a9y United States
a2y Patent Application Publication o) Pub. No.: US 2023/0279386 Al

CHEE et al.

43) Pub. Date:

US 20230279386A1

Sep. 7, 2023

(54)

(71)
(72)

(73)

(21)

(22)

(63)

METHODS FOR PREPARING ANALYTES
AND RELATED KITS

Applicant: Encodia, Inc., San Diego, CA (US)

Mark S. CHEE, Encinitas, CA (US);
Kevin L. Gunderson, Encinitas, CA
(US); Norihito Muranaka, San Diego,
CA (US); Brian Tate Weinert, San
Diego, CA (US)

Inventors:

Assignee: Encodia, Inc., San Diego, CA (US)
Appl. No.: 18/190,001

Filed: Mar. 24, 2023

Related U.S. Application Data

Continuation of application No. 17/458,199, filed on
Aug. 26, 2021, now Pat. No. 11,634,709, which 1s a
continuation of application No. PCT/US20/27840,
filed on Apr. 10, 2020.

(60)

(51)

(52)

(57)

Provisional application No. 62/840,673, filed on Apr.
30, 2019.

Publication Classification

Int. CIL.

CI2N 15/10 (2006.01)

U.S. CL

CPC CI2N 15/1065 (2013.01)

ABSTRACT

Provided herein are methods for preparing and treating an
analyte (e.g., a macromolecule or a plurality of macromol-
ecules, peptides, polypeptides, and proteins) for analysis. In
some embodiments, the analyte 1s prepared and treated 1n a
method that includes the use of bait and capture nucleic

acids, solid supports, and reaction mixtures including the
bait and capture nucleic acids. In some embodiments, the

analyte 1s coupled to a solid support. Also provided are kits
containing components for performing the provided meth-
ods for preparing the analytes. In some embodiments, the
methods are for preparing an analyte for sequencing.

Specification includes a Sequence Listing.




Patent Application Publication Sep. 7,2023 Sheet 1 of 6 US 2023/0279386 Al

Bait nucleic acid
Barcode Template

KEY
Analyte
Support

~(ITIIT ° Capture nucleic acid

BC == Bgrcode

L
Ly
Ay P
o T s
e
?':! .
. o {Y)
i
’t.:i:. -~
qqqqq
m ***********
qqqqqq
***********
qqqqqq
qqqqqqqqqqq
*****************
.l“i-“.. qqqqqq
qqqqqqqqqqq
.-. bbbbbbbbbbbbbbbbb
qqqqqq

***********

qqqqqq

***********

[ ot

FIG. 1B
FIG. 1D

L o
.
|
.
|
i
|
[ Y n
.
|
.. m
A
A
|
. /
u a -
"
o KRR
e s ™ o =
##########
L() =z
qqqqq
bbbbbbbbb

|
qqqqq
bbbbbbbbbb
kkkkkk

bbbbbbbbbb

||
##########

||
##########

R R T T T T TR TR T

FIG. 1A



LI E I
- b bk bk bk ok ok
4 & & b & b b & b & b & &
A bk S h bk s h A N

E ] L]
b b b b Sk ok o h h o ok
P B B D B B B B B B B R R R R N N R ]
& bk b h bk s s b h s S i h N
F I I R DO T RO T RO RO TN RO TN R T I IO TN R R R ]
b bk bk b bk bk o d b d drd kA N
E N D" T O DO DOF ROF BAF DE- RN DN RN RO DN REN NN RNN RS NN REN B I |
LI I RO O RO N T N N N T R N T R N R R
LI Y B B B R B R DA B DO B DO R R R B R R R R R
b b S h bk b h s h o rh s h s ks S
LI DA T DA RO RO T D R RO T B RO T RO T RN RO TN R R R R R 1
& b &k b bk o bdh ok odrd b h bk N d i h A S
E " D" DO RO R RN BN DEF DA RES DEN D NN DA B DN DA ROF RN DR R RO BEF R )
o b bk ok o h bh o d o d kh L rh

US 2023/0279386 Al

4 b b o h bk b h Sk b dh o h bh b bk S S
P IC B B B B B B DO B B DO N R N R N R B R R R R R R
b bk bk h h s s b h rh s h A N
I I T I R RO T DO R DO RO DA RO T R T I RO N R R R I )
4 bk bk bk b h bk bk o h S d drd bk A NS
b & & & & & & & b E s s S s E s s kS s s A
drh b h b bk ok bk h bdh ok od h Sk
LI I B B B B B DO B B DO B B R R R R R R R R R
& bk S h bk s S h b h ok h h s S
FC I T R R RO T DO R RO RO DO RO TR DO T R RO N R R N
o h b ok ok bk s drh b h bk o d s N
E I DA DA RO DA AN RO B DA I DA DO RO DS RN RN BEF ROF RN REN R
4 bk o h bk o bh Sk ok ok h h b h N
L IC I B B B DO B DO RO B DO N R R N R N R R R |
Jr b bk b h h b h s s b h s N N
N I T A D R T DOF RN RO T DO R T R T R R T ]
4 bk bk bk b h S h bk o h drh drd
E " DA DO RO B RAF RO DEF DO RES BN RN RN B N I I )
b brh b bk o h ok dh h
L B BT B B B O B O B B O I |

& &
dr & b b ok bk orh Nrh
E " DA R B B RO DA REF R RN RN R I
g b bk b b b h ko N h ok

4 & & & & & b & & & oA s kSN
B b h b b bk s b dh b h S h d

N IO TN D R R R RO I R T R DA RN R R I )
b bk bk b h b h s S h b h o NS

b bk bk S h bk b h Sh h ok s h N S
& & & & & & bk b kb kb sk ok kA b ks s s Ak
dr b ok bk bk rh brdh bk d b h b h Sk h N
4 & & & & & & & & s b b E s s s s s s s s R s ks S
F I I T R T N R T T O N T N RO RO R R T )
4 & & & & & & & & b & & o E s s s s s s s s R s s s S
b h S h bk b h S h b h s s b h s S h N
4 & & b & & b & b bk h h ks hE s h S s E S s N
A b &k bl ko bk ok odrd drd b dh N d N d i h kA
4 & & & & & & & & s b b E s s s s s s s s R s ks S
F N R R R O TN T N T T O R N RN T R N R
b & & & & & & & & & k& bk &k s kA s kS s A S s h N
b bk bk S h bk b h Sh h ok s h N S
s & & & & & & & & b & b bk ok ok Ak b ks s s S S
dr b ok bk bk rh brdh bk d b h b h Sk h N
E O IO I RO RN DS R DS D REF RN REN RN RN BN N BEF DOF DN REN BEN RN BEF R )
FE I T R R N I R N T A R R R R R )
LB B B B B DA DO BT DO DO DO B R B B R R R R B N B R R
b b h b h bk s b dh s d h s h S N
F I T T R R R T DO R DO RO U DO TN RN R TN R RO R R R T )
& bk b h bk s S h rh s h h s S
E I TAE BOF RO IS RAF REF B R R DEN REF RO I IO IO DOF ROF REF BEN RN BON R )
Jrh s ksl s s s s rh s N
LI I B B B B B DO B B DO B B R R R R R R R R R
b b S h bk bk S h b h s h N S
E N IO TN D R R R RO IR RO RO RN RO T R RO DN RO R R R
dr & b ok bk bk drh b h ko d s N
E I I RO RO O BOF RO BOE R REF DA REF DEN DEE RO I IAE N BN Ra )
Jroh b b b Sk ko h h b ok
L IC I IO DO B R B DT A B B B R R B N R R
b bk b h bk b h h s h A N
F I T NP R R R T RO R I DO R RO TR I I N
Jr o Jr ok bk b h b h b o bh o

Sep. 7,2023 Sheet 2 of 6

ion

t

Patent Application Publica

YUIJ-SS0JD) Ujelosd

J¢ 'Ol

LU3}eI0Sd-
pIde 213joNU 3In}

b b kb oa
A bk bk A Nk
s & & & & & & & & koA
r h b ok o h h oA N
4 & & & & & & & b & & & &
dr b bk s s h s ks A
b b b b b bk b & & b b &S

&
dr & bk ok ok brh h o h o rd SN
b & & & & & & & & k& b b kS Ak kS A N
b h b ok o h bhobh bd d s N
b & & & & & b & & & & b & & s AN A AN
dr b bk bk s b h s s h o S N
b b & b b b b & & bbb Ss s E S b A AL AL
W & b b b ok bk b h M h bk b N d b h A N
b & & & & & b & & b b E s s ks s ks s kS S
E I I T R R N RN T N DO N TN R I
& & & & & & & & & & & & b b s A s AN A A Sk
g b & b &b Nk s s S h S s S S s S
I I T D R R R DO R DO RO DA R TR DO R R RO R R R I I )
dr b bk bk b h brh o bh b d b h b d kA o h N
b & & & & & & & & & b & ks s ks s ks s ks A
F I B T N T N T N R T T R N T N RO R R R )
4 & & & & & & & & & & & & b s b s A s A Ak N
b b b bk s s b h o s h o S E N
F O I T D R NP DA RO R RO DO BN RO TR DO T R RO R R RN R R R 1
& b &k b h bk ok o h brd h b d h A A
b & & & & & & & & & b & ks s ks s ks s ks A
N R R N R T N I N T R I I O B TR RN R
& & & & & & & & & & & & & & s &S s A S A NS kN
b bk b h bk b h s h b h o s h o h S
F DN I T D RO R DA R R RO DO B RO TR DO TN RN RO N R RN B R N
dr b bk bk b h brh o bh b d b h b d kA o h N
b & & & & & & & & & b & ks s ks s ks s ks A
F I B T N T N T N R T T R N T N RO R R R )
& & & & & & & & & & b & & b s kS s AN AN A A
o h ok bk s s b h o ks h o S E N
I IO T D R R DA ROF R DO R DO R TR DO T R RO R R R R I )
& b &k b ok b h ok o h brd h s d h A N
E I D" O RO DO DOF BOF BEF R RN DN RN DO DN RO BN REF REF NEF REN R R
o h kb ok o h bhobh o rd bd h oL o
& & & & & & & & b & b b & b s ko s AN A AN
b bk b h b h bk s ks h o ks h A
A & & b & b & & bk bk bk k b kb s AL Ak
dr b b b bk o h brh b h b d b h A Nk
b & & & & & & & & & & & &k b b kS s kAo
b bk bk ok ok o h bh b o S S
4 & & & & b & & b & & & b s A S A AN
b h o bk s ks h N ks h S
T I T R R R R RO R DO R B RO TR O R R R
& b &k bk bk ok o brd Sk h N
b & & & b & & b b kb s ks s A S
b h kb ok ok h h ok rd N

a b & b o=

r h bk ok ok
b & & b & & s A ks &
b b b b h ko h kL N
E A BAF BAF DA R DA R BN R B I I R R )
b h b bk s s h N S
b & & b & & b & b b kb s h S A oh
r b b b bk bk ok h h oh o
b & & & & & b & & b & E b s ks kA S
b b kb ok o h hobh o h d S
A & & & & & & & & & k& bk ok koA s A SN
b b b s bk s s b h N h ks h s AT
F O I T D R R I RO RO RO DO A DO R DO RO T R R I |
& b &k b b bk ok o h brd h b Fd s N
4 & & & & & b & & b & & s b s s h s s h SN
b b b b h bk bkh ok ok okh h b o h Sk
g & & & & & & & & & & & & & & & b Nk s ks oA
dr b bk s s bk N ks ko rh ks h oS
b b & b b b b & & b b &b s b EE S s S SES
e & b & & & b b s S h S s NS S s S N
L]

dr & bk bk ok o h brh bk id N
b & & & & & b & kb s ks kA S
Jr b b h ks ok s s o

ar &
E

9ZIPLIAH
g¢ ‘ol

auouaydozuag

pioe 213joNu lieg

lage

A & & & & & & & & oa
i k& b &k b b s S
E A IO T D R TP R DO RN RO RN R R
& b &k b h b h ok od Srd SN
b & & & & & & b &k sk kA oA
b b b ok ok o h h o o d S
4 & & & & & & & & & b b ks s A A S A
b b kb b b h s h h S h oS S
A & & b & b b bk bk ks kb s A Ak
- & b & b b b h b bk bk b h b h A ok
b & & & & & b & & b & b b s s s h s s E A oS
b b b b h bk bh ok ok okd h o h s N
4 & & & & & & & & & & & & & A E kN E S kA A
[ & & b & s N h S h s S S s S S N
b b & b b b b b & b b b Ss s E S b sk kLA
dr & b b ok ok b h brh b h b d b h A kA
m & & & & & & & & & & & & b & kb s kS s kS Ao
b b b bk bk ok ok b h h b S S E L]
& & & & & & & & & & & & & & s &S s A S A NS kN
b b b s s b h s h S s h S s S N
F I T R R U RO T DO R I DO N DA RO R RO ROF N RO R R R B )
& b & bk b h ok ok orh brh o bh N d sk
b & & & & & & & & & b & ks s ks s ks s ks A
b bk b bk b ok o h bh b bk rh N h S kL S

L]

& b &k b ok bk bk o brd h bk h s AN
b & & & & & & & & & b & ks s ks s ks s ks A
b h kb ok b h bhobh o bd bd h b L orE o h
& & & & & & & & & & & & & & s &S s A S A NS kN
b bk b h bk b h s s h s s h s xS sl
F DN I T D RO R DA R R RO DO B RO TR DO TN RN RO N R RN B R N
dr b bk bk b h brh o bh b d b h b d kA o h N
b & & & & & & & & & b & ks s ks s ks s ks A
F I B T N T N T N R T T R N T N RO R R R )
& & & & & & & & & & b & & b s kS s AN AN A A
b h b s bk s s b h o ks kN Fh S
E T I T DA R NP R ROF R R DO B DO RN DO R I DO R R R R )

e h kb ok o h bh bbb rd b h kS kL N
& & & & & & & & & & & b & b s koA s A S S A
b bk b h s b h s h b h o N E N
4 & & & & & & & bk bk bk ks Ak ok s E SN
dr h b b bk b h o brh obh b d h A N
b & & & & & & & & kA b b ks s kA Ao
b bk b b ok ok ok h h bk rd S
& & & & & & & & & & & & b b s oA SN
o h ok bk s ks h s S N

b & kb &

b bk bk ko
d & & b &k h kA kA&
b b b ks s h s oS
a & & & & & b & b bk kb &k ok

A bk bk bk b h ok ok orh N
4 & & & & & & & & b & bk bk kAo
b b b bk b h ko ok ok h h A N

&

dr b b b bk o h brh b h b N d b h A N
b & & & & & b & & b & b s s s s h s s E A S
b h b ok ok bk kh ko ok okh h Sk
4 & & & & & b & & & & & & & s A AN A NS A
b b h ok bk s s b h o h h h N S
F I T R R U RO T DO R I DO N DA RO R RO ROF N RO R R R B )
b bk b b s S h s s S S s S S N

r

b bk b h bk b h bk s h o s h o h S N
F DN I T D RO R DA R R RO DO B RO TR DO TN RN RO N R RN B R N
& b & bk b h ok ok orh brh o bh N d sk
4 & & & & & & & & & & & b & b s s kS s ks Ao
b b ok ok b h kb ordh o d h o h S N
4 & & & & & & & & & & & b & & b & ks s kS Ao
b b h b b b h s b b d S h b dh b S h S S
b & & b b & b & & & & & s A A S h N s S ks
E N I N B I R O I O R R O I N N R DR R R R
4 & & & & & & & & & & & b & b s s kS s ks Ao
e b b b b b b b b b bk bk bk b h kh o h S
b & & & & & & & & & & & s A A s kN E A kA A
A b h bk bk s s h o ks h o S N
LI IO TP R RO R R DO RN O DO A DO TR R RN T R RO R R R )
- & b & b & b h b h bk ok Sk b h b h b h o
b & & & & & & b & & b & ks s ks Sk kA A
b b b bk bk ko ko h h ko h S N
b & & & & & & & & & & &S A AN AN kN
A b h bk bk s ks h o ks h o
b & & b bk b b bk b sk b h A sE S L
& b &k b ok b h bk o brd b h bk A N
b & & & & & & & & kA b b ks s kA Ao
b b & bk bk Fh ok o h s s o
4 & & & & & & & & b & &b h E s oS
b b &k b b b h S h s s A N

u12104d

r

E

Alluljjeojoyd




wla

US 2023/0279386 Al

A

g

uonebrj/gAH | Lonsabia

=
.
=
0
L
2
Q

o

. L
Il/ﬂnqlr.. e mme e TR R R Rt ome ity ety e . -
L

. . : - -
. r -

" pioe ogponu uydg we

Sep. 7,2023 Sheet 3 of 6

uonebi1/akH ﬁ uoisualxz/uonebi/aiM

s
."._._“
o
F) m_._.-__.._.

S Ol ¥ "5id ¢ 'Ol

Patent Application Publication



Patent Application Publication Sep. 7,2023 Sheet 4 of 6 US 2023/0279386 Al

-
O
=
O
L=
el
S
> Yo
- :
) —eee e

qqqqq
kkkkkkkkkkk

qqqqq
bbbbbbbbbbb

FIG. 7

- L0
2 '
el
1,
(&) :
* swwn S
eed :
——
Q I,
>\ DI |
—————————’




g
g,

1
- -t £ e T -
N N A N e Rl R
e B - = a0k [

-'.'$ -::'
SR

ol

. cssoseoinssonses e i oo &.ﬁm _____________________________________________________ 255 SN “..

“ugy Gug) Guot) Qugl) B “yugr e
o 08 Wan build dg 08 mwn  buwng
AU ‘AU

| %- l%

l.. -

K m
l.
t.
l-
l.
t.
l-
l.
t.

US 2023/0279386 Al

{aeidws 1seDiD) JUBUNRGY SSENM \ {puens pasolip 24 SABWISS 124
LORBANDRU B84 {ous vonrzpuoAy wng eamde collip) ouneel) MISH
{ARAIOR  SSBNM QU ssmduosURE 85IBASY | UDISUBIKD Jallld |

-*I-*I.
i .
T - - - NCEL -
& - - - - - - - - -
W '.:-'.'_.,'-‘:.;.ﬁ s

(uegd Gug (U0

.
EEEIE R R R T SO SC WC T INC JRC O O O T DT OOC O I B A
s e a A m w i RS S S EFFEFEFFEEFEEEFEEFEFEFE s
. TR AREE XN o o a i .
c e . q m g e R FEEF P F FOF - -
- I AN A R i a
.............. -
N I RN R R B - . . .
. I.l.l.l.l.|._-..-.l...-_.__l.__l.._l.-ll.-ll.ll.il.l-.-_v.-_vl_.lI.-_.-_.-. LI L
N T L T T -
ar L T T I i R R . . . . . []
. .
- . -
'
'
*
L
*
| ]
*

Sep. 7,2023 Sheet S of 6

T e e
o .'.A:".';!.""..""‘-":. v e

.

L]

:

4
o,
5

ous buiwiud [BsiaAiun |eied

oyis Buiuud [esionun [eed

6 'Ol

Patent Application Publication



US 2023/0279386 Al

ZHN-(ePIZEDIDDYAQOYVADSHVSIVT

20
ZHN-(2P1IZePIDDYNTDYVYADSH

HO~{3P1ZEDISOSOANCGAIVOIAVYADSIHSYSIVSIV
-JAYIBWIp

”. mao

ZHN-(3p1Z2)NODYAGDHYADS 7O

(ap1Zy HODYAQDYITVIS S0

Sep. 7,2023  Sheet 6 of 6

CHN-{3p1ZeHSOSODAACCGIVOLNVADY S

: i -
Faa .

PapOTUe speal M JO U0y

ZHN-(ENDIDDYACONIIOVIIDVIIOV] L0

{snuiiiv}-) & snuiLel-N) asusnbag apnidad ‘ON g1 03S . 80

mo
ap11dad 'sA {(popoaud speal Y JO Uoioel}) UBSIA

0T 'Ol

Patent Application Publication



US 2023/0279386 Al

METHODS FOR PREPARING ANALYTES
AND RELATED KITS

RELATED APPLICATIONS

[0001] This application 1s a continuation application of
U.S. patent application Ser. No. 17/458,199, filed Aug. 26,

2021, entitled “METHODS FOR PREPARING ANA-
LYTES AND RELATED KITS,” which 1s a continuation
application of International Patent Application Serial No.
PCT/US2020/027840, filed on Apr. 10, 2020, entitled
“METHODS FOR PREPARING ANALYTES AND
RELATED KITS,” which claims priority to U.S. provisional
patent application No. 62/840,675, filed on Apr. 30, 2019,
entitled “METHODS FOR PREPARING ANALYTES AND
RELATED KITS,” the disclosures and contents of which are

incorporated by reference in their entireties for all purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support

awarded by the National Cancer Institute of the National
Institutes of Health under Grant No. R44CA203629. The

United States Government has certain rights in this imnven-
tion pursuant to this grant.

SUBMISSION OF SEQUENCE LISTING

[0003] The present application 1s being filed along with a
Sequence Listing 1n electronic format. The Sequence Listing

1s provided as a file entitled 776532001502SEQLIST.xml,
created Mar. 22, 2023, which 1s 90,274 bytes 1n size. The
information in the electronic format of the Sequence Listing
1s mcorporated by reference in 1ts entirety.

TECHNICAL FIELD

[0004] The present disclosure relates to methods for pre-
paring and treating an analyte (e.g., a macromolecule or a
plurality of macromolecules, peptides, polypeptides, and
proteins) for analysis. In some embodiments, the analyte 1s
prepared and treated 1n a method that uses bait and capture
nucleic acids, solid supports, and reaction mixtures includ-
ing the bait and capture nucleic acids. In some embodiments,
the analyte 1s coupled to a solid support. Also provided are
kits containing components for performing the provided
methods for preparing the analytes. In some embodiments,
the methods and kits are for preparing an analyte for
sequencing.

BACKGROUND

[0005] The present disclosure pertains to methods of pre-
paring and treating analytes for assessment, for example
preparing proteins for analysis (e.g., sequencing). From
existing methodologies, DNA-directed immobilization of
DNA-protein conjugates have been used to immobilize

antibodies (Kim et al., Sensors (Basel) (2008) 8(10):6605-
6641; Dahotre et al., PNAS (2018) 115(17):4357-4362; Jung
et al., Anal. Chem (2007) 79(17):6534-6541). Other hybrid-
ization methods include using nucleic acids as probes to
hybridize and detect target nucleic acids (U.S. Pat. No.
5,770,365).

[0006] However, methods for efliciently preparing ana-
lytes are needed to generate nucleic-acid analyte conjugate
formats compatible with protein analysis (e.g., protein

Sep. 7, 2023

sequencing). For example, desirable methods of preparing
analytes may be compatible with a degradation-based poly-
peptide sequencing assay. Furthermore, 1t may be advanta-
geous for the analyte to be immobilized on the solid support
such that the components remain attached and available for
use 1n protein analysis assays that involve various chemical
and/or enzymatic reactions. In some embodiments, the assay
may involve multiple cycles and treatments with chemical
reagents and/or enzymes. In some cases, the analyte and
nucleic acid 1s prepared such that the nucleic acid compo-
nents are available for use 1n a nucleic acid-based assay.

[0007] Accordingly, there remains a need for improved or
new techniques relating to preparing analytes for analysis
and/or sequencing, with applications to protein sequencing
and/or analysis, as well as to products, methods and kits for
accomplishing the same. There 1s a need for eflicient meth-
ods to capture analytes 1n a format which allows for analyte
assessment, e.g., nucleic acid-based assays. The present
disclosure fulfills these and other related needs.

[0008] These and other aspects of the ivention will be
apparent upon reference to the following detailed descrip-
tion. To this end, various references are set forth herein
which describe 1n more detail certain background informa-
tion, procedures, compounds and/or compositions, and are
cach hereby incorporated by reference 1n their entirety.

BRIEF SUMMARY

[0009] The summary i1s not intended to be used to limait the
scope of the claimed subject matter. Other features, details,
utilities, and advantages of the claimed subject matter wall
be apparent from the detailed description including those
aspects disclosed in the accompanying drawings and 1n the
appended claims.

[0010] Provided herein 1s a method for treating an analyte
including attaching an analyte to a bait nucleic acid to
generate a nucleic acid-analyte chimera; bringing the nucleic
acid-analyte chimera into proximity with a solid support by
hybridizing the bait nucleic acid in the nucleic acid-analyte
chimera to a capture nucleic acid attached to the solid
support; and covalently coupling the nucleic acid-analyte
chimera to the solid support; wherein a plurality of the
nucleic acid-analyte chimeras 1s coupled on the solid support
and any adjacently coupled nucleic acid-analyte chimeras
are spaced apart from each other at an average distance of
about 50 nm or greater.

[0011] Provided herein i1s nucleic acid-analyte conjugate
generated by attaching an analyte to a bait nucleic acid to
generate a nucleic acid-analyte chimera; bringing the nucleic
acid-analyte chimera into proximity with a solid support by
hybridizing the bait nucleic acid in the nucleic acid-analyte
chimera to a capture nucleic acid attached to the solid
support; and covalently coupling the nucleic acid-analyte
chimera to the solid support; wherein a plurality of nucleic
acid-analyte chimeras 1s coupled on the solid support and
any adjacently coupled nucleic acid-analyte chimeras are
spaced apart at an average distance of about 50 nm or
greater.

[0012] Provided herein are kits containing a plurality of
bait nucleic acids, each of said bait nucleic acids 1s config-
ured to be attached to an analyte; and a solid support
comprising a plurality of attached capture nucleic acids,
cach of said capture nucleic acids comprising a sequence
complementary to a corresponding bait nucleic acid,
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wherein any adjacently attached capture nucleic acids are
spaced apart on the solid support at an average distance of
about 50 nm or greater.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Non-limiting embodiments of the present invention
will be described by way of example with reference to the
accompanying figures, which are schematic and are not
intended to be drawn to scale. For purposes of illustration,
not every component 1s labeled 1n every figure, nor 1s every
component of each embodiment of the mmvention shown
where 1llustration 1s not necessary to allow those of ordinary
skill 1n the art to understand the invention.

[0014] FIG. 1A-1D depicts exemplary methods for attach-
ing analytes to a bait nucleic acids and coupling the nucleic
acid-analyte chimera to beads. In some examples, the ana-
lyte 1s attached directly or indirectly (e.g., via linkers) to the
bait nucleic acid. In FIG. 1A, the analyte 1s attached to an
internal position of the bait nucleic acid and the nucleic
acid-analyte chimera 1s attached to the 3' end of the capture
nucleic acid. In FIG. 1B, the analyte 1s attached to the 3' end
ol the bait nucleic acid and the nucleic acid-analyte chimera
1s attached to the 3' end of the capture nucleic acid. In FIG.
1C, the analyte 1s attached to an internal position of the bait
nucleic acid and the nucleic acid-analyte chimera 1s attached
to the 5' end of the capture nucleic acid. In FIG. 1D, the
analyte 1s attached to the 3' end of the bait nucleic acid and
the nucleic acid-analyte chimera is attached to the 3' end of
the capture nucleic acid. In some embodiments, the attach-
ment of the bait nucleic acid to the capture nucleic acid 1s by
ligation.

[0015] FIG. 2A-C depicts a method for photoathnity label-
ing and immobilization of protein analytes. Bait nucleic
acids with a photoactive benzophenone moiety are used to
randomly label proteins upon exposure to UV365 nm light,
thereby forming nucleic acid-analyte chimeras (FIG. 2A).
This process could also be done 1n a two-step procedure
using an alkyne-benzophenone and azide-oligo. The nucleic
acid-analyte chimeras are hybridized via their bait nucleic
acid to a surface derivatized with complementary capture
nucleic acids that have a reactive psoralen moiety (FIG. 2B).
The complexes are covalently cross-linked with psoralen
upon exposure to UV light (FIG. 2C).

[0016] FIG. 3-7 depicts exemplary steps and configura-
tions for forming a nucleic acid-analyte conjugate on a solid
support including optionally adding a barcode sequence. In
some cases, the barcode sequence may include a sample
barcode, a fraction barcode, spatial barcode, a compartment
tag, or any combinations thereof. Using similar methods, a
UMI or other functional nucleic acid components can be
added, e.g., a universal priming site, a spacer sequence that
1s complementary to a spacer sequence attached to another
nucleic acid moiety, or any combinations thereof.

[0017] FIG. 3 depicts the following steps for immobilizing
the analyte: a barcode template (BC') hybridizes to the
nucleic acid-analyte chimera; an extension reaction 1s used
to extend the 3' end of the bait nucleic acid to include the
barcode sequence; the nucleic acid-analyte chimera with the
newly extended barcode 1s brought into proximity with a
solid support by hybridizing the bait nucleic acid (with the
analyte and barcode) to a capture nucleic acid attached to the
solid support; the nucleic acid-analyte chimera 1s covalently
coupled to the solid support by attaching (e.g., via ligation)
the capture nucleic acid and the bait nucleic acid.
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[0018] FIG. 4 depicts the following steps for immobilizing
the analyte: the nucleic acid-analyte chimera 1s brought nto
proximity with a solid support by hybridizing the bait
nucleic acid (with the analyte) to a capture nucleic acid
attached to the solid support; the nucleic acid-analyte chi-
mera 1s covalently coupled to the solid support by attaching
(e.g., via ligation) the capture nucleic acid and the bait
nucleic acid; a barcode template (BC') 1s used to perform an
extension reaction to extend the 3' end of the bait nucleic
acid to include the barcode sequence from the template; a
digestion reaction 1s used to release the barcode template
from the nucleic-acid analyte conjugate coupled on the solid
support.

[0019] FIG. 5 depicts the following steps for immobilizing
the analyte: a ligation reaction i1s used to attach the bait
nucleic acid to the barcode; the nucleic acid-analyte chimera
with the attached barcode 1s brought into proximity with a
solid support by hybridizing the bait nucleic acid (with the
analyte and barcode) to a capture nucleic acid attached to the
solid support; the nucleic acid-analyte chimera 1s covalently
coupled to the solid support by attaching (e.g., via ligation)
the capture nucleic acid and the bait nucleic acid. In some
embodiments, a splinted nucleic acid strand 1s used, wherein
the splint bridges the bait nucleic acid and barcode via
hybridization and enables eflicient ligation or chemical
coupling. In some embodiments, the splinted nucleic acid 1s
separate from the bait nucleic acid.

[0020] FIGS. 6 and 7 depicts the attachment of a barcode
to the 3' end of the capture nucleic acid (e.g., via ligation)
and coupling of a nucleic acid-analyte chimera to the solid
support by attaching (e.g., via ligation) the bait nucleic acid
to the 5' capture nucleic acid. In FIG. 6, a barcode hybridizes
to a region of the nucleic acid-analyte chimera and both are
brought into proximity with a solid support by hybridizing
the bait nucleic acid of the chimera to a capture nucleic acid
attached to the solid support; the nucleic acid-analyte chi-
mera 1s covalently coupled to the solid support by attaching
(e.g., via ligation) the 5' end of the capture nucleic acid to the
bait nucleic acid; the barcode 1s attached to the 3' end of the
capture nucleic acid (e.g., via ligation). In FIG. 7, the nucleic
acid-analyte chimera 1s brought into proximity with a solid
support by hybridizing the bait nucleic acid of the chimera
to the 5' end of a capture nucleic acid that 1s attached to the
solid support and the capture nucleic acid includes a barcode
sequence.

[0021] FIG. 8 depicts steps for installing a barcode and
optionally other nucleic acid components onto the bait
nucleic acid. A nucleic acid-analyte chimera 1s hybridized to
nucleic acid template containing multiple dU, UMI, barcode
and/or spacer sequences; primer extension 1s performed 1n a
reaction (e.g., including Klenow fragment (exo-) at 25° C.)
to 1nstall the UMI, barcode and/or spacer from the template
barcode onto the bait nucleic acid (attached to an analyte);
the resulting dsDNA 1s treated with USER enzyme to digest
the dU sites, and heated to remove the digested fragment.
The bait nucleic acid 1n some cases includes a universal
priming site or a portion thereof.

[0022] FIG. 9 depicts steps for installing a barcode and
optionally other nucleic acid components onto the bait
nucleic acid using reverse transcription. A RNA barcode
template containing a UMI, barcode and/or spacer sequence
1s used and reverse transcription i1s performed in a reaction
with reverse transcriptase (RNase H-) at about 50° C. for
about 1 hour to install the UMI, barcode and/or spacer
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sequences onto the bait nucleic acid); the resulting RNA/
DNA hybrid 1s treated with RNase to digest the RNA
barcode template. The bait nucleic acid 1 some cases
includes a universal priming site or a portion thereof.
[0023] FIG. 10 1s a summary of encoding efliciency for
various peptides assessed 1in an exemplary peptide analysis
assay using a F-binding agent for modified N-terminal
phenylalanine.

DETAILED DESCRIPTION

[0024] Provided herein are methods and kits for preparing
an analyte (e.g., a macromolecule or a plurality of macro-
molecules, peptides, polypeptides, and proteins). In some
embodiments, the methods and kits are for treating the
analytes 1n preparation for sequencing and/or analysis. In
some embodiments, the methods 1include attaching the ana-
lyte to a solid support. In some embodiments, the 1mmobi-
lized nucleic acid-analyte chimera 1s configured for analysis
of the analyte, e.g., wherein the analysis employs barcoding
and nucleic acid encoding of molecular recognition events,
and/or detectable labels. In some embodiments, the methods
include attaching an analyte to a bait nucleic acid to generate
a nucleic acid-analyte chimera; bringing the nucleic acid-
analyte chimera into proximity with a solid support by
hybridizing the bait nucleic acid in the nucleic acid-analyte
chimera to a capture nucleic acid attached to the solid
support; and covalently coupling the nucleic acid-analyte
chimera to the solid support, wherein a plurality of the
nucleic acid-analyte chimeras i1s coupled on the solid support
and any adjacently coupled nucleic acid-analyte chimeras
are spaced apart from each other at an average distance of 50
nm or greater. In some embodiments, the analytes are
obtained from a biological sample. In some cases, the
analyte 1s a protein. In some embodiments, the analyte 1s a
peptide, e.g., peptides generated from the fragmenting pro-
teins obtained from a sample. Also provided are nucleic
acid-analyte conjugates generated by any of the methods
provided herein.

[0025] Also provided are kits containing components and/
or reagents for performing the provided methods for treating
and preparing analytes for sequencing and/or analysis. In
some embodiments, the kits also include instructions for
using the kit to perform any of the methods for preparing or
treating analytes provided herein.

[0026] Existing methodologies for immobilizing and cap-
turing analytes include DNA-directed immobilization of
DNA-protein conjugates, including for immobilizing anti-
bodies on solid surfaces (Kim et al., Sensors (Basel). (2008)
8(10):6603-6641; Dahotre et al., PNAS (2018) 115(17):
4357-4362; Jung et al., Anal. Chem (2007) 79(17):6534-
6541). Other known hybridization methods include using
nucleic acids as probes to hybridize and detect target nucleic
acids (U.S. Pat. No. 5,770,363).

[0027] However, methods for efliciently preparing ana-
lytes are needed to generate nucleic-acid analyte conjugate
formats that 1s compatible with protein analysis (e.g., protein
sequencing). For example, it may be advantageous for the
analyte to be immobilized on the solid support such that the
analyte and nucleic acid components remain attached and/or
immobilized throughout protein analysis assays that involve
vartous chemical and/or enzymatic reactions. In some
embodiments, the assay may involve multiple cycles and
treatments with chemaical reagents and/or enzymes. In some
cases, the analyte and/or nucleic acid are coupled to a solid
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support such that both are and remain available during a
protein analysis assay, including through multiple cycles of
an assay. In some cases, the analyte and nucleic acid 1is
prepared such that the nucleic acid components are available
for use 1n a nucleic acid-based analyte assay. For example,
the nucleic acids used may include components used in
downstream analysis, such as components useful for down-
stream DNA sequencing.

[0028] Accordingly, there remains a need for improved
techniques relating to preparing analytes for analysis and/or
sequencing, with applications to protein sequencing and/or
analysis, as well as to products, methods and kits for
accomplishing the same. There 1s a need for ethicient meth-
ods to capture analytes 1n a format which allows for analyte
assessment, €.g., using nucleic acid-based assays. The pres-
ent disclosure fulfills these and other related needs. In some
embodiments, the present disclosure provides, 1n part, meth-
ods for preparing analytes to use with methods of highly-
parallel, high throughput digital macromolecule (e.g., poly-
peptide) characterization and quantitation, with direct
applications to protein and peptide characterization and
sequencing.

