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

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
25 November 2021 (25.11.2021)

(10) International Publication Number

WO 2021/236983 A3

WIPO I PCT

(51) International Patent Classification:
GOIN 33/58 (2006.01) GOIN 33/68 (2006.01)
CO7K 14/00 (2006.01)

(21) International Application Number:
PCT/US2021/033493

(22) International Filing Date:
20 May 2021 (20.05.2021)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
63/027,913 20 May 2020 (20.05.2020) UsS
63/059,919 31 July 2020 (31.07.2020) UsS

(71) Applicant: QUANTUM-SIINCORPORATED [US/US];
530 Old Whitfield Street, Guilford, CT 06437 (US).

(72) Inventors: REED, Brian; 94 Hull Road, Madison, CT
06443 (US). PANDEY, Manjula; 460 White Birch Drive,
Guilford, CT 06437 (US).

(74) Agent: PRITZKER, Randy, J. et al.; Wolf, Greenfield &
Sacks, P.C., 600 Atlantic Avenue, Boston, MA 02210-2206
(US).

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

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

(54) Title: METHODS AND COMPOSITIONS FOR PROTEIN SEQUENCING

cleavage F

o
tleavage W

- \';'Mé“m&w\

Time

FIG. 5

wo 20217236983 A3 |0 0000 KA 0 0 RO
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acid binding proteins and fusion polypeptides thereof. In some aspects, the application provides amino acid recognition molecules
comprising a shielding element that enhances photo stability in polypeptide sequencing reactions.
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METHODS AND COMPOSITIONS FOR PROTEIN SEQUENCING

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority under 35 U.S.C. § 119(e) to U.S. Provisional Patent
Application No. 63/059,919, filed July 31, 2020, and U.S. Provisional Patent Application No.
63/027,913, filed May 20, 2020, each of which is hereby incorporated by reference in its entirety.

BACKGROUND
[0002] Proteomics has emerged as an important and necessary complement to genomics and
transcriptomics in the study of biological systems. The proteomic analysis of an individual
organism can provide insights into cellular processes and response patterns, which lead to
improved diagnostic and therapeutic strategies. The complexity surrounding protein structure,
composition, and modification present challenges in determining large-scale protein sequencing

information for a biological sample.

SUMMARY
[0003] In some aspects, the application provides methods and compositions for determining
amino acid sequence information from polypeptides (e.g., for sequencing one or more
polypeptides). In some embodiments, amino acid sequence information can be determined for
single polypeptide molecules. In some embodiments, the relative position of two or more amino
acids in a polypeptide is determined, for example for a single polypeptide molecule. In some
embodiments, one or more amino acids of a polypeptide are labeled (e.g., directly or indirectly)
and the relative positions of the labeled amino acids in the polypeptide is determined. In some
embodiments, amino acid sequence information can be determined by detecting an interaction of
a polypeptide with one or more amino acid recognition molecules (e.g., one or more amino acid
binding proteins).
[0004] In some aspects, the application provides an amino acid binding protein which can be
used in a method for determining amino acid sequence information from polypeptides. In some
aspects, the application provides a recombinant amino acid binding protein having an amino acid
sequence that is at least 80% identical to a sequence selected from Table 1 or Table 2 and
comprising one or more labels. In some embodiments, the one or more labels comprise a
luminescent label or a conductivity label. In some embodiments, the one or more labels

comprise a tag sequence. In some embodiments, the tag sequence comprises one or more of a
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purification tag, a cleavage site, and a biotinylation sequence (e.g., at least one biotin ligase
recognition sequence). In some embodiments, the biotinylation sequence comprises two biotin
ligase recognition sequences oriented in tandem. In some embodiments, the one or more labels
comprise a biotin moiety having at least one biotin molecule (e.g., a bis-biotin moiety). In some
embodiments, the label comprises at least one biotin ligase recognition sequence having the at
least one biotin molecule attached thereto. In some embodiments, the one or more labels
comprise one or more polyol moieties (e.g., polyethylene glycol). In some embodiments, the
recombinant amino acid binding protein comprises one or more unnatural amino acids having the
one or more labels attached thereto. In some aspects, the application provides a composition
comprising a recombinant amino acid binding protein described herein.

[0005] In some aspects, the application provides a polypeptide sequencing reaction composition
comprising two or more amino acid recognition molecules, where at least one of the two or more
amino acid recognition molecules is a recombinant amino acid binding protein described herein.
In some embodiments, the two or more amino acid recognition molecules comprise different
types of amino acid recognition molecules. For example, in some embodiments, an amino acid
recognition molecule of one type interacts with a polypeptide of interest in a manner that is
different (e.g., detectably different) from other types of amino acid recognition molecules in a
polypeptide sequencing reaction composition. In some embodiments, the polypeptide
sequencing reaction composition comprises at least one type of cleaving reagent. In some
aspects, the application provides a method of polypeptide sequencing comprising contacting a
polypeptide with a polypeptide sequencing reaction composition described herein. In some
embodiments, the method further comprises detecting a series of interactions of the polypeptide
with at least one amino acid recognition molecule while the polypeptide is being degraded,
thereby sequencing the polypeptide.

[0006] In some aspects, the application provides a polypeptide sequencing reaction mixture
comprising an amino acid binding protein and a peptidase. In some embodiments, the molar
ratio of the labeled amino acid binding protein to the peptidase is between about 1:1,000 and
about 1:1 or between about 1:1 and about 100:1. In some embodiments, the amino acid binding
protein comprises one or more labels. In some embodiments, the amino acid binding protein is a
ClpS protein. In some embodiments, the amino acid binding protein is a protein having an
amino acid sequence that is at least 80%, 80-90%, 90-95%, or at least 95% identical to a
sequence selected from Table 1 or Table 2. In some embodiments, the peptidase is an
exopeptidase. In some embodiments, the peptidase is an enzyme having an amino acid sequence
that is at least 80%, 80-90%, 90-95%, or at least 95% identical to a sequence selected from Table
4 or Table 5. In some embodiments, the reaction mixture comprises more than one amino acid
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binding protein and/or more than one peptidase. In some embodiments, the reaction mixture
comprises a polypeptide molecule immobilized to a surface.
[0007] In some aspects, the application provides a polypeptide sequencing reaction mixture
comprising a single polypeptide molecule, at least one peptidase molecule, and at least three
amino acid recognition molecules. In some embodiments, the reaction mixture comprises at
least 1 and up to 10 peptidase molecules (e.g., at least 1 and up to 5 peptidase molecules, at least
1 and up to 3 peptidase molecules). In some embodiments, the reaction mixture comprises two
or more peptidase molecules, where each peptidase molecule is of a different type. For example,
in some embodiments, a peptidase molecule of one type has a cleavage preference that is
different from other types of peptidase molecules in a reaction mixture. In some embodiments,
the reaction mixture comprises at least 3 and up to 30 amino acid recognition molecules (e.g., up
to 20, up to 10, or up to 5 amino acid recognition molecules). In some embodiments, the at least
three amino acid recognition molecules comprise different types of amino acid recognition
molecules. For example, in some embodiments, an amino acid recognition molecule of one type
interacts with a polypeptide of interest in a manner that is different (e.g., detectably different)
from other types of amino acid recognition molecules in a reaction mixture.
[0008] In some aspects, the application provides a substrate comprising an array of sample wells,
wherein at least one sample well of the array comprises a polypeptide sequencing reaction
mixture described herein. In some embodiments, the at least one sample well comprises a
bottom surface. In some embodiments, the single polypeptide molecule is immobilized to the
bottom surface.
[0009] In some aspects, the application provides an amino acid recognition molecule comprising
a polypeptide having at least a first amino acid binding protein and a second amino acid binding
protein joined end-to-end, wherein the first and second amino acid binding proteins are separated
by a linker comprising at least two amino acids. In some embodiments, the first and second
amino acid binding proteins are the same. In some embodiments, the first and second amino acid
binding proteins are different.
[0010] In some aspects, the application provides an amino acid recognition molecule comprising
a polypeptide of Formula (I):

(Z\—X"),—22

@D,

wherein: Z! and Z? are independently amino acid binding proteins; X' is a linker comprising at
least two amino acids, where the amino acid binding proteins are joined end-to-end by the linker;
and n is an integer from 1 to 5, inclusive. In some embodiments, Z' and Z* comprise amino acid

binding proteins of the same type. In some embodiments, Z! and Z? comprise different types of
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amino acid binding proteins. In some embodiments, Z! and Z? are independently optionally
associated with a label component comprising at least one detectable label. In some
embodiments, the polypeptide further comprises a tag sequence.

[0011] In some aspects, the application provides methods of polypeptide sequencing. In some
embodiments, a method of polypeptide sequencing comprises contacting a single polypeptide
molecule in a reaction mixture with a composition comprising a binding means and a cleaving
means. In some embodiments, the binding means and the cleaving means are configured to
achieve at least 10 association events between the binding means and a terminal amino acid on
the polypeptide prior to removal of the terminal amino acid from the polypeptide by the cleaving
means. In some embodiments, the binding means and the cleaving means are configured to
achieve at least 10 and up to 1,000 association events prior to the removal of the terminal amino
acid. In some embodiments, the terminal amino acid was exposed at the polypeptide terminus in
a cleavage event prior to the at least 10 association events. In some embodiments, the at least 10
association events occur after the cleavage event.

[0012] In some embodiments, the binding means and the cleaving means are configured to
achieve a time interval of at least 1 minute between cleavage events (e.g., between about 1
minute and about 20 minutes, between about 5 minutes and about 15 minutes, or between about
1 minute and about 10 minutes). In some embodiments, the binding means comprise one or
more amino acid recognition molecules, and the cleaving means comprise one or more peptidase
molecules. In some embodiments, the molar ratio of an amino acid recognition molecule to a
peptidase molecule is configured to achieve the at least 10 association events prior to the
removal of the terminal amino acid. In some embodiments, the molar ratio of the amino acid
recognition molecule to the peptidase molecule is between about 1:1,000 and about 1:1 or
between about 1:1 and about 100:1. In some embodiments, the molar ratio of the amino acid
recognition molecule to the peptidase molecule is between about 1:100 and about 1:1 or between
about 1:1 and about 10:1.

[0013] In some aspects, the application provides a substrate comprising an array of sample wells,
where at least one sample well of the array comprises a single polypeptide molecule, a cleaving
means, and a binding means. In some embodiments, the binding means and the cleaving means
are configured to achieve at least 10 association events between the binding means and a
terminal amino acid on the polypeptide prior to removal of the terminal amino acid from the
polypeptide by the cleaving means. In some embodiments, the binding means and the cleaving
means are configured to achieve at least 10 and up to 1,000 association events prior to the

removal of the terminal amino acid. In some embodiments, the terminal amino acid was exposed
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at the polypeptide terminus in a cleavage event prior to the at least 10 association events. In
some embodiments, the at least 10 association events occur after the cleavage event.
[0014] In some aspects, the application provides amino acid recognition molecules comprising a
shielding element, e.g., for enhanced photostability in polypeptide sequencing reactions. In
some aspects, the application provides an amino acid recognition molecule comprising a
polypeptide having an amino acid binding protein and a labeled protein joined end-to-end. In
some embodiments, the amino acid binding protein and the labeled protein are separated by a
linker comprising at least two amino acids (e.g., at least two and up to 100 amino acids, between
about 5 and about 50 amino acids). In some embodiments, the labeled protein has a molecular
weight of at least 10 kDa (e.g., between about 10 kDa and about 150 kDa, between about 15 kDa
and about 100 kDa). In some embodiments, the labeled protein comprises at least 50 amino
acids (e.g., between about 50 and about 1,000 amino acids, between about 100 and about 750
amino acids). In some embodiments, the labeled protein comprises a luminescent label. In some
embodiments, the luminescent label comprises at least one fluorophore dye molecule. In some
embodiments, the amino acid binding protein is a Gid protein, a UBR-box protein or UBR-box
domain-containing fragment thereof, a p62 protein or ZZ domain-containing fragment thereof, or
a ClpS protein. In some embodiments, the amino acid binding protein has an amino acid
sequence that is at least 80% identical to an amino acid sequence selected from Table 1 or Table
2.
[0015] In some aspects, the application provides an amino acid recognition molecule of Formula
ID:

A—(Y)-D

d),

wherein: A is an amino acid binding component comprising at least one amino acid recognition
molecule; each instance of Y is a polymer that forms a covalent or non-covalent linkage group; n
is an integer from 1 to 10, inclusive; and D is a label component comprising at least one
detectable label. In some embodiments, A comprises at least one amino acid binding protein
having an amino acid sequence that is at least 80% identical to an amino acid sequence selected
from Table 1 or Table 2. In some embodiments, the amino acid recognition molecule comprises
a polypeptide having A and Y! joined end-to-end, wherein A and Y! are separated by a linker
comprising at least two amino acids. In some embodiments, Y' is a protein having a molecular
weight of at least 10 kDa (e.g., between about 10 kDa and about 150 kDa). In some
embodiments, Y! is a protein comprising at least 50 amino acids (e.g., between about 50 and

about 1,000 amino acids).
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[0016] In some embodiments, D is less than 200 A in diameter. In some embodiments, —(Y)p— is
at least 2 nm in length (e.g., at least 5 nm, at least 10 nm, at least 20 nm, at least 30 nm, at least
50 nm, or more, in length). In some embodiments, —(Y),— is between about 2 nm and about 200
nm in length (e.g., between about 2 nm and about 100 nm, between about 5 nm and about 50 nm,
or between about 10 nm and about 100 nm in length). In some embodiments, each instance of Y
is independently a biomolecule or a dendritic polymer (e.g., a polyol, a dendrimer). In some
embodiments, A comprises a polypeptide having at least a first amino acid binding protein and a
second amino acid binding protein joined end-to-end (e.g., a fusion polypeptide). In some
embodiments, the application provides a composition comprising the amino acid recognition
molecule of Formula (II). In some embodiments, the amino acid recognition molecule is soluble
in the composition.
[0017] In some aspects, the application provides an amino acid recognition molecule of Formula
(IIT):

A-Y'-D

(1I),

wherein: A is an amino acid binding component comprising at least one amino acid recognition
molecule; Y! is a nucleic acid or a polypeptide; D is a label component comprising at least one
detectable label. In some embodiments, A comprises at least one amino acid binding protein
having an amino acid sequence that is at least 80% identical to an amino acid sequence selected
from Table 1 or Table 2. In some embodiments, when Y! is a nucleic acid, the nucleic acid
forms a covalent or non-covalent linkage group. In some embodiments, provided that when Y!
is a polypeptide, the polypeptide forms a non-covalent linkage group characterized by a
dissociation constant (Kp) of less than 50 x 10 M. In some embodiments, the Kp is less than 1
x 10° M, less than 1 x 109 M, less than 1 x 10™'" M, or less than 1 x 10712 M.
[0018] In some aspects, the application provides an amino acid recognition molecule
comprising: a nucleic acid; at least one amino acid recognition molecule attached to a first
attachment site on the nucleic acid; and at least one detectable label attached to a second
attachment site on the nucleic acid, where the nucleic acid forms a covalent or non-covalent
linkage group between the at least one amino acid recognition molecule and the at least one
detectable label. In some embodiments, the nucleic acid comprises a first oligonucleotide strand.
In some embodiments, the nucleic acid further comprises a second oligonucleotide strand
hybridized with the first oligonucleotide strand. In some embodiments, the at least one amino
acid recognition molecule comprises a polypeptide having at least a first amino acid binding

protein and a second amino acid binding protein joined end-to-end (e.g., a fusion polypeptide).
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In some embodiments, the first and second amino acid binding proteins are separated by a linker
comprising at least two amino acids.

[0019] In some aspects, the application provides an amino acid recognition molecule
comprising: a multivalent protein comprising at least two ligand-binding sites; at least one amino
acid recognition molecule attached to the protein through a first ligand moiety bound to a first
ligand-binding site on the protein; and at least one detectable label attached to the protein
through a second ligand moiety bound to a second ligand-binding site on the protein. In some
embodiments, the multivalent protein is an avidin protein. In some embodiments, the at least
one amino acid recognition molecule comprises a polypeptide having at least a first amino acid
binding protein and a second amino acid binding protein joined end-to-end (e.g., a fusion
polypeptide). In some embodiments, the first and second amino acid binding proteins are
separated by a linker comprising at least two amino acids.

[0020] In some embodiments, a shielded amino acid recognition molecule may be used in
polypeptide sequencing methods in accordance with the application, or any method known in the
art. Accordingly, in some aspects, the application provides methods of polypeptide sequencing
(e.g., in an Edman-type degradation reaction, in a dynamic sequencing reaction, or other method
known in the art) comprising contacting a polypeptide molecule with one or more shielded
amino acid recognition molecules of the application. For example, in some embodiments, the
methods comprise contacting a polypeptide molecule with at least one amino acid recognition
molecule that comprises a shield or shielding element in accordance with the application, and
detecting association of the at least one amino acid recognition molecule with the polypeptide
molecule.

[0021] In some aspects, the application provides methods comprising obtaining data during a
degradation process of a polypeptide. In some embodiments, the methods further comprise
analyzing the data to determine portions of the data corresponding to amino acids that are
sequentially exposed at a terminus of the polypeptide during the degradation process. In some
embodiments, the methods further comprise outputting an amino acid sequence representative of
the polypeptide. In some embodiments, the data is indicative of amino acid identity at the
terminus of the polypeptide during the degradation process. In some embodiments, the data is
indicative of a signal produced by one or more amino acid recognition molecules binding to
different types of terminal amino acids at the terminus during the degradation process. In some
embodiments, the data is indicative of a luminescent signal generated during the degradation
process. In some embodiments, the data is indicative of an electrical signal generated during the

degradation process.
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[0022] In some embodiments, analyzing the data further comprises detecting a series of cleavage
events and determining the portions of the data between successive cleavage events. In some
embodiments, analyzing the data further comprises determining a type of amino acid for each of
the individual portions. In some embodiments, each of the individual portions comprises a pulse
pattern (e.g., a characteristic pattern), and analyzing the data further comprises determining a
type of amino acid for one or more of the portions based on its respective pulse pattern. In some
embodiments, determining the type of amino acid further comprises identifying an amount of
time within a portion when the data is above a threshold value and comparing the amount of time
to a duration of time for the portion. In some embodiments, determining the type of amino acid
further comprises identifying at least one pulse duration for each of the one or more portions. In
some embodiments, the pulse pattern comprises a mean pulse duration of between about 1
millisecond and about 10 seconds. In some embodiments, determining the type of amino acid
further comprises identifying at least one interpulse duration for each of the one or more
portions. In some embodiments, the amino acid sequence includes a series of amino acids
corresponding to the portions.

