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Mass spectrometry at different steps of Process Development

Molecule
assessment
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Select most chemically
stable variant/construct
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Clone selection and
cell aging stability

Bioprocess and media
optimization

tRNAAsn

uuG

lel

AGC
Ser Codon

Sequence variants analysis
(mutations,
misincorporations,
deletions, undesired
enzymatic modifications)

e gl e

Systems biology
(proteomics,
metabolomics) of
industrial mammalian cells
for higher productivity and
control of product quality
(glycosylation)

Elucidation of structure
and function

10 15 min
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(Zhang A et aI., 2015)

IgG2-B

Assessment of criticality of chemical modifications
(attributes) by correlating structure and function (potency,
binding, PK)

PK and
biotransformations
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Assessment of
criticality by correlating
modifications to PK

AMGEN



Molecule FIOREEEIEEE Bioprocess and media Elucidation of structure PK and

and cell aging

assessment stability

optimization and function biotransformations

e Methods:
e Intact, reduced RP LC-MS, peptide mapping
e |EX-MS, SEC-MS
e Sample preparation

e Molecule (manufacturability) assessment

e Clone selection and cell aging stability. Sequence variants analysis for mutations, misincorporations, undesired
enzymatic modifications.

e Bioprocess and media optimization. Systems biology to increase productivity and control product quality
(glycosylation). Host cell protein assessment.

e Elucidation of structure and function, stability.
e Example: 1gG2 disulfide connectivity

e PK and biotransformations in blood
e Example: impact of high mannose 5 (M5) glycosylation
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-
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RP LC-UV-MS analysis of intact, reduced protein and peptide mapping

Methods
RP LC-UV-MS of intact and

\( B A 10G2 subunit
Al HPLC:
Zorbax SB C8 at 75°C,
A2 1 or 2-Propanoal,
0.1% TFA

Dillon et al, 2008

RP LC-UV-MS of reduced

Dillon et al, 2006
Rehder et al, 2008

LC-UV-MS/MS peptide map:
Ren et al, 2009
. Zhang et al., 2011 (MassAnalyzer)

N
I

\/, ., v |4, M \ 7/

50 60 70 80 90 min
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Modifications / attributes
- Disulfide connectivity including free thiol (-Cys-H), open
disulfides (-Cys-H H-Cys-), monosulfide (-Cys-S-Cys-), trisulfide (-
Cys-S-S-S-Cys-), half-molecules, 1gG2 disulfide heterogeneity,
disulfide scrambling, glycosylation pairing, glycation.
- Unstable modifications: N-terminal glutamine, succinimide
intermediate, deamidation.
- Products of DNA/RNA deletion.

- Fragmentation.

- Several other modifications: iso-Asp, oxidation, N-terminal Q to
pyrokE.

- Products of DNA/RNA deletion.

- A wide array of chemical modifications, sequence variants and
their locations.

LC-UV-MS of intact/subunit and reduced protein and peptide

mapping can reliably cover practically all chemical modifications

AMGEN



RP LC-UV-MS/MS analysis of intact, reduced protein (with top-down fragmentation)

Methods Modifications / attributes
AR RP LC-UV-MS of intact and - Disulfide connectivity including free thiol (-Cys-H), open disulfides
&ﬁf B A Ige2 subunit (-Cys-H H-Cys-), monosulfide (-Cys-S-Cys-), trisulfide (-Cys-S-S-S-
HPLC: Cys-), half-molecules, 1gG2 disulfide heterogeneity, disulfide
A2 Zorbax SB C8 at 75°C, scrambling, glycosylation pairing, glycation and their locations.
1 or 2-Propanol, N ) . . e
0.1% TEA - Unstable modifications: N-terminal glutamine, succinimide
T~ 1~ Dillonetal, 2008 intermediate, deamidation.
%f - Products of DNA/RNA deletion.
. [&He  RP LC-UV-MS of reduced - Fragmentation.
0 ' - Several other modifications: iso-Asp, oxidation, N-terminal Q to
e pyroE and their locations.
ok , - Products of DNA/RNA deletion.
\ Dillon et al, 2006
5 ““__ Rehder et al, 2008

n El
Time, min

LC-UV-MS/MS peptide map: - A wide array of chemical modifications, sequence variants and

Ren et al, 2009 their locations.
~-.Zhangetal., 2011 (Mass Analyzer

A

\ - LC-UV-MS of intact/subunit and reduced protein with top-down fragmentation
\ \ 7/ \I , has been applied for characterization of a number of modifications.
Ny, SEAN EAVIENEY N/ - In the future, the intact and reduced protein analysis has a potential to replace
50 i 70 %0 % o peptide mapping, but sensitivity needs to be improved further.

CASSS MASS SPEC 2019 Bondarenko 6 Am“



Example: RP LC-UV-MS of intact 1gG2 for detection of succinimide accumulated in a pH 5 formulation

; Main Peaks Deconvoluted mass spectra of CEX peaks
" i CEX of 1IgG2 mAb 0G
£ v 100- 1477977 1G CEX
& 3 !, CEX e Main 1
® | . .MM\ Basict  CEX
e IR Basiez | 2
'g 1 { Acidic i ! “-“--P—-.___ _____ % 1481246
2 === | ] |
< ] i ! i ! ! 3G
10 20 30 40 50 60 70 0 AL AR AR AL LA SRS SR
Elution Time (min) 147750 148000 148250 mass
Fig. 1. CEX chromatograms of the monoclonal human IgG2 (-18 Da) 1 succinimide
antibody stored at —70°C (broken line) and after 2 weeks at 45°C 100- 147779.9 CEX
(solid line) in a pH 5 buffer. i 147941.9 Basic 1
Schematic of Asp isomerization through Su I
H"i/C\O- &
o e /n\m4
I 5 g L 147750 148000 148250 mass
o™ o -18 Da wo—d c\’\ ik ok
" o N A A e (-31 Da) 2 x succinimide
. P N
N S - N ﬁ\c/ cv 100- 147766.7 CEX
. | [ | h e o ] 147920.2 Basic 2
o ] o +H,0 4 c(\ ]
B Succinimide £
Aspar|t3|c acid Su . /c/" C}N\ P