[0029] In some embodiments, provided herein are meth-
ods for treating analytes including attaching an analyte to a
bait nucleic acid to generate a nucleic acid-analyte chimera;
bringing the nucleic acid-analyte chimera into proximity
with a solid support by hybridizing the bait nucleic acid in
the nucleic acid-analyte chimera to a capture nucleic acid
attached to the solid support; and covalently coupling the
nucleic acid-analyte chimera to the solid support; wherein a
plurality of the nucleic acid-analyte chimeras 1s coupled on
the solid support and any adjacently coupled nucleic acid-
analyte chimeras are spaced apart from each other at an
average distance of about 50 nm or greater. Also provided
are nucleic-acid analyte conjugates generated by attaching
an analyte to a bait nucleic acid to generate a nucleic
acid-analyte chimera; bringing the nucleic acid-analyte chi-
mera 1nto proximity with a solid support by hybridizing the
bait nucleic acid in the nucleic acid-analyte chimera to a
capture nucleic acid attached to the solid support; and
covalently coupling the nucleic acid-analyte chimera to the
solid support; wherein a plurality of the nucleic acid-analyte
chimeras 1s coupled on the solid support spaced apart and
any adjacently coupled nucleic acid-analyte chimeras are
spaced apart from each other at an average distance of 50 nm
or greater. In some embodiments, the analyte comprises a
plurality of macromolecules, e.g., proteins, polypeptides,
peptides, or fragments thereof, obtained from a sample. In
some embodiments, the sample 1s obtained from a subject.
In some embodiments, the analytes are directly or indirectly
coupled to the bait nucleic acid. In some embodiments, the
analytes are directly or indirectly coupled to the solid
support.

[0030] Insome embodiments, the analyte 1s attached to the
3" end of the bait nucleic acid. In some embodiments, the
analyte 1s attached to the 3' end of the bait nucleic acid. In
some embodiments, the analyte 1s attached to an internal
position of the bait nucleic acid. In some aspects, the capture
nucleic acid, the nucleic acid-analyte chimera, and/or the
bait nucleic acid further comprises a barcode. In some cases,
the method for preparing and treating the analyte further
comprises attaching a barcode to the nucleic acid-analyte
chimera after i1t 1s coupled to the solid support. In some
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examples, the barcode comprises a compartment barcode, a
partition barcode, a sample barcode, a fraction barcode, or
any combination thereof.

[0031] In some embodiments, the nucleic acid-analyte
conjugate 1s compatible for use with a nucleic acid-based
analyte sequencing assay. In some embodiments, after con-
jugating the bait nucleic acid-analyte chimera to the solid
support, the 5' end of the bait nucleic acid 1s available for
reaction. In some embodiments, after conjugating the bait
nucleic acid-analyte chimera to the solid support, the 5' end
of the capture nucleic acid 1s available for reaction. In some
embodiments, after conjugating the bait nucleic acid-analyte
chimera to the solid support, the 3' end of the bait nucleic
acid 1s available for reaction. In some embodiments, after
conjugating the bait nucleic acid-analyte chimera to the solid
support, the 3' end of the capture nucleic acid 1s available for
reaction. In some examples, the nucleic acid 1s available for
an extension reaction, e.g., a PCR extension reaction, and/or
a ligation reaction.

[0032] In some embodiments, the method for treating the
analytes described herein are compatible for analyzing the
analyte using an assay which includes contacting the analyte
with a binding agent capable of binding to the analyte,
wherein the binding agent comprises a coding tag with
identifyving information regarding the binding agent; and
transierring the 1dentitying information of the coding tag to
the bait nucleic acid or capture nucleic acid. In some
examples, the nucleic acid-analyte conjugate on the solid
support 1s generated such that after coupling, both the
nucleic acid and analyte are available for use 1n an assay
which includes contacting the analyte with a binding agent
capable of binding to the analyte, wherein the binding agent
comprises a coding tag with 1identifying information regard-
ing the binding agent; and transierring the identifying infor-
mation of the coding tag to the bait nucleic acid or capture
nucleic acid. In some examples, the nucleic acid-analyte
conjugate on the solid support 1s compatible for use with a
sequencing assay which include one or more cycles of
contacting with a binding agent and transferring 1dentifying
information.

[0033] Provided herein 1s a kit, comprising (a) a plurality
of bait nucleic acids, each of said bait nucleic acids 1s
configured to be attached to an analyte; and (b) a solid
support comprising a plurality of attached capture nucleic
acids, each of said capture nucleic acids comprising a
sequence complementary to a corresponding bait nucleic
acid, wherein any adjacently attached capture nucleic acids
are spaced apart on the solid support at an average distance
of about 350 nm or greater. In some embodiments, provided
are kits comprising (a) a plurality of bait nucleic acids, each
of said bait nucleic acids 1s configured to be attached to an
analyte; and (b) a plurality of capture nucleic acids, each of
said capture nucleic acids comprising a sequence comple-
mentary to a corresponding bait nucleic acid.

[0034] Numerous specific details are set forth 1n the fol-
lowing description 1n order to provide a thorough under-
standing of the present disclosure. These details are provided
for the purpose of example and the claimed subject matter
may be practiced according to the claims without some or all
of these specific details. It 1s to be understood that other
embodiments can be used and structural changes can be
made without departing from the scope of the claimed
subject matter. It should be understood that the various
teatures and functionality described in one or more of the
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individual embodiments are not limited 1n their applicability
to the particular embodiment with which they are described.
They 1nstead can, be applied, alone or 1n some combination,

to one or more of the other embodiments of the disclosure,

whether or not such embodiments are described, and
whether or not such features are presented as being a part of
a described embodiment. For the purpose of clarity, techni-

cal material that 1s known 1n the technical fields related to
the claimed subject matter has not been described 1 detail
so that the claimed subject matter 1s not unnecessarily
obscured.

[0035] All publications, including patent documents, sci-
entific articles and databases, referred to 1n this application
are 1ncorporated by reference in their entireties for all
purposes to the same extent as 1f each individual publication
were individually incorporated by reference. Citation of the
publications or documents 1s not imtended as an admission
that any of them 1s pertinent prior art, nor does 1t constitute
any admission as to the contents or date of these publications
or documents.

[0036] All headings are for the convenience of the reader
and should not be used to limit the meaning of the text that
follows the heading, unless so specified.

Definitions

[0037] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as 1s com-
monly understood by one of ordinary skill 1n the art to which
the present disclosure belongs. If a defimition set forth 1n this
section 1s contrary to or otherwise inconsistent with a
definition set forth in the patents, applications, published
applications and other publications that are herein incorpo-
rated by reference, the definition set forth in this section
prevails over the definition that 1s mcorporated herein by
reference.

[0038] As used herein, the singular forms *“a,” “an” and
“the” include plural referents unless the context clearly
dictates otherwise. Thus, for example, reference to “a pep-
tide” includes one or more peptides, or mixtures of peptides.
Reference to “an analyte” includes one or more analytes, or
mixtures of analytes. Also, and unless specifically stated or
obvious from context, as used herein, the term ‘“or” 1s
understood to be inclusive and covers both “or” and “an
[0039] The term *““‘about™ as used herein refers to the usual
error range for the respective value readily known to the
skilled person 1n this technical field. Reference to “about™ a
value or parameter herein includes (and describes) embodi-
ments that are directed to that value or parameter per se. For
example, description referring to “about X” 1ncludes
description of “X.

[0040] As used herein, the term “macromolecule” encom-
passes large molecules composed of smaller subunits.
Examples of macromolecules include, but are not limited to
peptides, polypeptides, proteins, nucleic acids, carbohy-
drates, lipids, macrocycles. A macromolecule also includes
a chimeric macromolecule composed of a combination of
two or more types of macromolecules, covalently linked
together (e.g., a peptide linked to a nucleic acid). A macro-
molecule may also include a “macromolecule assembly™,
which 1s composed ol non-covalent complexes of two or
more macromolecules. A macromolecule assembly may be
composed of the same type of macromolecule (e.g., protein-
protein) or of two more different types ol macromolecules

(e.g., protein-DNA).
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[0041] As used herein, the term “polypeptide” encom-
passes peptides and proteins, and refers to a molecule
comprising a chain of two or more amino acids joined by
peptide bonds. In some embodiments, a polypeptide com-
prises 2 to 50 amino acids, e.g., having more than 20-30
amino acids. In some embodiments, a peptide does not
comprise a secondary, tertiary, or higher structure. In some
embodiments, the polypeptide 1s a protein. In some embodi-
ments, a protein comprises 30 or more amino acids, e.g.
having more than 50 amino acids. In some embodiments, in
addition to a primary structure, a protein comprises a sec-
ondary, tertiary, or higher structure. The amino acids of the
polypeptides are most typically L-amino acids, but may also
be D-amino acids, modified amino acids, amino acid ana-
logs, amino acid mimetics, or any combination thereof.
Polypeptides may be naturally occurring, synthetically pro-
duced, or recombinantly expressed. Polypeptides may be
synthetically produced, isolated, recombinantly expressed,
or be produced by a combination of methodologies as
described above. Polypeptides may also comprise additional
groups modifying the amino acid chain, for example, func-
tional groups added via post-translational modification. The
polymer may be linear or branched, 1t may comprise modi-
fied amino acids, and 1t may be iterrupted by non-amino
acids. The term also encompasses an amino acid polymer
that has been modified naturally or by intervention; for
example, disulfide bond formation, glycosylation, lipidation,
acetylation, phosphorylation, or any other manipulation or

modification, such as conjugation with a labeling compo-
nent.

[0042] As used herein, the term “amino acid” refers to an
organic compound comprising an amine group, a carboxylic
acid group, and a side-chain specific to each amino acid,
which serve as a monomeric subunit of a peptide. An amino
acid 1includes the 20 standard, naturally occurring or canoni-
cal amino acids as well as non-standard amino acids. The
standard, naturally-occurring amino acids include Alanine
(A or Ala), Cysteine (C or Cys), Aspartic Acid (D or Asp),
Glutamic Acid (E or Glu), Phenylalanine (F or Phe), Glycine
(G or Gly), Histidine (H or His), Isoleucine (I or Ile), Lysine
(K or Lys), Leucine (L or Leu), Methionine (M or Met),
Asparagine (N or Asn), Proline (P or Pro), Glutamine (Q or
Gln), Arginine (R or Arg), Serine (S or Ser), Threonine (T
or Thr), Valine (V or Val), Tryptophan (W or Trp), and
Tyrosine (Y or Tyr). An amino acid may be an L-amino acid
or a D-amino acid. Non-standard amino acids may be
modified amino acids, amino acid analogs, amino acid
mimetics, non-standard proteinogenic amino acids, or non-
proteinogenic amino acids that occur naturally or are chemi-
cally synthesized. Examples of non-standard amino acids
include, but are not limited to, selenocysteine, pyrrolysine,
and N-formylmethionine, (3-amino acids, Homo-amino
acids, Proline and Pyruvic acid derivatives, 3-substituted
alanine denivatives, glycine derivatives, ring-substituted
phenylalanine and tyrosine derivatives, linear core amino
acids, N-methyl amino acids.

[0043] As used herein, the term “post-translational modi-
fication” refers to modifications that occur on a peptide after
its translation by ribosomes 1s complete. A post-translational
modification may be a covalent chemical modification or
enzymatic modification. Examples of post-translation modi-
fications include, but are not limited to, acylation, acety-
lation, alkylation (including methylation), biotinylation,
butyrylation, carbamylation, carbonylation, deamidation,
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deiminiation, diphthamide formation, disulfide bridge for-
mation, ecliminylation, flavin attachment, formylation,
gamma-carboxylation, glutamylation, glycylation, glycosy-
lation, glypiation, heme C attachment, hydroxylation, hypu-
sine formation, 1odination, 1soprenylation, lipidation, lipoy-
lation,  malonylation, methylation,  myrnistolylation,
oxidation, palmitoylation, pegylation, phosphopantethei-
nylation, phosphorylation, prenylation, propionylation, reti-
nylidene Schifl base formation, S-glutathionylation, S-nitro-
sylation,  S-sulfenylation, selenation, succinylation,
sulfination, ubiquitination, and C-terminal amidation. A
post-translational modification includes modifications of the
amino terminus and/or the carboxyl terminus of a peptide.
Modifications of the terminal amino group include, but are
not limited to, des-amino, N-lower alkyl, N-di-lower alkyl,
and N-acyl modifications. Modifications of the terminal
carboxy group include, but are not limited to, amide, lower
alkyl amide, dialkyl amide, and lower alkyl ester modifica-
tions (e.g., wherein lower alkyl 1s C1-C4 alkyl). A post-
translational modification also includes modifications, such
as but not limited to those described above, of amino acids
falling between the amino and carboxy termini. The term
post-translational modification can also include peptide
modifications that include one or more detectable labels.

[0044] As used herein, the term “binding agent™ refers to
a nucleic acid molecule, a peptide, a polypeptide, a protein,
carbohydrate, or a small molecule that binds to, associates,
unites with, recognizes, or combines with an analyte, e.g., a
polypeptide or a component or feature of a polypeptide. A
binding agent may form a covalent association or non-
covalent association with an analyte, e.g., the polypeptide or
component or feature of a polypeptide. A binding agent may
also be a chimeric binding agent, composed of two or more
types of molecules, such as a nucleic acid molecule-peptide
chimeric binding agent or a carbohydrate-peptide chimeric
binding agent. A binding agent may be a naturally occurring,
synthetically produced, or recombinantly expressed mol-
ecule. A binding agent may bind to a single monomer or
subunit of a polypeptide (e.g., a single amino acid of a
polypeptide) or bind to a plurality of linked subunits of a
polypeptide (e.g., a di-peptide, tri-peptide, or higher order
peptide of a longer peptide, polypeptide, or protein mol-
ecule). A binding agent may bind to a linear molecule or a
molecule having a three-dimensional structure (also referred
to as conformation). For example, an antibody binding agent
may bind to linear peptide, polypeptide, or protein, or bind
to a conformational peptide, polypeptide, or protein. A
binding agent may bind to an N-terminal peptide, a C-ter-
minal peptide, or an intervening peptide of a peptide,
polypeptide, or protein molecule. A binding agent may bind
to an N-terminal amino acid, C-terminal amino acid, or an
intervening amino acid of a peptide molecule. A binding
agent may bind to an N-terminal or C-terminal diamino acid
moiety. A binding agent may preferably bind to a chemically
modified or labeled amino acid (e.g., an amino acid that has
been functionalized by a reagent (e.g., a compound)) over a
non-modified or unlabeled amino acid. For example, a
binding agent may preferably bind to an amino acid that has
been functionalized with an acetyl moiety, Chbz moiety,
guanyl moiety, dansyl moiety, PTC moiety, DNP moaiety,
SNP moiety, diheterocyclic methanimine moiety, etc., over
an amino acid that does not possess said moiety. A binding
agent may bind to a post-translational modification of a
peptide molecule. A binding agent may exhibit selective
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binding to a component or feature of a polypeptide (e.g., a
binding agent may selectively bind to one of the 20 possible
natural amino acid residues and with bind with very low
allinity or not at all to the other 19 natural amino acid
residues). A binding agent may exhibit less selective bind-
ing, where the binding agent 1s capable of binding a plurality
of components or features of a polypeptide (e.g., a binding
agent may bind with similar athnity to two or more different
amino acid residues). A binding agent comprises or 1s
attached to a coding tag, which may be joined to the binding
agent by a linker.

[0045] As used herein, the term “linker” refers to one or
more of a nucleotide, a nucleotide analog, an amino acid, a
peptide, a polypeptide, or a non-nucleotide chemical moiety
that 1s used to join two molecules. A linker may be used to
j01n a binding agent with a coding tag, a bait nucleic acid
with a polypeptide, a polypeptide with a solid support, a
capture nucleic acid with a solid support, etc. In certain
embodiments, a linker joins two molecules via enzymatic
reaction or chemistry reaction (e.g., click chemaistry).

[0046] As used herein, the term “proteome”™ can include
the entire set of proteins, polypeptides, or peptides (includ-
ing conjugates or complexes thereol) expressed by a
genome, cell, tissue, or organism at a certain time, of any
organism. In one aspect, 1t 1s the set of expressed proteins 1n
a given type ol cell or orgamism, at a given time, under
defined conditions. Proteomics 1s the study of the proteome.
For example, a “cellular proteome” may include the collec-
tion of proteins found in a particular cell type under a
particular set of environmental conditions, such as exposure
to hormone stimulation. An organism’s complete proteome
may include the complete set of proteins from all of the
various cellular proteomes. A proteome may also include the
collection of proteins in certain sub-cellular biological sys-
tems. For example, all of the proteins 1n a virus can be called
a viral protecome. As used herein, the term “proteome”
include subsets of a proteome, including but not limited to
a kinome; a secretome; a receptome (e.g., GPCRome); an
immunoproteome; a nutriprotecome; a proteome subset
defined by a post-translational modification (e.g., phospho-
rylation, ubiquitination, methylation, acetylation, glycosy-
lation, oxidation, lipidation, and/or nitrosylation), such as a
phosphoproteome (e.g., phosphotyrosine-proteome, tyro-
sine-kinome, and tyrosine-phosphatome), a glycoproteome,
etc.; a proteome subset associated with a tissue or organ, a
developmental stage, or a physiological or pathological
condition; a proteome subset associated a cellular process,
such as cell cycle, differentiation (or de-diflerentiation), cell
death, senescence, cell migration, transformation, or metas-
tasis; or any combination thereof. As used herein, the term
“proteomics’ refers to analysis of the proteome within cells,
tissues, and bodily fluids, and the corresponding spatial
distribution of the proteome within the cell and within
tissues. In some embodiments, analysis may include quan-
titative and/or qualitative analysis. Additionally, proteomics
studies include the dynamic state of the proteome, continu-
ally changing in time as a function of biology and defined
biological or chemical stimuli.

[0047] The terminal amino acid at one end of the peptide
chain that has a free amino group 1s referred to herein as the
“N-terminal amino acid” (NTAA). The terminal amino acid
at the other end of the chain that has a free carboxyl group
1s referred to herein as the “C-terminal amino acid” (CTAA).
An N-terminal diamino acid 1s comprised of the N-terminal
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amino acid and the penultimate N-terminal amino acid. A
C-terminal diamino acid 1s similarly defined for the C-ter-
minus. The amino acids making up a peptide may be
numbered in order, with the peptide being “n” amino acids
in length. As used herein, NTAA is considered the n”” amino
acid (also referred to herein as the “n NTAA”). Using this
nomenclature, the next amino acid 1s the n-1 amino acid,
then the n-2 amino acid, and so on down the length of the
peptide from the N-terminal end to C-terminal end. In
certain embodiments, an NTAA, CTAA, or both may be
functionalized with a chemical moiety.

[0048] As used herein, the term “barcode” refers to a
nucleic acid molecule of about 2 to about 30 bases (e.g., 2,
3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24, 25, 26, 27, 28, 29 or 30 bases) providing a
umque 1dentifier tag or origin information for a polypeptide,
a binding agent, a set of binding agents from a binding cycle,
a sample polypeptides, a set of samples, polypeptides within
a compartment (e.g., droplet, bead, or separated location),
polypeptides within a set of compartments, a fraction of
polypeptides, a set of polypeptide fractions, a spatial region
or set ol spatial regions, a library of polypeptides, or a
library of binding agents. A barcode can be an artificial
sequence or a naturally occurring sequence. In certain
embodiments, each barcode within a population of barcodes
1s different. In other embodiments, a portion of barcodes 1n
a population of barcodes 1s diflerent, e.g., at least about 10%,
15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%,
65%, 70%, 75%, 80%, 85%, 90%, 95%, 97%, or 99% of the
barcodes 1n a population of barcodes i1s different. A popu-
lation of barcodes may be randomly generated or non-
randomly generated. In certain embodiments, a population
of barcodes are error correcting barcodes. Barcodes can be
used to 1n analysis and identily sequence reads derived from
an individual polypeptide, sample, library, etc. A barcode
can also be used for deconvolution of a collection of
polypeptides that have been distributed into small compart-
ments for enhanced mapping. For example, rather than
mapping a peptide back to the proteome, the peptide 1s
mapped back to 1ts originating protein molecule or protein

complex. BC' refers to spacer sequence complementary to a
barcode (BC).

[0049] A “sample barcode”, also referred to as “‘sample
tag” 1dentifies from which sample a polypeptide derives.

[0050] A “spatial barcode” 1dentifies which region of a
2-D or 3-D tissue section from which a polypeptide derives.
Spatial barcodes may be used for molecular pathology on
tissue sections. A spatial barcode allows for multiplex
sequencing of a plurality of samples or libraries from tissue
section(s).

[0051] As used herein the term “binding cycle specific
tag”, “binding cycle specific barcode”, or “binding cycle
specific sequence” refers to a unique sequence used to
identify a library of binding agents used within a particular
binding cycle. A binding cycle specific tag may comprise
about 2 bases to about 8 bases (e.g., 2, 3, 4, 5, 6, 7, or 8
bases) 1 length. A binding cycle specific tag may be
incorporated within a binding agent’s coding tag as part of
a spacer sequence, part ol an encoder sequence, part of a
UMLI, or as a separate component within the coding tag.

[0052] As used herein, the term “spacer” (Sp) refers to a
nucleic acid molecule of about 1 base to about 20 bases (e.g.,
1,2,3,4,5,6,7,8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19,
or 20 bases) 1 length that 1s present on a terminus of a
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nucleic acid (e.g., bait nucleic acid or capture nucleic acid)
or coding tag. In certain embodiments, a spacer sequence
flanks an encoder sequence of a coding tag on one end or
both ends. Following binding of a binding agent to a
polypeptide, annealing between the complementary spacer
sequences on the coding tag and on the bait or capture
nucleic acid, allows transier of binding information through
a primer extension reaction or ligation to the nucleic acid
constructs (e.g., bait or capture nucleic acid). Sp' refers to
spacer sequence complementary to Sp. Preferably, spacer
sequences within a library of binding agents possess the
same number of bases. A common (shared or identical)
spacer may be used 1n a library of binding agents. A spacer
sequence may have a “cycle specific” sequence 1n order to
track binding agents used 1n a particular binding cycle. The
spacer sequence (Sp) can be constant across all binding
cycles, be specific for a particular class of polypeptides, or
be binding cycle number specific. Polypeptide class-specific
spacers permit annealing of a cognate binding agent’s cod-
ing tag information present in an extended nucleic acid from
a completed binding/extension cycle to the coding tag of
another binding agent recognizing the same class of poly-
peptides 1n a subsequent binding cycle via the class-specific
spacers. Only the sequential binding of correct cognate pairs
results 1n 1nteracting spacer elements and effective primer
extension. A spacer sequence may comprise suilicient num-
ber of bases to anneal to a complementary spacer sequence
in a nucleic acid to which the identifying information from
the coding tag 1s to be transferred to (e.g., on the bait or
capture nucleic acid) to mnitiate a primer extension (also
referred to as polymerase extension) reaction, or provide a
“splint” for a ligation reaction, or mediate a “sticky end”
ligation reaction. A spacer sequence may comprise a fewer
number of bases than the encoder sequence within a coding,
tag.

[0053] As used herein, the term “primer extension”, also
referred to as “polymerase extension™, refers to a reaction
catalyzed by a nucleic acid polymerase (e.g., DNA poly-
merase) whereby a nucleic acid molecule (e.g., oligonucle-
otide primer, spacer sequence) that anneals to a complemen-
tary strand 1s extended by the polymerase, using the
complementary strand as template.

[0054] As used herein, the term “unique molecular 1den-
tifier” or “UMI” refers to a nucleic acid molecule of about
3 to about 40 bases (3, 4, 5, 6,7,8,9, 10, 11, 12, 13, 14, 15,
16,17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31,
32,33, 34,35,36,37, 38, 39, or 40 bases 1n length providing
a unique 1dentifier tag for each polypeptide or binding agent
to which the UMI 1s linked. A polypeptide UMI can be used
to computationally deconvolute sequencing data from a
plurality of extended nucleic acids to identily extended
nucleic acids that originated from an individual polypeptide.
A polypeptide UMI can be used to accurately count origi-
nating polypeptide molecules by collapsing NGS reads to
unique UMIs. A binding agent UMI can be used to identify
cach individual molecular binding agent that binds to a
particular polypeptide. For example, a UMI can be used to
identify the number of individual binding events for a
binding agent specific for a single amino acid that occurs for
a particular peptide molecule. It 1s understood that when
UMI and barcode are both referenced in the context of a
binding agent or polypeptide, that the barcode refers to
identifying information other that the UMI for the individual
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binding agent or polypeptide (e.g., sample barcode, com-
partment barcode, binding cycle barcode).

[0055] As used herein, the term “universal priming site” or
“universal primer” or “universal priming sequence’” refers to
a nucleic acid molecule, which may be used for library
amplification and/or for sequencing reactions. A universal
priming site may include, but 1s not limited to, a priming site
(primer sequence) for PCR amplification, flow cell adaptor
sequences that anneal to complementary oligonucleotides on
flow cell surfaces enabling bridge amplification 1n some next
generation sequencing platforms, a sequencing priming site,
or a combination thereof. Universal priming sites can be
used for other types of amplification, including those com-
monly used 1n conjunction with next generation digital
sequencing. For example, extended nucleic acid molecules
may be circularized and a umversal priming site used for
rolling circle amplification to form DNA nanoballs that can
be used as sequencing templates (Drmanac et al., 2009,
Science 327:78-81). Alternatively, nucleic acid molecules
may be circularized and sequenced directly by polymerase
extension from universal priming sites (Korlach et al., 2008,
Proc. Natl. Acad. Sc1. 105:1176-1181). The term “forward”
when used 1n context with a “universal priming site” or
“universal primer” may also be referred to as “5" or “sense”.
The term “reverse” when used 1n context with a “universal
priming site” or “universal primer” may also be referred to
as “3" or “antisense’.

[0056] As used herein, the term *“‘solid support”, “solid
surface”, or “solid substrate”, or “sequencing substrate”, or
“substrate” refers to any solid material, including porous and
non-porous materials, to which a polypeptide can be asso-
ciated directly or indirectly, by any means known 1n the art,
including covalent and non-covalent interactions, or any
combination thereof. A solid support may be two-dimen-
sional (e.g., planar surface) or three-dimensional (e.g., gel
matrix or bead). A solid support can be any support surface
including, but not limited to, a bead, a microbead, an array,
a glass surface, a silicon surface, a plastic surface, a filter, a
membrane, a PIFE membrane, a PTFE membrane, a nitro-
cellulose membrane, a nitrocellulose-based polymer surface,
nylon, a silicon wafer chip, a flow through chip, a flow cell,
a biochip including signal transducing electronics, a chan-
nel, a microtiter well, an ELISA plate, a spinning interfer-
ometry disc, a polymer matrix, a nanoparticle, or a micro-
sphere. Matenals for a solid support include but are not
limited to acrylamide, agarose, cellulose, dextran, nitrocel-
lulose, glass, gold, quartz, polystyrene, polyethylene vinyl
acetate, polypropylene, polyester, polymethacrylate, poly-
acrylate, polyethylene, polyethylene oxide, polysilicates,
polycarbonates, poly vinyl alcohol (PVA), Teflon, fluoro-
carbons, nylon, silicon rubber, polyanhydrides, polyglycolic
acid, polyvinylchloride, polylactic acid, polyorthoesters,
functionalized silane, polypropyliumerate, collagen, gly-
cosaminoglycans, polyamino acids, dextran, or any combi-
nation thereof. Solid supports further include thin film,
membrane, bottles, dishes, fibers, woven fibers, shaped
polymers such as tubes, particles, beads, microspheres,
microparticles, or any combination thereof. For example,
when solid surface 1s a bead, the bead can include, but 1s not
limited to, a ceramic bead, a polystyrene bead, a polymer
bead, a polyacrylate bead, a methylstyrene bead, an agarose
bead, a cellulose bead, a dextran bead, an acrylamide bead,
a solid core bead, a porous bead, a paramagnetic bead, a
glass bead, or a controlled pore bead, a silica-based bead, or
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any combinations thereof. A bead may be spherical or an
irregularly shaped. A bead or support may be porous. A
bead’s size may range from nanometers, €.g., 100 nm, to
millimeters, e.g., 1 mm. In certain embodiments, beads
range 1n size from about 0.2 micron to about 200 microns,

or from about 0.5 micron to about 5 micron. In some
embodiments, beads can be about 1, 1.5, 2, 2.5, 2.8, 3, 3.5,

4,4.5,5,65.5,6,65,7,7.5,8,85,9,9.5,10, 10.5, 15, or 20
um in diameter. In certain embodiments, “a bead” solid
support may refer to an individual bead or a plurality of
beads. In some embodiments, the solid surface 1s a nanopar-
ticle. In certain embodiments, the nanoparticles range in size
from about 1 nm to about 500 nm 1n diameter, for example,
between about 1 nm and about 20 nm, between about 1 nm
and about 50 nm, between about 1 nm and about 100 nm,
between about 10 nm and about 50 nm, between about 10
nm and about 100 nm, between about 10 nm and about 200
nm, between about 50 nm and about 100 nm, between about
50 nm and about 150, between about 50 nm and about 200
nm, between about 100 nm and about 200 nm, or between
about 200 nm and about 500 nm 1in diameter. In some
embodiments, the nanoparticles can be about 10 nm, about
50 nm, about 100 nm, about 150 nm, about 200 nm, about
300 nm, or about 500 nm 1n diameter. In some embodiments,
the nanoparticles are less than about 200 nm in diameter.

[0057] As used herein, the term “‘nucleic acid™, “nucleic
acid molecule” or “polynucleotide” refers to a single- or
double-stranded polynucleotide containing deoxyribonucle-
otides or ribonucleotides that are linked by 3'-5' phosphodi-
ester bonds, as well as polynucleotide analogs. A nucleic
acid molecule i1ncludes, but 1s not limited to, DNA, RNA,
and cDNA. A polynucleotide analog may possess a back-
bone other than a standard phosphodiester linkage found in
natural polynucleotides and, optionally, a modified sugar
moiety or moieties other than ribose or deoxyribose. Poly-
nucleotide analogs contain bases capable of hydrogen bond-
ing by Watson-Crick base pairing to standard polynucleotide
bases, where the analog backbone presents the bases 1n a
manner to permit such hydrogen bonding in a sequence-
specific fashion between the oligonucleotide analog mol-
ecule and bases 1n a standard polynucleotide. Examples of
polynucleotide analogs imnclude, but are not limited to xeno
nucleic acid (XNA), bridged nucleic acid (BNA), glycol
nucleic acid (GNA), peptide nucleic acids (PNAs), yPNAs,
morpholino polynucleotides, locked nucleic acids (LNAs),
threose nucleic acid (TNA), 2'-O-Methyl polynucleotides,
2'-0-alkyl ribosyl substituted polynucleotides, phosphoro-
thioate polynucleotides, and boronophosphate polynucle-
otides. A polynucleotide analog may possess purine or
pyrimidine analogs, including for example, 7-deaza purine
analogs, 8-halopurine analogs, 5-halopyrimidine analogs, or
universal base analogs that can pair with any base, including,
hypoxanthine, nitroazoles, 1socarbostyril analogues, azole
carboxamides, and aromatic triazole analogues, or base
analogs with additional functionality, such as a biotin moiety
for atlinity binding. In some embodiments, the nucleic acid
molecule or oligonucleotide 1s a modified oligonucleotide.
In some embodiments, the nucleic acid molecule or oligo-

nucleotide 1s a DNA with pseudo-complementary bases, a
DNA with protected bases, an RNA molecule, a BNA

molecule, an XNA molecule, a LNA molecule, a PNA

molecule, a yYPNA molecule, or a morpholino DNA, or a
combination thereof. In some embodiments, the nucleic acid

molecule or oligonucleotide 1s backbone modified, sugar
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modified, or nucleobase modified. In some embodiments,
the nucleic acid molecule or oligonucleotide has nucleobase
protecting groups such as Alloc, electrophilic protecting
groups such as thiranes, acetyl protecting groups, nitroben-
zyl protecting groups, sulfonate protecting groups, or tradi-
tional base-labile protecting groups.

[0058] As used herein, “nucleic acid sequencing” means
the determination of the order of nucleotides 1n a nucleic
acid molecule or a sample of nucleic acid molecules.

[0059] As used herein, “next generation sequencing”
refers to high-throughput sequencing methods that allow the
sequencing of millions to billions of molecules 1n parallel.
Examples of next generation sequencing methods include
sequencing by synthesis, sequencing by ligation, sequencing
by hybridization, polony sequencing, 1on semiconductor
sequencing, and pyrosequencing. By attaching primers to a
solid substrate and a complementary sequence to a nucleic
acid molecule, a nucleic acid molecule can be hybridized to
the solid substrate via the primer and then multiple copies
can be generated 1n a discrete area on the solid substrate by
using polymerase to amplily (these groupings are sometimes
referred to as polymerase colonies or polonies). Conse-
quently, during the sequencing process, a nucleotide at a
particular position can be sequenced multiple times (e.g.,
hundreds or thousands of times)—this depth of coverage 1s
referred to as “deep sequencing.” Examples of high through-
put nucleic acid sequencing technology include platforms
provided by Ilumina, BGI, (Qiagen, Thermo-Fisher, and
Roche, including formats such as parallel bead arrays,
sequencing by synthesis, sequencing by ligation, capillary
clectrophoresis, electronic microchips, “biochips,” microar-

rays, parallel microchips, and single-molecule arrays, as
reviewed by Service (Science 311:1544-1546, 2006).

[0060] As used herein, “single molecule sequencing” or
“third generation sequencing”’ refers to next-generation
sequencing methods wherein reads from single molecule
sequencing instruments are generated by sequencing of a
single molecule of DNA. Unlike next generation sequencing,
methods that rely on amplification to clone many DNA
molecules 1n parallel for sequencing 1n a phased approach,
single molecule sequencing interrogates single molecules of
DNA and does not require amplification or synchronization.
Single molecule sequencing includes methods that need to
pause the sequencing reaction aiter each base incorporation
(‘wash-and-scan’ cycle) and methods which do not need to
halt between read steps. Examples of single molecule
sequencing methods include single molecule real-time
sequencing (Pacific Biosciences), nanopore-based sequenc-
ing (Oxford Nanopore), duplex interrupted nanopore
sequencing, and direct imaging of DNA using advanced
miCroscopy.

[0061] As used herein, “analyzing” the analyte (e.g., poly-
peptide) means to 1dentify, quantily, characterize, distin-
guish, or a combination thereof, all or a portion of the
components of the analyte, e.g., the polypeptide. For
example, analyzing a peptide, polypeptide, or protein
includes determining all or a portion of the amino acid
sequence (contiguous or non-continuous) of the peptide.
Analyzing a polypeptide also includes partial identification
of a component of the polypeptide. For example, partial
identification of amino acids in the polypeptide protein
sequence can 1dentily an amino acid in the protein as
belonging to a subset of possible amino acids. Analysis
typically begins with analysis of the n NTAA, and then
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proceeds to the next amino acid of the peptide (i1.e., n-1, n-2,
n-3, and so forth). This 1s accomplished by elimination of the
n NTAA, thereby converting the n-1 amino acid of the
peptide to an N-terminal amino acid (referred to herein as
the “n-1 NTAA”). Analyzing the peptide may also include
determining the presence and frequency of post-translational
modifications on the peptide, which may or may not include
information regarding the sequential order of the post-
translational modifications on the peptide. Analyzing the
peptide may also include determining the presence and
frequency of epitopes 1n the peptide, which may or may not
include information regarding the sequential order or loca-
tion of the epitopes within the peptide. Analyzing the peptide
may include combining different types of analysis, for
example obtaining epitope 1nformation, amino acid
sequence information, post-translational modification infor-
mation, or any combination thereof.

[0062] As used herein, the term “compartment” refers to a
physical area or volume that separates or 1solates a subset of
analytes (e.g., polypeptides) from a sample of polypeptides.
For example, a compartment may separate an individual cell
from other cells, or a subset of a sample’s proteome from the
rest of the sample’s proteome. A compartment may be an
aqueous compartment (e.g., microtluidic droplet), a solid
compartment (e.g., picotiter well or microtiter well on a
plate, tube, vial, gel bead), a bead surface, a porous bead
interior, or a separated region on a surface. A compartment
may comprise one or more beads to which polypeptides may
be immobilized.