[0023] In some aspects, the application provides methods of polypeptide sequencing comprising
contacting a single polypeptide molecule with one or more amino acid recognition molecules
(e.g., one or more terminal amino acid recognition molecules). In some embodiments, the
methods further comprise detecting a series of signal pulses indicative of association of the one
or more amino acid recognition molecules with successive amino acids exposed at a terminus of
the single polypeptide molecule while it is being degraded, thereby obtaining sequence
information about the single polypeptide molecule. In some embodiments, the amino acid
sequence of most or all of the single polypeptide molecule is determined. In some embodiments,
the series of signal pulses is a series of real-time signal pulses.

[0024] In some embodiments, association of the one or more amino acid recognition molecules
with each type of amino acid exposed at the terminus produces a characteristic pattern in the
series of signal pulses that is different from other types of amino acids exposed at the terminus.
In some embodiments, signal pulses of the characteristic pattern comprise a mean pulse duration
of between about 1 millisecond and about 10 seconds. In some embodiments, a signal pulse of
the characteristic pattern corresponds to an individual association event between an amino acid
recognition molecule and an amino acid exposed at the terminus. In some embodiments, the
characteristic pattern corresponds to a series of reversible amino acid recognition molecule
binding interactions with the amino acid exposed at the terminus of the single polypeptide

molecule. In some embodiments, the characteristic pattern is indicative of the amino acid



WO 2021/236983 PCT/US2021/033493

exposed at the terminus of the single polypeptide molecule and an amino acid at a contiguous
position (e.g., amino acids of the same type or different types).

[0025] In some embodiments, the single polypeptide molecule is degraded by a cleaving reagent
that removes one or more amino acids from the terminus of the single polypeptide molecule. In
some embodiments, the methods further comprise detecting a signal indicative of association of
the cleaving reagent with the terminus. In some embodiments, the cleaving reagent comprises a
detectable label (e.g., a luminescent label, a conductivity label). In some embodiments, the
single polypeptide molecule is immobilized to a surface. In some embodiments, the single
polypeptide molecule is immobilized to the surface through a terminal end distal to the terminus
to which the one or more amino acid recognition molecules associate. In some embodiments, the
single polypeptide molecule is immobilized to the surface through a linker (e.g., a solubilizing
linker comprising a biomolecule).

[0026] In some aspects, the application provides methods of sequencing a polypeptide
comprising contacting a single polypeptide molecule in a reaction mixture with a composition
comprising one or more amino acid recognition molecules (e.g., one or more terminal amino acid
recognition molecules) and a cleaving reagent. In some embodiments, the methods further
comprise detecting a series of signal pulses indicative of association of the one or more amino
acid recognition molecules with a terminus of the single polypeptide molecule in the presence of
the cleaving reagent. In some embodiments, the series of signal pulses is indicative of a series of
amino acids exposed at the terminus over time as a result of terminal amino acid cleavage by the
cleaving reagent.

[0027] In some aspects, the application provides methods of sequencing a polypeptide
comprising (a) identifying a first amino acid at a terminus of a single polypeptide molecule, (b)
removing the first amino acid to expose a second amino acid at the terminus of the single
polypeptide molecule, and (c) identifying the second amino acid at the terminus of the single
polypeptide molecule. In some embodiments, (a)-(c) are performed in a single reaction mixture.
In some embodiments, (a)-(c) occur sequentially. In some embodiments, (c) occurs before (a)
and (b). In some embodiments, the single reaction mixture comprises one or more amino acid
recognition molecules (e.g., one or more terminal amino acid recognition molecules). In some
embodiments, the single reaction mixture comprises a cleaving reagent. In some embodiments,
the first amino acid is removed by the cleaving reagent. In some embodiments, the methods
further comprise repeating the steps of removing and identifying one or more amino acids at the
terminus of the single polypeptide molecule, thereby determining a sequence (e.g., a partial

sequence or a complete sequence) of the single polypeptide molecule.
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[0028] In some aspects, the application provides methods of identifying an amino acid of a
polypeptide comprising contacting a single polypeptide molecule with one or more amino acid
recognition molecules that bind to the single polypeptide molecule. In some embodiments, the
methods further comprise detecting a series of signal pulses indicative of association of the one
or more amino acid recognition molecules with the single polypeptide molecule under
polypeptide degradation conditions. In some embodiments, the methods further comprise
identifying a first type of amino acid in the single polypeptide molecule based on a first
characteristic pattern in the series of signal pulses. In some embodiments, signal pulses of the
characteristic pattern comprise a mean pulse duration of between about 1 millisecond and about
10 seconds.

[0029] In some aspects, the application provides methods of identifying a terminal amino acid
(e.g., the N-terminal or the C-terminal amino acid) of a polypeptide. In some embodiments, the
methods comprise contacting a polypeptide with one or more labeled recognition molecules that
selectively bind one or more types of terminal amino acids at a terminus of the polypeptide. In
some embodiments, the methods further comprise identifying a terminal amino acid at the
terminus of the polypeptide by detecting an interaction of the polypeptide with the one or more
labeled recognition molecules.

[0030] In yet other aspects, the application provides methods of polypeptide sequencing by
Edman-type degradation reactions. In some embodiments, Edman-type degradation reactions
may be performed by contacting a polypeptide with different reaction mixtures for purposes of
either detection or cleavage (e.g., as compared to a dynamic sequencing reaction, which can
involve detection and cleavage using a single reaction mixture).

[0031] Accordingly, in some aspects, the application provides methods of determining an amino
acid sequence of a polypeptide comprising (i) contacting a polypeptide with one or more labeled
recognition molecules that selectively bind one or more types of terminal amino acids at a
terminus of the polypeptide. In some embodiments, the methods further comprise (ii) identifying
a terminal amino acid (e.g., the N-terminal or the C-terminal amino acid) at the terminus of the
polypeptide by detecting an interaction of the polypeptide with the one or more labeled
recognition molecules. In some embodiments, the methods further comprise (iii) removing the
terminal amino acid. In some embodiments, the methods further comprise (iv) repeating (i)-(iii)
one or more times at the terminus of the polypeptide to determine an amino acid sequence of the
polypeptide.

[0032] In some embodiments, the methods further comprise, after (i) and before (ii), removing
any of the one or more labeled recognition molecules that do not selectively bind the terminal

amino acid. In some embodiments, the methods further comprise, after (i1) and before (iii),
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removing any of the one or more labeled recognition molecules that selectively bind the terminal
amino acid.

[0033] In some embodiments, removing a terminal amino acid (e.g., (iii)) comprises modifying
the terminal amino acid by contacting the terminal amino acid with an isothiocyanate (e.g.,
phenyl isothiocyanate), and contacting the modified terminal amino acid with a protease that
specifically binds and removes the modified terminal amino acid. In some embodiments
cleaving a terminal amino acid (e.g., (ii1)) comprises modifying the terminal amino acid by
contacting the terminal amino acid with an isothiocyanate, and subjecting the modified terminal
amino acid to acidic or basic conditions sufficient to remove the modified terminal amino acid.
[0034] In some embodiments, identifying a terminal amino acid comprises identifying the
terminal amino acid as being one type of the one or more types of terminal amino acids to which
the one or more labeled recognition molecules bind. In some embodiments, identifying a
terminal amino acid comprises identifying the terminal amino acid as being a type other than the
one or more types of terminal amino acids to which the one or more labeled recognition
molecules bind.

[0035] In some aspects, the application provides methods of identifying a protein of interest in a
mixed sample. In some embodiments, the methods comprise cleaving a mixed protein sample to
produce a plurality of polypeptide fragments. In some embodiments, the methods further
comprise determining an amino acid sequence of at least one polypeptide fragment of the
plurality in a method in accordance with the methods of the application. In some embodiments,
the methods further comprise identifying a protein of interest in the mixed sample if the amino
acid sequence is uniquely identifiable to the protein of interest.

[0036] In some embodiments, methods of identifying a protein of interest in a mixed sample
comprise cleaving a mixed protein sample to produce a plurality of polypeptide fragments. In
some embodiments, the methods further comprise labeling one or more types of amino acids in
the plurality of polypeptide fragments with one or more different luminescent labels. In some
embodiments, the methods further comprise measuring luminescence over time for at least one
labeled polypeptide of the plurality. In some embodiments, the methods further comprise
determining an amino acid sequence of the at least one labeled polypeptide based on the
luminescence detected. In some embodiments, the methods further comprise identifying a
protein of interest in the mixed sample if the amino acid sequence is uniquely identifiable to the
protein of interest.

[0037] Accordingly, in some embodiments, a polypeptide molecule or protein of interest to be
analyzed in accordance with the application can be of a mixed or purified sample. In some
embodiments, the polypeptide molecule or protein of interest is obtained from a biological
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sample (e.g., blood, tissue, saliva, urine, or other biological source). In some embodiments, the
polypeptide molecule or protein of interest is obtained from a patient sample (e.g., a human
sample).

[0038] In some aspects, the application provides systems comprising at least one hardware
processor, and at least one non-transitory computer-readable storage medium storing processor-
executable instructions that, when executed by the at least one hardware processor, cause the at
least one hardware processor to perform a method in accordance with the application. In some
aspects, the application provides at least one non-transitory computer-readable storage medium
storing processor-executable instructions that, when executed by at least one hardware processor,
cause the at least one hardware processor to perform a method in accordance with the
application.

[0039] The details of certain embodiments of the invention are set forth in the Detailed
Description of Certain Embodiments, as described below. Other features, objects, and

advantages of the invention will be apparent from the Examples, Figures, and Claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0040] The accompanying drawings, which constitute a part of this specification, illustrate
several embodiments of the invention and together with the description, serve to explain the
principles of the invention.
[0041] FIGs. 1A-1B show an example of polypeptide sequencing by detection (FIG. 1A) and
analysis (FIG. 1B) of single molecule binding interactions.
[0042] FIG. 2 depicts example configurations of labeled recognition molecules, including
labeled enzymes and labeled aptamers which selectively bind one or more types of terminal
amino acids.
[0043] FIGs. 3A-3E show non-limiting examples of amino acid recognition molecules labeled
through a shielding element. FIG. 3A illustrates single-molecule peptide sequencing with a
recognition molecule labeled through a conventional covalent linkage. FIG. 3B illustrates
single-molecule peptide sequencing with a recognition molecule comprising a shielding element.
FIGs. 3C-3E illustrate various examples of shielding elements in accordance with the
application.
[0044] FIG. 4 generically depicts a degradation-based process of polypeptide sequencing using
labeled recognition molecules.
[0045] FIGs. 5-7 show examples of polypeptide sequencing in real-time by evaluating binding
interactions of terminal and/or internal amino acids with labeled recognition molecules and a

labeled cleaving reagent. FIG. 5 shows an example of real-time sequencing by detecting a series
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of pulses in a signal output. FIG. 6 schematically depicts a temperature-dependent sequencing
process. FIG. 7 shows an example of polypeptide sequencing in real-time by evaluating binding
interactions of terminal and internal amino acids with labeled recognition molecules and a
labeled non-specific exopeptidase.

[0046] FIGs. 8-10 show various examples of preparing samples and sample well surfaces for
analysis of polypeptides and proteins in accordance with the application. FIG. 8 generically
depicts an example process of preparing terminally modified polypeptides from a protein sample.
FIG. 9 generically depicts an example process of conjugating a solubilizing linker to a
polypeptide. FIG. 10 shows an example schematic of a sample well having modified surfaces
which may be used to promote single molecule immobilization to a bottom surface.

[0047] FIG. 11 is a diagram of an illustrative sequence data processing pipeline for analyzing
data obtained during a polypeptide degradation process, in accordance with some embodiments
of the technology described herein.

[0048] FIG. 12 is a flow chart of an illustrative process for determining an amino acid sequence
of a polypeptide molecule, in accordance with some embodiments of the technology described
herein.

[0049] FIG. 13 is a flow chart of an illustrative process for determining an amino acid sequence
representative of a polypeptide, in accordance with some embodiments of the technology
described herein.

[0050] FIG. 14 is a block diagram of an illustrative computer system that may be used in
implementing some embodiments of the technology described herein.

[0051] FIGs. 15A-15C show experimental data for select peptide-linker conjugates prepared and
evaluated for enhanced solubility provided by different solubilizing linkers. FIG. 15A shows
example structures of peptide-linker conjugates that were synthesized and evaluated. FIG. 15B
shows results from LCMS which demonstrate peptide cleavage at the N-terminus. FIG. 15C
shows results from a loading experiment.

[0052] FIG. 16 shows a summary of amino acid cleavage activities for select exopeptidases
based on experimental results.

[0053] FIGs. 17A-17C show experimental data for a dye/peptide conjugate assay for detecting
and cleaving terminal amino acids. FIG. 17A shows example schemes and structures used for
performing a dye/peptide conjugate assay. FIG. 17B shows imaging results for peptide-linker
conjugate loading into sample wells in an on-chip assay. FIG. 17C shows example signal traces
which detected peptide-conjugate loading and terminal amino acid cleavage.

[0054] FIGs. 18A-18F show experimental data for a FRET dye/peptide conjugate assay for

detecting and cleaving terminal amino acids. FIG. 18A shows example schemes and structures
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used for performing a FRET dye/peptide conjugate assay. FIG. 18B shows FRET imaging

results for different time points. FIG. 18C shows cutting efficiency at the different time points.
FIG. 18D shows cutting displayed at each of the different time points. FIG. 18E shows
additional FRET imaging results for different time points with a proline iminopeptidase from
Yersinia pestis (yPIP). FIG. 18F shows FRET imaging results for different time points with an
aminopeptidase from Vibrio proteolyticus (VPr).
[0055] FIGs. 19A-19M show experimental data for terminal amino acid discrimination by a
labeled recognition molecule. FIG. 19A shows a crystal structure of a ClpS2 protein that was
labeled for these experiments. FIG. 19B shows single molecule intensity traces which illustrate
N-terminal amino acid discrimination by the labeled ClpS2 protein. FIG. 19C is a plot showing
mean pulse duration for different terminal amino acids. FIG. 19D is a plot showing mean
interpulse duration for different terminal amino acids. FIG. 19E shows plots further illustrating
discriminant pulse durations among the different terminal amino acids. FIGs. 19F, 19G, and
19H show example results from dwell time analysis demonstrating leucine recognition by a ClpS
protein from Thermosynochoccus elongatus (teClpS). FIG. 191 shows example results from
dwell time analysis demonstrating differentiable recognition of phenylalanine, leucine,
tryptophan, and tyrosine by A. tumefaciens ClpS1. FIG. 19J shows example results from dwell
time analysis demonstrating leucine recognition by S. elongatus ClpS2. FIGs. 19K-19L show
example results from dwell time analysis demonstrating proline recognition by GID4. FIG. 19M
shows exemplary binding curves for atClpS2-V1 with peptides having different N-terminal
amino acids.
[0056] FIGs. 20A-20D show example results from polypeptide sequencing reactions conducted
in real-time using a labeled ClpS2 recognition protein and an aminopeptidase cleaving reagent in
the same reaction mixture. FIG. 20A shows signal trace data for a first sequencing reaction.
FIG. 20B shows pulse duration statistics for the signal trace data shown in FIG. 20A. FIG. 20C
shows signal trace data for a second sequencing reaction. FIG. 20D shows pulse duration
statistics for the signal trace data shown in FIG. 20C.
[0057] FIGs. 21A-21F show experimental data for terminal amino acid identification and
cleavage by a labeled exopeptidase. FIG. 21A shows a crystal structure of a proline
iminopeptidase (yPIP) that was site-specifically labeled for these experiments. FIG. 21B shows
the degree of labeling for the purified protein product. FIG. 21C is an image of SDS page
confirming site-specific labeling of yPIP. FIG. 21D is an overexposed image of the SDS page
gel confirming site-specific labeling. FIG. 21E is an image of a Coomassie stained gel
confirming purity of labeled protein product. FIG. 21F is an HPLC trace demonstrating cleavage
activity of the labeled exopeptidase.
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[0058] FIGs. 22A-22F show data from experiments evaluating recognition of amino acids
containing specific post-translational modifications. FIG. 22A shows representative traces which
demonstrated phospho-tyrosine recognition by an SH2 domain-containing protein; FIG. 22B
shows pulse duration data corresponding to the traces of FIG. 22A; and FIG. 22C shows
statistics determined for the traces. FIGs. 22D-22F show representative traces from negative
control experiments.

[0059] FIG. 23 is a plot showing median pulse duration from experiments evaluating the effects
of penultimate amino acids on pulse duration.

[0060] FIGs. 24A-24C show data from experiments evaluating simultaneous amino acid
recognition by differentially labeled recognition molecules. FIG. 24A shows a representative
trace. FIG. 24B is a plot comparing pulse duration data obtained during these experiments for
each recognition molecule. FIG. 24C shows pulse duration statistics for these experiments.
[0061] FIGs. 25A-25C show data from experiments evaluating the photostability of peptides
during single-molecule recognition. FIG. 25A shows a representative trace from recognition
using atClpS2-V1 labeled with a dye ~2 nm from the amino acid binding site. FIG. 25B shows a
visualization of the structure of the ClpS2 protein used in these experiments. FIG. 25C shows a
representative trace from recognition using ClpS2 labeled with a dye >10 nm from the amino
acid binding site through a DNA/protein linker.

[0062] FIGs. 26A-26D show representative traces from polypeptide sequencing reactions
conducted in real-time on a complementary metal-oxide—semiconductor (CMOS) chip using a
ClpS2 recognition protein labeled through a DNA/streptavidin linker in the presence of an
aminopeptidase cleaving reagent.