N CH 9,
J SEE ]

o . ]
Isoaspartic acid 1
isoD 0-

147750 148000 148250 mass

- After an accelerated stress, 1gG2 generated two basic peaks with an unknown modification, later identified as succinimide of Asp30

-Tryptic peptide mapping with overnight digestion could not reveal the root cause, because it hydrolyzed succinimide to Asp and iso-Asp Chu et al-; 2007
- Intact LC-MS-MS analysis of collected CEX fractions revealed unstable succinimide intermediate with -18 Da mass change. Xiao et a|' 2007

CASSS MASS SPEC 2019 Bondarenko 7 Am"




RP LC-UV-MS of IgG1 subunits Fab and Fc after limited proteolysis with Lys-C endoproteinase
Fab

(A) mau Fc domain Fab domain
8004 ypvy fragment fragment

600 + ox-Fc domain
fragment

10~ 5 20/ 25 N 30 min

-
-
-

(B)

a3 Fc
s = = _ 0
The antibody (2 mg/ml) was 53,000 53200 53400 53,600 mass 48,400 48,600 48,800 49,000 49,200 mass
incubated in the presence of endoproteinase Lys-C using an Flgure 7. Characterization of the carbohydrate heterogeneity of the IgG1 antibody containing two glycosylation sites by limited Lys-C proteolysis

enzyme/substrate weight ratio of 1:400 in 100 mM Tris—HCI
buffer at pH 8.0 and 37 °C for 20 min.

Kleemann et al., 2008

- Limited proteolysis of IgG1 with Lys-C endoproteinase produces Fab and Fc subunits after cleavage above the

hinge (DK THTCPPC)
CASSS MASS SPEC 2019 Bondarenko 8 Am"6



RP LC-UV-MS/MS analysis of reduced IgG2 (with top-down fragmentation)

Top-down sequence coverage of light
chain (LC) and heavy chain (HC)

MS/MS of LC
LC-UV LC 23647.30 MS of LC io1amlrlalslpssLsasveorRvTI|T]caQAlsS QD I XXX XXX XX KXXXXXXXXXXXDso
5 sila s w L]E]T]e]v]e x x x x x x x X]x x o]F|7]r T|i|s s |a[PEx x x x x x ¢ x x x x x X|x Xx { X|6 6100
5400 mGTKkvEIKRITVvAaars v]e[i[FlplpsoeaitkseTasvvfcLLnnFYyPREAK VAWK VIn
g 300 1o NaLlalscn|s|alEls|v]rEapskpsTysis|sTLTLsKkAD|YEKHKV[YACEVTHGa|e20
5200 wisslpvikslEnrRGEC 214
§100
= 0 1 I
(a) 5 10
N MS/MS of HC

MS of HC

revatlalelslerP e L vk PSETLSLTe XX XXX XX XXX XXX XXXXXXXXXXXXXX30

#100 4 BT T RKXXXXXXXXXXXXNXXXXXXXXXXXKXXXXXXXXXXXXXXXXXCXXX100
g wxxxxxfFofilwlelaeTmv]rvl]ssasTkersVFlrLaPcsrRsTsEsSTIAALGC LV KD
g 5 Y[F[PEPVTVSWNSGALTSGVHTFPAVLOSSGLYSLSSVVTVPSSNFGTQTY
‘§ 2 TCNVDHKPSNTKVDKTVERKCCVECPPC|/PAPPVAGPSVFLFPPKPKDTLM20
% 251 I SRTPEVTCVV|[VDVSHEDPEVAQFNWYVDGVEVHNAKTKPREEQFNSTERVI®
& h
o« 5 10 Time, min , 50000 51000 50000 51000 MVSVLTVVHODWLNGKEYKCKVSNKGLPAP IEKTISKTKGQPREPQVYTL Pi%o
(b) (d) Mass, Da Mass, Da B PSREEMTKNQVSLTCLVKGFYPSDI AV[E[WE|s|McalPeEnNYKTTPPMLDS DG
(Bondarenkoetal.,2009) 40!SFFL‘IS|_KLTVIJKSRWQQGNVFSCSVHHEALHNHYTQKSI_I.SLSPG 444

- Top-down fragmentation using Collision Induced Dissociation (CID) shown here provides useful sequence coverage

- Newer dissociation techniques including Electron Capture Dissociation (ECD), Electron Transfer Dissociation (ETD), UV Photo
Dissociation (UVPD) provide better sequence coverage, but still require further development

CASSS MASS SPEC 2019 Bondarenko 9 Am"




Development of rapid and automated protein digestion

Rapid tryptic digestion
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Manual 30-minute digestion.

Better removal of guanidine before
tryptic digestion

Ren et al., 2009
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Automated tryptic digestion using buffer
exchange in TECAN autosampler

3-position cooled 6-position plate
plate carrier incubator at 37°C

\

Plate hotel

3-position plate
R CHLT AR RLE RN '[— carrier and three
e 96-well plates:
(AN RNl EAR RN NN ] |t 1)adesa|ﬁng
plate on top of
4 - —{ waste container;
10X B 3
18 L — E E 2) a 96-well plate
oo ] Bl for digestion;
18 (|2 3) a 96-wellplate
e oKl o S g2 for reduction and
r alkylation
24 position 24-position
ﬁ:‘:.(;:::ls aluminum holder @luminum holder for
for 1.5-mL 0.5-mL Eppendorf
10-mL tubes .
Eppendorf tubes tubes with samples
with DTT and IAA

27 mAbs and 4 Fc-fusion proteins were
automatically digested during 5-hour digestion with
second trypsin addition after 2 hours

Chelius et al., 2008

10

Automated Lys-C, Glu-C digestion using
dilutions in a common HPLC autosampler

The method is optimal for higher protein
concentrations above 10 mg/ml

Richardson et al., 2011

AMGEN



Automated tryptic digestion using buffer exchange in TECAN autosampler

plate carrier

3-position cooled

6-position plate
incubator at 37°C

Plate hotel

3-position plate
carrier and three
96-well plates:
1) a desalting
plate on top of

- Buffer exchange by size exclusion NAP-5 cartridge.
- 27 mAbs and 4 Fc-fusion proteins were
automatically digested by 5-hour tryptic digestion

with second trypsin addition after 2 hours.

