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EPIC-XS

W Rationale behind looking at intact proteins

Cenfral dogma of molecular biology

Coding L Alternative solicing | Post-translational
: emmmo oo £ mone s modifications

DNA MRNA Proteoforms

Regulation of gene expression

Many protein forms (proteoforms) from a single gene




? EPIC-XS

Canonical

Sequence A distinct molecular form of a

(UniProtKB) protein product arising from a
single gene

Endogenous proteolysis The Consortium for Top-Down

MRNA splicing Proteomics

Mutations

SNPs

4 CTDP

Consortium for Top-Down Proteomics

Slte SpECIfIC featu res (PTMS). Bringing Proteoforms to Life™
Govern activity, localization, interactions, half-life

L. Smith et al. Nat. Methods 10, 186—-187 (2013)




Top-Down Proteomics EPIC-XS

Measuring Intact Proteins
(Simple Ideal)
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EPIC-XS

W Bottom-Up Proteomics (BUP)
RS SO SO

Protein
Enzymatic
Digestion
: 00 _ 000 _
Peptides
000 = 0000
lLC-MS/MS
b,? bs? y2'
Peptide bg* b2 Ve
fragment by’ a
ions ba’ bs* ve*

Protein identification
based on peptide
identification (partial
sequence coverage)

! | 5

Protein
Database




WTop-Down Proteomics (TDP) EPIC-XS

Protein 00EEOCCSSOCCSS0VECOOOCOOCCOS0COSOOC 00

(proteoform) lonization

(LC-MS or Infusion-MS)
7+

Protein  ©0OES00000C0000060006000000008 8008 00008

ions
1 MS/MS

g

Protein fragment ions

5+ +
bss Ys

4+ +
b3, Y11

2+

3+
b,, Y22

3+

3+
bis Y27

2+ 4+
b0 Y31

5+

QO O O O OL)
ONONONONONO

b4+ Y37

I ) Proteoform Proteof?rm characterization
Database - (potentially 100% sequence
coverage)

! | 6 e



W Denaturing vs native top-down MS EPIC-XS

Denaturing Top-down Native Top-down
Denaturing separation Native separation (e.g. SEC, IEX) .
Partial organic solution Aqueous solution N at Ive 25+
(H,0, ACN, Formic Acid, pH 1-2) (H,0, Ammonium Acetate, pH 6-8) 26+ ggo3 3
MW of single subunit MW of protein complex and subunits, 5695.6
non-covalent interactions, 24+
stoichiometry and structure
- 27+ i
Automated analysis (LC-MS) Manual injection 3
Complex mixture Purified samples ’ 23+
28+ 6438.0
Max. MW ~50 kDa (LC-MS/MS) Max. MW >1,000 kDa 5288.8
| | | | | | | b R (AL B | | | | | | |
3000 4000 5000 6000
m/z
48+ 47+
t00y 49,0858 31612 Denatured
805 50+ 3291.2
- 2904.1 35+
605 28483 fE 5'4 2
401 2794.6 3526.1
32693.0
Full MS spectra acquired 20— GQLH 113702 4
from intact trastuzumab G: i L..lll l l l A
AL LAAL, R s o Raa aan B RS AR aaas aaas S
3000 5000 6000
m/z

NA. Haverland et al. J. Am. Soc. Mass. Spectrom. 28, 1203-1215 (2017)




Proteoforms are closer to phenotypes EPIC-XS

Intact proteoforms

bkl |

Trypsin digestion
Proteotypic
peptides Bottom-up
% ( y +Me +P
) ' ’ Ambiguous result
A B — —— Upregulation of methylated and
phosphorylated peptides
C— (exact proteoforms unknown)
C

J. Savaryn et al. Genome Medicine 5(53) (2013)




Broad utility of top-down proteomics EPIC-XS

Increasing Sample Complexity

>
Single Proteins Protein Families/Complexes Whole Cell/Tissue
e ggEmeEn g

Characterization-Mode
(off-line, targeted)

Throughput-Mode
(on-line, LC-MS)

Biologics

Protein-Protein
Interactions Organelle
Analysis Global Proteomics

Immunoprecipitation

Overexpression i b
Multidimensional

Sample Fractionation g
Separations

JD. Tipton et al. J. Biol. Chem. 286, 25451-25458 (2011)




WGuide to intact protein analysis EPIC-XS

PERSPECTIVE
naure/methods

OPEN

Best practices and benchmarks for intact protein
analysis for top-down mass spectrometry

Daniel P. Donnelly ¢, Catherine M. Rawlins'*, Caroline J. DeHart?, Luca Fornelli?,

Luis F. Schachner 2, Ziging Lin?, Jennifer L. Lippens "4, Krishna C. Aluri®'5, Richa Sarin "',

Bifan Chen 3, Carter Lantz’, Wonhyeuk Jung’, Kendall R. Johnson', Antonius Koller’, Jefemy J. Wolffé,
lain D. G. Campuzano "4, Jared R. Auclair "%, Alexander R. Ivanov’, Julian P. Whitelegge ©°,

Ljiljana Pasa-Toli¢ ©", Julia Chamot-Rooke ', Paul O. Danis®, Lloyd M. Smith*, Yury O. Tsybin 0%,
Joseph A. Loo "7, Ying Ge 3, Neil L. Kelleher ©? and Jeffrey N. Agar '™

One gene can give rise to many functionally distinct proteoforms, each of which has a characteristic molecular mass. Top-down

mass spectrometry enables the analysis of intact proteins and proteoforms. Here members of the Consortium for Top-Down
Proteomics provide a decision tree that guides researchers to robust protocols for mass analysis of intact proteins (antibodies,
membrane proteins and others) from mixtures of varying complexity. We also present cross-platform analytical benchmarks
using a protein standard sample, to allow users to gauge their proficiency.