[0063] FIG. 27 shows representative traces from polypeptide sequencing reactions conducted in
real-time using atClpS2-V1 recognition protein labeled through a DNA/streptavidin linker in the
presence of Pyrococcus horikoshii TET aminopeptidase cleaving reagent.

[0064] FIGs. 28A-28] show representative trace data from polypeptide sequencing reactions
conducted in real-time using multiple types of exopeptidases with differential cleavage
specificities. FIG. 28A shows a representative trace from a reaction performed with hTET
exopeptidase, with expanded pulse pattern regions shown in FIG. 28B. FIG. 28C shows a
representative trace from a reaction performed with both hTET and yPIP exopeptidases, with
expanded pulse pattern regions shown in FIG. 28D, and additional representative traces shown in
FIG. 28E. FIG. 28F shows a representative trace from a further reaction performed with both
hTET and yPIP exopeptidases, with expanded pulse pattern regions shown in FIG. 28G, and

additional representative traces shown in FIG. 28H. FIG. 281 shows a representative trace from a
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reaction performed with both PfuTET and yPIP exopeptidases, with expanded pulse pattern

regions shown in FIG. 28J.

[0065] FIGs. 29A-29G show data from experiments evaluating a newly identified ClpS
homolog. FIG. 29A shows SDS-PAGE gel imaging of purified ClpS proteins. FIG. 29B shows
results from biolayer interferometry screening of ClpS homologs. FIG. 29C shows select results
from the screening. FIG. 29D shows response curves for a ClpS protein (PS372) with LA, IA,
and VA peptides. FIG. 29E shows polarization response for PS372 and four other homologs,
along with no-protein control. FIG. 29F shows biolayer interferometry response curves for
PS372 with 1A, IR, IQ, VA, and VR peptides. FIG. 29G shows pulse width histograms and
representative traces for PS372 with IR peptide (top panels) and LF peptide (bottom panels).
[0066] FIGs. 30A-30E show data from experiments evaluating terminal amino acid
discrimination by a newly identified ClpS homolog. FIG. 30A shows in vivo biotinylation of
PS372 by SDS-PAGE. FIG. 30B shows a purification profile for PS372 conjugated to SV-Dye.
FIG. 30C shows SDS-PAGE after purification of SV-Dye conjugated PS372. FIG. 30D shows
representative traces showing transition from I to L (a) and L to I (b). FIG. 30E shows example
data from a real-time dynamic peptide sequencing assay with dye-labeled PS327.

[0067] FIGs. 31A-31F show data for the engineering of a methionine-binding ClpS protein.
FIG. 31A shows results from selections performed via fluorescence-activated cell sorting
(FACS). FIG. 31B shows an example response curve for methionine-binding ClpS proteins with
a peptide having N-terminal LA. FIG. 31C shows an example response curve for methionine-
binding ClpS proteins with a peptide having N-terminal MA. FIG. 31D shows an example
response curve for methionine-binding ClpS proteins with a peptide having N-terminal MR.
FIG. 31E shows an example response curve for methionine-binding ClpS proteins with a peptide
having N-terminal FA. FIG. 31F shows an example response curve for methionine-binding ClpS
proteins with a peptide having N-terminal MQ.

[0068] FIGs. 32A-321 show data from experiments evaluating UBR-box domain homologs.
FIGs. 32A-32B show example binding curves for UBR-box homologs PS535 (FIG. 32A) and
PS522 (FIG. 32B) binding with 14 polypeptides containing N-terminal R followed by different
amino acids in the penultimate position. FIG. 32C is a heatmap showing results measured for 24
UBR-box homologs binding N-terminal R peptides. FIG. 32D is a heatmap showing results
measured for an expanded set of UBR-box homologs binding with polypeptides containing R, K,
or H at the N-terminal position. FIG. 32E is a heatmap showing results measured for an
expanded set of UBR-box homologs binding with 14 polypeptides containing N-terminal R
followed by different amino acids in the penultimate position. FIG. 32F shows results from

single point fluorescence polarization assays. FIG. 32G shows analysis of polarization results
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for binding affinity determination. FIG. 32H shows a representative trace for PS621 in a
recognition assay. FIG. 321 shows example sequencing traces from a 3-binder dynamic
sequencing reaction.

[0069] FIGs. 33A-33F show data from experiments evaluating PS372-homologous proteins.
FIGs. 33A-33E show example binding curves for PS372 (FIG. 33A) and homologs PS545 (FIG.
33B), PS551 (FIG. 33C), PS557 (FIG. 33D), and PS558 (FIG. 33E) binding with 4 polypeptides
containing different N-terminal amino acids (I, V, L, F). FIG. 33F is a heatmap showing results
measured for 34 PS372 homologs.

[0070] FIGs. 34A-34D show data from experiments evaluating an engineered multivalent amino
acid binder (PS610) produced as a single polypeptide having tandem copies of atClpS2-V1.
FIG. 34A shows representative trace data for peptide-on-chip recognition assays. FIG. 34B is a
plot showing mean pulse rate as a function of binder concentration. FIG. 34C shows example
data from a real-time dynamic peptide sequencing assay with dye-labeled PS610 and PS327.
FIG. 34D shows representative trace data for binder-on-chip assays.

[0071] FIGs. 35A-35D show data from experiments evaluating tandem ClpS2-V1 constructs
containing different linkers. FIG. 35A shows example binding curves for the monovalent binder
atClpS2-V1. FIGs. 35B-35D show example binding curves for tandem constructs having two
copies of atClpS2-V1 separated by Linker 1 (FIG. 35B), Linker 2 (FIG. 35C), or Linker 3 (FIG.
35D).

[0072] FIGs. 36A-36H show data from experiments evaluating engineered multivalent amino
acid binders produced as a single polypeptide having tandem copies of the same or different
ClpS proteins. FIG. 36A shows example binding curves for the monovalent binder atClpS2-V1
(left plot) and the monovalent binder PS372 (right plot). FIG. 36B shows example binding
curves for a multivalent polypeptide having tandem copies of atClpS2-V1 and PS372. FIG. 36C
shows example binding curves for the monovalent binder PS372. FIG. 36D shows example
binding curves for a multivalent polypeptide having two tandem copies of PS372. FIG. 36E
shows example binding curves for the monovalent binder PS557. FIGs. 36F-36H show example
binding curves for tandem constructs having two copies of PS557 separated by Linker 1 (FIG.
36F), Linker 2 (FIG. 36G), or Linker 3 (FIG. 36H).

[0073] FIGs. 37A-37B show data from stopped-flow rapid kinetic analysis for kon rate constant
and kot rate determination for binders and fusion proteins derived by C-terminal addition of
protein shields. FIG. 37A shows a schematic illustrating assay design (top panel) and plots
showing experimental results and analysis (middle and bottom panels) for determining

association rate constant (kon). FIG. 37B shows a schematic illustrating assay design (top panel)
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and plots showing experimental results and analysis (bottom panel) for measuring dissociation

rates (Kofr).

DETAILED DESCRIPTION
[0074] Aspects of the application relate to methods of protein sequencing and identification,
methods of polypeptide sequencing and identification, methods of amino acid identification, and
compositions for performing such methods.
[0075] In some aspects, the application relates to the discovery of polypeptide sequencing
techniques which may be implemented using existing analytic instruments with few or no device
modifications. For example, previous polypeptide sequencing strategies have involved iterative
cycling of different reagent mixtures through a reaction vessel containing a polypeptide being
analyzed. Such strategies may require modification of an existing analytic instrument, such as a
nucleic acid sequencing instrument, which may not be equipped with a flow cell or similar
apparatus capable of reagent cycling. The inventors have recognized and appreciated that certain
polypeptide sequencing techniques of the application do not require iterative reagent cycling,
thereby permitting the use of existing instruments without significant modifications which might
increase instrument size. Accordingly, in some aspects, the application provides methods of
polypeptide sequencing that permit the use of smaller sequencing instruments. In some aspects,
the application relates to the discovery of polypeptide sequencing techniques that allow both
genomic and proteomic analyses to be performed using the same sequencing instrument.
[0076] The inventors have further recognized and appreciated that differential binding
interactions can provide an additional or alternative approach to conventional labeling strategies
in polypeptide sequencing. Conventional polypeptide sequencing can involve labeling each type
of amino acid with a uniquely identifiable label. This process can be laborious and prone to
error, as there are at least twenty different types of naturally occurring amino acids in addition to
numerous post-translational variations thereof. In some aspects, the application relates to the
discovery of techniques involving the use of amino acid recognition molecules which
differentially associate with different types of amino acids to produce detectable characteristic
signatures indicative of an amino acid sequence of a polypeptide. Accordingly, aspects of the
application provide techniques that do not require polypeptide labeling and/or harsh chemical
reagents used in certain conventional polypeptide sequencing approaches, thereby increasing
throughput and/or accuracy of sequence information obtained from a sample.
[0077] In some aspects, the application relates to the discovery that a polypeptide sequencing
reaction can be monitored in real-time using only a single reaction mixture (e.g., without

requiring iterative reagent cycling through a reaction vessel). As detailed above, conventional
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polypeptide sequencing reactions can involve exposing a polypeptide to different reagent
mixtures to cycle between steps of amino acid detection and amino acid cleavage. Accordingly,
in some aspects, the application relates to an advancement in next generation sequencing that
allows for the analysis of polypeptides by amino acid detection throughout an ongoing
degradation reaction in real-time. Approaches for such polypeptide analysis by dynamic
sequencing are described below.

[0078] As described herein, in some aspects, the application provides methods of sequencing a
polypeptide by obtaining data during a polypeptide degradation process, and analyzing the data
to determine portions of the data corresponding to amino acids that are sequentially exposed at a
terminus of the polypeptide during the degradation process. In some embodiments, the portions
of the data comprise a series of signal pulses indicative of association of one or more amino acid
recognition molecules with successive amino acids exposed at the terminus of the polypeptide
(e.g., during a degradation). In some embodiments, the series of signal pulses corresponds to a
series of reversible single molecule binding interactions at the terminus of the polypeptide during
the degradation process.

[0079] A non-limiting example of polypeptide sequencing by detecting single molecule binding
interactions during a polypeptide degradation process is schematically illustrated in FIG. 1A. An
example signal trace (I) is shown with a series of panels (II) that depict different association
events at times corresponding to changes in the signal. As shown, an association event between
an amino acid recognition molecule (stippled shape) and an amino acid at the terminus of a
polypeptide (shown as beads-on-a-string) produces a change in magnitude of the signal that
persists for a duration of time.

[0080] Panels (A) and (B) depict different association events between an amino acid recognition
molecule and a first amino acid exposed at the terminus of the polypeptide (e.g., a first terminal
amino acid). Each association event produces a change in the signal trace (I) characterized by a
change in magnitude of the signal that persists for the duration of the association event.
Accordingly, the time duration between the association events of panels (A) and (B) may
correspond to a duration of time within which the polypeptide is not detectably associated with
an amino acid recognition molecule.

[0081] Panels (C) and (D) depict different association events between an amino acid recognition
molecule and a second amino acid exposed at the terminus of the polypeptide (e.g., a second
terminal amino acid). As described herein, an amino acid that is “exposed” at the terminus of a
polypeptide is an amino acid that is still attached to the polypeptide and that becomes the
terminal amino acid upon removal of the prior terminal amino acid during degradation (e.g.,

either alone or along with one or more additional amino acids). Accordingly, the first and
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second amino acids of the series of panels (II) provide an illustrative example of successive
amino acids exposed at the terminus of the polypeptide, where the second amino acid became the
terminal amino acid upon removal of the first amino acid.

[0082] As generically depicted, the association events of panels (C) and (D) produce changes in
the signal trace (I) characterized by changes in magnitude that persist for time durations that are
relatively shorter than that of panels (A) and (B), and the time duration between the association
events of panels (C) and (D) is relatively shorter than that of panels (A) and (B). As described
herein, in some embodiments, either one or both of these distinctive changes in signal may be
used to determine characteristic patterns in the signal trace (I) which can discriminate between
different types of amino acids. In some embodiments, a transition from one characteristic pattern
to another is indicative of amino acid cleavage. As used herein, in some embodiments, amino
acid cleavage refers to the removal of at least one amino acid from a terminus of a polypeptide
(e.g., the removal of at least one terminal amino acid from the polypeptide). In some
embodiments, amino acid cleavage is determined by inference based on a time duration between
characteristic patterns. In some embodiments, amino acid cleavage is determined by detecting a
change in signal produced by association of a labeled cleaving reagent with an amino acid at the
terminus of the polypeptide. As amino acids are sequentially cleaved from the terminus of the
polypeptide during degradation, a series of changes in magnitude, or a series of signal pulses, is
detected. In some embodiments, signal pulse data can be analyzed as illustrated in FIG. 1B.
[0083] In some embodiments, signal data can be analyzed to extract signal pulse information by
applying threshold levels to one or more parameters of the signal data. For example, panel (III)
depicts a threshold magnitude level (“ML”) applied to the signal data of the example signal trace
(D). In some embodiments, My is a minimum difference between a signal detected at a point in
time and a baseline determined for a given set of data. In some embodiments, a signal pulse
(“sp”) 1s assigned to each portion of the data that is indicative of a change in magnitude
exceeding My and persisting for a duration of time. In some embodiments, a threshold time
duration may be applied to a portion of the data that satisfies ML to determine whether a signal
pulse is assigned to that portion. For example, experimental artifacts may give rise to a change
in magnitude exceeding My that does not persist for a duration of time sufficient to assign a
signal pulse with a desired confidence (e.g., transient association events which could be non-
discriminatory for amino acid type, non-specific detection events such as diffusion into an
observation region or reagent sticking within an observation region). Accordingly, in some
embodiments, a signal pulse is extracted from signal data based on a threshold magnitude level

and a threshold time duration.
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[0084] Extracted signal pulse information is shown in panel (III) with the example signal trace
() superimposed for illustrative purposes. In some embodiments, a peak in magnitude of a
signal pulse is determined by averaging the magnitude detected over a duration of time that
persists above ML. It should be appreciated that, in some embodiments, a *“signal pulse” as used
herein can refer to a change in signal data that persists for a duration of time above a baseline
(e.g., raw signal data, as illustrated by the example signal trace (I)), or to signal pulse
information extracted therefrom (e.g., processed signal data, as illustrated in panel (IV)).

[0085] Panel (IV) shows the signal pulse information extracted from the example signal trace (I).
In some embodiments, signal pulse information can be analyzed to identify different types of
amino acids in a sequence based on different characteristic patterns in a series of signal pulses.
For example, as shown in panel (IV), the signal pulse information is indicative of a first type of
amino acid based on a first characteristic pattern (“CP1”) and a second type of amino acid based
on a second characteristic pattern (“CP2”). By way of example, the two signal pulses detected at
earlier time points provide information indicative of the first amino acid at the terminus of the
polypeptide based on CP1, and the two signal pulses detected at later time points provide
information indicative of the second amino acid at the terminus of the polypeptide based on CP».
[0086] Also as shown in panel (IV), each signal pulse comprises a pulse duration (“pd”)
corresponding to an association event between the amino acid recognition molecule and the
amino acid of the characteristic pattern. In some embodiments, the pulse duration is
characteristic of a dissociation rate of binding. Also as shown, each signal pulse of a
characteristic pattern is separated from another signal pulse of the characteristic pattern by an
interpulse duration (“ipd”). In some embodiments, the interpulse duration is characteristic of an
association rate of binding. In some embodiments, a change in magnitude (“AM’) can be
determined for a signal pulse based on a difference between baseline and the peak of a signal
pulse. In some embodiments, a characteristic pattern is determined based on pulse duration. In
some embodiments, a characteristic pattern is determined based on pulse duration and interpulse
duration. In some embodiments, a characteristic pattern is determined based on any one or more
of pulse duration, interpulse duration, and change in magnitude.

[0087] Accordingly, as illustrated by FIGs. 1A-1B, in some embodiments, polypeptide
sequencing is performed by detecting a series of signal pulses indicative of association of one or
more amino acid recognition molecules with successive amino acids exposed at the terminus of a
polypeptide in an ongoing degradation reaction. The series of signal pulses can be analyzed to
determine characteristic patterns in the series of signal pulses, and the time course of

characteristic patterns can be used to determine an amino acid sequence of the polypeptide.
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[0088] In some embodiments, the series of signal pulses comprises a series of changes in
magnitude of an optical signal over time. In some embodiments, the series of changes in the
optical signal comprises a series of changes in luminescence produced during association events.
In some embodiments, luminescence is produced by a detectable label associated with one or
more reagents of a sequencing reaction. For example, in some embodiments, each of the one or
more amino acid recognition molecules comprises a luminescent label. In some embodiments, a
cleaving reagent comprises a luminescent label. Examples of luminescent labels and their use in
accordance with the application are provided elsewhere herein.

[0089] In some embodiments, the series of signal pulses comprises a series of changes in
magnitude of an electrical signal over time. In some embodiments, the series of changes in the
electrical signal comprises a series of changes in conductance produced during association
events. In some embodiments, conductivity is produced by a detectable label associated with
one or more reagents of a sequencing reaction. For example, in some embodiments, each of the
one or more amino acid recognition molecules comprises a conductivity label. Examples of
conductivity labels and their use in accordance with the application are provided elsewhere
herein. Methods for identifying single molecules using conductivity labels have been described
(see, e.g., U.S. Patent Publication No. 2017/0037462).

[0090] In some embodiments, the series of changes in conductance comprises a series of changes
in conductance through a nanopore. For example, methods of evaluating receptor-ligand
interactions using nanopores have been described (see, e.g., Thakur, A.K. & Movileanu, L.
(2019) Nature Biotechnology 37(1)). The inventors have recognized and appreciated that such
nanopores may be used to monitor polypeptide sequencing reactions in accordance with the
application. Accordingly, in some embodiments, the application provides methods of
polypeptide sequencing comprising contacting a single polypeptide molecule with one or more
amino acid recognition molecules, where the single polypeptide molecule is immobilized to a
nanopore. In some embodiments, the methods further comprise detecting a series of changes in
conductance through the nanopore indicative of association of the one or more terminal amino
acid recognition molecules with successive amino acids exposed at a terminus of the single
polypeptide while the single polypeptide is being degraded, thereby sequencing the single
polypeptide molecule.