- The systems had been used for formulation

with DTT and IAA

E waste container;
g © 2) a 96-well plate
L] for digestion;
j:’ Eo 3) a 96-wellplate
Sl e for reduction and
alkylation
24 position 24-position
ﬁ:’}g&x:’s aluminum holder aluminum holder for
10-mL tubes for 1.5-mL 0.5-mL Eppendorf
Eppendorf tubes tubes with samples

development, molecule assessment

CASSS MASS SPEC 2019 Bondarenko
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Rapid 30-minute tryptic digestion

. A QPPGK pyroEPPGK
12.9
1003 - 30 min digest
4 / A
- 100 by
st 2 h digest
S L R %
2 8 100 128
y o % f‘\ s - 4 hdigest
=, 2 o / A R
© 100 13.0
] el T
A = /\
2 3 100 a Pyro
o 3 A~ L4 /\ 18 h digest
4.E+04 3E+04
" T GdnHe /\: /‘ + wg I\ AN zéa
4E04 —— Protein 1 3 ,K 1?< /\ 24 h digest
1 2.E+04 T T o B
S suon £ 10 15 20 25 30
'g : / :\ / = Retention time (min)
S 3E.04 : =) 2'5’04'5 B s00.27
: / : \ / 8 Ya¥s Yo ¥y
G 2604 - 1 1 Ew08 ©
2 / i \ /‘ Ev0a £ olp|rp|e|x
s 1 -
S 2.E404 ' 2 b; b, by b,
// : A -+ 5.E+03
1.E+04 A 1
W N
5.E+03 , i 1 ; 0.E+00
0 0.2 0.4 0.6 0.8 1 2
NAP-5 column elution volume (ml) 197|.s1 m);l-ls 49028
200 300 400 500
Ren, D et al., 2009 miz

- More complete removal of guanidine by size-exclusion NAP-5 column before tryptic digestion is important for rapid digestion

- Protocol-induced deamidation, N-terminal Q cyclization to pyroE, hydrolysis of succinimide and trypsin self-digestion were
minimized

CASSS MASS SPEC 2019 Bondarenko 12 Am"




Automated digestion using a commonly available HPLC autosampler

Lys-C peptide map of IgG2

\ \ \ \ B8589 % 2¥8% p¥sf gdce.Be 2 2§ 5§ g
‘ ‘ Irtade SuaN Y438 1) 2a%ar yomss v3 e
\ \ \ i 2ES Q¥ RIH. 23E8 gh o388y TRINY g8 ¢
N S N STy Jr¥r ST £ XLSTEL LEUTT T T I
ﬁ = . |
500 - / YRR \ | \|/
denaturation
. alkylation digestion enchin LC/MS analysis Fully automated
& reduction i i MRS , e sample preparation =
T & LC/MS analysis E
Manual protein digestion
300 -
Reduced
*
100 I *
a3
*
b LJ
i ™
-100 -
IgG2
disulfide
Non-reduced isoforms
‘ N 13w
-300 - J
H:363-372/H:417-441 J / Lol
L:191-207/L:127-145 / / L 142". 45-103
H:251-290/H:323-324 ———— /" L:208-214/H:128-153/H:154-216
i 1 i i H H 20-23/H:66-127 H:225-250/H:225- zso
- The method is optimal for higher protein concentrations 500 .
0 20 40 Minutes 100

above 10 mg/ml
- Lys-C, Glu-C non-reduced and reduced digestions were
implemented on the system

Richardson et al., 2011
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Clone selection

and cell aging
stability

ﬁ
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Sequence variant analysis - misincorporations

G/U and Certain Wobble Position Mismatches as Possible Main
Causes of Amino Acid Misincorporations

Zhonggi Zhang,* Bhavana Shah, and Pavel V. Bondarenko The universal genetic code and Ser
Process and Product Development, Amgen Inc., Thousand Oaks, California 91320, United States codon with frequent misincorporation
i Second letter
ting I ti
upporting Information U c A a
. . uuu ucu UAU uGu U
ABSTRACT: A mass spect::om‘etry-b‘ased m’ethod was developed tRNAA" (RNAWS y UUC ]-Phe UGG UAC ]-Tyr UGG } Cys c
to measure amino acid substitutions directly in proteins down to a Ser
: ; ; UUA UCA UAA Stop UGA Stop A
level of 0.001%. When applied to recombinant proteins expressed UUG Leu ucG UAG Stop UGG Trp G
in Escherichia coli, monoclonal antibodies expressed in mammalian Asn-tRNA
cells, and human serum albumin purified from three human synthetases cuu CcCuU CAU }His CGU U
subjects, the method revealed a large number of amino acid T C cuc e CCC Bl CAC CGC Arg C
misincorporations at levels of 0.001—-0.1%. The detected uuG uuc ' CUA CCA CAA }Gin CGA . =
misincorporations were not random but involved a single-base le] e mRNA o cuG cca CAG CGG G 3
: : E ? AGC AAU 72}
difference between the codons of the corresponding amino acids. s = AUU ACU AAU AGU W =
R p er Codon Asn Codon [ Asn Ser =
The most frequent base differences included a change from G to AUC tlle ACC AAC AGC N 5
A, corresponding to a G(mRNA)/U(tRNA) base pair mismatch A AUA ACA Thr AAA AGA AT
during translation. We concluded that under balanced nutrients, G(mRNA)/U(tRNA) mismatches at any of the three codon AUG Met ACG AAG }Lys AGG }Arg G
positions and certain additional wobble position mismatches (C/U and/or U/U) are the main causes of amino acid
e . ; : oo G 3 : : GUU GCU GAU GGU U
misincorporations. The hypothesis was tested experimentally by monitoring the levels of misincorporation at several amino acid Asp
: . G ; g ; o ’ GUC GCC GAC GGC Cc
sites encoded by different codons, when a protein with the same amino acid sequence was expressed in E. coli using 13 different G Val t Ala Gly
;s ; ; : : ; GUA GCA GAA GGA A
DNA sequences. The observed levels of misincorporation were different for different codons and agreed with the predicted GUG GCG G AG}GlU GGG G
levels. Other less frequent misincorporations may occur due to G(DNA)/U(mRNA) mismatch during transcription, mRNA
editing, U(mRNA)/G(tRNA) mismatch during translation, and tRNA mischarging. (Zhang et al., 2013)

- Several rules were uncovered for misincorporations, typically at~ 0.001% - 0.1%, which facilied their automated identification.
-Under balanced nutrients, GimRNA)/U(tRNA) mismatches at any of the three codon positions and certain additional wobble

position mismatches (C/U and/or U/U) are the main causes of amino acid misincorporations.
-G/U mismatches are known to occur frequently in nucleic acid secondary structures and mRNA/tRNA interactions due to their

similar binding energies as conventional Watson-Crick base pairs.

