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— Polar PTMs
e Glycosylation
e Deamidation

e Oxidation
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Protein Polar Post Translational Modifications (PTMs)

Polar PTMs discussed today will include:

* N- and O-linked glycosylation, adding one or many carbohydrate

residues to the protein
e Deamidation and isomerization at Asn and GIn

e Oxidation



GLYCOSYLATION



Protein Glycosylation

— Impacts the safety/immunogenicity

— Influences the efficacy and clearance

— Impacts the stability and solubility

— As a critical quality attribute, must be characterized



Glycosylation Variants of Trastuzumab
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* HILIC with PNGase F released N-linked glycans reductively aminated by procainamide
e Great peak shape and great resolution of compositional isomers
e Covers the entire range of N-linked glycovariants that are present in mAbs

Column — HALO 90 A Glycan, 2.7 pm, 2.1 x 150 mm; 0.35 mL/min; 40°C.
Gradient Eluents: A—50 mM ammonium formate (pH 4.5); B— ACN
Gradient: 75% to 68% ACN in 75 min



B-O-(N-acetylglucosamine) Modifications of Proteins (O-GlcNAc)

* O-GlcNAc reversibly modifies protein Ser and Thr residues.
* 0O-GIcNAc is a modifier of biological activity, in some cases, with competition for phosphorylation.
 Multiple independent sites on a particular protein can be modified by —P or —GIcNAc, near-by or far apart.
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Hundreds to thousands of proteins central to biological process and diseases
such as cancer, diabetes and neurodegeneration are O-GlcNAcylated.



LC/MS of O-GIcNAcylated Peptides: RP vs HILIC

Conditions: Columns - 2.1 x 100 mm HALO 90 A Penta-HILIC or HALO 160 A ES-C18; 0.4 mL/min; 60°C.
Gradient Eluents: A—0.1% formic acid/10 mM ammonium formate; B —90% AcN in A. APP695-14GPep VPTT(OGIcNAC)AASTPDAVDK
RP Gradient - 4% to 34% AcN/30 min (1%/min); HILIC Gradient - 90% to 60% AcN/30 min (-1%/min). APP695-14Pep  VPTTAASTPDAVDK
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LC/MS of O-GIcNAcylated Peptides: RP vs HILIC

RP Results HILIC Results
Mass A RtRP I ARt HILIC
Peptide DescriptionSequence (neutral) RtRP (min) (GP-P) RsRP Rt HILIC (min) (GP-P) Rs HILIC
PP69514GPep  VPTT(OGICNAJAASTPDAVDK 157480 s.87 B 25 . .
PP69514Pep  VPTTAASTPDAVDK 137170 611 024 190 N 1949 2.07 9.41 This Sample of 12 peptldes and 14
MUCSAC GTTPSPVPTTSTTSAP 1501.6 9.28 16.41 : .
- - glycopeptides reveals:

MUC5AG3 GTT(OGalNAC)PSPVPTTSTTSAP 170460 845 083 68 B 1868 2.27 13.40
MUC5AG13 GTTPSPVPTTSTT(OGalNAC)SAP 17046 853 075 582 B 1851 2.10 10.72
MUCSAC3/13 GTT(0GaINAC)PSPVPTTSTT(0GaINAC)sAP 19081 7.76 1522 1184 | 2048 4.07/2 23.35 ) )
GP-41 Ac-CSTFRPRTOGICNAQSSNAST 17585l 7.09 B 185 HILIC shows hlgher resolution (SX),
P-42 Ac-CSTFRPRTSSNAST 1555700 7.03 006 o044 B 1703 1.56 11.58 .
GP-78 Ac-CQHPPVT(OGICNAC)NGDTVK 1639.sf 647 B 203 at lower variance (2X)1 Compared to RP
P-84 Ac-CQHPPVTNGDTVK 143670 656 0100 oes B 1872 1.61 11.23
GP-79 Ac-CKIADFGLSPGICNAGKIVEHQ 1932001 19.36 B 1015 ] _ o
p-85 Ac-CKIADFGLSKIVEHQ 1728901 20.80 144 816 | 1721 1.94 14.76 Driven by better Separatlon Se|eCt|VIty
GP-175 CTLHTKAS(OGIcNAC)GMALLHQ 185490 13.62 B 172 . . )
p-205 CTLHTKASGMALLHQ wsioll 1423 oe 305 B msas 210 153 | Of this polar modification
GP-15 Ac-CFELLPT(OGICNAC)PPLSP 1557500 25.16 | 5.64
p-18 Ac-CFELLPTPPLSP 1354700 27.16 200 s8ss I am 2.93 20.11
GP-46 Ac-CRSSHYGGS(OGIcNAC)LPNVNQI 197590 12.48 | 17.32 Note results for O-GalNAc in modified
P-47 Ac-CRSSHYGGSLPNVNQI 177280 1296 048 383 0 1543 1.89 13.91 .
GP-51 Ac-CSALNRTS(OGICNAC)SDSALHT 1806.sll 9.08 | TS peptldeS, so these averages aCtua”y
P-52 Ac-CSALNRTSSDSALHT 160370 955 047 385 | 1555 1.69 12.42
GP-16 Ac-CKIPGVS(OGIcNAC)TPQTL 148770 1641 I 32 refer to O-HexNAc effects.
P-19 Ac-CKIPGVSTPQTL 128460 1698 058 374 B 1059 2.68 21.63
GP-2-p53 Ac-CQLWVDSOGICNAJTPPPG 154370 1643 I o»
P-3-p53 Ac-CQLWVDSTPPPG 13406l 17.66 123 723 B 1041 231 10.28
GP-17r Ac-CLHTKAS(OGIcNAC)GMALL 148870 16.21 B 1059
P-20r Ac-CLHTKASGMALL 1285 6] 16.98 077270 B 745 3.14 24.73

Average 1 o 073 493 || 1529 2.17 15.21

Standard Deviation || 5.95 0sa 332 |1 a7 0.47 5.13

% RSD I 45.7 74.3 67.3 I 31.0 21.8 33.7 10




HILIC Strongly Retains and Resolves N-linked Glycopeptides

2.1 mm ID x 100 mm, 0.35 mL/min, 40 C, MS: SQ TIC (+ 300-2000 m/z) @ 0.35/s
20 ug Bovine Ribonuclease B tryptic digest (CAM)
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LC-MS/MS of N-Linked Glycans ON and OFF Peptide by HILIC/SRM

Conditions: Column — 2.1 x 150 mm HALO Penta-HILIC; 0.4 mL/min; 60°C.
Gradient Eluents: A =50 mM ammonium formate (pH 4.4)/5% AcN; B — AcN
Gradient — RG: 80% to 62% AcN/60 min (-1%/min); GP 85% to 48%B 75 min
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Comparison released N-glycans and glycopeptides of
Fetuin. (A) Procainamide labeled released N-glycans.
(B) Glycopeptides with the same peptide backbone.
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HILIC SRM analysis of human serum IgGs demonstrating
the ability to resolve isomeric glycopeptide glycoforms.

Huang, Y., Nie, Y., Boyes, B., and Orlando, R. (2016) J. Biomol.
Technol., 27, 98-104. Tao, S.J., Huang, Y., Boyes, B.E., and

Orlando, R. (2014) Anal. Chem., 86, 10584-10590. 12



Separation of Glycopeptides of Hemopexin

2.1 mm x 150 mm, A: 0.1% formic acid in water; B: 0.1% formic acid in ACN
Gradient conditions same for Penta-HILIC and BEH Amide; shallower for ZIC-HILIC, 0.3 mL/min, 40 °C
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Separation of Fucosylated Glycopeptide Isomers

Normalized intensity (%)

MNormalized intensity (%)

2.1 mmx 150 mm, A: 0.1% formic acid in water; B: 0.1% formic acid in ACN
Gradient conditions same for Penta-HILIC and BEH Amide; shallower for ZIC-HILIC, 0.3 mL/min, 40 °C
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Normalized intensity (%)

MNormalized intensity (%)

Separation of Sialylated Glycopeptide Isomers

2.1 mmx 150 mm, A: 0.1% formic acid in water; B: 0.1% formic acid in ACN
Gradient conditions same for Penta-HILIC and BEH Amide; shallower for ZIC-HILIC, 0.3 mL/min, 40 °C
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Separation of Glycopeptides of 1gG