[0063] As used herein, the term “compartment tag” or
“compartment barcode” refers to a single or double stranded
nucleic acid molecule of about 4 bases to about 100 bases
(including 4 bases, 100 bases, and any integer between) that
comprises 1dentifying information for the constituents (e.g.,
a single cell’s proteome), within one or more compartments
(e.g., microfluidic droplet, bead surface). A compartment
barcode 1dentifies a subset of polypeptides 1n a sample that
have been separated into the same physical compartment or
group ol compartments from a plurality (e.g., millions to
billions) of compartments. Thus, a compartment tag can be
used to distinguish constituents derived from one or more
compartments having the same compartment tag from those
in another compartment having a different compartment tag,
even aiter the constituents are pooled together. By labeling
the proteins and/or peptides within each compartment or
within a group of two or more compartments with a unique
compartment tag, peptides derived from the same protein,
protein complex, or cell within an individual compartment
or group of compartments can be i1dentified. A compartment
tag comprises a barcode, which 1s optionally flanked by a
spacer sequence on one or both sides, and an optional
universal primer. The spacer sequence can be complemen-
tary to the spacer sequence of a nucleic acid to which the
identifying information from the coding tag 1s transferred to,
enabling transfer of compartment tag information to the
nucleic acid. A compartment tag may also comprise a
universal priming site, a unique molecular identifier (for
providing 1dentifying information for the peptide attached
thereto), or both, particularly for embodiments where a
compartment tag comprises a bait or capture nucleic acid to
be used 1n downstream peptide analysis methods described
herein. A compartment tag can comprise a functional moiety
(e.g., aldehyde, NHS, mTet, alkyne, etc.) for coupling to a
peptide. Alternatively, a compartment tag can comprise a
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peptide comprising a recognition sequence for a protein
ligase to allow ligation of the compartment tag to a peptide
of interest. A compartment can comprise a single compart-
ment tag, a plurality of 1dentical compartment tags save for
an optional UMI sequence, or two or more different com-
partment tags. In certain embodiments each compartment
comprises a unique compartment tag (one-to-one mapping).
In other embodiments, multiple compartments from a larger
population of compartments comprise the same compart-
ment tag (many-to-one mapping). A compartment tag may
be joined to a solid support within a compartment (e.g.,
bead) or joined to the surface of the compartment 1tself (e.g.,
surface of a picotiter well). Alternatively, a compartment tag
may be free 1n solution within a compartment.

[0064] As used herein, the term “‘partition” refers to
assignment of a umque barcode to a subpopulation of
analytes (e.g., peptides) from a population of analytes within
a sample. The assignment of the barcode may be random. In
certain embodiments, partitioning may be achieved by dis-
tributing analytes into compartments. A partition may be
comprised of the analytes within a single compartment or
the analytes within multiple compartments from a popula-
tion of compartments.

[0065] As used heremn, a “partition tag’ or “partition
barcode” refers to a single or double stranded nucleic acid
molecule of about 4 bases to about 100 bases (including 4
bases, 100 bases, and any integer between) that comprises
identifving information for a partition. In certain embodi-
ments, a partition tag for a polypeptide refers to i1dentical
compartment tags arising from the partitioning of polypep-
tides mto compartment(s) labeled with the same barcode.
[0066] As used herein, the term ““fraction” refers to a
subset of analytes (e.g., polypeptides) within a sample that
have been sorted from the rest of the sample or organelles
using physical or chemical separation methods, such as
fractionating by size, hydrophobicity, 1soelectric point,
aflinity, and so on. Separation methods include HPLC sepa-
ration, gel separation, aflinity separation, cellular fraction-
ation, cellular organelle fractionation, tissue fractionation,
ctc. Physical properties such as fluid flow, magnetism,
clectrical current, mass, density, or the like can also be used
for separation.

[0067] As used herein, the term “fraction barcode” refers
to a single or double stranded nucleic acid molecule of about
4 bases to about 100 bases (including 4 bases, 100 bases, and
any integer therebetween) that comprises 1dentifying infor-
mation for the analytes (e.g., polypeptides) within a fraction.

[0068] As used herein, the term “coding tag” refers to a
polynucleotide with any suitable length, e.g., a nucleic acid
molecule of about 2 bases to about 100 bases, including any
integer including 2 and 100 and 1n between, that comprises
identifving information for 1ts associated binding agent. A
“coding tag” may also be made from a “‘sequenceable

polymer” (see, e.g., N1u et al., 2013, Nat. Chem. 5:282-292;
Roy et al., 2015, Nat. Commun. 6:7237; Lutz et al., 2015,
Macromolecules 48:4759-4767; each of which are incorpo-
rated by reference 1n 1ts entirety). A coding tag may com-
prise an encoder sequence, which 1s optionally flanked by
one spacer on one side or optionally flanked by a spacer on
cach side. A coding tag may also be comprised of an optional
UMI and/or an optional binding cycle-specific barcode. A
coding tag may be single stranded or double stranded. A
double stranded coding tag may comprise blunt ends, over-
hanging ends, or both. A coding tag may refer to the coding
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tag that 1s directly attached to a binding agent, to a comple-
mentary sequence hybridized to the coding tag directly
attached to a binding agent (e.g., for double stranded coding
tags), or to coding tag information present in an extended
recording tag. In certain embodiments, a coding tag may
turther comprise a binding cycle specific spacer or barcode,
a unique molecular identifier, a universal priming site, or any
combination thereof.

[0069] It 1s understood that aspects and embodiments of
the mvention described herein include “consisting” and/or
“consisting essentially of” aspects and embodiments.
[0070] Throughout this disclosure, various aspects of this
invention are presented in a range format. It should be
understood that the description 1n range format 1s merely for
convenience and brevity and should not be construed as an
inflexible limitation on the scope of the invention. Accord-
ingly, the description of a range should be considered to
have specifically disclosed all the possible sub-ranges as
well as individual numerical values within that range. For
example, description of a range such as from 1 to 6 should
be considered to have specifically disclosed sub-ranges such
as from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4, from
2 to 6, from 3 to 6 etc., as well as individual numbers within
that range, for example, 1, 2, 3, 4, 5, and 6. This applies
regardless of the breadth of the range.

[0071] Other objects, advantages and features of the pres-
ent invention will become apparent from the following
specification taken in conjunction with the accompanying
drawings.

I. Method of Preparing Analytes and Generating
Nucleic Acid-Analyte Conjugates

[0072] Provided herein are methods and kits for preparing
an analyte (e.g., a macromolecule or a plurality of macro-
molecules, peptides, polypeptides, and proteins). In some
embodiments, the methods and kits are for treating the
analytes 1n preparation for sequencing and/or analysis. In
some embodiments, the methods include attaching the ana-
lyte to a solid support. In some embodiments, the nucleic
acid-analyte conjugate 1s configured for analysis of the
analyte, e.g., wherein the analysis employs barcoding and
nucleic acid encoding of molecular recognition events, and/
or detectable labels. In some embodiments, the method
includes attaching an analyte to a bait nucleic acid to
generate a nucleic acid-analyte chimera. In some aspects, the
methods further comprise bringing the nucleic acid-analyte
chimera into proximity with a solid support by hybridizing
the bait nucleic acid 1n the nucleic acid-analyte chimera to
a capture nucleic acid attached to the solid support, and
covalently coupling the nucleic acid-analyte chimera to the
solid support. In some embodiments, a plurality of the
nucleic acid-analyte chimeras 1s coupled on the solid support
and any adjacently coupled nucleic acid-analyte chimeras
are spaced apart from each other at an average distance of
about 50 nm or greater. Adjacently coupled nucleic acid-
analytes or adjacently coupled nucleic acid-analyte chimeras
may refer to molecules that are adjacent to each other in any
direction 1n a two dimensional space. In some cases, adja-
cently coupled nucleic acid-analytes or adjacently coupled
nucleic acid-analyte chimeras may refer to molecules that
are adjacent to each other in any direction 1 a three
dimensional space. In some embodiments, the analyte com-
prises a plurality of analytes (e.g., two or more) that are
obtained from a biological sample. In some cases, the
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analyte 1s a protein. In some embodiments, the analyte 1s a
peptide, e.g., peptides generated from the fragmenting pro-
teins obtained from a sample. Also provided are nucleic
acid-analyte conjugates generated according to any of the
methods described herein. In some embodiments, the meth-
ods and conjugates described herein are for preparing ana-
lytes compatible with protein analysis which employs
barcoding and nucleic acid encoding of molecular recogni-
tion events, and/or detectable labels.

[0073] A. Analytes and Samples

[0074] In one aspect, the present disclosure relates to the
preparation and treatment of analytes, e.g., macromolecules
including proteins, polypeptides, and peptides. In some
cases, a macromolecule 1s any large molecule composed of
smaller subunits. In certain embodiments, a macromolecule
1s a protein, a protein complex, polypeptide, peptide, nucleic
acid molecule, carbohydrate, lipid, macrocycle, or a chime-
ric macromolecule. In certain embodiments, a protein ana-
lyte 1s attached to the solid support via covalently coupling.

[0075] In some of any of the provided embodiments, the
analytes (e.g., macromolecules, protein, polypeptide, pep-
tide) prepared or treated according the kits and methods
disclosed herein may be obtained from a suitable source or
sample, mncluding but not limited to: biological samples,
such as cells (both primary cells and cultured cell lines), cell
lysates or extracts, cell organelles or vesicles, including
exosomes, tissues and tissue extracts; biopsy; fecal matter;
bodily fluids (such as blood, whole blood, serum, plasma,
urine, lymph, bile, cerebrospinal fluid, interstitial fluid,
aqueous or vitreous humor, colostrum, sputum, amniotic
fluid, saliva, anal and vaginal secretions, perspiration and
semen, a transudate, an exudate (e.g., fluid obtained from an
abscess or any other site of infection or inflammation) or
fluid obtained from a joint (normal joint or a joint aflected
by disease such as rheumatoid arthritis, osteoarthritis, gout
or septic arthritis) of virtually any organism, with mamma-
lian-derived samples, including microbiome-containing
samples, being preferred and human-derived samples,
including microbiome-containing samples, being particu-
larly preferred; environmental samples (such as air, agricul-
tural, water and soil samples); microbial samples including
samples derived from microbial biofilms and/or communi-
ties, as well as microbial spores; research samples including
extracellular flmds, extracellular supernatants from cell cul-
tures, 1nclusion bodies in bacteria, cellular and subcellular
compartments including mitochondrial compartments, and
cellular periplasm. In some cases, the analyte are obtained
multiple samples, and the multiple samples are pooled.

[0076] In certain embodiments, the analyte 1s a protein, a
protein complex, a polypeptide, or peptide. For example,
assessment of the analyte may include determining amino
acid sequence information and post-translational modifica-
tions ol a peptide, polypeptide, or protein by generating a
nucleic acid encoded library that can be analyzed via next
generation sequencing methods. A peptide, polypeptide,
protein, or protein complex may comprise a standard, natu-
rally occurring amino acid, a modified amino acid (e.g.,
post-translational modification), an amino acid analog, an
amino acid mimetic, or any combination thereof. In some
embodiments, a peptide, polypeptide, or protein 1s naturally
occurring, synthetically produced, or recombinantly
expressed. In any of the alorementioned embodiments, a
peptide, polypeptide, protein, or protein complex may fur-
ther comprise a post-translational modification.
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[0077] A post-translational modification (PTM) of a pep-
tide, polypeptide, or protein may be a covalent modification
or enzymatic modification. Examples of post-translation
modifications include, but are not limited to, acylation,
acetylation, alkylation (including methylation), bioti-
nylation, butyrylation, carbamylation, carbonylation, deami-
dation, deimimiation, diphthamide {formation, disulfide
bridge formation, eliminylation, flavin attachment, formy-
lation, gamma-carboxylation, glutamylation, glycylation,
glycosylation (e.g., N-linked, O-linked, C-linked, phospho-
glycosylation), glypiation, heme C attachment, hydroxy-
lation, hypusine formation, iodination, 1soprenylation, lipi-
dation, lipoylation, malonylation, methylation,
myristolylation, oxidation, palmitoylation, pegylation, phos-
phopantetheinylation, phosphorylation, prenylation, propio-
nylation, retinylidene Schifl base formation, S-glutathion-
ylation, S-nitrosylation, S-sulfenylation, selenation,
succinylation, sulfination, ubiquitination, and C-terminal
amidation. A post-translational modification includes modi-
fications of the amino terminus and/or the carboxyl terminus
ol a peptide, polypeptide, or protein. Modifications of the
terminal amino group include, but are not limited to, des-
amino, N-lower alkyl, N-di-lower alkyl, and N-acyl modi-
fications. Modifications of the terminal carboxy group
include, but are not limited to, amide, lower alkyl amide,
dialkyl amide, and lower alkyl ester modifications (e.g.,
wherein lower alkyl 1s C1-C4 alkyl). A post-translational
modification also includes modifications, such as but not
limited to those described above, of amino acids falling
between the amino and carboxy termini of a peptide, poly-
peptide, or protein. Post-translational modification can regu-
late a protein’s “biology” within a cell, e.g., 1ts activity,
structure, stability, or localization. Phosphorylation is the
most common post-translational modification and plays an
important role 1n regulation of protein, particularly 1n cell
signaling (Prabakaran et al., 2012, Wiley Interdiscip Rev
Syst Biol Med 4: 565-583). The addition of sugars to
proteins, such as glycosylation, has been shown to promote
protein folding, improve stability, and modily regulatory
function. The attachment of lipids to proteins enables tar-
geting to the cell membrane. A post-translational modifica-
tion can also include peptide, polypeptide, or protein modi-
fications to include one or more detectable labels.

[0078] In certain embodiments, the analytes (e.g., pep-
tides, polypeptides, or proteins) may be fragmented. For
example, the fragmented peptide can be obtained by frag-
menting a protein from a sample, such as a biological
sample. The peptide, polypeptide, or protein can be frag-
mented by any means known 1n the art, including fragmen-
tation by a protease or endopeptidase. For example, the
analytes (e.g., peptides, polypeptides, or proteins) are treated
with trypsin, LysN, or LysC.

[0079] In some embodiments, fragmentation of a peptide,
polypeptide, or protein analyte 1s targeted by use of a
specific protease or endopeptidase. A specific protease or
endopeptidase binds and cleaves at a specific consensus
sequence (e.g., TEV protease which 1s specific for
ENLYFOQ\S consensus sequence). In other embodiments,
fragmentation of a peptide, polypeptide, or protein i1s non-
targeted or random by use ol a non-specific protease or
endopeptidase. A non-specific protease may bind and cleave
at a specific amino acid residue rather than a consensus
sequence (e.g., proteinase K 1s a non-specific serine pro-
tease). Proteinases and endopeptidases are known 1n the art,
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and examples of such that can be used to cleave a protein or
polypeptide into smaller peptide fragments include protei-
nase K, trypsin, chymotrypsin, pepsin, thermolysin, throm-
bin, Factor Xa, furin, endopeptidase, papain, pepsin, sub-
til1sin, elastase, enterokinase, Genenase™ I, Endoproteinase
LysC, Endoproteinase AspN, Endoproteinase GluC, etc.
(Granvogl et al., 2007, Anal Bioanal Chem 389: 991-1002).
In certain embodiments, a peptide, polypeptide, or protein 1s
fragmented by proteinase K, or optionally, a thermolabile
version of proteinase K to enable rapid nactivation. Protei-
nase K 1s quite stable 1n denaturing reagents, such as urea
and SDS, enabling digestion of completely denatured pro-
teins. Protein and polypeptide fragmentation into peptides
can be performed before or after attachment to the bait
nucleic acid or other nucleic acid components.

[0080] Chemical reagents can be used to digest proteins
into peptide fragments. A chemical reagent may cleave at a
specific amino acid residue (e.g., cyanogen bromide hydro-
lyzes peptide bonds at the C-terminus of methionine resi-
dues). Chemical reagents for fragmenting polypeptides or
proteins into smaller peptides 1nclude cyanogen bromide
(CNBr), hydroxylamine, hydrazine, formic acid, BNPS-
skatole | 2-(2-mitrophenylsulfenyl)-3-methylindole],
iodosobenzoic acid, -NTCB+Ni (2-nitro-3-thiocyanoben-
zoic acid), etc.

[0081] In some embodiments, the analytes attached to the
bait nucleic acid comprises fragmented protein or peptide. In
certain embodiments, following enzymatic or chemical
cleavage, the resulting peptide fragments are approximately
the same desired length, e.g., from about 10 amino acids to
about 70 amino acids, from about 10 amino acids to about
60 amino acids, from about 10 amino acids to about 50
amino acids, about 10 to about 40 amino acids, from about
10 to about 30 amino acids, from about 20 amino acids to
about 70 amino acids, from about 20 amino acids to about
60 amino acids, from about 20 amino acids to about 50
amino acids, about 20 to about 40 amino acids, from about
20 to about 30 amino acids, from about 30 amino acids to
about 70 amino acids, from about 30 amino acids to about
60 amino acids, from about 30 amino acids to about 50
amino acids, or from about 30 amino acids to about 40
amino acids. A cleavage reaction may be monitored, for
example 1n real time, by spiking the protein or polypeptide
sample with a short test FRET (fluorescence resonance
energy transier) peptide comprising a peptide sequence
containing a proteinase or endopeptidase cleavage site. In
the intact FRET peptide, a tluorescent group and a quencher
group are attached to either end of the peptide sequence
containing the cleavage site, and fluorescence resonance
energy transier between the quencher and the fluorophore
leads to low fluorescence. Upon cleavage of the test peptide
by a protease or endopeptidase, the quencher and fluoro-
phore are separated giving a large increase 1n tluorescence.
A cleavage reaction can be stopped when a certain fluores-
cence 1ntensity 1s achieved, allowing a reproducible cleav-
age end point to be achieved.

[0082] In certain embodiments, a plurality of protein ana-
lytes 1s attached to the solid support. For example, a sample
of proteins 1s obtained from a biological sample and frag-
mented. In some embodiments, a plurality of fragmented
proteins are attached to the solid support (e.g., a plurality of
solid supports) by performing any of the methods provided
heremn. In some embodiments, a plurality of fragmented
peptides are attached to a bead. In some cases, the frag-
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mented proteins attached to the solid support (e.g., a bead)
1s a random portion of the total fragmented proteins. In some
cases, the identity of the analytes attached to the solid
support 1s not known. In some embodiment, the analytes
attached to the solid support are not targeted. In some
embodiments, the analytes attached to the solid support are
of unknown 1dentity and the methods provided herein gen-
erate nucleic acid-analyte conjugates for use with an analy-
s1s method that can be used to characterize, assess, 1dentily,
analyze and/or sequence the analytes.

[0083] In some embodiments, the analytes are obtained
from a sample, and the analytes may undergo protein
fractionation methods prior to attachment to the bait nucleic
acid. In some embodiments, the analytes are obtained from
a sample, and the analytes may undergo protein fractionation
methods after attachment to a bait nucleic acid. In some
embodiments, the analytes are obtained from a sample, and
the analytes may undergo protein fractionation methods
prior to attachment to a solid support. In some embodiments,
the analytes are obtained from a sample, and the analytes
may undergo protein fractionation methods after attachment
to a solid support.

[0084] In some embodiments, the analytes (e.g., proteins
or peptides) are separated using one or more properties such
as cellular location, molecular weight, hydrophobicity, or
1soelectric point, or protein enrichment methods. Alterna-
tively, or additionally, protein enrichment methods may be
used to select for a specific protein or peptide (see, e.g.,
Whiteaker et al., 2007, Anal. Biochem. 362:44-54, incorpo-
rated by reference in 1ts entirety) or to select for a particular
post translational modification (see, e.g., Huang et al., 2014.
J. Chromatogr. A 1372:1-17, incorporated by reference in 1ts
entirety). Alternatively, a particular class or classes of pro-
teins such as immunoglobulins, or 1mmunoglobulin (Ig)
1sotypes such as Ig(, can be aflinity enriched or selected for
analysis. In the case of immunoglobulin molecules, analysis
of the sequence and abundance or frequency of hypervari-
able sequences mnvolved 1n athmity binding are of particular
interest, particularly as they vary in response to disease
progression or correlate with healthy, immune, and/or or
disease phenotypes. Overly abundant proteins can also be
subtracted from the sample using standard immunoafhnity
methods. Depletion of abundant proteins can be usetul for
plasma samples where over 80% of the protein constituent
1s albumin and immunoglobulins. Several commercial prod-

ucts are available for depletion of plasma samples of overly
abundant proteins, such as PROTIA and PROT20 (Sigma-
Aldrich).

[0085] In certain embodiments, the analyte comprises a
protein or polypeptide. In one embodiment, the protein or
polypeptide analyte 1s attached to a nucleic acid polymer
(e.g., bait nucleic acid). In some embodiments, the analyte
1s attached directly to the bait nucleic acid. In some embodi-
ments, the analyte 1s attached indirectly the bait nucleic acid
(e.g., via a linker). Various linkers are known in the art and
can optionally be used to attach the analyte to the bait
nucleic acid. In some embodiments, the protein or polypep-
tide 1s labeled with a reactive coupling moiety such as an
amine-reactive coupling agent for attaching to the baait
nucleic acid. For example, the lysine residues of the protein
or polypeptide are labeled with a reactive coupling moiety.

[0086] In some embodiments, the analyte and/or bait
nucleic comprises a reactive coupling moiety. A bait nucleic
acid may be attached to the analyte in any suitable position
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and configuration, as long as the attachment 1s compatible
with the method used to transier coding tag information to
the nucleic acid 1n a protein sequencing or analysis assay. In
some embodiments, the analyte 1s attached to the bait
nucleic acid (directly or using a suitable linker) at various
positions of the bait nucleic acid such as at the 3' end or at
the 5' end of the bait nucleic acid. In some embodiments, the
analyte 1s attached to the bait nucleic acid (directly or using
a suitable linker) at an internal position of the bait nucleic
acid.

[0087] In some embodiments, the bait nucleic acid com-
prises a modified base (e.g., 15-Octadiynyl dU). For
example, the modified base comprises an alkyne or the
modified base 1s configured for mserting a reactive coupling
moiety (e.g., an alkyne) to the bait nucleic acid. In some
examples, the reactive coupling moiety 1s for attaching the
bait nucleic acid to the analyte. In some embodiments, the
analyte 1s attached to the bait nucleic acid using chemical
ligation. The bait nucleic acid can be attached to the analyte
using one or more linkers.

[0088] In a particular embodiment, the bait nucleic acid
comprises a reactive coupling moiety (e.g., for conjugation
to the analyte), a linker, a universal priming sequence, a
barcode (e.g., compartment tag, partition barcode, sample
barcode, fraction barcode, or any combination thereof), an
optional UMI, and a spacer (Sp) sequence. In some embodi-
ments, the bait nucleic acid comprises a spacer sequence for
facilitating information transfer from another nucleic acid
polymer.

[0089] B. Coupling the Analyte to the Solid Support Via
Hybridization of the Bait Nucleic Acid and Capture Nucleic
Acid

[0090] In some aspects, the methods and conjugates pro-
vided herein comprise a treating an analyte including attach-
ing an analyte to a bait nucleic acid to generate a nucleic
acid-analyte chimera and bringing the nucleic acid-analyte
chimera into proximity with a solid support by hybridizing
the bait nucleic acid 1n the nucleic acid-analyte chimera to
a capture nucleic acid attached to the solid support. In some
embodiments, one or more of the capture nucleic acid, the
nucleic acid-analyte chimera, and/or the bait nucleic acid
turther comprises a barcode or other nucleic acid compo-
nents. In some cases, the methods provided include attach-
ing a barcode to the coupled nucleic acid-analyte chimera on
a solid support prior to coupling to the solid support.

[0091] In some embodiments, the nucleic acid compo-
nents and nucleic acid tags (e.g., bait or capture nucleic acid,
barcodes, UMI) may include a strand of DNA or RNA, or a
chimeric DNA-RNA strand, or nucleic acid-like compounds
such as peptide nucleic acids. In some embodiments, a
nucleic acid strand can also include modified DNA or RNA
bases, such as those known 1n the art.

[0092] In some embodiments, the bait nucleic acid com-
prises a single stranded region for hybridizing to the capture
nucleic acid. In some embodiments, the bait nucleic acid
comprises at least one nucleic acid region which 1s substan-
tially complementary to a capture nucleic acid. In some
examples, the bait nucleic acid comprises a sequence of
nucleotides that binds selectively to the capture nucleic acid
sequence. In some embodiments, the capture nucleic acid
comprises a single stranded region which 1s substantially
complementary to the bait nucleic acid. *“Substantially
complementary” refers to sequences that are capable of
hybridizing to a target nucleic acid sequence under the
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conditions employed. In preferred embodiments, a “substan-
tially complementary” single-stranded region 1s exactly
complementary to a target nucleic acid sequence. For
example, the single-stranded region of the capture nucleic
acid complementary to the bait nucleic acid may have at
least 5 bases, at least 6 bases, at least 7 bases, at least 8 bases,
at least 9 bases, at least 10 bases, at least 12 bases, at least
14 bases, at least 16 bases, at least 20 bases, at least 24 bases,
at least 30 bases, or at least 34 bases. In some embodiments,
the single-stranded region of the capture nucleic acid
complementary to the bait nucleic acid has fewer than 40
bases, fewer than 30 bases, or fewer than 25 bases.

[0093] In some cases, the hybridization of the bait nucleic
acid to the capture nucleic comprises hybridization of 8 or
more complementary bases, 16 or more complementary
bases, 18 or more complementary bases, 24 or more comple-
mentary bases, 34 or more complementary bases. In one
embodiment, the hybridization of the bait nucleic acid to the
capture nucleic comprises hybridization of 16 or more
complementary bases. In some embodiments, the hybridiza-
tion of the bait nucleic acid to the capture nucleic comprises
hybridization of 18 or more complementary bases. In some
embodiments, the hybridization of the bait nucleic acid to
the capture nucleic comprises hybridization of 20 or more
complementary bases. In some embodiments, the hybridiza-
tion of the bait nucleic acid to the capture nucleic comprises
hybridization of 24 or more complementary bases. One
skilled 1n the art may select complementary regions with
number of bases that 1s suflicient for forming stable hybrid-
1zation regions between the bait nucleic acid and the capture
nucleic acid. In some embodiments, the region of the capture
nucleic acid for hybridizing to the bait nucleic acid is located
at the 3' or the 5' end of the capture nucleic acid.

[0094] In some embodiments, the capture nucleic acid
comprises a splinted nucleic acid strand, wherein the splint
bridges the capture nucleic acid and bait via hybridization
and enables eflicient ligation or chemical coupling. In some
embodiments, the splinted nucleic acid 1s separate from the
capture nucleic acid. In some embodiments, the bait nucleic
acid comprises a splinted nucleic acid strand, wherein the
splint bridges the capture nucleic acid and bait via hybrid-
ization and enables eflicient ligation or chemical coupling.
In some embodiments, the splinted nucleic acid 1s separate
from the bait nucleic acid.

[0095] In some provided embodiments, the bait nucleic
acid 1s coupled to the capture nucleic acid. In some
examples, the coupling of the bait nucleic acid to the capture
nucleic acid 1s through covalent coupling. In some
examples, the 5' end of the bait nucleic acid 1s coupled to the
3" end of the capture nucleic acid. In some cases, the 3' end
of the bait nucleic acid i1s coupled to the 3' end of the capture
nucleic acid. For example, the analyte-bait nucleic acid
conjugate hybridizes to the nucleic acid-analyte chimera and
1s attached to the 5' end of the capture nucleic acid (FIG.
1C-1D).

[0096] In some cases, the capture nucleic acid 1s 1mmo-
bilized on solid support, directly or indirectly. In some
embodiments, the capture nucleic acid 1s attached to the
solid support prior to bringing the hybrnidizing the bait
nucleic acid to the capture nucleic acid. The hybridization of
the bait and capture nucleic acids increases etfliciency of the
immobilization, such as compared to chemical coupling. In
some embodiments, the capture nucleic acid comprises a
reactive coupling moiety. In some embodiments, the solid
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support comprises a reactive coupling moiety. In some
embodiments, the reactive coupling moiety 1s attached to the
solid support prior to or simultaneously with attaching the
solid support to the capture nucleic acid.

[0097] In some embodiments, the capture and/or bait
nucleic acid comprises a reactive coupling moiety. For
example, the reactive coupling moiety 1s for covalently
coupling the bait and capture nucleic acids. In some embodi-
ments, the bait nucleic acid 1s coupled to the capture nucleic
acid using chemical linkage. Standard chemical ligation or
“click chemistry” may be used to couple the bait nucleic acid
and capture nucleic acid (Gunderson et al., Genome Res
(1998) 8(11): 1142-1153; Peng et al., European J Org Chem
(2010) (22): 4194-4197; El-Sagheer et al., Proc Natl Acad
Sc1 USA (2011) 108(28): 11338-11343; El-Sagheer et al.,
Org Biomol Chem (2011) 9(1): 232-2335; Sharma et al., Anal
Chem (2012) 84(14): 6104-6109; Rolofl et al., Bioorg Med
Chem (2013) 21(12): 3458-3464; Litovchick et al., Artif
DNA PNA XNA (2014) 5(1): €27896; Rolofl et al., Methods
Mol Biol (2014) 1050:131-141). In some embodiments, the
bait nucleic acid 1s coupled to the capture nucleic acid using,
photo- or light-activated linkage (e.g., photo cross-linkage).
One skilled 1n the art may determine methods to couple
vartous linkage moieties to the bait nucleic acid. For
example, the bait nucleic acid or nucleic acid-analyte chi-
mera comprises a photoactive moiety. In some embodi-
ments, cell lines may be engineered to produce specific
moieties for attachment. In some embodiments, a photoac-
tive benzophenone moiety 1s added to the bait nucleic acid.
In some specific cases, the photoactive benzophenone moi-
ety 1s attached to the bait nucleic acid using an alkyne-
benzophenone and azide-oligo. In some examples, the cap-
ture nucleic acids attached to a solid support comprises a
reactive psoralen moiety. In some embodiments, the analytes
are immobilized to a surface derivatized with complemen-
tary capture nucleic acids by hybridization of bait nucleic
acids to the complementary capture nucleic acids. The
capture nucleic acids may comprise a reactive psoralen
moiety and exposure to UV light covalently couples the bait
nucleic acid and capture nucleic acids (FIG. 2A-2C).

[0098] In one embodiment, the bait and capture nucleic
acid do not comprise a nucleic acid hairpin. In some
embodiments, the hybridized bait and capture nucleic acid
forms a double stranded nucleic acid structure. In one
embodiment, the bait nucleic acid hybridizes to the capture
nucleic acid and the nucleic acid-analyte chimera directly or
indirectly attaches to the solid support.

[0099] In some cases, the bait nucleic acid 1s attached to
the capture nucleic acid using ligation. For enzymatic liga-
tion of DNA, a 5' phosphate of the capture nucleic acid 1s
required to ligate to the 3' hydroxyl of the bait nucleic acid.
In some other cases, a 5' phosphate of the bait nucleic acid
1s required to ligate to the 3' hydroxyl of the capture nucleic
acid. In some of any of the provided embodiments, the
attachment may be to an additional nucleic acid sequence
(e.g., a barcode, UMI, spacer) that 1s attached to the bait or
capture nucleic acid.

[0100] In one embodiment, the bait or capture nucleic acid
comprises a splinted nucleic acid strand, wherein the splint
bridges the bait and capture nucleic acid via hybridization
and enables eflicient ligation or chemical coupling. In some
embodiments, the capture nucleic acid comprises a splinted
nucleic acid strand. In some embodiments, the splint nucleic
acid strand 1s transiently used. In some embodiments, the
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splint nucleic acid strand 1s removed after the bait nucleic
acid-analyte chimera i1s attached or coupled to a solid
support, a bead, via the capture nucleic acid. In another
embodiment, the bait or capture nucleic acid comprises a
nucleic acid hairpin (see e.g., Riccelli et al., Nucleic Acids
Res. (2001) 29(4): 996-1004). The nucleic acid hairpin 1s a
unimolecular nucleic acid-containing structure which com-
prises at least two mutually complementary nucleic acid
regions such that at least one intramolecular duplex can form
(see e.g., U.S. Pat. No. 5,770,365). In certain embodiments,
the mutually complementary nucleic acid regions are con-
nected through a nucleic acid strand. In some examples, the
hairpin comprises a single strand of nucleic acid.

[0101] In some specific examples, the hairpin of the cap-
ture nucleic acid forms at least one intramolecular duplex
having at least 2 base pairs, at least 4 base pairs, at least 8
base pairs, at least 16 base pairs, at least 24 base pairs, at
least 32 base pairs, and at least 40 base pairs 1n length. One
skilled 1n the art will be able to adjust the size, number of
base pairs 1n the duplex region and the configuration to
achieve any desired relative stability of duplex formation. In
some embodiments, the intramolecular duplex comprises
less than about 40 base pairs, less than 30 base pairs, or less
than 20 base pairs 1n length. In some examples, the hairpin
ol the capture nucleic acid forms at least one intramolecular
duplex comprising 16 base pairs 1n length.

[0102] In some embodiments, the capture nucleic acid
comprises a region which connects regions ol mutual
complementarity, referred to herein as a “loop™ or “linker”.
In preferred embodiments, a loop comprises a strand of
nucleic acid or modified nucleic acid. In some examples, the
nucleic acid loop comprises 2-20 nucleotides, such as 3-8
nucleotides. In other embodiments, the loop comprises a
linker region which 1s not nucleic-acid-based. Various non-
nucleic-acid linkers suitable for use 1n the loop region are
known 1n the art including, for example, alkyl chains (see,
¢.g., Doktycz et al. (1993) Biopolymers 33:17635). In some
embodiments, the size, composition, and configuration of
the loop or linker 1s selected to allow the regions of mutual
complementarity to form an intramolecular duplex. In some
cases, the hairpin 1s capable of forming more than one loop.

[0103] In some embodiments, at least one of the bait
nucleic acids further comprises a barcode. In some embodi-
ments, at least one of the bait nucleic acids further comprises
a umque molecule 1dentifier (UMI). In some embodiments,
at least one of the capture nucleic acids further comprises a
barcode. In some embodiments, at least one of the capture
nucleic acids further comprises a unique molecule 1dentifier
(UMI). In some embodiments, the barcode comprises a
UMI. In some embodiments, the barcode comprises a
sample barcode, a fraction barcode, spatial barcode, a com-
partment tag, or any combinations thereof. In some
examples, the barcode and/or UMI comprises a DNA mol-
ecule, DNA with pseudo-complementary bases, an RINA
molecule, a BNA molecule, an XNA molecule, a LNA
molecule, a PNA molecule, a YPNA molecule, a non-nucleic
acid sequenceable polymer, e.g., a polysaccharide, a poly-
peptide, a peptide, or a polyamide, or a combination thereof.
[0104] The UMI may be a unique identifier tag for each
analyte (e.g., macromolecule, protein, polypeptide, peptide).
A UMI can be about 3 to about 40 bases, about 3 to about
30 bases, about 3 to about 20 bases, or about 3 to about 10
bases, or about 3 to about 8 bases. In some embodiments, a

UMI 1s about 3 bases, 4 bases, 5 bases, 6 bases, 7 bases, 8
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bases, 9 bases, 10 bases, 11 bases, 12 bases, 13 bases, 14
bases, 15 bases, 16 bases, 17 bases, 18 bases, 19 bases, 20
bases, 25 bases, 30 bases, 35 bases, or 40 bases 1n length. A
UMI can be used to deconvolute sequencing data from
methods used to determine the sequence of the analyte, to
identily sequence reads from individual analytes. In some
embodiments, within a library of analytes, each analyte 1s
associated with a single unique UMI. In other embodiments,
analytes might be fragmented and multiple portions of the
analyte may be associated with the same UMI. In some
embodiments, a UMI has a different base sequence than the
spacer or other barcode sequences to facilitate distinguishing
these components during sequence analysis.

[0105] In some embodiments, the one or more barcodes 1s
attached to the bait nucleic acid, the capture nucleic acid,
and/or the nucleic acid-analyte conjugate. In some other
embodiments, the one or more barcodes i1s attached or
installed to the nucleic acid-analyte conjugate coupled to the
solid support. In some embodiments, the nucleic acid-
analyte chimera can be labeled with a nucleic acid tag, such
as a barcode, such as prior to coupling to the solid support.
In some examples, the nucleic acid-analyte chimera can be
first labeled with a universal DNA tag. In some cases, the
barcode may comprise information representing a sample, a
compartment, a physical location, a spatial barcode, etc. See
¢.g., International Patent Publication No. WO 2014/201273.
In some cases, the barcode or other nucleic acid tags are
attached to the protein through and enzymatic or chemical
coupling step.

[0106] In some embodiments, the capture nucleic acid
includes a hairpin which may include one or more barcode
sequences for various types of identifying information. For
example, a capture nucleic acid may include a barcode with
information regarding the support (e.g., bead) to which the
polypeptide was immobilized. In some embodiments, the
bait nucleic acid may include one or more barcode
sequences for various types of identitying information. For
example, a bait nucleic acid may include a sample barcode
and/or a barcode usetul for identifying control peptides. The
capture nucleic acid and/or bait nucleic acid may contain an
optional UMI sequence 1n addition to one or more barcode
sequences.