MASS SPEC 2019 CASSS Bondarenko 15 A'ﬁ“



Sequence variant analysis - misincorporations

(A) trRNAPP tRNASer  (B) tRNASer  tRNAMAsn
tRNA anticodon -G-G-U- -A-G-U- ALCG- -U-U-G-
mRNAcodon  -C-C-A-  -U-C-A- AGC- -AAC
Antisense DNA -G-G-T- -T-C-G-
Pro —> Ser Ser —> Asn
G/U mismatch G/U mismatch
during transcription during translation

Figure 1. (A) Amino acid misincorporations involving a C — U base
change in their mMRNA codons can be explained by a GP™ /U™ ™A base
pair mismatch (indicted by the double arrow) during transcription. (B)
Amino acid misincorporations involving a G — A base change can be
explained by a G™™*/U"™A base pair mismatch during translation.

- Several rules were uncovered for misincorporations which facilitated their

automatic identification by MassAnalyzer software algorithm
- They are typically at low level of 0.01% - 0.1%

(Zhang et al., 2013)

MASS SPEC 2019 CASSS Bondarenko 16

Table 6. Predicted Most Possible Amino Acid
Misincorporations by a G™™*/U"™* Mismatch or a Third-
Base C/U or U/U Mismatch during Codon Recognition

amino
acid

mmQgQn

-
D}

<H YL EIBROTWZZOR="TIO

s <

Y
Stop

codons
GCU, GCC, GCA, GCG
UGU, UGC
GAU, GAC
GAA, GAG
UuU, UuC
GGA, GGG
GGU, GGC
CAU, CAC
AUU, AUC
AUA
AAA, AAG
all six codons
AUG
AAU, AAC
CCU, CCC, CCA, CCG
CAA, CAG
CGA, CGG
CGU, CGC
AGA, AGG
AGU, AGC
UCU, UCC, UCA, UCG
ACU, ACC, ACA, ACG
GUU, GUC, GUA
GUG
UGG
UAU, UAC
UAA, UAG, UGA

predicted misincorporated amino

acids

G/U
mismatch

M
stop
none

none

third-base
mismatch
none
W, stop
E
none
L
none
none
Q
M
none
none

none

none
none
none
none
none
R
none
none
none
none
stop
stop

none

“Amino acids with codon-dependent predictions are shown in bold.

AMGEN



Amino acid misincorporation mechanisms

B Misacylation

o Normal Aminoacylation Normal Codon-anticodon binding

ot e Papide
Amino acid
Tyr-erm Ribosome

J B —— [ decoding

4 Anticodon - center

=\ =

G 4 Godon —— = (HYE——_
mRNA "5, = i 3

Normal codon-anticodon binding

tRNA T

Anticedon ('}

o Amino acid misrecognition

—D

& S
Tyr-tRNA g \
. TyRs Synthetase T Tyr > Phe

N

e

e tRNA misrecognition Normal codon-anticodon binding

Meluanw\‘E, Arg > Met

- —

tRNA A9

Wong et al, 2018

MASS SPEC 2019 CASSS Bondarenko 17

A Transcription error
MRNA 1

DNA

Transcription error by RNA polymerase

C Codon-anticodon mispairing

Normal Aminoacylation Base mismatching

—

AS-tRNA A= Ser = Asn

G/U mismatch

- Several mechanisms and rules were uncovered for

misincorporations, which facilitated their automatic identification
by MassAnalyzer software algorithm

AMGEN



Several common chemical modifications can be misidentified as mutations and misincorporations

Table S1. Common modifications that can be nusidentified as amino acid substitutions.

rj

Amass Modification Modifi site” A 1d sub S Amass
-58.005  incomplete carboxymethylation® Cm-C DG, E2A -58.005
-57.021 incomplete carbamidomethylation” Cam-C N=2G.Q2A -57.021
48.003 side chain (CH,S) loss from Met® M YD -48.036
-48.003  side chain (CH,4S) loss from Met” M F2>V -48.000
-44.026 gas-phase C,H,O loss® T T=2G -44.026
-44.026 gas-phase CoH O loss” T M=s -44 008
-43.990 CO; loss C-term E.D T2G.D2A -43.990
-30.011 gas-phase formaldehyde loss” C-term, ST S=3G T2A -30.011
-28.031 C>H; loss P R=2K -28.006
-23.016 His oxidation to Asn H H>N -23.016
-18.011 H;0 loss® DEST F2E -18.026
-17.027 NH; loss QNKR. Cam-C N=>P -16.990
-14.02 unknown” Cam-C ED. ?_;)\?éj;. LV, -14.016
14016 CHj lose* MP R e ™ O 14016
-10.021 triple oxidation of Cys Cm-C P2s -10.021
-0.984 amide formation” C-term. Cm-C D-N.E=>Q -0.984
0.984 deamidation” NQ. Cam-C I9N.L2N 0.959
3.995 oxidation of Trp to kynurenine® w P>T 3.995
13.975 oxidation products® YW T-D 13.979
13.975 oxidation products” W D2E, G>A 14.016
15.01 unknown YW VN 14.975
15.995 oxidation” Virtually all L=>Q.12Q 14.975
15.995 oxidation® Virtually all V=D 15.959
15.995 oxidation” Virtually all A2S F2Y 15.995
21.982 Na adduct® nonspecific D=>H 22.032
27.995 formylation N-term, ST K2R 28.006
31.990 double oxidation” MWCY P2Q 31.006
31.990 double oxidation” MWCY VoM 31.972
31.990 double oxidation” MWCY PE 31.990
43.006 carbamylation N-term, K LR I2R 43.017
47.990 triple oxidation” wcC VF 48.000
57.021 carbamidomethylation® CHK, Cam-C, N-term G=>N. A=Q 57.021
58.006 carboxymethylation® CHK. Cm-C. N-term KowW 57.984
58.006 carboxymethylation” CHK. Cm-C. N-term G->D.A3E 58.006
115.027 Asp residue’ N-term. C-term XD 115.027
128.095 Lys residue’ N-term, C-term X=2K 128.095
129.043 Glu residue® N-term. C-term X2E 129.043
156.101 Arg residue’ N-term. C-term X-R 156.101
“These modifications are ated in MassA to search before searching for anuno-acid substitutions.

