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Coulter principle 
Particles pulled through an orifice, concurrent with an electric current, produce a change in impedance proportional to the 
volume of the particle. This pulse in impedance originates from the displacement of electrolyte caused by the particle. 

The principle has found success in the medical industry, particularly in hematology, cell counting, particle sizing. It can be 
applied to count and size the various cells that make up whole blood. 

A Coulter counter counts and sizes 
particles suspended in electrolytes

www.wikiwand.com

Wallace H. Coulter

Sizing and counting particles in 
the gas-phase



Many flavours of Biomolecular Mass Spectrometry 

The diverse and expanding role of mass 
spectrometry in structural and molecular biology
EMBO Journal (2016) 35:2634 2657
doi.org/10.15252/embj.201694818

Next-generation proteomics: towards an 
integrative view of proteome dynamics 
Nat Rev Genet (2013) 14:35-48.
doi: 10.1038/nrg3356

Peptide-centric
Protein-centric
Protein-complexes

Pure proteins
Purified assemblies
Cells
Tissues
Organisms

Many different 
MS-technologies

https://doi.org/10.15252/embj.201694818


Native Mass Spectrometry: 
What is in the Name?
Leney & Heck 
JASMS 28 (2017) 5-13

High-Resolution Native 
Mass Spectrometry
Den Boer, Tamara & Heck 
Chem Rev x (2022) y

Native or denaturing mass spectrometry ?



New Detectors for Native MS: Orbitrap Technology
Our game changer

Quadrupole for isolation of 
ions up to 40,000 m/z

In-source trapping for desolvation
and pseudo MS3 experiments

Improved transport of 
high m/z ions from the C-
trap to the Orbitrap

Extended HCD energies for 
desolvation and tandem MS

Improved focusing of high mass ions 
throughout the instrument; EMR (2012) UHMR (2017)



• Orbitrap appears to be extremely powerful for the analysis of protein assemblies

• The impact of the high mass resolving power at very high sensitivity is tremendous; it opens up 
avenues to measure dynamic protein-protein interactions, and (non)covalent binding of small 
molecules to protein assemblies, and very large protein assemblies

• Wide-ranging applications include the analysis of post-translational modifications, e.g. 
phosphorylation, glycosylation on intact proteins and protein assemblies, co-factor binding to 
native enzymes, nucleotide binding to DNA repair enzymes, and lipid binding to ATPase systems 
and other membrane proteins

Exploring an Orbitrap Mass Analyzer for Native Mass Spectrometry

Rose et al. Nature Methods 2012
Rosati et al. Angew Chemie 2012

Waterbeemd et al. Nature Methods 2017
Fort et al. Analyst 2017



T: FTMS + p NSI sid=200.00  Full ms [400.00-12000.00]
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6477.17
R=2005

5320.48
R=1863

6771.96
R=1861

25+

Only few charge states
No background noise
Very sensitive, attomoles

Glycosylated antibodies on Orbitrap EMR



These new formats are more 
complex to make and analyze

Their size but also mass 
heterogeneity will ever increase

Antibody-formats become more and more complex

Klein, Methods 154 (2019) 21

Dyachenko, Anal Chem (2015) 87:6095-102 

IgG1−RGY−antigen complexes (IgG)6(CD38)12, molecular weight 1.26 MDa



Orbitrap performance for virus analysis

Defining the stoichiometry and cargo load of viral nanoparticles by 
Orbitrap mass spectrometry. Snijder J, et al. JACS 136 (2014) 7295-9.
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Sizing and counting AAV particles by 
high-resolution native mass 
spectrometry and single molecule 
charge detection mass spectrometry

Image credit 



AAV Gene Therapy

Graphic The Scientist. 2012.

AAVs deliver genes without integrating them into the genome

1. Virus is taken into the cell via the endosome

2. The endosome breaks down

3. Therapeutic DNA enters cell nucleus as a double-stranded 
molecule ready for transcription

4. The resulting transcript leaves the nucleus and travels to 
the ribosome for translation (protein synthesis)

5
6

$2 million



The AAV capsid is composed of 60 capsid protein subunits, VP1, VP2, and VP3, 
arranged in an icosahedral symmetry 

The ratio is serotype dependent and batch dependent 
but estimated  to be 5:5:50.