[0091] In some aspects, the application provides methods of sequencing and/or identifying an
individual protein in a complex mixture of proteins by identifying one or more types of amino
acids of a polypeptide from the mixture. In some embodiments, one or more amino acids (e.g.,
terminal amino acids and/or internal amino acids) of the polypeptide are labeled (e.g., directly or
indirectly, for example using a binding agent such as an amino acid recognition molecule) and
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the relative positions of the labeled amino acids in the polypeptide are determined. In some
embodiments, the relative positions of amino acids in a polypeptide are determined using a series
of amino acid labeling and cleavage steps. However, in some embodiments, the relative position
of labeled amino acids in a polypeptide can be determined without removing amino acids from
the polypeptide but by translocating a labeled polypeptide through a pore (e.g., a protein
channel) and detecting a signal (e.g., a FRET signal) from the labeled amino acid(s) during
translocation through the pore in order to determine the relative position of the labeled amino
acids in the polypeptide molecule.

[0092] In some embodiments, the identity of a terminal amino acid (e.g., an N-terminal or a C-
terminal amino acid) is assessed after which the terminal amino acid is removed and the identity
of the next amino acid at the terminus is assessed, and this process is repeated until a plurality of
successive amino acids in the polypeptide are assessed. In some embodiments, assessing the
identity of an amino acid comprises determining the type of amino acid that is present. In some
embodiments, determining the type of amino acid comprises determining the actual amino acid
identity, for example by determining which of the naturally-occurring 20 amino acids is the
terminal amino acid is (e.g., using a binding agent that is specific for an individual terminal
amino acid). In some embodiments, the type of amino acid is selected from alanine, arginine,
asparagine, aspartic acid, cysteine, glutamine, glutamic acid, glycine, histidine, isoleucine,
leucine, lysine, methionine, phenylalanine, proline, selenocysteine, serine, threonine, tryptophan,
tyrosine, and valine.

[0093] However, in some embodiments assessing the identity of a terminal amino acid type can
comprise determining a subset of potential amino acids that can be present at the terminus of the
polypeptide. In some embodiments, this can be accomplished by determining that an amino acid
is not one or more specific amino acids (and therefore could be any of the other amino acids). In
some embodiments, this can be accomplished by determining which of a specified subset of
amino acids (e.g., based on size, charge, hydrophobicity, post-translational modification, binding
properties) could be at the terminus of the polypeptide (e.g., using a binding agent that binds to a
specified subset of two or more terminal amino acids).

[0094] In some embodiments, assessing the identity of a terminal amino acid type comprises
determining that an amino acid comprises a post-translational modification. Non-limiting
examples of post-translational modifications include acetylation, ADP-ribosylation, caspase
cleavage, citrullination, formylation, N-linked glycosylation, O-linked glycosylation,
hydroxylation, methylation, myristoylation, neddylation, nitration, oxidation, palmitoylation,

phosphorylation, prenylation, S-nitrosylation, sulfation, sumoylation, and ubiquitination.
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[0095] In some embodiments, assessing the identity of a terminal amino acid type comprises
determining that an amino acid comprises a side chain characterized by one or more biochemical
properties. For example, an amino acid may comprise a nonpolar aliphatic side chain, a
positively charged side chain, a negatively charged side chain, a nonpolar aromatic side chain, or
a polar uncharged side chain. Non-limiting examples of an amino acid comprising a nonpolar
aliphatic side chain include alanine, glycine, valine, leucine, methionine, and isoleucine. Non-
limiting examples of an amino acid comprising a positively charged side chain includes lysine,
arginine, and histidine. Non-limiting examples of an amino acid comprising a negatively
charged side chain include aspartate and glutamate. Non-limiting examples of an amino acid
comprising a nonpolar, aromatic side chain include phenylalanine, tyrosine, and tryptophan.
Non-limiting examples of an amino acid comprising a polar uncharged side chain include serine,
threonine, cysteine, proline, asparagine, and glutamine.

[0096] In some embodiments, a protein or polypeptide can be digested into a plurality of smaller
polypeptides and sequence information can be obtained from one or more of these smaller
polypeptides (e.g., using a method that involves sequentially assessing a terminal amino acid of a
polypeptide and removing that amino acid to expose the next amino acid at the terminus).

[0097] In some embodiments, a polypeptide is sequenced from its amino (N) terminus. In some
embodiments, a polypeptide is sequenced from its carboxy (C) terminus. In some embodiments,
a first terminus (e.g., N or C terminus) of a polypeptide is immobilized and the other terminus
(e.g., the C or N terminus) is sequenced as described herein.

[0098] As used herein, sequencing a polypeptide refers to determining sequence information for
a polypeptide. In some embodiments, this can involve determining the identity of each
sequential amino acid for a portion (or all) of the polypeptide. However, in some embodiments,
this can involve assessing the identity of a subset of amino acids within the polypeptide (e.g., and
determining the relative position of one or more amino acid types without determining the
identity of each amino acid in the polypeptide). However, in some embodiments, amino acid
content information can be obtained from a polypeptide without directly determining the relative
position of different types of amino acids in the polypeptide. The amino acid content alone may
be used to infer the identity of the polypeptide that is present (e.g., by comparing the amino acid
content to a database of polypeptide information and determining which polypeptide(s) have the
same amino acid content).

[0099] In some embodiments, sequence information for a plurality of polypeptide products
obtained from a longer polypeptide or protein (e.g., via enzymatic and/or chemical cleavage) can

be analyzed to reconstruct or infer the sequence of the longer polypeptide or protein.
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[0100] Accordingly, in some embodiments, the one or more types of amino acids are identified
by detecting luminescence of one or more labeled recognition molecules that selectively bind the
one or more types of amino acids. In some embodiments, the one or more types of amino acids
are identified by detecting luminescence of a labeled polypeptide.

[0101] The inventors have further recognized and appreciated that the polypeptide sequencing
techniques described herein may involve generating novel polypeptide sequencing data,
particularly in contrast with conventional polypeptide sequencing techniques. Thus,
conventional techniques for analyzing polypeptide sequencing data may not be sufficient when
applied to the data generated using the polypeptide sequencing techniques described herein.
[0102] For example, conventional polypeptide sequencing techniques that involve iterative
reagent cycling may generate data associated with individual amino acids of a polypeptide being
sequenced. In such instances, analyzing the data generated may simply involve determining
which amino acid is being detected at a particular time because the data being detected
corresponds to only one amino acid. In contrast, the polypeptide sequencing techniques
described herein may generate data during a polypeptide degradation process while multiple
amino acids of the polypeptide molecule are being detected, resulting in data where it may be
difficult to discern between sections of the data corresponding to different amino acids of the
polypeptide. Accordingly, the inventors have developed new computational techniques for
analyzing such data generated by the polypeptide sequencing techniques described herein that
involve determining sections of the data that correspond to individual amino acids, such as by
segmenting the data into portions that correspond to respective amino acid association events.
Those sections may be then further analyzed to identify the amino acid being detected during
those individual sections.

[0103] As another example, conventional sequencing techniques that involve using uniquely
identifiable labels for each type of amino acid may involve simply analyzing which label is being
detected at a particular time without taking into consideration any dynamics in how individual
amino acids interact with other molecules. In contrast, the polypeptide sequencing techniques
described herein generate data indicating how amino acids interact with recognition molecules.
As discussed above, the data may include a series of characteristic patterns corresponding to
association events between amino acids and their respective recognition molecules.
Accordingly, the inventors have developed new computational techniques for analyzing the
characteristic patterns to determine a type of amino acid corresponding to that portion of the
data, allowing for an amino acid sequence of a polypeptide to be determined by analyzing a

series of different characteristic patterns.
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[0104] In some aspects, the polypeptide sequencing techniques described herein generate data
indicating how a polypeptide interacts with a binding means while the polypeptide is being
degraded by a cleaving means. As discussed above, the data can include a series of characteristic
patterns corresponding to association events at a terminus of a polypeptide in between cleavage
events at the terminus. In some embodiments, methods of sequencing described herein comprise
contacting a single polypeptide molecule with a binding means and a cleaving means, where the
binding means and the cleaving means are configured to achieve at least 10 association events
prior to a cleavage event. In some embodiments, the means are configured to achieve the at least
10 association events between two cleavage events.

[0105] As described herein, in some embodiments, a plurality of single-molecule sequencing
reactions are performed in parallel in an array of sample wells. In some embodiments, an array
comprises between about 10,000 and about 1,000,000 sample wells. The volume of a sample
well may be between about 107! liters and about 107! liters, in some implementations. Because
the sample well has a small volume, detection of single-molecule events may be possible as only
about one polypeptide may be within a sample well at any given time. Statistically, some sample
wells may not contain a single-molecule sequencing reaction and some may contain more than
one single polypeptide molecule. However, an appreciable number of sample wells may each
contain a single-molecule reaction (e.g., at least 30% in some embodiments), so that single-
molecule analysis can be carried out in parallel for a large number of sample wells. In some
embodiments, the binding means and the cleaving means are configured to achieve at least 10
association events prior to a cleavage event in at least 10% (e.g., 10-50%, more than 50%, 25-
75%, at least 80%, or more) of the sample wells in which a single-molecule reaction is occurring.
In some embodiments, the binding means and the cleaving means are configured to achieve at
least 10 association events prior to a cleavage event for at least 50% (e.g., more than 50%, 50-

75%, at least 80%, or more) of the amino acids of a polypeptide in a single-molecule reaction.

Amino Acid Recognition Molecules

[0106] In some embodiments, methods provided herein comprise contacting a polypeptide with
an amino acid recognition molecule, which may or may not comprise a label, that selectively
binds at least one type of terminal amino acid. As used herein, in some embodiments, a terminal
amino acid may refer to an amino-terminal amino acid of a polypeptide or a carboxy-terminal
amino acid of a polypeptide. In some embodiments, a labeled recognition molecule selectively
binds one type of terminal amino acid over other types of terminal amino acids. In some
embodiments, a labeled recognition molecule selectively binds one type of terminal amino acid

over an internal amino acid of the same type. In yet other embodiments, a labeled recognition
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molecule selectively binds one type of amino acid at any position of a polypeptide, e.g., the same
type of amino acid as a terminal amino acid and an internal amino acid.

[0107] As used herein, in some embodiments, a type of amino acid refers to one of the twenty
naturally occurring amino acids or a subset of types thereof. In some embodiments, a type of
amino acid refers to a modified variant of one of the twenty naturally occurring amino acids or a
subset of unmodified and/or modified variants thereof. Examples of modified amino acid
variants include, without limitation, post-translationally-modified variants (e.g., acetylation,
ADP-ribosylation, caspase cleavage, citrullination, formylation, N-linked glycosylation, O-
linked glycosylation, hydroxylation, methylation, myristoylation, neddylation, nitration,
oxidation, palmitoylation, phosphorylation, prenylation, S-nitrosylation, sulfation, sumoylation,
and ubiquitination), chemically modified variants, unnatural amino acids, and proteinogenic
amino acids such as selenocysteine and pyrrolysine. In some embodiments, a subset of types of
amino acids includes more than one and fewer than twenty amino acids having one or more
similar biochemical properties. For example, in some embodiments, a type of amino acid refers
to one type selected from amino acids with charged side chains (e.g., positively and/or negatively
charged side chains), amino acids with polar side chains (e.g., polar uncharged side chains),
amino acids with nonpolar side chains (e.g., nonpolar aliphatic and/or aromatic side chains), and
amino acids with hydrophobic side chains.

[0108] In some embodiments, methods provided herein comprise contacting a polypeptide with
one or more labeled recognition molecules that selectively bind one or more types of terminal
amino acids. As an illustrative and non-limiting example, where four labeled recognition
molecules are used in a method of the application, any one recognition molecule selectively
binds one type of terminal amino acid that is different from another type of amino acid to which
any of the other three selectively binds (e.g., a first recognition molecule binds a first type, a
second recognition molecule binds a second type, a third recognition molecule binds a third type,
and a fourth recognition molecule binds a fourth type of terminal amino acid). For the purposes
of this discussion, one or more labeled recognition molecules in the context of a method
described herein may be alternatively referred to as a set of labeled recognition molecules.
[0109] In some embodiments, a set of labeled recognition molecules comprises at least one and
up to six labeled recognition molecules. For example, in some embodiments, a set of labeled
recognition molecules comprises one, two, three, four, five, or six labeled recognition molecules.
In some embodiments, a set of labeled recognition molecules comprises ten or fewer labeled
recognition molecules. In some embodiments, a set of labeled recognition molecules comprises
eight or fewer labeled recognition molecules. In some embodiments, a set of labeled recognition
molecules comprises six or fewer labeled recognition molecules. In some embodiments, a set of
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labeled recognition molecules comprises four or fewer labeled recognition molecules. In some
embodiments, a set of labeled recognition molecules comprises three or fewer labeled
recognition molecules. In some embodiments, a set of labeled recognition molecules comprises
two or fewer labeled recognition molecules. In some embodiments, a set of labeled recognition
molecules comprises four labeled recognition molecules. In some embodiments, a set of labeled
recognition molecules comprises at least two and up to twenty (e.g., at least two and up to ten, at
least two and up to eight, at least four and up to twenty, at least four and up to ten) labeled
recognition molecules. In some embodiments, a set of labeled recognition molecules comprises
more than twenty (e.g., 20 to 25, 20 to 30) recognition molecules. It should be appreciated,
however, that any number of recognition molecules may be used in accordance with a method of
the application to accommodate a desired use.

[0110] In accordance with the application, in some embodiments, one or more types of amino
acids are identified by detecting luminescence of a labeled recognition molecule. In some
embodiments, a labeled recognition molecule comprises a recognition molecule that selectively
binds one type of amino acid and a luminescent label having a luminescence that is associated
with the recognition molecule. In this way, the luminescence (e.g., luminescence lifetime,
luminescence intensity, and other luminescence properties described elsewhere herein) may be
associated with the selective binding of the recognition molecule to identify an amino acid of a
polypeptide. In some embodiments, a plurality of types of labeled recognition molecules may be
used in a method according to the application, wherein each type comprises a luminescent label
having a luminescence that is uniquely identifiable from among the plurality. Suitable
luminescent labels may include luminescent molecules, such as fluorophore dyes, and are
described elsewhere herein.

[0111] In some embodiments, one or more types of amino acids are identified by detecting one
or more electrical characteristics of a labeled recognition molecule. In some embodiments, a
labeled recognition molecule comprises a recognition molecule that selectively binds one type of
amino acid and a conductivity label that is associated with the recognition molecule. In this way,
the one or more electrical characteristics (e.g., charge, current oscillation color, and other
electrical characteristics) may be associated with the selective binding of the recognition
molecule to identify an amino acid of a polypeptide. In some embodiments, a plurality of types
of labeled recognition molecules may be used in a method according to the application, wherein
each type comprises a conductivity label that produces a change in an electrical signal (e.g., a
change in conductance, such as a change in amplitude of conductivity and conductivity
transitions of a characteristic pattern) that is uniquely identifiable from among the plurality. In

some embodiments, the plurality of types of labeled recognition molecules each comprises a
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conductivity label having a different number of charged groups (e.g., a different number of
negatively and/or positively charged groups). Accordingly, in some embodiments, a
conductivity label is a charge label. Examples of charge labels include dendrimers,
nanoparticles, nucleic acids and other polymers having multiple charged groups. In some
embodiments, a conductivity label is uniquely identifiable by its net charge (e.g., a net positive
charge or a net negative charge), by its charge density, and/or by its number of charged groups.
[0112] In some embodiments, an amino acid recognition molecule may be engineered by one
skilled in the art using conventionally known techniques. In some embodiments, desirable
properties may include an ability to bind selectively and with high affinity to one type of amino
acid only when it is located at a terminus (e.g., an N-terminus or a C-terminus) of a polypeptide.
In yet other embodiments, desirable properties may include an ability to bind selectively and
with high affinity to one type of amino acid when it is located at a terminus (e.g., an N-terminus
or a C-terminus) of a polypeptide and when it is located at an internal position of the
polypeptide. In some embodiments, desirable properties include an ability to bind selectively
and with low affinity (e.g., with a Kp of about 50 nM or higher, for example, between about 50
nM and about 50 uM, between about 100 nM and about 10 uM, between about 500 nM and
about 50 uM) to more than one type of amino acid. For example, in some aspects, the
application provides methods of sequencing by detecting reversible binding interactions during a
polypeptide degradation process. Advantageously, such methods may be performed using a
recognition molecule that reversibly binds with low affinity to more than one type of amino acid
(e.g., a subset of amino acid types).

[0113] As used herein, in some embodiments, the terms “selective” and “specific” (and
variations thereof, e.g., selectively, specifically, selectivity, specificity) refer to a preferential
binding interaction. For example, in some embodiments, an amino acid recognition molecule
that selectively binds one type of amino acid preferentially binds the one type over another type
of amino acid. A selective binding interaction will discriminate between one type of amino acid
(e.g., one type of terminal amino acid) and other types of amino acids (e.g., other types of
terminal amino acids), typically more than about 10- to 100-fold or more (e.g., more than about
1,000- or 10,000-fold). Accordingly, it should be appreciated that a selective binding interaction
can refer to any binding interaction that is uniquely identifiable to one type of amino acid over
other types of amino acids. For example, in some aspects, the application provides methods of
polypeptide sequencing by obtaining data indicative of association of one or more amino acid
recognition molecules with a polypeptide molecule. In some embodiments, the data comprises a
series of signal pulses corresponding to a series of reversible amino acid recognition molecule

binding interactions with an amino acid of the polypeptide molecule, and the data may be used to
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determine the identity of the amino acid. As such, in some embodiments, a “selective” or
“specific” binding interaction refers to a detected binding interaction that discriminates between
one type of amino acid and other types of amino acids.