DP. Donnelly et al. Nat. Methods 16(7): 587-594 (2019)
B 10




nGuide to intact protein analysis EPIC-XS

Decision tree for intact protein sample clean-up,
preparation and analysis

Sample
! |
[ l |
1-5 5-100 >100
proteins proteins proteins
[ |
I |
MS-compatible Signal
buffer suppression

Dilution

Contains detergents

can

rescue i Rl

signal '

Native* Denatured
v 'l l v A

Protocol 1 Protocol 2a| Protocol 2b Protocol 3" SF.2

Dilution Ultrafiltration Precipitation 2D

[
[ ]

Denatured Native

Protocol 4a Protocol 4b Protocol 5

Denaturing Native Reversed-phase*
direct infusion direct infusion LC

DP. Donnelly et al. Nat. Methods 16(7): 587-594 (2019)
B 11




W Proteoforms in health and disease

* Proteoform-level knowledge is essential to understand biological function

EPIC-XS

* Important clinical areas of interest where proteoforms have been identified and linked to

disease progression

Disease progression

Tau

Neuro- phosp?"lorylatlon

degeneration g&"lﬁ g —
cTnl

Cardiovascular Phosphorylation

health L —— —tn

Infectious
disease

Cancer

Alzheimer’s
disease

Cardiac
injury

Cerebrospinal
meningitis

Tumor-specific
proteoforms

Antibody-based
drugs and
diagnostics

L. Smith et al. Science Advances 7, eabk0734 (2021)

4 CTDP

Consortium for Top-Down Proteomics
Bringing Proteoforms fo Life™

B 12



W Multiple Myeloma & Light Chain Disease

EPIC-XS

* Multiple myeloma is a malignancy of plasma cells characterized by a clonal expansion of abnormal B-cells

e B-cells accumulate in the bone marrow and secrete large amounts of monoclonal light chains that can

deposit in organs such as kidneys leading to:
- Light Chain Deposition Disease (LCDD) for aggregates of amorphous nature
- AL-amyloidosis, where aggregates consist of amyloid fibrils

Light Chains are Produced by Plasma Light Chains Clump & Form Amvioid Fibrils D
Cells in the Bone Marrow Amyloid Fibrils MyloidEibiits Depostiin Organs

v i)

RN A P Nerves
™ o B Heart
N { .
Amyloid 1
fibrils R TR 0 /o
\ BN N \ ¢ 18 |
b | \ Kidneys S A

Li\;er
Amyloid light-chain (AL) amyloidosis
https://my.clevelandclinic.org/health/diseases/15718-amyloidosis

L R0

A 2
T re
L

Digestive tract “7) "
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m Light Chain (LC) Analysis

* Currently no possibility to predict the in vivo solubility and deposition behavior of a particular LC

* No link between LC abundance and disease severity

* To understand the factors affecting solubility and develop diagnostic tools, LC sequence is essential
- RNA sequencing of B-cell clones
- Mass Spectrometry

S-S bond T
i Fab region ] ]
' (2x50 kDa) Light chain
Light chain -i— Variable domain ~ 25 kDa
e 011 . (3 CDRs) 5 cysteines
= X i Fe region Constant domain 2 S-S bond
Heavy chain [ ] | (50kDa)
50 kDa :
O Y v

Intact mAb = 150 kDa

B 14



WSequencing of mAbs by MS

* MS extensively used for the characterization of recombinant mAbs (BUP with different enzymes)

 For unknown mAbs:
- Combination of bottom-up proteomics and intact mAb mass profiling
- Combination of bottom-up and middle-down proteomics on Fab (50 kDa) after sample fractionation

- Top-down proteomics on LCs extracted from human sera for classifying plasma cell disorders (21T FT-ICR MS)

Limitation of current methods

- Gaps in sequences
- 70% seguence coverage for LC study (TDP)
- No I/L differentiation, S-S assignment

Collaboration A. Buell
(Technical University
of Denmark)

. ° EPIC-XS

Our objective

Develop a complete de novo MS sequencing workflow
for patient-derived LC proteoforms

Peng et al. J. Proteome Res. 20(7):3559-3566 (2021)
Bondt et al. J. : -
He et al. Anal. Chem. 91, 3263-3269 (2019) ondtetal. ). Cell Systems 12(12):1131-1143 (2021) -




W De novo sequencing: step 1 (multiple digestions) EPIC-XS

Enzymatlc De novo - TASPSTLSASVG Sequence >Seq. 1: DLOMTQSPST LSASVGDAVT LTCRASQSLN

? i} . - DLQMTQSPS VWLAWYQQKP GKPPKLLLYE ASNLESGVPS
dlgeStlon LC- MS/MS sequencing - STLSA assemb/y >Seq. 2: ASGASLNVWL AWYQQKPGKP KLLLYEASN
1 — — LESGVPSRFS GSGSGTEFTP TEKDEYAGC
- 1L " - VTLTCRASQSL NHVTLSQPKL VKWDMDR
@ \ m PEAKS - VKWDMDR ALPS

>Seq. 3: KSADYEKGHK LYACGEVTHQ AVSSPVTAKS

CEARS KSADYER
- LSASVGDAVTLTCRAS
Light chains axﬂ lj‘ Candidate sequences

* Enzymatic digestions

Trypsin (K, R
- Specific cleavage ypsin (K, R) Nter Cter
- Non-specific Pepsin
cleavage Nepenthes fluid

DLOMTQS PSTLSAS 8 k-mers a/Ignment

* Sequence assembly SPSTLSASVGDAV
'

DLOMTQS " STLSASVGDAV

Rey M et al. Mol. Cell. Proteomics 12 (2), 464-472 (2013) Tran N.H. et al. Scientific Reports 6:31730 (2016)

] B 16



%%‘ LC-MS/MS

Search against

candidate sequences

»

I

MS & MS/MS

ProSight
@ Lite

De novo sequencing: step 2 (analysis of intact proteins)