Vp1 and Vp2 are essential for viral entry 

But what is the exact composition of the virus?

Structural Properties of AAV

r=11nm



AAV Adeno Associated virus assembly

AAV capsid assembly is stochastic, no particle is the same Wörner T, et al. Nature Comm (2021)

Slightly different masses, slightly different frequencies; interference



AAV Adeno Associated virus assembly

Wörner T, et al. Nature Comm (2021)AAV capsid assembly is stochastic, no particle is the same

Simulations with right particle distributions match experimental spectra 



AAV Adeno Associated virus assembly stochastic model

Wörner T, et al. Nature Comm (2021)



AAV Adeno Associated virus assembly of different serotypes

Wörner T, et al. Nature Comm (2021)



cs 170

Collaboration with Andrew Routh Lab (University of Galveston, Texas)

Mw = 9 365 600 +/- 1500 Da

Mass determination of Flock house virus



Collaboration with 
Routh Lab (Galveston,Texas)

2 ions
1 ion

Single ion detection of Flock house virus (FHV)



Collaboration with 
Routh Lab (Galveston,Texas)

Single ion detection of Flock house virus (FHV)

2 ions
1 ion

2 ions

1 ion



Single ion intensities scale linearly with charge state

Single ion charge detection mass spectrometry



Resolving in the intensity dimension

Resolving a complex mixture of IgG oligomers using single ion intensities

platform was composed of a continuous disk with
six poorly resolved densities protruding toward
the membrane and four discernible densities on
top, arranged as an incomplete hexagon (Fig. 4, B
to E). We generated a model of the C1-antibody
complex by docking the 1HZH crystal packing
[adapted by Fab rotation (fig. S5)] into the lower
platform and manually fitting C1q headpieces
(Fig. 4F and fig. S6) (20). The four densities on top
of the lower platform suggested incomplete
(4:6) C1q headpiece binding to the antibody
hexamer (Fig. 4C) and may reflect flexibility and
dynamics of the C1q-IgG interactions.

The model suggested that one Fab arm of each
antibody in the hexamer bound the membrane-
associated antigen while the other Fab arm was
positioned at the height of the platform (Fig. 4F).
To test the concept that complement activation

might only require monovalent binding, we gen-
erated functionally monovalent bispecific anti-
bodies (20, 21) that contained one specific and one
innocuous Fab arm (i.e., IgG1-7D8/b12 and
IgG1-2F8/b12, monovalently binding CD20 and
EGFR, respectively). Both antibodies induced
efficient CDC of relevant target cells (Fig. 4,
G and H), which for the bispecific antibody
2F8/b12 was strongly enhanced relative to the
parental 2F8 antibody. Thus, for this antibody-
antigen pair, monovalent binding is better able
than (high-affinity) bivalent binding to accom-
modate the Fc-Fc hexamerization required for
efficient CDC.

The hexameric IgG-C1 binding model (Fig. 4,
A and F, and fig. S6) revealed geometrical re-
straints that could explain the strong antigen
and epitope dependency of complement activa-