[0114] In some embodiments, an amino acid recognition molecule binds one type of amino acid
with a dissociation constant (Kp) of less than about 10° M (e.g., less than about 10”7 M, less than
about 10® M, less than about 10 M, less than about 1071° M, less than about 10" M, less than
about 1012 M, to as low as 101 M) without significantly binding to other types of amino acids.
In some embodiments, an amino acid recognition molecule binds one type of amino acid (e.g.,
one type of terminal amino acid) with a Kp of less than about 100 nM, less than about 50 nM,
Iess than about 25 nM, less than about 10 nM, or less than about 1 nM. In some embodiments,
an amino acid recognition molecule binds one type of amino acid with a Kp of between about 50
nM and about 50 uM (e.g., between about 50 nM and about 500 nM, between about 50 nM and
about 5 uM, between about 500 nM and about 50 uM, between about 5 uM and about 50 uM, or
between about 10 uM and about 50 uM). In some embodiments, an amino acid recognition
molecule binds one type of amino acid with a Kp of about 50 nM.

[0115] In some embodiments, an amino acid recognition molecule binds two or more types of
amino acids with a Kp of less than about 10°M (e.g., less than about 107 M, less than about 107
M, less than about 10 M, less than about 107'° M, less than about 10! M, less than about 1072
M, to as low as 107! M). In some embodiments, an amino acid recognition molecule binds two
or more types of amino acids with a Kp of less than about 100 nM, less than about 50 nM, less
than about 25 nM, less than about 10 nM, or less than about 1 nM. In some embodiments, an
amino acid recognition molecule binds two or more types of amino acids with a Kp of between
about 50 nM and about 50 uM (e.g., between about 50 nM and about 500 nM, between about 50
nM and about 5 uM, between about 500 nM and about 50 uM, between about 5 uM and about 50
uM, or between about 10 uM and about 50 uM). In some embodiments, an amino acid
recognition molecule binds two or more types of amino acids with a Kp of about 50 nM.

[0116] In some embodiments, an amino acid recognition molecule binds at least one type of
amino acid with a dissociation rate (ko) of at least 0.1 s™. In some embodiments, the
dissociation rate is between about 0.1 s™ and about 1,000 s! (e.g., between about 0.5 shand
about 500 s, between about 0.1 s and about 100 s™, between about 1 s and about 100 s™', or
between about 0.5 s™' and about 50 s™). In some embodiments, the dissociation rate is between
about 0.5 s™' and about 20 s'. In some embodiments, the dissociation rate is between about 2 s
and about 20 s™'. In some embodiments, the dissociation rate is between about 0.5 s™' and about
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[0117] In some embodiments, the value for Kp or korr can be a known literature value, or the
value can be determined empirically. For example, the value for Kp or kot can be measured in a
single-molecule assay or an ensemble assay (see, e.g., Example 4 and FIG. 19M). In some
embodiments, the value for kor can be determined empirically based on signal pulse information
obtained in a single-molecule assay as described elsewhere herein. For example, the value for
kotr can be approximated by the reciprocal of the mean pulse duration. In some embodiments, an
amino acid recognition molecule binds two or more types of amino acids with a different Kp or
kott for each of the two or more types. In some embodiments, a first Kp or ko for a first type of
amino acid differs from a second Kp or kot for a second type of amino acid by at least 10% (e.g.,
at least 25%, at least 50%, at least 100%, or more). In some embodiments, the first and second
values for Kp or ko differ by about 10-25%, 25-50%, 50-75%, 75-100%, or more than 100%,
for example by about 2-fold, 3-fold, 4-fold, 5-fold, or more.

[0118] In accordance with the methods and compositions provided herein, FIG. 2 shows various
example configurations and uses of labeled recognition molecules. In some embodiments, a
labeled recognition molecule 200 comprises a luminescent label 210 (e.g., a label) and a
recognition molecule (shown as stippled shapes) that selectively binds one or more types of
terminal amino acids of a polypeptide 220. In some embodiments, a recognition molecule is
selective for one type of amino acid or a subset (e.g., fewer than the twenty common types of
amino acids) of types of amino acids at a terminal position or at both terminal and internal
positions.

[0119] As described herein, an amino acid recognition molecule may be any biomolecule
capable of selectively or specifically binding one molecule over another molecule (e.g., one type
of amino acid over another type of amino acid). In some embodiments, a recognition molecule is
not a peptidase or does not have peptidase activity. For example, in some embodiments,
methods of polypeptide sequencing of the application involve contacting a polypeptide molecule
with one or more recognition molecules and a cleaving reagent. In such embodiments, the one or
more recognition molecules do not have peptidase activity, and removal of one or more amino
acids from the polypeptide molecule (e.g., amino acid removal from a terminus of the
polypeptide molecule) is performed by the cleaving reagent.

[0120] Recognition molecules include, for example, proteins and nucleic acids, which may be
synthetic or recombinant. In some embodiments, a recognition molecule may be an antibody or
an antigen-binding portion of an antibody, an SH2 domain-containing protein or fragment
thereof, or an enzymatic biomolecule, such as a peptidase, an aminotransferase, a ribozyme, an
aptazyme, or a tRNA synthetase, including aminoacyl-tRNA synthetases and related molecules

described in U.S. Patent Application No. 15/255,433, filed September 2, 2016, titled
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“MOLECULES AND METHODS FOR ITERATIVE POLYPEPTIDE ANALYSIS AND

PROCESSING.”

[0121] In some aspects, the application relates to the discovery and development of amino acid
recognition molecules for use in accordance with methods described herein or known in the art.
In some embodiments, the application provides amino acid binding proteins (e.g., ClpS proteins)
having binding properties that were previously not known to exist among other homologous
members of a protein family. In some embodiments, the application provides engineered amino
acid binding proteins. For example, in some embodiments, the application provides fusion
constructs comprising a single polypeptide having tandem copies of two or more amino acid
binding proteins.

[0122] The inventors have recognized and appreciated that fusion constructs of the application
allow for an effective increase in recognition molecule concentration without increasing label
background noise (e.g., background fluorescence). The inventors have further recognized and
appreciated that fusion constructs of the application provide increased accuracy in sequencing
reactions and/or decrease the amount of time required to perform a sequencing reaction.
Additionally, by providing fusion constructs having tandem copies of two or more different
types of amino acid binding proteins, fewer reagents are required in reactions, which provides a
more efficient and inexpensive approach for sequencing.

[0123] In some embodiments, a recognition molecule of the application is a degradation pathway
protein. Examples of degradation pathway proteins suitable for use as recognition molecules
include, without limitation, N-end rule pathway proteins, such as Arg/N-end rule pathway
proteins, Ac/N-end rule pathway proteins, and Pro/N-end rule pathway proteins. In some
embodiments, a recognition molecule is an N-end rule pathway protein selected from a Gid
protein (e.g., Gid4 or Gid10 protein), a UBR-box protein (e.g., UBR1, UBR2) or UBR-box
domain-containing protein fragment thereof, a p62 protein or ZZ domain-containing fragment
thereof, and a ClpS protein (e.g., ClpS1, ClpS2). Accordingly, in some embodiments, labeled
recognition molecule 200 comprises a degradation pathway protein. In some embodiments,
labeled recognition molecule 200 comprises a ClpS protein.

[0124] In some embodiments, a recognition molecule of the application is a ClpS protein, such
as Agrobacterium tumifaciens ClpS1, Agrobacterium tumifaciens ClpS2, Synechococcus
elongatus ClpS1, Synechococcus elongatus ClpS2, Thermosynechococcus elongatus ClpS,
Escherichia coli ClpS, or Plasmodium falciparum ClpS. In some embodiments, the recognition
molecule is an L/F transferase, such as Escherichia coli leucyl/phenylalanyl-tRNA-protein
transferase. In some embodiments, the recognition molecule is a D/E leucyltransferase, such as

Vibrio vulnificus Aspartate/glutamate leucyltransferase Bpt. In some embodiments, the
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recognition molecule is a UBR protein or UBR-box domain, such as the UBR protein or UBR-
box domain of human UBR1 and UBR2 or Saccharomyces cerevisiae UBR1. In some
embodiments, the recognition molecule is a p62 protein, such as H. sapiens p62 protein or Rattus
norvegicus p62 protein, or truncation variants thereof that minimally include a ZZ domain. In
some embodiments, the recognition molecule is a Gid4 protein, such as H. sapiens GID4 or
Saccharomyces cerevisiae GID4. In some embodiments, the recognition molecule is a Gid10
protein, such as Saccharomyces cerevisiae GID10. In some embodiments, the recognition
molecule is an N-meristoyltransferase, such as Leishmania major N-meristoyltransferase or H.
sapiens N-meristoyltransferase NMT1. In some embodiments, the recognition molecule is a
BIR2 protein, such as Drosophila melanogaster BIR2. In some embodiments, the recognition
molecule is a tyrosine kinase or SH2 domain of a tyrosine kinase, such as H. sapiens Fyn SH2
domain, H. sapiens Src tyrosine kinase SH2 domain, or variants thereof, such as H. sapiens Fyn
SH2 domain triple mutant superbinder. In some embodiments, the recognition molecule is an
antibody or antibody fragment, such as a single-chain antibody variable fragment (scFv) against
phosphotyrosine or another post-translationally modified amino acid variant described herein.
[0125] Table 1 and Table 2 provide a list of example sequences of amino acid recognition
molecules. Also shown are the amino acid binding preferences of each molecule with respect to
amino acid identity at a terminal position of a polypeptide unless otherwise specified in Table 1
and Table 2. It should be appreciated that these sequences and other examples described herein
are meant to be non-limiting, and recognition molecules in accordance with the application can
include any homologs, variants thereof, or fragments thereof minimally containing domains or

subdomains responsible for peptide recognition.

Table 1. Non-limiting examples of ClpS amino acid recognition proteins.

Name Binding SEQ | Sequence
Pref.* ID
NO:

PS368 F,Y,W,L 1 MASAPSTTLDKSTQVVKKTYPNYKVIVLNDDLNTEFDHVA
NCLIKYIPDMTTDRAWELTNQVHYQGQAIVWTGPQEQAE
LYHQQLRREGLTMAPLEAA

PS369 F,Y,W,L |2 MTSTLRARPARDTDLQHRPYPHYRIIVLDDDVNTEFQHVV
NCLVTFLPGMTRDQAWAMAQQVDGEGSAVVWTGPQEQAE
LYHVQLGNHGLTMAPLEPV

PS370 F,L 3 MENSLGTVLDPKKSKAKYPEARVIVLDDNENTFQHVANC
LLATIPRMCEQRAWDLTIKVDKAGSAEVWRGNLEQAELY
HEQLFSKGLTMAPIEKT

PS371 F,Y,W,L |4 MATETIERPRTRDPGSGLGGHWLVIVLNDDHNTFDHVAK
TLARVIPGVIVDDGYRFADQIHQRGOATIVWRGPKEPAEH
YWEQLODAGLSMAPLERH
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PS372

L LV

MAFPARGKTAPKNEVRROQPPYNVILLNDDDHTYRYVIEM
LOKIFGFPPEKGFQIAEEVDRTGRVILLTTSKEHAELKQ
DQVHSYGPDPYLGRPCSGSMTCVIEPAV

PS373

MNRIKQEAVRTENLLICSESTIRRTPGTMSNEESMEDEVV
AVAVAEPETQHDERRGTKPKRQPPYHVILWDDTDHSEDY
VIMMMKRLFRMPIEKGFQVAKEVDSSGRAICMTTTLELA
ELKRDQITHAFGKDELLPRCKGSMSATIEPAEG

PS374

F,Y,W,L

MRWEDPLAAEPVTPGVAPVVEEETDAAVETPWRVILYDD
DIHTFEEVILOILMKATGCTPEQGERHAWIVHTRGKDCVY
QGDFFDCFRVQGVLREIQLVTETIEG

PS375

F,L

MEAEPETKVLASIPGVGTSEPFRVVLENDEEHSFDEVIF
QITKAVRCSRAKAEALTMEVHNSGRSIVYTGPIEQCIRV
SAVLEEIELRTEIQS

PS376

F, W, L

MPTNDLDLLEKQDVKIERPKMYQVVMYNDDFTPFDEVVA
VILMQFEFNKGMDEATATMMQVHMOGKGICGVFPKDIAETK
ATEVMKWAKVEQHPLRLOVEAQA

PS377

10

MADISKSRPEIGGPKGPQFGDSDRGGGVAVITKPVTKKK
FKRKSQTEYEPYWHVLLHHDNVHTFEYATGAIVKVVRTV
SRKTAHRITMQAHVSGVATVITIWKAQAEEYCKGLQOMHG
LTSSIAPDSSFTH

PS378

F,Y,W,L

11

MXPQEVEEVSFLESKEHEIVLYNDDVNTEFDHVIECLVKI
CNHNYLQAEQCAYIVHHSGKCGVKTGSLEELIPKCNALL
EEGLSAEVI

PS379

12

MSTQEEVLEEVKTTTQKENEIVLYNDDYNTFDHVIETLT
YACEHTPVQAEQCATILVHYKGKCTVKTGSFDELKPRCSK
LLEEGLSAETIV

PS380

F, W

13

MGDIYGESNPEEVSCIDSLSEEGNELILENDNIHTFEYV
IDCLVAICSLSYEQASNCAYIVDRKGLCTVKHGSYDELL
IMYHALVEKDLKVEIR

PS381

14

MVAFSKKWKKDELDKSTGKQKMLILHNDSVNSEDYVIKT
LCEVCDHDTIQAEQCAFLTHFKGQCEIAVGEVADLVPLK
NKLLNKNLIVSTIH

PS382

F,Y,W,L

15

MSDSPVIKEIKKDNIKEADEHEKKEREKETSAWKVILYN
DDIHNFTYVTDVIVKVVGQISKAKAHTITVEAHSTGQAL
ILSTWKSKAEKYCQELQONGLTVSITHESQLKDKQKK

PS388

F, Y, L

16

MVTTLSADVYGMATAPTVAPERSNQVVRKTYPNYKVIVL
NDDENTFOQHVAECLMKYIPGMSSDRAWDLTNQVHYEGQA
IVWVGPQEPAELYHQQLRRAGLTMAPLEAA

PS389

F, Y, L

17

MLNSAAFKAASASPVIAPERSGQVTQKPYPTYKVIVLND
DEFNTFQHVHDCLVKYIPGMTSDRAWQLTHQVHNDGQATIV
WVGPOQEQAELYHQQLSRAGLTMAPIEAA

PS390

F, Y, L

18

MLSIAAVTEAPSKGVQTADPKTVRKPYPNYKVIVLNDDF
NTFQHVSSCLLKYIPGMSEARAWELTNQVHFEGLAVVWV
GPQEQAELYYAQLKNAGLTMAPPEPA

PS391

F,Y,W,L

19

MGQTVEKPRVEGPGTGLGGSWRVIVRNDDHNTEFDHVART
LARFIPGVSLERGHEIAKVIHTTGRAVVYTGHKEAAEHY
WQQLKGAGLTMAPLEQG

PS392

FY W

20

MSVEITEKRSTVRKLAPRYRVLLHNDDEFNPMEYVVQTLM
ATVPSLTQPQAVNVMMEAHTNGMGLVIVCALEHAEFYAE
TLNNHGLGSSIEPDD

PS393

F,Y,W,L

21

MSDEDGEDGDENAVGIATRTRTRTKKPTPYRVLLLNDDY
TPMEFVVLVLORFFRMSIEDATRVMLOQVHQKGVGVCGVE
TYEVAETKVSQVIDFARONQHPLOQCTLEKA

PS394

F,Y,W,L

22

MAERRDTGDDEGTGLGIATKTRSKTKKPTPYRVLMLNDD
YTPMEFVVLCLORFFRMNMEEATRVMLHVHQOKGVGVCGV
FSYEVAETKVGQVIDFARANQHPLQCTLEKA
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PS395

F,Y,W,L

23

MIVSQSKTQGAPAAQSATELEYEGLWRVVVLNDPVNLMS
YVVLVFKKVEFGFDETTARKHMLEVHEQGRSVVWSGMREK
AEAYAFTLOQOQWHLTTVLEQDEVR

PS396

F, W

24

MSDNDVALKPKIKSKPKLERPKLYKVILVNDDFTPREEFV
IAVLKMVFRMSEETGYRVMLTAHRLGTSVVVVCARDIAE
TKAKEAVDFGKEAGFPLMFTTEPEE

PS397

FY W

25

MSDNEVAPKRKTRVKPKLERPRLYKVILVNDDYTPRDEV
VMVLKAIFRMSEEAGYRVMMTAHKLGTSVVVVCARDIAE
TKAKEATDLGKEAGFPLMFTTEPEE

PS398

F, W

26

MPLKAQNRSIVGRRDEWPPPTTQSSSETKSESKRVSDTG
ADTKRKTKTVPKVEKPRLYKVILVNDDYTPREFVLVVLK
AVFRMSEDQGYKVMITAHQKGSCVVAVYTRDIAETKAKE
AVDLAKEIGFPLMFRTEPEE

PS404

FY W

27

MPVSVTAPQTKTKTKPKVERPKLYKVILVNDDFTPREEFV
VRVLKAEFRMSEDQAAKVMMTAHQRGVCVVAVETRDVAE
TKATRATDAGRAKGYPLLFTTEPEE

PS405

FY W

28

MVSIGAATVACAEGRPIFSGYFDWLAAMPETVIVPRTRL
RPKTERPKLHKVILVNDDYTPREFVVITVLKGEFHMSEDQ
AQRVMITAHRRGVCVVAVEFTKDVAETKATRASDAGRAKG
YPLOQFTTEPEE

PS406

FY W

29

MPDATTTPRTKTLTRTARPPLHKVILVNDDFTPREFVVR
LLKAEFRTTGDEAQRIMITAHMKGSCVVAVFTREIAESK
ATRATETARAEGFPLLEFTTEPEE

PS407

F,Y,W,L

30

MPSNKROMCLSDIKNSENESGIVDWHISPRLANEPSEEG
DSDLAVQTVPPELKRPPLYAVVLLNDDYTPMEFVIEILQ
QYFAMNLDQATQVMLTVHYEGKGVAGVYPRDIAETKANQ
VNNYARSQGHPLLCQIEPKD

