tIVR linker 2.
SEQ ID NO: 15 is the amino acid sequence of the tIDR linker 1.
SEQ ID NO: 16 is the amino acid sequence of the tIDR linker 2.

SEQ ID NO: 17 is the amino acid sequence of the tIVR linker 1 with a Cys

SEQ ID NO: 18 is the amino acid sequence of the tIV linker 1 with a Cys

SEQ ID NO: 19 is the amino acid sequence of the tISR linker 1.
SEQ ID NO: 20 is the amino acid sequence of the tISR linker 2.

SEQ ID NO: 21 is the amino acid sequence of the tSR linker 1.
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[00118]

[00119]

[00120]

[00121]

[00122]

[00123]

[00124]

[00125]

[00126]

[00127]

SEQ ID NO:

SEQ ID NO:

SEQ ID NO:

SEQ ID NO:

SEQ ID NO:

SEQ ID NO:

SEQ ID NO:

SEQ ID NO:

SEQ ID NO

PCT/US2014/036243

22 is the amino acid sequence of human ubiquitin protein.

23 is the amino acid sequence of the human Nedd8 protein.
24 is the amino acid sequence of the human SUMOI1 protein.
25 is the amino acid sequence of the human SUMO2 protein.
26 is the amino acid sequence of the human SUMO3 protein.
27 is the amino acid sequence of ubiquitin (S20C).

28 is the amino acid sequence of a long tIVR linker 1.

29 is the amino acid sequence of OTUBI.

: 30 is the amino acid sequence of a short tIVR linker 1.

SEQ ID NO: 31 is the amino acid sequence of the IsoT?" ($227C) ubiquitin

binding domain.

[00128]

[00129]

[00130]

domain.

[00131]

[00132]

domain.

[00133]

domain.

[00134]

domain.

[00135]

SEQ ID NO

SEQ ID NO

: 32 is the amino acid sequence of Ub-GB1.

: 33 is the amino acid sequence of UBCHSC.

SEQ ID NO: 34 is the amino acid sequence of the DUIM ubiquitin binding

SEQ ID NO

: 35 is the amino acid sequence of the MIU ubiquitin binding domain.

SEQ ID NO: 36 is the amino acid sequence of the CUE ubiquitin binding

SEQ ID NO: 37 is the amino acid sequence of the GAT ubiquitin binding

SEQ ID NO: 38 is the amino acid sequence of the Jabl/MPN ubiquitin binding

SEQ ID NO

: 39 is the amino acid sequence of the NZF ubiquitin binding domain.
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[00136] SEQ ID NO: 40 is the amino acid sequence of the UBZ ubiquitin binding

domain.
[00137] SEQ ID NO: 41 is the amino acid sequence of the UBS ubiquitin binding domain.

[00138] SEQ ID NO: 42 is the amino acid sequence of the UBM ubiquitin binding

domain.
DETAILED DESCRIPTION OF THE INVENTION

[00139] The present invention provides new chimeric polypeptides that selectively bind to
ubiquitin proteins or ubiquitin-like proteins, and new methods to detect amounts of ubiquitin
proteins or ubiquitin-like proteins. These methods can be tailored to detect a distinct target
ubiquitin proteins or ubiquitin-like proteins, including total ubiquitin proteins, free ubiquitin
proteins, conjugated ubiquitin proteins, total ubiquitin-like proteins, free ubiquitin-like
proteins, or conjugated ubiquitin proteins. The methods also include a novel deubiquitinase
assay. Further, the present invention can be utilized to screen for agents that alter ubiquitin

protein or ubiquitin-like protein conjugation.

[00140] In certain embodiments, the chimeric polypeptides (also may also be referred to as
“sensors”) include two or more binding domains that bind to a ubiquitin protein or a
ubiquitin-like protein. The binding domains are connected by one or more linker(s). In
particular embodiments, the binding domains of a chimeric polypeptide bind to non-
overlapping regions within a single ubiquitin protein or ubiquitin-like polypeptide, and the
binding domains can bind the ubiquitin protein or ubiquitin-like protein simultancously. This
results in the chimer polypeptide having greater binding affinity and specificity than any of

the binding domains alone.

[00141] In related embodiments, the present invention provides new methods to detect and
measure amounts of free ubiquitin proteins, free ubiquitin-like proteins, conjugated ubiquitin
proteins, or conjugated ubiquitin-like proteins. In various embodiments, the chimeric
polypeptides of the present invention can be used in direct titration assays, competitive
binding assays, fluorescence resonance energy transfer (FRET), and deubiquitination assays
to determine an amount of a free ubiquitin protein, a free ubiquitin-like protein, a conjugated
ubiquitin protein, or a conjugated ubiquitin-like protein. The methods and assays of the

present invention may also be used to determine the total amount of a ubiquitin protein or a
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ubiquitin-like protein, as well as the percentage the total ubiquitin protein that is free or
conjugated. The present invention allows for the detection of free ubiquitin proteins, free
ubiquitin-like proteins, conjugated ubiquitin proteins, or conjugated ubiquitin-like proteins by
measurement of detectable signals, by means including fluorescence intensity or fluorescence
anisotropy. The chimeric polypeptides can be used to detect ubiquitin protein or ubiquitin-
like protein in vitro, as well in biological samples, including extracts from cell cultures or

tissues.

[00142] The present invention has several advantages. Despite the importance and abundance
of the ubiquitin system, few methods exist for detecting an amount of free ubiquitin protein
or ubiquitin-like protein or determining the amount of a total ubiquitin protein or ubiquitin-
like protein that is in free or conjugated. Methods that do exist can be inaccessible to many
laboratories. In one embodiment, the present invention provides novel methods of detecting
free ubiquitin proteins or free ubiquitin-like proteins, and it does so without the use of high
performance liquid chromatography, mass spectrometry, heavy-isotope standards, antibodies,
film, or gel electrophoresis. Furthermore, only one other method has been described that is
able to specifically measure ubiquitin that has an intact free C-terminus, but unlike the
present invention, that method is unsuitable for complex biological samples such as cell or
tissue lysates, requires use of radioactive ATP, and is not amenable to high-throughput
assays. The present invention provides novel chimeric polypeptides that bind to ubiquitin
proteins or ubiquitin-like proteins with high affinity and specificity. These chimeric
polypeptides can be used to measure ubiquitin protein or ubiquitin-like protein in vitro, and
can be used with complex cell or tissue extracts. The methods of the present invention can
also be used in assays to identify or evaluate proteasome inhibitors, deubiquitinating enzymes
(deubiquitinases, or “DUBSs”), and DUB inhibitors, or other ubiquitin pathway modulators
(e.g., agonists or inhibitors) for their effects on the amount of free ubiquitin. The present
invention also can be used in quantitative, real-time assays of DUB activities that, unlike

existing assay formats, can use any form of conjugated ubiquitin as the substrate.
L. Ubiquitin Sensors

[00143] The present invention provides chimeric polypeptides, i.e., chimeric polypeptide
sensors, that comprise two or more sequences that bind to a ubiquitin protein or a ubiquitin-
like protein, and methods comprising the use of the chimeric polypeptide sensors to detect an

amount of a ubiquitin protein or a ubiquitin-like protein in a sample or mixture. In one
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aspect, the present invention comprises a chimeric polypeptide sensor comprising two or
more polypeptide sequences that bind a ubiquitin protein or a ubiquitin-like protein wherein
the sequences bind non-overlapping regions of the ubiquitin protein or ubiquitin like protein;

and one or more linker(s), wherein the linker(s) connect the two or more sequences.

[00144] In certain embodiments, the chimeric polypeptide sensors bind to the ubiquitin
proteins or the ubiquitin-like proteins in both their “free” state, (i.e., not conjugated to a non-
ubiquitin protein) and in their “conjugated” state (i.c., conjugated to a non-ubiquitin protein),
e.g., with approximately the same or similar affinity. As used herein, “free” ubiquitin
proteins and “free” ubiquitin-like proteins include ubiquitin protein monomers and ubiquitin-
like protein monomers, as well as “polyubiquitins” and “polyubiquitin-like proteins,” which
comprise or consist of two or more ubiquitins or two or more ubiquitin-like proteins,
respectively.  “Total” ubiquitin protein refers to combined free ubiquitin protein and
conjugated ubiquitin protein. “Total” ubiquitin-like protein refers to combined free ubiquitin-
like protein and conjugated ubiquitin-like protein. In some embodiments, the chimeric
polypeptide sensors preferentially bind to a free ubiquitin protein or a free ubiquitin-like
protein as compared to the corresponding conjugated ubiquitin protein or conjugated
ubiquitin-like protein (i.e., the same protein conjugated to a non-ubiquitin or non-ubiquitin-
like protein), e.g., with an affinity at least 1.5-fold greater, 2.0-fold greater, 3.0-fold greater,
at lecast 4.0 —fold greater, at least 5.0-fold greater, at least 10-fold greater, at least 20-fold
greater, at least 30-fold greater, at least 50-fold greater, or at least 100-fold greater.

[00145] In some embodiments, the chimeric polypeptide sensor preferentially binds to the
target ubiquitin protein or the target ubiquitin-like protein as compared to another ubiquitin
protein or ubiquitin-like protein. In certain embodiments, a chimeric polypeptide has an
affinity for a target protein at least 1.5-fold greater, 2.0-fold greater, 3.0-fold greater, at least
4.0 —fold greater, at least 5.0-fold greater, at least 10-fold greater, at least 20-fold greater, at
least 30-fold greater, at least 50-fold greater, or at least 100-fold greater than its affinity for
another ubiquitin or ubiquitin-like protein. In some embodiments, the chimeric polypeptide
sensor preferentially binds to a ubiquitin protein as compared to a ubiquitin-like protein. In
some embodiments, the chimeric polypeptide sensor preferentially binds to total ubiquitin
protein as compared to total ubiquitin-like protein. In other embodiments, the chimeric

polypeptide sensor preferentially binds to a ubiquitin-like protein as compared to a ubiquitin
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protein. In some embodiments, the chimeric polypeptide sensor preferentially binds to total

ubiquitin-like protein as compared to total ubiquitin protein.

[00146] In some embodiments, the chimeric polypeptide sensor preferentially binds to a free
ubiquitin as compared to the conjugated ubiquitin. In some embodiments, the chimeric
polypeptide sensor preferentially binds to a free ubiquitin-like protein as compared to the
conjugated ubiquitin-like protein. In some embodiments, the chimeric polypeptide sensor
preferentially binds to free ubiquitin-like protein compared to conjugated ubiquitin-like
proteins and ubiquitin proteins. It will be understood by those in the art that preferential
binding to a particular ubiquitin protein or a particular ubiquitin-like protein means
preferential binding compared to other proteins that are not the particular ubiquitin protein or

the particular ubiquitin-like protein.

[00147] The term “polypeptide” as used herein interchangeably with the term “protein”
describes linear molecular chains of amino acids, including single chain proteins or their
fragments, containing multiple amino acids. Furthermore, peptidomimetics of such
proteins/polypeptides where amino acid(s) and/or peptide bond(s) have been replaced by
functional analogues are also encompassed by the invention. Such functional analogues
include all known amino acids other than the 20 gene-encoded amino acids, such as
selenocysteine. The terms “polypeptide” and “protein” also refer to naturally modified
polypeptides/proteins where the modification is effected e.g. by glycosylation, acetylation,
phosphorylation and similar modifications which are well known in the art. The terms

“terminal” and “terminus” are well understood in the art and are used here interchangeably.

% ¢ bR 1Y

[00148] The recitations “sequence identity”, “percent identity”, “percent homology”, or, for
example, comprising a “sequence 50% identical to,” as used herein, refer to the extent that
sequences are identical on a nucleotide-by-nucleotide basis or an amino acid-by-amino acid
basis over a window of comparison. Thus, a “percentage of sequence identity” may be
calculated by comparing two optimally aligned sequences over the window of comparison,
determining the number of positions at which the identical nucleic acid base (e.g., A, T, C, G,
I) or the identical amino acid residue (e.g., Ala, Pro, Ser, Thr, Gly, Val, Leu, Ile, Phe, Tyr,
Trp, Lys, Arg, His, Asp, Glu, Asn, Gln, Cys and Met) occurs in both sequences to yield the
number of matched positions, dividing the number of matched positions by the total number
of positions in the window of comparison (i.e., the window size), and multiplying the result

by 100 to yield the percentage of sequence identity.
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[00149] Calculations of sequence similarity or sequence identity between sequences (the terms
are used interchangeably herein) can be performed as follows. To determine the percent
identity of two amino acid sequences, or of two nucleic acid sequences, the sequences can be
aligned for optimal comparison purposes (e.g., gaps can be introduced in one or both of a first
and a second amino acid or nucleic acid sequence for optimal alignment and non-homologous
sequences can be disregarded for comparison purposes). In certain embodiments, the length
of a reference sequence aligned for comparison purposes is at least 30%, preferably at least
40%, more preferably at least 50%, 60%, and even more preferably at least 70%, 80%, 90%,
100% of the length of the reference sequence. The amino acid residues or nucleotides at
corresponding amino acid positions or nucleotide positions are then compared. When a
position in the first sequence is occupied by the same amino acid residue or nucleotide as the
corresponding position in the second sequence, then the molecules are identical at that

position.

[00150] The percent identity between the two sequences is a function of the number of
identical positions shared by the sequences, taking into account the number of gaps, and the

length of each gap, which need to be introduced for optimal alignment of the two sequences.

[00151] The comparison of sequences and determination of percent identity between two
sequences can be accomplished using a mathematical algorithm. In some embodiments, the
percent identity between two amino acid sequences is determined using the Needleman and
Wunsch, (1970, J. Mol. Biol. 48: 444-453) algorithm which has been incorporated into the
GAP program in the GCG software package, using cither a Blossum 62 matrix or a PAM250
matrix, and a gap weight of 16, 14, 12, 10, 8, 6, or 4 and a length weight of 1, 2, 3, 4, 5, or 6.
In yet another preferred embodiment, the percent identity between two nucleotide sequences
is determined using the GAP program in the GCG software package, using an
NWSgapdna.CMP matrix and a gap weight of 40, 50, 60, 70, or 80 and a length weight of 1,
2, 3, 4, 5, or 6. Another exemplary set of parameters includes a Blossum 62 scoring matrix
with a gap penalty of 12, a gap extend penalty of 4, and a frameshift gap penalty of 5. The
percent identity between two amino acid or nucleotide sequences can also be determined
using the algorithm of E. Meyers and W. Miller (1989, Cabios, 4: 11-17) which has been
incorporated into the ALIGN program (version 2.0), using a PAM120 weight residue table, a
gap length penalty of 12 and a gap penalty of 4.
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[00152] The peptide sequences described herein can be used as a “query sequence” to perform
a scarch against public databases to, for example, identify other family members or related
sequences. Such searches can be performed using the NBLAST and XBLAST programs
(version 2.0) of Altschul, et al., (1990, J. Mol. Biol, 215: 403-10). BLAST nucleotide
searches can be performed with the NBLAST program, score = 100, wordlength = 12 to
obtain nucleotide sequences homologous to nucleic acid molecules of the invention. BLAST
protein searches can be performed with the XBLAST program, score = 50, wordlength = 3 to
obtain amino acid sequences homologous to protein molecules of the invention. To obtain
gapped alignments for comparison purposes, Gapped BLAST can be utilized as described in
Altschul et al. (Nucleic Acids Res. 25:3389-3402, 1997). When utilizing BLAST and Gapped
BLAST programs, the default parameters of the respective programs (e.g., XBLAST and
NBLAST) can be used.

[00153] In certain embodiments, the invention comprises a chimeric polypeptide sensor that
binds to a free ubiquitin protein with high affinity and selectivity compared to total ubiquitin
protein and compared to ubiquitin-like proteins. In some embodiments, the chimeric
polypeptide comprises more than one ubiquitin binding domain, e.g., two or three ubiquitin
binding domains, wherein the binding domains bind to non-overlapping regions of the
ubiquitin protein. In some embodiments, the chimeric polypeptide sensor binds to the
ubiquitin protein with higher affinity and specificity than a polypeptide comprising a single

binding domain.

[00154] In certain embodiments, the invention comprises a chimeric polypeptide sensor that
binds to free ubiquitin-like protein with high affinity and specificity. In some embodiments,
the chimeric peptide sensor comprises more than one ubiquitin-like protein binding domain,
¢.g., two or three ubiquitin-like protein binding domains, wherein the binding domains bind
to non-overlapping regions of the ubiquitin-like protein. In some embodiments, the chimeric
polypeptide sensor binds to the ubiquitin-like protein with higher affinity and specificity than

a polypeptide comprising a single binding domain.

[00155] In particular embodiments, the ubiquitin protein binding domains and ubiquitin-like
protein binding domains are polypeptide sequences that bind to the ubiquitin protein or the

ubiquitin-like protein, including any of those described herein.
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[00156] In particular embodiments, a chimeric polypeptide of the present invention comprises
or consists of two polypeptide sequences that bind non-overlapping regions of the same
ubiquitin protein or ubiquitin-like protein and one or more linker moiety. In one
embodiment, the chimeric polypeptide includes one linker moiety that connects the two

polypeptide sequences.

[00157] In particular embodiments, a chimeric polypeptide of the present invention comprises
or consists of three polypeptide sequences that bind non-overlapping regions of the same
ubiquitin protein or ubiquitin-like protein and one, two or more linker moieties. In one
embodiment, the chimeric polypeptide includes one linker moiety that connects all three
polypeptide sequences. For example, the linker may be a linker capable of binding to three
polypeptide sequences. In one embodiment, the chimeric polypeptide includes two linker

moieties, each of which connects two of the polypeptide sequences.

[00158] In some embodiments, the invention comprises a chimeric polypeptide that binds to a
ubiquitin protein or a ubiquitin-like protein, comprising in the following order: a first
polypeptide sequence that binds to a first region of the ubiquitin protein or the ubiquitin-like
protein; a first linker that connects the first polypeptide sequence to a second polypeptide
sequence that binds to a second region of the ubiquitin protein or the ubiquitin-like protein, a
seccond linker that connects the second polypeptide sequence to a third polypeptide sequence
that binds to a third region of the ubiquitin protein or the ubiquitin-like protein, whereas the
first, second and third regions of the ubiquitin protein or the ubiquitin-like protein bound by
the first, second, and third polypeptide sequences are non-overlapping. In some embodiments
of the invention, the chimeric polypeptide sensor comprises more than three ubiquitin protein
or ubiquitin-like protein binding domains that bind to non-overlapping regions of the

ubiquitin protein or the ubiquitin-like protein.

[00159] Nucleotide and amino acid sequences of ubiquitin proteins are known in the art. In
certain embodiments, a ubiquitin protein according to the invention has at least 80%, at least
85%, at least 90%, at least 95%, at least 98%, or at least 99% identity to a known ubiquitin
protein, such as the human ubiquitin protein. In some embodiments, the ubiquitin protein is
the human ubiquitin protein. In other embodiments, the ubiquitin according to the invention
includes naturally occurring or engineered variants of ubiquitin. The amino acid sequence of

the human ubiquitin protein is provided in SEQ ID NO: 22.
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[00160] Ubiquitin proteins also include naturally occurring alleles and human engineered
variants of a known ubiquitin protein. In some embodiments, a ubiquitin protein comprises
the sequence of a known ubiquitin protein, but with one or more amino acid deletion,
addition, or substitution, for example, for the purposes of generating a site on the ubiquitin
protein to conjugate a detectable label. In some embodiments, the ubiquitin protein
comprises a substitution of the serine at amino acid position 20 with a cysteine (S20C) to

allow for covalent attachment of a detectable label to the ubiquitin protein SEQ ID NO 27].

[00161] In certain embodiments, a ubiquitin binding domain, according to the invention, has at
least 75, least 80%, at least 85%, at least 90%, at least 95%, at least 98%, at least 99%
identity, or 100% amino acid sequence identity to a known ubiquitin binding domain.
Ubiquitin binding domains refer to a diverse family of dissimilar protein modules that bind
ubiquitin. Many ubiquitin binding domains have been described in the art, and they include
at least 19 different binding domans. These ubiquitin binding domains include, but are not
limited to, the UBA (Ubiquitin Associated domain), UIM (Ubiquitin Interacting Motif), MIU
(Motif Interacting with Ubiquitin; SEQ ID NO: 35) domain, DUIM (double-sided ubiquitin-
interacting motif;, SEQ ID NO: 34), CUE (coupling of ubiquitin conjugation to ER
degradation; SEQ ID NO: 36) domain, NZF (Np14 zinc finger; SEQ ID NO: 39), A20 ZnF
(zinc finger), Ruz (RABEX-5 zinc finger), UBP ZnF or BUZ (ubiquitin-specific processing
protease zinc finger), UBZ (ubiquitin-binding zinc finger; SEQ ID NO: 40), UEV (ubiquitin-
conjugating enzyme E2 variant), PFU (PLAA family ubiquitin binding), GLUE (GRAM-like
ubiquitinbinding in EAP45), GAT (Golgi-localized, Gamma-car-containing, Arf-binding;
SEQ ID NO: 37), Jabl/MPN (Jun kinase activation domain binding/ Mprlp and Padlp N-
termini; SEQ ID NO: 38), WD40 BPrps (WD40 B-propellers), UBM (Ubiquitin binding
motif; SEQ ID NO: 42), UBS (Ubiquitin binding surface; SEQ ID NO: 41), UBR (ubiquitin
binding region), and Ubc (ubiquitin-conjugating enzyme). UBDs are structural motifs, many
as short as 20-40 amino acids long, with low sequence conservation, that are found in all

cukaryotes. These binding domains bind to specific regions of ubiquitin.

[00162] In some embodiments of the present invention, the chimeric polypeptide sensor
comprises a ubiquitin binding domain that binds to the ubiquitin C-terminus. In some
embodiments, the chimeric polypeptide sensor comprises a ubiquitin binding domain that

binds to the surface hydrophobic patch of a ubiquitin protein. In other embodiments, the
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chimeric polypeptide comprises a ubiquitin binding domain that binds to the ubiquitin protein

at the surface near Asp58.

[00163] The ubiquitin C-terminus is known in the art as a site of attachment where a ubiquitin
protein can be conjugated to a non-ubiquitin protein; thus, this C-terminus is exposed in free
ubiquitin. When a ubiquitin protein is conjugated to a non-ubiquitin protein at the ubiquitin
C terminus, the non-ubiquitin protein is referred to in the art as being “ubiquitinated”.
Without wishing to be bound to any particular theory, it is believed that chimeric polypeptide
sensors that include a sequence that binds to a ubiquitin C-terminal domain have greater
binding affinity for a free ubiquitin protein (including free polyubiquitin) than for a
conjugated ubiquitin protein. Known ubiquitin binding domains that can bind ubiquitin
protein at the ubiquitin C-terminus include ZnF UBP and Ubc. Accordingly, in certain
embodiments, chimeric polypeptide sensors of the present invention comprise a sequence that
binds to a ubiquitin C-terminal domain, and these sensors preferentially bind to a free
ubiquitin protein as compared to the same ubiquitin protein when it is conjugated. In certain
embodiments, these chimeric polypeptide sensors bind to the free ubiquitin protein with at
least 1.5-fold, two-fold, three-fold, four-fold, five-fold or ten-fold greater affinity than they

bind to the conjugated ubiquitin protein.

[00164] The surface near the ubiquitin Asp58 amino acid residue is a region of ubiquitin
protein that can interact with proteins containing certain ubiquitin binding domains. Known
ubiquitin binding domains that can bind ubiquitin protein at the surface near the ubiquitin

Asp58 include Ruz.

[00165] The ubiquitin hydrophobic patch is a region of ubiquitin that can interact with
proteins containing certain ubiquitin binding domains. The ubiquitin hydrophobic patch is
located on the ubiquitin protein near the ubiquitin Ile44 residue. Typically, ubiquitin binding
domains that comprise an alpha helix can interact with mono-ubiquitin proteins at the
ubiquitin hydrophobic patch. Known ubiquitin binding domains that can bind ubiquitin
protein at the ubiquitin hydrophobic patch include UBA, UIM, DUIM, MIU, CUE, GAT,
Jabl/MPN, NZF, UBZ, UBS, and UBM.

[00166] In some embodiments, the invention comprises a chimeric polypeptide comprising
two or more polypeptide sequences that bind a ubiquitin protein or a ubiquitin-like protein,

wherein the sequences bind non-overlapping regions of the ubiquitin protein or ubiquitin-like
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protein, and one or more linker(s), wherein the linker(s) connects the two or more
polypeptide sequences. In some embodiments, the invention comprises a chimeric
polypeptide wherein the sequences comprise a sequence that binds to the ubiquitin C
terminus and a sequence that binds to the ubiquitin hydrophobic patch. In some
embodiments, the invention comprises a chimeric polypeptide wherein the sequences
comprise a sequence that binds to the ubiquitin C terminus and a sequence that binds the
surface around Asp58 of ubiquitin. In some embodiments, the invention comprises a
chimeric polypeptide, wherein the sequences comprise a sequence that binds to the ubiquitin
hydrophobic patch and a sequence that binds to surface around Asp58 of ubiquitin. In some
embodiments, the invention comprises a chimeric polypeptide comprising a sequence that
binds to the ubiquitin C terminus, a sequence that binds to the ubiquitin hydrophobic patch,

and a scquence that binds to the surface around Asp58 of ubiquitin.