[0107] In some embodiments, the methods provided
herein for preparing the analyte further comprises attaching,
one or more barcodes to the bait nucleic acid. In some
embodiments, the methods provided herein for preparing the
analyte further comprises attaching one or more barcodes to
the capture nucleic acid. The attaching of the one or more
barcodes comprises a enzymatic or chemical method. In
some embodiments, the barcode 1s attached using nucleic
acid extension (e.g., PCR extension). In some embodiments,
the barcode 1s attached to the bait or capture nucleic acid
using a ligation reaction. In some examples, two or more
barcodes are attached to the bait nucleic acid. In some
examples, two or more barcodes are attached to the capture
nucleic acid.

[0108] In some embodiments, the barcode 1s attached to
the 5' end of the bait nucleic acid. In some embodiments, the
barcode 1s attached to the 3' end of the bait nucleic acid. In
some embodiments, the barcode 1s attached to the 5' end of
the capture nucleic acid. In some embodiments, the barcode
1s attached to the 3' end of the capture nucleic acid. In some
embodiments, the barcode 1s attached to the 5' end of the
nucleic acid-analyte chimera. In some embodiments, the
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barcode 1s attached to the 3' end of the nucleic acid-analyte
chimera. In some embodiments, the barcode 1s attached to
the 3' end of the nucleic acid-analyte conjugate coupled to
the solid support. In some embodiments, the barcode 1s
attached to the 3' end of the nucleic acid-analyte conjugate
coupled to the solid support. In some specific embodiments,
the 3' end of the barcode 1s phosphorylated.

[0109] In some embodiments, the methods provided
herein are used to prepare solid supports coupled with bait
nucleic acids with analytes attached such that the analyte 1s
barcoded. In some embodiments, the solid support 1s
coupled with a plurality of nucleic acids associated with
cach analyte, and the barcodes used comprises a variety of
barcode sequences.

[0110] The barcode may be added using a barcode tem-
plate (BC") that comprises a nucleic acid sequence that 1s
complementary to the bait nucleic acid. In some embodi-
ments, the barcode template 1s or comprises DNA. In some
embodiments, the barcode template 1s or comprises RNA. In
some embodiments, the barcode template used for attaching
a barcode to the bait or capture nucleic acid 1s configured to
hybridize to the bait or capture nucleic acid. In some
embodiments, the method for attaching the barcode may
turther comprises a digestion reaction. In some embodi-
ments, the digestion reaction 1s performed after the barcode
has been transferred from the barcode template. In some
embodiments, a barcode 1s attached to the bait nucleic acid
prior to attaching the analyte to the bait nucleic acid. In some
embodiments, a barcode 1s attached to the bait nucleic acid
alter attaching the analyte to the bait nucleic acid. In some
examples, the attachment of the barcode can be performed
using extension, primer extension, or ligation. In some
embodiments, the nucleic acid-analyte chimera with the
newly 1nstalled barcode 1s washed, treated with a digestion
enzyme, and/or treated with heat.

[0111] FIG. 3-9 are schematics depicting exemplary meth-
ods for attaching a barcode to the bait nucleic acid, the
capture nucleic acid, the nucleic acid-analyte chimera, or the
nucleic acid-analyte conjugate coupled to the solid support.

[0112] In some specific embodiments, the analyte 1is
attached to the bait nucleic acid; a barcode template (BC')
hybridizes to the nucleic acid-analyte chimera; an extension
reaction 1s used to extend the 3' end of the bait nucleic acid
to include the barcode sequence; the nucleic acid-analyte
chimera with the newly extended barcode 1s brought nto
proximity with a solid support by hybridizing the bait
nucleic acid (with the analyte and barcode) to a capture
nucleic acid attached to the solid support; the nucleic
acid-analyte chimera 1s covalently coupled to the solid

support by attaching (e.g., via ligation) the capture nucleic
acid and the bait nucleic acid (FI1G. 3).

[0113] In some specific embodiments, the analyte 1s
attached to the bait nucleic acid; the nucleic acid-analyte
chimera 1s brought into proximity with a solid support by
hybridizing the bait nucleic acid (with the analyte) to a
capture nucleic acid attached to the solid support; the nucleic
acid-analyte chimera 1s covalently coupled to the solid
support by attaching (e.g., via ligation) the capture nucleic
acid and the bait nucleic acid; a barcode template (BC'") 1s
used to extend the 3' end of the bait nucleic acid to include
the barcode sequence; a digestion reaction 1s used to release
the barcode template from the nucleic-acid analyte conju-
gate coupled on the solid support (FIG. 4).
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[0114] In some aspects, attaching the barcode may com-
prise primer extension. In some examples, primer extension
1s performed by incubating at 25° C.-37° C. with a reaction
solution that comprises Klenow fragment (exo-) and a
template barcode such that the barcode 1s installed on the
bait nucleic acid. In some examples, the barcode template
comprises a dU-containing nucleic acid. In some embodi-
ments, a washing step 1s performed after the barcode 1s
installed. In some aspects, the capture nucleic acid com-
prises a sequence ol nucleic acids complementary to the
barcode template. In some cases, the bait or capture nucleic
acid 1s configured to allow hybridization to the barcode
template. In some examples, an extension reaction 1s per-
formed by incubating the nucleic-acid analyte conjugates
coupled to the solid support at 25° C.-37° C. for 5 min with
a reaction solution including Klenow fragment (exo-) to
extend the bait nucleic acid to install the barcode. In some
embodiments, the nucleic acid-analyte conjugate with the
barcode 1nstalled by extension 1s washed and treated with
USER enzyme (New England Biolabs) to remove any
digested strand for assay.

[0115] In some specific embodiments, the analyte 1is
attached to the bait nucleic acid; a ligation reaction 1s used
to attach the bait nucleic acid to the barcode:; the nucleic
acid-analyte chimera with the attached barcode 1s brought
into proximity with a solid support by hybrnidizing the bait
nucleic acid (with the analyte and barcode) to a capture
nucleic acid attached to the solid support; the nucleic
acid-analyte chimera i1s covalently coupled to the solid
support by attaching (e.g., via ligation) the capture nucleic
acid and the bait nucleic acid. In one embodiment, the bait
nucleic acid comprises a splinted nucleic acid strand,
wherein the splint bridges the bait nucleic acid and barcode
via hybridization and enables eflicient ligation or chemical
coupling. (FIG. §).

[0116] FIGS. 6 and 7 depicts the attachment of a barcode
to the 3' end of the capture nucleic acid and coupling of a
nucleic acid-analyte chimera to the solid support by attach-
ing the bait nucleic acid to the 3 capture nucleic acid. In
some specific embodiments, the analyte 1s attached to the
bait nucleic acid; the nucleic amd-analyte chimera 1s brought
into proximity with a solid support by hybridizing the bait
nucleic acid to a capture nucleic acid attached to the solid
support; the nucleic acid-analyte chimera i1s covalently
coupled to the solid support by attaching (e.g., via ligation)
the 5' end of the capture nucleic acid and the 3' bait nucleic
acid; a barcode 1s attached to the 3' end of the capture nucleic
acid (e.g., via ligation) (FIG. 6). In some embodiments, the
bait nucleic acid of the nucleic acid-analyte chimera 1s
attached to the 3' end of a capture nucleic acid that is
attached to the solid support and the capture nucleic acid
includes a barcode sequence (FIG. 7).

[0117] In some aspects, attaching the barcode may com-
prise using a dU-containing nucleic acid barcode template.
In some aspects, attaching the barcode may further comprise
treating the bait nucleic acid, capture nucleic acid, or nucleic
acid-analyte chimera with an USER enzyme. In some
aspects, the provided methods for attaching or installing a
barcode comprise treating a nucleic acid with an installed
barcode with an USER enzyme. For example, the chimera 1s
hybridized to nucleic acid barcode template contaiming
multiple dU, UMI, barcode and/or spacer sequences; primer
extension 1s performed in a reaction ncluding Klenow

fragment (exo-) at 25° C.-37° C. to 1nstall the UMI, barcode
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and/or spacer from the template onto the bait nucleic acid
(attached to an analyte); the resulting dsDNA 1s treated with

USER enzyme (New England Biolabs) to digest the dU
sites, and heated to remove the digested fragment (FIG. 8).

[0118] In some aspects, attaching the barcode may com-
prise using an RNA barcode template. For example, a
reverse transcription reaction can be used to install the
barcode onto the bait nucleic acid. In some aspects, the
barcode template may include using an RNA template
contaiming a UMI, barcode and/or spacer sequence. For
example, reverse transcription 1s performed 1n a reaction
containing reverse transcriptase (RNase H-) to install the
UMLI, barcode and/or spacer sequences onto the bait nucleic
acid. In some cases, the reaction with the reverse tran-
scriptase can be treated with heat to 1nactivate the reverse

transcriptase. In some cases, the resulting RNA/DNA hybrid
1s treated with RNase A and T1 cocktail (Thermo Fisher) and

RNase H to digest RNA barcode template (FIG. 9). In some
embodiments, the nucleic acid-analyte chimera with the
newly installed barcode 1s then brought into proximity with
a solid support by hybridizing the bait nucleic acid (with the
analyte and barcode) to a capture nucleic acid attached to the
solid support; the nucleic acid-analyte chimera 1s covalently
coupled to the solid support by attaching (e.g., via ligation)
the capture nucleic acid and the bait nucleic acid.

[0119] The bait nucleic acid and/or capture nucleic acid
may further comprise other functional components, e.g., a
universal priming site, a spacer sequence that 1s comple-
mentary to a spacer sequence attached to another nucleic
acid moiety, or any combination thereof. In some embodi-
ments, the capture nucleic acid comprises an adaptor
sequence for use 1n a downstream sequencing step (e.g., flow
cell adaptor sequences that anneal to complementary oligo-
nucleotides on flow cell surfaces for next generation
sequencing platforms). In certain embodiments, a universal
DNA sequence 1s a universal priming sequence. Upon
hybridization of the universal sequence on the labeled
protein to complementary sequence of the bait or capture
nucleic acid (e.g., bound to beads), the annealed universal
sequence may be extended via primer extension. In some
embodiments, the universal priming site comprises a prim-
ing site for amplification, sequencing, or both. In some
embodiments, the universal reverse priming site 1s an Illu-

mina P7  primer (3-CAAGCAGAAGACGGCAT-
ACGAGAT-3'-SEQ ID NO:2) or an Illumina P5 primer
(5'-AATGATACGGCGACCACCGA-3'-SEQ ID NO:1). In
some embodiments, the universal priming sites used com-
prises the sequences S“ACACTCTTTCCCTA-
CACGACGCTCTTCCGATCT-3" (SEQ ID NO: 32) and
S-GACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3'
(SEQ ID NO: 33).

[0120] In some embodiments, a downstream sequencing
step may use an adapter to one or both ends of the recording
tag nucleic acid. The sequencing can be achieved by any of
the commercially available sequencing instruments or by
any known methods. In some examples, the capture nucleic
acid comprises an 1mndex sequence, an adaptor sequence, a
nucleic acid domain that specifically binds to a surface-
attached sequencing platform oligonucleotide, or any com-
binations thereof. In one example, an adapter 1s included in
the capture nucleic acid and 1s designed to be used with an
[llumina sequencing machine. Sequencing platforms of
interest may include, but are not limited to, the HiSeq™,
MiSeq™ and Genome Analyzer™ sequencing systems from
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[Numina®; the Ion PGM™ and Ion Proton™ sequencing
systems Irom Ion Torrent™; the PACBIO RS II sequencing
system from Pacific Biosciences, the SOL1D sequencing
systems from Life Technologies™, the 454 GS FLX+ and
GS Junior sequencing systems from Roche, or any other
sequencing platiorm.

[0121] In some embodiments, the bait nucleic acid com-
prises the spacer polymer at 1ts 5'-terminus and/or 3'-termi-
nus. In some embodiments, the capture nucleic acid com-
prises the spacer polymer at its 3S'-terminus and/or
3'-terminus. The spacer sequence 1s, 1n some examples, at
the 3'-end of the bait nucleic acid. The spacer sequence 1s,
in some examples, at the 5'-end of the bait nucleic acid. In
some embodiments, the spacer sequence 1s configured to
allow transfer of nucleic acid information using polymerase
extension to the bait or capture nucleic acid. In some
embodiments, the spacer sequence 1s configured to allow
transier of nucleic acid information using polymerase exten-
sion to the nucleic acid-analyte conjugate coupled to the
solid support.

[0122] In some embodiments, the spacer polymer com-
prises at least 1 nucleotide, at least 2 nucleotides, at least 3
nucleotides, at least 4 nucleotides, at least 5 nucleotides, at
least 6 nucleotides, at least 7 nucleotides, at least 8 nucleo-
tides, at least 9 nucleotides, at least 10 nucleotides, at least
15 nucleotides, or at least 20 or more nucleotides. The spacer
polymer may comprise any suitable nucleic acid, for
example, a DNA molecule, DNA with pseudo-complemen-
tary bases, an RNA molecule, a BNA molecule, an XNA
molecule, a LNA molecule, a PNA molecule, a yPNA
molecule; a non-nucleic acid sequenceable polymer, e¢.g., a
polysaccharide, a polypeptide, a peptide, or a polyamide, or
a combination thereof.

[0123] In some particular embodiments, the bait nucleic
acid further comprises the following at its 5' or 3' end: a
umversal primer site for PCR reaction, a UMI, a sample
barcode, and a spacer (universal sequence). In some par-
ticular embodiments, the capture nucleic acid further com-
prises the following at its 5" or 3' end: a spacer (universal
sequence), a sample barcode, a UMI, and a universal primer
site for PCR reaction. In some aspects, the order of the
nucleic acid components may be combined 1n various ways.
In some preferred embodiments, a spacer sequence 1s prei-
erably at the 3'-end of the nucleic acid to which the 1denti-
tying information from the binding agent 1s transferred to, 1n
embodiments where polymerase extension 1s used to transfer
coding tag mformation to the nucleic acid associated with
the analyte.

[0124] A solid support can be any support surface includ-
ing, but not limited to, a bead, a microbead, an array, a glass
surface, a silicon surface, a plastic surface, a filter, a mem-
brane, a PI' FE membrane, nylon, a silicon water chip, a flow
cell, a flow through chip, a biochip including signal trans-
ducing electronics, a microtiter well, an ELISA plate, a
spinning interferometry disc, a nitrocellulose membrane, a
nitrocellulose-based polymer surface, a nanoparticle, or a
microsphere. Materials for a solid support include but are
not limited to acrylamide, agarose, cellulose, dextran, nitro-
cellulose, glass, gold, quartz, polystyrene, polyethylene
vinyl acetate, polypropylene, polyester, polymethacrylate,
polyacrylate, polyethylene, polyethylene oxide, polysili-
cates, polycarbonates, poly vinyl alcohol (PVA), Tetlon,
fluorocarbons, nylon, silicon rubber, silica, polyanhydrides,
polyglycolic acid, polyvinylchloride, polylactic acid, poly-
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orthoesters, functionalized silane, polypropyliumerate, col-
lagen, glycosaminoglycans, polyamino acids, or any com-
bination thereof. In certain embodiments, a solid support 1s
a bead, for example, a polystyrene bead, a polymer bead, a
polyacrylate bead, an agarose bead, a cellulose bead, a
dextran bead, an acrylamide bead, a solid core bead, a
porous bead, a paramagnetic bead, a glass bead, a silica-

based bead, or a controlled pore bead, or any combinations
thereol.

[0125] In some embodiments, the capture nucleic acid i1s
derivatized or comprises a moiety (e.g., a reactive coupling
moiety) to allow binding to a solid support. In some embodi-
ments, the capture nucleic acid comprises a moiety (e.g., a
reactive coupling moiety) to allow binding to the bait
nucleic acid. In some other embodiments, the bait nucleic
acid 1s denvatized or comprises a moiety (e.g., a reactive
coupling moiety) to allow binding to a solid support. Meth-
ods of derivatizing a nucleic acid for binding to a solid
support and reagents for accomplishing the same are known
in the art. For this purpose, any reaction which 1s preferably
rapid and substantially irreversible can be used to attach
nucleic acids to the solid support. The capture nucleic acid
may be bound to a solid support through covalent or
non-covalent bonds. In a preferred embodiment, the capture
nucleic acid 1s covalently bound to biotin to form a bioti-
nylated conjugate. The biotinylated conjugate 1s then bound
to a solid surface, for example, by binding to a solid,
insoluble support denivatized with avidin or streptavidin.
The capture nucleic acid can be derivatized for binding to a
solid support by incorporating modified nucleic acids 1n the
loop region. In other embodiments, the capture moiety 1is
derivatized 1n a region other than the loop region.

[0126] Exemplary reactions include the copper catalyzed
reaction of an azide and alkyne to form a triazole (Huisgen
1, 3-dipolar cycloaddition), strain-promoted azide alkyne
cycloaddition (SPAAC), reaction of a diene and dienophile
(Diels-Alder), strain-promoted alkyne-mitron cycloaddition,
reaction of a strained alkene with an azide, tetrazine or
tetrazole, alkene and azide [3+2] cycloaddition, alkene and
tetrazine iverse electron demand Diels-Alder (IEDDA)
reaction (e.g., m-tetrazine (mTet) or phenyl tetrazine (plet)
and trans-cyclooctene (TCO); or pTet and an alkene), alkene
and tetrazole photoreaction, Staudinger ligation of azides
and phosphines, and various displacement reactions, such as
displacement of a leaving group by nucleophilic attack on an
clectrophilic atom (Horisawa 2014, Knall, Hollauf et al.
2014). Exemplary displacement reactions include reaction
of an amine with: an activated ester; an N-hydroxysuccin-
imide ester; an 1socyanate; an 1sothioscyanate, an aldehyde,
an epoxide, or the like.

[0127] In some embodiments, iIEDDA click chemistry is
used for immobilizing polypeptides to a solid support since
it 1s rapid and delivers high yields at low input concentra-
tions. In another embodiment, m-tetrazine rather than tetra-
zine 1s used 1 an 1EDDA click chemistry reaction, as
m-tetrazine has improved bond stability. In another embodi-
ment, phenyl tetrazine (plet) 1s used 1 an 1EDDA click
chemistry reaction.

[0128] In some embodiments, a plurality of capture
nucleic acids are coupled to the solid support. In some cases,
the sequence region that is complementary to the bait
nucleic acid on the capture nucleic acids 1s the same among,
the plurality of capture nucleic acids. In some cases, the bait
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nucleic acid attached to various analytes comprises the same
complementary sequence to the capture nucleic acid.

[0129] In some embodiments, the surface of the solid
support 1s passivated (blocked). A “passivated” surface
refers to a surface that has been treated with outer layer of
material. Methods of passivating surfaces include standard
methods from the fluorescent single molecule analysis lit-
erature, including passivating surfaces with polymer like
polyethylene glycol (PEG) (Pan et al., 2015, Phys. Biol.
12:045006), polysiloxane (e.g., Pluronic F-127), star poly-
mers (e.g., star PEG) (Groll et al., 2010, Methods Enzymol.
4°72:1-18), hydrophobic dichlorodimethylsilane (DDS)+
self-assembled Tween-20 (Hua et al., 2014, Nat. Methods
11:1233-1236), diamond-like carbon (DLC), DLC+PEG
(Stavis et al., 2011, Proc. Natl. Acad. Sci. USA 108:983-
088), and zwitterionic moieties (e.g., U.S. Patent Applica-
tion Publication US 2006/0183863). In addition to covalent
surface modifications, a number of passivating agents can be
employed as well including surfactants like Tween-20, poly-
siloxane in solution (Pluronic series), poly vinyl alcohol
(PVA), and protemns like BSA and casein. Alternatively,
density of analytes (e.g., proteins, polypeptide, or peptides)
can be titrated on the surface or within the volume of a solid
substrate by spiking a competitor or “dummy” reactive
molecule when immobilizing the proteins, polypeptides or
peptides to the solid substrate. In some embodiments, PEGs
of various molecular weights can also be used for passiva-
tion from molecular weights of about 300 Da to 50 kDa or
more.

[0130] In certain embodiments where multiple nucleic
acid-analyte chimeras are immobilized on the same solid
support, the nucleic acid-analyte chimeras can be spaced
appropriately to accommodate methods of analysis to be
used to assess the analytes. For example, 1t may be advan-
tageous to space the nucleic acid-analyte chimeras that
optimally to allow a nucleic acid-based method for assessing
and sequencing the analytes to be performed. In some
embodiments, the method for assessing and sequencing the
analytes 1involve a binding agent which binds to the analyte
and the binding agent comprises a coding tag with informa-
tion that is transferred to a nucleic acid attached to the
analyte (e.g., the bait or capture nucleic acid). In some cases,
information transier from a coding tag of a binding agent
bound to one analyte may reach a neighboring analyte.

[0131] To control analyte (e.g., protein, polypeptide, or
peptide spacing) or nucleic acid-analyte chimera spacing on
the solid support, the density of functional coupling groups
(e.g., TCO) may be titrated on the substrate surface. In some
embodiments, adjacently coupled analytes or nucleic acid-
analyte chimeras are spaced apart from each other on the
surface or within the volume (e.g., porous supports) of a
solid support at an average distance of about S0 nm to about
500 nm, or about 50 nm to about 400 nm, or about 50 nm
to about 300 nm, or about 50 nm to about 200 nm, or about
50 nm to about 100 nm. In some embodiments, adjacently
coupled analytes or nucleic acid-analyte chimeras are spaced
apart from each other on the surface of a solid support with
an average distance of at least 50 nm, at least 60 nm, at least
70 nm, at least 80 nm, at least 90 nm, at least 100 nm, at least
150 nm, at least 200 nm, at least 250 nm, at least 300 nm,
at least 350 nm, at least 400 nm, at least 450 nm, or at least
500 nm. In some embodiments, adjacently coupled analytes
or nucleic acid-analyte chimeras are spaced apart from each
other on the surface of a solid support with an average
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distance of at least 50 nm. In some embodiments, adjacently
coupled analytes or nucleic acid-analyte chimeras are spaced
apart from each other on the surface or within the volume of
a solid support such that, empirically, the relative frequency
of inter- to mtra-molecular events (e.g. transfer of informa-
tion) 1s <1:10; <1:100; <1:1,000; or <1:10,000.

[0132] In some embodiments, the plurality of nucleic
acid-analyte chimera 1s coupled on the solid support such
that any adjacently coupled nucleic acid-analyte chimeras
are spaced apart from each other at an average distance
which ranges from about 50 to 100 nm, from about 50 to 250
nm, from about 50 to 500 nm, from about 50 to 750 nm,
from about 50 to 1000 nm, from about 50 to 1500 nm, from
about 50 to 2000 nm, from about 100 to 250 nm, from about
100 to 500 nm, from about 200 to 500 nm, from about 300
to 500 nm, from about 100 to 1000 nm, from about 500 to
600 nm, from about 500 to 700 nm, from about 500 to 800
nm, from about 500 to 900 nm, from about 500 to 1000 nm,
from about 500 to 2000 nm, from about 500 to 5000 nm,
from about 1000 to 5000 nm, or from about 3000 to 5000
nm

[0133] In some embodiments, the spacing of the analyte
on the solid support 1s achieved by controlling the concen-
tration and/or number of capture nucleic acids on the solid
support. In some embodiments, any adjacently coupled
capture nucleic acids are spaced apart from each other on the
surface or within the volume (e.g., porous supports) of a
solid support at a distance of about 50 nm to about 500 nm,
or about 50 nm to about 400 nm, or about 50 nm to about
300 nm, or about 50 nm to about 200 nm, or about 50 nm
to about 100 nm. In some embodiments, any adjacently
coupled capture nucleic acids are spaced apart from each
other a on the surface of a solid support with an average
distance of at least 50 nm, at least 60 nm, at least 70 nm, at
least 80 nm, at least 90 nm, at least 100 nm, at least 150 nm,
at least 200 nm, at least 250 nm, at least 300 nm, at least 350
nm, at least 400 nm, at least 450 nm, or at least 500 nm. In
some embodiments, any adjacently coupled capture nucleic
acids are spaced apart from each other on the surface of a
solid support with an average distance of at least 50 nm. In
some embodiments, any adjacently coupled capture nucleic
acids are spaced apart from each other on the surface or
within the volume of a solid support such that, empirically,
the relative frequency of inter- to intra-molecular events
(e.g. transier of information) 1s <1:10; <1:100; <1:1,000; or
<1:10,000.

[0134] A suitable spacing frequency can be determined
empirically using a functional assay and can be accom-
plished by dilution and/or by spiking a “dummy” spacer
molecule that competes for attachments sites on the sub-
strate surface. For example, PEG-5000 (MW 3000) 1s used
to block the mterstitial space between peptides on the
substrate surface (e.g., bead surface). In addition, the peptide
1s coupled to a functional moiety that 1s also attached to a
PEG-5000 molecule. In some embodiments, the functional
moiety 1s an aldehyde, an azide/alkyne, or a malemide/thiol,
or an epoxide/nucleophile, or an mverse electron demand
Diels-Alder 1EDDA) group, or a moiety for a Staudinger
reaction. In some embodiments, the functional moiety 1s an
aldehyde group.

[0135] In apreferred embodiment, this 1s accomplished by
coupling a mixture of NHS-PEG-35000-TCO+NHS-PEG-
5000-Methyl to amine-derivatized beads. The stoichiometric
ratio between the two PEGs (TCO vs. methyl) 1s titrated to
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generate an appropriate density of functional coupling moi-
cties (TCO groups) on the substrate surface; the methyl-PEG
1s 1ert to coupling. The eflective spacing between TCO
groups can be calculated by measuring the density of TCO
groups on the surface. In certain embodiments, the mean
spacing between coupling moieties (e.g., TCO) on the solid
surface 1s at least 50 nm, at least 100 nm, at least 250 nm,
or at least 500 nm. After PEG5000-TCO/methyl derivatiza-
tion of the beads, the excess NH, groups on the surface are
quenched with a reactive anhydride (e.g. acetic or succinic

anhydride).

[0136] Insome embodiments, the spacing 1s accomplished
by titrating the ratio of available attachment molecules on
the substrate surface. In some examples, the substrate sur-
face (e.g., bead surface) 1s functionalized with a carboxyl
group (COOH) which 1s treated with an activating agent
(e.g., activating agent 1s EDC and Sulio-NHS). In some
examples, the substrate surface (e.g., bead surface) com-
prises NHS moieties. In some embodiments, a mixture of
mPEG, -NH, and NH,-PEG, -mTet 1s added to the activated
beads (wherein n 1s any number, e.g., any number from n=1
to n=100 or more). In one example, the ratio between the
mPEG,—NH, (not available for coupling) and NH,-PEG, -
mTet (available for coupling) 1s ftitrated to generate an
appropriate density of functional moieties available to attach
the analyte on the substrate surface. In certain embodiments,
the mean spacing between coupling moieties (e.g., NH,-
PEG,-mTet) on the solid surface is at least 50 nm, at least
100 nm, at least 250 nm, or at least 500 nm. In some speciiic
embodiments, the ratio of NH,-PEG, -mTet to mPEG, -NH,
1s about or greater than 1:1000, about or greater than
1:10,000, about or greater than 1:100,000, or about or
greater than 1:1,000,000. In some further embodiments, the
capture nucleic acid attaches to the NH,-PEG, -mTet.

[0137] In some embodiments, the spacing of the analyte
on the solid support 1s achieved by controlling the concen-
tration and/or number of available capture nucleic acids on
the solid support. In some embodiments, the spacing of the
analyte on the solid support 1s achieved by controlling the
concentration and/or number of available COOH or other
functional groups on the solid support. In some specific
examples, capture nucleic acids can be made unavailable by
binding to bait nucleic acids that are not attached to an
analyte. In some cases, the ratio of available and unavailable
capture nucleic acids 1s titrated and determined.

II. Exemplary Uses of the Prepared or Treated
Analyte 1n a Protein Analysis Assay

[0138] Provided here are methods of treating an analyte
and immobilizing the analyte 1n formats that are compatible
for analysis. For example, the prepared analyte immobilized
on the solid support 1s 1n a format that 1s compatible with a
degradation-based polypeptide sequencing assay. In some
cases, the format of the nucleic acid-analyte conjugate
coupled to the support 1s available for the addition of other
macromolecules. The added macromolecules may contain
information regarding the sequence of the analyte (or a
portion thereol). In some examples, the added macromol-
ecule 1s a nucleic acid added to the bait or capture nucleic
acid. In some specific embodiments, for this purpose, the
nucleic acid components of the nucleic acid-analyte conju-
gate coupled to the solid support 1s able to hold, copy, or
store information.
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[0139] In some embodiments, the analysis methods are for
determining the sequence of at least a portion of the analyte
(e.g., polypeptide or peptides). In some cases, the analysis
method may include performing any of the methods as
described in International Patent Publication NOs. WO
2017/192633, WO 2019/089836, WO 2019/089846, and
WO 2019/0898351. In some cases, the sequence of a poly-
peptide 1s analyzed by construction of an extended nucleic
acid sequence which represents the polypeptide sequence,
such as an extended nucleic acid onto the bait or capture
nucleic acid (or any additional barcodes or tags attached
thereto). In some cases, the methods provided herein for
treating an analyte can apply to or be used 1n combination
with a ProteoCode assay.

[0140] In some embodiments, 1t 1s desired that the com-
ponents (nucleic acids and analytes) remain attached or
immobilized and available for use in protein analysis assays
that involve various chemical and/or enzymatic reactions. In
some embodiments, the assay may mmvolve multiple cycles
and treatments with chemical reagents and/or enzymes.

[0141] In some embodiments, the methods provided
herein for treating the analyte further comprises contacting,
the analyte with a binding agent capable of binding to the
analyte, wherein the binding agent comprises a coding tag
with identifying information regarding the binding agent;
and transferring the identifying information of the coding
tag to the bait nucleic acid or capture nucleic acid. In some
embodiments, the transferring of the identifying information
to the bait or capture nucleic acid forms an extended nucleic
acid. This extended nucleic acid may also be attached to the
bead (e.g., indirectly). In some cases, the method includes
turther steps of contacting the analyte with an additional
binding agent capable of binding to the analyte, wherein the
additional binding agent comprises a coding tag with 1den-
tifying information regarding the additional binding agent;
and transferring the identifying information of the coding
tag regarding the additional binding agent to the bait nucleic
acid or capture nucleic acid (or extensions thereof) that are
repeated one or more times. In some examples, the trans-
ferring of the identifying information of the coding tag to the
bait nucleic acid or capture nucleic acid 1s mediated by a
ligase (e.g., DNA ligase). In some examples, the transferring
of the identifying information of the coding tag to the bait
nucleic acid or capture nucleic acid 1s mediated by a
polymerase (e.g., DNA polymerase). In some examples, the
transierring of the identifying information of the coding tag
to the bait nucleic acid or capture nucleic acid 1s mediated
by chemical ligation.

[0142] A. Characterization of Polypeptides Via Cyclic
Rounds of Amino Acid Recognition, Information Transfer,

and Amino Acid Removal

[0143] In an exemplary workilow for analysis of the
polypeptide analytes, the treatment and analysis of the
polypeptides 1s as follows: a large collection of polypeptides
(e.g., S0 million-1 billion or more) from a proteolytic digest
are attached to bait nucleic acids to form nucleic acid-
analyte chimeras, and the nucleic acid-analyte chimeras are
immobilized randomly on a single molecule sequencing
substrate (e.g., beads) at an appropriate intramolecular spac-
ing. The immobilization of the peptide analytes onto the
beads 1s performed using any of the methods described in
Section 1. In a cyclic manner, the terminal amino acid (e.g.,
N-terminal amino acid) of each peptide analyte 1s labeled

(e.g., PTC, modified-PTC, Cbz, DNP, SNP, acetyl, guamdi-
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nyl, diheterocyclic methanimine) In some cases, the labeling
of the terminal amino acid can be performed as a later step.
The N-terminal amino acid (or labeled N-terminal amino
acid, e.g., PITC-NTAA, Cbz-NTAA, DNP-NTAA, SNP-
NTAA, acetyl-NTAA, guamdinylated-NTAA, diheterocy-
clic methamimine modified-NTAA) of each immobilized
peptide 1s bound by a cognate NTAA binding agent which 1s
attached to a coding tag, and identifying information from
the coding tag associated with the bound NTAA binding
agent 1s transferred to the bait or capture nucleic acid
associated with the immobilized peptide analyte, thereby
generating an extended nucleic acid containing information
from the coding tag. In some embodiments, the one or more
binding agents 1s removed or released from the polypep-
tides. The labeled NTAA i1s removed enzymatically or
chemically. One or more cycles of the labeling, contacting
with the binding agent, transierring identifying information,
and removal of the terminal amino acid can be performed.

[0144] As described herein, the nucleic acids to which the
identifying information from the coding tag is transierred to
can be the bait nucleic acid, the capture nucleic acid, or a
portion thereol. In some embodiments, the identifying infor-
mation from the coding tag is transferred to a barcode or
other nucleic acid components attached to the bait or capture
nucleic acids. In some embodiments, the 1dentifying infor-
mation from the coding tag is transierred to an extended
nucleic acid on the bait or capture nucleic acid which 1s a
portion of the bait or capture nucleic acid. In some embodi-
ments, the bait nucleic acid or the capture nucleic acid
(including any additional barcodes, or other nucleic acid
components attached thereto), or a portion thereof, may
function as a “recording tag.” The “recording tag” or the
portion of the bait or capture nucleic acid which comprises
a nucleic acid sequence for use as a recording tag refers to
or can be a moiety, e.g., a chemical coupling moiety, a
nucleic acid molecule, a polynucleotide sequence, or a
sequenceable polymer molecule (see, e.g., Niu et al., 2013,
Nat. Chem. 5:282-292; Roy et al., 2015, Nat. Commun.
6:7237; Lutz, 2015, Macromolecules 48:4759-47677; each of

which are mcorporated by reference 1n 1ts entirety) to which
identifving imnformation of a coding tag can be transierred. A
recording tag may comprise DNA, RNA, or polynucleotide
analogs including PNA, gPNA, GNA, HNA, BNA, XNA,
TNA, or a combination thereof. The 1dentifying information
of a coding tag may be transferred to a bait or capture nucleic
acid that also contains other nucleic acid components. Iden-
tifying information can comprise any information charac-
terizing a molecule such as information pertaining to iden-
tity, sample, fraction, partition, spatial location, interacting,
neighboring molecule(s), cycle number, etc. Additionally,
the presence of UMI information can also be classified as
identifving information. In certain embodiments, after a
binding agent binds to a polypeptide, information from a
coding tag linked to a binding agent can be transferred to the
bait or capture nucleic acid (or a portion thereof) associated
with the polypeptide while the binding agent 1s bound to the
polypeptide. In other embodiments, after a binding agent
binds to a polypeptide, mmformation from a recording tag
associated with the polypeptide can be transierred to the
coding tag linked to the binding agent while the binding
agent 1s bound to the polypeptide. In some embodiment, the
identifying information of a coding tag is transferred to the
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3'-end of the bait or capture nucleic acid in embodiments
where polymerase extension 1s used to transier coding tag
information.

[0145] The coding tag associated with the binding agent 1s
or comprises a polynucleotide with any suitable length, e.g.,
a nucleic acid molecule of about 2 bases to about 100 bases,
including any integer including 2 and 100 and 1n between,
that comprises 1dentifying information for its associated
binding agent. A “coding tag” may also be made from a

“sequenceable polymer” (see, e.g., Niu et al., 2013, Nat.
Chem. 5:282-292; Roy et al., 2015, Nat. Commun. 6:7237;

Lutz, 2015, Macromolecules 48:4759-4767; each of which
are 1ncorporated by reference 1n its entirety). A coding tag
may comprise an encoder sequence or a sequence with
identifying information, which 1s optionally flanked by one
spacer on one side or optionally flanked by a spacer on each
side. A coding tag may also be comprised of an optional
UMI and/or an optional binding cycle-specific barcode. A
coding tag may be single stranded or double stranded. A
double stranded coding tag may comprise blunt ends, over-
hanging ends, or both. A coding tag may refer to the coding
tag that 1s directly attached to a binding agent, to a comple-
mentary sequence hybridized to the coding tag directly
attached to a binding agent (e.g., for double stranded coding
tags), or to coding tag information present in an extended
nucleic acid on the bait or capture nucleic acid. In certain
embodiments, a coding tag may further comprise a binding
cycle specific spacer or barcode, a unique molecular 1den-
tifier, a umversal priming site, or any combination thereof.

[0146] In some embodiments, the order of the steps in the
process for a degradation-based peptide or polypeptide
sequencing assay can be reversed or be performed in various
orders. For example, in some embodiments, the terminal
amino acid labeling can be conducted betfore and/or after the
polypeptide 1s bound to the binding agent.

[0147] In some embodiments, the identifying information
from the coding tag comprises information regarding the
identity of the amino acid on the analyte bound by the
binding agent.