DLQMTAQISPSTLSASVGDAVTLTCRA
SQSLNVWLAWYQQKPGIKPPIKILLLYE
ASNILLEISGIVIPSRIFISGSGSGTEFTLTL
IsstleppDFAITIYyYCalaYNSYPYTFGla
GAKILEILKR[TVvAAPSV[FLIFPPSDlEQL
|kls ¢ T Als vv c L L NINLF ¥ P|R E|a|k|V]Qwlk v
pINlAlLla s 6 NIs @ ELs v[TlE alp]s KIpISIT ¥ s L
s sltlL 7 L sIklalDlYlElk HK[L Y[AclEVTHQG
LSISPVTIKSFNRGEC

DILQMTQSPSTLSASVGDRVTLTCRA
salsLsssLAwlyaalkPGIKIAPIKLLLYD
Als S LEITIGVIPSRIFSGSGSGITEFTLSL
1slslLleaPDDIFATYYICQHYNSYSLTFGQ
GTIKIVIEILKRTV[AAPSVFLFPPSIDIEIQL
Ik sGlTAsvvcLLNINLFY PIRLE A K|VIQW]K v
To NlAlLla s GNISQESVTIEQDSKDISTYS L
IslsLTlL 7 L STk AlpLYlElK HIKIV Y[a clE v T HlQ 6
Llsls PV TKIS FINRGE C

EPIC-XS

Light chains Light chain proteoforms

* Sample preparation: no digestion!
+/- [reduction, alkylation] of S-S bonds a
Frag. modes lon types <'E “ S—.
e LC-MS/MS on Orbitrap Fusion Lumos CID/HCD b,y P fal in i
) ) ) ETD C,zZ P Roglli ! i a
Multiple fragmentation techniques EThcD by, cz " N Y on
UVPD b,v, ¢,z a, x - ° R3§ i i °.
. b
* Data analysis v s

Xtract (FreeStyle), ProsightLite, 5 ppm

17



W Example for the P15 sample

4 LC-MS/MS runs

(Trypsin,

Pepsin, Nepenthes fluid)

DLOMTQSPST

lPEAKS

26,859 unique sequences

l ALPS,

k-mer 8

Top 2 sequences

LSASVGDAVT

LTCRASQSLN

VWLAWYQOKP

EPIC-XS

GKPPKLLLYE ASNLESGVPS RESGSGSGTE
Candidate Seq. 1 FTLTLSSLQP DDFATYYCQQ YNSYPYTFGQ GAKLELKRTV AAPSVFLFEFPP SDEQLKSGTA SVVCLLNNFEFY
M -23.461.50 D PREAKVQOWKV DNALQSGNSQ ESVTEQDSKD STYSLSSTLT LSKADYEKHK LYACEVTHQG LSSPVTKSFEN

theo- ’ . a

RGEC

DLOMTQSPST LSASVGDAVT LTCRASQSLN VWLAWYQQOKP GKPPKLLLYE ASDLESGVPS RFSGSGSGTE
Candidate SEQ-Z FTLTLSSLQP DDFATYYCQQO YNSYPYTFGQO GAKLELKRTV AAPSVFLFPP SDEQLKSGTA SVVCLLNNFEY
Mtheo: 23,462.47 Da EP;ESE?KVQWKV DNALQSGNSQ ESVTEQDSKD STYSLSSTLT LSKADYEKHK LYACEVTHQG LSSPVTKSFEN

18



P15: Intact Mass Analysis EPIC-XS

16+ Non-reduced
17+
15+
18+ 14+ 434 12+ M=23,576.48 Da
11+
19+ .
800 1000 1200 1400 1600/ 1800 2000 2200 2400
m/zZ
Am = +4.03 Da = 2 disulfide bonds
Reduction | Am=-114.93 Da . .
Am =-118.96 Da =» cysteinylation (119.00 Da)
21+ Reduced
22+ 20+
23+ 19+
18+
24+ - v
. M=23,461.55 Da Match with sequence 1
16+
26+ 15+
o e qpe 11e g0 Sequence 1
800 1000 1200 1400 1600/ 1800 2000 2200 2400 + 2 disulfide bonds
m/z
+ 1 cysteinylation

B 19



W P15: Top-down fragmentation maps

NCE
20%
25%
30%

NCE
10%
12%
15%

CID

D L QMITIQISIP S T LISIAIS VIGIDAVTLTCRA
SQSLNVIWLAWYQQKPGKPPKLLLYE
A SINIL1EISIGIVIP s R F1S1G S1GIS GIT ELF TILITIL
1sIsiLlalp b D FlALTLY]YICclQlQIYINSLY PY T F G Q
GAKLELKRTVAAPSVIFILIFIPIPSDEQL
KIS GITAS VIVICILILNNFYPREAKVQWK YV
DNA LlQlSIGINLSLQLELSIVLTLE Qlpls K D SLTLYLSLL
[SLSLTLLLTLLLSIKLIA DLY ELKIHIKLLLY A € ELVITIHlQlG
LLLSISLP VLT KISLFNR G E C

# nr fragments: 114
Residue cleavage: 46%

HCD

D L QMITIQISIP S TILISIAISIVIGDAVTLTCRA
SQSLNVIWLAWYIQQKPGKPPKLLLYE
A SINIL1EISIGIVIP S R F1S G SIGIS GIT E F T L|TLL
1sls LlQlP D D FIALTIYLY CQQ]YINSLYIPY TF G Q
GAKLELKRTVAAPS|VIFILIFIPIPSDEQL
KSGTASV[VICILILINNFY(PREIAKVQWK YV
DNALLQISIGINLSLQLELSLVLTLE Qlpls KLD SLTLYLSLL
[SISLTLLLTLL S KlA DLY ELKIH KLLLY A € ELVITIHlQlG
LLS SlP VITIKISLFNRG E C

