
MAM: Multi-Artifacts Monitoring
Operators, Processes and Modalities

Zhaohui Sunny Zhou
z.zhou@northeastern.edu

CASSS Mass Spec, 29 Sept 2022, Long Beach, CA

mailto:z.zhou@northeastern.edu


Sunny Zhou is a co-founder, advisor and equity holder of NIRa Biosciences.

Chris Chumsae
AbbVie, BMS

Min Liu              Da Ren
Amgen



artifact is error in the perception or representation of information

Sources of artifact
• Sample changes during analysis
• Detection
• Data analysis
• Perception

Types of artifact
• False positive
• False negative
• Known unknowns
• Unknown unknowns





Attribute Analytics Performance Metrics from the 
MAM Consortium Interlaboratory Study

quantitative vs qualitative (detected vs not detected)
The multi-attribute method (MAM) was conceived as a single assay to potentially replace multiple single-attribute 
assays that have long been used in process development and quality control (QC) for protein therapeutics. MAM is 
rooted in traditional peptide mapping methods; it leverages mass spectrometry (MS) detection for confident 
identification and quantitation of many types of protein attributes that may be targeted for monitoring.
While MAM has been widely explored across the industry, 
it has yet to gain a strong foothold within QC laboratories 
as a replacement method for established orthogonal 
platforms. Members of the MAM consortium recently 
undertook an interlaboratory study to evaluate the 
industry-wide status of MAM. Here we present the results 
of this study as they pertain to the targeted attribute 
analytics component of MAM, including investigation into 
the sources of variability between laboratories and 
comparison of MAM data to orthogonal methods. These 
results are made available with an eye toward aiding the 
community in further optimizing the method to enable its 
more frequent use in the QC environment.



Artifact Anonymous (AA)
Communication: 

reviews, white pages and guidelines
Collaboration: 

academia
industry: biopharma, vendors
regulatory agencies: FDA, NIST

Control: 
standardization and optimization 

You are invited to participate and contribute, please contact 
Sunny Zhou at z.zhou@northeastern.edu.  Thank you! 

mailto:z.zhou@northeastern.edu


• Mass spectrometry
• ionization
• identification: isotopic labeling 

• New labeling tool: glutamine (Gln) via transglutaminase (TGase)
• Knowledge: elucidation of structures: new, unknown species (PTM’s)

• reactive species: metabolites, methylglyoxal (MGO)
• crosslinking

• Sample preparation: 
• deamidation, isoaspartic acid (isoAsp), succinimide 
• meta-stable species: chemical trapping, native mass spec

• New modalities and new opportunities: higher-order structure (HOS)
• virus-like particles (VLPs): adeno-associated virus (AAV)

mass, structures,
properties-reactivities



Detection of Alkynes via Click Chemistry with 
a Brominated Coumarin Azide by Simultaneous 

Fluorescence and Isotopic Signatures in Mass Spectrometry

Chris Chumsae
AbbVie, BMS

Yang L, Chumsae C, Kaplan JB, Moulton KR, Wang D, Lee DH, Zhou ZS.
Bioconjug Chem. 2017, 28, 2302. DOI: 10.1021/acs.bioconjchem.7b00354

Kevin Moulton
Northeastern

Vertex



Figure 4. LC–
fluorescence–MS 
analysis of tryptic 
peptides of a mAb
triazole product. 
(A) Fluorescence 
chromatogram and 
reporter ion pair 
leading to tagged 
peptides in MS; 
(B) MS total ion current 
containing numerous 
peaks; 
(C) MS1 spectra at one 
scan containing 
multiple m/z; 
(D) unique isotopic 
pattern identifying the 
tagged peptide.



Bromine: 
Unique 
Isotope
Patterns

DongDong Wang
AbbVie
Takeda



David Lee       Lihua Yang
AbbVie

Systematically Evaluate Various Workflows 
Limitations

Yang L, Chumsae C, Kaplan JB, Moulton KR, Wang D, Lee DH, Zhou ZS.
Bioconjug Chem. 2017, 28, 2302. DOI: 10.1021/acs.bioconjchem.7b00354



A Dual-Purpose Bromocoumarin Tag 
Enables Deep Profiling of the 
Cellular Cysteinome (from AbbVie)

Rabalski AJ, Williams JD, McClure RA, Vasudevan A, Baranczak A. 
Proteomics. 2019, 19. e1800433. doi: 10.1002/pmic.201800433. 