2.1 mmx 150 mm, A: 0.1% formic acid in water; B: 0.1% formic acid in ACN
Gradient conditions same for Penta-HILIC and BEH Amide; shallower for ZIC-HILIC, 0.3 mL/min, 40 °C
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DEAMIDATION



Deamidation/Isomerization of Asparagine

Deamidation of asparagine (N) and glutamine (Q) residues occurs in both peptides and in intact proteins

Rate of these deamidation reactions is strongly condition (pH, T) and sequence dependent (C-terminal G)
Mechanism of ammonium loss is understood to occur as an irreversible reaction through a 5 membered (N) or 6
membered (Q) cyclic intermediate — shown below for Asn with intermediate cyclic succinimidyl structure (sN)
Symmetrical intermediate will hydrolyze to Asp (D) or, via polypeptide backbone rearrangement, to iAsp (iD)
Asp/iAsp dehydration to the cyclic intermediate is reversible, resulting in an equilibrium distribution of Asp/iAsp
containing peptides or polypeptides

Formation of Asp or iAsp results in a more polar modified peptide or polypeptide, amenable to HILIC resolution.

At pH >3 ionization of the carboxylate occurs. Asp Peptide
(+1 Da)

o +4,0 H N

= /;; o
- p F‘< ° &

FJtN ﬂ\)k o |:f> “N\/<h/<rw err ;Ijj] 0

& ; -NH; ; | S i

3 ~3 “,
¥ 4 +1,0 u/w/ iD
Asn Peptide Succinimidyl Peptide "PJ\” ok
(-17 Da) ! Badgett, M.J., Boyes, B.E., Orlando, R.C.

Am. Soc. Mass Spectrom. 28: 818 (2017)
Iso-Asp Peptide

(+1Da) 12



Why is Deamidation of mAbs Important?

— Reduced bioactivity
— Change to pharmacokinetics
— Change to antigenicity

19



Selected Tryptic Peptides from Trastuzumab

IgG Peptides Studied

25 ASQDVNTAVAWYQQKPGK 42 N3°T

76 NTAYLQMNSLR 86 N%s

99 WGGDGFYAMDYWGQGTLVTVSSASTK 124 p'%%G
279 FNWYVDGVEVHNAK 292 p®'G
306 VVSVLTVLHQDWLNGK 321 N3G
375 GFYPSDIAVEWESNGQPENNYK 396 N*¥8G--NN33N>y
421 WQQGNVFSCSVMHEALHNHYTQK 443 N**v--N**8H

IgG Peptide with Multiple Asn as a Model System:

GFYPSDIAVEWESN?333GQPEN33N394YK

20



Comparison of HILIC and RP for Resolving

Deamidated and Isomerized Asn Peptides

GFYPSDIAVEWESNGQPENNYK
GFYPSDIAVEWESDGQPENNYK Three peptides from IgG1 — variant at position 14 (IgG N388)
GFYPSDIAVEWESIDGQPENNYK

100 000} 100 000}

4.

11273.00(+) SIM 11273.00(+) SIM
3& M*2 peptide ions HILIC 35 M*2 peptide ions RP
3.0] 3.0
5 .
I 2
T T
16 Asn 1.0} Asn
05 J.ﬂ\SD 0 E‘SD
0d is0Asp 00 isoAsp |

oo s0 100N\ 150/ 200 250 300 mn 00 50 100 150 200 250 300  mn

* The same mobile phase conditions and temperature were employed, reversing the direction of the
acetonitrile gradient to effect elution on RP and HILIC columns.

* Note the greater selectivity difference for resolving these peptides in HILIC, compared to RP.

* Unlike RP, HILIC reliably resolves Asn/Asp/iAsp, with the retention order shown above

Columns: 2.1 x 150 mm HALO 160 A ES-C18, 2.7 um or HALO 90 A Penta-HILIC, 2.7 um; Flow rate: 0.4 mL/min; Temp: 60 °C;
Mobile Phase A: water/50 mM Ammonium Formate, pH 4.4; Mobile Phase B: acetonitrile/0.1% Formic acid
Gradient: HILIC — 80%-46.2% in 60 min.; RP - 10-70% B in 60 min; Injection Volume: 4 pL (0.1 pg)