# nr fragments: 99
Residue cleavage: 44%

EThcD

D L QM[T]Q]STP SIT LIS A]S VIGDAV TILTCRA
s Qs LIN vw L Alwlylalalk PIGIkLP PIKIL]IL L]Y]E
A SINIL1ELS|GIVIP S RIFISIG SGISIGITEFTLTL
1slsltlalp pIplFlAlTIYLY clalQlYINISLY P Y T F Gla
16 ALKILTETLTK R]T V]AlA P s|VLF LLFlPLP s|DlElQ L
1kls1elT Als v v clL L NINLFlY PIRLE[AlK]V]QIWIK]V
1pINlALL lals(GINLslalELsvITLEQlPls KIDLsLTLYLs L
LslslrlLlrlL siklalolylelk(HIKIL YA clE viTIHlQlG
[L1slsLpLlvITIK[SLFINIR G ElC

# nr fragments: 253
Residue cleavage: 69%

UVPD

DLQMTQ|SPISTLISASVIGIDAV TL TICRIA
Is Qls L N VWL AW Y Q QlKIP1GIKIPIPIKILIL L Y]E
JAISINILIE]S GIVIPIS RIFISGSGSGTE|FITLTL

s s LlalPIDIDLFIALT Y]YIc @ @ YINIS]YLIPLY TLFlG Q

GAKLIELKRTV]AIALPISIVIFLLLFIPIPIs DEQ L

KSGTAS[VLVICIL L NN F Y]P RLE[A KLVIQWIK V
[DIN AlLlQlSIG NISlQ E sLvIT E QD s klpls|TLYls L
sls T L TlLLs KlAaloLylElkHIk[LLY ALclELVITIHLQLG
lLLs SLPLVLTIK SIFNRGE C

# nr fragments: 164
Residue cleavage: 54%

EPIC-XS

Reaction time + NCE
1.5ms+5%
5ms+5%

10 ms + 10%

1 c/z fragment ions
1 b/y fragment ions
1 a/x fragment ions

Reaction time
20 ms
25 ms
30 ms

B 20



y2+1

P15: Combined-

vlil

p[LlQIMITIQlS1PIST ||

rrrrrrrrrrr

SGTASVVCLLNNFYPREAK
Cys134 —Cys194 S TR R T

:I"I'I'I"I"I'I'I"I"I'I'I"I"
YACEVTHQGLSSPVTK
4

| J J

ys*

EPIC-XS

Sequence 1
2 S-S + 1 cysteinylation
Amass (Exp. / Theo): 0.95 ppm

# nr fragments: 375
Residue cleavage: 85%

b3l D L,QJN: TJC w2 ‘ ys;-’; : T
2t | 500 700 miz 900 1100 1300
IslGLT Als VLV Lc LL L LN INLF LY P'LR'LE lAlklvialwlk:
W + L“"";ffr """"""""""" wf{
W Lo L =T L v e | lalcleLvLTIHLalG|
l LL Ls S LP LvlT LKO I‘Ln I ';1100' ~ l:IL.SISO o II16IOOII Lll I 18'50

* Analysis of trypsin digest (+/- reduction/alkylation)

100% sequence coverage

— Cysteinylation on Cys214

Disulfides: Cys23 — Cys88, Cys134 — Cys194

V. Sarpe V et al. Mol. Cell. Proteomics 15,3071-80 (2016)

1 c/z fragment ions
1 b/y fragment ions
1 a/x fragment ions

5 ppm fragment mass tolerance

21



ztowion
EThcD

Leu

P15: lle/Leu differentiation

EPIC-XS

EThcD to generate z and w ions

_ - H Aw-z, =-43 Da
i Aw-z, = - 29 Da
Ile \,_4!,}./\'1\R — /\J\R + \.
) z-ion ) wion -29 Da
100 86 100 69 56 Small b or y ion containing | or L
Immonium ion E Leu é lle l HCD (MS3)
HCD g 50 § N m/z 86
: 69 : l HCD (MS4)
P e fzn;;s' YT O e ea‘nn";s'eu Y m/z 69

B 22



E P15: lle/Leu differentiation

Rel. Ab. (%)

Rel. Ab. (%)
L

215 1618.82
EThcD (100ms, 25%)
1619.82
Wis
1575.76
|1576-77 1590.84
1 I L !
1 5'70 1 5I75 1 SIBO 1 5I85 1 5I90 1 5IQ5 16I00 16IOS 16I1 0 1 6I1 5 1620 m/z
. I 86.0
llle-NH,
68.9
HCD-MS*4
m/z 874.47 ([M+H]?*)
m/z 340.26 (b,)
m/z 86.0 (i,.)
m/z 69.0 (ille-NH3)
50Ill|5]5||ll6lolllI6]5III 76""7!5""86III'8]5 IllglollIlg\ll:_’llll1(l)olllI165|I|I11|0II|I11]5lIIIm[/Z

LLIYEASNLESGVPSR

LLIYEASNLESGVPSR

EPIC-XS

23



W P15: final sequence EPIC-XS

K 1sotype
CDR1

DIOMTQSPSTLSASVGDAVT ITCRASQSLNVWLAWYQQOKPGKPPKLLIYEASNLESGVP

mmmmmmmmmmes ! CDR3
SREFSGSGSGTEFTLTISSLOPDDFATYYCOOYNSYPYTFGOGAKLE TKRTVAAPSVEIF

PPSDEQLKSGTASVVCLLNNEFYPREAKVOWKVDNALQSGNSQESVTEQDSKDSTYSLSS

TLTLSKADYEKHKLYACEVTHQGLSSPVTKSFNRGEC*

* Cysteinylation

B 24




P8 analysis EPIC-XS

Intact mass analysis De novio pedpvendireg migribati omssagnalysis

Non- plLlQIMITIQISIPIS TILISIAISIVIGID RV T L T C RIA 5

%A B reduced s slals L1s]s s LIAWIYIQIQIKLP GIKIAIPIKILILIETYID =
i s11Als SILLEITIGLVLP S R‘I_F1$'|G'I s161s G|T EIFITLLLSIL 7