Identify Sequence of Unknown Peptide: 
stable isotope-tagged reference standard (SITRS): fermentation
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Install 15N to Glutamine in Proteins/Peptides: Isotope Tracer
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hvH215N P

TGase

• Post production
• Native and intact proteins
• Mixture of proteins: host cell proteins
• Site-specific: specificity can be tuned
• Peptides as well

Please talk to us: 
applications and 
collaborations.

Molly Blevins
Northeastern
Texas-Austin
Genentech



Tags: positive, negative, UV chromophore
Mass spectrometry: enhanced ionization efficiency (improve sequence coverage), 
altered charge states, alternative fragmentation pathways, quantification 
Common methods are chemical and target nucleophilic residues

• Lysine: variable charge, frequency 6%
• Cysteine: frequency 2%

Our approach target neutral amide on glutamine (4%)
• Multiple isoform of TGase: broad and narrow
• Selectivity: conformational and site
• Tunable: both positive and negative tags can be incorporated

Site-specific incorporation of tags to enhance analysis of peptides and proteins

N
H

O

protein-Gln NH2

O

protein-Gln

H2N Tag

Tag
TGase

resin

Please talk to us: 
applications and 
collaborations.

meat glue
Amazon



Site-Specific Reversible Protein and Peptide 
Modification 
Transglutaminase-Catalyzed Glutamine Conjugation 
and Bioorthogonal Light-Mediated Removal 

photo-removal
native

NH2
O

Gln-protein

N
H

O

modified

chromophore

site-specific installation

H2N chromophore

TGase
+

Gln-protein

Kevin Moulton, Amissi Sadiki, Bilyana Koleva, Lincoln 
Ombelets, Tina Tran, Shanshan Liu, Bryan Wang, Hongyan
Chen, Emily Micheloni, Penny Beuning, George O’Doherty and 
Zhaohui Sunny Zhou. 
Bioconjugate Chemistry, 2019, 1617, DOI: 
10.1021/acs.bioconjchem.9b00145.

https://pubs.acs.org/doi/10.1021/acs.bioconjchem.9b00145


Photo-Caging: Reversible and No Damage to the Protein

MALDI mass spectra of tryptic peptides of native UmuD (top), nitrobenzylamine-modified UmuD by 
TGase (middle), and modified UmuD after photolysis (bottom).
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Positive Charge Tag



Current methods are nonselective activation (e.g., CID, ETD)

large data sets, redundancy

long search times

high false discovery rate (FDR)

UVPD: alternative dissociation

Peptides: minimal gas-phase absorption at ~350 nm

Enhance selectivity of MS/MS workflow

site-specific modification of glutamines in proteins for selective fragmentation

N
H

O

protein-Gln NH2

O

protein-Gln

H2N Tag

Tag
TGase

resin

H
NH2N S O

O

O
H2N

O

O

OH

EDANS, ƛmax = 336 nm Coumarin, ƛmax = 350 nm

Enjalbert, Rapid Commun. Mass Spectrom., 2011, 25, 3375; Cotham, Brodbelt, Anal Chem, 2013, 85, 5577



unmodified

modified

Selective photodissociation (355 nm) of glutaminyl residues on Exenatide

• modification of whole proteins and native 
confirmation: enable top down MS

• de-novo sequencing

• photo-selected reaction monitoring (photo-SRM)

• enable analysis of complex mixtures

Amanda
Helms

Jenny
Brodbelt
UT-Austin



mass, structures, 
properties-reactivities 

• Mass spectrometry
• ionization
• identification: isotopic labeling 

• New labeling tool: glutamine (Gln) via transglutaminase (TGase)
• Knowledge: elucidation of structures: new, unknown species (PTM’s)

• reactive species: metabolites, methylglyoxal (MGO)
• crosslinking

• Sample preparation: 
• deamidation, isoaspartic acid (isoAsp), succinimide 
• meta-stable species: chemical trapping, native mass spec

• New modalities and new opportunities: higher-order structure (HOS)
• virus-like particles (VLPs): adeno-associated virus (AAV)



Knowns vs Unknowns

Rob Garnick

Analytical chemists are very good at finding what we look for.