PS408

F,Y,W,L

31

MTIDPPSKGREDVDLATRTKPKTQRPPLYKVLLLNDDE TP
MEFVVHILERLFGMTHAQAIEIMLTVHRKGVAVVGVESH
ETAETKVAQVMELARRQQHPLQCTMEKE

PS409

F,Y,W,L

32

MPARLTDIEGEPNTDPVEDVLLADPELKKPOMYAVVMYN
DDYTPMEFVVDVLONHFKHTLDSAISIMLAIHQQGKGIA
GIYPKDIAETKAQTVNRKARQAGYPLLSQIEPQG

PS410

F, W, L

33

MGDDDQSSREGEGDVAFQTADPELKRPSLYRVVLLNDDY
TPMEFVVHILEQFFAMNREKATQVMLAVHTQGKGVCGVY
TKDIAETKAALVNDYSRENQHPLLCEVEELDDESR

PS411

F,Y,W,L

34

MTRPDAPEYDDDLAVEPAEPELARPPLYKVVLHNDDE TP
MEFVVEVLOEFFNMDSEQAVQVMLAVHTQGKATCGIFTR
DIAETKSYQVNEYARECEHPLMCDIEAAD

PS412

F,Y,W,L

35

MATKREGSTLLEPTAAKVKPPPLYKVLLLNDDYTPMEEFV
VLVLKKFFGIDQERATQIMLKVHTEGVGVCGVYPRDIAH
TKVEQVVDFARQHQHPLQCTMEES

PS413

F,Y,W,L

36

MMKQCGSYFLIKAVODEFKPLSKHRSDTDVITETKIQVKQ
PKLYTVIMYNDNYTTMDFVVYVLVEIFQHSIDKAYQLMM
QIHESGQAAVALLPYDLAEMKVDEVTALAEQESYPLLTT
IEPA

PS414

F,Y,W,L

37

MQAAGNEPPDPQNPGDVGNGGDGGNQDGSNTGVVVKTRT
RTRKPAMYKVLMLNDDYTPMEFVVHVLERFFQKNREEAT
RIMLHVHRRGVGVCGVYTYEVAETKVTQVMDLARQNQHP
LOCTIEKE

PS415

FY W

38

MALPETRTKIKPDVNIKEPPNYRVIYLNDDKTSMEEFVIG
SLMQOHFSYPQQOAVEKTEEVHEHGSSTVAVLPYEMAEQK
GIEVTLDARAEGFPLOQVKIEPAER

PS416

F,Y,W,L

39

MTISQTDTLVKPNIQPPSLEFKVIYINDSVTITMEFVVESLM
SVEFNHSADEATRLTQLVHEEGAAVVAILPYELAEQKGME
VILLARNNGFPLAIRLEPAV
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PS417

FY W

40

MSNLDTDVLIDEKVKVVITEPEKYRVILLNDDVTPMDEV
INILVSIFKHSTDTAKDLTLKIHKEGSAIVGVYTYEIAE
QKGIEATNESRQHGFPLOVKIERENTL

PS418

F,Y,W,L

41

MSDHNIDHDTSVAVHLDVVVREPPMYRVVLLNDDEFTPME
FVVELLMHFFRKTAEQATQIMLNIHHEGVGVCGTYPRET
AETKVAQVHQHARTNGHPLKCRMEP S

PS419

F,Y,W,L

42

MEKEQSLCKEKTHVELSEPKHYKVVFHNDDFTTMDEVVK
VLQLVFFKSQLOAEDLTMKIHLEGSATAGIYSYDIAQSK
AQKTTOMAREEGFPLRLTVEPEDN

PS420

F,Y,W,L

43

MSDYSNQISQAGSGVAEDASITLPPERKVVEYNDDFTTM
EFVVDVLVSIFNKSHSEAEELMQTVHQEGSSVVGVYTYD
IAVSRTNLTIQAARKNGFPLRVEVE

PS421

F,Y,W,L

44

MTITPNKRPEFEPEIGLEDEVGEPRKYKVLLHNDDYTTMD
FVVOQVLIEVFRKSETEATHIMLTIHEKGVGTCGIYPAEV
AETKINEVHTRARREGEFPLRASMEEV

PS422

F,Y,W,L

45

MTQIKPQTIPDTDVISQTQSDWOMPDLYAVIMHNDDYTT
MDEFVVFLLNAVFDKPIEQAYQIMMOQIHQTGRAVVAILPY
ETAEMKVDEATSLAEQEQFPLEFISIEQA

PS423

FY W

46

MAPTPAGAAVLDKQOQORRHKHASRYRVLLHNDPVNTMEY
VVESLRQVVPQLSEQDATAVMVEAHNTGVGLVIVCDIEP
AEFYCEQLKTKGLTSSIEPED

PS424

FY W

47

MSVETIEKRSTTRKLAPQYRVLLHNDDYNSMEYVVQVILM
TSVPSITQPQAVNIMMEAHNSGLALVITCAQEHAEFYCE
TLKGHGLSSTIEPD

PS425

F,Y,W,L

48

MTHYFSNILRDQESPKINPKELEQIDVLEEKEHQITILYN
DDVNTFEHVIDCLVKICEHNYLQAEQCAYIVHHSGKCSV
KTGSLDELVPKCNALLEEGLSAEVV

PS426

F,Y,W,L

49

MSIIEKTQENVAILEKVSINHEITILYNDDVNTEFDHVIET
LIRVCNHEELQAEQCAILVHYTGKCAVKTGSFDELQPLC
LALLDAGLSAEIT

PS427

F, W

50

MSTKEKVKERVREKEATISEFNNEIIVYNDDVNTFDHVIET
LIRVCNHTPEQAEQCSLIVHYNGKCTVKTGSMDKLKPQC
TOQLLEAGLSAEIV

PS428

51

MSTKEKVKERVREKEAVGENNEIIVYNDDVNTFDHVIDT
LMRVCSHTPEQAEQCSLIVHYNGKCTVKTGPMDKLKPQC
TOQLLEAGLSAETIV

PS429

52

MSVQEEVLEEVKTKERVNKONQIIVEFNDDVNTFDHVIDM
LIATCDHDPIQAEQCTMLIHYKGKCEVKTGDYDDLKPRC
SKLLDAGISAETQ

PS430

F,Y,W,L

53

MOPFEETYTDVLDEVVDTDVHNLVVENDDVNTFDHVIET
LIDVCKHTPEQAEQCTLLIHYKGKCSVKNGSWEELVPMR
NEICRRGISAEVLK

PS431

54

MITISSVKSSPSTETLSRTELQLGGVWRVVVLNDPVNLMS
YVMMIFKKIFGENETVARRHMLEVHEKGRSVVWSGLREK
AEAYVFTLQOWHLTAVLESDETH

PS432

F, W

55

MIGVEARTSSAPELATIETEIRLAGLWHVIVINDPVNLMS
YVVMVLRKIFGFDDTKARKHMLEVHENGRSIVWSGEREP
AEAYANTLHQWHLSAVLERDETD

PS433

F,Y,W,L

56

MMSSLKECSIQALPSILDEKTKTEEDLSVPWKVIVLNDPV
NLMSYVVMVERKVEFGYNENKATKHMMEVHQLGKSVLWTG
QREEAECYAYQLORWRLOQTILEKDD

PS434

F,Y,W,L

57

MSRLPWKQEAKFAATVIIDFPDATLEAPTIEKKEATEQQ
IEMPWNVVVHNDPVNLMSYVTMVFQRVEFGYPRERAEKHM
LEVHHSGRSILWSGLRERAELYVQQLHGYLLLATIEKTV

PS435

F,Y,W,L

58

MTLSVALGPDTQESTQTGTAVSTDTLTAPDIPWNLVIWN
DPVNLMSYVSYVFQSYFGYSETKANKLMMEVHKKGRS IV
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AHGSKEQVEQHAVAMHGYGLWATVEKATGGNSGGGKSGG
PGKGKGKRG

Planctomycetales LLV 59 MSEPMTLPAIPQPRLKERTQROPPYNVILLNDDDHSYEY
bacterium VIAMLQVLFGYPREKGYQMAKEVDSTGRVILLTTTREHA
(PS545) ELKQEQIHAFGPDPLMARCQGSMTAVIEPAV
Planctomycetia LLV 60 MSDTITLPGRPEVERDERTRRQPPYNVILHNDDDHTFEY
bacterium VIVMLNQLFGYPPEKGYEMAKEVHLNGRVIVLTTSKEHA
(PS546) ELKRDQIHAFGPDPFSSKDCKGSMSASIEPAY
Gemmataceae LLV 61 MGEFPTDFRQSIEISTPLGSQQPRFSNASSEPALADPVLV
bacterium INPRIQPRYHVILLNDDDHTYRYVIEMMLIVEGHPPEKG
(PS547) FLIAKEVDKAGRAICLTTSLEHAEFKQEQVHAYGADPYF
GPKCKGSMTAVLEPAE
Gemmataceae LLV 62 MSDTITLPEEKTDVRTKRQPPYHVILLNDDDHTYQYVIY
bacterium MLOTLFGHPPETGFKMAQEVDKTGRVIVDTTSLERAELK
(PS548) RDQIHAFGPDPYIERCKGSMSAMIEPSE
Planctomycetes LLV 63 MSESITTLPKKSRRLKEEEEQKTKRQPPYNVILLNDDDH
bacterium TFEYVIFMLOKLFGHPPERGMOMAKEVHTTGRVIVMTITA
(PS549) LELAELKRDQIHAFGPDPLIDRCKGSMSATIEPAP I
Planctomycetes LLV 64 MPTFTEPEVVNDTRILPPYHVILLNDDDHTYEYVIHMLQ
bacterium TLEFGHPQERGFQLAVEVDKKGKAIVFTTSKEHAEFKRDQ
(PS550) IHAFGADPLSSKNCKGSMSAVIEPSFE
Rubrobacter LLV 65 MPSAAPAKPKTKRQSRTQGMPPYNVVLLDDDDHTYGYVI
indicoceani EMLNKVFGHPPEKGFELATEVDKNGRVIVMTTNLEVAEL
(PS551) KRDEVHAFGPDPLMPRSKGSMSAVVERAG
Fimbriiglobus LLV 66 MSKTSTLPEVESESAQKLKYQPPYHVILLNDDDHSYVYV
ruber ITMLKELFGHPEQKGYQLADAVDKQGRAIVFTTTREHAE
(PS552) LKQEQIHAYGPDPTIPRCKGAMTAVIEPAE
Planctomycetes LLV 67 MPASASAVTEPPVSLPEAAAPRPKDRPKRQPRYHVILWN
bacterium DDDHTYQYVVAMLRQLFGHPPEKGEF TLAKQVDKDGRVVV
(PS553) LTTTKEHAELKRDQIHAFGADRLLARSKGSMSASIEPEA
STG
Planctomycetia LLV 68 MSDSASATVEVQADPPADATARSQPTPARSTGSKPKRQP
bacterium RYHVVLWNDDDHTYEYVIAMLRRLEFGIEPEKGFRIAEEV
(PS554) DOSGRAVVLTTTREHAELKRDQIHAFGADRLLARSKGSM
SASTIEPEA
Planctomycetes LLV 69 MADSAQTGVAEPIQETLRRRKLRDDRRPKRQPPYHVILW
bacterium NDNDHTYAYVVVMLMQLFGYPAEKGYQLASEVDTQGRAV
RBG_16_64_12 VLTTTKEHAELKRDQIHAYGKDGLIEKCKGSMWATIEPA
(PS555) PGE
Blastopirellula LLV 70 MGDSNTSVAEPGEVTVVITKPAPKKAKPKRQPKYHVVLW
marina NDDDHTYEYVILMMHELFGHPVEKGFQIAKTVDADGRAT
(PS556) CLTTTKEHAELKRDQIHAYGKDELIARCRGSMSSTIEPE
C
Planctomycetia LLV 71 MPTAASATESATEDTPAPARPEVDGRTKPKRQPRYHVVL
bacterium WNDDDHTYQYVVVMLQSLEFGHPPERGYRLAKEVDTQGRV
(PS557) IVLTTTREHAELKRDQIHAFGYDRLLARSKGSMKASIEA
EE
Planctomycetia LLV 72 MTATTADPDRTTAEKTTKKARRSGQPKRQPRYHVILWND
bacterium NDHTYQYVVAMLOQLFGHPATTGLKLATEVDRTGRAVIL
(PS558) TTTREHAELKRDQIHAFGADRLLARSKGAMSASIEPEAE
Planctomycetaceae | 1,L,V 73 MNQAATSPNPDIKPNPSTHKKRASQRQPRYHVITLWNDND
bacterium HTYHYVVTMLOQKLFGHPPRTGIKMATEVDKKGKVIVLTT
(PS559) SREHAELKRDQIHAFGADKLIRRSKGAMAASIEPES
Planctomycetes LLV 74 MTIETITTPAERTQTQAEPRSDRAWLWNVVLLDDDEHTYE
bacterium YVIRMLHTLEFGMPVERAFRLAEEVDARGRAVVLTTHKEH
(PS560) AELKRDQVHAFGKDALIASCAGSMSAVLEPAECGSDDED
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Roseimaritima sp. LLV 75 MAELQTAVVEPTTRPEQDEKQSQSRPKRQPRYNVILWDD
JC651 PDHSYDYVINMMLKELFGHPRQRGHQMAEEVDTTGRVICL
(PS561) TTTMEHAELKRDQIHAYGSDEGITRCKGSMSASIEPVPE
Rubripirellula LLV 76 MSDQQSMVAEPEVVVHTQDEKKLEKQNKRKKQPRYNVVL
amaranted WDDTDHSYDYVVLMMKQLFHHPIETGEFQIAKQVDKGGKA
(PS562) ICLTTTMEHAELKRDQIHAFGKDDLIARCTGSMSATIEP
VPE
Acidobacteria LLV 77 MSSRSATAYPEVEDDTSDQLQPLYHVILLNDEDHTYDYV
bacterium IEMLOKIFGFPESKAFSHAVEVDTKGTTILLTCDLEQAE
(PS563) RKRDLIHSYGPDWRLPRSLGSMAAVVEPAAG
Planctomycetes LLV 78 MEEEVVSVAVAEPKTKKQSRTKPKRQPPYHVILWDDTDH
bacterium Poly21 TEDYVIKMMGELFRMPREKGYQLAKEVDTSGRAICMTTT
(PS564) LELAELKRDQIHAFGRDDASAHCKGSMSATIEPAEG
Aquisphaera sp. LLV 79 MSEFDHEHSGDTSVADPIVITKTAPKPQKHAENETETRR
JC650 QPPYNVIILNDEEHTFDYVIELLCKVFRHSLATAQELTW
(PS565) RIHLTGRAVVLTTHKELAELKRDQVLAYGPDPRMSVSKG
PLDCFIEPAPGG
Planctomycetaceae | 1,L,V 80 MSSPSSLDDVQVSTSRAKPANETRTRKQPPYAVIVENDD
bacterium HHTFLYVIEALMKVCGHAPEKGEVLAQQIHTQGKAMVWS
(PS566) GTLELAELKRDQLRGFGPDNYAPRPVTEFPLGVTIEPLP
Planctomycetaceae | 1,L,V 81 MADYEDAGEDALEDDFDHGTVITVAPQKPEPKKQSENKRQ
bacterium ANRQPRYNVLLWDSEDHTFEYVEKMLRELFGHIKKQCQT
(PS567) IAEQVDQEGRAVVLTTTLEHAELKRDQIHAYGKDQLEGS
KGSMWSTIEAVD
Dehalococcoidia LLV 82 MITPSLPTRETEVEERTEVEPERLYHLVLLDDDQHSYQY
bacterium VIEMLASIFGYGSEKAWTLARIVDTEGRAILETASHAQC
(PS568) ERHQSQIHAYGADSRIPTSVGSMSAVIEEAGTPPQT
Planctomycetes LLV 83 MYSKNQIKIYCSEDDKGQTATPLLEKKPKFAPLYHVILW
bacterium DDNTHTYEYVIKLLMSLFRMTFEKAYQHTLEVDKKGRTI
(PS569) CITTHLEKAELKQEQISNFGPDILMONSKGPMSATIEPA
N
Leptospira LLV 84 MTGAGASQPSILEETEVRPRLSDGPWKVVLWDDDFHTYE
congkakensis YVIEMLMDVCQMPWEKAFQHAVEVDTRKKTIVFSGELEH
(PS570) AEFVHERILNYGPDPRMGSSKGSMTATLEQ
Leptospira meyeri LLV 85 MTISSGASQPSILEETERKPRLSDGPWKVVLWDDDFHTYE
(PS571) YVIEMILMDVCQMPWEKAFQHAVEVDTRKKTIVFFGELEH
AEFVHERTILNYGPDPRMGTSKGSMTATLEK
Blastopirellula LLV 86 MSSEELSLQTRPKRQPPFGVILHNDDLNSFDYVIDSIRK
marina VEHYELEKCFQLTLEAHETGRSLLWTIGTLEGAELKQELL
(PS572) LSCGPDPIMLDKGGLPLKVTLEELPQ
Leptospira fluminis | I, L,V 87 MSQTPVIEETTVKDPVKTGGPWKVVLWDDDEHTYDYVIE
(PS573) MLMEVCVMTMEQAFHHAVEVDTQKKTVVYSGEFEHAEHT
QELILEYGPDPRMAVSKGSMSATLEKS
Gemmata LLV 88 MANATPTPDVVPEEETETRTRRQPPYAVVLHNDDTNTMD
obscuriglobus FVVTVLRKVEFGYTVEKCVELMLEAHTQGKVAVWIGALEV
(PS574) AELKADQIKSFGPDPHVTKNGHPLGVTVEPAA
Leptospira kmetyi LLV 89 MASTQTPDLNEITEESTKSTGGPWRVVLWDDNEHTYEYV
(PS575) IEMLMEICTMTVEKAFLHAVQVDQEKRTVVESGEFEHAE
HVQERILTYGADPRMSNSKGSMSATLEK
Leptospira LLV 90 MASTOQTPDLNEITEESTKSTGGPWRVVLWDDNEHTYEYV
interrogans IEMLVEICMMTIVEKAFLHAVQVDKEKRTVDEF SGELEHAE
(PS576) HVQERILNYGADPRMSNSKGSMSATLER
Tuwongella LLV 91 MSASSSQPGTTTKPDLDIQPRLLPPFHVILENDEFHSME
immobilis FVIDTLRKVLGVSIERAYQILMMTAHESGQATI IWTGPKEV
(PS577) AELKYEQVIGFHEKRSDGRDLGPLGCRIEPAV
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Planctomycetes LLV 92 MSGTVVESKPRNSTQLAPRWKVIVHDDPVTTEFDEVLGVL