Two proteoforms @: 761s1sLL1QLPIDIDLFIALTLY YIc Q H YINLs Y]s L[T1FlGlQ o
23,407.35 Da 101 6 TIKIVIELLIK R T V]AlAlPlS S1FLLIFlPLPLsIDLE]Q L 22
23,428.39 Da 126|K|S|[GLT ALS VIVLCLLLLININLF Y PIRLE|ALKIVIQIWIK v 50

e|slslrlelr Llsiklalplylelk HIKLvLY lALcLE VT IHIQLG 200

201 *
800 1000 1200 1400 1600 1800 2000 2200 2400 A= +170.13 Dal Reduction 21| LsIslPLlvITIKISLFINR G E C
A= +149.09 Da| Alkylation Amass (Exp. / Theo): -1.03 ppm
# nr fragments: 468
Reduced Residue cleavage: 86%
X Alkylated One proteoform @:
23,577.48 Da Trypsin digest

1024 1026 1028 1030
m/z

Disulfides: Cys23 — Cys88 & Cys134 — Cys194

A single sequence with Cys214*: Cysteinylation or CoenzymeM (CoM)

modified Cys

CoM: adjuvant in chemotherapy

800 1000 1200 1400 1600 1800 2000 2200 2400
m/z

B 25



PS5 analysis EPIC-XS

Intact mass analysis Top-down fragmentation map (5A)
12+
A e 11+ LLETVILITIQ]ISIPIGITILTS LISIP G ERIAT L S C RIA
% BN - 15 als VIsls s v LAWY alalKkIPIG alAlP RILTL LY -
17+16% 1p]A s TIRIAIT GILIPIDIRIF1$1Gls G SIGIAID FLLILLT
15+ . :
N ‘ e Two proteoforms @: L1s1s1L1LelPLE LDLFlAIMLY Y c @la Y G Rls PlYlTlFl

23,543.49 Da 1P G TIK VID L1k RLT v AlAlPLS VLFLLLFLPLPLS DlElQ
10+ 23,776.61 Da LK 6lT A s VIVIcLL LININLE YIPIRLE Alklvia Wik
o lvIpIN A LlalslGINLslalELsIvLTLE alpls klpLsITlYLs

lelstslrielr visIklALY ek HIkLvLY [AlclELviTHLQ

1960 1980
m/z 1 8+

800 1000 1200 1400 16?2/21800 2000 2200 2400 Reduction lGLLLsIsplvLTIkISLFINR G E c*
Alkylation
Amass (Exp. / Theo): 0.46 ppm
24+232+2 23+ Reduced Residue cleavage: 83%
25+ N
ee 214 BXAIkylated Two proteoforms @:
- o mm) 23,713.62 Da Trypsin digest
o 23,946.81 Da
o o e Disulfides: Cys23 — Cys89 & Cys135 — Cys195
20+ 17+16+15+1 Two different sequences Cys215*: Cysteinylation
A A2+ 114 modified Cys
800 1000 1200 1400 1600/ 1800 2000 2200 2400
m/z

B 26



P5 analysis

Intact mass analysis

12+
12+
A 11+
B 13+
16+
17+ 15+
14+

-

1960 1980
m/z 1 8+

10+
19+

800 1000 1200 1400 1600 1800 2000 2200 2400

m/z

24423 A > Reduced
25+

o XAlkylated

+

27+ 20+ 6
28+ 19+ 1030 m&?
o 18+

+

17q6+

154444 43+ 104 11+

800 1000 1200 1400 1600 1800 2000 2200 2400
m/z

Two proteoforms @:
23,543.49 Da
23,776.61 Da

Reduction
Alkylation

Two proteoforms @:
23,713.62 Da
m=) 23,946.81 Da

1o K1s1vlslsINlvIvialwlvlalalkIPIGlQlAlP RILTETITY =

el TIKIVIP] 11k R1T V]A AlPls VLFLILFLPLP SsIDLE]lQ *

lv pIN|alLlalslGINLs alelsLvLTLE alpls k|p s TLYLS

EPIC-XS

Top-down fragmentation map (5B)

ELITV L]s]QlsIPIDIT L S LIS PG ERA T|L S C[R]A

1p]1A]F1TIR]A T]GLITP1DIR]F] s GIS1GISTE]IT DIYLTLLLT ©
LilsTrlLlelPlElpLFlALVLYLY LclalalY G RISIPIYITIFlG -

° LK s1GlT Als vIVICILILININLF ¥ P[RLETALK]V @ Wik

Lelslsirletr uisiklalolylelkHiklviv(a ¢lelvlTinla -
lGLLlslstplvlTIKlsLFINIR G E c*

Amass (Exp. / Theo): 0.6 ppm
Residue cleavage: 80%

Trypsin digest

Two different sequences
modified Cys

Disulfides: Cys23 — Cys88 & Cys134 — Cys194
Cys215*: Cysteinylation
94% identity between 5A and 5B

B 27



HSummary

Light chains extracted for the urine of 10 patients fully de novo sequenced (including all CDRs)

EPIC-XS

Between 66.7% (k)
and 94% (A)
sequence homology

Unexpected range of
modifications
Cysteinylation,

CoenzymeM,
HexNAc(1)dHex(1)