[00167] In some embodiments of the invention, a chimeric polypeptide comprising a ubiquitin
binding domain that binds to a ubiquitin protein at a particular binding site will have similar
binding affinities and specificities (e.g., with respect to targets of ubiquitin protein) as another
chimeric polypeptide sensor comprising a different ubiquitin binding region that binds to the
same binding site of the ubiquitin protein. Thus, in certain embodiments of the invention,
any of the specific ubiquitin binding domains that bind to sites on the ubiquitin protein are
interchangeable with other ubiquitin binding domains from other proteins that contain the
same kind of ubiquitin binding domain (e.g., binds to the same site on the ubiquitin protein),
and ubiquitin binding domains that bind to the same sites on the ubiquitin protein may be
swapped to achiecve a chimeric polypeptide sensor with similar binding affinity and
selectivity to a target ubiquitin protein. Further, in certain embodiments of the invention, the
specific ubiquitin binding domains that bind to sites on the ubiquitin protein are
interchangeable with other ubiquitin binding domains that bind to ubiquitin at the same sites
on the ubiquitin protein, and may be interchanged to achieve a chimeric polypeptide sensor
with similar binding affinity and selectivity to a target ubiquitin protein. The same concept
holds true for chimeric polypeptide sensors that bind to a ubiquitin-like protein. Thus, the
present invention is not restricted to specific polypeptide domains that bind to a ubiquitin
protein or a ubiquitin-like protein on multiple sites, but rather, the present invention
encompasses chimeric polypeptide sensors that comprise any ubiquitin binding domains that

bind the ubiquitin or ubiquitin-like protein on the same sites.
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[00168] In some embodiments in the present invention, the chimeric polypeptide comprises an
order, from N-terminal to C-terminal, of an arrangement of non-overlapping ubiquitin protein
binding domains or ubiquitin-like protein binding domains. In some embodiments, the order
of the binding domains, from N-terminal to C-terminal is interchangeable. Thus, in some
embodiments, a chimeric polypeptide comprising an order of a first, a second, and a third
binding domain will have similar binding affinities and specificities for target ubiquitin
proteins or ubiquitin-like proteins as a chimeric polypeptide sensor comprising an order of
the third, the second, and the first binding domain, and will have similar binding affinities
and specificities as a chimeric polypeptide sensor comprising an order of the second, the
third, and the first binding domain, and will have the similar binding affinities as a chimeric
polypeptide sensor comprising an order of the first, the third, and the second binding domain.
Thus, in some embodiments, properties of the chimeric polypeptide sensor do not depend on
the order the ubiquitin or ubiquitin-like protein binding domains are arranged. Further, in
some embodiments of the invention, the properties of a chimeric polypeptide sensor that
binds to a ubiquitin protein or a ubiquitin-like protein with high affinity comprising two or
more ubiquitin protein or ubiquitin-like protein binding domains does not depend on the

order the ubiquitin protein or ubiquitin-like protein binding domains are arranged.

[00169] In certain embodiments of the invention, a linker moiety (or “linker”) is a moiety that
connects two ubiquitin protein or ubiquitin-like protein binding domains. In some
embodiments, the linker must be an appropriate length to allow the binding domains to
simultancously bind to the same ubiquitin protein or ubiquitin-like protein. In certain
embodiments, a linker moicty is a chemical moicty or a polypeptide. A variety of linker
moieties are known and available in the art. In certain embodiments, linkers comprise at least
one amino acid. In some embodiments, linkers comprise more than two amino acids. In
some embodiments, linkers comprise more than three amino acids, more than four amino
acids, more than five amino acids, more that ten amino acids, more than 20 amino acids, or
more than 30 amino acids. In some embodiments, linkers comprise between two and 30
amino acids. In some embodiments, linkers comprise between three and 30 amino acids,
between three and 15 amino acids, between three and twelve amino acids, between four and
twelve amino acids, between five and twelve amino acids, between five and ten amino acids,
between five and 15 amino acids, between four and 30 amino acids, between five and 30
amino acids, between ten and 30 amino acids, between 20 and 30 amino acids, or between 10

and 50 amino acids. In certain embodiments, a linker includes less than or equal to 100, 50,
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40, 30, 20, 15, twelve, ten, nine, eight, seven, six, five, four, three, or two amino acid
residues. In some embodiments, linkers are comprised of or consist of one or more amino
acid(s) selected from the group of glycine, serine, or alanine residues. In some embodiments,
linkers further comprise a cysteine residue. In some embodiments, linkers are comprised of or
consist of one or more amino acid(s) selected from the group of glycine, serine, alanine and
cysteine residues. In some embodiments, the cysteine residue is conjugated to a detectable
label. In particular embodiments, a linker moiety comprises or consists of any of the amino
acid sequences set forth in SEQ ID NOs: 13, 15, 16, 17, 19, and 28. Examples of illustrative
linkers and polypeptide sensors of the present invention are also provided in the
accompanying Examples. In some embodiments, the binding affinity of the chimeric
polypeptide sensor to a target ubiquitin protein or ubiquitin-like protein is influenced by
length of the linker(s). One of skill in the art will appreciate that a linker connecting two or
more ubiquitin binding domains should be of sufficient length and flexibility to allow the
ubiquitin binding domains to contact and bind the regions of the ubiquitin protein that they
bind, while these ubiquitin binding domains are connected via the linker. Accordingly, the
length of the linker may be determined based, in part, on knowledge of the regions of the
ubiquitin protein (or ubiquitin-like protein) bound by the two binding domains connected via
the linker.

[00170] In some embodiments, the invention comprises a chimeric polypeptide sensor that
comprises or consists of two or more ubiquitin or ubiquitin-like protein binding domains and

at least one linker.

[00171] In some embodiments, the invention comprises a chimeric polypeptide wherein the
sequences comprise the ZnF UBP binding domain from Isopeptidase T. 1In some
embodiments, the invention comprises a chimeric polypeptide wherein the sequences
comprise the Ruz domain from Rabex-5. In some embodiments, the invention comprises a
chimeric polypeptide wherein the sequences comprise the ubiquitin interacting motif (UIM)
from Vps27. In some embodiments, the invention comprises a chimeric polypeptide wherein

the sequences comprise the ubiquitin associated (UBA) domain from Dsk?2.

[00172]In some embodiments, the invention comprises a chimeric polypeptide sensor,
wherein the sequences comprise or consist of the ZnF UBP binding domain from
Isopeptidase T and the Ruz domain from Rabex-5. In some embodiments, the invention

comprises a chimeric polypeptide sensor, wherein the sequences comprise or consist of the
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ZnF UBP binding domain from Isopeptidase T and the ubiquitin interacting motif from
Vps27. In some embodiments, the invention comprises a chimeric polypeptide, wherein the
sequences comprise or consist of the Ruz domain from Rabex-5 and the ubiquitin interacting
motif from Vps27. In some embodiments, the invention comprises a chimeric polypeptide
sensor, wherein the sequences comprise or consist of the ZnF UBP binding domain from
Isopeptidase T, the Ruz domain from Rabex-5, and the ubiquitin interacting motif from

Vps27.

[00173] In some embodiments, the invention comprises a chimeric polypeptide sensor that
comprises or consists of two or more ubiquitin or ubiquitin-like protein binding domains and
at least one linker, wherein the chimeric polypeptide sensor does not comprise a binding
domain that binds the ubiquitin protein or ubiquitin-like protein at its C-terminus or C-
terminal domain. In certain embodiments, such a chimeric polypeptide sensor binds with
approximately the same affinity and/or specificity to a free ubiquitin protein or free ubiquitin-
like protein as compared to the same ubiquitin protein or ubiquitin-like protein when

conjugated.

[00174] In some embodiments of the invention, a ZnF UBP binding domain from Isopeptidase
T according to the invention has at least 80%, at least 85%, at least 90%, at least 95%, at least
98%, at least 99%, or 100% identity to a known zinc finger binding domain from
Isopeptidase T protein, such as the from the human Isopeptidase T protein. In some
embodiments of the invention, a zinc finger binding domain from Isopeptidase T has at least
80%, at lcast 85%, at least 90%, at least 95%, at least 98%, at least 99%, or 100% identity to
SEQ ID NO: 8.

[00175] In some embodiments, a Ruz domain from Rabex-5, according to the invention has at
least 80%, at least 85%, least 90%, at least 95%, at least 98%, at least 99%, or 100% identity
to a known Ruz domain from Rabex-5, such as from the human Rabex-5 protein. In some
embodiments of the invention, a Ruz domain from Rabex-5 has at least 80%, at least 85%, at

least 90%, at least 95%, at least 98%, at least 99%, or 100% identity to SEQ ID NO:10.

[00176] In some embodiments, a ubiquitin interacting motif from Vps27 according to the
invention has at least 80%, at least 85%, at least 90%, at least 95%, at least 98%, at least
99%, or 100% identity to a known ubiquitin interacting motif from Vps27, such as from a

yeast Vps27 protein. In some embodiments of the invention, a ubiquitin interacting motif
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from Vps2 has at least 80%, at least 85%, at least 90%, at least 95%, at least 98%, at least
99%, or 100% identity to SEQ ID NO: 9.

[00177]In some embodiments, a ubiquitin associated domain from Dsk2 according to the
invention has at least 80%, at least 85%, at least 90%, at least 95%, at least 98%, at least
99%, or 100% identity to a known ubiquitin associated domain from Dsk2, such as a yeast
Dsk2 protein. In some embodiments of the invention, ubiquitin associated domain from
Dsk?2 has at least 80%, at least 85%, at least 90%, at least 95%, at least 98%, at least 99%, or
100% identity to SEQ ID NO: 11.

[00178] In some embodiments, ubiquitin interacting motif from the S5a subunit of the
proteasome according to the invention has at least 80%, at least 85%, at least 90%, at least
95%, at least 98%, at least 99%, or 100% identity to a known ubiquitin interacting motif from
the S5a subunit of the proteasome, such as the human S5a protein. In some embodiments of
the invention, a ubiquitin interacting motif from the S5a subunit of the proteasome has at
least 80%, at least 85%, at least 90%, at least 95%, at least 98%, at least 99% or 100%
identity to SEQ ID NO: 12.

[00179]In some embodiments, the invention comprises a chimeric polypeptide sensor
comprising the ZnF UBP binding domain from Isopeptidase T, the Ruz domain from Rabex-
5, the ubiquitin interacting motif from Vps27, and a first polypeptide linker and a second
polypeptide linker. In some embodiments, the chimeric polypeptide sensor comprises the
sequence of SEQ ID NO: 1 and is termed tIVR. In some embodiments, tIVR has a high
binding affinity and specificity for free ubiquitin, as compared to conjugated ubiquitin and
compared to ubiquitin-like proteins. In some embodiments, tIVR is tagged with a detectable
label. In some embodiments, tIVR is tagged with a fluorophore. In some embodiments, the
tIVR is tagged with a fluorophore at R218C (SEQ ID NO:3). In some embodiments, the
tIVR is tagged with a fluorophore at the first polypeptide linker. In some embodiments, the
tIVR is tagged with a fluorophore at the first polypeptide linker and comprises the sequence
SEQ IS NO: 2. In some embodiments, the tIVR has at least 80%, at least 85%, at least 90%,
at least 95%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 1.

[00180] In some embodiments, the invention comprises a chimeric polypeptide sensor
comprising the ZnF UBP binding domain from Isopeptidase T and the ubiquitin associated

domain from Dsk2. In some embodiments, the chimeric polypeptide sensor comprises the
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Ruz domain from Rabex-5 and the ubiquitin associated domain from Dsk2. In some
embodiments, the chimeric polypeptide sensor comprises the ZnF UBP binding domain from
Isopeptidase T, the Ruz domain from Rabex-5, and the ubiquitin associated domain from
Dsk2. In some embodiments, the chimeric polypeptide sensor comprises the sequence of
SEQ ID NO: 4. and is termed tIDR. In some embodiments, tIDR has a high binding affinity
and specificity for free ubiquitin protein, as compared to conjugated ubiquitin protein and
compared to ubiquitin-like protein. In some embodiments, tIDR is tagged with a detectable
label. In some embodiments, tIDR is tagged with a fluorophore. In some embodiments, the
tIDR has at least 80%, at least 85%, at least 90%, at least 95%, at least 98%, at least 99%, or
100% identity to SEQ ID NO: 4.

[00181]In some embodiments, the invention comprises a chimeric polypeptide sensor
comprising the ZnF UBP binding domain from Isopeptidase T, the Ruz domain from Rabex-
5, the ubiquitin interacting motif from S5a, and a first polypeptide linker and a second
polypeptide linker. In some embodiments, the chimeric polypeptide sensor comprises the
sequence of SEQ ID NO:6 and is termed tISR. In some embodiments, tISR has a high
binding affinity and specificity for free ubiquitin, as compared to conjugated ubiquitin and
compared to ubiquitin-like proteins. In some embodiments, tISR is tagged with a detectable
label. In some embodiments, tISR is tagged with a fluorophore. In some embodiments, the
tISR is tagged with a fluorophore on a cysteine on linker 2. In some embodiments, the tISR is
tagged with a fluorophore at the second polypeptide linker and comprises the sequence SEQ
ID NO: 6. In some embodiments, the tISR has at least 80%, at least 85%, at least 90%, at
least 95%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 6.

[00182]In some embodiments, the invention comprises a chimeric polypeptide sensor
comprising the Ruz domain from Rabex-5 and the ubiquitin interacting motif from the SS5a
subunit of the proteasome. In some embodiments, the chimeric polypeptide sensor comprises
the sequence of SEQ ID NO: 7. wherein the chimeric polypeptide sensor is termed tSR. In
some¢ embodiments, the tSR has a high binding affinity and specificity for total ubiquitin
protein, compared to ubiquitin-like proteins. In some embodiments, the tSR has similar
binding affinities to conjugated ubiquitin protein and free ubiquitin protein. In some
embodiments, tSR is tagged with a detectable label. In some embodiments, tSR is tagged
with a fluorophore. In some embodiments, the tSR has at least 80%, at least 85%, at least

90%, at least 95%, at least 98%, at least 99%, or 100% identity to SEQ ID NO: 7.
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[00183] In some embodiments, the invention comprises a chimeric polypeptide wherein the
sequences bind to non-overlapping regions of a ubiquitin-like protein. In some embodiments,
the invention comprises a chimeric polypeptide wherein the sequences bind to non-
overlapping regions of Nedd8. In some embodiments, the invention comprises a chimeric

polypeptide wherein the sequences bind to non-overlapping regions of SUMO.

[00184] In some embodiments, a ubiquitin-like protein according to the invention is a protein
having properties that are similar to those of ubiquitin. Like ubiquitin, other members of the
ubiquitin-protein family can be conjugated to non-ubiquitin-like proteins, and can form
polyubiquitin-like protein chains comprising non-ubiquitin proteins. Thus, like ubiquitin,
other members of the ubiquitin-like protein family can be free or conjugated. Members of the
ubiquitin-like protein family are well known in the art, and regulate diverse biological
processes. Examples of ubiquitin-like proteins include Nedd8, SUMO-1, SUMO-2, SUMO-
3, NUBI, PIC1, UBL3, UBLS5, FAT10 and ISG15.

[00185] As used herein, the terms "Nedd8" and "neuronal precursor cell expressed
developmentally down-regulated protein 8" refer to a member of the family of ubiquitin- like
proteins that is covalently attached to target proteins. The human, mouse, and rat Nedd8
sequences are cach 81 amino acids in length and are about 6 kDa. The terms "Nedd8" and
"neuronal precursor cell expressed developmentally down-regulated protein 8" also refer to
the yeast Rubl protein. Nucleotide and amino acid sequences of NEDD8 proteins are known

in the art.

[00186] In certain embodiments, a Nedd8 protein according to the invention has at least 80%,
at least 85%, at least 90%, at least 95%, at least 98%, at least 99%, or 100% identity to a
known NeddS8 protein, such as the human Nedd8 protein. In some embodiments, the Nedd8
protein has at least 80%, at least 85%, at least 90%, at least 95%, at least 98%, at least 99%,
or 100% identity to the human Nedd8 protein SEQ ID NO: 23. In some embodiments, the
Nedd8 protein is the human Nedd8 protein. In other embodiments, the Nedd8 protein
according to the invention includes naturally occurring or engineered variants of NeddS8. Also
encompassed by “Nedd8” are naturally occurring alleles and human engineered variants of a
known Nedd8 protein. In some embodiments, Nedd8 comprises the sequence in SEQ ID NO:
23 with an amino acid substitution, for example for the purposes of generating a site on the

Nedd8 protein to conjugate a detectable label.
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[00187]In some embodiments, the invention comprises a chimeric polypeptide sensor
comprising two or more polypeptide sequences that bind a Nedd8 protein wherein the
sequences bind non-overlapping regions of the Nedd8 protein, and one or more linkers,
wherein the linkers connect two or more of the sequences. In some embodiments, the
invention comprises the chimeric polypeptide sensor wherein the chimeric polypeptide has
three polypeptide sequences that bind to non-overlapping regions of Nedd8 proteins
connected by two linkers. In some embodiments, the chimeric polypeptide sensor has a
selective binding affinity for free Nedd8 protein compared to conjugated Nedd8 protein. In
some embodiments, the chimeric polypeptide sensor has a seclective binding affinity
conjugated Nedd8 protein compared to free Nedd8 protein. In some embodiments, the
chimeric polypeptide sensor has a selective binding affinity for Nedd8 compared to ubiquitin

proteins or other ubiquitin-like proteins.

[00188] In certain embodiments, the invention comprises a chimeric polypeptide sensor
comprising the ZnF UBP binding domain from Isopeptidase T and the ubiquitin interacting
motif from Vps27. In some embodiments, chimeric polypeptide sensor comprising the zinc
finger binding domain from Isopeptidase T and the ubiquitin interacting motif from Vps27
comprises the sequence listed in SEQ ID NO: 5. wherein the chimeric polypeptide sensor is
termed tIV. In some embodiments, the tIV comprises a selective binding affinity for free
Nedd8 compared to conjugated Nedd®. In some embodiments, tIV is tagged with a
fluorophore. In some embodiments, tIV is tagged with a fluorophore connected at a linker.
In some embodiments, the tIV has at lcast 80%, at lecast 85%, at least 90%, at least 95%, at
least 98%, at least 99%, or 100% identity to SEQ ID NO: 5.

[00189] Small ubiquitin-like modifier (SUMO) proteins are a group of small proteins that bind
lysine residues of target proteins and thereby modify target protein activity, stability, and sub-
cellular localization. SUMO2 and SUMO3 proteins share a high degree of similarity (95%
sequence identity), but are relatively distinct from SUMOI1 (only 50% sequence identity).
SUMO conjugation (or “sumoylation”) is a highly volatile process, with various enzymes
involved in the conjugation. A large portion of SUMO conjugation targets are transcription

factors and other nuclear proteins involved in gene expression.

[00190] In certain embodiments of the invention, a SUMO protein according to the invention
has at least 80%, at least 85%, at least 90%, at least 95%, at least 98%, at least 99%, or 100%
identity to a known SUMO protein, such as the human SUMOI1, SUMO2, or SUMO3
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proteins. In some embodiments, the SUMO protein has at least 80%, at least 85%, at least
90%, at least 95%, at least 98%, at least 99%, or 100% identity to the human SUMO proteins
set forth in SEQ ID NO: 24-26. In some embodiments, the SUMO protein is one of the
human SUMO proteins. In other embodiments, the SUMO protein according to the invention
includes naturally occurring or engineered variants of SUMO. Also encompassed by
“SUMO?” are naturally occurring alleles and human engineered variants of a known SUMO
protein. In some embodiments, SUMO comprises a sequence set forth in SEQ ID NO: 24-26
with an amino acid substitution, for example for the purposes of generating a site on the

SUMO protein to conjugate a detectable label.

[00191] In some embodiments, the invention comprises a chimeric polypeptide comprising
two or more polypeptide sequences that bind a SUMO protein wherein the sequences bind
non-overlapping regions of the SUMO proteins; and one or more linkers, wherein the linkers
connect two or more of the sequences. In some embodiments, the invention comprises the
chimeric polypeptide wherein the chimeric polypeptide has three polypeptide sequences that
bind to non-overlapping regions of SUMO proteins connected by two linkers. In some
embodiments, the chimeric polypeptide sensor has a selective binding affinity for free SUMO
protein compared to conjugated SUMO protein. In some embodiments, the chimeric
polypeptide sensor has a selective binding affinity conjugated SUMO protein compared to
free SUMO protein. In some embodiments, the chimeric polypeptide sensor has a selective

binding affinity for SUMO compared to ubiquitin proteins or other ubiquitin-like proteins.

[00192] The chimeric polypeptide sensors of the present invention can be designed to
selectively bind to one or a subset of a group of ubiquitin proteins and ubiquitin-like proteins.
The selective qualities of the chimeric polypeptides can depend on the sequences that bind to
ubiquitin or ubiquitin-like proteins of which they are comprised, as well as the linkers that
connect the sequences. For example, a chimeric polypeptide sensor can be designed to
selectively bind to free ubiquitin protein compared to conjugated ubiquitin protein, and
compared to ubiquitin-like proteins. In some embodiments, this can be achieved by linking
three, non-overlapping ubiquitin binding domains with two linkers (see Examples 1 and 2).
The tIVR, tIDR, and tISR chimeric polypeptide sensors are examples of chimeric polypeptide
sensors that sclectivity bind to free ubiquitin as compared to conjugated ubiquitin or
ubiquitin-like proteins. Both of these chimeric polypeptide sensors bind to three, non-

overlapping regions of ubiquitin protein. However, the tIVR chimeric polypeptide sensor can
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be tailored to have a greater affinity for conjugated ubiquitin by increasing the length of a
linker region (see Example 2, figures 10-12). Thus, both the sequences that bind to the
ubiquitin or ubiquitin-like protein and the linker length determine the binding characteristics
of the chimeric polypeptide sensor. The chimeric polypeptide receptor tSR is an example of
a chimeric polypeptide receptor that can bind to a subset of ubiquitin proteins or ubiquitin-
like proteins. The tSR comprises two sequences that bind to ubiquitin protein and one linker.

The tSR is a shorted tISR, both chimeric polypeptide sensors comprise the S5a"™

and Ruz
domains, but tSR lacks the 1soT”* domain. The tSR shows a similar binding affinity to free
and conjugated ubiquitin protein (see example 8). Yet while tSR does not seem to distinguish
between free and conjugated ubiquitin protein, tSR does show a greater affinity for ubiquitin
protein than for non-ubiquitin proteins. This demonstrates that the number of sequences that
bind to a ubiquitin or ubiquitin-like protein included can influence the properties of a binding
protein. Another example of a chimeric polypeptide sensor that recognizes a subset of
ubiquitin proteins or ubiquitin-like proteins is tIV L1 Cys. tIV L1 Cys shares the IsoT#
domain and Vps27"™ domain of tIVR, but lacks the Ruz binding domain. The tIV L1 Cys
chimeric polypeptide selectively binds to free ubiquitin and free Nedd8 compared to
conjugated ubiquitin protein and conjugated ubiquitin-like protein (see figure 7, example 2).
Thus, different chimeric polypeptide sensors can be constructed to selectively bind to one or

a subset of a group of ubiquitin proteins and ubiquitin like proteins.

[00193]In certain embodiments, chimeric polypeptides of the present invention are tagged
with a detectable marker, including any of those described herein or known in the art. In
particular embodiments, the detectable marker is a fluorophore or a quencher. In particular
embodiments, the detectable marker is linked to a cysteine residue in the chimeric

polypeptide.

[00194] Chimeric polypeptide sensors and competitor proteins of the present invention may be
produced recombinantly using conventional molecular and cellular biology techniques known
and available in the art. Accordingly, the present invention includes recombinant chimeric
polypeptide sensors and chimeric competitor proteins, including any of those described

herein.

Methods for Determining Amounts of Ubiquitin Protein and Ubiquitin-Like Protein

44



10

15

20

25

30

WO 2014/179494 PCT/US2014/036243

[00195] The present invention provides chimeric polypeptide sensors that can be used in a
variety of assays, including assays for determining the presence of, an amount of, or a
concentration of a ubiquitin protein or a ubiquitin-like protein in a sample. In some
embodiments, the assays detect total ubiquitin protein, free ubiquitin protein, or conjugated
ubiquitin protein, or two or more of these. In some embodiments, the assays detect total
ubiquitin-like protein, free ubiquitin-like protein, or conjugated ubiquitin-like protein, or two
or more of these. The present invention also provides chimeric polypeptide sensors that can
be used to detect increases or decreases in the amounts of a ubiquitin protein or ubiquitin-like
protein, e.g., a free or conjugated ubiquitin protein or ubiquitin-like protein. The present
invention also provides chimeric polypeptide sensors that can be used in deubiquitinase
assays and other assays to measure a deconjugation or release of a ubiquitin protein or a
ubiquitin-like protein from a ubiquitin conjugate substrate. The present invention also
provides chimeric polypeptides that can be used to screen for agents that increase or decrease
amounts of either free or conjugated ubiquitin protein or free or conjugated ubiquitin-like

protein.