[0148] In some examples, the final extended nucleic acid
(bait or capture nucleic acid including any additional bar-
codes attached thereto) containing information from one or
more binding agents 1s optionally flanked by sequences
(e.g., adaptor sequences and/or universal priming sites) to
tacilitate downstream amplification and/or DNA sequenc-
ing. The forward umiversal priming site (e.g., Illumina’s
P5-51 sequence) can be part of the original design of the bait
or capture nucleic acid and the reverse universal priming site
(e.g., [llumina’s P7-S2' sequence) can be added as a final
step 1n the extension of the nucleic acid. In some embodi-
ments, the universal priming sites used include any of the
sequences set forth in SEQ ID NO: 1, 2, 32, and 33. In some
embodiments, the addition of forward and reverse priming
sites can be done independently of a binding agent.

[0149] In the methods described herein, upon binding of a
binding agent to a polypeptide analyte, identifying informa-
tion of its linked coding tag 1s transferred to a nucleic acid
associated with the polypeptide analyte, thereby generating
an extended nucleic acid. The nucleic acid associated with
the polypeptide analyte can be the bait nucleic acid or
capture nucleic acid as described in Section I. In some
embodiments, the bait nucleic acid or capture nucleic acid
turther comprises barcodes and/or other nucleic acid com-
ponents. In particular embodiments, the 1dentifying infor-
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mation from the coding tag of the binding agent i1s trans-
ferred to the bait nucleic acid or capture nucleic acid or
added to any existing barcodes (or other nucleic acid com-
ponents) attached thereto. The transfer of the identifying
information of the coding tag to the nucleic acid associated
with the analyte may be performed using extension or
ligation. In some embodiments, a spacer 1s added to the end
ol the capture or bait nucleic acid, and the spacer comprises
a sequence that 1s capable of hybridizing with a sequence on
the coding tag to facilitate transfer of the identifying infor-
mation.

[0150] The bait or capture nucleic acid, or a part thereot,
configured to be used as a recording tag can be a moiety, e.g.,
a chemical coupling moiety, a nucleic acid molecule, or a

sequenceable polymer molecule (see, e.g., N1u et al., 2013,
Nat. Chem. 5:282-292; Roy et al., 2015, Nat. Commun.

6:7237; Lutz, 2015, Macromolecules 48:4759-4767; each of
which are imcorporated by reference 1n 1ts entirety) to which
identifying information of a coding tag can be transferred, or
from which i1dentifying information about the macromol-
ecule (e.g., UMI information) associated with the recording
tag can be transierred to the coding tag. In certain embodi-
ments, after a binding agent binds a polypeptide, informa-
tion from a coding tag linked to a binding agent can be
transterred to the nucleic acid associated with the polypep-
tide while the binding agent 1s bound to the polypeptide.

[0151] An extended nucleic acid associated with the ana-
lyte with i1dentifying information from the coding tag may
comprise information from a binding agent’s coding tag
representing each binding cycle performed. However, in
some cases, an extended nucleic acid may also experience a
“missed” binding cycle, e.g., 1 a binding agent fails to bind
to the polypeptide analyte, because the coding tag was
missing, damaged, or defective, because the primer exten-
s1on reaction failed. Even 1f a binding event occurs, transfer
ol information from the coding tag may be incomplete or
less than 100% accurate, e.g., because a coding tag was
damaged or defective, because errors were introduced in the
primer extension reaction). Thus, an extended nucleic acid
may represent 100%, or up to 93%, 90%, 85%, 0%, 73%,
70%, 65%, 60%, 65%, 55%, 50%, 45%, 40%, 35%, 30%, or
any subrange thereof, of binding events that have occurred
on its associated polypeptide. Moreover, the coding tag
information present in the extended nucleic acid may have
at least 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%.,
715%, 80%, 85%, 90%, 95%, or 100% 1dentity the corre-
sponding coding tags.

[0152] In certain embodiments, an extended nucleic acid
on the bait or capture nucleic acid associated with the
immobilized peptide analyte may comprise information
from multiple coding tags representing multiple, successive
binding events. In these embodiments, a single, concat-
enated extended nucleic acid on the bait or capture nucleic
acid associated with the immobilized peptide analyte can be
representative of a single polypeptide. As referred to herein,
transfer of coding tag information to the bait or capture
nucleic acid associated with the immobilized peptide analyte
also 1includes transfer to an extended nucleic acid on the bait
or capture nucleic acid as would occur 1n methods involving
multiple, successive binding events.

[0153] In certain embodiments, the binding event infor-
mation 1s transferred from a coding tag to the bait or capture
nucleic acid associated with the immobilized peptide analyte
in a cyclic fashion. Cross-reactive binding events can be
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informatically filtered out after sequencing by requiring that
at least two different coding tags, identifying two or more
independent binding events, map to the same class of
binding agents (cognate to a particular protein). The coding,
tag may contain an optional UMI sequence 1n addition to one
or more spacer sequences. Universal priming sequences may
also be included 1n extended nucleic acids on the bait or
capture nucleic acid associated with the immobilized peptide
analyte for amplification and NGS sequencing.

[0154] Coding tag mnformation associated with a specific
binding agent may be transferred using a variety of methods.
In certain embodiments, mformation of a coding tag 1is
transierred to a nucleic acid on the bait or capture nucleic
acid associated with the immobilized peptide analyte via
primer extension (Chan et al., 2015, Curr Opin Chem Biol.
26: 55-61). A spacer sequence on the 3'-terminus of a bait or
capture nucleic acid or an nucleic acid attached to the bait or
capture nucleic acid anneals with complementary spacer
sequence on the 3' terminus of a coding tag and a polymerase
(e.g., strand-displacing polymerase) extends the nucleic acid
sequence on the bait or capture nucleic acid, using the
annealed coding tag as a template. In some embodiments,
oligonucleotides complementary to coding tag encoder
sequence and 5' spacer can be pre-annealed to the coding
tags to prevent hybridization of the coding tag to internal
encoder and spacer sequences present 1n an extended nucleic
acid. The 3' terminal spacer, on the coding tag, remaining
single stranded, preferably binds to the terminal 3' spacer on
the bait or capture nucleic acids (or any barcodes or other
nucleic acid components). In other embodiments, a nascent
nucleic acid on the bait or capture nucleic acid associated
with the immobilized peptide analyte can be coated with a
single stranded binding protein to prevent annealing of the
coding tag to internal sites. Alternatively, the nascent nucleic
acid can also be coated with RecA (or related homologues
such as uvsX) to facilitate invasion of the 3' terminus 1nto a
completely double stranded coding tag (Bell et al., 2012,
Nature 491:274-278). This configuration prevents the
double stranded coding tag from interacting with internal
nucleic acid elements on the bait or capture nucleic acid
associated with the immobilized peptide analyte, yet 1is
susceptible to strand invasion by the RecA coated 3' tail of
the extended nucleic acid (Bell, et al., 2015, Elife 4:
c¢08646). The presence of a single-stranded binding protein
can facilitate the strand displacement reaction.

[0155] In some embodiments, a DNA polymerase that 1s
used for primer extension possesses strand-displacement
activity and has limited or 1s devoid of 3'-5 exonuclease
activity. Several of many examples of such polymerases
include Klenow exo- (Klenow fragment of DNA Pol 1), T4
DNA polymerase exo-, T7 DNA polymerase exo (Sequenase
2.0), Ptu exo-, Vent exo-, Deep Vent exo-, Bst DNA poly-
merase large fragment exo-, Bca Pol, 9° N Pol, and Phi29
Pol exo-. In a preferred embodiment, the DNA polymerase
1s active at room temperature and up to 45° C. In another
embodiment, a “warm start” version of a thermophilic
polymerase 1s employed such that the polymerase 1s acti-
vated and 1s used at about 40° C.-30° C. An exemplary warm

start polymerase 1s Bst 2.0 Warm Start DNA Polymerase
(New England Biolabs).

[0156] Additives useful 1n strand-displacement replication
include any of a number of single-stranded DNA binding
proteins (SSB proteins) of bactenial, viral, or eukaryotic
origin, such as SSB protein of E. coli, phage T4 gene 32
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product, phage 17 gene 2.5 protein, phage P13 SSB, repli-
cation protein A RPA32 and RPA14 subunits (Wold, 1997);
other DNA binding proteins, such as adenovirus DNA-
binding protein, herpes simplex protein ICP8, BMRF1 poly-
merase accessory subunit, herpes virus UL29 SSB-like
protein; any of a number of replication complex proteins
known to participate in DNA replication, such as phage 17
helicase/primase, phage 14 gene 41 helicase, E. coli Rep
helicase, E. coli recBCD helicase, recA, E. coli and eukary-
otic topoisomerases (Annu Rev Biochem. (2001) 70:369-
413).

[0157] Mis-priming or selif-priming events, such as when
the terminal spacer sequence of the recoding tag primes
extension self-extension may be minimized by inclusion of
single stranded binding proteins (T4 gene 32, . coli SSB,
etc.), DMSO (1-10%), formamide (1-10%), BSA (10-100
ug/ml), TMACI (1-5 mM), ammonium sulfate (10-50 mM),
betaine (1-3 M), glycerol (5-40%), or ethylene glycol
(5-40%), 1n the primer extension reaction.

[0158] Most type A polymerases are devoid of 3' exonu-
clease activity (endogenous or engineered removal), such as
Klenow exo-, T7 DNA polymerase exo- (Sequenase 2.0),
and Tag polymerase catalyzes non-templated addition of a
nucleotide, preferably an adenosine base (to lesser degree a
G base, dependent on sequence context) to the 3' blunt end
ol a duplex amplification product. For Taq polymerase, a 3'
pyrimidine (C>T) minimizes non-templated adenosine addi-
tion, whereas a 3' purine nucleotide (G>A) favours non-
templated adenosine addition. In some embodiments, using
Tag polymerase for primer extension, placement of a thy-
midine base 1n the coding tag between the spacer sequence
distal from the binding agent and the adjacent barcode
sequence (e.g., encoder sequence or cycle specific sequence)
accommodates the sporadic inclusion of a non-templated
adenosine nucleotide on the 3' terminus of the spacer
sequence of the bait or capture nucleic acid. In this manner,
the extended nucleic acid on the bait or capture nucleic acid
associated with the immobilized peptide analyte (with or
without a non-templated adenosine base) can anneal to the
coding tag and undergo primer extension.

[0159] Alternatively, addition of non-templated base can
be reduced by employing a mutant polymerase (mesophilic
or thermophilic) 1n which non-templated terminal transfer-
ase activity has been greatly reduced by one or more point
mutations, especially in the O-helix region (see U.S. Pat. No.

7,501,237) (Yang et al., Nucleic Acids Res. (2002) 30(19):
4314-4320). Piu exo-, which 1s 3' exonuclease deficient and
has strand-displacing ability, also does not have non-tem-
plated terminal transierase activity.

[0160] In another embodiment, polymerase extension bui-

ters are comprised of 40-120 mM buflering agent such as
Tris-Acetate, Tris-HCI, HEPES, etc. at a pH of 6-9.

[0161] Secli-priming/mis-priming events nitiated by seli-
annealing of the terminal spacer sequence of the extended
nucleic acid with internal regions of the extended nucleic
acid may be minimized by including pseudo-complementary

bases 1n the nucleic acid on the bait or capture nucleic acid
(or extended nucleic acids attached) (Lahoud et al., Nucleic
Acids Res. (2008) 36:3409-3419), (Hoshika et al., Angew
Chem Int Ed Engl (2010) 49(32): 5534-5357). Pseudo-
complementary bases show significantly reduced hybridiza-
tion athnities for the formation of duplexes with each other
due the presence of chemical modification. However, many
pseudo-complementary modified bases can form strong base
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pairs with natural DNA or RNA sequences. In certain
embodiments, the coding tag spacer sequence 1s comprised
of multiple A and T bases, and commercially available
pseudo-complementary bases 2-aminoadenine and 2-thio-
thymine are icorporated 1n the bait or capture nucleic acids
using phosphoramidite oligonucleotide synthesis. Addi-
tional pseudocomplementary bases can be incorporated 1nto
the extended nucleic during primer extension by adding
pseudo-complementary nucleotides to the reaction (Gamper

et al., Biochemistry. (2006) 45(22):6978-86).

[0162] In some embodiments, to minimize non-speciiic
interaction of the coding tag labeled binding agents in
solution with the nucleic acids of immobilized protein
analytes, competitor (also referred to as blocking) oligo-
nucleotides complementary to nucleic acids containing
spacer sequences (e.g., on the bait or capture nucleic acids
or extensions thereof) can be added to binding reactions to
mimmize non-specific interactions. In some embodiments,
the blocking oligonucleotide contains a sequence that 1s
complementary to the coding tag attached to the binding
agent or a portion thereol. For example, the blocking oli-
gonucleotide contains a sequence that 1s complementary to
a spacer and/or barcode sequence of the coding tag. In some
embodiments, blocking oligonucleotides are relatively short.
Excess competitor oligonucleotides are washed from the
binding reaction prior to primer extension, which effectively
dissociates the annealed competitor oligonucleotides from
the nucleic acids on the bait or capture nucleic acid, espe-
cially when exposed to slightly elevated temperatures (e.g.,
30-30° C.). Blocking oligonucleotides may comprise a ter-
minator nucleotide at its 3' end to prevent primer extension.

[0163] In certain embodiments, the annealing of the spacer
sequence on the bait or capture nucleic acid to the comple-
mentary spacer sequence on the coding tag 1s metastable
under the primer extension reaction conditions (1.e., the
annealing Tm 1s similar to the reaction temperature). This
allows the spacer sequence of the coding tag to displace any
blocking oligonucleotide annealed to the spacer sequence of
the bait or capture nucleic acid (or extensions thereod).

[0164] Coding tag information associated with a specific
binding agent may also be transferred to a nucleic acid on
the bait or capture nucleic acid associated with the 1mmo-
bilized peptide analyte via ligation. Ligation may be a blunt
end ligation or sticky end ligation. Ligation may be an

enzymatic ligation reaction. Examples of ligases include, but
are not limited to CV DNA ligase, T4 DNA ligase, T7 DNA

ligase, T3 DNA ligase, Taqg DNA ligase, E. coli DNA ligase,
9° N DNA ligase, Electroligase® (See e.g., U.S. Patent
Publication No. US20140378315). Alternatively, a ligation
may be a chemical ligation reaction. In some embodiments
as 1llustrated in International Patent Publication No. WO
2017/192633, a spacer-less ligation 1s accomplished by
using hybridization of a “recording helper” sequence with an
arm on the coding tag. The annealed complement sequences
are chemically ligated using standard chemical ligation or
“click chemistry” (Gunderson et al., Genome Res (1998)
8(11): 1142-1133; Peng et al., European J Org Chem (2010)
(22): 4194-4197; El-Sagheer et al., Proc Natl Acad Sc1 USA
(2011) 108(28): 11338-11343; El-Sagheer et al., Org Biomol
Chem (2011) 9(1): 232-235; Sharma et al., Anal Chem
(2012) 84(14): 6104-6109; Roloil et al., Bioorg Med Chem
(2013) 21(12): 3438-3464; Litovchick et al., Artif DNA
PNA XNA (2014) 5(1): €27896; Rolofl et al., Methods Mol
Biol (2014) 1050:131-141).
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[0165] In another embodiment, transfer of PNAs can be
accomplished with chemical ligation using published tech-
niques. The structure of PNA 1s such that 1t has a 5
N-terminal amine group and an unreactive 3' C-terminal
amide. Chemical ligation of PNA requires that the termini be
modified to be chemically active. This 1s typically done by
derivatizing the 5' N-terminus with a cysteinyl moiety and
the 3' C-terminus with a thioester moiety. Such modified
PNAs easily couple using standard native chemical ligation

conditions (Rolofl et al., (2013) Bioorgan. Med. Chem.
21:3458-3464).

[0166] In some embodiments, coding tag information can
be transierred using topoisomerase. Topoisomerase can be
used be used to ligate a topo-charged 3' phosphate on the bait
or capture nucleic acid (or extensions thereof or any nucleic
acids attached) to the 3' end of the coding tag, or comple-

ment thereof (Shuman et al., 1994, J. Biol. Chem. 269:
32678-32684).

[0167] As described herein, a binding agent may bind to a
post-translationally modified amino acid. Thus, 1n certain
embodiments, an extended nucleic acid associated with the
analyte comprises coding tag information relating to amino
acid sequence and post-translational modifications of the
polypeptide analyte. In some embodiments, detection of
internal post-translationally modified amino acids (e.g.,
phosphorylation, glycosylation, succinylation, ubiquitina-
tion, S-Nitrosylation, methylation, N-acetylation, lipidation,
etc.) 1s be accomplished prior to detection and elimination of
terminal amino acids (e.g., NTAA or CTAA). In one
example, a peptide 1s contacted with binding agents for PTM
modifications, and associated coding tag information are
transierred to the nucleic acid on the bait or capture nucleic
acid associated with the immobilized peptide analyte. Once
the detection and transfer of coding tag information relating
to amino acid modifications 1s complete, the PTM modify-
ing groups can be removed before detection and transfer of
coding tag information for the primary amino acid sequence
using N-terminal or C-terminal degradation methods. Thus,
resulting extended nucleic acids indicate the presence of
post-translational modifications 1n a peptide sequence,
though not the sequential order, along with primary amino
acid sequence mformation.

[0168] In some embodiments, detection of internal post-
translationally modified amino acids may occur concur-
rently with detection of primary amino acid sequence. In one
example, an NTAA (or CTAA) 1s contacted with a binding
agent specific for a post-translationally modified amino acid,
either alone or as part of a library of binding agents (e.g.,
library composed of binding agents for the 20 standard
amino acids and selected post-translational modified amino
acids). Successive cycles of terminal amino acid elimination
and contact with a binding agent (or library of binding
agents) follow. Thus, resulting extended nucleic acids on the
bait or capture nucleic acid associated with the immobilized
peptide analyte indicate the presence and order of post-
translational modifications in the context of a primary amino
acid sequence.

[0169] In certain embodiments, an ensemble of nucleic
acids on the bait or capture nucleic acid may be employed
per polypeptide to improve the overall robustness and efli-
ciency of coding tag imformation transier. The use of an
ensemble of nucleic acids associated with a given polypep-
tide rather than a single nucleic acid may improve the
elliciency of library construction.
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[0170] For embodiments involving analysis of denatured
analytes 1including proteins, polypeptides, and peptides, the
bound binding agent and annealed coding tag can be
removed following transier of the identifying information
(e.g., primer extension) by using highly denaturing condi-
tions (e.g., 0.1-0.2 N NaOH, 6M Urea, 2.4 M guanidinium
isothiocyanate, 95% formamide, etc.).

[0171] In certain embodiments relating to analyzing pep-
tides, following binding of a binding agent and transier of
coding tag information, the terminal amino acid 1s removed
or cleaved from the peptide to expose a new terminal amino
acid. In some embodiments, the terminal amino acid 1s an
NTAA. In other embodiments, the terminal amino acid 1s a
CTAA. Cleavage of a terminal amino acid can be accom-
plished by any number of known techmniques, including
chemical cleavage and enzymatic cleavage.

[0172] In some embodiments, an engineered enzyme that
catalyzes or reagent that promotes the removal of the
modified or labeled N-terminal amino acid 1s used. In some
embodiments, the terminal amino acid 1s removed or elimi-
nated using any of the methods as described 1in International
Patent Publication No. WO 2019/089846 or U.S. provisional
patent application No. 62/841,171. In some embodiments,
cleavage of a terminal amino uses a carboxypeptidase, an
aminopeptidase, a dipeptidyl peptidase, a dipeptidyl amino-
peptidase or a variant, mutant, or modified protein thereof;
a hydrolase or a variant, mutant, or modified protein thereof;
a mild Edman degradation reagent; an Edmanase enzyme;
anhydrous TFA, a base; or any combination thereof.

[0173] In some embodiments, the mild Edman degrada-
tion uses a dichloro or monochloro acid; the mild Edman
degradation uses TFA, TCA, or DCA; or the mild Edman
degradation uses triethylamine, tricthanolamine, or triethyl-
ammonium acetate (Et,NHOACc). In some cases, the reagent
for removing the amino acid comprises a base. In some
embodiments, the base 1s a hydroxide, an alkylated amine,
a cyclic amine, a carbonate bufler, trisodium phosphate
bufler, or a metal salt. In some examples, the hydroxide 1s
sodium hydroxide; the alkylated amine 1s selected from
methylamine, ethylamine, propylamine, dimethylamine,
diethylamine, dipropylamine, trimethylamine, triethylam-
ine, tripropylamine, cyclohexylamine, benzylamine, aniline,
diphenylamine, N,N-Diisopropylethylamine (DIPEA), and
lithium  diisopropylamide (LDA); the cyclic amine 1is
selected from pyridine, pyrimidine, imidazole, pyrrole,
indole, piperidine, prolidine, 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU), and 1,5-diazabicyclo[4.3.0]non-5-ene (DBN);
the carbonate builer comprises sodium carbonate, potassium
carbonate, calctum carbonate, sodium bicarbonate, potas-
sium bicarbonate, or calcium bicarbonate; the metal salt
comprises silver; or the metal salt 1s AgClO,,.

[0174] In some cases, enzymatic cleavage of a NTAA may
be accomplished by an aminopeptidase or other peptidases
Aminopeptidases naturally occur as monomeric and multi-
meric enzymes, and may be metal or ATP-dependent. Natu-
ral aminopeptidases have very limited specificity, and
generically cleave N-terminal amino acids 1 a processive
manner, cleaving one amino acid off after another. For the
methods described here, aminopeptidases (e.g., metalloen-
zymatic aminopeptidase) may be engineered to possess
specific binding or catalytic activity to the NTAA only when
modified with an N-terminal label. For example, an amino-
peptidase may be engineered such than it only cleaves an
N-terminal amino acid 11 i1t 1s modified by a group such as
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PTC, modified-PTC, Cbz, DNP, SNP, acetyl, guanidinyl,
diheterocyclic methanimine, etc. In this way, the aminopep-
tidase cleaves only a single amino acid at a time from the
N-terminus, and allows control of the degradation cycle. In
some embodiments, the modified aminopeptidase 1s non-
selective as to amino acid residue identity while being
selective for the N-terminal label. In other embodiments, the
modified aminopeptidase 1s selective for both amino acid
residue 1dentity and the N-terminal label.

[0175] In some embodiments, the method further com-
prises contacting the polypeptide with a proline aminopep-
tidase under conditions suitable to cleave an N-terminal
proline before step (b). In some examples, a proline amino-
peptidase (PAP) 1s an enzyme that 1s capable of specifically
cleaving an N-terminal proline from a polypeptide. PAP
enzymes that cleave N-terminal prolines are also referred to
as proline iminopeptidases (PIPs). Known monomeric PAPs
include family members from B. coagulans, L. delbrueckii,
N. gonorrhoeae, F. meningosepticum, S. marcescens, 1.

acidophilum, L. plantarum (MEROPS 533.001) Nakajima et
al., J Bacteriol. (2006) 188(4):1599-606; Kitazono et al.,
Bacteriol (1992) 174(24):7919-7925). Known multimeric
PAPs include D. hansenii (Bolumar et al., (2003) 86(1-2):
141-151) and similar homologues from other species (Bas-
ten et al.,, Mol Genet Genomics (2005) 272(6):673-679).
Either native or engineered variants/mutants of PAPs may be
employed.

[0176] For embodiments relating to CTAA binding agents,
methods of cleaving CTAA from peptides are also known in
the art. For example, U.S. Pat. No. 6,046,053 discloses a
method of reacting the peptide or protein with an alkyl acid
anhydride to convert the carboxy-terminal into oxazolone,
liberating the C-terminal amino acid by reaction with acid
and alcohol or with ester. Enzymatic cleavage of a CTAA
may also be accomplished by a carboxypeptidase. Several
carboxypeptidases exhibit amino acid preferences, e.g., car-
boxypeptidase B preferentially cleaves at basic amino acids,
such as arginine and lysine. As described above, carboxy-
peptidases may also be modified in the same fashion as
aminopeptidases to engineer carboxypeptidases that specifi-
cally bind to CTAAs having a C-terminal label. In this way,
the carboxypeptidase cleaves only a single amino acid at a
time from the C-terminus, and allows control of the degra-
dation cycle. In some embodiments, the modified carboxy-
peptidase 1s non-selective as to amino acid residue 1dentity
while being selective for the C-terminal label. In other
embodiments, the modified carboxypeptidase 1s selective for
both amino acid residue identity and the C-terminal label.

[0177] B. Binding Agents for Amino Acid Recognition

[0178] In certain embodiments, the methods for analyzing
a polypeptide provided 1n the present disclosure comprise
multiple binding cycles, where the polypeptide analyte 1s
contacted with a plurality of binding agents, and successive
binding of binding agents transiers historical binding infor-
mation in the form of a nucleic acid based coding tag to at
least one nucleic acid (e.g., bait or capture nucleic acid)
associated with the polypeptide. In this way, a historical
record containing information about multiple binding events
1s generated in a nucleic acid format.

[0179] In some embodiments, a binding agent may be a
cognate binding agent of the analyte or any portion of the
analyte. In certain embodiments, a binding agent may bind
to an epitope, an NTAA, a CTAA, an mtervening amino
acid, dipeptide (sequence of two amino acids), tripeptide
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(sequence of three amino acids), or higher order peptide of
a peptide molecule. In some embodiments, each binding
agent 1n a library of binding agents selectively binds to a
particular amino acid, for example one of the twenty stan-
dard naturally occurring amino acids. The standard, natu-
rally-occurring amino acids include Alanine (A or Ala),
Cysteine (C or Cys), Aspartic Acid (D or Asp), Glutamic
Acid (E or Glu), Phenylalanine (F or Phe), Glycine (G or
Gly), Histidine (H or His), Isoleucine (I or Ile), Lysine (K or
Lys), Leucine (L or Leu), Methionine (M or Met), Aspara-
gine (N or Asn), Proline (P or Pro), Glutamine (Q or Gln),
Arginine (R or Arg), Serine (S or Ser), Threonine (T or Thr),
Valine (V or Val), Tryptophan (W or Trp), and Tyrosine (Y
or Tyr). In some embodiments, the binding agent binds to an
unmodified or native amino acid. In some examples, the
binding agent binds to an unmodified or native dipeptide
(sequence of two amino acids), tripeptide (sequence of three
amino acids), or higher order peptide of a peptide molecule.
A binding agent may be engineered for high athnity for a
native or unmodified NTAA, high specificity for a native or
unmodified NTAA, or both. In some embodiments, binding,
agents can be developed through directed evolution of
promising ailimity scaflolds using phage display.

[0180] A binding agent may bind to an N-terminal peptide,
a C-terminal peptide, or an intervening peptide of a peptide,
polypeptide, or protein molecule. A binding agent may bind
to an N-terminal amino acid, C-terminal amino acid, or an
intervening amino acid of a peptide molecule. A binding
agent may bind to an N-terminal or C-terminal diamino acid
moiety. A binding agent may preferably bind to a chemically
modified or labeled amino acid. For example, a binding
agent may preferably bind to an amino acid that has been
functionalized with an acetyl moiety, Cbz moiety, guanyl
moiety, dansyl moiety, PTC moiety, DNP moiety, SNP
moiety, heterocyclic methanimine moiety, etc., over an
amino acid that does not possess said moiety. A modified or
labeled NTAA can be one that 1s functionalized with phe-
nylisothiocyanate,  PITC, 1-fluoro-2,4-dinitrobenzene
(Sanger’s reagent, DNFB), benzyloxycarbonyl chloride or
carbobenzoxy chlonde (Cbz-Cl), N-(Benzyloxycarbony-
loxy)succinimide (Cbz-OSu or Cbz-O—NHS), dansyl chlo-
ride (DNS-CI, or 1-dimethylaminonaphthalene-3-sulfonyl
chloride), 4-sulfonyl-2-nitrofluorobenzene (SNEFB),
N-Acetyl-Isatoic Anhydride, Isatoic Anhydride, 2-Pyridin-
ecarboxaldehyde, 2-Formylphenylboronic acid,
2-Acetylphenylboronic acid, 1-Fluoro-2,4-dinitrobenzene,
Succinic anhydride, 4-Chloro-7-nitrobenzoiurazan, Pen-
tatluorophenylisothiocyanate,  4-(Trifluoromethoxy)-phe-
nylisothiocyanate, 4-(Trifluoromethyl)-phenylisothiocya-
nate, 3-(Carboxylic acid)-phenylisothiocyanate,
3-(Trifluoromethyl)-phenylisothiocyanate, 1-Naphthylisoth-
iocyanate, N-nitroimidazole-1-carboximidamide, N,N,AO-
Bis(pivaloyl)-1H-pyrazole-1-carboxamidine, N,N,A=-Bis
(benzyloxycarbonyl)-1H-pyrazole-1-carboxamidine, an
acetylating reagent, a guamdinylation reagent, a thioacy-
lation reagent, a thioacetylation reagent, or a thiobenzylation
reagent, or a diheterocyclic methanimine reagent. In some
examples, the binding agent binds to an amino acid labeled
by contacting with a reagent or using a method as described
in International Patent Publication No. WO 2019/089846 or
U.S. provisional patent application No. 62/841,171. In some
cases, the binding agent binds to an amino acid labeled by
an amine modifying reagent.
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[0181] In some embodiments, the binding agent 1s par-
tially specific or selective. In some aspects, the binding
agent preferentially binds to one or more amino acids. For
example, a binding agent may preferentially bind to the
amino acids A, C, and G over other amino acids. In some
other examples, the binding agent may selectively or spe-
cifically bind to more than one amino acid. In some aspects,
the binding agent may also have a preference for one or
more amino acids at the second, third, fourth, fifth, etc.
positions from the terminal amino acid. In some cases, the
binding agent preferentially binds to a specific terminal
amino acid and one or more penultimate amino acid. In
some cases, the binding agent preferentially binds to one or
more specific terminal amino acid(s) and one penultimate
amino acid. For example, a binding agent may preferentially
bind to AA, AC, and AG or a binding agent may preferen-
tially bind to AA, CA, and GA. In some specific examples,
binding agents with diflerent specificities can share the same
coding tag.

[0182] In certain embodiments, the concentration of the
binding agents 1n a solution 1s controlled to reduce back-
ground and/or false positive results of the assay.

[0183] Insome embodiments, the concentration of a bind-
ing agent can be at any suitable concentration, e.g., at about
0.0001 nM, about 0.001 nM, about 0.01 nM, about 0.1 nM,
about 1 nM, about 2 nM, about 5 nM, about 10 nM, about
20 nM, about 50 nM, about 100 nM, about 200 nM, about
500 nM, or about 1000 nM. In other embodiments, the
concentration of a soluble conjugate used in the assay 1is
between about 0.0001 nM and about 0.001 nM, between
about 0.001 nM and about 0.01 nM, between about 0.01 nM
and about 0.1 nM, between about 0.1 nM and about 1 nM,
between about 1 nM and about 2 nM, between about 2 nM
and about 5 nM, between about 5 nM and about 10 nM,
between about 10 nM and about 20 nM, between about 20
nM and about 50 nM, between about 50 nM and about 100
nM, between about 100 nM and about 200 nM, between
about 200 nM and about 500 nM, between about 500 nM and
about 1000 nM, or more than about 1000 nM.

[0184] In some embodiments, the ratio between the
soluble binding agent molecules and the immobilized poly-
peptides and/or the nucleic acids (e.g., of the nucleic acid-
analyte conjugate) can be at any suitable range, ¢.g., at about
0.00001:1, about 0.0001:1, about 0.001:1, about 0.01:1,
about 0.1:1, about 1:1, abeut 2:1, about 5 1, about 10:1,

about 15:1 abeut 20:1, about 25:1, about 30:1, about 35:1,
about 40:1, about 45:1,, about 50:1,, about 55:1, about 60:1,
about 65:1, about 70:1, about 75:1, about 80:1, about 85:1,

about 90:1, about 95:1, about 100:1, about 1041 abeut

105:1, about 106:1, or higher, or any ratio 1n between the
above listed ratios. Higher ratios between the soluble bind-
ing agent molecules and the immobilized polypeptide(s)
and/or the nucleic acids (e.g., of the nucleic acid-analyte
conjugate) can be used to drive the binding and/or the coding
tag information transier to completion. This may be particu-
larly useful for detecting and/or analyzing low abundance
polypeptides 1n a sample.

[0185] In certain embodiments, a binding agent has a K,

of or less than about 500 nM, of or less than about 200 nM,
of or less than about 100 nM, of or less than about 50 nM,

of or less than about 10 nM, of or less than about 5 nM, of
or less than about 1 nM, of or less than about 0.5 nM, or of
or less than about 0.1 nM. In a particular embodiment, the
binding agent 1s added to the macromolecule at a concen-
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tration >10x, >100x, or >1000x its K , to drive binding to
completion. In particular, a high binding aflinity with a low
ofl-rate may be eflicacious for information transier between
the coding tag and recording tag.

[0186] In embodiments relating to methods of analyzing
peptides or polypeptides using an N-terminal degradation
based approach, following contacting and binding of a first
binding agent to an n NTAA of a peptide of n amino acids
and transier of the first binding agent’s coding tag informa-
tion to a nucleic acid associated with the peptide, thereby
generating a first order extended nucleic acid (e.g., on the
bait or capture nucleic acid), the n NTAA 1s eliminated as
described herein. Removal of the n labeled NTAA by
contacting with an enzyme or chemical reagents converts the
n-1 amino acid of the peptide to an N-terminal amino acid,
which 1s referred to herein as an n-1 NTAA. A second
binding agent 1s contacted with the peptide and binds to the
n-1 NTAA, and the second binding agent’s coding tag
information 1s transierred to the first order extended nucleic
acid thereby generating a second order extended nucleic acid
(e.g., for generating a concatenated n” order extended
nucleic acid representing the peptide). Elimination of the n-1
labeled NTAA converts the n-2 amino acid of the peptide to
an N-terminal amino acid, which 1s referred to herein as n-2
NTAA. Additional binding, transfer, labeling, and removal,
can occur as described above up to n amino acids to generate
an n” order extended nucleic acid or n separate extended
nucleic acids, which collectively represent the peptide. As
used herein, an n “order” when used 1n reference to a binding,
agent, coding tag, or extended nucleic acid, refers to the n
binding cycle, wherein the binding agent and its associated
coding tag 1s used or the n binding cycle where the extended
nucleic acid 1s created (e.g. on the bait or capture nucleic
acid). In some embodiments, steps including the NTAA 1n
the described exemplary approach can be performed instead
with a C terminal amino acid (CTAA).

[0187] In some embodiments, contacting of the first bind-
ing agent and second binding agent to the polypeptide
analyte, and optionally any further binding agents (e.g., third
binding agent, fourth binding agent, fifth binding agent, and
sO on), are performed at the same time. For example, the first
binding agent and second binding agent, and optionally any
turther order binding agents, can be pooled together, for
example to form a library of binding agents. In another
example, the first binding agent and second binding agent,
and optionally any further order binding agents, rather than
being pooled together, are added simultaneously to the
polypeptide. In one embodiment, a library of binding agents
comprises at least 20 binding agents that selectively bind to
the 20 standard, naturally occurring amino acids. In some
embodiments, a library of binding agents may comprise
binding agents that selectively bind to the modified amino
acids.

[0188] In other embodiments, the first binding agent and
second binding agent, and optionally any further order
binding agents, are each contacted with the polypeptide in
separate binding cycles, added 1n sequential order. In certain
embodiments, multiple binding agents are used at the same
time, in parallel. This parallel approach saves time and
reduces non-specific binding by non-cognate binding agents
to a site that 1s bound by a cognate binding agent (because
the binding agents are 1n competition).

[0189] The length of the final extended nucleic acids (e.g.,
on the bait or capture nucleic acid) generated by the methods
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described herein 1s dependent upon multiple factors, includ-
ing the length of the coding tag (e.g., encoder sequence and
spacer), the length of the nucleic acids (e.g., on the bait or
capture nucleic acid, optionally including any unique
molecular 1dentifier, spacer, universal priming site, barcode,
or combinations thereof), the number of binding cycles
performed, and whether coding tags from each binding cycle
are transierred to the same extended nucleic acid or to
multiple extended nucleic acids. In some examples, 1 the
coding tag has an encoder sequence of 5 bases that 1s flanked
on each side by a spacer of 5 bases, the coding tag infor-
mation on the final extended nucleic acid, which represents
the peptide’s binding agent history, 1s 10 basesxnumber of
cycles.