°
FR1 CDR1 FR2 FR3 CDR3 FR4
P15 DIQMTQSPST LSASVGDAVT ITCRASQSIN —-VWIAWYQQK PGRPPRLLIY EASNLESGVP SRFSGSGSGT EFTLTISSLQ PDDFATYYCQ QYNSYP-YTF GQGAKLEIKR
P6  DIQMTQSPSS LSASVGDRVS ITCRASESIS —SYVNWYQQK PGRAPKLLIY TASSLOSGVP PRFSGSASGT DFTLTISSLQ PEDFATYYCQ QSYSTP-ITF GQGTRLEIKR
p7 DIQMTQSPSS LSASVGDRVT ITCQASQODLA —-KYINWYQQR PGRPPRLLIY DTSNLETGVP SRFS-NGGGT DETFTINSLQ PEDLATYYCQ QYDDFP-LTF GPGTRVDIKR
P18 DIQMTQSPSS LSASVGDRVT ITCOASRDIS —-NYINWYQQR PGRAPMLLIY AASNLOTGVP SRFSGSGSGT DFTFTISSLQ PEDIATYYCQ QYGNLP-LTF GGGTRVEIKG
K P20 DIOMTOSPST LSTSVGDRVT ITCRASQSIR -TWIAWYQOR PGRAPKLLIY KASTLETGVP SRFSGSGSGT EFTLTISSLQ PEDFATYYCQ OYNDYS-GTF GOGTKLEIKR
P8 DIQMTQSPST LSASVGDRVT ITCRASQSLS —SSIAWYQQR PGRAPRILIY DASSLETGVP SRFSGSGSGT EFTLSISSLO PDDFATYYCQ HYNSYS-LTF GQGTEVEIKR
P19 DIQMTQSPSS LSASVGDRVT ITCQASQODLG —NYINWYQQR PGRKAPRLLIY DASDLEEGVP SRFSGSGSGT DFTFTISSLQ PEDFATYYCQ QYHTLPPLTF GGGTRKVDVKR
PS, EIVLTQSPGT LSLSPGERAT LSCRASQSVS SSYLAWYQQRK PGQAPRLLIY DASTRATGIP DRFSGSGSGA DFLLTISSLE PEDFAMYYCQ QYGRSP-YTF GPGTKVDIKR
pP5; EIVLSQSPDT LSLSPGERAT LSCRADKSVS SNYVAWYQQOK PGQAPRLLIY DAFTRATGIP DRFSGSGSET DYTLTISTLE PEDFAVYYCQ QYGRSP-YTF GPGTKVDIKR
:\Ir ::***_: *h vk: e ::*:*__ ke Aok **: E S : *:ir ***_ e : sz .:*_:*: i—:w&:* kA hk . EE *:::::i—
P15 TVAAPSVFIF PPSDEQLRSG TASVVCLINN FYPREARVQW KVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSKADYER HRLYACEVTH QGLSSPVIKSFNRGEC
P6  TVAAPSVFIF PPSDEQLEKSG TASVVCLINN FYPREAKVOW KVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSKADYEK HEVYACEVTH QGLSSPVIKSFNRGEC
B7 TVAAPSVFIF PPSDEQLRSG TASVVCLINN FYPREARVQW EKVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSEKADYER HRVYACEVTH QGLSSPVITRSFNRGEC
P18 TVAAPSVFIF PPSDEQLESG TASVVCLINN FYPREARVQW KVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSKADYER HEVYACEVTH QGLSSPVIKSFNRGEC
P20 TVAAPSVFIF PPSDEQLKSG TASVVCLINN FYPREAKVOW KVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSKADYEK HKVYACEVTH QGLSSPVIKSFNRGEC
P8 TVAAPSVFIF PPSDEQLKSG TASVVCLINN FYPREARVQW KVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSKADYEK HKVYACEVTH QGLSSPVTKSENRGEC
P19 SLAAPSVFIF PPSDEQLEKSG TASVVCLINN FYPREAKVOW KVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSKADYER HKVYACEVTH QGLSSPVIKSFNRGEC
PS5, TVAAPSVFIF PPSDEQLESGC TASVVCLINN FYPREARVQW KVDNALGSGN SQESVTEQDS KDSTYSLSST LTLSKADYER HEVYACEVTH QGLSSPVIRSENRGEC
PS5, TVAAPSVFIF PPSDEQLKSG TASVVCLINN FYPREARVOW KVDNALQSGN SQESVTEQDS KDSTYSLSST LTLSKADYEK HKVYACEVTH QGLSSPVIKSFNRGEC
Adhhhbhhdbdd bbb dbhbdbdbdd dhdbdbdbdbhdd dhddddbbdbdd Ahdbddbdbbddd Ahdbdhbbdbdbdd Adhdbbbdbbbdd bdhhhbdbdddhd *i:i’****** B o S S S
Pl  GPDLTQPRSV SGSPGQSVTL SCTGTSSDVG GYNYVSWYQQ HPGRKAPKLMI YDVTRRPSGV PDRFSGSKSG TTASLTISGL QAEDEADYYC CSYAG-IDIF VLFGGGTKLT
P13 EAPLTQPPSV SGAPGORVTL SCTGSSSNLG AGWDVHWYQQ LPGTVPKLLI YADRNRPSGV PERFSGSKSG TSATVAIAGL QAEDEADYYC QSYDSALSGF YVEGTGTRVI
x Ak h Ak **:*** kA ****:**::* u EE T o **.-i—**:* - :**A—** w:**w**w** \l’:*:::*:«k* R S S e S E s 5 = - :** *\0:*:
Pl  VLGQPRAAPS VTLFPPSSEE LOANKATLVC LISDFYPQVT VAWKADSSPV KAGVETTTPS KQSNNKYAAS SYLSLTPEOW KSHRSYSCQV THEGSTVEKT VAPTECS
P13 VLGQPEANPT VTIFPPSSEE LOANRKATIVC LISDFYPQVT VAWRADGSPV RAGVETTEPS RQSNNEYAAS SYLSLTPEQW ESHRSYSCQV THEGSTVERT VAPTECS
ke ok ke bk \\': l-\lr:\lri-*lr\l-\lrl- B o ir:\l”l-**\lrirvk\lr \Ir\lr\lr*\lrir.*\l-dr *\N’l—l’\l—ﬂ(*.*l— kb bbb bbbd dhhbdbdbbdbhbdbd Ahdbdbbbhbdbd bhdbdbbdbbdbdbd Adddbdd
1/L: MS/MS identification I/L: Sequence homology attribution L:1/L not differentiable
°

Top-down proteomics essential to address samples with multiple proteoforms (could be improved?)