A."&sp. Lys, Glu and Arg residues are added to the N- or C-terminus through

(Asp). Lys-C (Lys), Glu-C (Glu) or trypsin (Lys and Arg).
“Cm-C: carboxymethylated cysteine; Cam-C: carbamidomethylated cysteine.
K3y represents that the X residue 1s replaced by a Y residue.

atalyzed

idation by Asp-N

Zhang et al., 2013
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Table 4

Frequently observed false positives and their causes in LC-MS/MS-based sequence variant

analysis, assuming peptide mass changes can be determined to within = 0.03 Da.

False False Cause/modification True Modificatdon

positive positive modification Amass

(one-base Amass site®

change)

A—D 43.990 Double Na adduct Nonspecific 43.964

A—E 58.005 Carboxymethylation C,H,MK, 58.005

Cm-C, N-term

A—=G —14.016 CH; loss M, P, Cam-C —14.016

A—=S 15.995 Oxidation Many 15.995

D—A —43.990 Gas-phase 0Dz loss Caerm, E, D — 43.990

D—-G —58.005 Incomplete Cm-C — 58.005
carboxymethylatdon

D—=N —0.984 Amide formation Caerm, Cm-C - 0.984

E—A —58.005 Incomplete Cm-C — 58.005
carboxymethylatdon

E—-D —14.016 CH, loss M, P, Cam-C —14.016

E—~Q - 0.984 Amide formation Cterm, Cm-C - 0.984

F—V —48.000 (H,S loss from Met M — 48.003

F—Y 15.995 Oxidation Many 15.995

G—=D 58.005 Carboxymethylation C, H, M, K, 58.005

Cm-C, N-term

H—N —23.016 Oxidation of His to H —23.016
Asn

I—-N 0.959 Deamidation N, Q, Cam-C 0.984

I—R 43.017 Carbamylation N-term, K 43.006

-V —14.016 CH;loss M, P, Cam-C —14.016

K—R 28.006 Formylation N-term, S, T 27.995

L—+R 43.017 Carbamylation N-term, K 43.006

L—=V —14.016 (H:zloss M, P, Cam-C —14.016

M—T —29.993  Gas-phase H;CO loss C-erm, §, T - 30.011

N—=D 0.984 Deamidation N, Q, Cam-C 0.984

N—=1 - 0.959 Amide formation C-term, Cm-C - 0.984

P—A - 26.016 Double oxidation of Cm-C —26.016
Cys

P—S -10.021 Triple oxdation of Cm-C —10.021

Cys

Wong et al., 2018
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- Several common
modifications can be
misidentified as amino
acid substitutions
(mutations,
misincorporations)

- Sequence variant
analysis still includes
laborious manual
verification and remains
probably the most
challenging analysis of

therapeutic proteins
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Sequence variant analysis in Biopharmaceutical industry

MABS :
2019, VOL. 11, NO. 1, 1-12 e Taylor & Francis

https://doi.org/10.1080/19420862.2018.1531965 Taylor &Francis Group

PERSPECTIVE 3 OPEN ACCESS | Grock for updates

Evolution of a comprehensive, orthogonal approach to sequence variant analysis for
biotherapeutics

T. Jennifer Lin 2%, Kathryn M. Beal®, Paul W. Brown®, Heather S. DeGruttola?, Mellisa Ly 2, Wenge Wang 2, Finalized (2017
Chia H. Chu®, Robert L. Dufield®, Gerald F. Casperson®, James A. Carroll®, Olga V. Friese®, Bruno Figueroa Jr.?,
Lisa A. Marzilli?, Karin Anderson?, and Jason C. Rouse? SV Screen 3a (al\'\br)
*Biotherapeutics Pharmaceutical Sciences, Pfizer, Inc, Andover, MA, USA; ®Biotherapeutics Pharmaceutical Sciences, Pfizer, Inc, Chesterfield, MO, % N GS Y Amino aCid
USA

analysis
Lastly, LC/MS-subunit analysis was maintained to ensure mRNA Y

(assess potential risk

100% sequence coverage for SV analysis, and to deliver the sequencing

. g ; \ "\of misincorporations) /
heightened characterization product quality assessments. P e o e :
And as discussed above, LC/MS-intact mAb analysis was . LC-MS/MS product sequencing
added to orthogonally monitor the overall product proteo- (verify NGS-detected SVs in top clones if <1%) |
form quality profile, including N-glycosylation patterns, e -
aglycosylation, terminal heterogeneity, trisulfides, and gly- SV Screen 3b (ambr)

cation. Thus, in Scheme 1, the two SV analysis checkpoints,,

Cell Line Commercial Readiness

The published SVA strategy describes an arsenal of methods including ( NGS | Amino acid

-NGS mRNA sequencing mRNA analysis
(assess potential risk

J\of misinco;porations]_..
LC-MS/MS

intact mass & | low-level product
_subunit mass || sequencing

-LC/MS intact mass and subunit mass ~sequencing
-Amino acid analysis of media to assess potential rick of r LC/MS —
misincorporations

LC-MS/MS low-level product sequencing

Lin et al., 2019
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Sequence variant analysis — Biopharmaceutical industry survey

Biopharmaceutical Industry Practices for Sequence Variant
Analyses of Recombinant Protein Therapeutics

John Valliere-Douglass, Lisa Marzilli, Aparna Deora, et al.

PDA Journal of Pharmaceutical Science and Technolo%y 2019,
Access the most recent version at doi:10.5731/pdajpst.2019.010009

- The ability to confidently detect low level SVs has prompted 6 of the 11 companies polled to develop a specific, “optimized” LC-MS/MS peptide mapping
methods for SVA.