[0190] Adter the final binding cycle and transier of the
final binding agent’s coding tag information to the extended
nucleic acid (e.g., on the bait or capture nucleic acid), the tag
can be capped by addition of a universal reverse priming site
via ligation, primer extension or other methods known 1n the
art. In some embodiments, the umversal forward priming
site 1n the nucleic acid (e.g., on the bait or capture nucleic
acid) 1s compatible with the universal reverse priming site
that 1s appended to the final extended nucleic acid. In some
embodiments, after the final transfer to the extended nucleic
acid, a capping barcode may be introduced with the addition
of the umiversal reverse priming site. In some cases, an
optional UMI may be added to the extended nucleic acid. In
some embodiments, a umversal reverse priming site 1s an
Nlumimma P7 primer (3'-CAAGCAGAAGACGGCAT-
ACGAGAT-3'-SEQ ID NO:2) or an Illumina P35 primer
(S'-AATGATACGGCGACCACCGA-3'-SEQ ID NO:1)ora
sequence set forth in SEQ ID NO: 32 or 33. The sense or
antisense P/ may be appended, depending on strand sense of
the nucleic acid to which the identifying imnformation from
the coding tag 1s transferred to. An extended nucleic acid
library can be cleaved or amplified directly from the solid
support (e.g., beads) and used 1n traditional next generation
sequencing assays and protocols.

[0191] In some embodiments, a primer extension reaction
1s performed on a library of single stranded extended nucleic
acids (e.g., extended on the bait or capture nucleic acid) to
copy complementary strands thereof. In some embodiments,
the peptide sequencing assay (e.g., ProteoCode assay), com-
prises several chemical and enzymatic steps 1 a cyclical
progression. In some cases, one advantage of a single
molecule assay 1s the robustness to inefliciencies in the
various cyclical chemical/enzymatic steps. In some embodi-
ments, the use of cycle-specific barcodes present in the
coding tag sequence allows an advantage to the assay.

[0192] C. Processing and Analysis of Tags

[0193] Extended nucleic acids associated with the analyte
with 1dentifying information from one or more coding tags
and any other tags (barcodes, UMI, etc.) representing the
polypeptide(s) of interest can be processed and analysed
using a variety of nucleic acid sequencing methods. In some
embodiments, the method includes analyzing the identifying
information regarding the binding agent transierred to the
bait nucleic acid or the capture nucleic acid. Examples of
sequencing methods include, but are not limited to, chain
termination sequencing (Sanger sequencing); next genera-
tion sequencing methods, such as sequencing by synthesis,
sequencing by ligation, sequencing by hybridization, polony
sequencing, ion semiconductor sequencing, and pyrose-
quencing; and third generation sequencing methods, such as
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single molecule real time sequencing, nanopore-based
sequencing, duplex interrupted sequencing, and direct imag-
ing of DNA using advanced microscopy.

[0194] Suitable sequencing methods for use 1n the 1inven-
tion include, but are not limited to, sequencing by hybrid-
1zation, sequencing by synthesis technology (e.g., HiSeq™
and Solexa™, Illumina), SMRT™ (Single Molecule Real
Time) technology (Pacific Biosciences), true single mol-
ecule sequencing (e.g., HeliScope™, Helicos Biosciences),
massively parallel next generation sequencing (e.g.,
SOL1D™, Applied Biosciences; Solexa and HiSeq™ Illu-
mina), massively parallel semiconductor sequencing (e.g.,
Ion Torrent), pyrosequencing technology (e.g., GS FLX and
GS Junior Systems, Roche/454), and nanopore sequence
(e.g., Oxford Nanopore Technologies).

[0195] A library of nucleic acids (e.g., extended nucleic
acids) may be amplified i a variety of ways. A library of
nucleic acids (e.g., extended nucleic acids) undergo expo-
nential amplification, e.g., via PCR or emulsion PCR. Emul-
sion PCR 1s known to produce more uniform amplification
(Hor1, Fukano et al., Biochem Biophys Res Commun (2007)
352(2): 323-328). Alternatively, a library of nucleic acids
(e.g., extended nucleic acids) may undergo linear amplifi-
cation, e.g., via 1n vitro transcription of template DNA using
17 RNA polymerase. The library of nucleic acids (e.g.,
extended nucleic acids) can be amplified using primers
compatible with the universal forward priming site and
universal reverse priming site contained therein. A library of
extended nucleic acids (e.g., on the bait or capture nucleic
acid) can also be amplified using tailed primers to add
sequence to either the 5'-end, 3'-end or both ends of the
extended nucleic acids. Sequences that can be added to the
termini of the extended nucleic acids include library specific
index sequences to allow multiplexing of multiple libraries
in a single sequencing run, adaptor sequences, read primer
sequences, or any other sequences for making the library of
extended nucleic acids compatible for a sequencing plat-
form. An example of a library amplification 1n preparation
for next generation sequencing 1s as follows: a 20 ulPCR
reaction volume 1s set up using an extended nucleic acid
library eluted from ~1 mg of beads (~10 ng), 200 uM dN'TP,
1 uM of each forward and reverse amplification primers, 0.5
ul (1 U) of Phusion Hot Start enzyme (New England
Biolabs) and subjected to the following cycling conditions:
98° C. for 30 sec followed by 20 cycles of 98° C. for 10 sec,
60° C. for 30 sec, 72° C. tor 30 sec, tollowed by 72° C. for
7 min, then hold at 4° C.

[0196] In certain embodiments, either before, during or
tollowing amplification, the library of nucleic acids (e.g.,
extended nucleic acids) can undergo target enrichment. In
some embodiments, target enrichment can be used to selec-
tively capture or amplify extended nucleic acids represent-
ing polypeptides of interest from a library of extended
nucleic acids before sequencing. In some aspects, target
enrichment for protein sequencing is challenging because of
the high cost and difliculty 1n producing highly-specific
binding agents for target proteins. In some cases, antibodies
are notoriously non-specific and diflicult to scale production
across thousands of protemns. In some embodiments, the
methods of the present disclosure circumvent this problem
by converting the protein code into a nucleic acid code
which can then make use of a wide range of targeted DNA
enrichment strategies available for DNA libraries. In some
cases, peptides of interest can be enriched 1n a sample by
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enriching their corresponding extended nucleic acids. Meth-
ods of targeted enrichment are known 1n the art, and include
hybrid capture assays, PCR-based assays such as TruSeq
custom Amplicon (Illumina), padlock probes (also referred

to as molecular nversion probes), and the like (see,
Mamanova et al., (2010) Nature Methods 7: 111-118; Bodi

et al., J. Biomol. Tech. (2013) 24:73-86; Ballester et al.,
(2016) Expert Review of Molecular Diagnostics 357-372;
Mertes et al., (2011) Briel Funct. Genomics 10:374-386;
Nilsson et al., (1994) Science 265:2085-8; each of which are
incorporated herein by reference 1n their entirety).

[0197] In one embodiment, a library of nucleic acids (e.g.,
extended nucleic acids) 1s enriched via a hybrid capture-
based assay. In a hybrid-capture based assay, the library of
extended nucleic acids 1s hybridized to target-specific oli-
gonucleotides that are labeled with an athnity tag (e.g.,
biotin). Extended nucleic acids hybridized to the target-
specific oligonucleotides are “pulled down™ via their aflinity
tags using an afhinity ligand (e.g., streptavidin coated beads),
and background (non-specific) extended nucleic acids are
washed away. The enriched extended nucleic acids (e.g.,
extended nucleic acids) are then obtaimned for positive
enrichment (e.g., eluted from the beads). In some embodi-
ments, oligonucleotides complementary to the correspond-
ing extended nucleic acid library representations of peptides
ol interest can be used 1n a hybnid capture assay. In some
embodiments, sequential rounds or enrichment can also be
carried out, with the same or different bait sets.

[0198] o enrich the entire length of a polypeptide 1n a
library of extended nucleic acids representing fragments
thereol (e.g., peptides), “tiled” bait oligonucleotides can be
designed across the entire nucleic acid representation of the
protein.

[0199] In another embodiment, primer extension and liga-
tion-based mediated amplification enrichment (AmpliSeq,
PCR, TruSeq TSCA, etc.) can be used to select and module
fraction enriched of library elements representing a subset of
polypeptides. Competing oligonucleotides can also be
employed to tune the degree of primer extension, ligation, or
amplification. In the simplest implementation, this can be
accomplished by having a mix of target specific primers
comprising a universal primer tail and competing primers
lacking a 3" unmiversal primer tail. After an 1mitial primer
extension, only primers with the 5' universal primer
sequence can be amplified. The ratio of primer with and
without the universal primer sequence controls the fraction
of target amplified. In other embodiments, the inclusion of
hybridizing but non-extending primers can be used to modu-
late the fraction of library elements undergoing primer
extension, ligation, or amplification.

[0200] Targeted enrichment methods can also be used 1n a
negative selection mode to selectively remove extended
nucleic acids from a library before sequencing. Examples of
undesirable extended nucleic acids that can be removed are
those representing over abundant polypeptide species, e.g.,
for proteins, albumin, immunoglobulins, etc.

[0201] A competitor oligonucleotide bait, hybridizing to
the target but lacking a biotin moiety, can also be used in the
hybrid capture step to modulate the fraction of any particular
locus enriched. The competitor oligonucleotide bait com-
petes for hybridization to the target with the standard bioti-
nylated bait eflectively modulating the fraction of target
pulled down during enrichment. The ten orders dynamic
range of protein expression can be compressed by several
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orders using this competitive suppression approach, espe-
cially for the overly abundant species such as albumin Thus,
the fraction of library elements captured for a given locus
relative to standard hybrid capture can be modulated from

100% down to 0% enrichment.

[0202] Additionally, library normalization techniques can
be used to remove overly abundant species from the
extended nucleic acid library. This approach works best for
defined length libraries originating from peptides generated
by site-specific protease digestion such as trypsin, LysC,
GluC, etc. In one example, normalization can be accom-
plished by denaturing a double-stranded library and allow-
ing the library elements to re-anneal. The abundant library
clements re-anneal more quickly than less abundant ele-
ments due to the second-order rate constant of bimolecular
hybridization kinetics (Bochman, Paeschke et al. 2012). The
ssDINA library elements can be separated from the abundant
dsDNA library elements using methods known in the art,
such as chromatography on hydroxyapatite columns
(VanderNoot, et al., 2012, Biotechniques 53:373-380) or
treatment of the library with a duplex-specific nuclease
(DSN) from Kamchatka crab (Shagin et al., (2002) Genome
Res. 12:1935-42) which destroys the dsDNA library ele-

ments.

[0203] Any combination of fractionation, enrichment, and
subtraction methods, of the polypeptides belore attachment
to the solid support and/or of the resulting extended nucleic
acid library can economize sequencing reads and improve
measurement of low abundance species.

[0204] In some embodiments, a library of nucleic acids
(e.g., extended nucleic acids) 1s concatenated by ligation or
end-complementary PCR to create a long DNA molecule
comprising multiple different extended recorder tags,
extended coding tags, or di-tags, respectively (Du et al.,
(2003) BioTechmiques 35:66-72; Muecke et al., (2008)
Structure 16:837-841; U.S. Pat. No. 5,834,252, each of
which 1s incorporated by reference in 1ts entirety). This
embodiment 1s preferable for nanopore sequencing in which
long strands of DNA are analyzed by the nanopore sequenc-
ing device.

[0205] In some embodiments, direct single molecule
analysis 1s performed on the nucleic acids (e.g., extended
nucleic acids) (see, e.g., Harris et al., (2008) Science 320:
106-109). The nucleic acids (e.g., extended nucleic acids)
can be analysed directly on the solid support, such as a tlow
cell or beads that are compatible for loading onto a tlow cell
surface (optionally microcell patterned), wherein the tlow
cell or beads can integrate with a single molecule sequencer
or a single molecule decoding instrument. For single mol-
ecule decoding, hybridization of several rounds of pooled
fluorescently-labeled of decoding oligonucleotides (Gunder-
son et al., (2004) Genome Res. 14:970-7) can be used to
ascertain both the identity and order of the coding tags
within the extended nucleic acids (e.g., on the bait or capture
nucleic acid). In some embodiments, the binding agents may
be labeled with cycle-specific coding tags as described
above (see also, Gunderson et al., (2004) Genome Res.
14:9°70-7). Cycle-specific coding tags will work for both a
single, concatenated extended nucleic acids representing a
single polypeptide, or for a collection of extended nucleic
acids representing a single polypeptide.

[0206] Following sequencing of the nucleic acid libraries
(e.g., of extended nucleic acids), the resulting sequences can
be collapsed by theirr UMIs and then associated to their
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corresponding polypeptides and aligned to the totality of the
proteome. Resulting sequences can also be collapsed by
their compartment tags and associated to their corresponding
compartmental proteome, which 1n a particular embodiment
contains only a single or a very limited number of protein
molecules. Both protein 1identification and quantification can
casily be derived from this digital peptide information.

[0207] Insome embodiments, the coding tag sequence can
be optimized for the particular sequencing analysis platform.
In a particular embodiment, the sequencing platform 1is
nanopore sequencing. In some embodiments, the sequencing

plattorm has a per base error rate of >1%, >5%, >10%,
>15%, >20%, >25%, or >30%. For example, 11 the extended
nucleic acid 1s to be analyzed using a nanopore sequencing
instrument, the barcode sequences (e.g., sequences compris-
ing identifying information from the coding tag) can be
designed to be optimally electrically distinguishable 1n tran-
sit through a nanopore. Moreover, a technique called duplex
interrupted nanopore sequencing (DI) can be employed with
nanopore strand sequencing without the need for a molecu-
lar motor, greatly simplifying the system design (Derrington
et al., Proc Natl Acad Sc1 USA (2010) 107(37): 16060-
16065). Readout of the extended nucleic acids via DI
nanopore sequencing requires that the spacer elements in the
concatenated extended nucleic acid library be annealed with
complementary oligonucleotides. The oligonucleotides used
herein may comprise LNAs, or other modified nucleic acids
or analogs to increase the eflective Tm of the resultant
duplexes. As the single-stranded extended nucleic acid deco-
rated with these duplex spacer regions is passed through the
pore, the double strand region will become transiently
stalled at the constriction zone enabling a current readout of
about three bases adjacent to the duplex region. In a par-
ticular embodiment for DI nanopore sequencing, the
encoder sequence comprising i1dentifying imnformation from
the coding tag 1s designed in such a way that the three bases
adjacent to the spacer element create maximally electrically
distinguishable nanopore signals (Derrington et al., Proc
Natl Acad Sc1 USA (2010) 107(37): 16060-16065). As an
alternative to motor-free DI sequencing, the spacer element
can be designed to adopt a secondary structure such as a
(G-quartet, which will transiently stall the extended nucleic
acid as 1t passes through the nanopore enabling readout of
the adjacent encoder sequence (Shim et al., Nucleic Acids
Res (2009) 37(3): 972-982; Zhang et al., mAbs (2016) 8,
524-535). After proceeding past the stall, the next spacer
will again create a transient stall, enabling readout of the
next encoder sequence, and so forth.

[0208] The methods disclosed herein can be used for
analysis, including detection, identification, quantitation
and/or sequencing, of a plurality of polypeptide analytes
simultaneously (multiplexing). Multiplexing as used herein
refers to analysis of a plurality of polypeptides 1n the same
assay. The plurality of polypeptides can be derived from the
same sample or different samples. The plurality of polypep-
tides can be dernived from the same subject or different
subjects. The plurality of polypeptides that are analyzed can
be different polypeptides, or the same polypeptide derived
from diflerent samples. A plurality of polypeptides includes
2 or more polypeptides, 5 or more polypeptides, 10 or more
polypeptides, 50 or more polypeptides, 100 or more poly-
peptides, 500 or more polypeptides, 1000 or more polypep-
tides, 5,000 or more polypeptides, 10,000 or more polypep-
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tides, 50,000 or more polypeptides, 100,000 or more
polypeptides, 500,000 or more polypeptides, or 1,000,000 or
more polypeptides.

[0209] Sample multiplexing can be achieved by upiront
barcoding of the nucleic acid (e.g., bait or capture nucleic
acids) associated with the polypeptide samples. Each bar-
code represents a different sample, and samples can be
pooled prior to cyclic binding assays or sequence analysis.
In some embodiments, polypeptides immobilized on the
same bead are barcoded with a bead barcode. For example,
the capture nucleic acid may include a bead barcode that
allows the samples with different bead barcodes to be
combined and processed for some or all steps of the protein
analysis assay. In this way, many barcode-labeled samples
can be simultaneously processed in a single tube. This
approach 1s a significant improvement on 1Immunoassays

conducted on reverse phase protein arrays (RPPA) (Akbani
et al., Mol Cell Proteomics (2014) 13(7): 1625-1643;

Creighton et al., Drug Des Devel Ther (2015) 9: 3519-3527;
Nishizuka et al., Drug Metab Pharmacokinet (2016) 31(1):
35-45). In this way, the present disclosure essentially pro-
vides a highly digital sample and analyte multiplexed alter-
native to the RPPA assay with a simple workilow.

III. Kits, Components, and Articles of Manufacture

[0210] Provided herein are kits and articles of manufacture
comprising components for treating or preparing analytes. In
some embodiments, the kit comprises a plurality of bait
nucleic acids configured to be attached to an analyte and a
solid support comprising a plurality of attached capture
nucleic acids, each of said capture nucleic acids comprising
a sequence complementary to a corresponding bait nucleic
acid, wherein any adjacently attached capture nucleic acids
are spaced apart on the solid support at an average distance
of about 50 nm or greater. In some embodiments, the kits
also include instructions for using the components for pre-
paring and treating analytes. In some embodiments, the kits
provided herein are for use 1n treating analytes comprising,
peptides, polypeptides, and proteins for sequencing and/or
analysis. In some embodiments, the kits provided herein are
for preparing analytes for protein analysis which employs
barcoding and nucleic acid encoding of molecular recogni-
tion events, and/or detectable labels. In some embodiments,
the kits also include other components for treating the
polypeptides and analysis of the polypeptides, including
other reagents for polypeptide analysis.

[0211] In one aspect, provided herein are components used
to prepare a reaction mixture. In preferred embodiments, the
reaction mixture 1s a solution. In some preferred embodi-
ments, the reaction mixture includes one or more of the
following: a capture nucleic acid (e.g., attached to a solid or
insoluble support) and a bait nucleic acid. In some embodi-
ments, the kits are for preparing a plurality of analytes
obtained from a sample, such as any samples described 1n
Section IA. In some embodiments, the capture nucleic acids
are provided on the solid support in a format that i1s com-
patible for performing a ProteoCode assay.

[0212] In some of any of the provided embodiments, the
kit comprises a plurality of bait nucleic acids and a plurality
of capture nucleic acids. In some embodiments, the kit
comprises any of the bait nucleic acids described in Section
I. In some embodiments, the bait nucleic acid 1s configured
to allow the analyte to be attached to the 3' end of the bait
nucleic acid. In some embodiments, the bait nucleic acid 1s
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configured to allow the analyte to be attached to the 5' end
of the bait nucleic acid. In some cases, the bait nucleic acid
1s configured to allow the analyte to be attached to an
internal position of the bait nucleic acid. In some embodi-
ments, the bait nucleic acid comprises a reactive coupling
moiety. In some examples, the reactive coupling moiety 1s
activated by applying a light energy, a chemical reagent or
an enzymatic reagent.

[0213] Insome embodiments, the kit comprises any of the
capture nucleic acids described 1 Section I. In some
embodiments, the capture nucleic acids are provided on a
solid support. In some embodiments, the capture nucleic
acids comprise one or more components for downstream
sequencing, mcluding a universal priming site and/or an
adaptor sequence. The capture nucleic acid maybe be pro-
vided 1n a format that enables desired spacing of the ana-
lytes, e.g., analytes 1n the form of nucleic acid-analyte
chimeras, on the solid support. In some embodiments of the
kits, the concentration of capture nucleic acids may be
titrated on the substrate surface. For example, the capture
nucleic acid 1s configured to couple the analyte to the solid
support such that any adjacently coupled analytes, e.g.,
analytes 1n the form of nucleic acid-analyte chimeras, are
spaced apart from each other on the solid support at an
average distance of 260 nm, =70 nm, =80 nm, =90 nm, =100
nm, =200 nm, =300 nm, =400 nm, =500 nm, or =1000 nm.
In some cases, the capture nucleic acid 1s configured to
couple the analyte to the solid support such that any adja-
cently coupled analytes, e.g., analytes 1n the form of nucleic
acid-analyte chimeras, are spaced apart from each other on
the solid support at an average distance which ranges from
about 50 to 100 nm, from about 50 to 250 nm, from about
50 to 500 nm, from about 50 to 750 nm, from about 50 to
1000 nm, from about 50 to 1500 nm, from about 50 to 2000
nm, from about 100 to 250 nm, from about 100 to 500 nm,
from about 200 to 500 nm, from about 300 to 500 nm, from
about 100 to 1000 nm, from about 500 to 600 nm, from
about 500 to 700 nm, from about 500 to 800 nm, from about
500 to 900 nm, from about 500 to 1000 nm, from about 500
to 2000 nm, from about 500 to 5000 nm, from about 1000
to 5000 nm, or from about 3000 to 5000 nm. In some
preferred embodiments, the capture nucleic acid 1s config-
ured to couple the analyte to the solid support such that any
adjacently coupled analytes, e.g., analytes in the form of
nucleic acid-analyte chimeras, are spaced apart from each
other on the solid support at an average distance which
ranges from about 50 to 500 nm.

[0214] Insome embodiments, any adjacently coupled cap-
ture nucleic acids are spaced apart from each other on the
surface or within the volume (e.g., porous supports) of a
solid support at a distance of about 50 nm to about 500 nm,
or about 50 nm to about 400 nm, or about 50 nm to about
300 nm, or about 50 nm to about 200 nm, or about 50 nm
to about 100 nm. In some embodiments, any adjacently
coupled analytes, e.g., analytes 1 the form of nucleic
acid-analyte chimeras, are spaced apart from each other on
the surface of a solid support with an average distance of at
least 50 nm, at least 60 nm, at least 70 nm, at least 80 nm,
at least 90 nm, at least 100 nm, at least 150 nm, at least 200
nm, at least 250 nm, at least 300 nm, at least 350 nm, at least
400 nm, at least 450 nm, or at least 500 nm. In some
embodiments, any adjacently coupled analytes, e.g., ana-
lytes 1n the form of nucleic acid-analyte chimeras, are
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spaced apart from each other on the surface of a solid
support with an average distance of at least 50 nm.

[0215] In some embodiments, the kit comprises substrates
or solid supports with capture nucleic acids attached. The
solid supports may be selected from the group consisting of
a bead, a porous bead, a magnetic bead, a paramagnetic
bead, a porous matrix, an array, a surface, a glass surface, a
silicon surface, a plastic surface, a slide, a filter, nylon, a
chip, a silicon water chip, a flow through chip, a biochip
including signal transducing electronics, a well, a microtitre
well, a plate, an ELISA plate, a disc, a spinning interferom-
etry disc, a membrane, a PIFE membrane, a nitrocellulose
membrane, a nitrocellulose-based polymer surface, a nan-
oparticle (e.g., comprising a metal such as magnetic nan-
oparticles (Fe,0,), gold nanoparticles, and/or silver nan-
oparticles), quantum dots, a nanoshell, a nanocage, a
microsphere, or any combination thereof. In some embodi-
ments, the kit comprises a plurality of substrates. In some
cases, the surface of the solid support comprises a reactive
coupling moiety. In some embodiments, the capture nucleic
acid comprises a reactive coupling moiety.

[0216] In some embodiments, the kits and articles of
manufacture further comprise a plurality of barcodes. The
barcode may include a compartment barcode, a partition
barcode, a sample barcode, a fraction barcode, or any
combination thereof. In some cases, the barcode comprises
a unique molecule identifier (UMI). In some examples, the
barcode comprises a DNA molecule, DNA with pseudo-
complementary bases, an RNA molecule, a BNA molecule,
an XNA molecule, a LNA molecule, a PNA molecule, a
vPNA molecule, a non-nucleic acid sequenceable polymer,
¢.g., a polysaccharide, a polypeptide, a peptide, or a poly-
amide, or a combination thereof.

[0217] In some embodiments, the barcodes 1n the kit are
attached to the bait nucleic acid and/or attached to the
capture nucleic acid. In some embodiments, the barcodes 1n
the kit are attached to the capture nucleic acids attached to
the solid support (e.g., beads). In some cases, the barcodes
are confligured to be attached to the bait nucleic acid or the
capture nucleic acid. In certain embodiments, each popula-
tion of nucleic acid species 1s 1n a separate container. For
example, the barcodes are provided in individual containers
wherein each container holds a plurality of barcodes that are
the same. The barcodes may also be provided 1n any suitable
material or structure with compartments, such that various
barcodes are spatially separated from each other. For
example, a microplate 1s used to provide 96 barcodes with
cach well containing a plurality of the same barcode. Any
suitable container for providing the barcodes may be used,
including but not limited to microplates having 6, 24, 96,
384, 1536, 3456, or 9600 wells. In some embodiments, the
kits and articles of manufacture further comprise a plurality
of UMIs (e.g., polynucleotides comprising UMIs).

[0218] In some embodiments, the kits and articles of
manufacture further comprise a coupling reagent. For
example, the coupling reagent may be an enzyme or a
chemical coupling reagent. The reagent may be used to
attach the bait nucleic acid to the capture nucleic acid, to
attach the bait nucleic acid to the solid support, to attach the
analyte to the bait nucleic acid, and/or to attach any two or
more nucleic acid components. The kits may further com-
prise any related components needed to activate the coupling,
reagent. In some specific embodiments, the kit further
comprises a ligase.
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[0219] In some embodiments, the kit further comprises
reagents for treating the analytes. Any combination of frac-
tionation, enrichment, and subtraction methods, of the ana-
lytes may be performed. For example, the reagent may be
used to fragment or digest the analytes. In some cases, the
kit comprises reagents and components to fractionate, 1so-
late, subtract, enrich analytes. In some examples, the kits
further comprises a protease such as trypsin, LysN, or LysC.

[0220] In some embodiments, the kit also comprises one
or more bullers or reaction fluids necessary for any of the
desired reaction to occur. Bufllers including wash bullers,
reaction builers, and binding buflers, elution builers and the
like are known to those or ordinary skill 1n the arts. In some
embodiments, the kits further include buflers and other
components to accompany other reagents described herein.
The reagents, builers, and other components may be pro-
vided 1n wvials (such as sealed vials), vessels, ampules,
bottles, jars, flexible packaging (e.g., sealed Mylar or plastic
bags), and the like. Any of the components of the kits may
be sterilized and/or sealed.

[0221] In some embodiments, the kit includes one or more
reagents for nucleic acid sequence analysis. In some
examples, the reagent for sequence analysis 1s for use 1n
sequencing by synthesis, sequencing by ligation, sequencing,
by hybridization, polony sequencing, 1on semiconductor
sequencing, pyrosequencing, single molecule real-time
sequencing, nanopore-based sequencing, or direct imaging,
of DNA using advanced microscopy, or any combination
thereof.

[0222] In some embodiments, the kits or articles of manu-
facture may further comprise mstruction(s) on the methods
and uses described herein. In some embodiments, the
instructions are directed to methods of preparing and treat-
ing polypeptides. The kits described herein may also include
other materials desirable from a commercial and user stand-
point, including other builers, diluents, filters, syringes, and
package 1nserts with instructions for performing any meth-
ods described herein.

[0223] Any of the above-mentioned kit components, and
any molecule, molecular complex or conjugate, reagent
(e.g., chemical or biological reagents), agent, structure (e.g.,
support, surface, particle, or bead), reaction intermediate,
reaction product, binding complex, or any other article of
manufacture disclosed and/or used in the exemplary kits and
methods, may be provided separately or in any suitable
combination 1n order to form a kait.

IV. Exemplary Embodiments

[0224] Among the provided embodiments are:
[0225] 1. A method for treating an analyte, comprising:
[0226] attaching an analyte to a bait nucleic acid to

generate a nucleic acid-analyte chimera;

[0227] bringing the nucleic acid-analyte chimera into
proximity with a solid support by hybridizing the bait
nucleic acid in the nucleic acid-analyte chimera to a
capture nucleic acid attached to the solid support; and
covalently coupling the nucleic acid-analyte chimera to
the solid support;

[0228] wherein a plurality of the nucleic acid-analyte
chimeras 1s coupled on the solid support and any
adjacently coupled nucleic acid-analyte chimeras are
spaced apart from each other at an average distance of
about 50 nm or greater.
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[0229] 2. The method of embodiment 1, wherein the
analyte 1s attached to the 3' end of the bait nucleic acid.

[0230] 3. The method of embodiment 1, wherein the
analyte 1s attached to the 5' end of the bait nucleic acid.

[0231] 4. The method of embodiment 1, wherein the

analyte 1s attached to an internal position of the bait
nucleic acid.

[0232] 3. The method of any one of embodiments 1-4,

wherein any adjacently coupled nucleic acid-analyte
chimeras are spaced apart at an average distance of
about >60 nm, >70 nm, >80 nm, >90 nm, >100 nm,
>200 nm, >300 nm, >400 nm, >500 nm, or >1000 nm.

[0233] 6. The method of any one of embodiments 1-4,

wherein any adjacently coupled nucleic acid-analyte
chimeras are spaced apart at an average distance which
ranges from about 50 to 100 nm, from about 50 to 250
nm, from about 50 to 500 nm, from about 50 to 750 nm,
from about 50 to 1000 nm, from about 50 to 1500 nm,
from about 50 to 2000 nm, from about 100 to 250 nm,
from about 100 to 500 nm, from about 200 to 500 nm,
from about 300 to 500 nm, from about 100 to 1000 nm,
from about 500 to 600 nm, from about 500 to 700 nm,
from about 500 to 800 nm, from about 500 to 900 nm,
from about 500 to 1000 nm, from about 500 to 2000
nm, from about 500 to 5000 nm, from about 1000 to
5000 nm, or from about 3000 to 5000 nm.

[0234] 7. The method of any one of embodiments 1-4,
wherein any adjacently coupled nucleic acid-analyte
chimeras are spaced apart at an average distance which
ranges from about 50 to 500 nm.

[0235] 8. The method of any one of embodiments 1-7,
wherein the capture nucleic acid, the nucleic acid-
analyte chimera, and/or the bait nucleic acid further
comprises a barcode.

[0236] 9. The method of any one of embodiments 1-8,

further comprising attaching a barcode to the coupled
nucleic acid-analyte chimera.

[0237] 10. The method of embodiment 8 or embodi-

ment 9, wherein the barcode comprises a compartment
barcode, a partition barcode, a sample barcode, a frac-
tion barcode, or any combination thereof.

[0238] 11. The method of any one of embodiments
8-10, wherein the barcode comprises a unique molecule

identifier (UMI).

[0239] 12. The method of any one of embodiments
1-11, wherein the capture nucleic acid, the nucleic
acid-analyte chimera, the bait nucleic acid, and/or the
coupled nucleic acid-analyte chimera further comprises
a unique molecule 1dentifier (UMI).

[0240] 13. The method of any one of embodiments
9-12, wherein the barcode comprises a DNA molecule,
DNA with pseudo-complementary bases, an RNA mol-
ecule, a BNA molecule, an XNA molecule, a LNA
molecule, a PNA molecule, a yYPNA molecule, a non-
nucleic acid sequenceable polymer, e.g., a polysaccha-
ride, a polypeptide, a peptide, or a polyamide, or a
combination thereof.

[0241] 14. The method of any one of embodiments
1-13, wherein the nucleic acid-analyte chimera 1s cova-
lently coupled directly or indirectly to the solid support.

[0242] 15. The method of any one of embodiments
1-14, wherein the bait nucleic acid i1s covalently
coupled to the capture nucleic acid.
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[0243] 16. The method of embodiment 15, wherein the
covalent coupling is performed using a ligation reagent.

[0244] 17. The method of embodiment 15 or embodi-
ment 16, wherein the 5' end of the bait nucleic acid 1s
coupled to the 3' end of the capture nucleic acid.

[0245] 18. The method of embodiment 15 or embodi-
ment 16, wherein the 3' end of the bait nucleic acid 1s
coupled to the 3' end of the capture nucleic acid.

[0246] 19. The method of any one of embodiments
1-18, wherein the capture nucleic acid comprises a
nucleic acid hairpin.

[0247] 20. The method of any one of embodiments
1-19, wherein the capture nucleic acid comprises a
splinted nucleic acid.

[0248] 21. The method of embodiment 20, wherein the
splinted nucleic acid comprises a sequence comple-
mentary to the capture nucleic acid and/or the bait
nucleic acid.

[0249] 22. The method of any one of embodiments
1-21, wherein the capture nucleic acid comprises a
reactive coupling moiety.

[0250] 23. The method of embodiment 22, wherein the
capture nucleic acid 1s attached to the solid support via
the reactive coupling moiety.

[0251] 24. The method of embodiment 22, wherein the
capture nucleic acid 1s attached to the bait nucleic acid
via the reactive coupling moiety.

[0252] 25. The method of any one of embodiments
1-24, wherein the analyte 1s obtained from a biological
sample.

[0253] 26. The method of any one of embodiments
1-235, wherein the hybridization of the bait nucleic acid
to the capture nucleic comprises hybridization of 8 or
more complementary bases, 16 or more complementary
bases, 24 or more complementary bases, 34 or more
complementary bases.

[0254] 27. The method of any one of embodiments
1-26, wherein the hybridization of the bait nucleic acid
to the capture nucleic comprises hybridization of 18 or
more complementary bases.

[0255] 28. The method of any one of embodiments
1-27, wherein the analyte 1s a polypeptide.

[0256] 29. The method of embodiment 28, wherein the
analyte 1s a protein or peptide.

[0257] 30. The method of embodiment 29, wherein the
peptide 1s obtamned by fragmenting protein(s), e.g.,
protein(s) from a biological sample.

[0258] 31. The method of embodiment 30, wherein the

fragmenting 1s performed by contacting the protein(s)
with a protease.

[0259] 32. The method of embodiment 31, wherein the
protease 1s trypsin, LysN, or LysC.

[0260] 33. The method of any one of embodiments
1-32, wherein the analyte comprises analytes from
multiple, pooled samples.

[0261] 34. The method of any one of embodiments
1-33, wherein the analyte and/or bait nucleic comprises
a reactive coupling moiety.

[0262] 35. The method of any one of embodiments
1-34, wherein the analyte 1s attached to the bait nucleic
acid using chemical ligation.

[0263] 36. The method of any one of embodiments
1-35, wherein the analyte 1s directly or indirectly
attached to the bait nucleic acid.
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[0264] 37. The method of any one of embodiments
1-36, wherein after the coupling of the nucleic acid-
analyte chimera to the solid support:

[0265] the 3'end of the bait nucleic acid 1s available for
reaction;
[0266] the 5' end of the capture nucleic acid 1s available

for reaction;

[0267] the 3' end of the bait nucleic acid 1s available for
reaction; and/or

[0268] the 3' end of the capture nucleic acid 1s available
for reaction.

[0269] 38. The method of embodiment 37, wherein the

nucleic acid 1s available for an extension reaction, e.g.,
a PCR extension reaction, and/or a ligation reaction.

[0270] 39. The method of any one of embodiments
1-38, wherein the bait nucleic acid and/or capture
nucleic acid further comprises a spacer polymer.

[0271] 40. The method of embodiment 39, wherein the
spacer polymer comprises at least 1 nucleotide, at least
2 nucleotides, at least 3 nucleotides, at least 4 nucleo-
tides, at least 5 nucleotides, at least 6 nucleotides, at
least 7 nucleotides, at least 8 nucleotides, at least 9
nucleotides, at least 10 nucleotides, at least 15 nucleo-
tides, or at least 20 or more nucleotides.

[0272] 41. The method of embodiment 39 and embodi-
ment 40, wherein the spacer polymer comprises a DNA

molecule, DNA with pseudo-complementary bases, an
RNA molecule, a BNA molecule, an XNA molecule, a

LNA molecule, a PNA molecule, a yYPNA molecule, a
non-nucleic acid sequenceable polymer, e.g., a poly-
saccharide, a polypeptide, a peptide, or a polyamide, or
a combination thereof.

[0273] 42. The method of any one of embodiments
39-41, wherein the bait nucleic acid comprises the
spacer polymer at 1ts 5'-terminus and/or 3'-terminus.

[0274] 43. The method of any one of embodiments
39-41, wherem the capture nucleic acid comprises the
spacer polymer at 1ts 5'-terminus and/or 3'-terminus.

[0275] 44. The method of any one of embodiments
1-43, wherein the bait nucleic acid and/or capture
nucleic acid further comprises a universal priming site.

[0276] 45. The method of embodiment 44, wherein the
umversal priming site comprises a priming site for
amplification, sequencing, or both.

[0277] 46. The method of any one of embodiments
1-45, wherein the capture nucleic acid comprises an
adapter nucleic acid sequence for use 1 sequencing.

[0278] 47. The method of embodiment 46, wherein the
adaptor nucleic acid sequence 1s for use with an Illu-

mina sequencing platform or a Pacific Biosciences of
California sequencing platiform.