tion. Potent complement activation by mono-
clonal antibodies is restricted to certain antigens
and epitopes (12, 19, 22), presumably because
antigen size, density, and fluidity may affect ac-
tivation (18, 22–26) and because IgG orientation
resulting from epitope geometry imposes addi-
tional structural constraints (12, 19, 22, 25, 27).
Polyclonal antibodies appear to be less sensitive
than monoclonal antibodies to such constraints
(24, 28, 29), potentially because binding of anti-
bodies to a variety of antigens or epitopes facil-
itates clustering of Fc segments, thereby allowing
efficient Fc-Fc assembly. Monovalent binding of
IgG molecules in the platform is consistent with
earlier observations (30) and could be envisaged
to provide more degrees of freedom for the Fc
segments, allowing their optimal positioning for
C1q recruitment.
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Fig. 1. C1q binding and complement activation by antibody hexamers. (A) IgG hexamer crystal
packing of IgG1-b12 (1HZH). The dashed enclosure indicates a single IgG molecule. The C1q binding residue
Lys322, located in the CH2 domain, is indicated in red. (B) Surface map depicting the Fc-Fc interface. Residues
interacting with the Fc-binding peptide DCAWHLGELVWCT are indicated in blue. (C) The Fc-binding peptide
inhibits CDC mediated by IgG1-7D8 (Raji cells) and IgG1-005 (Daudi cells). Data are average values T SD
(N = 3); one-way analysis of variance followed by Dunnett’s multiple comparison post hoc test: *P < 0.05,
***P < 0.001. (D) C1q binding to CD20+ Raji cells opsonized with wild-type or mutated CD20 antibody IgG1-
7D8. FITC, fluorescein isothiocyanate; MESF, molecules of equivalent soluble fluorochrome. A representative
example is shown (N = 3). (E) CDC of Raji cells opsonized with wild-type and mutated IgG1-7D8. A represent-
ative example is shown (N = 3). The absence of CDC without added C1q indicates classical pathway activation.
(F and G) CDC of K439E and S440K, abrogated in single point mutants, is restored in an IgG1-7D8 double
mutant [(F), Raji cells] and by mixing single mutants of IgG1-7D8 (F) or IgG1-005 [(G), Daudi cells]. Rep-
resentative examples are shown (N = 3). Amino acid abbreviations: A, Ala; C, Cys; D, Asp; E, Glu; G, Gly; H, His;
I, Ile; K, Lys; L, Leu; N, Asn; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr.

www.sciencemag.org SCIENCE VOL 343 14 MARCH 2014 1261

REPORTS

Single ion charge detection mass spectrometry



General workflow for single particle pre-processing

When charge states not resolved, 
hard to determine Mw

Single ion charge detection mass spectrometry

Wörner T, et al. Nature Methods (2021)



Resolving a complex mixture of IgM oligomers using single ion intensities

Single ion charge detection mass spectrometry

Science Advances 4 (2018)
DOI: 10.1126/sciadv.aau1199 



Single particle CD-MS of co-occurring empty and genome loaded AAV particles

Single ion charge detection mass spectrometry

$2 million



Production of AAV gene delivery particles
Is rather difficult

Sucrose gradient

CD-MS

EM



Data selection/clustering in 2D 
Can be done manually or automated

Quantitative CD-MS analysis of AAV gene delivery particles

Wörner TP, Mol Ther Methods Clin Dev. 
24 (2021) 40-47. doi: 

10.1016/j.omtm.2021.11.013.



How accurate/reproducible is the measure?

Sample

25% full 23±1.2

50% full 45±2.8

75% full 71.5±0.7

Quantitative CD-MS analysis of AAV gene delivery particles

Empty: 3,702 kDa 
Half-full: 4,393 kDa (691 kDa, 2.28 kb genome) 
Full: 5,103 kDa (1,401 kDa, 4.62 kb genome)

Sample Full Half-full Empty

25% full 15.0 8.0 77

50% full 30.9 14.1 55

75% full 50.1 21.4 28.5

25% Full

50% Full

75% Full



Long transients, better S/N
High mass ions very stable
No isotopes
Super-resolution

Single particle analysis enables super-resolution
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Wörner TP, Nature Chemistry
(2022) accepted



Mass analysis of the S-trimer by Single Particle Methods 

Mass Photometry Orbitrap CD-MS

~30% of the S-trimer mass are glycans!

Sequence MW = 385 kDa
Measured Mass = 475 kDa Yin… Heck, ACS Cent. Sci. 2021.

Brouwer… van Gils, Science. 2020.