- This optimization may include the use of multiple enzymes to maximize sequence coverage, selection of multiple charge states for quantitation, ... to reach
better sensitivity and selectivity for SV detection.

- However, these “optimized” methods do not typically use a system suitability standard.
- In the survey, the number of samples analyzed for SVs by MS methods ranged broadly from <2 samples to >8 samples per project.

- LC/MS analysis of intact antibodies and subunits, as well as charge-based electrophoretic or chromatographic methods, have triggered a LC-MS/MS peptide
mapping workflow to identify, localize, and quantify SVs.

- 6 of 11 respondents currently use NGS for SVA and are implementing this technology in clinical development to identify SVs in the genome and transcriptome
of recombinant protein producing host cell lines.

- 0.5% was a more realistic threshold for NGS sensitivity in an industry setting.

- While several companies reported discarding a cell line with >1% SV, this was in reference to new product cell lines under development and not commercial
programs.

- Labs typically require 3-8 weeks to complete data analysis Valliere-Douglass et al., 2019
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Bioprocess and media

optimization

-
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Metabolomics analysis of soy hydrolysates for identification of productivity
markers of mammalian cells for serum-free manufacturing therapeutic proteins

Evolution of feed cell culture media: serum-containing - soy hydrolysate (veggie) -> chemically defined

Table 4. Correlation Coefficient (R) of Previously Identified Per-
formance Markers When the Soy Hydrolysate Batches were Used

for CHO Cell Line #2

LC Method FA-RP Amide-HILIC HFBA(0.1%)-RP
lon Source ESI+* ESI- ESI+*
Correlation Coefficient

Negative markers
Arginine®* -0.71 —0.53 —0.60
Adenosine —-0.44 —-0.47 =
FF 0.38 0.36 041 OB
FL -0.37 -0.38 [
LF ~0.37 -0.32
LL —-0.45 —0.42 —-0.42
FM -0.42
LLM 0.39
LVF —0.31
LLL -0.39
VLM =0.16

Positive markers (peak area in log scale)
Phenylalanine 0.10 0.03 0.28
Valine 0.20 0.24
Isoleucine 0.24 0.25 =
Lactic acid 0.21 0.28 ——
Succinic acid 0.33 0.47
Citrulline 0.81

I Ornithine 0.92

LC-MS/MS metabolomics studies of 30 different soy hydrolysate lots and correlation of metabolite abundances

to yield revealed negative (Arginine, adenosine, FF, etc.) and positive (F, V, lactic acid, ornithine, etc.) markers
(nutrients) of soy hydrolysates

CASSS MASS SPEC 2019 Bondarenko

Figure 1.
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Correlation of a few components with mAb#1 titer (represented as a relative yield). Data obtained using the TDHFA-RP/

ESI+ method.
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(Richardson et al., 2015)
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Metabolomics analysis of soy hydrolysates for identification of productivity
markers of mammalian cells for serum-free manufacturing therapeutic proteins

Table 5. Average Correlation Coefficients of Peptides of Different Lengths with mAb#1 and mAb#2 Titers

Cell Line #1 #2
Method Atlantis-HILIC ZIC-HILIC TDFHA-RP HFBA(0.2% )-RP FA-RP HFBA(0.1%)-RP e Better SOy hyd ronsate
# of Batches 38 27 38 40 12 12 f |t d f
Peptide Length Correlation Coefficient Correlation Coefficient per ormance resuite rom
; 01 oo 099 oo ol FEEL better bacterial fermentation
3 —0.12 —0.15 0.06 —0.06 —0.20 —0.04 H
4 —0.15 —0.18 —0.08 —0.02 —-0.27 —=0.16 ""'E. durlng the hyd r0|ysate
>5 —0.15 —0.19 —0.14 —0.06 —0.25 —-0.29 | pl’OdUCthﬂ tO |nd|V|dua| am|n0
acids and dipeptides.
A) B) o :
< 100] VCD 1004 TITER e When ornithine was spiked
> into the culture media, both
2]
3 751 - ey cell lines demonstrated
g 50l 5 50l accelerated cell growth,
2 = indicating ornithine as a root
K-
> 25 25 cause of the performance
. difference.
01234567 89101112 01234567 89101112
Culture Duration (Days) Culture Duration (Days)

Figure 4. Cell line #2 viable cell density (VCD, A) and productivity (TITER, B) increasedlafter adding 0.1 g/L (760 uM) ornithine |to
the production medium at the beginning of the 2-liter bioreactor cell culture (in duplicates). Control cell culture runs are .
shown in black and runs with ornithine addition are shown in red. Both VCD and titer are in relative scale. (RICha rd son et al-; 2015)
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Metabolic markers associated with high mannose (HM) glycan levels of mAbs

A 1 Table 3
55 J Metabolites correlating with high mannose levels obtained from eight-cell line
comparison.
20 7 N N Metabolites correlating to  Correlation coefficient  Correlation coefficient
= OMethad 1, Medium 1 HM (media #1) (media #2)
=
8 R i Cystine 0.907 0.877
M MethadZ, Medlumi2 4-Hydroxybutanoic acid 0916 0.826
lactone
[ Ornithine 0.803 0.709 |
Niacinamide 0.881 0.676
Glutathione disulfide —0.870 —0.846
F G H Glutathione —0.838 —-0.760
B
20 A A 30 High Mannose
% 15 4 28 -
ES
10 ~ s 26
R?= 0.6871 ®
0 T T y ,
0 0.01 0.02 0.03 0.04 22 -
Relative Ornithine Levels (extracellular) 20
. ) oy ) ‘ . 0 0.1 1 2.5 NacCl
Fig. 5. Correlation between ornithine and high mannose levels from eight-cell line .
Ornithine (g/L)
LC-MS/MS metabolomics studies of cell culture media of different cell lines and correlation of metabolite Kang et al., 2015
*’

abundances to high mannose revealed several metabolic markers of high mannose including ornithine
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Metabolic markers associated with high mannose glycan (HM) levels of mAbs