[0279] 48. The method of any one of embodiments
1-47, wherein the solid support 1s a bead, a porous

bead, a porous matrix, an array, a glass surface, a
silicon surface, a plastic surface, a filter, a membrane,

a PIFE membrane, nylon, a silicon watfer chip, a tlow
through chip, a biochip including signal transducing
clectronics, a microtitre well, an ELISA plate, a spin-
ning mterferometry disc, a nitrocellulose membrane, a
nitrocellulose-based polymer surface, a nanoparticle, or
a microsphere.

[0280] 49. The method of embodiment 48, wherein the
solid support comprises a polystyrene bead, a polyacry-
late bead, a polymer bead, an agarose bead, a cellulose
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bead, a dextran bead, an acrylamide bead, a solid core
bead, a porous bead, a paramagnetic bead, a glass bead,
a controlled pore bead, a silica-based bead, or any
combinations thereof.

[0281] 50. The method of any one of embodiments
1-49, further comprising:

[0282] contacting the analyte with a binding agent
capable of binding to the analyte, wherein the binding
agent comprises a coding tag with identifying informa-
tion regarding the binding agent; and

[0283] transierring the i1dentifying information of the
coding tag to the bait nucleic acid or capture nucleic
acid.

[0284] 51. The method of embodiment 50, further com-
prising repeating one or more times:

[0285] contacting the analyte with an additional binding
agent capable of binding to the analyte, wherein the
additional binding agent comprises a coding tag with
identifying information regarding the additional bind-
ing agent; and

[0286] transierring the i1dentifying information of the
coding tag regarding the additional binding agent to the
bait nucleic acid or capture nucleic acid.

[0287] 52. The method of embodiment 50 or embodi-
ment 51, wherein transferring the 1dentifying informa-
tion of the coding tag to the bait nucleic acid or capture
nucleic acid 1s mediated by a DNA ligase.

[0288] 53. The method of embodiment 50 or embodi-
ment 51, wherein transferring the 1dentifying informa-
tion of the coding tag to the bait nucleic acid or capture
nucleic acid 1s mediated by a DNA polymerase.

[0289] 54. The method of embodiment 30 or embodi-
ment 51, wherein transferring the 1dentifying informa-
tion of the coding tag to the bait nucleic acid or capture
nucleic acid 1s mediated by chemical ligation.

[0290] 55. The method of any one of embodiments
50-54, wherein the coding tag further comprises a
spacer, a binding cycle specific sequence, a unique
molecular 1dentifier, a umversal priming site, or any
combination thereof.

[0291] 56. A nucleic acid-analyte conjugate generated
by the steps of:

[0292] attaching an analyte to a bait nucleic acid to
generate a nucleic acid-analyte chimera; bringing the
nucleic acid-analyte chimera into proximity with a
solid support by hybridizing the bait nucleic acid in the
nucleic acid-analyte chimera to a capture nucleic acid
attached to the solid support; and

[0293] covalently coupling the nucleic acid-analyte chi-
mera to the solid support;

[0294] wherein a plurality of nucleic acid-analyte chi-
meras 1s coupled on the solid support and any adja-
cently coupled nucleic acid-analyte chimeras are
spaced apart at an average distance of about 50 nm or
greater.

[0295] 57. The nucleic acid-analyte conjugate of
embodiment 56, wherein the analyte 1s attached to the
3' end of the bait nucleic acid.

[0296] 58. The nucleic acid-analyte conjugate of
embodiment 56, wherein the analyte 1s attached to the
5" end of the bait nucleic acid.

[0297] 59. The nucleic acid-analyte conjugate of
embodiment 56, wherein the analyte 1s attached to an
internal position of the bait nucleic acid.
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[0298] 60. The nucleic acid-analyte conjugate of any
one of embodiments 56-39, wherein any adjacently
coupled nucleic acid-analyte chimeras are spaced apart
at an average distance of about >60 nm, >70 nm, >80
nm, >90 nm, >100 nm, >200 nm, >300 nm, >400 nm,
>500 nm, or >1000 nm.

[0299] 61. The nucleic acid-analyte conjugate of any
one of embodiments 56-60, wherein any adjacently
coupled nucleic acid-analyte chimeras are spaced apart
at an average distance which ranges from about 50 to
100 nm, from about 50 to 250 nm, from about 50 to 500
nm, from about 50 to 750 nm, from about 50 to 1000
nm, from about 50 to 1500 nm, from about 50 to 2000
nm, from about 100 to 250 nm, from about 100 to 500
nm, from about 200 to 500 nm, from about 300 to 500
nm, from about 100 to 1000 nm, from about 500 to 600
nm, from about 500 to 700 nm, from about 500 to 800
nm, from about 500 to 900 nm, from about 500 to 1000
nm, from about 3500 to 2000 nm, from about 500 to
5000 nm, from about 1000 to 5000 nm, or from about
3000 to 5000 nm.

[0300] 62. The nucleic acid-analyte conjugate of any
one of embodiments 56-61, wherein any adjacently
coupled nucleic acid-analyte chimeras are spaced apart
at an average distance which ranges from about 50 to
500 nm.

[0301] 63. The nucleic acid-analyte conjugate of any
one of embodiments 56-62, wherein the capture nucleic
acid, the nucleic acid-analyte chimera, and/or the bait
nucleic acid further comprises a barcode.

[0302] 64. The nucleic acid-analyte conjugate of any
one of embodiments 56-63, wherein the coupled
nucleic acid-analyte chimera further comprises a bar-
code.

[0303] 65. The nucleic acid-analyte conjugate of
embodiment 64, wherein the barcode comprises a com-
partment barcode, a partition barcode, a sample bar-
code, a fraction barcode, or any combination thereof.

[0304] 66. The nucleic acid-analyte conjugate of any
one of embodiments 62-64, wherein the barcode com-
prises a unique molecule 1dentifier (UMI).

[0305] 67. The nucleic acid-analyte conjugate of any
one of embodiments 56-66, wherein the capture nucleic
acid, the nucleic acid-analyte chimera, the bait nucleic
acid, and/or the coupled nucleic acid-analyte chimera
further comprises a unique molecule 1dentifier (UMI).

[0306] 68. The nucleic acid-analyte conjugate of any
one of embodiments 64-67, wherein the barcode com-
prises a DNA molecule, DNA with pseudo-comple-
mentary bases, an RNA molecule, a BNA molecule, an
XNA molecule, a LNA molecule, a PNA molecule, a
vPNA molecule, a non-nucleic acid sequenceable poly-
mer, €.g., a polysaccharide, a polypeptide, a peptide, or
a polyamide, or a combination thereof.

[0307] 69. The nucleic acid-analyte conjugate of any
one of embodiments 56-68, wherein the nucleic acid-
analyte chimera 1s covalently coupled directly or indi-
rectly to the solid support.

[0308] 70. The nucleic acid-analyte conjugate of any
one of embodiments 56-69, wherein the bait nucleic
acid 1s covalently coupled to the capture nucleic acid.

[0309] 71. The nucleic acid-analyte conjugate of
embodiment 70, wherein the covalent coupling 1s per-
formed using a ligation reagent.
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[0310] 72. The nucleic acid-analyte conjugate of
embodiment 70 or embodiment 71, wherein the 5' end
of the bait nucleic acid 1s coupled to the 3' end of the
capture nucleic acid.

[0311] 73. The nucleic acid-analyte conjugate of
embodiment 70 or embodiment 71, wherein the 3' end
of the bait nucleic acid 1s coupled to the 5' end of the
capture nucleic acid.

[0312] /4. The nucleic acid-analyte conjugate of any
one of embodiments 56-73, wherein the capture nucleic
acid comprises a nucleic acid hairpin.

[0313] /5. The nucleic acid-analyte conjugate of any
one of embodiments 56-74, wherein the capture nucleic
acid comprises a splinted nucleic acid.

[0314] 76. The nucleic acid-analyte conjugate of
embodiment 75, wheremn the splinted nucleic acid
comprises a sequence complementary to the capture
nucleic acid and/or the bait nucleic acid.

[0315] 7/7. The nucleic acid-analyte conjugate of any
one of embodiments 56-76, wherein the capture nucleic
acid comprises a reactive coupling moiety.

[0316] 7/8. The nucleic acid-analyte conjugate of
embodiment 77, wherein the capture nucleic acid 1s
attached to the solid support via the reactive coupling
moiety.

[0317] 79. The nucleic acid-analyte conjugate of
embodiment 77, wherein the capture nucleic acid 1is
attached to the bait nucleic acid via the reactive cou-
pling moiety.

[0318] 80. The nucleic acid-analyte conjugate of any
one of embodiments 56-79, wherein the analyte 1is
obtained from a biological sample.

[0319] 81. The nucleic acid-analyte conjugate of any
one of embodiments 56-80, wherein the hybridization
of the bait nucleic acid to the capture nucleic comprises
hybridization of 8 or more complementary bases, 16 or
more complementary bases, 24 or more complementary
bases, 34 or more complementary bases.

[0320] 82. The nucleic acid-analyte conjugate of any
one of embodiments 56-80, wherein the hybridization
of the bait nucleic acid to the capture nucleic comprises
hybridization of 16 or more complementary bases.

[0321] 83. The nucleic acid-analyte conjugate of any
one of embodiments 56-82, wherein the analyte 1s a
polypeptide.

[0322] 84. The nucleic acid-analyte conjugate of
embodiment 82, wherein the analyte 1s a protein or
peptide.

[0323] 85. The nucleic acid-analyte conjugate of
embodiment 84, wherein the peptide i1s obtained by
fragmenting protein(s), €.g., protein(s) from a biologi-
cal sample.

[0324] 86. The nucleic acid-analyte conjugate of
embodiment 85, wherein the fragmenting 1s performed
by contacting the protein(s) with a protease.

[0325] 87. The nucleic acid-analyte conjugate of
embodiment 86, wherein the protease 1s trypsin, LysN,
or LysC.

[0326] 88. The nucleic acid-analyte conjugate of any
one of embodiments 56-87, wherein the analyte com-
prises analytes from multiple, pooled samples.

[0327] 89. The nucleic acid-analyte conjugate of any
one ol embodiments 56-88, wherein the analyte and/or
bait nucleic comprises a reactive coupling moiety.
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[0328] 90. The nucleic acid-analyte conjugate of any
one of embodiments 56-89, wherein the analyte 1is
attached to the bait nucleic acid using chemical liga-
tion.

[0329] 91. The nucleic acid-analyte conjugate of any
one of embodiments 56-90, wherein the analyte 1s
directly or indirectly attached to the bait nucleic acid.

[0330] 92. The nucleic acid-analyte conjugate of any
one of embodiments 56-91, wherein after the coupling
the nucleic acid-analyte chimera to the solid support:

[0331] the 5' end of the bait nucleic acid 1s available for
reaction;

[0332] the 3' end of the capture nucleic acid 1s available
for reaction;

[0333] the 3' end of the bait nucleic acid 1s available for
reaction; and/or

[0334] the 3' end of the capture nucleic acid 1s available
for reaction

[0335] 93. The nucleic acid-analyte conjugate of
embodiment 92, wherein the nucleic acid 1s available
for an extension reaction, e.g., a PCR extension reac-
tion, and/or a ligation reaction.

[0336] 94. The nucleic acid-analyte conjugate of any
one of embodiments 54-93, wherein the bait nucleic
acid and/or capture nucleic acid further comprises a
spacer polymer.

[0337] 95. The nucleic acid-analyte conjugate of
embodiments 94, wherein the spacer polymer com-
prises at least 1 nucleotide, at least 2 nucleotides, at
least 3 nucleotides, at least 4 nucleotides, at least 5
nucleotides, at least 6 nucleotides, at least 7 nucleo-
tides, at least 8 nucleotides, at least 9 nucleotides, at
least 10 nucleotides, at least 15 nucleotides, or at least
20 or more nucleotides.

[0338] 96. The nucleic acid-analyte conjugate of
embodiment 94 or embodiment 935, wherein the spacer
polymer comprises a DNA molecule, DNA with
pseudo-complementary bases, an RNA molecule, a
BNA molecule, an XNA molecule, a LNA molecule, a
PNA molecule, a YPNA molecule, a non-nucleic acid
sequenceable polymer, e.g., a polysaccharnide, a poly-
peptide, a peptide, or a polyamide, or a combination
thereof.

[0339] 97. The nucleic acid-analyte conjugate of any
one of embodiments 94-96, wherein the bait nucleic
acid comprises the spacer polymer at its 5'-terminus
and/or 3'-terminus.

[0340] 98. The nucleic acid-analyte conjugate of any
one of embodiments 94-96, wherein the capture nucleic
acid comprises the spacer polymer at its 5'-terminus
and/or 3'-terminus.

[0341] 99. The nucleic acid-analyte conjugate of any
one of embodiments 56-98, wherein the bait nucleic
acid and/or capture nucleic acid further comprises a
umversal priming site.

[0342] 100. The nucleic acid-analyte conjugate of
embodiment 99, wherein the universal priming site
comprises a priming site for amplification, sequencing,
or both.

[0343] 101. The nucleic acid-analyte conjugate of any
one of embodiments 56-100, wherein the capture
nucleic acid comprises an adapter nucleic acid
sequence for use 1n sequencing.
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[0344] 102. The nucleic acid-analyte conjugate of
embodiment 101, wherein the adaptor nucleic acid
sequence 1s for use with an Illumina sequencing plat-
form or a Pacific Biosciences of California sequencing
platform.

[0345] 103. The nucleic acid-analyte conjugate of any
one of embodiments 56-102, wherein the solid support
1s a bead, a porous bead, a porous matrix, an array, a
glass surface, a silicon surface, a plastic surface, a filter,
a membrane, a PITFE membrane, nylon, a silicon wafer
chip, a flow through chip, a biochip including signal
transducing electronics, a microtitre well, an ELISA
plate, a spinning interferometry disc, a nitrocellulose
membrane, a nitrocellulose-based polymer surface, a
nanoparticle, or a microsphere.

[0346] 104. The nucleic acid-analyte conjugate of
embodiment 103, wherein the solid support comprises
a polystyrene bead, a polyacrylate bead, a polymer
bead, an agarose bead, a cellulose bead, a dextran bead,
an acrylamide bead, a solid core bead, a porous bead,
a paramagnetic bead, a glass bead, a controlled pore
bead, a silica-based bead, or any combinations thereof.

[0347] 103. A kat, comprising;:

[0348] (a) a plurality of bait nucleic acids, each of said
bait nucleic acids 1s configured to be attached to an
analyte;

[0349] (b) a solid support comprising a plurality of
attached capture nucleic acids, each of said capture
nucleic acids comprising a sequence complementary to
a corresponding bait nucleic acid, wherein any adja-
cently attached capture nucleic acids are spaced apart
on said solid support at an average distance of about 50
nm or greater.

[0350] 106. The kit of embodiment 105, wherein at least
one of the bait nucleic acids 1s configured to allow the
analyte to be attached to the 3' end of the bait nucleic
acid.

[0351] 107. The kit of embodiment 105, wherein at least
one of the bait nucleic acids 1s configured to allow the
analyte to be attached to the 3' end of the bait nucleic
acid.

[0352] 108. The kit of embodiment 105, wherein at least
one of the bait nucleic acids 1s configured to allow the
analyte to be attached to an internal position of the bait
nucleic acid.

[0353] 109. The kit of any one of embodiments 103-

108, wherein any adjacently attached capture nucleic
acids are configured to couple the analyte to the solid
support spaced apart on the solid support at an average
distance of about >60 nm, >70 nm, >80 nm, >90 nm,
>100 nm, >200 nm, >300 nm, >400 nm, >500 nm, or
>1000 nm.

[0354] 110. The kit of any one of embodiments 103-

109, wherein any adjacently attached capture nucleic
acids are configured to couple the analyte to the solid
support spaced apart on the solid support at an average
distance which ranges from about 50 to 100 nm, from

.

about 50 to 250 nm, from about 50 to 500 nm, from
about 50 to 750 nm, from about 50 to 1000 nm, from
about 50 to 1500 nm, from about 50 to 2000 nm, from
about 100 to 250 nm, from about 100 to 500 nm, from
about 200 to 500 nm, from about 300 to 500 nm, from
about 100 to 1000 nm, from about 500 to 600 nm, from

about 500 to 700 nm, from about 500 to 800 nm, from
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about 500 to 900 nm, from about 500 to 1000 nm, from
about 500 to 2000 nm, from about 3500 to 5000 nm,
from about 1000 to 5000 nm, or from about 3000 to
5000 nm.

[0355] 111. The kit of any one of embodiments 105-
109, wherein any adjacently attached capture nucleic
acids are configured to couple the analyte to the solid
support spaced apart on the solid support at an average
distance which ranges from about 50 to 500 nm.

[0356] 112. The kit of any one of embodiments 105-
111, turther comprising a plurality of barcodes.

[0357] 113. The kit of embodiment 112, wherein the
barcodes are attached to the bait nucleic acid or the
capture nucleic acid, or the barcodes are configured to
be attached to the bait nucleic acid or the capture
nucleic acid.

[0358] 114. The kit of embodiment 112 or embodiment
113, wherein the barcode comprises a compartment
barcode, a partition barcode, a sample barcode, a frac-
tion barcode, or any combination thereof.

[0359] 115. The kit of any one of embodiments 112-
114, wherein the barcode comprises a unique molecule
identifier (UMI).

[0360] 116. The kit of any one of embodiments 105-
115, wherein at least one of the capture nucleic acids
and/or at least one of the bait nucleic acids further
comprises a unique molecule 1dentifier (UMI).

[0361] 117. The kit of any one of embodiments 109-
116, wherein the barcode comprises a DNA molecule,
DNA with pseudo-complementary bases, an RNA mol-
ecule, a BNA molecule, an XNA molecule, a LNA
molecule, a PNA molecule, a yYPNA molecule, a non-
nucleic acid sequenceable polymer, e.g., a polysaccha-
ride, a polypeptide, a peptide, or a polyamide, or a
combination thereof.

[0362] 118. The kit of any one of embodiments 105-

117, wherein at least one of the bait nucleic acids
comprises a reactive coupling moiety.

[0363] 119. The kit of any one of embodiments 105-
118, wherein the surface of the solid support comprises
a reactive coupling moiety.

[0364] 120. The kit of any one of embodiments 105-
119, wherein at least one of the capture nucleic acids
comprises a reactive coupling moiety.

[0365] 121. The kit of any one of embodiments 118-
120, wherein the reactive coupling moiety 1s configured
to be activated by applying a light energy, a chemical
reagent or an enzymatic reagent.

[0366] 122. The kit of embodiment 121, wherein the
enzymatic reagent 1s a ligase. 123. The kit of any one
of embodiments 103-122, further comprising a cou-
pling reagent.

[0367] 124. The kit of embodiment 123, wherein the

coupling reagent 1s an enzymatic coupling reagent or a
chemical coupling reagent.

[0368] 1235. The kit of embodiment 124, wherein the
enzymatic coupling reagent 1s a ligase.

[0369] 126. The kit of any one of embodiments 105-
125, further comprising a protease.

[0370] 127. The kit of embodiment 126, wherein the
protease 1s trypsin, LysN, or LysC.

[0371] 128. The kit of any one of embodiments 105-
12’7, wherein at least one of the capture nucleic acids
comprises a nucleic acid hairpin.
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[0372] 129. The kit of any one of embodiments 103-
128, wherein the capture nucleic acid comprises a
splinted nucleic acid.

[0373] 130. The kit of embodiment 129, wherein the
splinted nucleic acid comprises a sequence comple-
mentary to the capture nucleic acid and/or the bait
nucleic acid.

[0374] 131. The kit of any one of embodiments 103-

130, wherein the complementary sequence of at least
one of the bait nucleic acids to at least one of the
capture nucleic acids comprises 8 or more complemen-
tary bases, 16 or more complementary bases, 24 or
more complementary bases, 34 or more complementary

bases.

[0375] 132. The kit of any one of embodiments 103-
130, wherein the complementary sequence of at least
one of the bait nucleic acids to at least one of the
capture nucleic acids comprises 16 or more comple-
mentary bases.

[0376] 133. The kit of any one of embodiments 103-
132, further comprising a chemical ligation reagent.

[0377] 134. The kit of any one of embodiments 103-
133, wherein at least one of the bait nucleic acids
and/or at least one of capture nucleic acids further
comprises a spacer polymer.

[0378] 135. The kit of embodiment 134, wherein the
spacer polymer comprises a DNA molecule, DNA with
pseudo-complementary bases, an RNA molecule, a
BNA molecule, an XNA molecule, a LNA molecule, a
PNA molecule, a YPNA molecule, a non-nucleic acid
sequenceable polymer, e.g., a polysaccharide, a poly-
peptide, a peptide, or a polyamide, or a combination
thereof.

[0379] 136. The kit of any one of embodiments 103-
135, wherein at least one of the bait nucleic acids
and/or at least one of capture nucleic acids further
comprises a umversal priming site.

[0380] 137. The kit of embodiment 136, wherein the
universal priming site comprises a priming site for
amplification, sequencing, or both.

[0381] 138. The kit of any one of embodiments 103-

13’7, wherein the capture nucleic acid comprises an
adapter nucleic acid sequence for use 1n sequencing.

[0382] 139. The kit of embodiment 138, wherein the
adaptor nucleic acid sequence 1s for use with an Illu-
mina sequencing platform or a Pacific Biosciences
sequencing platiorm.

[0383] 140. The kit of any one of embodiments 134-

139, wherein at least one of the bait nucleic acids
comprises the spacer polymer at its 5'-terminus and/or
3'-terminus.

[0384] 141. The kit of any one of embodiments 134-
140, wherein at least one of the capture nucleic acids
comprises the spacer polymer at its 5'-terminus and/or
3'-terminus.

[0385] 142. The kit of any one of embodiments 103-
141, wherein the solid support 1s a bead, a porous bead,
a porous matrix, an array, a glass surface, a silicon
surface, a plastic surface, a filter, a membrane, a PTFE
membrane, nylon, a silicon water chip, a flow through
chip, a biochip including signal transducing electron-
ics, a microtitre well, an ELISA plate, a spinning
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interferometry disc, a nitrocellulose membrane, a nitro-
cellulose-based polymer surface, a nanoparticle, or a
microsphere.

V. EXAMPLES

[0386] Tered to 1llustrate but

not to limit the methods, compositions, and uses provided

The following examples are o

herein.

Example 1: Assessment of Analyte Immobilization
Using Nucleic Acid Hybridization and Coupling to
a Solid Support

[0387]
coupling nucleic acid-peptide analyte chimeras to a solid

This example describes exemplary methods for

support and assessment of an encoding assay using 1mmo-

bilized analytes.

[0388]
nucleic acid-peptide chimeras were hybridized and ligated to

In a hybridization based method of immobilization,

hairpin capture DNAs that were chemically immobilized on
magnetic beads. The capture nucleic acids were conjugated
to the beads using trans-cyclooctene (1CO) and methyltet-

razine (mTet)-based click chemistry. TCO-modified short
hairpin capture nucleic acids (16 basepair stem, 5 base loop,
24 base 5' overhang) were reacted with mTet-coated mag-
netic beads. Phosphorylated nucleic acid-peptide chimeras
(10 nM) were annealed to the hairpin DNAs attached to
beads 1n 5xSSC, 0.02% SDS, and incubated for 30 minutes
at 37° C. The beads were washed once with PBST and

resuspended 1 1x Quick ligation solution (New England
Biolabs, USA) with T4 DNA ligase. After a 30-minute
incubation at 25° C., the beads were washed twice with
PBST and resuspended in the 50 ulL of PBST. The total
immobilized nucleic acid-peptide chimeras including amino
FA-terminal peptides (FAGVAMPGAEDDVVGSGSK;
SEQ ID NO: 3), amino AFA-terminal peptides (AFAG-

AMPGAEDDVVGSGSK; SEQ ID NO: 4), and an amino
AA-terminal peptides (AAGVAMPGAEDDVVGSGSK;
SEQ ID NO: 5) were quantified by qPCR using specific
primer sets. For comparison, peptides were immobilized
onto beads using a non-hybridization based method that did
not mvolve a ligation step. The non-hybridization based
method was performed by incubating 30 uM TCO-modified
DNA-tagged peptides including amino FA-terminal pep-
tides, amino AFA-terminal peptides, and amino AA-terminal
peptides, with m'Tet-coated magnetic beads overnight at 25°
C.

[0389] As shown in Table 1, similar Ct values were
observed 1n the non-hybridization preparation method with
1:100,000 grafting density and the hybrnidization based
preparation method with 1:10,000 grafting density. Loading,
amount ol DNA-tagged peptides for the hybridization based
preparation method was 1/3000 compared to that for the
non-hybridization preparation method. In general, 1t was
observed that less starting material was needed for the
hybridization based immobilization method.
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TABLE 1

Comparison of Loading Hybridization and
Non-hvybridization Immobilization

Non-
hybridization Hybridization
based based
immobilization immobilization
Grafting: method method
Passivation (—Ligation) (+Ligation)

1:100,000 19.4 254
1:10,000 — 21.1

[0390] In addition, peptides prepared and immobilized as
described above were used for peptide sequencing using a
ProteoCode assay. Peptides were immobilized on a substrate
as described in the two methods described above (hybrid-
ization and non-hybridization). Exemplary peptides tested 1n

the assay included amino FA-terminal peptides (FAG-
VAMPGAEDDVVGSGSK; SEQ ID NO: 3), amino AFA-

terminal peptides (AFAGVAMPGAEDDVVGSGSK; SEQ
ID NO: 4), and amino AA-terminal peptides (AAGVAMP-
GAEDDVVGSGSK; SEQ ID NO: 5). Oligonucleotides
without a peptide attached were also tested as control.

[0391] An exemplary binding agent that binds phenylala-
nine when 1t 1s the N-terminal amino acid residue was
conjugated with coding tags (F-binder). For the assay,
F-binders conjugated with coding tag were incubated at 37°
C. for 30 minutes with beads with nucleic acid-peptide
chimera immobilized. After PBST washing, beads were

incubated with an encoding mixture containing 50 mM
Tris-HCI, pH7.5, 2 mM MgSO,, 50 mM NaCl, 1 mM DTT,

0.1% Tween 20, 0.1 mg/mL BSA, 0.125 mM dNTPs, 0.125
unmits/ul Klenow fragment (3'->3' exo-) (MCLAB, USA) at
37° C. for 5 minutes. The beads were washed once with
PBST+10% formamide, once with 0.1 M NaOH and once
with PBST with 10% formamide. The resulting beads were
resuspended in PB ST. After successful binding of the
N-terminal amino acid of the tested peptide with the F
binder, the information of the coding tag was transierred to
a nucleic acid attached to the immobilized peptide (extended
recording tag). The extended recording tags of the assay
were subjected to PCR amplification and analyzed by next-
generation sequencing (NGS).

TABLE 2

Comparison of Encoding Between Immobilization
Methods With and Without Hybridization

Non-
hybridization Hybridization
based based
immobilization immobilization
Encoding (%) method method
Encoding FA peptide (%o) 11.3 32.6
Encoding AA peptide (%) 2.44 0.96
Encoding AFA peptide (%0) 3.64 2.06
Encoding no peptide (%) 1.17 1.80

[0392] High encoding efliciencies were observed on the
recording tag attached to the amino FA-terminal peptides in
the both hybridization and non-hybridization based prepa-
ration methods, indicating that the information of coding
tags was transierred into recoding tags corresponding to
N-terminal F binding. Higher encoding efliciency on the
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amino FA terminal peptides was observed 1n samples pre-
pared using the hybridization based method compared to
samples prepared using non-hybridization method. In addi-
tion, lower encoding efliciencies on the AA and AFA nega-
tive control peptides were observed on samples prepared
using the hybridization based method. The signal-to-noise
(% FA Encoding/% AA Encoding) was 34 on samples
prepared using the hybridization based method.

Example 2: Assessment of Encoding Function of
Analytes Prepared and Barcoded Using Various
Methods

[0393] This example describes exemplary methods for
coupling nucleic acid-analyte conjugates to a solid support
and various methods for attaching barcodes, UMIs, or other
nucleic acid tags or components to the bait or capture nucleic
acid. In this example, the tested formats for immobilizing
the peptide analytes included nucleic acid sequences
selected from Table 3.

TABLE 3

Exemplary Nucleic Acids
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TAACNNNNNNNNNNCTAGTGTCGCGGACUACG-

CAUTACUGAGA ACUTG; SEQ ID NO: 12) and 0.125
units/ul. Klenow fragment (3'->3' exo-) (MCLAB, USA) at
3°7° C. for 5 minutes. The barcode templates each contained
four dU sites. After transferring the barcode onto the bait
nucleic acids (with the peptide attached) by extension, the
barcoding templates were digested by incubation at 37° C.
for 30 minutes with 2.5 units of USER Enzyme (New
England BioLabs, USA). EDTA was added to reaction at 50
mM to quench the polymerase. The resulting barcoded bait
nucleic acids (with the peptide attached) were diluted to 10
nM for hybridization based immobilization of the peptides
and attachment to capture nucleic acids (sequence as set

forth in SEQ ID NO: 8).

[0396] In Method 2, which uses a scheme generally
depicted 1n FIG. 4, amino FA peptides (FAGVAMPGAE-
DDVVGSGSK; SEQ ID NO: 3) were attached to bait
nucleic acids (SEQ ID NO: 6). The bait nucleic acid-peptide

chimeras were loaded onto beads which had capture nucleic

S EQ
1D
Degcription Sequence 5' to 3! NO
Bait DNA /5Phos /CAAGTTCTCAGTAATGCGTAG/150ctdU/CCGCGACACTAG 6
Bait DNA /5SpC3 /CTAGTG/150ctdU/CGCGGACTACG 7
(reverse)
Capture DNA GGACTACGCATTACTGAGAACTTGCTAGTCGACGTGGTCCTT/ i AMMCE6 T/ TT 8
GGACCACGTCGACTAG
Capture DNA CACTCAGTCCATTAACNNNNNNNNNNCTAGTGTCGCGGACUACGCATTAC 9

TGAGAAGCTTGCTAGTCGACGTGGTCCTT/ iAMMC6 T/ TTGGACCACGTCGAC

TAG

Capture DNA
CACGTCGACTAG

Capture DNA

S5Phos/CATTACTGAGAACTTGCTAGTCGACGTGGTCCTT/ iAmMMC6 T/ TTGGAC 10

/5Phog /CTAGTCGACGTGGTCCTT /iAmMC6 T/ TTGGACCACGTCGACTAGCGT 11

AGTCCGCGACACTAGNNNNNNNNNNGTTAATGGACTGAGTG

[0394] Five different methods for installing barcode
sequence and immobilizing the peptide were performed and
tested. In the methods described below, a barcode sequence
and spacer sequence was installed. In some cases, a unique
molecule 1dentifier (UMI) can be included in either the bait
or reverse bait nucleic acid or can be added with the barcode.
In some of the exemplary methods performed, a universal
priming site (or a portion thereol) was included in the bait
nucleic acid or added with the barcode sequence. In the
methods described 1 this example, hybridization based
immobilization of the peptide was performed substantially
as described in Example 1, except that in Methods 1, 2, and
3, the beads were washed three times after ligation (PBST,
NaOH, and PBST).

[0395] In Method 1, which uses a scheme generally
depicted 1n FIG. 3, amino FA peptldes (FAGVAMPGAE-
DDVVGSGSK; SEQ ID NO: 3) were attached to bait
nucleic acids (SEQ ID NO: 6). Barcoding was performed in
a 50 ulL barcoding mixture including 1x Custom Buifler
(New England BioLabs, USA), 0.125 mM dNTPs, 1 uM of
bait nucleic acid-peptide chimera, 1.5 uM of a barcode

template (CACTCAGTCCAT-

acids attached. The capture nucleic acids on the beads
included a barcode template (CACTCAGTCCAT-
TAACNNNNNNNNNNCTAGTGTCGCGGACUACG-

CATTACTGAGA AGCTTGCTAGTCGACGTGGTCCTT/
IAMMCOT/TTGGACCACGTCGACTAG; SEQ ID NO: 9)
at the 3' end of the capture nucleic acid. The barcode
templates each contained one dU site. The bait nucleic
acid-peptide chimeras were attached to the capture nucleic
acids using hybridized based immobilization and coupling.
The barcoding was performed using extension on beads
using the barcode template located at the 5' end of the
capture nucleic acids. 50 uLL of barcoding mixture was used
which included 1x Custom Bufler (New England BioLabs,
USA), 0.125 mM dNTPs and 0.125 units/ul. Klenow frag-
ment (3'->5" exo-) (MCLAB, USA) and the reaction was
incubated at 37° C. for 5 minutes. After transierring the
barcode onto the bait nucleic acids by extension, the beads
were washed twice with PBST. The barcode template on the
capture nucleic acids used for extension were digested by
incubation at 37° C. for 30 minutes with 2.5 units of USER
Enzyme (New England BioLabs, USA). In this method, a

Hind III restriction site was formed 1f extension occurred on




US 2023/0279386 Al
37

capture nucleic acids that did not have bait nucleic acid-
peptide chimeras attached. A 50 uL restriction enzyme

solution 1ncluding 1x Custom Bufler and 2.5 Umnits of Hind
III (New England BioLabs, USA) was added to the samples

and incubated at 37° C. for 30 minutes to digest these
capture nucleic acids that were barcoded but not attached
with a bait nucleic acid-peptide chimera. If a bait nucleic-
acid peptide chimera was attached to the capture nucleic
acid and barcoding occurred by extension onto the bait

nucleic acid, then a Hind III site 1s not formed. The resulting,
beads were washed once with PBST, once with 0.1 M NaOH

and once with PBST.

[0397] In Method 3, which uses a scheme generally
depicted 1n FIG. 5, amino FA peptides (FAGVAMPGAE-
DDVVGSGSK; SEQ ID NO: 3) were attached to bait
nucleic acids (SEQ ID NO: 6). Splint DNAs which con-
tained sequence that 1s complementary to a portion of the
bait nucleic acid and a portion of the barcode were used to
bridge the bait nucleic acids and barcodes via hybridization.
The barcoding was performed 1n S0 uL of barcoding mixture
including 1x Quick Ligase Bufler (New England BiolLabs,
USA), 1.5 uM  of  splint DNA  (CCAT-
TAACCTAGTGTCGC; SEQ ID NO: 14), 2 uM of barcode
(/5Phos/GTTAATGGACTGAGTG; SEQ ID NO: 15), 1 uM
bait nucleic acid-tagged peptide and 2.5 units Quick Ligase
(New England BioLabs, USA) at 25° C. for 5 minutes. After
attaching the barcodes onto the bait nucleic acids of the bait
nucleic acid-peptide chimeras, EDTA was added to the
reaction at 50 mM to quench the ligase and the splint DNAs
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nucleic acid. After a 30 minute-incubation at 25° C., the
beads were washed twice with PBST and resuspended in the

50 ul of PBST.

[0399] In Method 5, which uses a scheme generally
depicted 1n FIG. 7, amino FA peptides (FAGVAMPGAE-
DDVVGSGSK; SEQ ID NO: 3) were attached to bait

nucleic acids (reverse; SEQ ID NO: 7). The bait nucleic

acid-peptide chimeras (10 nM) were annealed to phospho-

rylated capture nucleic acids that included a barcode
sequence (SEQ ID NO: 11) immobilized on beads 1n 3xSSC,

0.02% SDS, and incubated for 30 minutes at 37° C. The

beads were washed once with PBST and resuspended 1in 1x
Quick ligation solution (New England BioLabs, USA) with
T4 DNA ligase to attach the bait nucleic acid-peptide
chimaeras to the capture nucleic acids. After a 30 minute

incubation at 25° C., the beads were washed twice with
PBST and resuspended 1n the 50 ul of PBST.

[0400] The immobilized peptides were used for peptide
sequencing using a ProteoCode assay substantially as
described above using an exemplary binding agent (with
attached coding tag) that binds phenylalanine when it 1s the
N-terminal amino acid residue. Exemplary peptides with an
amino FA-terminal (FAGVAMPGAEDDVVGSGSK; SEQ
ID NO: 3) were used. Oligonucleotides without a peptide
attached were also tested as control. The extended recording
tags of the assay were subjected to PCR amplification and
analyzed by next-generation sequencing (NGS). As shown
in Table 4, all tested methods for immobilizing the peptides
and installing barcodes resulted in encoding.

TABLE 4

Assessment of Encoding

Method and format of the immobilized nucleic acid-analyte conjugate

Method 1 Method 2 Method 3 Method 4 Method 3

(FIG. 3) (FIG. 4) (FIG. 5) (FIG. 6) (FIG. 7)
Encoding (%) 33% 50% 53% 22% 30%

encoding encoding encoding encoding encoding

were washed away with NaOH. The resulting barcoded bait

nucleic acid-peptide chimeras were diluted to 10 nM and

attached to capture nucleic acids (sequence as set forth 1n
SEQ ID NO: 8) using the hybridization based method.