Reports that say that something hasn't happened are 
always interesting to me, because as we know, there are 
known knowns; there are things we know we know. 
We also know there are known unknowns; that is to say 
we know there are some things we do not know. 
But there are also unknown unknowns – the ones we 
don't know we don't know. And if one looks throughout 
the history of our country and other free countries, it is 
the latter category that tend to be the difficult ones.
-Donald Rumsfeld, 12 Feb 2002



Crosslinking in Proteins: Unknown Chemistry and Site

1              2            3         4             5
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Min Liu, Amgen
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Antibody-Drug Conjugates (ADC): 
More Prone to Crosslinking

payload
chemically 

more reactive

encyclopedia.pub/entry/2300

https://encyclopedia.pub/entry/2300


Limitations of Mass Spec
many peaks, which one? 

identification: database search
pre-defined chemistry

(mass, site)
theoretical: unknowns
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Fragmentation of Crosslinked Peptides
NH2-abce---m---wxyz-COOH

NH2-ABCD---N---WXYZ-COOH

X

NH2-abcd
NH2-abc
NH2-ab

NH2-ABCD
NH2-ABC
NH2-AB

WXYZ-COOH
XYZ-COOH
YZ-COOH

wxyz-COOH
xyz-COOH
yz-COOH

NH2-abce---m---wxy

NH2-ABCD---N---WXYZ-COOH

X

NH2-abce---m---wxyz-COOH

NH2-ABCD---N---WXY

X

bce---m---wxyz-COOH

NH2-ABCD---N---WXYZ-COOH

X

NH2-abce---m---wxyz-COOH

           BCD---N---WXYZ-COOH

X

L information overload: multiple sets of ions L
J sufficient data to deduce sequences J



http://www.district196.org/schools/avhsold/dept/science/physics/physicsweb04/
AVHSPhysics/color-notes.html





Elucidation of the Unknown Chemistry
Workflow: Chemistry (Property) Guided





Photo-oxidative 
Crosslinking
of Histidine

Min Liu, Zhongqi Zhang, Janet Cheetham, Da Ren, and Zhaohui Sunny Zhou, 
Northeastern and Amgen, Analytical Chemistry, 2014, 86, 4940.

IgG1, Hinge Region
SCDKTHTCPPCPAPE

Eddie Zhou
1st in protein

unknown
to
known



Histidine Oxidation and X-linking is Common
Safe Light: Manufacture and Storage

Anal Chem, 2017, 89, 7915.  Xu, et a. Biogen
J Proteome Res, 2018. doi: 10.1021/acs.jproteome.7b00881. Mariotti et al
Eur J Pharm Biopharm, 2018, 127, 37. Cheng Du, et al. BMS

observed without stress

reactors:
glass vs opaque

light variation
visible light

may be bad too

histidine as buffer

safe light



Crosslinked Proteins:
Pan-Specific Method for

Quantification and Enrichment Kevin Moulton
Vertex

NH2-abce---m---wxyz-COOH

NH2-ABCD---N---WXYZ-COOH

X

2 termini



Cell Culture Affects Product Quality
• Different cell culture conditions
• Acidic species (weak cation exchange)
• Mass increases of 54 and 72 Da (LC/HC)
• Not in the PTM databases

Czeslaw
Radziejewski

AbbVie
now retired

Chumsae C, Gifford K, Lian W, Liu H, Radziejewski CH, Zhou ZS.  
Anal Chem, 2013, 85, 11401

Localization of Sites
Manual search +54/72 peptides
None for tryptic peptides

Several mis-cleaved peptides

Potential site: arginine



Mass to Structure: Elucidation of Unknown Chemistry
• Mass increases: 54 and 72 Da; 

2 reactive species?
• Not in the PTM databases
• Potential site: arginine

• 72–54 =18, water
• eliminate a hydroxyl (OH) group
• single molecule may be responsible
• mechanism: substitution or 
• addition to carbonyl: 72 or 90 Da 
• secondary metabolite 

Chumsae C, Gifford K, Lian W, Liu H, Radziejewski CH, Zhou ZS.  
Anal Chem, 2013, 85, 11401



Methylglyoxal (MGO): Reactive Metabolite
• Mass increases of 54 and 72 Da
• First for mAbs: cell stress, engineering

Chris
Chumsae

AbbVie
now BMS

Chumsae C, Gifford K, Lian W, Liu H, Radziejewski CH, Zhou ZS.  
Anal Chem, 2013, 85, 11401



Tell me the mass change,
I will tell you the chemistry.