Binding of monoclonal anti-SARS-CoV-2 IgGs to S
COVA2-15 and COVA1-18

COVA1-18
(1:1)

COVA2-15
(2:1)

Identical neutralization potencies (IC50 ~0.008 μg/mL)
yet very different stoichiometries

Potential as Biotherapeutics



Sizing and counting Sars-Cov-2 spike 
trimer particles bound to antibodies

Rapid and sensitive determination of antibody 
and/or Fab binding to the SARS-CoV-2 spike trimer

Single particle charge-detection 
mass spectrometry

Single particle 
mass photometry

Antibodies bind typically with stoichiometries lower than 
3 per spike but are fully effective at blocking ACE2 binding 

Weighing in on SARS-CoV-2 Spike / Antibody Interactions



Next generation biopharmaceuticals pose 
new analytical challenges

High-resolution native mass spectrometry 
provides in-depth structural details on 
such protein assemblies

Single-particle charge detection mass 
spectrometry provides unique sensitivity

Viruses, Vaccines, but also highly 
decorated glycoproteins
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A Human Source of Antibodies



The Human Plasma Proteome and IgG1 repertoire

Major part of the proteins in plasma are IgGs. Are they representing a unique profile for individuals?

A direct view at the individuals’ plasma antibody repertoire by mass spectrometry



The Human Plasma IgG1 repertoire

The human immune system creates billions 
of different antibodies using a limited 
number of genes by rearranging DNA 
segments during B cell development 

Further mutations can also increase genetic 
variation in antibodies



The Human Plasma IgG1 repertoire

The human antibody repertoire size
~1015 members for the naïve repertoire
~1018 based on combinatorial calculations

~1013 total number of cells in the body
~1011 total number of B cells in the body
~109 circulating peripheral naïve mature B-cells

But how many different antibodies are really 
present in plasma at a given moment?

Understanding the human antibody repertoire
A R Rees MAbs 12 (2020) 1729683



How variable are IgG1 molecules ?

n Immunoglobulin kappa light chain (IGK) based on IMGT
CDR1

CDR3

CDR2

CDR1

CDR3

CDR2

Immunoglobulin G1 heavy chain consensus based on IMGT



Capture and Analysis of the Human Plasma IgG1 repertoire

n Capture IgG

n Use bacterial protease 
cleaving above hinge

n Collect Fab

n Perform intact mass LC-MS

n Deconvolute mass spectra



Each clone can be 
typed by RTCloneMw

The IgG1 clonal 
repertoire is simple

A Human Plasma IgG1 repertoire



A Human Plasma IgG1 repertoire

By spiking in rec mAb’s all Fab 
concentrations can be quantified



The Human Plasma IgG1 repertoire; unique healthy donors?

Each IgG1 clonal repertoire 
is personalized

1 month

2 months

1 month

2 month2



The Human Plasma IgG1 repertoire in 8 patients with sepsis



Dominant IgG clones 
display distinct dynamics

The Human Plasma IgG1 repertoire is simple but unique



The Human Plasma IgG1 repertoire is simple but unique

Each donor is unique



Can we obtain the sequence of the plasma clone 24.4 1 47359.5

The Human Plasma IgG1 repertoire; a unique donor?



Fab, Lc and Fd middle-down sequencing by LC-ETD

De novo sequencing of plasma IgG clone

- Fab protein centric approach

- LC and Fd fragment centric approach

- Peptide centric approach
- Four proteases



Fab, Lc and Fd middle-down sequencing by LC-ETD



Validation of key sequencing evidence for donor F59's clone 24.4147359.4
through comparison to a recombinantly produced antibody.

Is the sequence right?



Is the sequence right?



The Human Plasma IgG1 repertoire

2021, 12, 1131-1143

On the cover: A drop of blood sits atop an 
index finger with its distinctive fingerprint 



COVID-specific IgGs in the Human Plasma repertoire



IgA1 repertoires in human milk

Also the human milk IgA1 
repertoire is simple but unique

Front. Immunol., 2021 | doi.org/10.3389/fimmu.2021.789748

https://doi.org/10.3389/fimmu.2021.789748


A Human Source of Antibodies

Each person makes its own 
repertoire of antibodies 
against each pathogen

In this resource there 
should be ideal candidates 
for biotherapeutics

Our approaches provide a 
way to find them
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A Human Source of Antibodies

Each person makes its own repertoire of antibodies against each pathogen
In this vast resource there should be ideal candidates for biotherapeutics
Our approaches may provide a way to find them

Science meets art