bacterium RRVFAKPPGEARRITREAHDTGSALVDVLALEQAEFRRD

(PS578) QAHSLARAEGFPLTLTLEPAD

Agrobacterium F.W,Y,L 93 MIAEPICMQGEGDGEDGGTNRGTSVITRVKPKTKRPNLY

tumUbdau%ﬂpSl RVLLLNDDYTPMEFVIHILERFFQKDREAATRIMLHVHQ

@KﬂpSD HGVGECGVEFTYEVAETKVSQVMDFARQHQHPLOCVMEKK

Agrobacterium F.W,Y 94 MSDSPVDLKPKPKVKPKLERPKLYKVMLLNDDYTPREFV

nmﬁﬁankas2 TVVLKAVFRMSEDTGRRVMMTAHRFGSAVVVVCERDIAE

(MCHS2) TKAKEATDLGKEAGFPLMFTTEPEE

aKﬂpS2 F.W,Y 95 MSDSPVDLKPKPKVKPKLERPKLYKVILLNDDYTPMEFEFV

thermostable VEVLKRVENMSEEQARRVMMTAHKKGKAVVGVCPRDIAE

variant TKAKQATDLAREAGFPLMFTTEPEE

PS489 M 96 MSDSPVDLKPKPKVKPKLERLKLYKVILLNDDYTTAFFEV
VKVLKRVENMSEEQARRVMMTAHKKGKAVVGVCPRDIAE
TKAKQATDLAREAGFPLMFTTEPEE

PS490 M 97 MSDSPVDLKPKPKVKPKLERLKLYKVILLNDDYTTMREV
VLVLKRVENMSEEQARRVMMTAHKKGKAVVGVCPRDIAE
TKAKQATDLAREAGFPLMFTTEPEE

PS218 F,W,Y,L 98 MIAEPICMQGEGDGEDGGTNRGTSVITRVKPKTKRPNLY
RVLLLNDDYTPFQFVIHILERFFQKDREAAWRITLHVHQ
HGVGECGVEFTYEVAETKVSQVMDFARQHQHPLOCVMEKK

aKHpS2JV1 F.W,Y 99 MSDSPVDLKPKPKVKPKLERPKLYKVMLLNDDYTPMSFEV
TVVLKAVFRMSEDTGRRVMMTAHRFGSAVVVVCERDIAE
TKAKEATDLGKEAGFPLMFTTEPEE

aKﬂpS2Cﬁ2S F.W,Y 100 MSDSPVDLKPKPKVKPKLERPKLYKVMLLNDDYTPREFV
TVVLKAVFRMSEDTGRRVMMTAHRFGSAVVVVSERDIAE
TKAKEATDLGKEAGFPLMFTTEPEE

aKﬂpS2JV1+ F.W,Y 101 MSDSPVDLKPKPKVKPKLERPKLYKVMLLNDDYTPMSFEV

C728 TVVLKAVFRMSEDTGRRVMMTAHRFGSAVVVVSERDIAE
TKAKEATDLGKEAGFPLMFTTEPEE

aKﬂpS2 F.W,Y 102 MSDSPVDLKPKPKVKPKLERPKLYKVILLNDDYTPMEFEFV

thermostable VEVLKRVENMSEEQARRVMMTAHKKGKAVVGVSPRDIAE

variant + C72S TKAKQATDLAREAGFPLMFTTEPEE

aKﬂpSlC7S F,W,Y,L 103 MIAEPISMQGEGDGEDGGTNRGTSVITRVKPKTKRPNLY
RVLLLNDDYTPMEFVIHILERFFQKDREAATRIMLHVHQ
HGVGECGVEFTYEVAETKVSQVMDFARQHQHPLOCVMEKK

aKﬂpSlC7S, F,W,Y,L 104 MIAEPISMQGEGDGEDGGTNRGTSVITRVKPKTKRPNLY

84S, C1128 RVLLLNDDYTPMEFVIHILERFFQKDREAATRIMLHVHQ
HGVGESGVEFTYEVAETKVSQVMDEFARQHQHPLOSVMEKK

Synechococcus FW, Y 105 MAVETIQKPETTTKRKIAPRYRVLLHNDDENPMEYVVMV

ehngams(ﬂpS] LMQTVPSLTQPQAVDIMMEAHTNGTGLVITCDIEPAEFY
CEQLKSHGLSSSIEPDD

Synechococcus F,W,Y,L 106 MSPQPDESVLSILGVPRPCVKKRSRNDAFVLTVLTCSLQ

ehngaMs(ﬂpS2 ATAAPATAPGTTTTRVRQPYPHFRVIVLDDDVNTEQHVA
ECLLKYIPGMTGDRAWDLTNQVHYEGAATVWSGPQEQAE
LYHEQLRREGLTMAPLEAA

Thermosynechococ | F,W,Y, L 107 MPQERQQVTRKHYPNYKVIVLNDDFNTFQHVAACLMKY I

cus elongatus ClpS

PNMTSDRAWELTNQVHYEGQAIVWVGPQEQAELYHEQLL
RAGLTMAPLEPE
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Escherichia coli F,W,Y,L | 108 MGKTNDWLDFDQLAEEKVRDALKPPSMYKVILVNDDYTP

ClpS MEFVIDVLQKEFFSYDVERATQLMLAVHYQGKAICGVETA
EVAETKVAMVNKYARENEHPLLCTLEKA

Escherichia coli F,W,Y,L | 109 MGKTNDWLDFDQLAEEKVRDALKPPSMYKVILVNDDYTP

ClpS M40A AEFVIDVLOQKFFSYDVERATQLMLAVHYQGKAICGVETA
EVAETKVAMVNKYARENEHPLLCTLEKA

Plasmodium F,W,Y,L | 110 MEKDLKPFFLCIILLLLLIYKCTHSYNIKNKNCPLNFMN

falciparum ClpS SCVRINNVNKNTNISFPKELQKRPSLVYSQKNENLEKIK

KLRNVIKEIKKDNIKEADEHEKKEREKETSAWKVILYND
DIHNFTYVTDVIVKVVGQISKAKAHTITVEAHSTGQALI
LSTWKSKAEKYCQELQONGLTVSITHESQLKDKQKK

*Binding preferences are inferred from published scientific literature and/or further demonstrated by

the inventors in single-molecule and/or ensemble experiments, as described herein.

** Binding to phosphotyrosine may occur at a peptide terminus or at an internal position.

Table 2. Non-limiting examples of amino acid recognition proteins.

Name

Binding
Pref.*

SEQ
ID
NO:

Sequence

Escherichia coli
leucyl/phenylalanyl
-tRNA-protein
transferase

K,R

111

MRLVQLSRHSTIAFPSPEGALREPNGLLALGGDLSPARLL
MAYQRGIFPWESPGDPILWWSPDPRAVLWPESLHISRSM
KRFHKRSPYRVIMNYAFGQVIEGCASDREEGTWITRGVV
EAYHRLHELGHAHSIEVWREDELVGGMYGVAQGTLEFCGE
SMESRMENASKTALLVEFCEEFIGHGGKLIDCQVLNDHTA
SLGACEIPRRDYLNYLNQMRLGRLPNNFWVPRCLESPQE
LE

Vibrio vulnificus
Aspartate/glutamat
¢ leucyltransferase
Bpt

112

MSSDIHQIKIGLTDNHPCSYLPERKERVAVALEADMHTA
DNYEVLLANGFRRSGNTIYKPHCDSCHSCQPIRISVPDI
ELSRSQKRLLAKARSLSWSMKRNMDENWEDLYSRYIVAR
HRNGTMYPPKKDDFAHEF SRNOQWLTTQFLHIYEGQRLIAV
AVIDIMDHCASAFYTFFEPEHELSLGTLAVLFQLEFCQE
EKKOWLYLGYQIDECPAMNYKVRFHRHOKLVNQRWQ

H. sapiens GID4

113

MSGSKFRGHQKSKGNSYDVEVVLQHVDTGNSYLCGYLKI
KGLTEEYPTLTTFFEGEIISKKHPFLTRKWDADEDVDRK
HWGKFLAFYQYAKSENSDDEFDYEELKNGDYVEFMRWKEQF
LVPDHTIKDISGASFAGEYYICFQKSAASIEGYYYHRSS
EWYQSLNLTHV

Saccharomyces
cerevisiae GID4

114

MINNPKVDSVAEKPKAVTISKOSEQAASPEPTPAPPVSRN
QYPITEFNLTSTAPFHLHDRHRYLOEQDLYKCASRDSLSS
LOQLAHTPNGSTRKKYIVEDQSPYSSENPVIVTSSYNHT
VCTNYLRPRMOQFTGYQISGYKRYQVTVNLKTVDLPKKDC
TSLSPHLSGFLSIRGLTNQHPEISTYFEAYAVNHKELGE
LSSSWKDEPVLNEFKATDQTDLEHWINEFPSFRQLEFLMSQ
KNGLNSTDDNGTTNAAKKLPPQOLPTTPSADAGNISRIF
SQEKQFDNYLNERFIFMKWKEKFLVPDALLMEGVDGASY
DGFYYIVHDQVTGNIQGFYYHODAEKFQQLELVPSLKNK
VESSDCSFEFA

Single-chain
antibody variable

phospho-Y

115

MMEVQLQQSGPELVKPGASVMISCRTSAYTEFTENTVHWV
KOSHGESLEWIGGINPYYGGSIFSPKFKGKATLTVDKSS
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fragment (scFv)
against
phosphotyrosine**

STAYMELRSLTSEDSAVYYCARRAGAYYFDYWGQGTTLT
VSSGGGSGGGSGGGSENVLTQSPAIMSASPGEKVTMTCR
ASSSVSSSYLHWYRQKSGASPKLWIYSTSNLASGVPARFE
SGSGSGTSYSLTISSVEAEDAATYYCQQYSGYRTEGGGT
KLETIKR

H. sapiens Fyn phospho-Y | 116 MGAMDSIQAEEWYFGKLGRKDAERQLLSFGNPRGTEFLIR

SH2 domain** ESETTKGAYSLSIRDWDDMKGDHVKHYKIRKLDNGGYYI
TTRAQFETLOQLVQHYSERAAGLSSRLVVPSHK

H. sapiens Fyn phospho-Y | 117 MGAMDSIQAEEWYFGKLGRKDAERQLLSFGNPRGTEFLIR

SH2 domain triple ESETVKGAYALSIRDWDDMKGDHVKHYLIRKLDNGGYYI

mutant TTRAQFETLOQLVQHYSERAAGLSSRLVVPSHK

superbinder**

H. sapiens Src phospho-Y | 118 MGAMDSIQAEEWYFGKITRRESERLLLNAENPRGTEFLVR

tyrosine kinase ESETTKGAYSLSVSDEFDNAKGLNVKHYKIRKLDSGGEY T

SH2 domain** TSRTOQEFNSLOQLVAYYSKHADGLCHRLTTVCPTSK

H. sapiens Src phospho-Y | 119 MGAMDSIQAEEWYFGKITRRESERLLLNAENPRGTEFLVR

tyrosine kinase ESEVTKGAYALSVSDEFDNAKGLNVKHYLIRKLDSGGEYI

SH2 domain triple TSRTOQEFNSLOQLVAYYSKHADGLCHRLTTVCPTSK

mutant**

H. sapiens p62 K,R, H, 120 MASLTVKAYLLGKEDAAREIRREFSFCCSPEPEAEAEAAA

fragment 1-310 W.EF, Y GPGPCERLLSRVAALFPALRPGGFQAHYRDEDGDLVAFS
SDEELTMAMSYVKDDIFRIYIKEKKECRRDHRPPCAQEA
PRNMVHPNVICDGCNGPVVGTRYKCSVCPDYDLCSVCEG
KGLHRGHTKLAFPSPFGHLSEGF SHSRWLRKVKHGHE GW
PGWEMGPPGNWSPRPPRAGEARPGPTAESASGPSEDP SV
NELKNVGESVAAALSPLGIEVDIDVEHGGKRSRLTPVSP
ESSSTEEKSSSQPSSCCSDPSKPGGNVEGATQSLAEQ

H. sapiens p62 K,R, H, 121 MASLTVKAYLLGKEDAAREIRREFSFCCSPEPEAEAEAAA

fragment 1-180 W.EF, Y GPGPCERLLSRVAALFPALRPGGFQAHYRDEDGDLVAFS
SDEELTMAMSYVKDDIFRIYIKEKKECRRDHRPPCAQEA
PRNMVHPNVICDGCNGPVVGTRYKCSVCPDYDLCSVCEG
KGLHRGHTKLAFPSPFGHLSEGF SHSRWLRKVKHGHE GW
PGWEMGPPGNWSPRPPRAGEARPGPTAESASGPSEDP SV
NELKNVGESVAAALSPLGIEVDIDVEHGGKRSRLTPVSP
ESSSTEEKSSSQPSSCCSDPSKPGGNVEGATQSLAEQ

H. sapiens p62 K,R, H, 122 MASLTVKAYLLGKEDAAREIRREFSFCCSPEPEAEAEAAA

fragment 126-180 W,.F Y GPGPCERLLSRVAALFPALRPGGFQAHYRDEDGDLVAFS
SDEELTMAMSYVKDDIFRIYIKEKKECRRDHRPPCAQEA
PRNMVHPNVICDGCNGPVVGTRYKCSVCPDYDLCSVCEG
KGLHRGHTKLAFPSPFGHLSEGF SHSRWLRKVKHGHE GW
PGWEMGPPGNWSPRPPRAGEARPGPTAESASGPSEDP SV
NELKNVGESVAAALSPLGIEVDIDVEHGGKRSRLTPVSP
ESSSTEEKSSSQPSSCCSDPSKPGGNVEGATQSLAEQ

H. sapiens p62 K,R, H, 123 MASLTVKAYLLGKEDAAREIRREFSFCCSPEPEAEAEAAA

protein W,.F Y GPGPCERLLSRVAALFPALRPGGFQAHYRDEDGDLVAFS

SDEELTMAMSYVKDDIFRIYIKEKKECRRDHRPPCAQEA
PRNMVHPNVICDGCNGPVVGTRYKCSVCPDYDLCSVCEG
KGLHRGHTKLAFPSPFGHLSEGF SHSRWLRKVKHGHEF GW
PGWEMGPPGNWSPRPPRAGEARPGPTAESASGPSEDP SV
NFLKNVGESVAAALSPLGIEVDIDVEHGGKRSRLTPVSP
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ESSSTEEKSSSQPSSCCSDPSKPGGNVEGATQSLAEQMR
KIALESEGRPEEQMESDNCSGGDDDWTHLSSKEVDPSTG
ELQSLOMPESEGPSSLDPSQEGPTGLKEAALYPHLPPEA
DPRLIESLSQMLSMGESDEGGWLTRLLOTKNYDIGAALD
TIQYSKHPPPL

Rattus norvegicus
p62 protein

K,R, H,
W.F, Y

124

MASLTVKAYLLGKEEAAREIRRESFCFSPEPEAEAAAGP
GPCERLLSRVAVLFPALRPGGFQAHYRDEDGDLVAFSSD
EELTMAMSYVKDDIFRIYIKEKKECRREHRPPCAQEARS
MVHPNVICDGCNGPVVGTRYKCSVCPDYDLCSVCEGKGL
HREHSKLIFPNPFGHLSDSEFSHSRWLRKLKHGHEGWP GW
EMGPPGNWSPRPPRAGDGRPCPTAESASAPSEDPNVNEL
KNVGESVAAALSPLGIEVDIDVEHGGKRSRLTPTSAESS
STGTEDKSGTQPSSCSSEVSKPDGAGEGPAQSLTEQMKK
IALESVGQPEELMESDNCSGGDDDWTHLSSKEVDP STGE
LOSLOMPESEGPSSLDPSQEGPTGLKEAALYPHLPPEAD
PRLIESLSQMLSMGE SDEGGWLTRLLQTKNYDIGAALDT
IQYSKHPPPL

Saccharomyces
cerevisiae GID10

P.M,V

125

MTSLNIMGRKFILERAKRNDNIEEIYTSAYVSLPSSTDT
RLPHFKAKEEDCDVYEEGTNLVGKNAKYTYRSLGRHLDF
LRPGLRFGGSQSSKYTYYTVEVKIDTVNLPLYKDSRSLD
PHVTIGTFTIKNLTPVLDKVVTLFEGYVINYNQFPLCSLH
WPAEETLDPYMAQRESDCSHWKRFGHEGSDNWSLTERNE
GOQYNHESAEFMNQRYIYLKWKERFLLDDEEQENQMLDDN
HHLEGASFEGEFYYVCLDQLTGSVEGYYYHPACELFQKLE
LVPTNCDALNTYSSGEFEIA

Leishmania major
N-
meristoyltransferas
e

126

MSRNPSNSDAAHAFWSTQPVPOQTEDETEKIVFAGPMDEP
KIVADIPEEPYPIASTFEWWTPNMEAADDIHAIYELLRD
NYVEDDDSMEFRENYSEEFLOWALCPPNYIPDWHVAVRRK
ADKKLLAFIAGVPVTLRMGTPKYMKVKAQEKGEGEEAAK
YDEPRHICEINFLCVHKQLREKRLAPILIKEATRRVNRT
NVWQAVYTAGVLLPTPYASGOQYFHRSLNPEKLVEIRFSG
IPAQYQKFONPMAMLKRNYQLPSAPKNSGLREMKP SDVP
QVRRILMNYLDSEDVGPVESDAEISHYLLPRDGVVETYV
VENDKKVIDFEFSFYRIPSTVIGNSNYNLLNAAYVHYYAA
TSIPLHQLILDLLIVAHSRGEFDVCNMVEILDNRSEFVEQL
KFGAGDGHLRYYFYNWAYPKIKPSQVALVML