[00196] In some embodiments, the invention comprises methods to quantify a ubiquitin
protein or ubiquitin-like protein in vitro. In some embodiments, the total amount of the
ubiquitin or the ubiquitin-like protein is quantified, whereas in other embodiments, the free

and/or conjugated ubiquitin protein or ubiquitin-like protein is quantified.

[00197]In various embodiments of methods of the present invention, total target ubiquitin
protein or total target ubiquitin-like protein is assayed using a chimeric polypeptide sensor
that binds to both the free and conjugated target ubiquitin protein or both the free and
conjugated target ubiquitin-like protein. In various embodiments of methods of the present
invention, free target ubiquitin protein or free target ubiquitin-like protein is assayed using a
chimeric polypeptide sensor that preferentially binds to the free target ubiquitin protein or the
free target ubiquitin-like protein. One of skill in the art will appreciate that amounts of
conjugated target ubiquitin protein or conjugated target ubiquitin-like protein may be readily
determined based on a determination of the amount of free and total ubiquitin protein or
ubiquitin-like protein, i.e., conjugated protein = total protein — free protein. Accordingly,
certain assays described herein include determining both the amount of free and the total
amount of a ubiquitin protein or a ubiquitin-like protein. As used herein, a “target” protein

refers to the ubiquitin protein or ubiquitin-like protein being assayed. In particular instances,
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one portion of a sample is assayed using a chimeric polypeptide sensor that binds a both free
and conjugated ubiquitin protein or a both free and conjugated ubiquitin-like protein to
determine a total amount or concentration of the ubiquitin or ubiquitin-like protein in the
sample, and another portion of the sample is assayed using a chimeric polypeptide sensor that
preferentially binds to a free ubiquitin protein or a free ubiquitin-like protein to determine an
amount of the free ubiquitin protein or free ubiquitin-like protein in the sample. The
concentration of free/total ubiquitin protein or free/total ubiquitin-like protein can be
determined based on the results of these two assays. In addition, the amount or concentration

of conjugated ubiquitin protein or ubiquitin-like protein can also be extrapolated.

[00198] In various embodiments, methods of the present invention are used to determine an
amount of a ubiquitin protein or a ubiquitin-like protein present in a sample. In particular
embodiments, the sample is a biological sample. Biological samples include samples
obtained from any living cell, tissue, organ or organism, including but not limited to, blood,
serum, cells, tissues, a tissue biopsy, lung effluent, urine, or cell lysate. In certain

embodiments, a cell lysate is obtained from cultured cells, e.g., cultured eukaryotic cells.

[00199] In various embodiments, methods or assays of the present invention are performed by
measuring the direct binding of a chimeric polypeptide sensor to a ubiquitin protein or
ubiquitin-like protein. In other embodiments, methods or assays of the present invention are
performed by indirectly determining the binding of a chimeric polypeptide sensor to a
ubiquitin protein or ubiquitin-like protein. In some embodiments, the present invention
comprises a measurement of the displacement of a competitor ubiquitin protein or a
competitor ubiquitin-like protein from the chimeric polypeptide sensor. As used herein, a
“competitor” ubiquitin protein or ubiquitin-like protein refers to a ubiquitin protein or
ubiquitin-like protein that is exogenous to the sample being assayed, i.c., it is not present in
the sample being assayed. In certain embodiments, the competitor ubiquitin protein or
ubiquitin-like protein competes with the ubiquitin protein or ubiquitin-like protein present in

the same for binding to the chimeric polypeptide.

[00200] In various embodiments, a competitor ubiquitin protein or competitor ubiquitin-like
protein is chosen from any ubiquitin protein or ubiquitin-like protein that can bind to a
chimeric polypeptide sensor employed in a competition assay, regardless of the identity of the
target ubiquitin protein or ubiquitin-like protein. In some embodiments the competitor

ubiquitin protein or ubiquitin-like protein is tagged with a detectable label. In some
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embodiments, the competitor ubiquitin protein or competitor ubiquitin-like protein is the
same protein as the target ubiquitin protein or target ubiquitin-like protein to be detected. For
example, in Example 1 (see, figure 8) concentrations of free ubiquitin protein (the target
ubiquitin protein) are measured in a competition assay using a free ubiquitin protein tagged
with a fluorophore (competitor protein). In some embodiments, the target ubiquitin or
ubiquitin like proteins are different. For example, in Example 2 (see figure 9) the target
ubiquitin protein or target ubiquitin-like protein included free ubiquitin protein, conjugated
ubiquitin protein, and Nedd8, but all three were measured in the presence of a free ubiquitin-
tagged by a fluorophore. Conjugated ubiquitin and Nedd 8 (the targets) could be detected by
the chimeric polypeptide sensor when the competitor was a free ubiquitin protein. These
examples illustrate that the specific competitor protein does not need to be identical to a
target protein, so long as both the target and the competitor can bind to the same sensor, and
so long as the sensor can bind either the target or the competitor at a given time, but not both

simultancously.

[00201] In some embodiments, the present invention provides method for the detection of total
ubiquitin proteins, free ubiquitin proteins, conjugated ubiquitin proteins, total ubiquitin-like
proteins, free ubiquitin-like proteins, or conjugated ubiquitin-like proteins through the
detection of a detectable label. In some embodiments, the chimeric polypeptide is tagged
with a detectable label. In some embodiments, the detectable label is a fluorophore. In some
embodiments, a competitor ubiquitin protein or a competitor ubiquitin-like protein is tagged
with a detectable label, e.g., a fluorophore. In some embodiments, the detection comprises
measuring fluorescence intensity. In some embodiments, the detection comprises measuring
fluorescence anisotropy. In particular embodiments, both the chimeric polypeptide sensor
and a competitor ubiquitin protein or a competitor ubiquitin-like protein are labeled with a
detectable label. For example, one may be labeled with a fluorescence emitter and the other
labeled with a fluorescence quencher, e.g., as used in FRET. In certain embodiments, the
detection occurs at a single point in time, e.g., upon completion of the assay. In other
embodiments, the detection occurs at two or more time points, or at two or more regular time

intervals, during the assay.

[00202] The usc of detectable labels is well known in the art. Detectable labels may be used
according to the invention. Methods for conjugating polypeptides and detectable labels are

well known in the art, as are methods for imaging using detectable labels. Chimeric
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polypeptide sensors tagged with a detectable label may be employed in a wide variety of
assays, employing a wide variety of labels. In some embodiments of the present invention,
detection of a species of ubiquitin protein or ubiquitin like protein can facilitated by attaching
a detectable label to the chimeric polypeptide sensor. In some embodiments, detection of a
species of ubiquitin protein or species of ubiquitin like protein can be facilitated by attaching

a detectable label to a competitor ubiquitin protein or a competitor ubiquitin-like protein.

[00203] Examples of detectable labels include but are not limited to radionucleotides,
enzymes, coenzymes, fluorescers, chemiluminescers, chromogens, enzyme substrates or co-
factors, enzyme inhibitors, prosthetic group complexes, free radicals, particles, dyes, and the
like. Examples of suitable enzymes include horseradish peroxidase, alkaline phosphatase, [3-
galactosidase, or acetylcholinesterase; examples of suitable prosthetic group complexes
include streptavidin/biotin and avidin/biotin; examples of suitable fluorescent materials
include umbelliferone, fluorescein, fluorescein isothiocyanate, rhodamine,
dichlorotriazinylamine fluorescein, dansyl chloride or phycoerythrin, coumarin, Alexa48&8,
Oregon green 488, rhodamine green, Alexa 532, Cy3, Bodipy 588/586, Alexa586, TAMRA,
Rox, Alexa 594, Texas red, Bodipy 630/650, Cy5, Alexa647, IR Dye 680, IR Dye 680, IR
Dye 700 DX, Cy5.5, Alexa 750, IR Dye 800CW, IR Dye 800, Atto 532, Atto 465; an
example of a luminescent material is luminol; examples of bioluminescent materials include
luciferase, luciferin, and acquorin; and examples of suitable radioactive material include 125
I, 1311, . 35S, or 3 H In some embodiments, the detectable labels include fluorescent
proteins.  Suitable fluorescent proteins include TagBFP, mTagBFP2, Azunte, EBFP2,
mialamal, Sirius, Sapphire. T-Sapphire, ECFP, Cerulean, SCFP3A, mTurquoise,
mTurguoise?, monomeric Midoriishi-cyan, TagCFP, mTFP1, GFP, EGFP, FEmeral,
Superfolder GFP, monomeric Azami Green, TagGFP2, mUKG, mWasabi, Clover,
mNeonGreen, EYFP, YFP, Citrine, Venus, SYFP2, TagYFP, monomeric Kusabira Orange,
MKOK, mKO2, mOrange, mOrange2, mRaspberry, mCherry, mStrawberry, mTangerine,
tdTomato, TagRFP, TagRFPI, mApple, mRuby, mRuby2, TagRFP675, IFP14, iFRP,
mKeima Red, LSS-mKatel, LSS-mKate2Z, mBeRFP, PA-GFP, PAmCherryl, PATagRFP,
Kaede green, Kaede red, KikGRI green, KikGRI red, PS-CFP2, mEos2 green, mEos2 red,
mEos3.2 green, mEos3.2 red, PSmOrange. In some embodiments of the present invention,
detectable labels also include quenchers suitable for fluorescence resonance energy transfer

(FRET) pairings. Examples of suitable quenchers include Dabcyl, BHQ1, BHQ2, BHQ3,
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CY5Q, CY7Q, lowablack FQ, Iowablack RQ, IR Dye QC-1, QSY35, QSKY7, QXL570,
QXL610, QXL680.

[00204] In certain embodiments, the amount of a ubiquitin protein or a ubiquitin-like protein
in a sample is determined indirectly by contacting a polypeptide sensor with a sample in the
presence of a detectably-labeled competitor ubiquitin protein or ubiquitin-like protein, and
the amount of the ubiquitin protein or the ubiquitin-like protein in the sample is assayed by
measuring the displacement of the competitor protein from the polypeptide sensor. Thus, in
some embodiments, the present invention includes assays to measure a detectable label
tagged to a competitor ubiquitin protein or a competitor ubiquitin-like protein, wherein a
property of the detectable label changes when the competitor ubiquitin protein or the
competitor ubiquitin-like protein is bound to a chimeric polypeptide sensor as compared to
when the ubiquitin protein or ubiquitin-like protein is not bound to the chimeric polypeptide.
Examples of such competitor ubiquitin proteins are described herein and include, e.g.,
fluorescein-tagged ubiquitin (S20C), Atto532-tagged ubiquitin (S20C), and Alexa488-tagged
ubiquitin (S20C).

[00205] In certain embodiments, the amount of a ubiquitin protein or a ubiquitin-like protein
in a sample is determined either directly by contacting a detectably-labeled polypeptide
sensor with a sample, and the amount of the ubiquitin protein or the ubiquitin-like protein in
the sample is assayed by measuring a change in the detectable label. Thus, in some
embodiments, the present invention includes assays to measure a detectable label tagged to a
chimeric polypeptide sensor, wherein a property of the detectable label changes when the
chimeric polypeptide sensor is bound to a ubiquitin protein or a ubiquitin-like protein as
compared to when the chimeric polypeptide sensor is not bound to the ubiquitin protein or the
ubiquitin-like protein. Examples of such chimeric polypeptide sensors are described herein
and include, e.g., Atto532-tagged tIVR L1 Cys, Atto532-tagged tIV L1 Cys, Alexa488-
tagged tIVR (R218C), and Atto532-tISR L1 Cys.

[00206] In some embodiments, the present invention comprises methods of detecting a
ubiquitin protein or ubiquitin-like protein (e.g., total or free), using a chimeric polypeptide
sensor in assays that measure fluorescence intensity. In some embodiments, the chimeric
polypeptide sensor binds a fluorophore-tagged competitor ubiquitin protein or a fluorophore-
tagged competitor ubiquitin-like protein, wherein the fluorescence intensity from the

fluorophore-tagged competitor ubiquitin protein or fluorophore-tagged competitor ubiquitin-
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like protein is different when the fluorophore-tagged competitor ubiquitin or fluorophore-
tagged competitor ubiquitin-like protein is bound to the chimeric polypeptide as compared to
when the fluorophore-tagged competitor ubiquitin protein or fluorophore-tagged competitor
ubiquitin-like protein is not bound to the chimeric polypeptide. In some embodiments, the
binding of the chimeric polypeptide decreases the fluorescence intensity of the fluorophore-
tagged competitor ubiquitin protein or fluorophore-tagged competitor ubiquitin-like protein.
In some embodiments, the binding to the chimeric polypeptide increases the fluorescence
intensity of the fluorophore-tagged competitor ubiquitin protein or fluorophore-tagged

competitor ubiquitin-like protein.

[00207]In other related embodiments, the chimeric polypeptide sensors are fluorophore-
tagged, and the fluorescence intensity from the fluorophore-tagged chimeric polypeptide
sensor is different when bound to a ubiquitin protein or ubiquitin-like protein as compared to
when it is not bound to the ubiquitin protein or ubiquitin-like protein. In some embodiments,
the binding of the chimeric polypeptide decreases its fluorescence intensity. In some

embodiments, the binding of the chimeric polypeptide increases its fluorescence intensity.

[00208] Fluorescent probes are widely used in the art and are incorporated into a wide array of
techniques to study biological and biochemical processes. Fluorescence intensity has been
widely applied over the last two decades due to the vast development of new fluorophores.
Typically, an optical system illuminates and excites the sample at a specific wavelength
selected by a high performance optical filter. As a result, the sample emits light and a second
optical system collects the emitted light. Usually, the emitted light is of lower energy and
thus is composed of a longer wavelength than the excitation light. Commercial instruments
to measure fluorescence intensity are widely available, and many different products are
available to measure fluorescence intensity in different experimental settings. Fluorescence
may be measured by any means known or available in the art, including but not limited to

fluorescence intensity, fluorescence anisotropy, and FRET.

[00209] Fluorescence polarization or anisotropy is a highly sensitive method for the detection
of a species of ubiquitin protein or a species of ubiquitin-like protein according to the present
invention. When fluorescent molecules are excited with plane polarized light, they emit a
majority of light in the same polarized plane, provided that the molecule remains stationary
during the lifetime of the excited state (4 nanoseconds in the case of fluorescein). However, if

the molecule rotates or tumbles out of the plane of the exciting polarized light during the
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excited state, light is emitted in a different plane from that of the initial excitation. The degree
to which the fluorescence emission vector moves from, e.g., a vertical to a horizontal plane is
directly related to the mobility of the fluorescently labeled molecule. That is, if the
fluorescently labeled molecules are large, they move very little and the emitted light remains
highly polarized with respect to the excitation plane. By contrast, if the fluorescently labeled
molecules are small, they rotate or tumble faster, and the resulting emitted light is depolarized
relative to the excitation plane. Because anisotropy is a general property of fluorescent
molecules, an advantage of measuring fluorescent anisotropy is that readouts are less dye
dependent and less susceptible to environmental interferences such as pH changes than assays
based on fluorescence intensity measurements. In some embodiments of the invention, a
fluorophore tagged to a chimeric polypeptide sensor or a ubiquitin protein will have a
different anisotropy when the chimeric polypeptide sensor is bound to ubiquitin protein as
opposed to unbound, and anisotropy can be used as a measurement for the assays of the
present invention. Measurement of fluorescence anisotropy can easily be performed by
persons skilled in the art. Furthermore, measuring fluorescence anisotropy is particularly
suitable for high-throughput applications. For example, commercial instruments exist that can

measure polarization of samples present in 96-well microtiter dishes.

[00210] FRET is a distance-dependent interaction between the electronic excited states of two
dye molecules in which excitation is transferred from a donor molecule to an acceptor
molecule without emission of a photon. The efficiency of FRET is dependent on the inverse
sixth power of the intermolecular separation, making it useful over distances comparable to
the dimensions of biological macromolecules. Thus, FRET is an important technique for
investigating a variety of biological phenomena that produce changes in molecular proximity.
Some embodiments of the invention comprise the binding of a ubiquitin protein tagged with a
first detectable label to a chimeric polypeptide sensor bound with a second detectable label.
In some embodiments, one of the labels is a donor dye (e.g., fluorescence donor) and one of
the labels is an acceptor dye (e.g., fluorescence quencher). The absorbance spectrum of an
acceptor dye overlaps with the emission spectrum of a proximal intramolecular or
intermolecular donor dye such that the fluorescence of the donor dye is substantially
diminished, or quenched. Acceptor dyes may or may not be fluorescent themselves.
Fluorescent acceptor dyes allow for ratio analysis of fluorescence from the donor and

acceptor dyes by two-channel detection. In some applications, non-fluorescent acceptor dyes
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may be advantageous, because they eliminate background fluorescence that results from

direct acceptor excitation.

[00211] In some embodiments, the present invention includes methods of detecting ubiquitin
proteins or ubiquitin-like proteins with chimeric polypeptide sensors in assays that measure
fluorescence anisotropy. In some embodiments, the chimeric polypeptide sensors bind a
fluorophore-tagged ubiquitin protein or a fluorophore-tagged ubiquitin-like protein (e.g., a
competitor protein), wherein the fluorescence anisotropy measured from the fluorophore-
tagged ubiquitin protein or fluorophore-tagged ubiquitin-like protein is different when the
fluorophore-tagged fluorophore-tagged ubiquitin or ubiquitin-like protein is bound to the
chimeric polypeptide as compared to when the fluorophore-tagged ubiquitin protein or
fluorophore-tagged ubiquitin-like protein is not bound to the chimeric polypeptide. In some
embodiments, binding to the chimeric polypeptide sensor decreases the fluorescence
anisotropy measured from the fluorophore-tagged ubiquitin protein or fluorophore-tagged
ubiquitin-like protein. In some embodiments, binding to the chimeric polypeptide increases
the fluorescence anisotropy measured from the fluorophore-tagged ubiquitin protein or the
fluorophore-tagged ubiquitin-like protein. In some embodiments, the dissociation of the
binding of the chimeric polypeptide decreases the fluorescence anisotropy measured from the
fluorophore-tagged ubiquitin protein or fluorophore-tagged ubiquitin-like protein. In some
embodiments, the dissociation of the binding to the chimeric polypeptide increases the
fluorescence anisotropy measured from the fluorophore-tagged ubiquitin protein or the
fluorophore-tagged ubiquitin-like protein. In other related embodiments, the chimeric
polypeptide sensors are fluorophore-tagged, and the fluorescence anisotropy from the
fluorophore-tagged chimeric polypeptide sensor is different when bound to a ubiquitin
protein or ubiquitin-like protein as compared to when it is not bound to the ubiquitin protein
or ubiquitin-like protein. In some embodiments, the binding of the chimeric polypeptide
decreases its fluorescence anistropy. In some embodiments, the binding of the chimeric

polypeptide increases its fluorescence anisotropy.

[00212] Certain embodiments of assays of the present invention utilize competition assays. In
some embodiments, a premise of the competition assay is that the binding of the ubiquitin
protein being detected to the chimeric polypeptide sensor excludes the binding of a
competitor ubiquitin protein tagged with a detectable label to the chimeric polypeptide

sensor. When the species of ubiquitin protein to be detected is not present, there is a high
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degree of binding between the chimeric polypeptide sensor and the detectable label-tagged
competitor ubiquitin protein. When concentrations of the ubiquitin protein being detected are
present, they compete with the detectable-tagged competitor ubiquitin proteins for binding to
the chimeric polypeptide sensor. Thus, the presence of the ubiquitin protein being detected in
the sample being assayed results in a lower degree of binding between the chimeric
polypeptide and the tagged competitor ubiquitin protein. Since the properties of the
detectable label attached to the competitor ubiquitin protein change when the tagged
competitor ubiquitin protein is bound to the chimeric polypeptide sensor, the amount of
tagged competitor ubiquitin protein bound to the chimeric sensor can be determined by
measuring the properties of the detectable label. From this measurement, the amount of the
ubiquitin protein being detected can also be determined. In some embodiments, the
detectable label is a fluorophore, where in the amount of the ubiquitin protein being detected
can be determined by measuring a property of fluorescence emitted by the fluorophore. In
some embodiments, the measurement quantifies fluorescent intensity. In some embodiments,
the measurement quantifies fluorescent anisotropy. In some embodiments, the chimeric
polypeptide is tagged with a detectable label that can be paired with the fluorophore-tagged
competitor ubiquitin for FRET. In some embodiments, the measurement of the detectable
label can be compared to a designated control to determine a relative amount of the ubiquitin
proteins being detected. In some embodiments, the measurement of the detectable label can
be compared to values determined from a set of standards with known quantities of the
ubiquitin protein being detected to determine the absolute amount of the ubiquitin protein

being detected in the sample.

[00213] According to various embodiments of the invention, any chimeric polypeptide sensor
of the invention can be incorporated into a competition assay as described above. This
includes, but it not limited to chimeric polypeptide sensors comprising two or more
sequences that bind a target ubiquitin protein; comprising two or more sequences that bind a
target ubiquitin-like protein; comprising a sequence that binds ubiquitin C-terminal;
comprising a sequence that binds the ubiquitin hydrophobic patch; comprising a sequence
that binds to surface near ubiquitin Asp58; comprising a sequence that binds the ubiquitin C-
terminal and a sequence that binds the ubiquitin hydrophobic patch; comprising a sequence
that binds to the ubiquitin C-terminal and a sequence that binds to the surface near ubiquitin
Asp58; comprising a sequence that binds to the ubiquitin hydrophobic patch and a sequence

that binds to the surface near ubiquitin Asp58; comprising a sequence that binds the ubiquitin
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C terminal, a sequence that binds the ubiquitin hydrophobic patch, and a sequence that binds
to the surface near ubiquitin Asp58; comprising the ZnF UBP binding domain from
Isopeptidase T, comprising the Ruz domain from Rabex-5; comprising the ubiquitin
interacting motif from Vps27; comprising the Ruz domain from Rabex-5 and the ubiquitin
interacting motif from Vps27; comprising the ZnF UBP domain from Isopeptidase T and the
Ruz domain from Rabex5; comprising the ubiquitin interacting motif from Vps27 and the
Ruz domain from Rabex5; comprising the ZnF UBP binding domain from Isopeptidase T, the
Ruz domain from Rabex-5, and the ubiquitin interacting motif from Vps27; comprising the
ubiquitin binding associated domain from Dsk2; comprising the ZnF UBP binding domain
from Isopeptidase T and the ubiquitin associated domain from Dsk2; comprising the Ruz
domain from Rabex-5 and the ubiquitin associated domain from Dsk2; comprising the ZnF
UBP binding domain from Isopeptidase T, the Ruz domain from Rabex-5, and the ubiquitin
associated domain from Dsk2; comprising the ubiquitin interacting motif from S5a; or
comprising the ZnF UBP binding domain from Isopeptidase T, the Ruz domain from Rabex-
5, the ubiquitin interacting motif from S5a. Furthermore, this includes, but it not limited to:
tIVR, tIDR, tISR, tSR, and tIV. In some embodiments, the chimeric polypeptide comprises a
detectable label. In some embodiments, the competition assays also utilize a ubiquitin protein
or ubiquitin-like protein tagged with a detectable label (e.g., a competitor protein). In some
embodiments, the include competition assays utilize a ubiquitin or ubiquitin-like protein
tagged with a fluorophore. In some embodiments, the competition assays utilize a chimeric
polypeptide sensor with a detectable label and a ubiquitin protein or a ubiquitin-like protein
tagged with a detectable label. In some embodiments, these include competition assays

utilizing FRET imaging techniques.