21



Deamidation/lIsomerization of Asparagine at pH 9, 37 °C

Column: 0.5 x 150 mm Halo Penta-HILIC; Flow rate: 12 puL/min; Temp: 60 °C; Detection: Abs (220 nm) or Orbitrap Velos Pro MS Mobile Phase A: water/50 mM
Ammonium Formate, pH4.4; Mobile Phase B: acetonitrile/0.1% Formic acid; Gradient: Hold 80%B for 4 min.; 80%-48% in 64 min.
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Deamidation/lIsomerization of Asparagine at pH 9, 37 °C

Column: 0.5 x 150 mm Halo Penta-HILIC; Flow rate: 12 puL/min; Temp: 60 °C; Detection: Abs (220 nm) or Orbitrap Velos Pro MS Mobile Phase A: water/50 mM
Ammonium Formate, pH4.4; Mobile Phase B: acetonitrile/0.1% Formic acid; Gradient: Hold 80%B for 4 min.; 80%-48% in 64 min.
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Mass analysis and MS/MS fragmentation identifies the N38G—(D/iD)3?3N peptide at 29.8 min.

Degradation of iD388G—N3?3N rapidly formed two peptides with 1 Da shift at 31.69 and 32.80 min, confirmed as
deamidations to D or iD at position 393, and eventually all peptides degraded to predominantly 34.53 minutes, the iD38G—
iD393N peptide. Supported by mass analysis, using CID and ETD fragmentation.

No evidence of the formation of a triple deamidation was obtained (N3°4).

2.3



Method Conditions for IgG Tryptic Digests

— Tryptic digest of both native and stressed by incubation in Tris-HCI

pH 9.0 for 7 days at 4 mg/mL

e Reduced and alkylated proteins digested 4 hrs in 50 mM Tris-HCl (pH 7.8)/1.5 M
Guanidine-HCI

— Analysis via HILIC capillary LC/MS using the Orbitrap/IT

e Extracted ions at the monoisotopic masses of the target sequences were integrated

e Reported sequences were confirmed by CID MS/MS fragmentation
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Native

Deamidation and Isomerization in 1gG Tryptic Digests

GFYPSDIAVEWESNGQPENNYK in Trastuzumab Digest

counts

N388G

XIC 1272.500-1272.600 m/z

(+3 ion artefact)

L
[ ECTC

iD¥#G
N XIC 1273.000-1273.100 m/z
sN3sEG XIC 1264.000-1264.100 m/z .
200 20 240 260 T0 0 320 40 8O 380 3

* 9sites of potential modification were
analyzed
e 3 Asn sites with significant
deamidation, and subsequent
isomerization.

Stressed
NIBEG
XIC 1272.500-1272.600 m/z
038
D38sg ip*"6 (+3 ion artefact)
— . J l‘mﬂﬂ. . — S I
L XIC 1273.000-1273.100 m/z
sN3%8G XIC 1264.000-1264.100 m,’zh_|
200 20 240 280 280 00 N T 30 T30 400

*JASMS, 28 (2017) 818-826

J Chromatogr A, 1537 (2018) 58-65
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Deamidation and Isomerization in 1gG Tryptic Digests

GFYPSDIAVEWESNGQPENNYK in Trastuzumab Digest

Native Stressed _ . . .
e 9sites of potential modification were
W N analyzed
ﬂ 3 Asn sites with significant
M 1272.500.1272.600 m 2725001272600 deamidation, and subsequent
} (+3 ion artefact) D38G PG (+3 ion artefact) iSO m e rizatio n .
DG G et o B AW\ A * 2 sites showed presence of D/iD
N pairs, neither were strongly affected
s Xewsswemsawm: | [ \aes) T cusonnesm, by “stress”
WGGDGFYAMDYWGQGTLVTVSSASTK in Trastuzumab Digest * All susceptible sites exhibited the cyclic
o G |ntermedlate s!\|, whether formed from D
or N in the native sequence.
- b1026 D102G
J ip1026 XIC 1392.580-1392.680 m/z Ip1026 XIC 1392.580-1392.680 m/z
sN102G XIC 1383.580-1383.680 m/z T eozg XIC 1383.580-1383.650 m/z

JASMS, 28 (2017) 818-826
J Chromatogr A, 1537 (2018) 58-65 26



OXIDATION



Oxidation of Methionine Mechanism

7
s_o Ox=g

<0
O
”\ Sﬁ‘/ ~oa lL S\W ”\N Hx
O O : O

Methionine (Met-S) Methionine Sulfoxide (Met-SO) Methionine Sulfone (Met-SO,)
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Why is Oxidation of mAbs Important?