Consortium Project

Zhongqi Zhang “ZZ”



many more:
cross-linking
coloration
formulation
new modalities
Unknowns ???



mass, structures, 
properties-reactivities 

• Mass spectrometry
• ionization
• identification: isotopic labeling 

• New labeling tool: glutamine (Gln) via transglutaminase (TGase)
• Knowledge: elucidation of structures: new, unknown species (PTM’s)

• reactive species: metabolites, methylglyoxal (MGO)
• crosslinking

• Sample preparation: 
• deamidation, isoaspartic acid (isoAsp), succinimide 
• meta-stable species: chemical trapping, native mass spec

• New modalities and new opportunities: higher-order structure (HOS)
• virus-like particles (VLPs): adeno-associated virus (AAV)



Deamidation and Isomerization 
isoaspartic acid (isoAsp, isoD) 

Asparagine (Asn) deamidation
Aspartic acid (Asp) isomerization

Succinimide (Asu) intermediate
spontaneous and ubiquitous

. deamidation rate
t1/2 = 1 to 500 days

sequence, structure and pH dependence
Asn-Gly > Asn-Ser, Asn-His >> Asn-Pro

(NG > NS, NH > NP)
not good (1 d), not sure, not happy (10 d), no problem



Robinson, N. E.; Robinson, A. B. Molecular Clocks: Deamidation of Asparaginyl and Glutaminyl Residues 
in Peptides and Proteins;  Althouse Press: Cave Junction, Oregon, USA, 2004. 

Fig. 9-8, p129.

Dependence on Sequences and Structures
sample preparation: changes in structures

X



Nature Biotechnology, 2019, 37, 5. Cormac Sheridan 

Deamidation

Aditya
Ansodaria





Analytical Artifacts: Ambiguity

Asn Asn
Asp Asp

Asn Asn
Asn Asp

Asn Asn
Asn Asn

Asn Asn
Asp Asp

Shanshan Liu
Northeastern, 
Takeda, NIRa

Asn-Gly > Asn-Ser, Asn-His >> Asn-Pro
(NG > NS, NH > NP)

not good (1 d), not sure, not happy (10 d), no problem



• Deamidation prior to sample prep w/ H2
16O: + 1 Da

• Deamidation during sample prep (artifact) w/ H2
18O: + 3 Da

• b ions generated from Asp or isoAsp
• not interfered with 18O atom incorporation into C-termini

Anal Chem, 2012, 84, 6355, Yi Du, Fengqiang Wang, Kimberly May, Wei Xu, Hongcheng Liu

Distinguish Artifact and Real
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David Verrill



Mildly Acidic Conditions Eliminate 
Deamidation Artifact during Proteolysis: 

Digestion with Glu-C at pH 4.5 vs pH 8

Amino Acids, 2016, 48, 1059, Liu, Moulton, Auclair, Zhou

Jared Auclair Shanshan Liu

exenatide Glu-C peptide
WLKNGGPSSGAPPPS-NH2

(25-39C-terminal amide)
first 
principle
mechanism-
based





youtu.be/7EiRvAVrr4o

https://youtu.be/7EiRvAVrr4o


False negative: labile PTMs
trap succinimide (Asu)

J Pharm Sci, 2014, 103, 3033, Klaene, Ni, Alfaro, Zhou
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Semi-stable modifications: false negative
Reversible, stabilized by protein interactions
Unstable during sample preparation, e.g., trisulfide
Trapping (reduction), analyze small molecule fraction

Anal. Chem. 2008, 80, 2379-2390



Identify Substrate-Enzyme in Non-Covalent Complex: 
Native Mass Spectrometry

Jing Yan
Vicki Wysocki
Ohio State

Kalli Catcott
Mersana
Wanlu Qu
Northeastern
Novartis

ChemBioChem. 2017, 18, 613
J Am Chem Soc. 2016, 138, 2877

specific variant-ligand
Interaction



Exciting Opportunities for Analytical Scientists

native and ion mobility mass spec: meta-stable species, non-covalent interactions



• Mass spectrometry
• ionization
• identification: isotopic labeling 

• New labeling tool: glutamine (Gln) via transglutaminase (TGase)
• Knowledge: elucidation of structures: new, unknown species (PTM’s)

• reactive species: metabolites, methylglyoxal (MGO)
• crosslinking

• Sample preparation: 
• deamidation, isoaspartic acid (isoAsp), succinimide 
• meta-stable species: chemical trapping, native mass spec

• New modalities and new opportunities: higher-order structure (HOS)
• virus-like particles (VLPs): adeno-associated virus (AAV)

mass, structures, 
properties-reactivities 



Chemo-Enzymatic 
Selective Labeling of 
Native Capsid

inside-outside

conformational change

charge variants

specific PTM

FIG 2 pH-dependent structural 
dynamics of the AAV9 5-fold axis. 