[00214] In some embodiments, the present invention comprises methods of detecting
ubiquitin protein or ubiquitin-like protein by detecting chimeric polypeptide sensor tagged
with a detectable label. In some embodiments, the detection method comprises a direct
titration assay. Direct titration assays are well known in the art, and any such method to
perform titration assay is suitable. In some embodiments, the titration assay measures a
ubiquitin protein to be determined. In some embodiments, the titration assay measures a
ubiquitin-like protein to be determined. In some embodiments of the present invention,
competitive assays comprise measuring fluorescence intensity. In some embodiments of the

present invention, competitive assays comprise measuring fluorescence anisotropy.
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[00215] In some embodiments of the present invention, a premise of the titration assay is that
the binding of a ubiquitin protein or ubiquitin-like protein by the detectable label-tagged
chimeric polypeptide alters the properties of the detectable label. For example, when the
ubiquitin protein to be detected is not present, there is no degree of binding between the
chimeric polypeptide sensor and the ubiquitin protein. When amounts of the ubiquitin
protein being detected are present, they bind to the chimeric polypeptide sensor with a
detectable label. Since the binding of the ubiquitin protein with the chimeric polypeptide
sensor tagged with a detectable label changes the properties of detectable label, the amount of
the ubiquitin protein bound to the chimeric sensor can be determined by measuring the
detectable label. From this measurement, the amount of the ubiquitin protein in the sample
can also be determined. In some embodiments, the detectable label is a fluorophore, wherein
the amount of the ubiquitin protein can be determined by measuring a property of
fluorescence emitted by the fluorophore. In some embodiments, the measurement quantifies
fluorescent intensity. In some embodiments, the measurement quantifies fluorescent
anisotropy. In some embodiments, the measurement of the detectable label can be compared
to a designated control to determine a relative amount of the ubiquitin protein being detected.
In some embodiments, the measurement of the detectable label can be compared to values
determined from a set of standards with known quantities of the ubiquitin protein being
detected to determine the absolute amount of the ubiquitin protein being detected in the

sample.

[00216] According to some embodiments of the invention, any chimeric polypeptide sensor of
the invention can be used in a direct titration assay as described above. This includes, but it
not limited to chimeric polypeptide sensors comprising two or more sequences that bind
ubiquitin protein, comprising two or more sequences that bind ubiquitin-like protein;
comprising a sequence that binds ubiquitin C-terminal; comprising a sequence that binds the
ubiquitin hydrophobic patch; comprising a sequence that binds to surface near ubiquitin
Asp58; comprising a sequence that binds the ubiquitin C-terminal and a sequence that binds
the ubiquitin hydrophobic patch; comprising a sequence that binds to the ubiquitin C-terminal
and a sequence that binds to the surface near ubiquitin Asp58; comprising a sequence that
binds to the ubiquitin hydrophobic patch and a sequence that binds to the surface near
ubiquitin Asp58; comprising a sequence that binds the ubiquitin C terminal, a sequence that
binds the ubiquitin hydrophobic patch, and a sequence that binds to the surface near ubiquitin

Asp58; comprising the ZnF UBP binding domain from Isopeptidase T, comprising the Ruz
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domain from Rabex-5; comprising the ubiquitin interacting motif from Vps27; comprising
the Ruz domain from Rabex-5 and the ubiquitin interacting motif from Vps27; comprising
the ZnF UBP domain from Isopeptidase T and the Ruz domain from Rabex5; comprising the
ubiquitin interacting motif from Vps27 and the Ruz domain from Rabex5; comprising the
ZnF UBP binding domain from Isopeptidase T, the Ruz domain from Rabex-5, and the
ubiquitin interacting motif from Vps27; comprising the ubiquitin binding associated domain
from Dsk2; comprising the ZnF UBP binding domain from Isopeptidase T and the ubiquitin
associated domain from Dsk2; comprising the Ruz domain from Rabex-5 and the ubiquitin
associated domain from Dsk2; comprising the ZnF UBP binding domain from Isopeptidase
T, the Ruz domain from Rabex-5, and the ubiquitin associated domain from Dsk2; or
comprising the ubiquitin interacting motif from S5a; comprising the ZnF UBP binding
domain from Isopeptidase T, the Ruz domain from Rabex-5, the ubiquitin interacting motif
from S5a. Furthermore, this includes, but it not limited to: tIVR, tIDR, tISR, tSR, and tIV. In
some embodiments, the chimeric sensor polypeptide is detectably labeled. In some
embodiments, these include direct titration assays that use a chimeric polypeptide sensor
tagged with a detectable label. In some embodiments, these include direct titration assays use

a chimeric polypeptide sensor tagged with a fluorophore.

[00217] In some embodiments of the invention, competition assays and direct titration assays
are suitable for determining an amount of a target ubiquitin protein or ubiquitin-like protein
in vitro. In some embodiments, the assays described herein are suitable for determining an
amount of a target ubiquitin protein or ubiquitin-like protein in a sample, e.g., a biological
sample. In some embodiments of the invention, the competition assays and the direct
titrations assays are suitable for determining an amount of a target ubiquitin protein or
ubiquitin-like protein in extracts. In some embodiments of the invention, the extracts are
from cultured cells. In some embodiments of the invention, the extracts are from tissue. The
preparation of extracts from cell culture and from tissue for use in experiments as described

herein are well known to those of skill in the art.

[00218] In certain embodiments, the present invention includes a method of determining the
presence of, an amount of, or a concentration of a ubiquitin protein or a ubiquitin-like protein
(i.c., target protein) in a sample, comprising: contacting the sample with a chimeric

polypeptide sensor described herein for a period of time and directly or indirectly detecting
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an amount of the ubiquitin protein or ubiquitin-like protein bound to the chimeric polypeptide

SCnsor.

[00219] In some embodiments, the ubiquitin protein or ubiquitin-like protein being assayed is
the free ubiquitin protein or ubiquitin-like protein, and the chimeric polypeptide sensor

preferentially binds to the free ubiquitin protein or ubiquitin-like protein.

[00220] In some embodiments, the ubiquitin protein or ubiquitin-like protein being assayed is
the total ubiquitin protein or ubiquitin-like protein, including both the free and conjugated
ubiquitin protein or ubiquitin-like protein, and the chimeric polypeptide sensor binds to both
the free ubiquitin protein or free ubiquitin-like protein and the conjugated ubiquitin protein or

conjugated ubiquitin-like protein.

[00221] In certain embodiments, the chimeric polypeptide sensor is detectably labeled, e.g.,
with a fluorophore, wherein the signal emitted by the label is altered upon binding to the
target protein, and the amount of target protein bound to the chimeric polypeptide sensor is
measured by detecting a change in the signal emitted by the label after contact with the
sample or throughout the period of time, e.g., when the signal is detected at regular intervals

throughout the period of time.

[00222] In other embodiments, the method comprises contacting the sample and the chimeric
polypeptide sensor with a detectably labeled competitor ubiquitin protein or competitor
ubiquitin-like protein for a period of time, wherein the signal emitted by the label is altered
upon binding to the chimeric polypeptide sensor, and the amount of target protein bound to
the chimeric polypeptide sensor is indirectly measured by detecting a change in the signal
emitted by the label after contact between the labeled competitor protein and the chimeric
polypeptide sensor in the presence of the sample. In certain embodiments, the competitor
protein is pre-incubated with the chimeric polypeptide sensor before both are contacted by
the sample, and a change in the signal emitted reflects competition by the target protein in the

sample for binding to the chimeric polypeptide sensor.

[00223] In other embodiments, the method comprises contacting the sample and a detectably
labeled chimeric polypeptide sensor with a detectably labeled competitor ubiquitin protein or
competitor ubiquitin-like protein for a period of time, wherein the signal emitted by the labels
is altered upon binding of the competitor protein to the chimeric polypeptide sensor, and the

amount of target protein bound to the chimeric polypeptide sensor is indirectly measured by
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detecting a change in the signal emitted by the labels after contact between the labeled
competitor protein and the labeled chimeric polypeptide sensor in the presence of the sample.
In certain embodiments, either the chimeric polypeptide sensor or the competitor protein is
labeled with a fluorescence emitter, and the other of the two is labeled with a quencher,
wherein the pair of labels may be used in FRET. In certain embodiments, the competitor
protein is pre-incubated with the chimeric polypeptide sensor before both are contacted by
the sample, and a change in the signal emitted reflects competition by the target protein in the

sample for binding to the chimeric polypeptide sensor.

[00224] In particular embodiments of any of the methods described herein, the sample is
incubated with the chimeric polypeptide sensor and, optionally, the competitor protein, under
conditions and for a duration of time sufficient to allow binding of the chimeric polypeptide
sensor to the target ubiquitin protein or target ubiquitin-like protein in the same and/or the
competitor protein. In certain embodiments, the conditions are any of those described in the
accompanying Examples. In certain embodiments, the duration of time is at least 1 minute, at
least 10 minutes, at least 30 minutes, at least one hour, at least two hours, or at least four
hours. In certain embodiments, the assays are conducted in a solution approximating or
having physiological conditions, including use of phosphate-buffered saline (25 mM Na
phosphate pH 7.4, 150 mM NaCl) at a pH of 7.4, or Na HEPES or Na phosphate buffer at a
pH of about 7.0, about 7.4, or about 7.5. In particular embodiments, assay mixtures
additionally contain 0.1 mM tris-(carboxyethyl)phosphine hydrochloride to protect proteins
from oxidation and 0.05% (w/v) Brij35 plus 0.2 mg/ml ovalbumin to reduce non-specific
adsorption of proteins to surfaces (¢.g., to quartz cuvette walls or plastic pipet tips). In
particular embodiments, the binding step of the assays is performed at about 25 degrees C or,
for real-time deubiquitinase assays, at about 25 degrees C, or at about 30 degrees C, or at

about 37 degrees C.

[00225] In particular embodiments of any of the methods described herein, the amount of
target ubiquitin protein or target ubiquitin-like protein in the sample is determined by
comparing the amount of detected signal to a predetermined value or set of values, or to a
control value. In some embodiments, the predetermined control values are determined by
performing the same assay using various known amounts of target protein instecad of a test
sample, to generate a set of known values. In some embodiments, a control value is

determined by performing an assay concurrent with the test assay, but using a negative
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control instead of a test sample. In certain embodiments, a negative control is a sample that
does not include the target ubiquitin protein or ubiquitin-like protein. In certain
embodiments, a negative control is a protein that is not bound by the chimeric polypeptide

S€nsor.

[00226] In particular embodiments of any of the methods described herein, the protein being
detected is human ubiquitin protein, and the chimeric polypeptide sensor is a tIVR, tIVR L1
Cys, tIVR (R218C), tIDR, tISR, or tSR chimeric polypeptide sensor.

[00227] In particular embodiments of any of the methods described herein, the protein being

detected is Nedd8, and the chimeric polypeptide is a tIV chimeric polypeptide sensor.

[00228] In some embodiments, the present invention includes a method to determine the
presence of deubiquitinase activity or an amount of deubiquitinase activity. In some
embodiments of the invention, the deubiquitinase assay is an in vitro assay to determine the
deubiquitinase activity present in a sample or the deubiquitinase activity of a known,
putative, or candidate deubiquitinase. In certain embodiments, the assay is used to screen a
library comprising a plurality of compounds to identify a compound having deubiquitinase
assay or a compound that activates or inhibits activity of a deubiquitinase enzyme. In

particular embodiments, the library comprises a plurality of peptides or polypeptides.

[00229] In other embodiments, a deubiquitinase assay of the present invention may be used to
assess the substrate promiscuity of a known, putative or candidate deubiquitinase by
determining its activity using a plurality of different conjugated ubiquitin proteins and/or
conjugated ubiquitin-like proteins. For example, the assay may be performed to determine
the deubiquitinase activity of the known, putative or candidate deubiquitinase against
ubiquitin proteins conjugated to a plurality of different substrate polypeptides, e.g., to
determine whether the known, putative or candidate deubiquitinase specifically targets only
one or a subset of ubiquitin-conjugated polypeptides. In certain instances, the assay is
performed in multi-well dishes, ¢.g., 96-well plates, wherein each of the plurality of different

ubiquitin-conjugated polypeptides is present in a discrete well.

[00230] In some embodiments, a deubiquitinase is defined as a protein with protease activity
that removes ubiquitin and polyubiquitin chains from ubiquitinated proteins. Thus, provided
a source of conjugated ubiquitin, a deubiquitinase will deconjugate the conjugated ubiquitin,

and thereby increase the amount of free ubiquitin. In some embodiments of the invention,

59



10

15

20

25

30

WO 2014/179494 PCT/US2014/036243

deubiquitinase activity is detected by a chimeric polypeptide sensor with preferential binding
to free ubiquitin protein or free ubiquitin-like protein as compared to the conjugated ubiquitin
protein or conjugated ubiquitin-like protein. In some embodiments, the deubiquitin assay is
performed with any of the techniques or assays described, include competition assays and
direct titration assays to detect free ubiquitin. In some embodiments, the deubiquitinase
assay uses a chimeric polypeptide sensor tagged with a detectable label. In some
embodiments, a competitor ubiquitin protein is tagged with a detectable label. In some
embodiments, the deubiquitinase assay comprises the measurement of fluorescence
properties. In some embodiments, the deubiquitinase assay comprises the measurement of

fluorescence anisotropy. In some embodiments, the deubiquitinase assay comprises FRET.

[00231] A deubiquitinase assay detects deubiquitinase activity, which is the activity that
breaks the covalent bonds between ubiquitin proteins and non-ubiquitin proteins. In a given
sample, deubiquitinase activity increases the amount of free ubiquitin in the sample. In
essence, a deubiquitinase assay determines if an amount of free ubiquitin is generated from a
source of conjugated ubiquitin by a known or candidate deubiquitinase. Thus, any methods
of the present invention that can detect free ubiquitin can be purposed towards detecting
deubiquitinase activity. One strategy to detect deubiquitinase activity is to measure the
amount of free ubiquitin in a sample containing a known or candidate deubiquitinase, and
comparing it the amount of free ubiquitin in a negative control sample that does not contain
the known or candidate deubiquitinase, whereby a greater amount of free ubiquitin in the
presence of the known or candidate deubiquitinase compared to the negative control would
confirm that the known or candidate is a deubiquitinase. Such a strategy could be employed
by methods from multiple embodiments of the invention, including direct titration and
competition assays. A second strategy is to measure the amount of free ubiquitin at two or
more time periods in a mixture containing a known or candidate deubiquitinase, a source of
conjugated ubiquitin, and the chimeric polypeptide sensor that preferentially binds to free
ubiquitin as compared to conjugated ubiquitin. In some embodiments of the invention, two or
more time points are monitored over a period of time. In some embodiments, the methods
comprise taking measurements of free ubiquitin in a mixture at regular intervals over a period
of time. If greater amounts of free ubiquitin are measured at later time points compared to
earlier time points, it indicates the presence of deubiquitinase activity. In some embodiments,
the measurements of free ubiquitin are performed before the known or candidate

deubiquitinase contacts the mixture. In other embodiments, measurements are taken after the
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known or candidate deubiquitinase contacts the mixture. In some embodiments, the
measurements are take both before and after the known or candidate deubiquitinase contacts

the mixture.

[00232] In some embodiments of the invention, the methods comprise a series of steps, in any
order, comprising contacting a chimeric polypeptide sensor that preferentially binds to free
ubiquitin to a mixture, contacting a source of conjugated ubiquitin to the mixture, contacting
a known or candidate deubiquitinase to the mixture for a period of time, and measuring the
amount of free ubiquitin. In some embodiments, the methods comprise contacting a mixture
first with a chimeric polypeptide sensor tagged with a detectable label and contacting the
mixture with a source of conjugated ubiquitin, and next contacting the mixture with the
known or candidate deubiquitinase. In other embodiments, the chimeric sensor contacts the
mixture after the known or candidate deubiquitinase contacts the mixture. In some
embodiments, the amount of ubiquitin is determined is determined through direct titration
experiments, wherein the chimeric polypeptide sensor is tagged with a detectable label. In
some embodiments, the amount of free ubiquitin is determined with a competition assay,
wherein a competitor ubiquitin protein or ubiquitin-like protein tagged with a detectable label
contacts the mixture. In some embodiments, the amount of free ubiquitin is measured with
FRET, wherein the chimeric polypeptide sensor is tagged with a detectable label and the

competitor ubiquitin protein or competitor ubiquitin-like protein.

[00233] In some embodiments of the invention, the term candidate deubiquitinase refers to an
enzyme suspected to possess deubiquitinase activity. In some embodiments, candidate
deubiquitinase refers to an agent being tested for or suspected to modify the deubiquitinase
activitiy of the known dequibquitinase. In some embodiments, such agents can include, but
arc not limited to: small molecules and pharmaceutical compounds, protcasome inhibitiors,
RNA or DNA oligonucleotides, antibodies, or other proteins. In such experiments, negative
controls would include a group with no deubiquitinase, and a control with the known
deubiquitinase but not the agent. If a presence of the agent in the mixture results in a different
amount of free ubiquitin, either a greater or lower amount of free ubiquitin, then it can be
conluced that the agent modifies the activity of the deubiquitinase. As indicated, methods of
the present invnetion may also be practiced using known deubiquitinases, ¢.g., to measure
their activity, e.g., in the presence of another compound, or to determine their substrate

specificity.
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[00234]In one particular embodiment, a deubiquitinase assay of the present invention
comprises bringing into contact: (1) a chimeric polypeptide sensor that preferentially binds to
a free ubiquitin protein or a free ubiquitin-like protein as compared to the conjugated
ubiquitin protein or conjugated ubiquitin-like protein; (ii) one or more conjugated ubiquitin
proteins or conjugated ubiquitin-like proteins; and (iii) one or more known or candidate
ubiquitinases, for a period of time, e.g., a period of time sufficient to allow binding of the
chimeric polypeptide sensor to free ubiquitin protein or free ubiquitin-like protein and
deconjugation of ubiquitin. In particular embodiments, the chimeric polypeptide sensor is
detectably labeled, and the signal generated by the label changes when the sensor is bound by
free ubiquitin. In other embodiments, the ubiquitin protein or ubiquitin-like protein is
labeled, and the signal generated by the label changes when the protein is bound by the
chimeric polypeptide sensor. In other embodiments that utilize an indirect measurement, a
labeled competitor free ubiquitin or competitor free ubiquitin-like protein is also brought into
contact with (i)-(iii), wherein the signal generated by the label changes when the competitor

protein is bound by the sensor as compared to when it is not bound by the sensor.

[00235] In some embodiments of the invention, a deubiquitinase assay is preformed using a
conjugated ubiquitin protein with a detectable label tagged on the ubiquitin protein. In some
embodiments, the detectable label is a fluorophore. In some embodiments, the deubiquitinase
assay comprises contacting the tagged conjugated ubiquitin protein with a chimeric
polypeptide sensor that preferentially binds free ubiquitin protein compared to conjugated
ubiquitin protein, and contacting tagged conjugated ubiquitin protein with the tagged
conjugated ubiquitin protein, and contacting the tagged the conjugated ubiquitin with a
known or candidate deubiquitinase. In this deubiquitinase assay, deubiquitinase activity
converts the tagged conjugated ubiquitin into tagged free ubiquitin. The newly free tagged
ubiquitin binds to the chimeric polypeptide sensor, resulting in a detectable change in a signal
from the detectable label. Increased binding of tagged free ubiquitin to the chimeric
polypeptide sensors is a positive indicator of deubiquitinase activity in this dequbiquitinase

assay.

[00236] In each of these assays, the amount of free ubiquitin may be determined by measuring
the amount of detectable label. In certain embodiments, the presence of or amount of free
ubiquitin is determined by measuring the change in the amount of label (e.g., fluorescence

intensity, anisotropy, or FRET) detected at two or more different time points during the
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assay. In certain embodiments, the presence of or amount of free ubiquitin is determined by
comparing the amount of label detected to a predetermined value or to a control value.
Generally, an increase in the amount of free ubiquitin protein or free ubiquitin-like protein
detected indicates the presence of deubiquitinase activity and, thus, identifies a compound as

being a deubiquitinase.

[00237] According to some embodiments of the invention, any chimeric polypeptide sensor
of the invention can be incorporated into a deubiquitinase assay as described above. This
includes, but it not limited to chimeric polypeptide sensors: comprising two or more
sequences that bind ubiquitin protein; comprising a detectable label; comprising two or more
sequences that bind ubiquitin-like protein; comprising a sequence that binds ubiquitin C-
terminal; comprising a sequence that binds the ubiquitin hydrophobic patch; comprising a
sequence that binds to surface near ubiquitin AspS58; comprising a sequence that binds the
ubiquitin C-terminal and a sequence that binds the ubiquitin hydrophobic patch; comprising a
sequence that binds to the ubiquitin C-terminal and a sequence that binds to the surface near
ubiquitin Asp58; comprising a sequence that binds to the ubiquitin hydrophobic patch and a
sequence that binds to the surface near ubiquitin Asp58; comprising a sequence that binds the
ubiquitin C terminal, a sequence that binds the ubiquitin hydrophobic patch, and a sequence
that binds to the surface near ubiquitin Asp58; comprising the ZnF UBP binding domain from
Isopeptidase T, comprising the Ruz domain from Rabex-5; comprising the ubiquitin
interacting motif from Vps27; comprising the Ruz domain from Rabex-5 and the ubiquitin
interacting motif from Vps27; comprising the ZnF UBP domain from Isopeptidase T and the
Ruz domain from Rabex5; comprising the ubiquitin interacting motif from Vps27 and the
Ruz domain from Rabex5; comprising the ZnF UBP binding domain from Isopeptidase T, the
Ruz domain from Rabex-5, and the ubiquitin interacting motif from Vps27; comprising the
ubiquitin binding associated domain from Dsk2; comprising the ZnF UBP binding domain
from Isopeptidase T and the ubiquitin associated domain from Dsk2; comprising the Ruz
domain from Rabex-5 and the ubiquitin associated domain from Dsk2; comprising the ZnF
UBP binding domain from Isopeptidase T, the Ruz domain from Rabex-5, and the ubiquitin
associated domain from Dsk2; comprising the ubiquitin interacting motif from S3a;
comprising the ZnF UBP binding domain from Isopeptidase T, the Ruz domain from Rabex-
5, the ubiquitin interacting motif from S5a; further, this includes, but it not limited to: tIVR,
tIDR, tISR, tSR, and tIV. In some embodiments, these include deubiquitinase assays that

comprise a ubiquitin protein or ubiquitin like protein tagged with a detectable label. In some
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embodiments, these include deubiquitinase assays that comprise a ubiquitin or ubiquitin-like
protein tagged with a fluorophore. In some embodiments, these include deubiquitinase
assays that comprise a chimeric polypeptide sensor with a detectable label and a ubiquitin
protein or a ubiquitin like protein tagged with a detectable label. In some embodiments, these

include deubiquitinase assays comprising FRET imaging techniques.

[00238]In some embodiments of the invention, competition, direct titration, and
deubiquitinase assays can be incorporated into high throughput screens to detect novel
compounds or agents that influence ubiquitin proteins or ubiquitin-like proteins. In some
embodiments, the invention includes any of the methods to detect free ubiquitin protein or
free ubiquitin-like protein described herein in concert with screens to evaluate the effects of
different agents or compounds on pools, e.g., amounts, of free ubiquitin. In particular
embodiments, a library of compounds or agents is screened to identify a compound or agent
that either increases or decreases ubiquitination or deubiquitination of a substrate
polypeptide. In some embodiments, the agents or compounds are small molecules, and in

some embodiments, the agents or compounds are peptides or polypeptides.

[00239] Any methods of the present invention that can detect free ubiquitin or ubiquitin-like
protein can be purposed towards a high throughput screen to detect agents that influence
conjugation or deconjugation of ubiquitin or ubiquitin-like proteins. One strategy to detect
modifiers of conjugation or deconjugation of ubiquitin or ubiquitin-like proteins is to measure
the amount of free ubiquitin in a sample containing a candidate agent, and compare it the
amount of free ubiquitin in a negative control sample that does not contain the candidate
agent, whereby a greater or lesser amount of free ubiquitin in the presence of the candidate
agent compared to the negative control would confirm that the candidate influences
conjugation or deconjugation. Such a strategy is employed according to certain embodiments

of any of the methods of the invention, including direct titration and competition assays.

[00240] In some embodiments of the invention, a candidate agent is tested prior to detecting
free ubiquitin. In some embodiments, agents can include, but are not limited to, small
molecules and pharmaceutical compounds, DNA or RNA oligonucleotides, methods of gene
silencing, proteins, or antibodies. In some embodiments, the candidate agent is contacted to
an organism or a tissue before a tissue sample from the organism or the tissue is collected. In
such cases, the agent can be administered to an experimental organism, including, but not

limited to, nematoads, fruitflies, mice, rats, or plants. In some embodiments, the agent can be
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tested in cultured cells prior to preparing the cells as an extract. In some embodiments the
agent contacts an extract prepared from a cell culture or tissue before the chimeric sensor
contacts the extract. In some of these embodiments, the agent is tested on biological
processes that occur without the presence of a chimeric polypeptide sensor and, optionally, a
competitor protein. In such screens, the chimeric sensor is employed to determine the effect
of the agent by detecting an amount of free ubiquitin present in extracts after biological
processes or activities the agent is suspected to influence have taken place. Chimeric
polypeptide sensors tagged with a detectable label, or chimeric polypeptide sensors and
competitor ubiquitin protein or competitor ubiquitin-like protein tagged with a detectable
label, or chimeric polypeptide sensors tagged with a detectable label and competitor ubiquitin
protein or ubiquitin-like protein tagged with a detectable label, are then contacted to the
extract to determine the amount of free ubiquitin in the extract though direct titration,

competition assay, or FRET methods, respectively.