H. sapiens N-
meristoyltransferas
e NMT1

127

MADESETAVKPPAPPLPQMMEGNGNGHEHCSDCENEEDN
SYNRGGLSPANDTGAKKKKKKQKKKKEKGSETDSAQDQP
VKMNSLPAERIQEIQKAIELEFSVGQGPAKTMEEASKRSY
QFWDTQPVPKLGEVVNTHGPVEPDKDNIRQEPYTLPQGFE
TWDALDLGDRGVLKELYTLLNENYVEDDDNMFREDYSPE
FLLWALRPPGWLPQWHCGVRVVSSRKLVGFISAIPANIH
IYDTEKKMVEINFLCVHKKLRSKRVAPVLIREITRRVHL
EGIFQAVYTAGVVLPKPVGTCRYWHRSLNPRKLIEVKES
HLSRNMTMQRTMKLYRLPETPKTAGLRPMETKDIPVVHQ
LLTRYLKQFHLTPVMSQEEVEHWEFYPOQENIIDTEVVENA
NGEVIDFLSEFYTLPSTIMNHPTHKSLKAAYSEFYNVHTQT
PLLDLMSDALVLAKMKGFDVENALDLMENKTEFLEKLKEG
IGDGNLQYYLYNWKCPSMGAEKVGLVLQ
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Drosophila A 128 MGDVQPETCRPSAASGNYFPQYPEYATETARLRTFEAWP

melanogaster BIR2 RNLKQKPHQLAEAGFEFYTGVGDRVRCF SCGGGLMDWNDN
DEPWEQHALWLSQCREFVKLMKGQLYIDTVAAKPVLAEEK
EESTSIGGDT

Amanita thiersii K,R,H 129 MICGQIIGKGESCFRCRDCGLDESCVMCSQCFHATDHIN

Skay404l HNVSFFVSQQPGGCCDCGDEEAWKKPMNCPYHPP

UBR-box domain

(PS501)

Helobdella robusta | K, R, H 130 MVCLKVFKLGEPTYSCRSVTCGMDPTCVLCVDCFQNSSH

UBR-box domain KLHKYKMSTSGGGGYCDCGDLEAWKADPLCDLHKL

(PS502)

Hydra Vulgaris K,R,H 131 MFCGRLEFKVGDPTYTCKDCAADPTCVFCHDCFHQSVHTK

UBR-box domain HKYKLFASQGRGGYCDCGDKEAWTNDPACNKHKE

(PS503)

Galleria mellonella | K, R, H 132 MLCGKVFKQGEPAYSCRECGMDNTCVLCVECFKVSPHRH

UBR-box domain HKYKMGQSGGGGCCDCGDTEAWKRDPFCERHAK

(PS504)

Brachionus K,R,H 133 MVCGRVFKSGEPSYFCRECGTDPTCVLCSICFRHSKHRY

plica[ilis HKYVMMT SGGGGYCDCGDPEAWKSDPCCELHMP

UBR-box domain

(PS505)

Capitella teleta K,R,H 134 MLCGKVFKMGELTYSCRDCGTDPTCVLCMDCFQHSAHKK

UBR-box domain HRYKMAASGGGGYCDCGDREAWKAEPFCDVHKR

(PS506)

Spamssis crispa K,R,H 135 MPCGHIFKKGESCFRCKDCALDDSCVLCSKCFEATDHAN

UBR-box domain HNVSFFIAQQSGGCCDCGDIEAWLVPIDCPFHPV

(PS507)

Anabarilius K,R,H 136 MLCGRVFKEGETVYSCRDCAIDPTCVLCIECFQKSVHKS

graham HRYKMHASAGGGFCDCGDLEAWKTGPCCSQHDP

UBR-box domain

(PS508)

Lottia gigantean K,R,H 137 MICGHGFKTGEPTYSCRDCATDPTCVLCISCFQKSPHRE

UBR-box domain HRYKMSASGGGGYCDCGDPEAWKIEPFCEQHKP

(PS509)

Camponotus K,R,H 138 MICGRMEFKMGEPTYSCRQCGMDSTCVLCVDCFKQSAHRN

ﬂoridanus HKYKMGTSSGGGCCDCGDTEAWKNEPFCKIHLA

UBR-box domain

(PS510)

Habropoda K,R,H 139 MICGKVFKMGEATYSCKECGVDPTCVLCADCFKQSAHRH

laboriosa HKYRMGTSSGGGFCDCGDIEAWKKEPFCNTHLA

UBR-box domain

(PS511)

Mastacembelus K,R,H 140 MLCGRVFKEGETVYSCRDCAIDPTCVLCMDCFQDSVHKS

armatus HRYKMHASAGGGFCDCGDVEAWKIGPYCSKHDP

UBR-box domain

(PS512)

Pyrenophom K,R,H 141 MPCGHIFKNGEATYRCKTCTADDTCVLCARCFDASDHEG

Seminiperda HOVFVSVSPGNSGCCDCGDDEAWVRPVHCNIHSA

CCBO06

UBR-box domain

(PS513)

Tribolium K,R,H 142 MVCGRVFKLGEPTYSCRECGMDNTCVLCVNCFKNSEHRFE

castaneum HKYKMGTSQGGGCCDCGDVEAWKKAPFCDVHIA

UBR-box domain
(PS514)
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Wasmannia K,R,H 143 MICGKMFKIGEPTYSCRECGMDSTCVLCVDCFKQSAHRN
auropunctata HKYKMGTSSGGGCCDCGDTEAWKKEPFCKTHVV
UBR-box domain

(PS515)

Cnm&mﬂvag%yw K,R,H 144 MLCGKVFKTGEPTYSCRDCANDPTCVLCIDCFQNGAHKN
UBR-box domain HRYKMNTSGGGGYCDCGDQEAWTSHPFCNLHSP
(PS516)

Hdﬁwgnmhas K,R,H 145 MMCGRVFKMGEPTYSCRECGVDSTCVLCVGCFQQSAHRD
saltator HKYKMGTSGGGGCCDCGDTEAWKRDPFCEIHMV
UBR-box domain

(PS517)

Nﬂapamwnlhqwns K,R,H 146 MVCGRVFKMGEPSYHCRECGMDATCVLCVDCFKKSSHRN
UBR-box domain HKYKMGTSIGGGCCDCGDVEAWKTEPYCEVHIA
(PS518)

Manduca sexta K,R,H 147 MLCGRVFKQGEPAYSCRECGMDNTCVLCVECFKVSAHRH
UBR-box domain HKYKMGQSGGGGCCDCGDTEAWKRDPFCELHAA
(PS519)

Aﬂmopmnmwﬂhu K,R,H 148 MLCGRVFKEGETVYSCRDCAIDPTCVLCMDCFQDSVHKS
UBR-box domain HRYKMHASSGGGFCDCGDVEAWKIGPCCSKHDP
(PS520)

LMgMaanmﬁw K,R,H 149 MLCGRVFRSGEPTYSCRDCAVDPTCVLCIDCFNNGAHRK
UBR-box domain HKYRMSTSSGGGYCDCGDKEAWKTDPLCEIHRK
(PS521)

Vombatus ursinus K,R,H 150 MLCGKVFKSGETTYSCRDCAIDPTCVLCMNCFQSSVHKN
UBR-box domain HRYKMHTSTGGGFCDCGDTEAWKTGPFCTIHEP
(PS522)

&u@hwvmywﬂwe K,R,H 151 MAKSHRHTGRNCGRAFQPGEPLYRCQECAYDDTCVLCIS
¢wsp“Aﬂbyammﬂ CFNPDDHVNHHVSTHICNELHDGICDCGDAEAWNVPLHC
UBR-box domain KAEED

(PS523)

Dnmophﬂa K,R,H 152 MVCGKVEFKNGEPTYSCRECGVDPTCVLCVNCFKRSAHRE
ﬁcm%%ﬂa HKYKMSTSGGGGCCDCGDDEAWKKDHYCQLHLA
UBR-box domain

(PS524)

Mus musculus K,R,H 153 MLCGKVFKSGETTYSCRDCAIDPTCVLCMDCFQSSVHKN
UBR-box domain HRYKMHTSTGGGFCDCGDTEAWKTGPFCVDHEP
(PS525)

Aﬂwhmdﬂuwbnz K,R,H 154 MLCGRVFKEGETVYSCRDCAIDPTCVLCMDCFQDSVHKS
UBR-box domain HRYKMHASSGGGFCDCGDVEAWKIGPYCSKHDP
(PS526)

Aﬁmdumwcmn K,R,H 155 MLCGKVFKYGEPTYSCRDCANDPTCVLCIDCFQKSAHKK
yessoensis HRYKMSTSGGGGYCDCGDSEAWKTAPFCSNHKA
UBR-box domain

(PS527)

Kh@wmvn@wes K,R,H 156 MHSKFNHAGRICGAKFRVGEPIYRCKECSFDDTCVLCVN
lactis CFNPKDHVGHHVYTSICTEFNNGICDCGDKEAWNHELNC
UBR-box domain KGAED

(PS528)

C%ehnhlmyﬂm K,R,H 157 MLCGKVFKGGETTYSCRDCAIDPTCVLCMDCFQNSIHKN
UBR-box domain HRYKMHTSTGGGFCDCGDTEAWKTGPLCANHEP
(PS529)

AcnwonlmﬂkWONI K,R,H 158 MLCGKVFKVGEPTYSCRDCGYDNTCVLCINCFQKSIHKN
UBR-box domain HHYKMNTSGGGGVCDCGDVEAWKEGEACEIHQQ
(PS530)

Musca domestica K,R,H 159 MVCGKVFKIGEPTYSCRECGMDQTCVLCVNCFKQSAHRY

UBR-box domain

HKYKMSTSGGGGCCDCGDEEAWKKDHYCEEHLR
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(PS531)
Schizosaccharomyc | K, R, H 160 MSCGRIFKKGEVEFYRCKTCSVDSNSALCVKCFRATDHHG
es cryophilus HETSFTISAGSGGCCDCGNSAAWIRDMPCKIHNR
0Y26
UBR-box domain
(PS532)
Contarinia K,R,H 161 MVCGRVEFKMNEPFYSCRECGMDPTCVLCVNCFKQSAHRH
nasturtii HKYKMGTSAGGGCCDCGDNEAWKQDHYCDEHTK
UBR-box domain
(PS533)
Schizosaccharomyc K,R,H 162 MKCGHIFRKGEVFYRCKTCSVDSNSALCVKCFRATSHKD
es pombe HETSFTVSAGSGGCCDCGNAAAWIGDVSCKIHSH
UBR-box domain
(PS534)
Mus musculus K,R,H 163 MLCGRVEFKVGEPTYSCRDCAVDPTCVLCMECFLGSIHRD
UBR-box domain HRYRMTTSGGGGFCDCGDTEAWKEGPYCQKHKL
(PS535)
Aphis gossypii K,R,H 164 MVCGRVEFKMGEPTYNCRECGMDSTCVLCVDCFKRSPHKN
UBR-box domain HKYKMGTSYGGGCCDCGDVEAWKHDPYCQTHKL
(PS536)
Aedes aegypti K,R,H 165 MVCGRVFKIGEPTYSCRECSMDPTCVLCSSCFKKSSHRL
UBR-box domain HKYKMSTSGGGGCCDCGDHEAWKRDPSCEEHAV
(PS537)
Saccharomyces K,R,H 166 MGDVHKHTGRNCGRKFKIGEPLYRCHECGCDDTCVLCIH
cerevisiae CFNPKDHVNHHVCTDICTEFTSGICDCGDEEAWNSPLHC
UBR-box domain KAEEQ
(PS538)
Saccharomyces K,R,H 167 MGSVHKHTGRNCGRKFKIGEPLYRCHECGCDDTCVLCIH
cerevisiae CFNPKDHVNHHVCTDICTEFTSGICDCGDEEAWNSPLHC
UBR1 D3S variant KAEEQ
(PS25)
Kazachstania K,R,H 168 MQTSFTHKGRNCGRKFKVGEPLYRCHECGEFDDTCVLCIH
africana CBS 2517 CFNPADHENHHIYTDICNDFTSGICDCGDTEAWNGDLHC
UBR-box domain KAEEI
(PS539)
Clathrospora K,R,H 169 MPCGHIFKNGEATYRCKTCTADDTCVLCARCFDASDHEG
elynae HOVFVSVSPGNSGCCDCGDDEAWVRPVHCNMHSA
UBR-box domain
(PS540)
Aspergillus K,R,H 170 MRCGHIFRAGEATYRCITCAADDTCVLCSRCFDASDHTG
neoniger CBS HOYQISLSSGNCGCCDCGDEEAWRLPLFCAIHTD
115656
UBR-box domain
(PS541)
Trichuris suis K,R,H 171 MRCNHVEFANGEATYSCRGCAADPTCVLCASCFELSAHKE
UBR-box domain HKYMITTSSGTGYCDCGDPEAWKADPFCQQHQP
(PS542)
Trichinella Spiralis K,R,H 172 MKCNRQLICGEPTYCCLDCACDQTCIFCHACFQSSEHKN
UBR-box domain HRYSMSTSEGSGTCDCGDKEAWKSNYYCLNHKP
(PS543)
Homo sapiens K,R,H 173 MGPLGSLCGRVFKSGETTYSCRDCAIDPTCVLCMDCFQD
UBRI1 SVHKNHRYKMHTSTGGGEFCDCGDTEAWKTGPFCVNHEP
(PS544)
Homo sapiens K,R,H 174 MGPLGSLCGRVFKVGEPTYSCRDCAVDPTCVLCMECF LG
UBR2 SIHRDHRYRMTTSGGGGFCDCGDTEAWKEGPYCQKHE
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Kluyveromyces K,R,H 175 MVNEHRGSQCSKQCHGTETVYYCFDCTKNPLYEICEECFE
marxianus UBR2 DETQHMGHRYTSRVVTRPEGKVCHCGDISGYNNPEKAFQ
(PS615) CKI

Kluyveromyces K,R,H 176 MHNDHRGSQCSKQCHGTETVYYCFDCTKNPLYEICEDCFE
lactis UBR2 DESQHIGHRYTSRVVTRPEGKVCHCGDISSYNDPKKAFQ
(PS616) CRI

Eremothecium K,R,H 177 MPKEHRGTSCNKHCQPTETVYYCFDCTKNPLYEICEECE
sinecaudum UBR2 DADKHLGHRWTSKVVSRPEGKICHCGDPSGLTDPENGYE
(PS617) CKN

Zygosaccharomyce K,R,H 178 MNASHKGAMCSKQCYPTETVFYCFTCTINPLYEICESCE
s bailii UBR2 DEEKHRGHLYTAKVVVRPEGRVCHCGDPEFVFKEPRFAFL
(PS618) CKN

Vanderwaltozyma K,R,H 179 MENLHIGSCCNRQCYPTQTVYYCLTCTINPLYEICELCFEF
polyspora UBR2 DEDKHVGHTYISKSVIRPEGKVCHCGNPNVEFKKPEFAFN
(PS619) CKN

Saccharomyces K,R,H 180 MGNMHIGTACTRLCFPSETIYYCFTCSTNPLYEICELCFEF
cerevisiae UBR2 DKEKHVNHSYVAKVVMRPEGRICHCGDPFAFNDPSDAFK
(PS620) CKN

Kluyveromyces K,R,H 181 MHSKFSHAGRICGAKFKVGEPIYRCKECSEFDDTCVLCVN
marxianus UBR1 CFNPKDHTGHHVYTTICTEFNNGICDCGDKEAWNHTLEC
(PS621) KAEEG

Kluyveromyces K,R,H 182 MHSRFNHAGRICASKFKVGEPIYRCKECSEFDDTCVICVN
dobzhanskii UBR1 CFNPKDHVGHHVYTSICSEFNNGICDCGDTEAWNHDMHC
(PS622) KADEN

Kazachstania K,R,H 183 MSKQFRHKGRNCGRKFRLGEPLYRCQECGYDDTCVLCIN
naganishii UBRI1 CFNPKDHEGHHIYTDICNDFTSGICDCGDEEAWLSPLHC
(PS623) KAEED

Eremothecium K,R,H 184 MPKNHNHKGRNCGRSFQPGEPLYRCQECAYDDTCVLCIR
sinecaudum UBR1 CFNPLDHVNHHVSTHICSEFNDGICDCGDVEAWNVELNC
(PS624) KAEED

Saccharomyces K,R,H 185 MGDVHKHTGRNCGRKFKIGEPLYRCHECGCDDTCVLCIH
eubayanus UBRI1 CFNPKDHINHHVCTDICSEFTSGICDCGDEEAWNSSLHC
(PS625) KAEEQ

Zygosaccharomyce K,R,H 186 MYHVYKHSGRNCGRKFKVGEPIYRCHECGYDETCVLCIH
Sparabailii UBRI1 CFNPKDHDSHHVYIDICSEFSTGICDCGDTEAFVNPLHC
(PS626) KAEED

Zygosaccharomyce K,R,H 187 MPKYHQHSGRYCGRKFKVGEPIYRCHECGFDETCVICIH
s mellis UBR1 CFNAKDHETHHVSVSICSEYSTGICDCGDTEAFVNPLHC
(PS627) RAEEV

Candida albicans K,R,H 188 MSHRAYHKNSPCGRIFRKGEPIHRCLTCGEFDDTCALCSH
UBRI1 CFOPEYHEGHKVHIGICQRENGGVCDCGDPEAWTQELEC
(PS628) PYAVD

Pichia pastoris K,R,H 189 MCPNYKHHGRPCARQFKQGEPIYRCYECGF