A / NH.-~ HCO. \ e A strong correlation was
[ 7 4> 3
Cyiosol Milechondria | also observed between HM
G,utamate CAP and mRNA expression levels
\ of arginase 1 (ARG), an
oTC '
-— - Psc W Citruline enzyme that catalyzes the
T conversion of arginine to
Jz ornithine.
Proline Proline
\ ORNT >\ /
|/ ¢ Supplementation of
v ornithine to the culture
ORNITHINE Citrulline medium leads to an
SR = o B Urea Asp increased level of HM.
A v GATM
I Putrescine ARG
: N e Reduced concentration of
SRS uanidino Arginlne Arglnosuccmate :
: v acetate Glycine spermine, a downstream
: Spermidine l K Fumarate product of ornithine
| SMS metabolism, leads to a
: v Creatine decreased level of HM
— — — Spermine
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Proteomics analysis of altered cellular metabolism induced by insufficient copper level

Cell Line B
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Fig. 5. Copper deficiency-induced lactate accumulation is accompanied by decrease in the protein expression levels of mitochondrial ETC Complex IV proteins in cell lines
B and C. (A) Extracellular lactate profiles, (B) Heatmap of ETC complex subunit protein levels. The data represent the relative protein expression profiles obtained from the
mouse sequence database search. For cell line B and C, only one of the replicates was analyzed for proteomics analysis,
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e Method: label-free, LC-MS/MS-
based shotgun proteomics

e Results: under copper deficient
condition, a substantial reduction of
the protein levels of the multiple
subunits of Complex IV, also known
as cytochrome c oxidase, of the
mitochondrial electron transport
chain was observed for all three
different CHO cell lines expressing
therapeutic mAbs

Kang et al., 2014
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Proteomics analysis of altered cellular metabolism induced by insufficient copper level
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e Label-free, LC-MS/MS-based
shotgun proteomics identified
majority of proteins from the
oxidative phosphorylation
pathway in mitochondria (

e Under copper deficient
condition, a substantial
reduction of the protein levels
of the multiple subunits of

Complex IV, also known as
cytochrome c oxidase (COX),
was observed for all three
different CHO cell lines
expressing therapeutic mAbs

e mRNA levels of COX proteins
with normal and low copper
were similar. Copper is needed
for proper folding of COX
proteins.

Kang et al., 2014
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Host cell proteins (HCPs) monitoring by LC-MS/MS in therapeutic mAbs

Cation exchange (CEX),
Anion Exchange (AEX),
Hydrophobic interaction
Chromatography (HIC)

Ultrafiltration/diafiltration

Antibody drug product

CASSS MASS SPEC 2019 Bondarenko

Cell
culture
harvest

!

HCPs, ppm

.............. 100,000

Protein A
chromatography

!

Viral
inactivation

!

Chromatographic

polishing
steps (2)

l

Viral
filtration

mAbs, 10s mg/mL
" HCPs, 10-200 ppm
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e Soft, non-denaturing purification
techniques are used to preserve folding of
mAbs.

e Some HCPs remain attached and carried
into antibody drug product.

e LC-MS/MS proteomics approach is
utilized to identify and quantify host cell
proteins in the presence of large
concentration of therapeutic protein

Adopted from Shukla, A. A., Hubbard, B.,
Tressel, T., Guhan, S., and Low, D. (2007), J.
Chromatogr. B with modifications
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Elucidation of structure

and function

&
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Example of native MS of antibody — antigen interactions

Native ESI MS Schemes of antibody-antigen complex formation

RANKL A Transition Intermediates

RANKL 3DIR™

2 ey T e Y 4\{/ QY <(/ _ 3DR
1 nﬂhm,

2000 4000 6000 8000 10000 12000 14000 16000 18000 miz,Da \\(/

3D2R Larger Denosumab :

C e~ assemblies RANKL trimer Excess Dmab

100 * 640.720 kDa 3:2
] ,NW (10:1, 20:1, 40:1)
1100 - 1180 kDa
® P e

2000 4000 6000 8000 10000 12000 14000 18000 18000 mvz,Da i rger :
D / B | Aecamiblies | ﬂlenno:::::mically
3D2R Larger Denosumab ° Equlvaleﬂce and : i ble o
assemblies RANKL trimer Excess RANKL 1 ;  stable assembly
', 2o (1:1, 1:2, 1:3) ; state

7

!11. !1" kDa

H
..,
. .
roi 10757 28 53+ g, 640 720 k
' 3 f’ ™
. \ 1R 5 sy 790 =T8¢ ~ 780 750 74,
: . ' m| ;Emmumﬁwhma,gms ™
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12244
IZWJ‘?J‘?‘ J.‘ 120864

Stoichiometry of antibody-antigen interactions

facilitates elucidation of the mechanism of action

Arthur et al., | 2012
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Structural and functional characterization of disulfide isoforms of human IgG2 subclass
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e mIgG22 500 - Time (min)
FIGURE 2. RP-HPLC analysis of a human recombinant mAb expressed as
f

Absorbance at 215 nm

E
= E
- g
5 b
§ E n mIgG1x an IgG1 (broken line) and 1gG2.
& S
§ mIgG2h E 400
J N -]
QT 5 200-
g . -~ A
f“ G o2 300 © m IgG15.
1504 ——A—-—
h —
laG2x TeGTx =
P, 20| o (= A
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I 19G2). S
—,/V\k 100 A
- q IgG1n 504 N I —
J 19G2i.
A . ~ e 0 IgG2 ctrl IgG1 ctrl
11 16 21 26 9 14 19 24 9 ¢ 9 ctr
Ti & Ti = FIGURE 3.1C5, values for the inhibition of IL-1B-induced IL-6 in achondro-
i # {min) ime (min) cytes assay for the IgG2 (A) and IgG1 (@) mAb constructs are shown (n =
FIGURE 1. RP-HPLC analysis of the two 1gG subclasses (IgG1 and IgG2) displayed significantly different 3). The black bars represent the means. For statistical analysis the p value was
profiles by this method. IgG2 antibodies consistently showed heterogeneous profiles with multiple peaks, <0.01.

Reversed-phase HPLC revealed heterogeneous profiles with IgG1 exhibited higher potency as compared to IgG2

in cell based potency assay.