[00241] According to some embodiments of the invention, one strategy to determine if an
agent influences ubiquitin protein or ubiquitin-like protein conjugation or deubiquitinase
activity is to measure the amount of free ubiquitin or free ubiquitin-like protein in a sample
comprising an agent, and comparing it the amount of free ubiquitin in a negative control
sample that does not contain the agent, whereby a change in the amount of free ubiquitin in
the presence of the agent as compared to the negative control confirms that the agent alters
ubiquitin protein or ubiquitin-like protein conjugation or deconjugation. In this strategy, the
agent is contacted to a mixture with a known entity that acts to conjugate or deconjugate
ubiquitin to a substrate. For example such entities can include, but are not limited to, proteins
such as deubiquitinases or ubiquitin E1, E2, or E3 ligases. In various embodiments, such a
strategy employs methods from various embodiments of the invention, including direct
titration and competition assays. A second strategy is to measure the amount of free ubiquitin
at two or more time periods in a mixture comprising the agent, the entities that conjugate or
deconjugate ubiquitin or ubiquitin-like proteins, and a chimeric polypeptide sensor. In some
embodiments of the invention, two or more time points are monitored over a period of time.
In some embodiments, the methods comprise taking measurements of free ubiquitin in a
mixture at regular intervals over a period of time. If the presence of the agent reduces the
change in free ubiquitin protein or free ubiquitin-like protein observed across the

measurements, then the agent can be concluded to inhibit the entity. If a larger change in the
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amount of free ubiquitin is observed, the agent can be concluded to enhance the conjugation

or deconjugation activity of the entity.

[00242] In some embodiments of the invention, the methods comprise a series of steps, in any
order, comprising contacting a chimeric polypeptide sensor that preferentially binds to free
ubiquitin to a mixture, contacting a source of conjugated ubiquitin to the mixture, contacting
a candidate agent to the mixture comprising a known ubiquitin conjugating enzyme or
deubiquitinase for a period of time, and measuring the amount of free ubiquitin. In some
embodiments, the methods comprise contacting a mixture first with a chimeric polypeptide
sensor tagged with a detectable label, contacting the mixture with a source of conjugated
ubiquitin, and next contacting the mixture with the candidate deubiquitinase. In other
embodiments, the chimeric sensor contacts the mixture after the agent contacts the mixture.
In some embodiments, the amount of ubiquitin is determined through direct titration
experiments, wherein the chimeric polypeptide sensor is tagged with a detectable label. In
some embodiments, the amount of free ubiquitin is determined with a competition assay,
wherein a competitor ubiquitin protein or ubiquitin-like protein tagged with a detectable label
is also contacted to the mixture. In some embodiments, the amount of free ubiquitin is
measured with FRET, wherein the chimeric polypeptide sensor is tagged with a detectable
label and the competitor ubiquitin protein or competitor ubiquitin-like protein is also tagged

with a detectable label.

[00243] Competition assays and direct titration assays utilizing a chimeric polypeptide sensor
to detect free ubiquitin, including any of those described herein, can be modified into a high
throughput screen to test candidate agents for their abilities to modify pools of free ubiquitin.
Such agents may include but are not limited to small molecules such as, pharmaceutical
compounds, known or putative protecasome inhibitors; antibodics; proteins; nucleotides
include DNA expression constructs, antisense oligonucleotides, RNAi, shRNA, siRNA. In
certain embodiments, the amount of detected free ubiquitin in the presence of a candidate
agent is compared to a designated negative control, wherein a greater amount of free
ubiquitin associated with the presence of the candidate agent indicates that the candidate
agent decreases conjugation of the ubiquitin protein or acts as a deubiquitinase, and a lesser
amount of free ubiquitin associated with the presence of the agent indicates that the agent
increases the conjugation of the ubiquitin protein or decreases ubiquitination, e.g., inhibits a

deubiquitinase. In some embodiments of the present invention, the screens are competition
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assays that utilize fluorescence intensity or anisotropy detection. In some embodiments, the
screens utilize FRET detection. In some embodiments, measurements of free ubiquitin are
made using a real-time assay, wherein a change in the amount of free ubiquitin over time
indicates the presence of an agent that modulates ubiquitination. In some embodiments of the

invention, the amount of free ubiquitin-like protein is determined.

[00244] In certain embodiments, the screens are performed in a high throughput assay, e.g.
wherein discrete wells of a multi-well plate include a chimeric polypeptide sensor that
preferentially binds to a free ubiquitin protein or a free ubiquitin-like protein and one or more
conjugated ubiquitin protein or conjugated ubiquitin-like protein, which serves as a substrate
of a candidate agent that modulates ubiquitination or deubiquitination. Alternatively to, or in
addition to, the conjugated ubiquitin protein or conjugated ubiquitin-like protein, the wells
may include a free ubiquitin protein and a ubiquitin protein substrate, or a free ubiquitin-like
protein and a ubiquitin-like protein substrate, which may be conjugated by the free ubiquitin
protein or the free ubiquitin-like protein. Different candidate agents are added to different
wells, and their effect on the amount of free ubiquitin protein or free ubiquitin-like protein.
The assay may employ a detectably labeled chimeric polypeptide sensor that emits differently
when bound or unbound to ubiquitin or a ubiquitin-like protein, and/or a detectably labeled
competitor ubiquitin protein or competitor ubiquitin-like protein that emits differently when

bound or unbound to the sensor.

[00245] According to some embodiments of the invention, any chimeric polypeptide sensor
of the invention can be incorporated into a screen as described above. This includes, but it
not limited to chimeric polypeptide sensors: comprising two or more sequences that bind
ubiquitin protein; comprising a detectable label; comprising two or more sequences that bind
ubiquitin-like protein; comprising a sequence that binds ubiquitin C-terminal; comprising a
sequence that binds the ubiquitin hydrophobic patch; comprising a sequence that binds to
surface near ubiquitin Asp58; comprising a sequence that binds the ubiquitin C-terminal and
a sequence that binds the ubiquitin hydrophobic patch; comprising a sequence that binds to
the ubiquitin C-terminal and a sequence that binds to the surface near ubiquitin Asp58;
comprising a sequence that binds to the ubiquitin hydrophobic patch and a sequence that
binds to the surface near ubiquitin Asp58; comprising a sequence that binds the ubiquitin C
terminal, a sequence that binds the ubiquitin hydrophobic patch, and a sequence that binds to

the surface near ubiquitin Asp58; comprising the ZnF UBP binding domain from
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Isopeptidase T, comprising the Ruz domain from Rabex-5; comprising the ubiquitin
interacting motif from Vps27; comprising the Ruz domain from Rabex-5 and the ubiquitin
interacting motif from Vps27; comprising the ZnF UBP domain from Isopeptidase T and the
Ruz domain from Rabex$5; comprising the ubiquitin interacting motif from Vps27 and the
Ruz domain from Rabex5; comprising the ZnF UBP binding domain from Isopeptidase T, the
Ruz domain from Rabex-5, and the ubiquitin interacting motif from Vps27; comprising the
ubiquitin binding associated domain from Dsk2; comprising the ZnF UBP binding domain
from Isopeptidase T and the ubiquitin associated domain from Dsk2; comprising the Ruz
domain from Rabex-5 and the ubiquitin associated domain from Dsk2; comprising the ZnF
UBP binding domain from Isopeptidase T, the Ruz domain from Rabex-5, and the ubiquitin
associated domain from Dsk2; comprising the ubiquitin interacting motif from S3a;
comprising the ZnF UBP binding domain from Isopeptidase T, the Ruz domain from Rabex-
5, the ubiquitin interacting motif from S5a; further, this includes, but it not limited to: tIVR,
tIDR, tISR, tSR, and tIV. In some embodiments, these include screens that comprise a
ubiquitin protein or ubiquitin like protein tagged with a detectable label. In some
embodiments, these include screens that comprise a ubiquitin or ubiquitin-like protein tagged
with a fluorophore. In some embodiments, these include screens that comprise a chimeric
polypeptide sensor with a detectable label and a ubiquitin protein or a ubiquitin like protein
tagged with a detectable label. In some embodiments, these include screens comprising

FRET imaging techniques.

[00246] In some embodiments, the present invention contains methods to determine the level
of ubiquitin proteins (¢.g., total or free) that are present in the serum of a patient. Stress or
trauma can increase levels of extracellular ubiquitin proteins present in serum. Furthermore,
there are extracellular ubiquitin receptors that can bind to the extracellular ubiquitin
receptors. An example of an extracellular ubiquitin receptor is CXCR4. CXCR4 is a G-
protein coupled receptor that can bind to extracellular ubiquitin protein. Upon binding the
extracellular ubiquitin protein, CXCR4 becomes activated and can influence cellular
processes. However, CXCR4 is only activated by ubiquitin proteins that are intact.
Extracellular ubiquitin proteins can be partially degraded in serum, and partially degraded
ubiquitin proteins do not activate CXCR4. Of particular importance may be the presence of
the C-terminal domain on the ubiquitin proteins; an intact C-terminus of an extracellular

ubiquitin is required to activate the CXCR4.
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[00247] In some embodiments, the present invention includes methods to detect the presence
of free ubiquitin in serum. In some embodiments, the method utilizes a chimeric polypeptide
sensor comprising a polypeptide sequence that binds to ubiquitin C-terminus. In some
embodiments, the method utilizes a chimeric polypeptide sensor wherein the chimeric
polypeptide sensor has a selective binding affinity for free ubiquitin comprising an intact C-
terminal as compared to partially degraded free ubiquitin or ubiquitin-like proteins. In certain
embodiments, the chimeric polypeptide sensor comprises a sequence that binds to the C-
terminus of a free ubiquitin protein. In some embodiments, the chimeric polypeptide sensor
can be used in any of the assays of the invention described herein. In some embodiments,
these assays are competition assays. In some embodiments, these assays comprise direct
titration assays. In some embodiments, the chimeric polypeptide comprises a detectable
label. In some embodiments, the method utilizes a competitor ubiquitin protein tagged with a
detectable label. In some embodiments, the detectable label is a fluorophore. In some
embodiments, the method comprises detecting fluorescence intensity. In some embodiments,
the method comprises detecting fluorescence anisotropy. In some methods, the method

comprises FRET.
EXAMPLES

[00248] The present invention will be described in greater detail by way of specific examples.
The following examples are offered for illustrative purposes, and are not intended to limit the
invention in any manner. Those of skill in the art will readily recognize a variety of

noncritical parameters that can be changed or modified to yield essentially the same results.
EXAMPLE 1
DESIGN AND CONSTRUCTION OF CHIMERIC POLYPEPTIDES

[00249] This example demonstrates the design and subsequent generation of chimeric
polypeptides that bind to free ubiquitin proteins. Ubiquitin proteins can simultaneously
interact with ubiquitin binding domains that bind to non-overlapping regions of ubiquitin (see
Figure 1). Chimeric polypeptides were designed that comprise a domain that could bind to
the ubiquitin C terminus, a domain that binds the ubiquitin hydrophobic surface patch, and a
domain that binds to the surface of ubiquitin near Asp58. These three binding domains were
connected by two linker peptides to generate chimeric polypeptides that act as sensors for

free ubiquitin proteins (see Figure 2).  These three ubiquitin binding domains can be
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connected by two linkers, resulting in a chimeric polypeptide that simultaneously binds the

ubiquitin protein in three non-overlapping regions.

[00250] Using this strategy, two prototype chimeric polypeptide sensors were constructed.
Both prototype chimeric polypeptides contain a domain that binds the ubiquitin C terminus, a
domain that binds the ubiquitin hydrophobic patch, and a domain that binds to the surface of
ubiquitin near Asp58 that are connected by polypeptide linkers (see Figure 3). In the first
prototype (tIVR), the domain that binds to the C terminus of ubiquitin is the ZnF UBP
domain of Isopeptidase T (IsoT“""), the domain that binds to the ubiquitin hydrophobic patch

is the ubiquitin-interaction motif from the Vps27 protein (Vps27UIM

), and the domain that
binds to the surface of ubiquitin near Asp58 is the Rabex-5 ubiquitin binding zinc finger
(Ruz). In the second prototype (tIDR), the IsoT”"" and Ruz domains are linked to the
ubiquitin associated (UBA) domain of the Dsk2 protein (Dsk2"P*) which binds to the
ubiquitin hydrophobic patch. Amino acid sequences of the chimeric polypeptides are

provided.
[00251] The amino acid sequences were as follows:

tIVR:

MGSSHHHHHHSSGLVPRGSHMKQEVQAWDGEVRQVSKHAFSLKQLDNPARIPPSG
WKCSKCDMRENLWLNLTDGSILCGRRYFDGSGGNNHAVEHYRETGYPLAVKLGTIT
PDGADVYSYDEDDMVLDPSLAEHLSHFGIDMLKMQKGSAAAEEAELDLKAAIQESL
REAGGGSDLLCKKGCGYYGNPAWQGFCSKCWREEYHKARQK (Underline shows
each linker; SEQ ID NO: 1)

tIDR:

MGSSHHHHHHSSGLVPRGSHHMKQEVQAWDGEVRQVSKHAFSLKQLDNPARIPPS
GWKCSKCDMRENLWLNLTDGSILCGRRYFDGSGGNNHAVEHYRETGYPLAVKLGT
ITPDGADVYSYDEDDMVLDPSLAEHLSHFGIDMLKMQKTGGSGGSGSGGSGPPEER
YEHQLRQLNDMGFFDFDRNVAALRRSGGSVQGALDSLLNGGGGGSSGGGSDLLCK
KGCGYYGNPAWQGFCSKCWREEYHKARQK (Underline shows each linker; SEQ ID
NO:4)

[00252] Structural models of the prototype chimeric polypeptide sensors binding to the
ubiquitin protein have been provided (see Figure 4). The tIVR sensor is depicted with the
IsoT”™, the Vps27"™, and the Ruz domains bound to the ubiquitin C terminus, the ubiquitin
hydrophobic patch, and the ubiquitin surface near Asp58, respectively. The tIDR sensor is
depicted with the IsoT?™ | the DskZUBA, and the Ruz domains bound to the ubiquitin C
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terminus, the ubiquitin hydrophobic patch, and the ubiquitin surface near Asp5S,

respectively.

[00253] The binding affinities of tIVR and tIDR to fluorophore-tagged ubiquitin were
determined. The values were calculated from assays incorporating fluorophore-labeled
ubiquitin. Experiments were performed with fluorescein, Atto532, and Alexa488-tagged
ubiquitin in which maleimide derivatives of the fluorophores were attached to residue Cys20
(sce Figure 5). The affinity of tIVR for free fluorophore-tagged ubiquitin proteins was
measured by detecting changes in fluorescence intensity or fluorescence anisotropy. These
experiments took advantage of the fact that the fluorescent properties of fluorophore-tagged
ubiquitin protein changes when it is bound to tIVR. Different concentrations of tIRV were
added to fluorescein-tagged ubiquitin proteins. The affinity between tIVR and Alexa488-
tagged ubiquitin or Atto532-tagged ubiquitin was measured by detecting change in
fluorescence intensity. Different concentrations of tIVR were added to 50 pM Atto532-
tagged ubiquitin or 100 pM Alexa488-tagged tagged ubiquitin. Adding tIVR to the
fluorophore-tagged ubiquitin increased the amounts of fluorophore-tagged ubiquitin bound to
tIVR, and thus decreased the fluorescence intensity (see Figure 6, left). Affinity between
fluorescein-tagged ubiquitin and tIDR was measured as the ratio of association and
dissociation rates. Time-dependent changes in fluorescence anisotropy of 50 nM fluorescein-
tagged ubiquitin were measured with and without 26 nM tIDR to measure association rates.
Dissociation of 50 nM tIDR from its complex with 50 nM fluorescein-tagged ubiquitin was
measured by detecting change in fluorescence anisotropy upon addition of a 100-fold excess

of non-fluorescent ubiquitin (see figure 6, right).

[00254] The binding affinities of chimeric polypeptide sensors were compared to chimeric
polypeptide sensors with different ubiquitin binding domains. The chimeric polypeptides
were tagged with an Atto532 label. When the Atto532-tagged chimeric polypeptide is bound
to a ubiquitin protein, the fluorescence intensity is altered. This allows for the fluorescent
detection of interactions between ubiquitin  proteins and Atto532-tagged chimeric
polypeptides. The affinities of Atto532-tagged chimeric polypeptides comprising three (tIVR
L1 Cys ), two (tIV LI Cys), or one (IsoT“™ (S227C)) ubiquitin binding domains were

determined (see figure7). Their amino acid sequences are as follows:

IVR L1 Cys
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MGSSHHHHHHSSGLVPRGSHMKQEVQAWDGEVRQVSKHAFSLKQLDNPARIPPSG
WKCSKCDMRENLWLNLTDGSILCGRRYFDGSGGNNHAVEHYRETGYPLAVKLGTIT
PDGADVYSYDEDDMVLDPSLAEHLSHFGIDMLKMQKGSCAAAEEAELDLKAAIQES
LREAGGGSDLLCKKGCGYYGNPAWQGFCSKCWREEYHKARQK (SEQ ID NO: 2)

tIV L1 Cys

MGSSHHHHHHSSGLVPRGSHMKQEVQA WDGEVRQVSKHAFSLKQLDNPARIPPSG
WKCSKCDMRENLWLNLTDGSILCGRRYFDGSGGNNHAVEHYRETGYPLAVKLGTIT
PDGADVWSYDEDDMVLDPSLAEHLSHFGIDMLKMQKGSCAAAEEAELDLKAAIQE
SLREA (SEQ ID NO: 5)

IsoT“ (S227C)

MPSSHHHHHHSSGLVPRGSHMKQEVQAWDGEVRQVSKHAFSLKQLDNPARIPPSG
WKCSKCDMRENLWINLTDGSILCGRRYFDGCGGNNHAVEHYRETGYPLAVKLGTI
TPDGADVYSYDEDDMVLDPSLAEHLSHFGIDMLKMOQK (SEQ ID NO:31)

The bold “C” represents the fluorophore attachment site for each chimeric polypeptide.

[00255] The determined Kq4 for cach construct (sce figure 7) demonstrate the strong binding

achieved by linking 3 non-overlapping ubiquitin binding domains.

[00256] This example shows that a chimeric peptide with strong affinity to ubiquitin proteins
has been constructed by linking more than one binding domain that can simultaneously bind

to ubiquitin in non-overlapping regions.
EXAMPLE 2
BINDING SPECIFICITIES OF THE CHIMERIC POLYPEPTIDES

[00257] The specificity of the chimeric polypeptide sensor for free ubiquitin was demonstrated
by comparing the binding affinities of the chimeric polypeptide sensors to free ubiquitin with
the binding affinities to conjugated ubiquitin proteins or ubiquitin-like proteins (see figure 8).
A competition assay was performed to determine the binding affinity of tIVR to free
ubiquitin, conjugated ubiquitin, or nedd8, a ubiquitin-like protein. When bound to tIVR, the
Atto532-tagged ubiquitin display reduced fluorescent intensity when stimulated compared to
Atto532-tagged ubiquitin that is unbound to tIVR. The competitor proteins, free ubiquitin,
conjugated ubiquitin (UB-GB1), or Nedd8 were added to a 10 nM tIVR and 10 nM Atto532-

tagged ubiquitin mixture. Their amino acid sequences are as follows:

Ubiquitin
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MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDY
NIQKESTLHLVLRLRGG (SEQ ID NO: 22)

Nedd§

MLIKVKTLTGKEIEIDIEPTDKVERIKER VEEKEGIPPQQQRLIYSGKQMNDEKTAADY
K ILGGSVLHLVLALRGG (SEQ ID NO: 23)

UB-GB1

MGSSHHHHHHSSGLVPRGSHMOQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPP
DQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGQYKLALNGKTLKGETTTEA
VDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVT (SEQ ID NO: 32)

[00258] Since Atto532-tagged ubiquitin displaced from tIVR has enhanced fluorescence
emission, increased fluorescence intensity indicates binding of competitor proteins to tIVR.
These data indicated that the tIVR polypeptide has an approximately 3000-fold higher
affinity for free ubiquitin than for conjugated ubiquitin or NeddS.

[00259] While tIVR shows a higher affinity to free ubiquitin than to conjugated ubiquitin, it
has similar binding affinities for different kinds of free polyubiquitin. A competition assay
was performed testing 0.8 nM Atto532-tagged ubiquitin and 6 nM tIVR. Fluorescence
intensity was measured as different concentrations of different linkage types of polyubiquitin
proteins were added. The binding affinities of each linkage-type polyubiquitin are listed in a
table, and all K4 values fell within a range of 27-48 nM (see Figure 9). This demonstrates
that tIVR can provide a readout of free polyubiquitin without bias regarding linkage type.

[00260] In addition to the binding domains, the linkers of the chimeric polypeptide can also
influence the binding specificity of the chimeric polypeptide. Reducing the length of linker 1
(SEQ ID NO: 30) connecting the domain that binds the ubiquitin C terminus with the domain
that binds the ubiquitin hydrophobic patch increases the binding of tIVR to free ubiquitin
compared to a ubiquitin-protein conjugate (see Figure 10). Further analysis showed that a
minimal length for linker 1 helps the chimeric polypeptide sensors achieve more selectivity
for free ubiquitin over conjugated ubiquitin (see Figure 11). While tIVR with different length
linker 1 regions could bind free ubiquitin with high affinity, tIVR with a short linker 1 (SEQ
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ID NO: 13) showed less affinity for a conjugated ubiquitin (Ub-GB1) than tIVR with a long
linker 1 (SEQ ID NO: 28; see Figure 12).

EXAMPLE 3
USE OF FLUORESCENCE INTENSITY AS A READOUT

[00261] The chimeric polypeptide sensors can be used with assays that measure fluorescence
intensity to detect free ubiquitin. When chimeric polypeptide sensors bind a fluorophore-
tagged ubiquitin protein, the fluorescence intensity is reduced compared to when the
fluorophore-tagged ubiquitin is unbound. Alternatively, when a fluorophore-tagged chimeric
polypeptide sensor is bound to a ubiquitin protein, the fluorescence intensity is increased

compared to when the chimeric polypeptide is unbound (see Figure 13).

[00262] Fluorophore-tagged ubiquitins have altered fluorescence intensity when they are
bound totlVR (see Figure 14). The fluorescence intensity of fluorescein, Alexa488, or
Atto532-tagged ubiquitin in the presence of tIVR compared to the absence of tIVR was
experimentally determined. Fluorescence intensities of fluorescein, Alexa488, or Atto532-
tagged ubiquitin in the presence or absence of tIVR is graphed; complex formation with tIVR
results in decreased fluorescence. Conversely, fluorescence of Atto465, Atto532, and

Alexa488-tagged tIVR exhibited greater fluorescence intensity when bound to ubiquitin.

[00263] Another chimeric polypeptide sensor, Atto532-tISR L1 Cys2, was constructed. This
chimeric polypeptide comprises three binding domains. Atto532-tISR L1 Cys2 shows a large
fluorescence intensity change upon binding to free ubiquitin proteins. In this chimeric
polypeptide sensor, L1 Cys2 is the linker between the IsoT”™ and the UIM and has a Cys
residue conjugated with the fluorophore. Relative fluorescence intensity of Atto532-tISR L1
Cys2 was measured following the addition of different concentrations of free ubiquitin
proteins or conjugated ubiquitin proteins. Atto532-tISR L1 Cys2 showed an 8-fold increase
in fluorescence intensity when bound to free ubiquitin protein over a range of 0 -1000 nM
free ubiquitin (see Figure 15). There was little change in fluorescence intensity across the
same concentrations of conjugated ubiquitin. These experiments demonstrate that Atto532-
tISR L1 Cys2 has a large fluorescence change and a broad dynamic range for free ubiquitin

detection.
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[00264] The changes in fluorescence intensity measured during a competition assay with
fluorophore-tagged ubiquitin protein and tIVR were further examined. Fluorescence intensity
of emissions across 500 nm to 550 nm wavelengths of 3 nM fluorescein-tagged ubiquitin
with 3 nM tIVR was measured. Concentrations ranging from 0 to 3000 nM of untagged free
ubiquitin were added to the mixture. Fluorescence intensity increased with higher
concentrations of free ubiquitin. Further, there was no shift observed in the fluorescence
emission wavelength due to additions of the free ubiquitin (see Figure 16). These results
demonstrate that fluorescence intensity is a reliable readout for assays involving chimeric

polypeptide sensors.
EXAMPLE 4
USE OF ANISOTROPY AS A READOUT

[00265] Anisotropy is another aspect of fluorescence signaling that can be used with chimeric
polypeptide sensors as a signal to detect free ubiquitin proteins or ubiquitin-like proteins. As
is the case with fluorescence intensity, changes in anisotropy can be detected from the
fluorophore when the chimeric polypeptide sensor and ubiquitin change between bound and

unbound states.

[00266] Increased anisotropy can be detected from fluorophore-tagged ubiquitin protein when
it binds to chimeric polypeptide sensor (see Figure 17). Concentrations of tIVR (0 — 10 nM)
were added to mixtures with 150 pM fluorescein-tagged ubiquitin proteins and fluorescence
anisotropy was measured. Fluorescence was stimulated with polarized light at a 492 nm
wavelength and polarized light emission was measured at 518 nm. Increasing the
concentration of tIVR increased the anisotropy measured in the mixtures as the fluorescein-

tagged ubiquitin proteins were bound by tIVR.