Dupré M. et al. Anal. Chem. 93, 10627-10634 (2021)
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W Improvement with PTCR (Proton Transfer Charge Reduction)

e Based on the ion-ion reactions described in the 90’s by J. Stephenson & S. McLuckey in ion traps

* Principle of Proton Transfer Reaction (PTR)
A multiply charged cation is let to react with a singly charged anion (typically originated from a perfluorinated
molecule) to generate a cation with reduced charge state

M + aH]"" + A > [M + (n — DH[""Y* + HA

e Can be used on both MS1 and MS2 level to decongestion spectra and improve S/N
PTCR performed in the ion trap of tribrid mass spectrometers

Stephenson, J. L.& McLuckey, S. A. J. Am. Chem. Soc. 118, 7390 (1996)

Huguet R. et al. Anal. Chem. 91, 15732 (2019) 29
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m Example of PTCR analysis EPIC-XS

e Localization of an unknown modification on a 44 kDa protein

100 7]

90 HCD before PTCR
801 HCD after PTCR

~
o
1

D
o
1

50 e Orbitrap Tribrid Eclipse

* PTCR 100 ms, 1E6 reagent
target

Relative Abundance

101 * PTCR mass range selection:

IJ. I .I‘

100 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 70b0 75b0 8060 500 to 1500 m/ yA
m/z

90 ETD before PTCR * Mass range: 600-8000 m/z
801 ETD after PTCR « Resolution = 120k

8 707
c

S 30

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000
m/z

BN 30 e




W Improved sequence coverage with PTCR EPIC-XS

* Precise localization of an ADP-ribosylation on Asp29

G S H H HIH|HIH]S KIEIK]FIEIRITIK PIHIVIN V G]|T | G S H H HIH|HIH]SIKIEIK]FIEIR]TIK PIHIVIN]V G|T]1I
TIHVIDHGKIT T LEIRIA NT TV LAKITIYGGA 16IHIVIBIHIGIK]T TIL1TIAIAI 1ITITIV L AlK]T]Y]G]GA
ARAFIDIQIIIDNIJAIP EIEKARGITINTSHYV AIR]A FID]QlI1DIN]AIP E]EIK A R]G I T IN]T]S H|Vv
EYD|TPTIRIHYAHVDCPGHAIDY VIKINIM I TelYID]T P TIRIHY AHV D ¢ P G H AID|Y VIKINIM 1|
T G A]AlQIMIDIG]A | L]VIVIAJAITDGPIMPQTRE T G AJAlQIMIDIG]A] I1TL1LVIVIAIALTIDIGIPIM P Q T R E
HILLGRQVGVPYIIVFLNKCDMVDD HILLGRQVGVPYIIVFLNKCDMVDD
EEILLELVEMEVRE|LLLS QlY[DIFIPlGDD T EEILLELVEMEVREILLLS QlYIPLIFIPlGDD T
PIVRGSALKALEGDAEWEAKILELA PIVRGSALKALEGDAJEWEAKIJLELA
|GLF LIDISLYLIlLPEPERAIDKPFLLIPIEDYV » [GLFILIDISLYLIlP EPERAIDKPFLLLPILEIDV 1 b/ fragment
IFIS I SGRGTVVTGRVERGI | KVGEEYV [FIS IISGRGTWWVTGRVERGI I KIVGEEV
EIVGIKETQKSTCTGVEMFRKLLIDE EIVGIKETQKSTCTGVEMFRKLLIDLE 1 ¢/zfragment
GRAGENVGVLLRGIKREEIERGQVL GRAGEINVGVLLIRIGI KRE|IEIIERGQV[L ADP-ribosylation
AKPGITIIKPHTKFESEVIYI LSKDIEGG AlK PIG[T I|K P HITIK FIE S EV]lYy I L S|KIDLELG G
RHTPIFIFKGYRPQFYFRITTIDVTGTI E [R HIT PLFLFIK G Y[R PlQlF Y FIR[TITID V T G TLI|E
LP EG VIEMWIMIPIGIDIN | KMV V TL IHLP I|A Ll ElGlVIEMMLVIMLIPIGIDIN 1IKIMV V T L I[HLPLIIA
MDIplG L RIF|A I|IRLEIGGR TVG|AlGIlVVAKYVL M[DID|G LIRLF|A 1[RLEIG G R|T|V G|AlGlVV A KV L
G G

130 unique fragments Combined map HCD, ETD, w&w/o PTCR

30% coverage 238 unique fragments

45% coverage
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nOmnitrap platform for improved top-down analysis EPIC-XS

* A novel segmented linear ion trap for enhanced activation and ion storage .ll;lfm

* Arsenal of ion activation techniques: CID, ECD, EID (E> 10 eV), photo-dissociation and others...

VUV Light Source

Plasma lon Source Accumulation

SNAoxA

~  Photodissociation \ 7
4 o NN NP N7 /7 NN\ N /7=
{ N\\X X/ A N\N\X X/ A
Y > NN 70\
~ \\‘\\ S NCALPA \ XA ALY
<Ly SR e R
v N NI KE T
External XK RSBIAGAL
/ Injection S o @
z J NSRRI NESAKART
——————— Q5 IROGTRIEIN PROBTRERIN
@ LB @ LB
N RN N RO T
~ JIAEER = F e
X Q2 % ' ‘ @ 2l Ag&\\ @ 2 %“‘::3\‘
& . NI KN 7 /':/‘\I\ g
. 11,207 22958\ S\ 0,207 2,5, \\‘\
Isolation , RO \H/ KON
solation & & 2% & LRSI NN
Collisional g EISFL g 7//111"‘\\\\\\ 7//::,"‘\\\\\
Activatio N ‘ // \\ // \\
Gas Inlet
Transfer Electron Source MS2 MS3 MS4