— Function loss
— Folding stability decrease
— Increase in propensity to aggregate

— Production
— Formulation

— Storage

29



Reversed-Phase Separations of Oxidized Peptides

(a)

% ETYGDMADCCEK e e
= 303 Singly Modified |
3 I
e g |\ 8279
13932 4405 485 5263 5547 6163 6236 66 VW S T 7 e
.k i SRS T =EI ..T--I_.-1-'r""r- —= .I- : - r-. = . T T : l‘ld__\- T ;_1 T _:'ﬁ..d---;..l -.1- _l‘._-rr.;‘_'i _F-:_
L &N &E e RE " 75 A RE o as
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(a) _

¢ Abundance

(b)

ca

Relatve Abundar

Reversed-Phase Separations of Oxidized Peptides

73U
90 EE I'YGDMADCCEK H___.-U”mﬂdi':fe‘j
803
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3 |
3 I| \
e Tes | | 4. 8279 :
33 4405 485 5263 5547 6169 6236 66 M V A oA E,Erfb 9171 STa
S '| T T '|. 1 T || ¥ -‘I. Ll I 1_..-- "Tul_'-1--r“‘r- "r_- .l- ; .I_-.- --r-. T 1 'I T |J__IH- 1 I_.': T _rﬁ F’ T L _\_-rd-ld_'| _F-: =
0 4 Ay 5 = E i Al I B Bk
]
]
ITVMENFVAFVDK
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- -: | /
4 |
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_1 p_ 9802
el (5 |
4 I
40 1 |I | 21
1 | 83 e
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) 3 97 1 | \ss92 w03 M || o 0 e M
-E iz B i .(_ll %.04 | =N, I".'-' il
| - - Y ~= L
o | . LI B e
50 95 1 120

J. Am. Soc. Mass Spectrom. (2017) 28:818-826

Column: 0.2 x 150 mm HALO 160 A ES-C18, 5 um; Flow rate: 2 pL/min;
Temp: room temperature; Mobile Phase A: water/0.1% formic acid and 10 mM
ammonium formate; Mobile Phase B: acetonitrile/0.1% formic acid and 10 mM

ammonium formate; Gradient: 5%-75% B in 120 min. T



HILIC Separation of 1gG Oxidized Peptide

(a)

“IKDSGFQMNQLR

(o]

1 _I...E..L_I.J_.J_l_l..n._L.I.

Singly modified

L=

Abundance

Tl @l

Rual
I
I..I.jl..l_i .
e
3
L
L (=
! ==
= i
ey
&
c ol ir
- =]
L
=
e

20J2568 -. 4 g
F— s 48 15 3547 L [ = T o m
Ll v ", L £ ¥ ] 5% 4
e, = S o, g A 08 RS 104 1
sl W — AL e = Wk e i LR ¥ 2
-| i s —— T A R S —
W I 1 1 1 ] L] ] )
4n 140

Column: 0.2 x 150 mm HALO 90 A Penta-HILIC; Flow rate: 2 pL/min; Temp: room temperature;
Mobile Phase A: 50 mM Ammonium Formate/0.1% formic acid; Mobile Phase B: acetonitrile/0.1% formic acid
Gradient: 95%-30% B in 90 min.
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HILIC Separation of |gG Oxidized Peptide from NISTmADb digest

130560167 (-) DIQMTQSPSSLSASVGDRVTITC(Carbamidomethyl)R(A)-1305
130660283 1313.59911
> 460073
130710346 \\; i
w45 50 ss 1313 1320
307.604311 Time (min) mir
303.05435] ||| || 1308 606:

Column: 0.5 x 150 mm HALO 90 A Penta-HILIC; Flow rate: 50 pL/min; Temp: 60 °C;
Mobile Phase A: 50 mM Ammonium Formate, pH 4.4; Mobile Phase B: acetonitrile/0.1% formic acid
Gradient: 80%-48% B in 55 min. 33



Conclusions
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