[00267] Anisotropy can be measured to determine free ubiquitin in competitive binding
assays. Free ubiquitin protein was added to a mixture of 20 nM fluorescein-tagged ubiquitin
proteins and 20 nM tIVR and anisotropy was measured. Adding the free ubiquitin proteins to
the mixture displaced fluorophore-tagged ubiquitin proteins from the complex with tIVR and
reduced the anisotropy measured from the mixture (see Figure 18). The curve generated
from this experiment can be used as a calibration standard in assays to measure free ubiquitin

proteins in experimental samples.
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EXAMPLE §
USE OF FLUORESCENCE RESONANCE ENERGY TRANSFER (FRET) AS A READOUT

[00268] The chimeric polypeptide sensors can be used with fluorescence resonance energy
transfer (FRET) to detect free ubiquitin proteins. A competition assay was designed
incorporating fluorescein-tagged ubiquitin protein with a modified tIVR tagged with a

quencher. The amino acid sequence of the modified i[VR is as follows:

tIVR(R218C)
MGSSHHHHHHSSGLVPRGSHMKQEVQAWDGEVRQVSKHAFSLKQLDNPARIPPSG
WKCSKCDMRENLWLNLTDGSILCGRRYFDGSGGNNHAVEHYRETGYPLAVKLGTIT
PDGADVYSYDEDDMVLDPSLAEHLSHFGIDMLKMQKTGGSGGSGSAAAEEAELDL
KAAIQESLREAGGGSSGGGSDLLCKKGCGYYGNPAWQGFCSKCWREEYHKACQK
(Bold indicates the attachment site of the quencher; SEQ ID NO: 3)

The tIVR polypeptide can utilize fluorescence resonance energy transfer (FRET) to detect
free ubiquitin proteins in a competition assay. Fluorescein -tagged ubiquitin proteins were
combined in a mixture with the tIVR conjugated the quencher. When the fluorescein-tagged
ubiquitin proteins are bound to the tIVR (left), the fluorescence intensity of the fluorophore-
tagged ubiquitin proteins is reduced by the quencher conjugated to the tIVR. Additionally,
the tIVR itself also contributes to the reduction of the fluorescence. Adding free ubiquitin
proteins displaces bound fluorophore-tagged ubiquitin proteins, thus increasing the
fluorescence intensity of the mixture (see Figure 19). This experiment demonstrates that
FRET is a feasible method to detect free ubiquitin proteins in conjunction with the chimeric
polypeptide sensors. The curve generated from this experiment can be used as a calibration

standard in assays to measure free ubiquitin proteins in complex biological samples.
EXAMPLE 6
DEUBIQUITINASE ASSAYS WITH THE CHIMERIC POLYPEPTIDES

[00269] The chimeric polypeptide sensors can be used to perform a deubiquitinase assay in
real-time. This was validated by an experiment monitoring the deubiquitinase enzyme
activity of YUH1 protein. The deubiquitinase enzyme activity was measured in a real-time
assay (see Figure 20). Release of ubiquitin by YUHI, a deubiquitinase enzyme, was
measured as a fluorescence intensity change. Fluorescence intensity of a mixture containing

YUHI, 500 nM of ubiquitin-D77, 10 nM fluorescein-tagged ubiquitin, and 10 nM tIVR was
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measured over time. Activity of YUHI released ubiquitin proteins from conjugation to
aspartic acid (i.c., the D77 residue), and thus increased the concentration of free ubiquitin
protein. The free ubiquitin proteins displaced bound fluorescein-tagged ubiquitin, resulting
in increased fluorescence intensity that was detected over time. This experiment
demonstrates that real-time deubiquitinase assays can be performed with the chimeric

polypeptide sensors.

[00270] This was further demonstrated in a second experiment (see Figure 21). A real-time
deubiquitinase assay using Atto532-tagged ubiquitin proteins and tIVR was performed. A
mimic of polyubiquitinated-protein substrates was digested with 25 nM Usp2cc or 3 uM
OTUBI, two deubiquitinase enzymes, with or without UbcH5¢ in the presence of 1 nM
Atto532-tagged ubiquitin protein and 1 nM tIVR to detect free ubiquitin released by the
deubiquitinases. OTUBI activity is upregulated by UbcH5c, and this was detected by the
experiment (see Figure 21). The amino acid sequences for the polypeptides used in the

experiment are as follows:

Ub5-Ovomucoid sequence is same as the one used in Yao et al. (2002) Nature vol. 419.

OTUB1
MAAEEPQQQKQEPLGSDSEGVNCLAYDEAIMAQQDRIQQEIAVQNPLVSERLELSVL
YKEYAEDDNIYQQKIKDLHKKYSYIRKTRPDGNCFYRAFGFSHLEALLDDSKELQRF
KAVSAKSKEDLVSQGFTEFTIEDFHNTFMDLIEQVEKQTSVADLLASFNDQSTSDYLV
VYLRLLTSGYLQRESKFFEHFIEGGRTVKEFCQQEVEPMCKESDHIHIIALAQALSVSI
QVEYMDRGEGGTTNPHIFPEGSEPKVYLLYRPGHYDILYK (SEQ ID NO: 29)

UBCHSC

MALKRINKELSDLARDPPAQCSAGPVGDDMFHWQATIMGPNDSPY QGGVFFLTIHF
PTDYPFKPPKVAFTTRIYHPNINSNGSICLDILRSQWSPALTISKVLLSICSLLCDPNPD
DPLVPEIARIYKTDRDKYNRISREWTQKYAM (SEQ ID NO: 33)

Usp2cce sequence is same as the one used in Catanzariti et al., Protein Sci. (2004) 13:1331

EXAMPLE 7
CHIMERIC POLYPEPTIDES AND UBIQUITIN-LIKE PROTEINS

[00271] This example shows that chimeric polypeptides can preferentially bind free ubiquitin-
like proteins. A chimeric protein (tIV) containing two ubiquitin binding domains, IsoT*™
and Vps27"™, binds to Nedd8 with a Kpp of 9.4 uM. Increasing concentrations of free NeddS8

protein were added to Atto532-tIV, and the fluorescence intensity was measured (see Figure
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22). Based on the binding interactions of Vps27UIM and NeddS, tIV is predicted to have a
greater binding affinity for free Nedd8 protein than for conjugated Nedd8 protein. This
experiment demonstrates that chimeric polypeptides can be constructed to detect free

ubiquitin-like protein.

EXAMPLE 8

DESIGN AND CONSTRUCTION OF CHIMERIC POLYPEPTIDES

[00272] This example demonstrates the design and subsequent generation of chimeric
polypeptides that bind to conjugated and free ubiquitin proteins. A single ubiquitin protein
can simultancously interact with multiple ubiquitin binding domains that bind to non-
overlapping regions of ubiquitin (see Figure 1). Chimeric polypeptides were designed that
comprise a domain that binds the ubiquitin hydrophobic patch and a domain that binds to the
surface of ubiquitin near Asp58 that are connected by a linker. These binding domains were
linked to generate chimeric polypeptides that act as sensors for conjugated or free ubiquitin
proteins (see Figure 23). These result in a chimeric polypeptide that simultaneously binds

ubiquitin proteins in two non-overlapping regions (see figure 24).

[00273] Using this strategy, a prototype chimeric polypeptide sensor was constructed (see
figure 25). In the prototype (tSR), the domain that binds to the ubiquitin hydrophobic patch

UIM

is the ubiquitin-interaction motif from the S5A protein (S5a° ) and the domain that binds to

the surface of ubiquitin near Asp58 is the Rabex-5 ubiquitin binding zinc finger (Ruz).
[00274] The amino acid sequence is as follows:

tSR:

MPSSHHHHHHSSGLVPRGSHMTEEEQIAY AMQMSLREAGGGSDLLCKKGCGYYGN
PAWQGFCSKCWREEAHKCAAERAAAE (SEQ ID NO: 7)

[00275] Structural models of the prototype chimeric polypeptide sensor binding to the
ubiquitin protein have been provided. The tSR sensor is depicted with the S5a"™ and the
Ruz domains bound to the ubiquitin hydrophobic patch and the ubiquitin surface ncar Asp58,

respectively.
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[00276] The binding affinities of tSR were determined (see figure 25). A competition assay
was performed where free ubiquitin proteins, different kinds of conjugated free ubiquitin
proteins, and Nedd8 were added to mixtures of 5 nM Atto532-tagged ubiquitin protein and
600 nM tSR. The relative fluorescence was measured. While tSR had similar binding
affinities for unconjugated ubiquitin proteins and conjugated ubiquitin proteins, tSR had
specificity against Nedd8. The Ki values for unconjugated ubiquitin proteins and the different
kinds of conjugated free ubiquitin proteins are provided in a table (see figure 25). These
results indicate that the tSR chimeric peptide universal sensor does not discriminate among

free ubiquitin or polyubiquitins conjugated at different linkages.

[00277] The tSR can be used for direct titration experiments (see figure 26). The relative
fluorescence intensity changes of Alexa488-tagged tSR when ubiquitin is added at varying
concentrations. The relative fluorescence of 10 nM Alexa488 tSR was measured with
different concentrations of unconjugated ubiquitin protein, conjugated ubiquitin protein, or
Nedd8. Binding of unconjugated ubiquitin protein and conjugated ubiquitin protein, but not
Nedd8 protein, to Alexa488-tagged tSR was detected. These results demonstrate that the tSR
chimeric polypeptide shows sclective binding to ubiquitin proteins over ubiquitin-like

proteins.

[00278] All of the U.S. patents, U.S. patent application publications, U.S. patent applications,
foreign patents, foreign patent applications and non-patent publications referred to in this
specification and/or listed in any Application Data Sheet, are incorporated herein by

reference, in their entirety.

[00280] From the foregoing it will be appreciated that, although specific embodiments of the
invention have been described herein for purposes of illustration, various modifications may

be made without deviating from the spirit and scope of the invention.
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WHAT IS CLAIMED IS:
1. A chimeric polypeptide comprising:

(a) two or more polypeptide sequences that bind a ubiquitin protein or a ubiquitin-
like protein, wherein the sequences bind non-overlapping regions of the same

ubiquitin protein or ubiquitin-like protein; and

(b) one or more linker(s), wherein each linker connects two or more of the

scquencces.

2. The chimeric polypeptide of claim 1, wherein the chimeric polypeptide
preferentially binds to the free ubiquitin protein or the free ubiquitin-like protein as compared

to the conjugated ubiquitin protein or the conjugated ubiquitin-like protein.

3. The chimeric polypeptide of claim 1, wherein the chimeric polypeptide binds

free and conjugated ubiquitin.

4. The chimeric polypeptide of claim 1, wherein the chimeric polypeptide
comprises three polypeptide sequences that bind to non-overlapping regions of the ubiquitin
protein or the ubiquitin-like protein, wherein the three polypeptide sequences are connected

by two linkers.

5. The chimeric polypeptide of claim 2, comprising in the following order

(amino terminal to carboxy terminal):

(a) a first polypeptide sequence that binds to a first region of the ubiquitin protein

or the ubiquitin-like protein;

(b)  a first linker that connects the first polypeptide sequence with a second
polypeptide sequence;

(©) the second polypeptide sequence, which binds to a second region of the

ubiquitin protein or the ubiquitin-like protein;

(d)  a second linker that connects the second polypeptide sequence with a third
polypeptide sequence; and
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(e) the third polypeptide sequence, which binds to a third region of the ubiquitin
protein or the ubiquitin like polypeptide,

wherein the regions of the ubiquitin protein or the ubiquitin-like protein bound by the first,

second, and third polypeptide sequences are non-overlapping.
6. The chimeric polypeptide of claim 1, wherein the linker(s) are polypeptides.

7. The chimeric polypeptide of claim 1, wherein the sequences comprise a

sequence that binds to the ubiquitin C terminus.

8. The chimeric polypeptide of claim 1, wherein the sequences comprise a

sequence that binds to the ubiquitin hydrophobic patch.

9. The chimeric polypeptide of claim 1, whercin the sequences comprise a

sequence that binds to the surface around Asp58 of ubiquitin.

10.  The chimeric polypeptide of claim 1, wherein the sequences comprise a
sequence that binds to the ubiquitin C terminus and a sequence that binds to the ubiquitin

hydrophobic patch.

1. The chimeric polypeptide of claim 1, wherein the sequences comprise a
sequence that binds to the ubiquitin C terminus and a sequence that binds the surface around

Asp58 of ubiquitin.

12.  The chimeric polypeptide of claim 1, wherein the sequences comprise a
sequence that binds to the ubiquitin hydrophobic patch and a sequence that binds to surface

around Asp58 of ubiquitin.

13. The chimeric polypeptide of claim 1, wherein the sequences comprise a
sequence that binds to the ubiquitin C terminus, a sequence that binds to the ubiquitin

hydrophobic patch, and a sequence that binds to the surface around Asp58 of ubiquitin.

14.  The chimeric polypeptide of claim 1, wherein the sequences comprise the zinc

finger binding domain of Isopeptidase T.

15.  The chimeric polypeptide of claim 1, wherein the sequences comprise the Ruz

domain of Rabex-5.
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16.  The chimeric polypeptide of claim 1, wherein the sequences comprise the

ubiquitin interacting motif of Vps27.

17. The chimeric polypeptide of claim 1, wherein the sequences comprise the

ubiquitin associated domain of Dsk2.

18. The chimeric polypeptide of claim 1, wherein the sequences comprise the zinc

finger binding domain of Isopeptidase T and the Ruz domain of Rabex-5.

19.  The chimeric polypeptide of claim 1, wherein the sequences comprise the zinc

finger binding domain of Isopeptidase T and the ubiquitin interacting motif of Vps27.

20.  The chimeric polypeptide of claim 1, wherein the sequences comprise the Ruz

domain of Rabex-5 and the ubiquitin interacting motif of Vps27.

21.  The chimeric polypeptide of claim 1, wherein the sequences comprise the zinc
finger binding domain of Isopeptidase T, the Ruz domain of Rabex-5, and the ubiquitin

interacting motif of Vps27.

22. The chimeric polypeptide of claim 1, wherein the sequences comprise the zinc

finger binding domain of Isopeptidase T and the ubiquitin associated domain of Dsk2.

23.  The chimeric polypeptide of claim 1, wherein the sequences comprise the Ruz

domain of Rabex-5 and the ubiquitin associated domain of Dsk2.

24.  The chimeric polypeptide of claim 1, wherein the sequences comprise the zinc
finger binding domain of Isopeptidase T, the Ruz domain of Rabex-5, and the ubiquitin

associated domain of Dsk?2.

25.  The chimeric polypeptide of claim 1, wherein the sequences bind to non-

overlapping regions of the ubiquitin protein.

26. The chimeric polypeptide of claim 1, wherein the sequences bind to non-

overlapping regions of the ubiquitin-like protein.

27. The chimeric polypeptide of claim 26, wherein the ubiquitin-like protein is

NeddS.
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28.
SUMO.

29.

(©)

30.

fluorophore.

31.

(©
32.

The chimeric polypeptide of claim 26, wherein the ubiquitin-like protein is

The chimeric polypeptide of claim 1, further comprising:
a detectable label attached to the polypeptide.

The chimeric polypeptide of claim 27, wherein the detectable label is a

The chimeric polypeptide of claim 1, further comprising:

a quencher attached to the polypeptide.

A method of determining an amount of a free ubiquitin protein or a free

ubiquitin-like protein in a sample, the method comprising:

(a) contacting the sample with a chimeric polypeptide that preferentially binds to the

free ubiquitin protein or the free ubiquitin-like protein as compared the conjugated

ubiquitin protein or the conjugated ubiquitin-like protein for a period of time, wherein

the chimeric polypeptide comprises:

(1) two or more polypeptide sequences that bind the ubiquitin protein or the
ubiquitin-like protein, wherein the sequences bind non-overlapping regions of

the ubiquitin protein or ubiquitin-like protein; and

(i1) one or more linker(s), wherein each linker(s) connect two or more of the

sequences; and

(b) determining:

(1) an amount of the free ubiquitin protein or free ubiquitin-like protein bound

to the chimeric polypeptide; or

(i1) an amount of a free competitor protein bound to the chimeric polypeptide,

wherein if step (b) (ii) is performed, the method further comprises step (c)

(¢) contacting the sample with the free competitor ubiquitin protein or the free

competitor ubiquitin-like protein prior to step (b),
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thereby determining the amount of the free ubiquitin protein or the free ubiquitin-like protein

in the sample.
33.  The method of claim 32, comprising:
(a) contacting the sample with the chimeric polypeptide for the period of time; and

(b) determining the amount of the free ubiquitin protein or free ubiquitin-like protein

bound to the chimeric polypeptide.

34. The method of claim 32, wherein the chimeric polypeptide is the chimeric

polypeptide of any one of claims 1 — 31.

35. The method of claim 32, wherein the chimeric polypeptide is tagged with a
detectable label.

36. The method of claim 35, wherein the detectable label is a fluorophore.

37.  The method of claim 35, wherein step (b) comprises detecting the detectable
label.

38. The method of claim 37, wherein the detection comprises measuring

fluorescence intensity.

39. The method of claim 37, wherein the detection comprises measuring

fluorescence anisotropy.
40.  The method of claim 32, further comprising;:

(d) comparing the amount of the bound free ubiquitin protein or the bound free

ubiquitin-like protein to a predetermined value or to a control value.

41.  The method of claim 32, wherein step (b) comprises determining the amount
of the free ubiquitin competitor protein or the free ubiquitin-like competitor protein bound to

the chimeric polypeptide at two or more time points during the period of time.

42.  The method of claim 41, wherein step (b) comprises determining the amount
of the free ubiquitin competitor protein or the free ubiquitin-like competitor protein bound to

the chimeric polypeptide at two or more regular time points throughout the period of time.

84



WO 2014/179494 PCT/US2014/036243

43.  The method of claim 41, further comprising:

(d) comparing the amount of the bound free ubiquitin protein or the bound free
ubiquitin-like protein to a predetermined value or to a control value at two or more

time points during the period of time.
44, The method of claim 32, wherein the sample is a biological sample.

45. The method of claim 44, wherein the biological sample is derived from

cultured cells, optionally eukaryotic cells.

46. The method of claim 44, wherein the biological sample is derived from a

biological tissue, and wherein the biological tissue optionally comprises eukaryotic cells.
47.  The method of claim 32, comprising:

(a) contacting the sample with the chimeric polypeptide that preferentially binds to the
free ubiquitin protein or the free ubiquitin-like protein as compared the conjugated

ubiquitin protein or the conjugated ubiquitin-like protein for the period of time;

(b) contacting the sample with the free competitor ubiquitin protein or the free

competitor ubiquitin-like protein; and

(c) determining the amount of the free competitor ubiquitin protein or the free

competitor ubiquitin-like protein bound to the chimeric polypeptide.

48. The method of claim 47, wherein the chimeric polypeptide is a chimeric

polypeptide  of any one of claims 1-31.

49. The method of claim 47, wherein the free competitor ubiquitin protein or the

free competitor ubiquitin-like protein is tagged with a detectable label.
50. The method of claim 49, wherein the detectable label is a fluorophore.

51. The method of claim 49, wherein step (¢) comprises detecting the detectable
label.

52. The method of claim 51, wherein the detection comprises measuring

fluorescence intensity.
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53. The method of claim 51, wherein the detection comprises measuring

fluorescence anisotropy.
54. The method of claim 47, further comprising:

(d) comparing the amount of the free competitor ubiquitin protein or free competitor
ubiquitin-like protein bound to the chimeric polypeptide to a predetermined value or a

control value.

55.  The method of claim 47, wherein step (¢) comprises determining the amount
of the ubiquitin competitor protein or the ubiquitin-like competitor protein bound to the

chimeric polypeptide at two or more time points during the period of time.

56.  The method of claim 55, wherein step (¢) comprises determining the amount
of the ubiquitin competitor protein or the ubiquitin-like competitor protein bound to the

chimeric polypeptide at two or more regular time points throughout the period of time.
57.  The method of claim 55, further comprising:

(d) comparing the amount of the ubiquitin competitor protein or the ubiquitin-like
competitor protein bound to the chimeric polypeptide to a predetermined value or a

control value at two or more time points during the period of time.

58.  The method of claim 47, wherein the free ubiquitin competitor protein or the
free ubiquitin-like competitor protein is tagged with a first detectable label, and the chimeric

polypeptide is tagged with a second detectable label.

59. The method of claim 58, wherein the first detectable label and the second

detectable label are suitable for performing fluorescence resonance energy transfer (FRET).

60. The method of claim 58, wherein the first detectable label and the second

detectable label are the same.

61. The method of claim 58, wherein the first detectable label and the second
detectable label are different.

62.  The method of claim 58, wherein the first detectable label is a fluorophore.

63. The method of claim 58, wherein the second detectable label is a fluorophore.
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64.  The method of claim 58, wherein the first detectable label is a quencher and

the second detectable label is a fluorophore.

65.  The method of claim 58, wherein the first detectable label is a fluorophore and

the second detectable label is a quencher.

66. The method of claim 58, wherein step (¢) comprises detecting the detectable
labels.

67. The method of claim 58, wherein the detection comprises measuring

fluorescence intensity.

68.  The method of claim 58, wherein the detection comprises measuring

fluorescence anisotropy.
69. The method of claim 58, further comprising:

(d) comparing the amount of the bound ubiquitin protein or bound ubiquitin-like

protein to a predetermined value or a control value

70.  The method of claim 58, wherein step (¢) comprises determining the amount
of the free ubiquitin competitor protein or the free ubiquitin-like competitor protein bound to

the chimeric polypeptide at two or more time points during the period of time.

71.  The method of claim 70, wherein step (¢) comprises determining the amount
of the ubiquitin competitor protein or the ubiquitin-like competitor protein bound to the

chimeric polypeptide at two or more regular time points throughout the period of time.
72.  The method of claim 70, further comprising:

(d) comparing the amount of the ubiquitin competitor protein or the ubiquitin-like
competitor protein bound to the chimeric polypeptide to a predetermined value or a

control value at two or more time points during the period of time.
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73. A method of determining a total amount of a ubiquitin protein or a conjugated

ubiquitin-like protein in a sample, the method comprising:

(a) contacting the sample with a chimeric polypeptide that binds to both the free and
conjugated ubiquitin protein or both the free and conjugated ubiquitin-like protein for

a period of time, wherein the chimeric polypeptide comprises:

(i) two or more polypeptide sequences that bind the ubiquitin protein or the
ubiquitin-like protein, wherein the sequences bind non-overlapping regions of

the ubiquitin protein or ubiquitin-like protein; and

(i1) one or more linker(s), wherein each linker(s) connects two or more of the

sequences; and
(b) determining:

(1) an amount of the ubiquitin protein or ubiquitin-like protein bound to the

chimeric polypeptide; or

(i1) an amount of a competitor ubiquitin protein or a competitor ubiquitin-like
protein bound to the chimeric polypeptide, wherein if step (b) (ii) is
performed, the method further comprises step (c):

(c) contacting the chimeric polypeptide sensor or the sample with the competitor

ubiquitin protein or the competitor ubiquitin-like protein prior to step (b),

thereby determining the total amount of the conjugated ubiquitin protein or the conjugated

ubiquitin-like protein in the sample.
74.  The method of claim 73, comprising:
(a) contacting the sample with the chimeric polypeptide for the period of time; and

(b) determining the amount of the ubiquitin protein or ubiquitin-like protein bound to

the chimeric polypeptide.

75. The method of claim 74, wherein the chimeric polypeptide is the chimeric

polypeptide of any one of claims 1 — 31.

88



WO 2014/179494 PCT/US2014/036243

76.  The method of claim 74, wherein the chimeric polypeptide is tagged with a
detectable label.

77.  The method of claim 76, wherein the detectable label is a fluorophore.

78.  The method of claim 76, wherein step (b) comprises detecting the detectable
label.

79.  The method of claim 78, wherein the detection comprises measuring

fluorescence intensity.

80. The method of claim 78, wherein the detection comprises measuring

fluorescence anisotropy
81. The method of claim 74, further comprising:

(d) comparing the amount of the bound ubiquitin protein or the bound ubiquitin-like

protein to a predetermined value or to a control value.

82.  The method of claim 74, wherein step (b) comprises determining the amount
of the bound ubiquitin protein or the bound ubiquitin-like protein at two or more regular time

points throughout the period of time.
83.  The method of claim 82, further comprising:

(d) comparing the amount of the bound ubiquitin protein or the bound ubiquitin-like
protein to a predetermined value or to a control value at two or more time points

during the period of time.
84. The method of claim 74, wherein the sample is a biological sample.

85.  The method of claim 84, wherein the biological sample is derived from

cultured cells.

86. The method of claim 84, wherein the biological sample is derived from a

biological tissue.