[0398] In Method 4, which uses a scheme generally
depicted 1n FIG. 6, amino FA peptides (FAGVAMPGAE-
DDVVGSGSK; SEQ ID NO: 3) were attached to bait
nucleic acids (reverse; SEQ ID NO: 7). The bait nucleic
acid-peptide chimeras (10 nM) were mixed with 5 nM
barcodes (/5Phos/

CAAGTTCTCAGTAATGCGTAGTCCGCGACACTAG-

NNNNNNNNNNGTTAATG GACTGAGTG; SEQ ID NO:
13) in 50 uLL of annealing solution including 5xSSC, 0.02%
SDS, and incubated with beads immobilized with phospho-
rylated capture nucleic acids (SEQ ID NO: 10) for 30
minutes at 37° C. The beads were washed once with PBST
and resuspended 1n 1x Quick ligation solution (New Eng-

land BioLabs, USA) with T4 DNA ligase to ligate both the
nucleic acid-peptide chimera and the barcode to the capture

Example 3: Assessment of Encoding of Peptides
with a Functionalized N-Terminal Amino Acid

[0401]

assay for assessing immobilized peptides, performed using
binding agents that recognize a functionalized (e.g., modi-

This example describes an exemplary encoding

fied) N-terminal amino acid on the peptide.

[0402] Nucleic acid-peptide chimeras (peptides joined to a
bait nucleic acid) were hybridized and ligated to hairpin
capture DNAs that were chemically immobilized on agarose
beads substantially as described in Example 1. For this
experiment, the hairpin capture DNA contained a hybrid-
ization sequence complementary to a portion of the bait
nucleic acid. After ligating with the bait nucleic acid, the
hairpin capture DNA-bait nucleic acid contained an adaptor
sequence (universal forward priming site) for downstream
sequencing analysis. Various peptides were tested in the
encoding assay as set forth 1n SEQ ID NOs: 25-31, each
associated with the indicated nucleic acid sequences 1n Table
5, which were used as a recording tag (R1) 1n the assay.
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TABLE

5

33

Exemplary Nucleic Acids
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SEQ

ID
Degcription Sequence 5' to 3 NO
Capture Hairpin /5deSBioTEG//1Sp18/AGATCGGAAGAGCGTCGTGTAGGGARAGAGTGTT 16
DNA T/iBAmMC6T/T/iSpC3/ACACTCTTTCCCTACA
RT for peptide of /5Phos/C GAC GCT CT/iAmMC6T/CCG ATC TNNNCCAAACTGAGTG 17
SEQ ID NO: 25
RT for peptide of /5Phos/C GAC GCT CT/iAmMC6T/CCG ATC TNNNACTAACTGAGTG 18
SEQ ID NO: 26
RT for peptide of  /5Phos/C GAC GCT CT/iAmMC6T/CCG ATC TNNNAAGTACTGAGTG 19
SEQ ID NO: 27
RT for peptide of /5Phos/C GAC GCT CT/iAmMC6T/CCG ATC TNNNTATGACTGAGTG 20
SEQ ID NO: 28
RT for peptide of /5Phos/C GAC GCT CT/iAmMC6T/CCG ATC TNNNCATAACTGAGTG 21
SEQ ID NO: 29
RT for peptide of /5Phos/C GAC GCT CT/iAmMC6T/CCG ATC TNNNGATTACTGAGTG 22
SEQ ID NO: 30
RT for peptide of /5Phos/C GAC GCT CT/iAmMC6T/CCG ATC TNNNTTAGACTGAGTG 23
SEQ ID NO: 31
RT only /5Phos/C GAC GCT CT/iAmMC6T/CCG ATC TNNNGTAAACTGAGTG 24
[0403] In this exemplary model system, cognate binding [0404] FIG. 10 shows the encoding efliciency with the

agents configured to bind to modified N-terminal phenyl-
alanine residues (F) on the immobilized peptides were used.
Encoding occurred by transferring information from a cod-
ing tag associated with the binding agent to a recording tag
associated with the peptide, thereby generating an extended
recording tag. For the encoding assay, 200 nM of an exem-
plary binding agent for phenylalanine (F)) that recognizes
the modified NTAA were incubated with peptides treated
with an exemplary chemical reagent for modiiying the
NTAA for 30 min at room temperature. After a quick wash

with PBST bufler to remove the excess binding agent, the
mixture was incubated with 0.125 units/ul. Klenow frag-
ment (3'->5' exo-) (MCLAB, USA), dNTP mixture (125 uM
tor each), 50 mM Tris-HCI (pH, 7.5), 2 mM MgSO,,, 50 mM
NaCl, 1 mM DTT, 0.1% Tween 20, and 0.1 mg/mlL BSA at
room temperature for 5 min. After washing and capping with
a DNA sequence that included a universal reverse priming
site (SEQ ID NO: 34-45), the extended recording tags of the
assay were subjected to PCR amplification and analyzed by
next-generation sequencing (NGS). In this experiment,
samples 1n each well were capped with a capping DNA that
contained a barcode that allowed the sample well 1dentity to
be determined at a later step, yet allowed samples from
different wells were pooled for processing.

F-binder for peptides tested (including peptides with an
N-terminal phenylalanine and other N-terminal amino acids.
A recording tag only (RT only) control was also used which
was not associated with a peptide. In summary, an increase
in F-binder encoding for peptides ending with an N-terminal
phenylalanine was detected, demonstrating the use of the
hybridization-based immobilization of peptides and exem-
plary nucleic acids 1n the encoding assay.

[0405] The present disclosure 1s not intended to be limited
in scope to the particular disclosed embodiments, which are

provided, for example, to illustrate various aspects of the
invention. Various modifications to the compositions and
methods described will become apparent from the descrip-
tion and teachings herein. Such variations may be practiced
without departing from the true scope and spirit of the
disclosure and are intended to fall within the scope of the
present disclosure. These and other changes can be made to
the embodiments 1n light of the above-detailed description.
In general, 1n the following claims, the terms used should not
be construed to limit the claims to the specific embodiments
disclosed 1n the specification and the claims, but should be
construed to include all possible embodiments along with
the full scope of equivalents to which such claims are
entitled. Accordingly, the claims are not limited by the
disclosure.

SEQUENCE TABLE

SEQ

ID NO Sequence (5'-3")

1

2

AATGATACGGCGACCACCGA

CAAGCAGAAGACGGCATACGAGAT

Degcription

P5 primer

P7 primer
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-continued

SEQUENCE TABLE

SEQ

ID NO

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

277

28

29

30

31

Sequence (5'-3"')

FAGVAMPGAEDDVVGSGSK

AFAGVAMPGAEDDVVGSGSK

AAGVAMPGAEDDVVGSGSK

/5Phog/CAAGTTCTCAGTAATGCGTAG,/150ctdU/ CCGCGACACTAG
/58pC3/CTAGTG/150ctdU/CGCGGACTACG
GGACTACGCATTACTGAGAACTTGCTAGTCGACGTGGTCCTT/iAmMC6
T/TTGGACCACGTCGACTAG
CACTCAGTCCATTAACNNNNNNNNNNCTAGTGTCGCGGACUACGCATT
ACTGAGAAGCTTGCTAGTCGACGTGGTCCTT /1i2AmMC6 T/ TTGGACCACG

TCGACTAG

SPhog /CATTACTGAGAACTTGCTAGTCGACGTGGTCCTT/ iAmMC6 T/ TTG
GACCACGTCGACTAG

/5Phog/CTAGTCGACGTGGTCCTT/1iAmMMC6T /TTGGACCACGTCGACTAGC
GTAGTCCGCGACACTAGNNNNNNNNNNGTTAATGGACTGAGTG

CACTCAGTCCATTAACNNNNNNNNNNCTAGTGTCGCGGACUACGCAU
TACUGAGAACUTG

/5Phos/CAAGTTCTCAGTAATGCGTAGTCCGCGACACTAGNNNNNNNNN
NGTTAATGGACTGAGTG

CCATTAACCTAGTGTCGC

/5Phog/GTTAATGGACTGAGTG

/5deSBioTEG//18pl18 /AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTTT /

iAmMMC6T/T/1SpC3 /ACACTCTTTCCCTACA

/5Phog/C GAC GCT CT/iAmMCé6éT/CCG ATC TNNNCCAAACTGAGTG

Degcription

FA-terminal
peptide

AFA-terminal
peptide

AA-terminal
peptide

Bait DNA

Revergse Bait

DNA

Capture DNA

Capture DNA

Capture DNA

Capture DNA

Barcode
Template

Barcode

Splint DNA

Barcode
Template

Capture
Hairpin DNA

Recording Tag

/5Phosg/C
/5Phos/C
/5Phos/C
/5Phog/C
/5Phog/C
/5Phos/C

/5Phos/C

GAC

GAC

GAC

GAC

GAC

GAC

GAC

GCT

GCT

GCT

GCT

GCT

GCT

GCT

CT/iAmMCeT/CCG
CT/iAmMCeT/CCG
CT/iAmMCeT/CCG
CT/iAmMCeT/CCG
CT/iAmMCeT/CCG
CT/iAmMCéT/CCG

CT/iAmMCéT/CCG

LAGELAGELAGEIRGDVRGGK (N3 ) -NH2

FAGVAMPGAEDDVVGSGSK{azide) -NH2

FLAEIRGDVRGGK (Azide)

SGVARGDVRGGK (azide) -NH2

ATC

ATC

ATC

ATC

ATC

ATC

ATC

TNNNACTAACTGAGTG

TNNNAAGTACTGAGTG

TNNNTATGACTGAGTG

TNNNCATAACTGAGTG

TNNNGATTACTGAGTG

TNNNTTAGACTGAGTG

TNNNGTAAACTGAGTG

dimethyl-AESAESASRFSGVAMPGAEDDVVGSGSK (azide) -OH

FSGVARGDVRGGK (azide) -NH2

LAESAFSGVARGDVRGGK (azide) -NH2

Recording
Recording
Recording
Recording
Recording
Recording

Recording

Tag
Tag
Tag
Tag
Tag
Tag

Tag

Agsay Peptide

Agsay Peptide

Agsay Peptide

Agsay Peptide

Agsay Peptide

Agsay Peptide

Agsay Peptide

Sep. 7, 2023



US 2023/0279386 Al

40
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SEQUENCE TABLE

SEQ

ID NO

32

33

34 GAC
CTC

35 GAC
CTC

36 GAC
CTC

37 GAC
CTC

38 GAC
CTC

39 GAC
CTC

40 GAC
CTC

41 GAC
CTC

42 GAC
CTC

43 GAC
CTC

44 GAC
CTC

45 GAC
CTC

Sequence total quantity:
SEQ ID NO: 1

FEATURE

misc_feature

SOUrce

SEQUENCE: 1

Seguence

TGG
ACT

TGG
ACT

TGG
ACT

TGG
ACT

TGG
ACT

TGG
ACT

TGG
ACT

TGG
ACT

TGG
ACT

TGG
ACT

TGG
ACT

TGG
ACT

(5

AGT
CAG

AGT
CAG

AGT
CAG

AGT
CAG

AGT
CAG

AGT
CAG

AGT
CAG

AGT
CAG

AGT
CAG

AGT
CAG

AGT
CAG

AGT
CAG

_3!)

TCA GAC GTG
T/3SpC3/

TCA GAC GTG
T/3SpC3/

TCA GAC GTG
T/3SpC3/

TCA GAC GTG
T/3SpC3/

TCA GAC GTG
T/3SpC3/

TCA GAC GTG
T/3SpC3/

TCA GAC GTG
T/3SpC3/

TCA GAC GTG
T/3SpC3/

TCA GAC GTG
T/3SpC3/

TCA GAC GTG
T/3SpC3/

TCA GAC GTG
T/3SpC3/

TCA GAC GTG
T/3SpC3/

TGC

TGC

TGC

TGC

TGC

TGC

TGC

TGC

TGC

TGC

TGC

TGC

ACACTCTTTCCCTACACGACGCTCTTCCGATCT

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT

TCT TCC GAT CTT TCT

TCT TCC GAT CTT CTT

TCT TCC GAT CTT GGT

TCT TCC GAT CTT AAT

TCT TCC GAT CTC TTT

TCT TCC GAT CTC CGT

TCT TCC GAT CTC GCT

TCT TCC GAT CTG TGT

TCT TCC GAT CTG CCT

TCT TCC GAT CTG GTT

TCT TCC GAT CTA TAT

TCT TCC GAT CTA ATT

SEQUENCE LISTING

45

moltype =

DNA

length = 20

Location/Qualifiers

1..20
note
1..20
mol type
organism

aatgatacgg cgaccaccga

SEQ ID NO: 2

FEATURE

misc_feature

SOuUurce

SEQUENCE: 2

moltype =

DNA

P5 primer

other DNA
synthetic construct

length = 24

Location/Qualifiers

1..24
note =
1..24
mol type
organism

caagcagaag acggcatacg agat

P7 primer

other DNA
synthetic construct

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

ACT

CTT

CTT

CTT

CTT

CTT

CTT

CTT

CTT

CTT

CTT

CTT

CTT

Degcription

Forward

Priming Site

Feverse

Priming Site

Capping DNA

Capping DNA
Capping DNA
Capping DNA
Capping DNA
Capping DNA
Capping DNA
Capping DNA
Capping DNA

Capping DNA
Capping DNA

Capping DNA

20

24
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SEQ ID NO: 3
FEATURE

moltype = AA length = 19

Location/Qualifiers
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REGION 1..19

note = FA-terminal peptide
source 1..19

mol type = proteiln

organism = synthetic construct
SEQUENCE: 3
FAGVAMPGAE DDVVGSGSK 19
SEQ ID NO: 4 moltype = AA length = 20
FEATURE Location/Qualifiers
REGION 1..20

note = AFA-terminal peptide
source 1..20

mol type = proteiln

organism = synthetic construct
SEQUENCE: 4
AFAGVAMPGA EDDVVGSGSK 20
SEQ ID NO: b5 moltype = AA length = 19
FEATURE Location/Qualifiers
REGION 1..19

note = AA-terminal peptide
source 1..19

mol type = proteiln

organism = synthetic construct
SEQUENCE: b5
AAGVAMPGAE DDVVGSGSK 19
SEQ ID NO: 6 moltype = DNA length = 34
FEATURE Location/Qualifiers
misc feature 1..34

note = Bailil DNA
misc feature 1

note = 5/ phosphorvlated
modified base 22

mod base = OTHER
note = t 1is an internal 5’ -Octadiynyl d4AU

source 1..34

mol type = other DNA

organism = synthetic construct
SEQUENCE: ©
caagttctca gtaatgcgta gtccgcgaca ctag 34
SEQ ID NO: 7 moltype = DNA length = 18
FEATURE Location/Qualifiers
misc feature 1..18

note = Reverse Bait DNA
misc feature 1

note = 5’ C3 (three carbon} spacer
modified base 7

mod base = OTHER
note = t 1s an internal 5’ -Octadiynyl AU

source 1..18
mol type = other DNA
organism = synthetic construct
SEQUENCE : 7
ctagtgtcgce ggactacyg 18
SEQ ID NO: 8 moltype = DNA length = 61
FEATURE Location/Qualifiers
misc feature 1..61
note = Capture DNA
modified base 43
mod base = OTHER
note = t is internal amino modifier Cé dT
source 1..61
mol type = other DNA
organism = synthetic construct

SEQUENCE: 8
ggactacgca ttactgagaa cttgctagtc gacgtggtcc tttttggacc acgtcgacta 60

g 61
SEQ ID NO: 9 moltype = DNA length = 98

FEATURE Location/Qualifiers

migc feature 1..98

note = Capture DNA
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-continued

misc difference 17..26

note = n is a, ¢, g, or t
modified base 380

mod base = OTHER

note = t 1g internal amino modifier Coé dT
source 1..98

mol type = other DNA

organism = synthetic construct
modified base 41

mod base = OTHER

note = t 1g uracil

SEQUENCE: ©
cactcagtcc attaacnnnn nnnnnnctag tgtcgcecggac tacgcattac tgagaagcectt 60

gctagtcgac gtggtccttt ttggaccacg tcecgactag o8
SEQ ID NO: 10 moltype = DNA length = 53
FEATURE Location/Qualifiers
misc feature 1..53
note = Capture DNA
misc feature 1
note = 5’ -phosphorylated
modified base 35
mod base = OTHER
note = t i1g internal amino modifier Cé dT
source 1..53
mol type = other DNA
organism = synthetic construct
SEQUENCE: 10
cattactgag aacttgctag tcgacgtggt cctttttgga ccacgtcgac tag 53
SEQ ID NO: 11 moltype = DNA length = 81
FEATURE Location/Qualifiers
misc feature 1..81
note = Capture DNA
misc feature 1
note = 5/ -phosphorvlated
modified base 19
mod base = OTHER
note = t i1g internal amino modifier Cé dT
misc difference 56..65
note = n is a, ¢, g, or t
gsource 1..81
mol type = other DNA
organism = synthetic construct

SEQUENCE: 11
ctagtcgacg tggtcecctttt tggaccacgt cgactagcecgt agtccgcgac actagnnnnn 60

nnnnngttaa tggactgagt g 81
SEQ ID NO: 12 moltype = DNA length = 60
FEATURE Location/Qualifiers
misc feature 1..60

note = Barcode Template
misc difference 17..26

note = n is a, ¢, g, or t
gource 1..60

mol type = other DNA

organism = synthetic construct
modified base 41

mod base = OTHER

note = t 18 uracil
modified base 47

mod base = OTHER

note = t 18 uracil
modified base 51

mod base = OTHER

note = t 1s uracil
modified base 58

mod base = OTHER

note = t 1g uracil

SEQUENCE: 12
cactcagtcce attaacnnnn nnnnnnctag tgtcgcggac tacgcattac tgagaacttg 60

SEQ ID NO: 13 moltype = DNA length = 60
FEATURE Location/Qualifiers
migc feature 1..60

note = Barcode
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misc_feature
misc_difference

SOouUurce

SEQUENCE: 13

43

-continued
1
note = 5/ -phosphorvlated
35..44
note = n is a, ¢, g, or t
1..60
mol type = other DNA
organism = synthetic construct

caagttctca gtaatgcgta gtccgecgaca ctagnnnnnn nnnngttaat ggactgagtg 60

SEQ ID NO: 14
FEATURE
misc_feature

SOuUrce

SEQUENCE: 14

moltype = DNA length = 18
Location/Qualifiers

1..18

note = Splint DNA

1..18

mol type = other DNA

organism = synthetic construct

ccattaacct agtgtcgc 18
SEQ ID NO: 15 moltype = DNA length = 16
FEATURE Location/Qualifiers
migc feature 1..16
note = Barcode Template
migc feature 1
note = 5/ -phosphorvylated
source 1..16
mol type = other DNA
organism = synthetic construct
SEQUENCE: 15
gttaatggac tgagtg 16
SEQ ID NO: 16 moltype = DNA length = 53
FEATURE Location/Qualifiers
misc feature 1..53
note = Capture Hairpin DNA
misc feature 1
note = 5’-(5’ desthiobiotin-TEG and an internal 18-atom
hexa-ethyleneglycol spacer)
modified base 36
mod base = OTHER
note = t 1s internal 5’-amino modifier C6 dT
variation 37..38
note = C3 (three carbon} sgspacer inserted 1n between
source 1..53
mol type = other DNA
organism = synthetic construct
SEQUENCE: 16
agatcggaag agcgtcecgtgt agggaaagag tgtttttaca ctcectttcecect aca 53
SEQ ID NO: 17 moltype = DNA length = 32
FEATURE Location/Qualifiers
misc feature 1..32
note = Recording Tag
misc feature 1
note = 5/ -phosphorvlated
modified base 10
mod base = OTHER
note = t is internal 5/-amino modifier C6 dT
migc difference 18..20
note = n is a, ¢, g, or t
source 1..32
mol type = other DNA
organism = synthetic construct
SEQUENCE: 17
cgacgctectt ccgatctnnn ccaaactgag tg 32

SEQ ID NO: 18
FEATURE
misc feature

migc feature

mmdified_base

moltype = DNA length = 32
Location/Qualifiers

1..32

note = Recording Tag

1

note = 5/ -phosphorvlated
10

mmd_base = QOTHER
note = t 1is internal 5/ -amino modifier & dT
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misc difference 18..20
note = n is a, ¢, g, or t
source 1. .32
mol type = other DNA
organism = synthetic construct
SEQUENCE: 18
cgacgctcectt ccgatctnnn actaactgag tg 32
SEQ ID NO: 19 moltype = DNA length = 32
FEATURE Location/Qualifiers
misc feature 1..32
note = Recording Tag
migc feature 1
note = 5/ -phosphorvlated
modified base 10
mod base = OTHER
note = t is internal amino modifier Cé dT
misc difference 18..20
note = n is a, ¢, g, or t
source 1. .32
mol type = other DNA
organism = synthetic construct
SEQUENCE: 19
cgacgctectt ccgatctnnn aagtactgag tg 32
SEQ ID NO: 20 moltype = DNA length = 32
FEATURE Location/Qualifiers
migc feature 1..32
note = Recording Tag
migc feature 1
note = 5/ -phosphorvlated
modified base 10
mod base = OTHER
note = t is internal amino modifier Cé dT
misc difference 18..20
note = n is a, ¢, g, or t
source 1. .32
mol type = other DNA
organism = synthetic construct
SEQUENCE: 20
cgacgctectt ccgatctnnn tatgactgag tg 32
SEQ ID NO: 21 moltype = DNA length = 32
FEATURE Location/Qualifiers
migc feature 1..32
note = Recording Tag
migc feature 1
note = 5/ -phosphorvylated
modified base 10
mod base = OTHER
note = t i1s internal amino modifier Cé6 dT
migc difference 18..20
note = n is a, ¢, g, or t
source 1. .32
mol type = other DNA
organism = synthetic construct
SEQUENCE: 21
cgacgctctt ccgatctnnn cataactgag tg 32
SEQ ID NO: 22 moltype = DNA length = 32
FEATURE Location/Qualifiers
migc feature 1..32
note = Recording Tag
migc feature 1
note = 5/ -phosphorvlated
modified base 10
mod base = OTHER
note = t i1gs internal amino modifier Cé6 dT
misc difference 18..20
note = n is a, ¢, g, or t
source 1..32
mol type = other DNA
organism = synthetic construct

SEQUENCE : 22
cgacgctcectt ccgatctnnn gattactgag tg 32
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-continued
SEQ ID NO: 23 moltype = DNA length = 32
FEATURE Location/Qualifiers
misc feature 1..32
note = Recording Tag
misc feature 1
note = 5/ -phosphorvlated
modified base 10
mod base = OTHER
note = t i1gs internal amino modifier Cé6 dT
migc difference 18..20
note = n is a, ¢, g, or t
source 1..32
mol type = other DNA
organism = synthetic construct
SEQUENCE: 23
cgacgctcectt ccgatctnnn ttagactgag tg 32
SEQ ID NO: 24 moltype = DNA length = 32
FEATURE Location/Qualifiers
misc feature 1..32
note = Recording Tag
misc feature 1
note = 5/ -phosphorvliated
modified base 10
mod base = OTHER
note = t is internal amino modifier Cé6 dT
misc difference 18..20
note = n is a, ¢, g, or t
source 1. .32
mol type = other DNA
organism = synthetic construct
SEQUENCE : 24
cgacgctcectt ccgatctnnn gtaaactgag tg 32
SEQ ID NO: 25 moltype = AA length = 21
FEATURE Location/Qualifiers
REGION 1..21
note = Aggay Peptide
SITE 21
note = MISC FEATURE - C-terminal amide
SITE 21

note = MISC FEATURE - an azido substituent on the lysine
side chain

source 1..21

mol type = protein

organism = synthetic construct
SEQUENCE : 25
LAGELAGELA GEIRGDVRGG K 21
SEQ ID NO: 26 moltype = AA length = 19
FEATURE Location/Qualifiers
REGION 1..195

note = Assay Peptide
SITE 19

note = MISC FEATURE - C-terminal amide
SITE 19

note = MISC FEATURE - an azido substituent on the lysine
side chain

source 1..19
mol type = proteiln
Drggnism = gynthetic construct
SEQUENCE: 26
FAGVAMPGAE DDVVGSGSK 19
SEQ ID NO: 27 moltype = AA length = 13
FEATURE Location/Qualifiers
REGION 1..13
note = Assay Peptide
SITE 13

note = MISC FEATURE - an azido substituent on the lysine
side chain

source 1..13
mol type = protein
organism = synthetic construct

SEQUENCE: 27
FLAEIRGDVR GGK 13
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-continued

SEQ ID NO: 28 moltype = AA length = 12

FEATURE Location/Qualifiers
REGION 1..12
note = Assay Peptide
SITE 12
note = MISC FEATURE - C-terminal amide
SITE 12
note = MISC FEATURE - an azido substituent on the lysine
side chain
source 1..12
mol type = proteiln
organism = synthetic construct
SEQUENCE: 28
SGVARGDVRG GK 12

SEQ ID NO: 29 moltype = AA length = 28

FEATURE Location/Qualifiers
REGION 1..28
note = Assay Peptide
SITE 1
note = MISC FEATURE - N-terminal dimethyl group
SITE 28
note = MISC FEATURE - an azido substituent on the lysine
side chain
source 1..28
mol type = proteiln
organism = synthetic construct
SEQUENCE: 29
AESAESASRE SGVAMPGAED DVVGSGSK 28

SEQ ID NO: 30 moltype = AA length = 13

FEATURE Location/Qualifiers
REGION 1..13
note = Assay Peptide
SITE 13
note = MISC FEATURE - C-terminal amide
SITE 13
note = MISC FEATURE - an azido substituent on the lysine
side chain
source 1..13
mol type = proteiln
organism = synthetic construct
SEQUENCE: 30
FSGVARGDVR GGK 13

SEQ ID NO: 31 moltype = AA length = 18

FEATURE Location/Qualifiers
REGION 1..18
note = Assay Peptide
SITE 18
note = MISC FEATURE - C-terminal amide
SITE 18
note = MISC FEATURE - an azido substituent on the lysine
side chain
source 1..18
mol type = proteiln
organism = synthetic construct
SEQUENCE: 31
LAESAFSGVA RGDVRGGK 18

SEQ ID NO: 32 moltype = DNA length = 33

FEATURE Location/Qualifiers
migc feature 1..33
note = Forward Priming Site
gource 1..33
mol type = other DNA
organism = synthetic construct
SEQUENCE: 32
acactctttc cctacacgac gctcttccga tcet 33

SEQ ID NO: 33 moltype = DNA length = 32

FEATURE
misc_feature

SOuUrce

Location/Qualifiers

1..32
note = Reverse Priming Site
1..32
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-continued

mol type = other DNA

organism = synthetic construct
SEQUENCE: 33
gactggagtt cagacgtgtg ctcttccgat ct 32
SEQ ID NO: 34 moltype = DNA length = 52
FEATURE Location/Qualifiers
migc feature 1..52

note = Capping DNA
migc feature 52

note = 3’-C3 (three carbon} spacer
source 1..52

mol type = other DNA

organism = synthetic construct
SEQUENCE: 34
gactggagtt cagacgtgtg ctcttceccgat ctttctactce ttcectcactca gt 52
SEQ ID NO: 35 moltype = DNA length = 52
FEATURE Location/Qualifiers
misc feature 1..52

note = Capping DNA
misc feature 52

note = 2’'-C3 (three carbon) spacer
source 1. .52

mol type = other DNA

organism = synthetic construct
SEQUENCE: 35
gactggagtt cagacgtgtg ctcttceccgat cttcecttactce ttcectcactca gt 52
SEQ ID NO: 36 moltype = DNA length = 52
FEATURE Location/Qualifiers
migc feature 1..52

note = Capping DNA
migc feature 52

note = 3’-C3 (three carbon} spacer
source 1..52

mol type = other DNA

organism = synthetic construct
SEQUENCE: 36
gactggagtt cagacgtgtg ctcttceccgat cttggtactc ttctcactca gt 52
SEQ ID NO: 37 moltype = DNA length = 52
FEATURE Location/Qualifiers
misc feature 1..52

note = Capping DNA
misc feature 52

note = 3’-C3 (three carbon) spacer
source 1. .52

mol type = other DNA

organism = synthetic construct
SEQUENCE: 37
gactggagtt cagacgtgtg ctcttceccgat cttaatactc ttctcactca gt 52
SEQ ID NO: 38 moltype = DNA length = 52
FEATURE Location/Qualifiers
migc feature 1..52

note = Capping DNA
migc feature 52

note = 3/-C3 (three carbon} spacer
source 1..52

mol type = other DNA

organism = synthetic construct
SEQUENCE: 38
gactggagtt cagacgtgtg ctcttceccgat ctcectttacte ttcectcactca gt 52
SEQ ID NO: 39 moltype = DNA length = 52
FEATURE Location/Qualifiers
misc feature 1..52

note = Capping DNA
misc feature 52

note = 3’/-C3 (three carbon} spacer
source 1..52

mol type = other DNA

organism = synthetic construct

SEQUENCE: 39
gactggagtt cagacgtgtg ctcttceccgat ctceccecgtactce ttcectcactca gt 52
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-continued

SEQ ID NO: 40 moltype = DNA length = 52
FEATURE Location/Qualifiers
migc feature 1..52

note = Capping DNA
misc feature 52

B note = 3’-C3 (three carbon)} spacer

source 1..52

mol type = other DNA

mrggnism = gynthetic construct
SEQUENCE: 40
gactggagtt cagacgtgtg ctcttecgat ctegcectacte ttetcactceca gt 52
SEQ ID NO: 41 moltype = DNA length = 52
FEATURE Location/Qualifiers
misc feature 1..52

note = Capping DNA
misc feature 52

- note = 3’-C3 (three carbon} spacer

source 1..52

mol type = other DNA

Grggnism = gynthetic construct
SEQUENCE: 41
gactggagtt cagacgtgtg ctcttceccgat ctgtgtactc ttctcactca gt 52
SEQ ID NO: 42 moltype = DNA length = 52
FEATURE Location/Qualifiers
migc feature 1..52

note = Capping DNA
misc feature 52

note = 3’-C3 (three carbon} spacer
source 1..52

mol type = other DNA

organism = synthetic construct
SEQUENCE: 42
gactggagtt cagacgtgtg ctcttceccgat ctgcecctacte ttcectcactca gt 52
SEQ ID NO: 43 moltype = DNA length = 52
FEATURE Location/Qualifiers
misc feature 1..52

note = Capping DNA
misc feature 52

note = C’-C3 (three carbon} spacer
source 1..52

mol type = other DNA

organism = synthetic construct
SEQUENCE: 43
gactggagtt cagacgtgtg ctcttceccgat ctggttactce ttcectcactca gt 52
SEQ ID NO: 44 moltype = DNA length = 52
FEATURE Location/Qualifiers
migc feature 1..52

note = Capping DNA
migc feature 52

note = Capping DNA
source 1..52

mol type = other DNA

organism = synthetic construct
SEQUENCE: 44
gactggagtt cagacgtgtg ctcttccgat ctatatactc ttctcactca gt 52
SEQ ID NO: 45 moltype = DNA length = 52
FEATURE Location/Qualifiers
migc feature 1..52

note = Capping DNA
misc feature 52

note = 3’-C3 (three carbon} spacer
source 1. .52

mol type = other DNA

organism = synthetic construct

SEQUENCE: 45
gactggagtt cagacgtgtg ctcttccgat ctaattactc ttctcactca gt 52
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1. A method for treating an analyte, comprising:

attaching an analyte to a bait nucleic acid to generate a

nucleic acid-analyte chimera;

bringing the nucleic acid-analyte chimera into proximity

with a solid support by hybridizing the bait nucleic acid
in the nucleic acid-analyte chimera to a capture nucleic
acid attached to the solid support; and

covalently coupling the nucleic acid-analyte chimera to

the solid support;

wherein a plurality of the nucleic acid-analyte chimeras 1s

coupled on the solid support and any adjacently
coupled nucleic acid-analyte chimeras are spaced apart
from each other at an average distance of about 50 nm
Oor greater.

2. The method of claim 1, wherein the analyte 1s attached
to the 3' end of the bait nucleic acid or to the 5' end of the
bait nucleic acid.

3. The method of claim 1, wherein the analyte 1s attached
to an internal position of the bait nucleic acid.

4. (canceled)

5. The method of claim 1, further comprising attaching a
barcode to the coupled nucleic acid-analyte chimera,
wherein the barcode comprises a compartment barcode, a
partition barcode, a sample barcode, a fraction barcode, or
any combination thereof.

6. (canceled)

7. The method of claim 1, wherein the bait nucleic acid 1s
covalently attached to the analyte to generate the nucleic
acid-analyte chimera.

8-12. (canceled)

13. The method of claim 1, wherein the analyte 1s a
polypeptide.

14. The method of claim 13, wherein the polypeptide 1s
obtained by fragmenting proteins from a biological sample.

15. (canceled)

16. The method of claim 1, wherein the bait nucleic acid
and/or capture nucleic acid further comprises a universal
priming site, wherein the universal priming site comprises a
priming site for amplification, sequencing, or both.

17. (canceled)

18. The method of claim 1, further comprising:

contacting the analyte with a binding agent capable of

binding to the analyte, wherein the binding agent
comprises a coding tag with identifying information
regarding the binding agent; and

transferring the 1dentifying information of the coding tag

to the bait nucleic acid or capture nucleic acid.

19. The method of claim 18, further comprising repeating
one or more times:

contacting the analyte with an additional binding agent

capable of binding to the analyte, wherein the addi-
tional binding agent comprises a coding tag with iden-
tifying information regarding the additional binding
agent; and

transferring the 1dentifying information of the coding tag

regarding the additional binding agent to the bait
nucleic acid or capture nucleic acid.

20. (canceled)

21. A nucleic acid-analyte composition comprising a
plurality of nucleic acid-analyte chimeras and a plurality of
capture nucleic acids attached to a solid support, the nucleic
acid-analyte composition generated by the steps of:

attaching an analyte to a bait nucleic acid to generate a

nucleic acid-analyte chimera;
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bringing the nucleic acid-analyte chimera into proximity
with the solid support by hybridizing the bait nucleic
acid 1n the nucleic acid-analyte chimera to a capture
nucleic acid attached to the solid support; and

covalently coupling the nucleic acid-analyte chimera to
the solid support;

wherein the plurality of nucleic acid-analyte chimeras 1s
coupled on the solid support and any adjacently
coupled nucleic acid-analyte chimeras are spaced apart
at an average distance of about 50 nm or greater.

22. The nucleic acid-analyte composition of claim 21,
wherein the analyte 1s attached to the 3' end of the bait
nucleic acid or to the 5' end of the bait nucleic acid.

23. (canceled)

24. The nucleic acid-analyte composition of claim 21,
wherein the capture nucleic acid, the nucleic acid-analyte
chimera, and/or the bait nucleic acid further comprises a
barcode.

25-26. (canceled)

27. The nucleic acid-analyte composition of claim 21,
wherein the bait nucleic acid 1s covalently attached to the
analyte to generate the nucleic acid-analyte chimera.

28. (canceled)

29. The nucleic acid-analyte composition of claim 21,
wherein the capture nucleic acid comprises a nucleic acid
hairpin.

30-33. (canceled)

34. The nucleic acid-analyte composition of claim 21,
wherein the analyte 1s a polypeptide.

35-37. (canceled)

38. The nucleic acid-analyte composition of claim 21,
wherein the bait nucleic acid and/or capture nucleic acid
further comprises a universal priming site, wherein the
umversal priming site comprises a priming site for ampli-
fication, sequencing or both.

39. (canceled)

40. The nucleic acid-analyte composition of claim 21,
wherein the solid support 1s a porous bead.

41. A kat, comprising:

(a) a plurality of bait nucleic acids, each of the bait nucleic
acids 1s configured to be attached to an analyte;

(b) a solid support comprising a plurality of capture
nucleic acids attached hereto, each of the capture
nucleic acids comprising a sequence complementary to
a corresponding bait nucleic acid of the plurality of bait
nucleic acids and configured to attach the analyte to the
solid support, wherein any adjacently capture nucleic

acids are spaced apart on the solid support at an average
distance of about 50 nm or greater.

42. The kit of claim 41, wherein at least one of the bait
nucleic acids 1s configured to allow the analyte to be
attached to the 3' end of the bait nucleic acid or to the 5' end
of the bait nucleic acid.

43-44. (canceled)

45. The kit of claim 41, further comprising a plurality of
barcodes, wherein the barcodes are attached to the bait
nucleic acid or the capture nucleic acid, or the barcodes are
configured to be attached to the bait nucleic acid or the
capture nucleic acid.

46-47. (canceled)
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48. The kit of claim 41, wherein at least one of the bait
nucleic acids comprises a reactive coupling moiety config-
ured for attachment to the analyte or to at least one of the
capture nucleic acids.

49-51. (canceled)

52. The kit of claim 41, wherein at least one of the capture

nucleic acids comprises a nucleic acid hairpin.
53-57. (canceled)
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