Dillon et al., 2008 .
AMGEN

multiple peaks for IgG2 and single peak for IgG1 molecules.
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Structural and functional characterization of disulfide isoforms of human IgG2 subclass

* %

1200 - B | kkkk kkkx |
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FIGURE 8. Enriched IgG2-A and IgG2-B have different potency.a, re

Enriched 1gG2-A disulfide isoform had greater potency as

compared to I1gG2-B due to greater flexibility and reach of
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Structural and functional characterization of disulfide isoforms of human IgG2 subclass

IgG2-A

i

Cn

C214

€214,
O

¢ Non-reduced Lys-C peptide mapping uncovered disulfide connectivity of IgG2 disulfide isoforms
¢ IgG2 disulfide exchange is caused by the close proximity of several cysteine residues at the

Fab a

IgG2-A

FIGURE 9. A ribbon diagram of a human IgG1 antibody using atomic coor-
dinates that were deposited in the Protein Data Bank (1HZH). The crystal

Dillon et al., 2008; Wypych et al., 2008

hinge and the reactivity of tandem cysteines within the hinge
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Structural and functional characterization of disulfide isoforms of human IgG2 subclass
B A/By RPHPLC-UV
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#1 { N _ FIGURE 6. Size-exclusion chromatography and sedimentation velocity

m—nﬂﬂ“ “IIF“WITI“- R analysis of the IgG2 redox-enriched samples. g, size-exclusion chromato-

T 2050 ' 2500 | 2750 | 3000 ' 3250 | 3500 | 3750 ' 4000 4250 | 4500 4750 'm/';” J grams of IgG2 control material (black), IgG2-B (red), and IgG2-A (blue) sam-

IgG2-A isoform (peak 3) eluted later from reversed-phase HPLC Size exclusion chromatography and sedimentation
and exhibited larger number of charges (lower m/z values) on velocity analysis revealed larger size (hydrodynamic Dillon et al., 2008
ESI mass spectra indicating larger size radius) of native IgG2-A
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PK and

biotransformations

-
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Biotransformation example: Human IgG2 antibody disulfide rearrangement in vivo

In bioreactor In human blood In human blood IgG2-A
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3160 2 50 - —e—1gG2-B b
E“O 3 —8—1gG2-A/B

120 2 40 —i—1gG2-A

100 . x 30 - ——gG2-A"

upernatant
22 \\r IgG2-A/B
40 Lo b T — A
20 Disrupted Cells 0 T T T T T T
: y : : : : 10 days
6 8 10 12 14 16 18 0 2 4 6 8 10 12 14
Time (Minutes) Circulation Time (Days)
JURE 6. Plot of disulfide variant levels versus circulation timein asingle:
. FIGURE 5. RP-HPLC lysis of timein asingle
Liu et al., 2008 e P T S

¢ 1gG2 disulfide linkages interconvert while circulating in humans.
e Secretory cells initially produce primarily one form (1gG2-A), which is rapidly converted to a second form (1gG2-A/B) while circulating in

blood, followed by a slower conversion to a third form (IgG2-B).
e In case of the recombinant therapeutic IgG2 antibodies, similar 1gG2-A = 1gG2-A/B = 1gG2-B conversion first takes place in redox

environment of bioreactor and them continues in human blood after administration

CASSS MASS SPEC 2019 Bondarenko 36 Am"




PK example: High-mannose 5 glycans (M5) on Fc of therapeutic IgG antibodies
increase serum clearance in humans

e The therapeutic IgGs were affinity
purified from serum samples from
human PK studies, and changes to
T LT - R i e the glycan profile over time were

8

is%-

3
R

—o—GOF determined by peptide mapping.
-a—G1F
e e - GC2F] S RAA i e Relative levels of high-mannose 5
(M5) glycan decreased
! T S T S e~ - SR X IR K e B as a function of circulation time,
’ig o e whereas other glycans
e L /}. ___________________________ - | I —_— | remained constant.
.-f—‘. -_'\._.__,._._—l

e These results demonstrate that

Abundance compared to all N297 glycoforms
g
R

. s s s 8l ctvisvsinsibianitnins | il TR therapeutic IgGs containing Fc high-
& NG
mannose glycans are cleared more
% ra—a—% - - - ' T ' rapidly in humans than other glycan
: : y g forms.
0 10 20 30 0 10 20 30
Time post injection (Days) Time post injection (Days) Goetze et al., 2011
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PK example: High-mannose 5 glycans (M5) on Fc of therapeutic IgG antibodies
increase serum clearance in humans

GOF:GOF
u'ffﬂ
1001
M5 22oun( ) )nueoM5
G1F-GOF
9 Da
147403
& GO-GOF
50+ NGGIF 147095
NGNG et
7 Da NG:GOF MS.GOF
144352 8 Da M5:M5 +«3Da
145796 aDs 147024
‘ usns\ \
c T T T L
144000 145000 146000 147000 148000
Mass

Fig. 2. Deconvoluted ESI mass spectrum of Mabl. y-axis represents the ion
intensity. Each peak is labeled (top to bottom) with composition of major
oligosaccharide pairs, experimental deviation from theoretical mass and
measured mass. The elevated baseline at mass <144,500 is due to a MaxEnt 1
deconvolution artifact. NG, non-glycosylated.

Table V. Summary results for the calculation of percent of each Mab
containing at least one Fec M5 glycan

Mabl Mab2 Mab3 Mab4

MS5 by peptide map (%) al 1
M5:M5 PP ~50
Calculated % of Mab containing M5 (%) 5.1 1

2.2 4.0 17.0
8.8 6.4 8.8
3.4 4.6 18.6

M5:MS5 PP is defined as the experimental (M5:M5)/(M5:GOF) ratio divided
by that expected from random pairing of heavy chains (see text for further

details).
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Mab ligand affinity purifications

Ligand-based affinity purification of Mabs was carried out
essentially as described previously. Briefly, a 0.5 mL aliquot
of freshly clarified human serum-containing Mab was diluted
with 4.5 mL if phosphate-buffered saline (PBS) and incubated
with 0.2 mL of Mab-ligand resin. Soluble forms of the appro-
priate receptor were used as the ligand when the Mab target

e There is a strong, but not exclusive, preference for
M5:M5 pairing, the degree of which may vary among
molecules.

e In this study, however, the impact of M5 on antibody
clearance is not significantly greater than that calculated
based on M5 fraction per heavy chain.

Goetze et al,, 2011
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