87.  The method of claim 73, comprising:
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(a) contacting the sample with the chimeric polypeptide for the period of time;

(b) determining an amount of the competitor ubiquitin protein or the conjugated

competitor ubiquitin-like protein bound to the chimeric polypeptide; and

(c) contacting the sample or the chimeric polypeptide sensor with the competitor

ubiquitin protein or the conjugated competitor ubiquitin-like protein prior to step (b).

88.  The method of claim 87, wherein the chimeric polypeptide is the chimeric

polypeptide of any one of claims 1-31.

89.  The method of claim &7, wherein the competitor ubiquitin protein or the

competitor ubiquitin-like protein is tagged with a detectable label.
90. The method of claim 89, wherein the detectable label is a fluorophore.

91. The method of claim 89, wherein step (b) comprises detecting the detectable
label.

92.  The method of claim 91, wherein the detection comprises measuring

fluorescence intensity.

93.  The method of claim 91, wherein the detection comprises measuring

fluorescence anisotropy.
94.  The method of claim 87, further comprising:

(d) comparing the amount of the competitor ubiquitin protein or the competitor
ubiquitin-like protein bound to the chimeric polypeptide to a predetermined value or a

control value.

95.  The method of claim 87, wherein step (b) comprises determining the amount
of the competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the

chimeric polypeptide at two or more time points during the period of time.

96.  The method of claim 95, wherein step (b) comprises determining the amount
of the competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the

chimeric polypeptide at two or more regular time points throughout the period of time.
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97.  The method of claim 87, further comprising:

(d) comparing the amount of the competitor ubiquitin protein or the competitor
ubiquitin-like protein bound to the chimeric polypeptide to a predetermined value or a

control value at two or more time points during the period of time.

98.  The method of claim 87, wherein the competitor ubiquitin protein or the
competitor ubiquitin-like protein is tagged with a first detectable label, and the chimeric

polypeptide is tagged with a second detectable label.

99. The method of claim 87, wherein the first detectable label and the second

detectable label are suitable for performing fluorescence resonance energy transfer (FRET).

100. The method of claim 99, wherein the first detectable label and the second

detectable label are the same.

101. The method of claim 99, wherein the first detectable label and the second
detectable label are different.

102.  The method of claim 99, wherein the first detectable label is a fluorophore.
103. The method of claim 99, wherein the second detectable label is a fluorophore.

104.  The method of claim 99, wherein the first detectable label is a quencher and

the second detectable label is a fluorophore.

105. The method of claim 99, wherein the first detectable label is a fluorophore and

the second detectable label is a quencher.

106. The method of claim 99, wherein step (b) comprises detecting the detectable
labels.

107. The method of claim 106, wherein the detection comprises measuring

fluorescence intensity.

108. The method of claim 106, whercin the detection comprises measuring

fluorescence anisotropy.

109.  The method of claim 99, further comprising:
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(d) comparing the amount of the bound ubiquitin protein or bound ubiquitin-like

protein to a predetermined value or a control value

110. The method of claim 99, wherein step (b) comprises determining the amount
of the competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the

chimeric polypeptide at two or more time points during the period of time.

111.  The method of claim 110, wherein step (b) comprises determining the amount
of the competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the

chimeric polypeptide at two or more regular time points throughout the period of time.
112.  The method of claim 110, further comprising:

(d) comparing the amount of the competitor ubiquitin protein or the competitor
ubiquitin-like protein bound to the chimeric polypeptide to a predetermined value or a

control value at two or more time points during the period of time.

113. A method of determining a deubiquitinase activity of a known or candidate

deubiquitinase, comprising:
(a) providing a mixture, comprising:

(1) a chimeric polypeptide, wherein the chimeric polypeptide preferentially
binds to a free ubiquitin protein or a free ubiquitin-like protein as compared to
the conjugated ubiquitin protein or the conjugated ubiquitin-like protein

comprising:

(1) two or more polypeptide sequences that bind a ubiquitin protein or
a ubiquitin-like protein, wherein the sequences bind non-overlapping

regions of the ubiquitin protein or ubiquitin-like protein; and

(2) one or more linkers, wherein each linker connects two or more of

the sequences; and
(ii) a conjugated ubiquitin;

(b) contacting the mixture with a known or candidate deubiquitinase for a period of

time; and
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(c¢) determining an amount of free ubiquitin in the mixture,
thereby determining the deubiquitinase activity of the known or candidate deubiquitinase.
114. The method of claim 113, further comprising:

(d) comparing the amount of the free ubiquitin determined in (c) to the amount of the

free ubiquitin determined prior to step (b) or when step (b) is a negative control,

wherein a greater amount of free ubiquitin after contact with the known or candidate
deubiquitinase indicates that the known or candidate deubiquitinase decreases conjugation of
the ubiquitin protein or the ubiquitin-like protein, and a lesser amount of free ubiquitin
associated with the presence of the known or candidate deubiquitinase indicates that the
known or candidate deubiquitinase increases the conjugation of the ubiquitin protein or the

ubiquitin-like protein.
115. The method of claim 113, further comprising:

(d) comparing the amount of free ubiquitin determined at a first timepoint to the

amount of free ubiquitin determined at one or more subsequent time point(s),

wherein a greater amount of free ubiquitin determined at the one or more subsequent time
point(s) indicates that the known deubiquitinase or the candidate deubiquitinase is a

deubiquitinase of the ubiquitin protein or the ubiquitin-like protein.
116. The method of claim 113, wherein the method comprises:

(a) providing a plurality of independently addressable mixtures, cach comprising the

chimeric polypetide and a different conjugated ubiquitin;

(b) contacting cach of the mixtures with the known deubiquitinase or the candidate

deubiquitinase for a period of time; and

(c) determining the amount of the free ubiquitin protein or free ubiquitin-like protein

bound to the chimeric polypeptide in each of the mixtures,

thereby determining the deubiquinase activity of the known deubiquitinase or canddiate

deubiquitinase for each of the different ubiquitins in the mixtures.
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117 The method of claim 113, wherein the chimeric polypeptide is the chimeric

polypeptide of any one of claims 1 —31.

118. The method of claim 113, wherein the chimeric polypeptide is tagged with a
detectable label.

119. The method of claim 118, wherein the detectable label is a fluorophore.

120. The method of claim 118, wherein step (¢) comprises detecting the detectable
label.

121. The method of claim 120, wherein the detection comprises measuring

fluorescence intensity.

122. The method of claim 120, wherein the detection comprises measuring

fluorescence anisotropy.
123. The method of claim 114, further comprising:

(¢) comparing the amount of the bound free ubiquitin protein or the bound free

ubiquitin-like protein to a predetermined value or to a control value.
124. The method of claim 113, further comprising:

(d) comparing the amount of the bound free ubiquitin protein or the bound free
ubiquitin-like protein to a predetermined value or to a control value at two or more

time points during the period of time.
125. The method of claim 113, further comprising:

(d) contacting the mixture with a competitor ubiquitin protein or a competitor

ubiquitin-like protein.

126. The method of claim 125, wherein the chimeric polypeptide is a chimeric

polypeptide of any one of claims 1-31.

127. The method of claim 125, wherein the competitor ubiquitin protein or the

competitor ubiquitin-like protein is tagged with a detectable label.
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128.  The method of claim 127, wherein the detectable label is a fluorophore.

129. The method of claim 125, wherein step (¢) comprises detecting the detectable
label.

130. The method of claim 129, wherein the detection comprises measuring

fluorescence intensity.

131. The method of claim 129, wherein the detection comprises measuring

fluorescence anisotropy.
132.  The method of claim 125, further comprising:

(e) comparing the amount of the competitor ubiquitin protein or the competitor
ubiquitin-like protein bound to the chimeric polypeptide to a predetermined value or a

control value.
133.  The method of claim 125, further comprising:

(¢) comparing the amount of the competitor ubiquitin protein or the competitor
ubiquitin-like protein bound to the chimeric polypeptide to a predetermined value or a

control value at two or more time points during the period of time.

134, The method of claim 125, wherein the ubiquitin competitor protein or the
ubiquitin-like competitor protein is tagged with a first detectable label, and the

chimeric polypeptide is tagged with a second detectable label.

135.  The method of claim 134, wherein the first detectable label and the second
detectable label are suitable for performing fluorescence resonance energy transfer

(FRET).

136. The method of claim 134, wherein the first detectable label and the second

detectable label are the same.

137. The method of claim 134, wherein the first detectable label and the second
detectable label are different.

138.  The method of claim 134, wherein the first detectable label is a fluorophore.
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139. The method of claim 134, wherein the second detectable label is a

fluorophore.

140. The method of claim 134, wherein the first detectable label is a quencher and

the second detectable label is a fluorophore.

141. The method of claim 134, wherein the first detectable label is a fluorophore

and the second detectable label is a quencher.

142. The method of claim 134, wherein step (¢) comprises detecting the detectable
labels.

143. The method of claim 134, wherein the detection comprises measuring

fluorescence intensity.

144.  The method of claim 134, wherein the detection comprises measuring

fluorescence anisotropy.
145. The method of claim 132, further comprising:

(e) comparing the amount of the competitor ubiquitin protein or the competitor
ubiquitin-like protein bound to the chimeric polypeptide to a predetermined value or a

control value at two or more time points during the period of time.

146. A method of identifying an agent that modulates the conjugation of a ubiquitin

protein or a ubiquitin-like protein to a substrate, the method comprising;:

(a) contacting a mixture comprising a ubiquitin substrate or a ubiquitin-like
protein substrate with the ubiquitin protein or the ubiquitin-like protein and a

candidate agent for a period of time;

(b) contacting the ubiquitin protein or the ubiquitin-like protein with a chimeric
polypeptide, wherein the chimeric polypeptide preferentially binds to the free
ubiquitin protein or the free ubiquitin-like protein as compared to the conjugated

ubiquitin protein or the conjugated ubiquitin-like protein comprising:
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(i) two or more polypeptide sequences that bind a ubiquitin protein or a
ubiquitin-like protein, wherein the sequences bind non-overlapping regions of

the ubiquitin protein or ubiquitin-like protein; and

(i1) one or more linkers, wherein cach linker connects two or more of the

sequences;
(¢) determining:

(1) an amount of the free ubiquitin protein or free ubiquitin-like protein bound

to the chimeric polypeptide; or

(i1) an amount of a competitor ubiquitin protein or a competitor ubiquitin-like
protein bound to the chimeric polypeptide, wherein if step (c) (ii) is

performed, the method further comprises step (d):

(d) contacting the chimeric polypeptide sensor with the competitor ubiquitin protein

or the competitor ubiquitin-like protein prior to step (c).
147.  The method of claim 146, comprising;:

(a) contacting the mixture comprising the ubiquitin substrate or the ubiquitin-like
protein substrate with the ubiquitin protein or the ubiquitin-like protein and the candidate

agent,

(b) contacting the ubiquitin protein or the ubiquitin-like protein with the chimeric

polypeptide;

(¢) determining an amount of the free ubiquitin protein or free ubiquitin-like protein

bound to the chimeric polypeptide; and

(e) comparing the amount of the free ubiquitin determined in (c) to the amount of the
free ubiquitin determined when step (a) is performed using a negative control instead of the
candidate agent, wherein a greater amount of free ubiquitin associated with the presence of
the candidate agent indicates that the candidate agent decreases conjugation of the ubiquitin
protein or the ubiquitin-like protein, and wherein a lesser amount of free ubiquitin associated
with the presence of the candidate agent indicates that the candidate agent increases the

conjugation of the ubiquitin protein or the ubiquitin-like protein.
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148. The method of claim 146, comprising;:

(a) contacting the mixture comprising the ubiquitin substrate or the ubiquitin-like
protein substrate with the ubiquitin protein or the ubiquitin-like protein and the

candidate agent;

(b) contacting the ubiquitin protein or the ubiquitin-like protein with the chimeric

polypeptide;

(¢) determining an amount of the competitor ubiquitin protein or the competitor

ubiquitin-like protein bound to the chimeric polypeptide; and

(d) contacting the chimeric polypeptide sensor with the competitor ubiquitin protein

or the competitor ubiquitin-like protein prior to step (c); and

(e) comparing the amount of the bound competitor protein determined in (c) to the
amount of the bound competitor protein determined when step (a) is performed using a
negative control instead of the candidate agent, wherein a greater amount of the bound
competitor protein associated with the presence of the candidate agent indicates that the
candidate agent increases conjugation of the ubiquitin protein or the ubiquitin-like protein,
and wherein a lesser amount of the bound competitor protein associated with the presence of
the candidate agent indicates that the candidate agent decreases the conjugation of the

ubiquitin protein or the ubiquitin-like protein.

149.  The method of claim 146, wherein the chimeric polypeptide is the chimeric
polypeptide of any one of claims 1 — 31.

150. The method of claim 147, wherein the chimeric polypeptide is tagged with a
detectable label.

151.  The method of claim 150, wherein the detectable label is a fluorophore.

152. The method of claim 147, wherein step (¢) comprises detecting the detectable
label.

153. The method of claim 152, wherein the detecting comprises measuring

fluorescence intensity.
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154.  The method of claim 152, wherein the detecting comprises measuring

fluorescence anisotropy.

155. The method of claim 148, wherein step (c¢) comprises determining the amount
of the competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the

chimeric polypeptide at two or more time points during the period of time.

156. The method of claim 148, wherein step (c) comprises determining the amount
of the competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the

chimeric polypeptide at two or more regular time points throughout the period of time.

157. The method of claim 148, wherein the competitor ubiquitin protein or the

competitor ubiquitin-like protein is tagged with a detectable label.
158. The method of claim 157, wherein the detectable label is a fluorophore.

159. The method of claim 157, wherein step (¢) comprises detecting the detectable
label.

160. The method of claim 158, wherein the detecting comprises measuring

fluorescence intensity.

161. The method of claim 158, wherein the detecting comprises measuring

fluorescence anisotropy.

162. The method of claim 148, wherein the competitor ubiquitin protein or the
competitor ubiquitin-like protein is tagged with a first detectable label, and the chimeric

polypeptide is tagged with a second detectable label.

163. The method of claim 162, wherein the first detectable label and the second

detectable label are suitable for performing fluorescence resonance energy transfer (FRET).

164. The method of claim 162, wherein the first detectable label and the second

detectable label are the same.

165. The method of claim 162, wherein the first detectable label and the second
detectable label are different.

166. The method of claim 162, wherein the first detectable label is a fluorophore.
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167. The method of claim 162, wherein the second detectable label is a

fluorophore.

168. The method of claim 162, wherein the first detectable label is a quencher and

the second detectable label is a fluorophore.

169. The method of claim 162, wherein the first detectable label is a fluorophore

and the second detectable label is a quencher.

170. The method of claim 162, wherein step (¢) comprises detecting the detectable
labels.

171. The method of claim 170, wherein the detecting comprises measuring

fluorescence intensity.

172.  The method of claim 170, wherein the detecting comprises measuring

fluorescence anisotropy.

173.  The method of claim 162, wherein step (¢) comprises determining the amount
of the competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the

chimeric polypeptide at two or more time points during the period of time.

174.  The method of claim 162, wherein step (¢) comprises determining the amount
of the competitor ubiquitin protein or the competitor ubiquitin-like protein bound to the

chimeric polypeptide at two or more regular time points throughout the period of time

175. A method of determining an amount of an intact extracellular ubiquitin protein

in a sample containing serum, the method comprising:

(a) contacting the sample with a chimeric polypeptide that preferentially binds to the

intact extracellular ubiquitin protein, wherein the chimeric polypeptide comprises:

(1) two or more polypeptide sequences that bind the ubiquitin protein or the
ubiquitin-like protein, wherein the sequences comprise a sequence that binds
to the ubiquitin C-terminus or the ubiquitin-like protein C-terminus and
wherein the sequences bind non-overlapping regions of the ubiquitin protein

or the ubiquitin-like protein; and
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(ii) one or more linker(s), wherein the linker(s) connect two or more of the

sequences; and
(b) determining:

(i) an amount of the intact extracellular ubiquitin protein bound to the chimeric

polypeptide; or

(i) an amount of a competitor ubiqutin protein or a competitor ubiquitin-like
protein bound to the chimeric polypeptide, wherein if step (b) (i1) is
performed, the method further comprises step (c):

(¢) contacting the sample with the competitor ubiquitin protein or the competitor

ubiquitin-like protein prior to step (b),
thereby determining the amount of the intact extracellular ubiquitin protein in the sample.
176. The method of claim 175, comprising:

(a) contacting the sample with the chimeric polypeptide for the period of time;

and

(b) determining the amount of the intact extracellular ubiquitin protein bound

to the chimeric polypeptide.

177. The method of claim 176, wherein the chimeric polypeptide is tagged with a
detectable label.

178.  The method of claim 177, wherein the detectable label is a fluorophore.

179. The method of claim 177, wherein step (b) comprises detecting the detectable
label.

180. The method of claim 179, wherein the detecting comprises measuring

fluorescence intensity.

181. The method of claim 179, wherein the detecting comprises measuring

fluorescence anisotropy
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182.  The method of claim 176, further comprising:

(c) comparing the amount of the bound intact extracellular ubiquitin protein to

a predetermined value or to a control value.
183. The method of claim 175, comprising:

(a) contacting the sample with the chimeric polypeptide for the period of time;

and

(b) determining the amount of the competitor protein bound to the chimeric

polypeptide.

184. The method of claim 183, wherein the competitor ubiquitin protein or the

competitor ubiquitin-like protein is tagged with a detectable label.
185. The method of claim 184, wherein the detectable label is a fluorophore.

186. The method of claim 184, wherein step (c) comprises detecting the detectable
label.

187. The method of claim 184, wherein the detecting comprises measuring

fluorescence intensity.

188. The method of claim 189, whercin the detecting comprises measuring

fluorescence anisotropy.
189.  The method of claim 183, further comprising:

(d) comparing the amount of the competitor ubiquitin protein or  competitor
ubiquitin-like  protein bound to the chimeric polypeptide to a

predetermined value or a control value.

190. The method of claim 186, wherein the unconjugated ubiquitin competitor
protein or the unconjugated ubiquitin-like competitor protein is tagged with a first detectable

label, and the chimeric polypeptide is tagged with a second detectable label.

191. The method of claim 190, wherein the first detectable label and the second

detectable label are suitable for performing fluorescence resonance energy transfer (FRET).
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192. The method of claim 191, wherein the first detectable label and the second

detectable label are the same.

193. The method of claim 191, wherein the first detectable label and the second
detectable label are different.

194.  The method of claim 191, wherein the first detectable label is a fluorophore.

195. The method of claim 191, wherein the second detectable label is a

fluorophore.

196. The method of claim191, wherein the first detectable label is a quencher and

the second detectable label is a fluorophore.

197. The method of claim 191, wherein the first detectable label is a fluorophore

and the second detectable label is a quencher.

198. The method of claim 191, wherein step (c) comprises detecting the detectable
labels.

199. The method of claim 198, wherein the detecting comprises measuring

fluorescence intensity.

200. The method of claim 198, wherein the detecting comprises measuring

fluorescence anisotropy.
204.  The method of claim 182, further comprising;:

(d) comparing the amount of the bound ubiquitin protein or bound ubiquitin-

like  protein to a predetermined value or a control value

103



PCT/US2014/036243

WO 2014/179494

1/26

[ DI

‘qn ==4)

Joj Ajuigje Suoais Ajjeuoiydaoxs
Pa1lqiyxs sgqgn =2=°443

yim suialouad 3uiynsal ayy sidjul|
ap1indad om] Ym palosuuod

3JaM sQgn € 8yl Jnsaray]

85dsy gn punode adelns SnuIWIal-) 831 gn 03 spuiq yoled oiqgoydospAy qn
O3 01 Spuiq 1eyl gan ulewop-zny v 1eyi agn sdA-dan Juz v 031 spuiq ey gan adA-nwiN v

sqgn suiddejiano
-UoU 334y} dJul| :gqn 934} 40O} SI0SUIS JO 3da3u0d udIsaQ



PCT/US2014/036243

WO 2014/179494

2/26

¢ DI

(0§ "jon ‘Ansiwaydolg (TTOZ) ‘|e 19 J9U4eD) p, 19T Z4UZ PUB snyxaqey 89
‘pasn
2q ued gqdsy qn punode adejns a9y} 03 spuiq 1eyl uiewop Auy :g ujewoq .

(0T "oA “joig |19)
'O "ASY "1BN (6007) “1e 312 91fid ‘G “jon ‘Anisiwaydolg (TT0T) [ 18 JauJen 83s)
1v9 ‘WEGN ‘A3N “€HS “DN4dd ‘SHA 9ZN ‘Z8n ‘IND ‘van ‘NI ‘Wina ‘iwin “8s
*pasn aq ued sulewop 13Yy1o 3yl yum Ajjesrials ysep

J0uU s20p pue ydled siqoydospAy qn o3 spuiq eyl uiewop Auy :z uiewoq .

(0L€E "1on “Joig

"JOIN T (£00T) “|e 13 led ‘ST "|oA ‘|eusnor OgIAT (9002) ‘|e 18 3jneAog) ulewop

Zng 40 7vd pue (#ZT “|1oA ‘119D (9002) ‘1B 38 N2uNn1-S8AdY) 167-cot 4uzl OS] “8'2
*pPIsSn 3g ued shuiwial-) gn 01 spuiq eyl uiewop Auy :T uiewoq

S105U9S 9] 10} 2WayIS UOI10oNIISUO)



PCT/US2014/036243

WO 2014/179494

3/26

¢ DI

(uadjuif yoea smoys aulprspun) (F:ON ai DIS) HOUYIH
ATTUMONSIIDODMYINOAADI DN NI TIASODDSSODDOONTISATYOVASODSHY TYVYANHAIA44DNANTOYTOHIAYS
3ddDSDDSDTDOSOD DIV TAIQIDIHSTHIVISIATAINAAIAASAACYOAd LILDTHAVIdADLIYAHIAVHNNDOSOAH
AHYOITISOALINTMINTHNAINSIMOSddINVd NATONTSIVHISADYAIDAMYOATONNHHSDYIATDSSHHHHHHSSOIN

4ani

{uaul} yoes smoys autlrepun) (T:ON Al DIS) HNOUVIHAITIMINSIIOUMVINDAADIDINITIASDODVIUTS
AVIYVHINATIVIIVYVSDADNNTINAIDAHSTHIVISAAIAINAAIAASAAAYOAd LILDTIAVIAADLIHAHIAVHNNDDSOHA
AAYEOIUSOALTNTMINIYNAINSONM DS A dIY VAN TON IS VHISADIAIDAMYOAIONNHSOUAATDSSHHHHHHSSOIN

AR

:S30NJ3SU0D Anoge 3y} ul paAojdwa sggn Jua4YIP 9Y1 jo saouanbag

AR

¥an pue YAj3 :sadAloloud Josuas om]



PCT/US2014/036243

WO 2014/179494

v DI

(znY-ygn?ISA-4uz1OSI) (znY-punLZSAN- 1z 10S1)

«dald, wdAR,

SJ0SU3S Y1 J0OJ S|apoW |Bin1onils

zZny



o
>

5/26

(*eys yuawuyoeye asoydolony) ay) si (papioq) 0zD enpisey) (L2:ON dl ©3S)
DOHTHIATHILSIIDINAAS TLHYOATTONOVHITHODAddIOANADIMYNANI LADHIAT TLIMD LTINNAAIDN

mmmmm bes (D0zS)an

‘obed 1xau ay) Ul ale Aesse asay] J0j SOAIND Buipuig

R —

(W) pi Josuas

\ Wobisittis

0ZSAD anpisal uo saloydoiony) Jualaylp Yyiim pajage;
(D0ZS)aN YIM pauiuialap a49m SI0SUIS 33 JO SaljIuilje a3yl



PCT/US2014/036243

6/26

WO 2014/179494

‘ {yd “Hant G st ‘pan) By
I S AR AR S

il

P g
2 g
€008} 2wy, et § - over B
s il i Yeer ?c/( oz m T o §
3@% ‘/t -, 0V0g W L or0e W
-SLLOT0 ((mofs) #%y ol T bawews F Y §
s O [»)
1-82€0°0 :(1sey) 5y | b L abos 5 V0% @
geT L {9025) ar-gavexsy wd 004 3028 an-2e50uy Wd 05
an Wu 000G 40 uolippe uodn Lsye
(00ZS)an-utessaiony U 0g ebBueyo Aususiul eousosalon|) Ag
IO HAR IV 05 40 HORERESHIA painseaw sem YA pue (00ZS)dn
-ZEGONY 10 (D0ZS)AN-g8rexely usemiaq Ajulyy
15T R
% 5 4 o {md WABIO B
\ g 7 £ z '
.“\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\mﬁé W i i 2 s 10
S A Lo % J—
-SN0LEC A .\mw : oo

Py SO
£ -

&
Rl
{re) Adonyosing

3
L]

(D0ZS)an-ureosaloni4 WU 05 YiIm
Han U Gz jo uoiepossy

1A
wwu_.m.h CO_“—N_OOmw_U {on28) grruessaionid wWd 051
PUE UOJJEIo0SSE 8Uj) JO Oljel By} Adonosiue
se painsesw sem Yap pue (D0zs)an 2ousosalony AQ painseawl sem MAJL
-uIeosalon|4 usamaq AUy pue (D0zS)an-uieasaion|4 usamiag AUy

0cZSAD anpisaJ uo satoydolony JUJalIp YUm pajage|
(D0ZS)gN YlMm pauiwialap 242M SI0SUIS 9yl JO Saniulje ayl



PCT/US2014/036243

WO 2014/179494

7/26

L DIH
{u ﬁmwﬁmﬁ {wu *gn P Bory

E) € 2
3 3 s

&
3

st

[+1

~

&

4 b2

I

BP0 2

£

&

=

2

L BPBE 3

......