Ny Hexapole

/&
_,AWA_F—dsdeGCH

ECD Electron Capture Dissociation
EID Electron Induced Dissociation
PD Plasma Desorption

D. Papanastasiou et al. J. Am. Soc. Mass Spectrom. (2022) - 32
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WQ—Exactive HF modified with the Omnitrap platform

* Currently available as a retrofit to the Q-Exactive/Exploris instrument series

Bridging
hexapole HCD C-trap
Linear ion trap ceII
series % J Quadrupole
BT v
HDIIDDIIDIZI-:IHEI |—-|ﬁ"_]
|IZI"EIDHDD-:I|[:1|# |_~|
g

e
—
=

7

Orbitrap

Omnitrap

o Hil

Q-Exactive HF

Application areas: top-down/bottom-up proteomics, native MS, glycomics... |

EPIC-XS

A\ Jgfm

eS‘“A N

c@ wpc Karolinska
7 Institutet

4'\'N0

JW;LF@&m@TECH

Thermo

SCIENTIFIC

MSVision XX
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EPIC-XS

gP

WQ—Exactive HF modified with the Omnitrap platform

* Smooth installation (3 days), performance of the Q-Exactive HF (Hela digest) kept the same

E

S 2, .
Seg s Karolinska
5 -7 Institutet

AQ

JW:LF@&m@TECH

Thermo

SCIENTIFIC

MSVision XX

Application areas: top-down/bottom-up proteomics, native MS, glycomics...
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W P15: ECD 70 ms — MS? (nhanoLC time scale

22.09
0 TIC
23.28 24.02
24.77
25.06
2.35 3.10 4.38 5.45 6.41 8.44 10.48 12.72 14.75 16.79 18.71_19.14 1999 2816 29.68 31.29 33.75 35.67 37.17 39.47 40.43 41.71 43.75 45.88
s e e e s s e e e e s L B e S S S e e N LA S B e s e m S S S B B e pa e e e e e e e S EES S | BRI S B S e e e s S m S S S S S S B S e e e m s e s S S L B
2 | 6 8 10 12 14 16 18 ' 22 24 26 28 30 32 34 36 38 40 42 a4 46
Time (min)
1189.01 1251.55 MSl
1132.43 1320.99 1398.65
1a486.02
1081.01 1585.03 2161.02
1698.17
1034.05 1981.03
1828.73
o90.98
o951.41 2377.04
o14a.82 2145.59 | 2177.02
880.99 1639.66 1761.05
1901.85 2319.16
o | . . N D l wl oy I T IV NNV I N i . e " . 250z.2a
800 1000 1200 1400 1600 1800 2000 2200 2400
m/=
798.88 C 0 S
1147.59
763.37 1129.57
488.22 571.26 699.32 1196.59 203,90
619.24 1218.61 .
1379.00
[110_4-52 j 4 ]41089  1499.42 1551.24 1589.40  1687.70 1718.40
1L UNUIUAARG A DN, DR AL LD L B0, S0 L | dld -Il poveph -IAI-I Wl I - —T . — T s —~I ; M et
600 1000 1100 1200 1300 1400 1500 1600 1700

m/z

EPIC-XS
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P15: ECD (non-reduced) — MS? EPIC-XS

993953373 17 = -3
DLAMTQSPSTLSASYVGDAVTLTCRASQSLNVWLAWYQQKPGKPPKLLLYE X
- - E- o h

= = = ::‘I i B | ﬂhy
ASNLESGVPSRFSGSGSGTEFTLTLSSLQPDDFATYYCQQYNSYPYTFGAQ nle
- e eEeEEELECEE -z
GAKLELKRTVAAPSVFLFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKY
EEECcEeEELL. CEo-cccbE-pEC- L LeL =
-
DNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKLYACfggHée
1_ = =

5 o 393= 3
LSSPVTKSFNRGEC” , a:18% x:15%
EEE-"CEEEEEL- Residue cleavage: 37% b:7% v:16%

Out of the S-S bridges: 88% c:23% z:24%

Excellent sequence coverage out of the S-S bridges allowing their easy localization
(Cronus software, no data deconvolution)
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WConclusion & perspectives

TDP is essential for samples with multiple proteoforms

EPIC-XS

* Improvements required at all steps of the experiments

 The Omnitrap platform holds great promise for efficient fragmentation of intact proteins (even large ones)
More to come: VUV for S-S bond cleavage followed by CID

* Importance of data analysis, new developments required (de novo sequencing from top-down data)

* Pl trap for proteoform separation (isoelectric focusing)




PROTEOMICS

Proteoforms as the next
proteomics currency

Identifying precise molecular forms of proteins can
improve our understanding of function

By Lloyd M. Smith® and Neil L. Kelleher?

roteoforms—the different forms of
proteins produced from the genome
with a variety of sequence variations,
splice isoforms, and myriad posttrans-
lational modifications (I)—are critical
elements in all biological systems (see
the figure, left). Yang ef al. (2) recently showed
that the functions of proteins produced from
splice variants from a given gene—different
proteoforms—can be as different as those for
proteins encoded by entirely different genes.
Li et al. (3) showed that splice variants play a
central role in modulating complex traits.
However, the standard paradigm of pro-
teomic analvsis. the “bottom-un” strategv pi-

provides invaluable information on protein
expression in complex systems. However, as
many different gene products, isoforms, and
proteoforms can contain the same peptide,
direct information about the proteoforms
present is lost (see the figure, bottom). This
issue is the proteomic analog of the problem
of “phasing” in genomics (5)—determining
whether multiple alleles are present on the
same segment of DNA. The step of diges-
tion into peptides is essential to the success
and robustness of the bottom-up strategy, as
well-behaved peptides are more amenable to
liquid chromatographic separation and MS
analysis than are intact proteins. However,
only inferences can be made as to the actual
proteoform or proteoforms from which the

L. Smith & N. Kelleher Science 359:1106-1107 (2018)

W Proteoforms as the next proteomics currency
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EPIC-XS
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