Hydrazide Chemistry for Dummies

1st Ed., SunnyLand Press, 1999, Ann Arbor, Michigan.

Esters are electrophilic.
Water is not an organic solvent!

Josh Alfaro



Affinity Enrichment and Labeling of Intact Proteins (Capsid?)

Joshua F. Alfaro, et al, Anal. Chem. 2008, 80, 3882.
J Pharm Sci, 2014, 103, 3033, Klaene, Ni, Alfaro, Zhou
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industry PhD
• Maintain full-time employee status at the company
• Projects: a range of possibilities
• Intellectual properties (IP): industry controlled 
• Publications: faculty are experienced
• Co-advisors: academic and industrial 
• Duration: 3 to 5 years

• AbbVie, Alnylam, Amgen, Biogen, Charles River, 
Dragonfly, GSK, Genzyme, GreenLight, Novartis, 
Pace, Pfizer, Sarepta, Takeda, ThermoFisher, etc

• Sunny Zhou: z.zhou@northeastern.edu
Chris Chumsae

Formerly at AbbVie
Now Director at BMS

Da Ren
Director at Amgen

mailto:z.zhou@northeastern.edu


• Mass spectrometry
• ionization
• identification: isotopic labeling 

• New labeling tool: glutamine (Gln) via transglutaminase (TGase)
• Knowledge: elucidation of structures: new, unknown species (PTM’s)

• reactive species: metabolites, methylglyoxal (MGO)
• crosslinking

• Sample preparation: 
• deamidation, isoaspartic acid (isoAsp), succinimide 
• meta-stable species: chemical trapping, native mass spec

• New modalities and new opportunities: higher-order structure (HOS)
• virus-like particles (VLPs): adeno-associated virus (AAV)

mass, structures,
properties-reactivities



Artifact Anonymous (AA)

Communication: 
reviews, white pages and guidelines

Collaboration: 
academia
industry (biopharma, instruments)
regulatory agencies: FDA, NIST

Control: 
standardization and optimization
unknowns: prediction, first principle

If you would like to participate and contribute, please contact 
Sunny Zhou at z.zhou@northeastern.edu.  Thank you! 

mailto:z.zhou@northeastern.edu


extra slides



Dr. Stone Shi Amgen

Stone Shi
Amgen

AskGene



• Biotransformation: in vivo
• Antibodies: long-lasting, in vivo half-lives 2-3 weeks
• Endogenous IgG from human serum: 23% deamidation
• Formulation: ~ pH 5; Serum: pH 7.4 (biotransformation, in vivo)
• Other PTMs: glycation, C-term lysine, Pyro-Glu, disulfide, covalent dimer

Stability of IgG in serum. mAbs, 2010, 2, 1; Ivan R. Correia, et al. AbbVie

Biologicals, 
2009, 37, 313.



sample preparation
separation
analysis: mass spec
chemistry: first principle

serum albumin



Kinetics: Half-Lives and Progression

Eddie 
Zhou

Asn-Gly > Asn-Ser, Asn-His >> Asn-Pro
(NG > NS, NH > NP)

not good (1 d), not sure, not happy (10 d), no problem



Radical Mechanism for 
Desulfurization

Sample Prep

heat sample at 60 ºC for 30 min 
50 mM ammonium bicarbonate, pH 8.2
5 mM TCEP 
5% of cysteine to alanine

Wang Z, Rejtar T, Zhou ZS, Karger BL.
Rapid Commun Mass Spectrom. 2010, 24, 267.

Cys/C UGU, UGC
Ala/A GCU, GCC, GCA, GCG

genetic mutation?
change 2 bases: highly unlikely



Challenges in Detecting Crosslinked Adducts 
by Mass Spectrometry

Ballard, Doug Johnson, et al at Pfizer. Med. Chem. Commun., 2014, 5, 321

Doug Johnson
Biogen, Pfizer

Problems:
crosslink and 
site-of-labeling
cannot be confirmed w/
mass spec data.

isotopic labeling