BV OC

] LR
T
-
o]
<
R
8§
&
<+
[
Py
H 0B & & &

{8t AUSUSIY SoUHISRIO!

{sdot A
{S49] AlsUsIY sDURISRICN

et ~ 30"
{D2ZT8) ., LOSFSSPOUY U §7 SAD LT ARFZCSOUY U S 84T LT HATFZOSONY WU §'0

gn 994§ 10} saljluljje Jusisjip
SABY SUOIIBUIQUIOD g IUJHIP YIIM SIOSUIS SNOLIBA



PCT/US2014/036243

WO 2014/179494

8/26

8§ DIA
‘(WU LGS = W9 ‘WU ZEG = X8) PainNseaw sem AlSusiul @0uaosalon))
pue pappe alem suiajoid 10)11edwoD Jo SJUNOWE SNOUBA UYdIym 0] HA AU

0L yum paxaldwod (D0ZS)AN-ZeSony Wu 01 pesn sAesse uoladwod ay |

{iu ‘aopieduwosibony
m w 14 Z &

e N
¢

g et
r P >
4 07 a2
\\\ o)
gn parebnfuoo FAN PR
% =
j0 s|dwexs uy / 5
4o \\ vomww M
) e, \\ %
T Lgean e g / A
QOPEN \\\\\\ 00 m
an 914 - b
7L —

HAR WU 9 + {D0ZS) AN-ZSSONY WU |

8PPSN 40 N paiesnfuod ueyl gn
934} 40} Ajlulije Jaysiy p|oJ-000€ 1noge sey Josuas YAJL UL



PCT/US2014/036243

WO 2014/179494

9/26

6 DI{ ‘uonpedwod ayis-a|BuIs JO [Epou

e 0} joued Jaddn oy ul elep Buml WOl palejnoies sanjeA b smoys ajge) ay| (jeued Jaddn)
Jopedwod ay) yim uoney uodn panojd aem YA YIM gN-ZSSOoNY JO Sallsusiul 90Us0salon|)
anleley “anAjod syy pue ‘YA AU 9 '00ZS dN-ZESONY NU 8°0 yum Aesse uongedwo)

{wu ‘anfjod)®o

A S S S

e

2

“On £9M B 3
can eyy 4
e 8
“On L &

Yoy sesury -2

sadAl adedull qN—-dn
1UJalIp JO gnAjod 3.} 03 Salulyje 3ulpulq Jejiwis sey YA



PCT/US2014/036243

WO 2014/179494

01 DIA

JONASU0D (08LZH) AN
ay} Jo asn uno 10} Jdaoxs asay umoys sjuswiiadxs

e 10} Pasn Sem | Jayul] PaUSHOoYS YIm YA .

g ainbi4 Ul UMOYS aJe ejep 8say] 'z
(9002) ¥#Z1 "10A 18D “le 18 obBusuad "}

'‘90eLIns gn syl

01 uiewop |AIIN 2Y3 O ssa22e Suiwi} Ag

gn 994} sA palednfuod Joj Ajuijje Josuas
9Y] POSeIIDP T JJUIT PAUSUOYS Y

10/26

‘A}D14109dS
JOSUDS 3Y3 91nQ1J3u0d ued osje T4axul] Jo Yyidua| ay]



PCT/US2014/036243

WO 2014/179494

11/26

[1 DIA

"BPIjS IXaU aY1 Ul a4k B1EP 3SAY] 10} SBAIND Sulpulg I Ul 3yl o Alpi1Su

ajowoJdd 01 papnjoul St JXUI SY1 Ul SINPISSL ]y JO UoRDe) YSiy dyL ‘T JYUI SE YYVYSD

UM YA UBYY ) 281} 10§ ALIAI08|3S J18MO| P|OJ-£'9 SMOYS SPIde oujwe ZT Suiuleiuod T Javun
YUM YA "AJIAII09]9S 131124 9A3IYo. O SIOSUIS gn-23.) ay3 sdjay T Jaxulj Joj YISus| [RWIUIW W

PaUIWIS)aP JoU P U

005991 00LY = 00999

T :ON @l D3S) YVYVsSO

sanpisaJ e|y Jo uolded yaiy e suiney Ag
PIS1J 9J0W apew pue 10oYs SI YAIL Ul T Jjul] paziwndo

.



PCT/US2014/036243

WO 2014/179494

12/26

¢l DI

{wv “Lag-un)®Bon {u “squy Buot v yum AP Ho twu ‘fz-) yapiiBo
g y £ z i - g1 o'k 50 00 S0 Ok £ z g B 3
i 3 1 1 2 mO,«X@._\ m % ) 3 I 3 t i b 3
m T
H z L 0v0'2
- 0VOT g § m ¥
p=) L iy
3 s V0T 8 - 0L
-0V 3 ) 33
g EE: L DG
ooy & FOR0Y 2 .
= -2 | JouI| B SB VY'Y, _m.mém
’ L0005 ¢ Z UM HAR SE(Z) WA | X
~ L OV
Jaxjul Buoj, yim YAR AU 8 (902S)aN-ZE50BY WU §°0 (D0ZS)aN-zesony N L

pue (D0zZS)aN-zeSony INU €

SJUBLIBA TJXUIT YAI} 03 T9D-AN
(uonnadwod Ag) pue (30ZS)dn pajage| Jo 3ulpuiq JO uolen|ens

{8dn} Aysuainr s0UsISRIONLS’



PCT/US2014/036243

WO 2014/179494

m,\ b\n& ‘Buipuig-gn uodn
abueyd Ajisusiul eouassalonyy sAlb 1ey) salis Juswyoejie aioydoliony) aaey os|e 4,1 0S| pue zny,

Alisusiul sousdsalonyy YbiH  Alisusjul 82U80$8I0N|) MO .
xa|dwoo qn-losuas-4 losu9ag-4 1 Ajisuajur eouadsalon)y Mo Aysusjui 8dusodsaiony ybiH

\\

2

‘g 2944 0}
SPUIQ JOSUDS-4 USYM JO JOSUDS YUM Xxa]dwiod 3yl wol) qn-4 ay3 sasejdsip
qn 294} Aq uoinadwod uaym pasueyd si 210249y} AJSUDIUI 30UDISBION|4

‘AJoA1109dsal
‘N 9944 10 L(YAIL “8°9) JOSUIS pajage|un ue 0} punog uaym padueyd
Alisuaiul 2ouddsal0oN|} JIdYl dAeY ( _JOSUSS-H ) Josuds 4o (,qn-4,) dn

JO swJo} pajagel-Ajauaasaiony) awos jeyl Suipul) 9yl sHojdxs poydwi Siyl .

poyiaw Ajlsuajul aduadsalon|



PCT/US2014/036243

WO 2014/179494

14/26

vl DIA

"aJoydouoni syl yum palesnfuod sA) sey (T Jaxul] “a'1) ININ PUe 4,710S| Usamiaq Jayul] ayl
jeys sueaw ,SAD 11, “%00T 01 p3ajeds uia1o4d-1ua2saJonjj punoqun 3yl JO 32U3IS3I0N|} YHM
UMOUYS 9Je S9I1ISUDIUI 90UdDSaJ0N|} SAIRe|DY "Aj9A1109dsal ‘g 93J4) JO JOSU3S 3yl Suipuiq uodn
sadueyod A}Isuaiul @auadsaJon|} a34e| moys (jsued ysid) siosuas-4 Jo (|]sued 1)) (D0ZS)an-4

gn 991} yum pajeinjes dAI YUM pajelnies
4

& 8 @%@@@%&,
FE S5

o
N
l::

)
»
=~

¥
o
&

001

=
n
¥
[
<

002

o
B

-00C

Ly
&

-00p

9.} aousIsaiony aaleRY
{94} apusdsalony aAlRISY

f
o]
=
—

S10SU=S JO Salkels punoqun
-gJN pue punog-gqn uUgaMla(g 20U=a25a40Nn|} JO wmcmr_u wwgmu_



PCT/US2014/036243

WO 2014/179494

15/26

Sl DIA (QN WU 0001-0) @buel siweulp peolq AjoAne|al

(Z pue ‘abueyd asuassalon|) abie| AloA (| aie Josuss Jejnoiued siy) Jo swulod buoss
‘gn parebnluoo A o uodn asealoul 8ouadsalonyy

91| smoys gsAD |7 ¥SIH-ZESONY "%001 S! puebl| e noyym ulsjoid-juaosaion)y

JO 82UB2S$8I0N|) pUE 818y UMOYS ale AjIsusjul 80Us823saloN|} sAneey "aloydoion))

ay} yum payebnluoo sAD sey AN 8Ul pue juz] 0S| usamiaq Jayull 8y} suesw gzsAD |7

‘sapndad Jayul| ay)

Juesaideal senpisal paullJepu "8lIs Juswyoeye {igu ‘puebry)®Bon

eioydoiony} ey sejeoipul 9 pep|og 8y ? M..u, A A S A
(9:ON dI D3S) YOVVIHVITHMOM v pooz @
SO4DDMVANDAADDOMNOT1IASOODVA v 2
HISINONVAYIOIIVIIVVISOMOWN TNC Y 2
I94HSTHIVISJATAWAAIAASMAAYDA  tgo-un = oo~ 5
dLILDTMAVIAADLIYAHIAVHNNOOSOA an v Y g
MAYEODTISOALTINTMINIHNADNSINM , oos &
OSddI¥VANATOMTSAVHISADHAIDAM
VOAIOMNHSDHYAATDSSHHHHHHSSdN zsAD LT USH-ZESORY

:sAD L7 ¥Sh Jo 9dusanbas pioe oulwy

3ulpulq gn uodn (%008 1noge) adueyd Alisualul aouadsalon|)
93.Je| e sSMoYs ZSAD T7 (:nyX29eY-nin€SS-4uzLOSI) YSII-ZEGONY



PCT/US2014/036243

WO 2014/179494

16/26

91 DIA

qn 9944 yum (D0ZS)gN-uisdsaloni4 NU € pue YA AU € JO uonesil

0008 o {wu) yiBusierepy
DOGL  wsr 09 Mw.wwm mmm @mwm

@Qm s “\\\\w\w\%
00w § 5
00T~
QoL —
Q@ sansapenne

74
Mww\ s
Q st

AL an L OV
HAR WU € + (D028} gn-ueossion]d WU ¢

- V0L

- OV0Z

- GV0E

{SdD) Ausuaiul sousdsalon]y

gn 934} JO sjunowe
duiseaJloul Yyiim sagueyd Alisualul aduaasaton|d



PCT/US2014/036243

WO 2014/179494

17/26

Ll DI

{d ‘yaAR)o+Bo
A} INU OT - 0 Yiim pajedily g 14 € Z

sem (D0¢S) gn-uldasaloni4 ND OGT  »
wu 8T S :Yyisua|anem uoissiwg

o

~N
i
o

1
€L
.
o]

WU Z6% :Yyi8uajaaem uoileyioxy

RJAVR

pue gn-4 U3ami1aq uolldesalul ayl

Aq @3ueyo Adoujosiue aouadsaion|{ . 8o
(00zs) an-utedsaloniy wd o5}

L) 1

K

Ll and]
(‘ne) Adosjosiuy

YA Ag punog
uaym pagueyd st Adosyjosiue qn-uiadsaion|



PCT/US2014/036243

WO 2014/179494

18/26

§1 DI a|dwes e ul uoieIJUSDUOD g 88l
BUILLIB}BP O] SAIND PJepUER]S UOIRIGIED B SB pasn aq Ued aAInd Siy |

dAI1 INU OC pue (D0gS)gNn-uiedsalon|d
INU 07 JO 2inIXIW e 03Ul N 93l AN T - 0 Y1IM UOIIRIH]

WU 8TS :Y1SUD|oABM UOISSILT ‘WU Z6Y :YiSudjonem UOIIELIIXT

iy ‘an)® o

¥
N
s
<

T
bl
ht
<

R
=
o

{ n v} Adosjospny

: ¥
2
&

& ORI

-2 0

AR WY 07 + (D0ZS) gn-ulassalon|d Wu 07

o5ueyd AdoJjosiue
93uadsaJton|} Aq paJtoyiuow Aesse uoniladwo)



PCT/US2014/036243

WO 2014/179494

19/26

6l DI{

"gn-lueosalony) pue HAJl usamiag uoloeialul ay) Aq peonpui Buiyousnb
uo os|e Ing | Iy uo Ajuo jou spuadap aburyd Ajisusijul 80Us82S8I0N) |E10) BY |

uinbign AN T - 0 YHM UOiBIML
YA} WU 0Z Y3m (D0ZS)gn-uisdsaton|4 INU Q7 e
WU 819 :Y13UajaABM UOISSIWT ‘WU 761 :YiSuajaaem uollelnxy

juswiainseaw Adoulosiue 93Ua2sa40N|4

(Nu ‘gn) o7
v £ LA 3 G

e

(8dD) Aisusjul aousdsaion4 |

(D8LzY) UAB-O + (D20ZS) an-uledsalon|4

gn-4 pue JayouanpD-YAIl usamiaq
1344 01 anp duiyouanb Jo Junowe ayl sadueyd gn 2944



PCT/US2014/036243

WO 2014/179494

20/26

07 ‘DA HAIL AU 0T pue ‘gn-4 INU 0T £2a49N IAIU 00S ‘THNA ‘pauleluod uoieay
(99s) swn uoneqnouyj
000¢ 00ST 000T 009 0
; ; ; ; N ﬁlw
Y A
Yy ¢

5%
% 2

-

.

il \

A

v

79

a8ueyd AlISualul 90UDISAION|} B SB PaInseaw Sem

‘@WAzuUd aseullinbignap e ‘THNA Aq gn 234} JO asea|ay




PCT/US2014/036243

21/26

WO 2014/179494

[C DI

(0T "10A "joig [OIN 1oNAS 1BN (£102) "Ie 10 Jaulepp) OGHO AN Ag pejeinbaidn

si Alanoe gNa 1gn.Lo 'sgnd 8yl Aq peses|al gn 99.j 10818p 0} YA INU | pue
(D0ZS)AN-zgsony INU | jo @oussaid ul ogHogN AN G INOYIM Jo Yim L gn1o INA €
JO oUNQwD NU GZ ULIM onwmm_b SEM .mu‘mbmnsm EQOE-DQMCE365:20& e JO Jlwliw e
‘PIOONWIOAC- PaqUIl-8¥M "HAN PUB (D0ZS)AN-zesony Buisn Aesse gn@ aswi-|eay

{unu} sus )
4 15:% A 1337 g

“E " ¥ CTrE ‘ / 3
& & 5 BEGEE @W.\ \W%@m%ﬁ\w&\\\\m o

PR L A o
L ~\\.\\\.\\\\\\“\\\W\\\ %% ®
w v 7 4 ”» o
% 4 % o
w5 o
42" -0b 6
by b* Yh =
7 % £
LutA*T <

2 %

SGHHLANLD 4 . iy, =
4 ¥ =
Lanio 7 # %, 07 B
ovgdsny  # w W 2
w b Y ool
GHIoN =
0p S
b

WO-2aN WU G€ + JAR INU | + AN-Z2E508V WU |

A|snonunnuod paJojiuow ag ued AliAllde gNng



PCT/US2014/036243

WO 2014/179494

22/26

¢ DI
'SAD |1 Al-2ESORY 0} (PIO}-00|~)
Apjeam alow yonw puiq |Im gppaN pajebnluod ‘(soiwosyold °11I99 'ION ‘2102
‘L1 “|e 192 ybuig) gppaN 03 WIN o Buipuig yeam A1aA ay) pue gppeN payebnluoo
pue sAD L7 Al Ul ulewop 4,71 0S| 8y} usamiaqg yse|o d118}s Jo asneodaq "p|o)
-g sasealoul Buipuiq gppaN uodn sAD L7 AN-ZESOoNY JO Ajisusiul 8ousasalon|H

WA €0 F ¥6:"M

09 89 O% v Oy 8% 0Y 9% OZ
1 § 1 13 3 £ 3 3

=
*
G
¥
w
¥
v
g
A
Gk

0
._ﬁ
,Q
,S_
oot

IWUREIELEN
JO pP) B Y3IM 8pPaN 93.4 01 spulq SAD T AI3-2ESONY



PCT/US2014/036243

WO 2014/179494

23/26

£C DIAd

"€ pUe ¢ suiewo S1oaUu0d T XUl

‘pasn
9g ued ggdsy qn punoJe 3Jejins Y3 03 spulqg eyl ulewop Auy : € ulewoq

‘PAsSN 3¢ ued sulewop 49Yio 3yl yum Ajjearials ysepd
} Usaop pue yoled oiqoydoapAy gn o1 spuiq leyl uiewop Auy : z ulewoq

S10SUDS [BSJIAIUN Y] JOJ WBYIS UOIIINIISUO)



PCT/US2014/036243

WO 2014/179494

24/26

ve DI (:ON gl ©3S) (z0Y-pynBSS)
SYVVHIAVYVIUHVYIIEHMOMNS O 490MVYd
NOAADDOMMOTIASODOVIHTISINDINVA

VIOAIFALNHSOHINTOSSHHHHHHSSdIN
aouanbas YS)

‘qnAjod payul|

-€9) 40 ‘¥ ‘TTH 40 gnouow
duowe 91eulwIOSIP 1,UpIp sgan
OM] Yiim uiaroad 3uijnsas ayy
uyul} aprdad e yim pajdsuuod
JaM sQgn 7 Yl :3jhsai oyl

ny9X9qey

sggn suiddejdano-uou omi Ul
:JOSUDS |BSJaAIUN JO 1d92U0I UsIsag



PCT/US2014/036243

WO 2014/179494

25/26

¢7 DI ‘loued Jaddn ui Blep ayj Jo Buii-aAINd 8y} Wolj paiejnojed
san|eA M sSmoys ajge} ay| "uonein Joiedwos ayj uodn pajjojd aiam

HS YIm (D0ZS) dN-ZESOoNY JO SaIISUSIUI §0UBISBION| BAIRISY "sJo}adwod
9y} pue “YSI AU 009 (D02S)AN-ZESoNY WU G yim Aesse uoiiiadwo)

{u ‘gnibor

gppeN isuiebe . S .
Ayoyioads e sey J0suas [esIaAiuN 0O TEUTTL gm0 §
1A Wm
oy mu
gppeN o s 3
U EO A 2
B8PS 8 g
oy L e " §§m,
oy e =
1774 Mt

S WU 009 +{D0ZS) AN-ZESORY WU §

'$912ads N snholieA suowe
91BUIWIJISIP 10U S90P JOSUDS |eSIaAIUN



PCT/US2014/036243

26/26

WO 2014/179494

9¢ DIA
"$al}Isuslul @duadsalon|) ay) Bunseaw Aqg psjelauab aiem saAino bBulpuiq

aU} pue ‘pawuopied sem gppaN J0 ‘L g9-dN ‘dn Yim USI-88exaly INU 0| Jo uoijel}
10841 "Buipuig gn uodn ¥S1-g8eXaly JO abueyo Ajisuajul 80USSBI0N|} BAIR|S) SMOYS

|oued S|PPIA "N PUNO] UM HS} PaISGe|-88YEXS]Y JO 3INjoNI)s [apow S| joued a7

{pu puer)Boy %M&v

G % r > 4 Y %ﬂ

e s v ¢z b 9 & &
* .%c@. *REE @@\ @\N\x\\&\ti&i\\& & N - m;w ;;;;; oo ...AM o
\\\ e & O ?mw&w m“
w8 .. bos £
& HooL 2
g gzt 2
BN % 2 : Lop, ©
LRy 05 m o Wéﬁ g
4y & 8L T

dS)-88¥EXDIVY NU 0] AUSI-88YEXI|VY NU 0}

UoI1eJ11] 193410



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US14/36243

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - A61K 39/385, 39/00; C12P 21/08 (2014.01)

CPC

- AB61K 2039/505, 38/00; CO7K 2319/00, 2317/24, 2616/96, 2319/30
According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC(8): A61K 39/395, 39/00; C12P 21/08 (2014.01)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

CPC: A61K 2039/505, 38/00; CO7K 2319/00, 2317/24, 2616/96, 2319/30; USPC: 530/387.3, 387.1, 380; 424/130.1, 134.1

Electronic data base consulted during the international search (name of

'Dsk2,' fluorophore, quencher, 'FRET,' *flucrescence anisotropy’

data base and, where practicable, search terms used)

MicroPatent (US-G, US-A, EP-A, EP-B, WO, JP-bib, DE-C,B, DE-A, DE-T, DE-U, GB-A, FR-A), Google Google Scholar; Dialog
ProQuest; Entrez PubMed; 'chimeric polypeptide,’ ubiquitin, deubiquitinase, ‘Nedd8,' 'SUMO,’ ‘Asp58,' isopeptidase T,' ‘Rabex,' 'Vps27,'

C. DOCUMENTS CONSIDERED TO BE RELEVANT

(0036], (0072]

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2011/0250613 A1 (SIMS, JJ et al.) October 13, 2011; abstract; figures 6, 12, 16, 20; 1,3,6,8, 16, 17, 25, 29,
-— paragraphs [0005], [0006], [0013), [0021], [0026], [0030], [0044], [0050], [0052], [0058], [0066], | 30
Y {0067], [0086), {0092}, [0097] —
2,4,5,7,9-15, 18-24,
26-28, 31-200, 204
Y US 2010/0151484 A1 (VOGEL, KW et al.) June 17, 2010; abstract; figures 29, 31; paragraphs 2,5,7,9-14, 18, 19, 21,
[0011]-[0014]), [0019], [0023], [0026], [0028], [0057], [0059], [0063]-[0065], [0093], [0096], 22, 24, 26-28, 31-200,
[0105]}, [0107])-{0110}, [0115], [0119), [0122], [0132], {0134], [0152], [0154], [0180], {0191], 204
[0227], [0358], [0373], {0393]
Y US 2012/0009211 A1 (TSCHOPP, J et al.) January 12, 2012; paragraphs [0001], [0015]-{0017], | 4, 5, 34/32/4, 34/32/5,

48/47/4, 48/4715, 75/74/4,
75/74/5, 88/87/4, 88/87/5,
117/113/4, 117/1113/5,
126/125/4, 126/125/5,
149/146/4, 149/146/5

EI Further documents are listed in the continuation of Box C.

[

. Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“Q” document referring to an ora! disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the intemnational search

31 August 2014 (31.08.2014)

Date of mailing of the international search report

24 SEP 2014

Name and mailing address of the [SA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

~ Authorized officer:
Shane Thomas

PCT Helpdesk: 571-272-4300
PCT OSP: 671-272-7774

Form PCT/ISA/210 (second sheet) (July 2009)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - description
	Page 73 - description
	Page 74 - description
	Page 75 - description
	Page 76 - description
	Page 77 - description
	Page 78 - description
	Page 79 - description
	Page 80 - description
	Page 81 - description
	Page 82 - claims
	Page 83 - claims
	Page 84 - claims
	Page 85 - claims
	Page 86 - claims
	Page 87 - claims
	Page 88 - claims
	Page 89 - claims
	Page 90 - claims
	Page 91 - claims
	Page 92 - claims
	Page 93 - claims
	Page 94 - claims
	Page 95 - claims
	Page 96 - claims
	Page 97 - claims
	Page 98 - claims
	Page 99 - claims
	Page 100 - claims
	Page 101 - claims
	Page 102 - claims
	Page 103 - claims
	Page 104 - claims
	Page 105 - claims
	Page 106 - drawings
	Page 107 - drawings
	Page 108 - drawings
	Page 109 - drawings
	Page 110 - drawings
	Page 111 - drawings
	Page 112 - drawings
	Page 113 - drawings
	Page 114 - drawings
	Page 115 - drawings
	Page 116 - drawings
	Page 117 - drawings
	Page 118 - drawings
	Page 119 - drawings
	Page 120 - drawings
	Page 121 - drawings
	Page 122 - drawings
	Page 123 - drawings
	Page 124 - drawings
	Page 125 - drawings
	Page 126 - drawings
	Page 127 - drawings
	Page 128 - drawings
	Page 129 - drawings
	Page 130 - drawings
	Page 131 - drawings
	Page 132 - wo-search-report

