Mass Spectrometry 101

Hackert - CH 370/387D

Based in part on material from
“An Introductory Lecture On Mass Spectrometry Fundamentals”
Presented to the Sandler Mass Spectrometry Users’ Group,
University of California San Francisco, and
“Fundamentals of Mass Spectrometry — Based Proteomics”
by Doug Sheeley — Division of Biomedical Technology, National
Center for Research Resources

What does a mass spectrometer do?

1. It measures mass (m/z) better than any other
technique.

2. It can give information about chemical structures.

What are mass measurements good for?

To identify:
metabolites, synthetic organic chemicals
peptides, proteins, recombinant proteins,
oligonucleotides, polymers, drug candidates
= sequencing!

What are the essential parts of a mass spec?
lon source / Analyzer / Detector (databases)
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Summary: acquiring a mass spectrum
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Mass Spectrometry — Focus on Proteomics

Source: produces charged particles (ions)

Electron Impact (EI) - Hard (fragments) / 1000 Da
Chemical lonization (CI) — (methane / isobutane / ammonia)
Fast Atom Bombardment (FAB) — 6keV xenon atoms
Electrospray lonization (ESI) - Soft/200kDa
Matrix-Assisted Laser Desorption lonization - Soft / 500kDa

Mass Spectrometry

Introductory Example: mass spectrum of water
e Electron Impact (EI) - Hard (fragments) / 1000 Da

H,O + fastelectron - [H,O]+ + 2electrons

+ fragments (JOH]+, O+, H+)
Fragmentation pattern

[H20]+ 18 § Molecular lon
[OH]+ 17 g (“fingerprint™)
O+ 16 £
&
H+ 1 | | | | I

1 - 16 17 18
Mass-to-charge ratio

How is mass defined?
Assigning numerical value to the intrinsic property
of “mass” is based on using carbon-12, 12C, as a
reference point.

One unit of mass is defined as a Dalton (Da).

One Dalton is defined as 1/12 the mass of a
single carbon-12 atom.

Thus, one 12C atom has a mass of 12.0000 Da.

Isotopes

Most elements have more than one stable isotope.

For example, most carbon atoms have a mass of 12 Da, but in
nature, 1.1% of C atoms have an extra neutron, making their
mass 13 Da.

Why do we care?

Mass spectrometers can “see” isotope peaks if their resolution
is high enough.

If an MS instrument has resolution high enough to resolve these
isotopes, better mass accuracy is achieved.




Stable isotopes of most abundant elements of

peptides

Element Mass Abundance

H 1.0078 99.985%
2.0141 0.015

C 12.0000 98.89
13.0034 1.11

N 14.0031 99.64
15.0001 0.36

O 15.9949 99.76
16.9991 0.04
17.9992 0.20

Mass spectrum of peptide with 94 C-atoms

(19 amino acid residues)

“Monoisotopic mass”

\ No 3C atoms (all :2C)
198%

1982.84 OneC atom

1983.84
~——Two 3C atoms

Mass spectrum of insulin
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Insulin has 257 C-atoms. Above this mass, the monoisotopic
peak is too small to be very useful, and the average mass is
usually used.
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When the isotopes are not resolved, the centroid of the envelope
corresponds to the weighted average of all the the isotope peaks in
the cluster, which is the same as the average or chemical mass.




Mass measurement accuracy depends on resolution

(Mass assignment is easier with higher resolution)
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* Electrospray (ESI) - Soft/200kDa

How do mass spectrometers get their names?
Types of ion sources:
SELECTED COMPARISONS OF MOLECULAR WEIGHTS AND PRECISE MASSES

» Matrix Assisted Laser Desorption lonization (MALDI) ~ 500kDa
Types of mass analyzers:

e Quadrupole (Quad, Q)

e lon Trap

From Pavia, Lampman, Kritz and Vyvyan

* Time-of-Flight (TOF)

-Either source type can work with either analyzer type: “MALDI-
TOF,” “ESI-Quad.”

-Analyzers can be combined to create “hybrid” instruments. ESI-
QQQ, MALDI QQ TOF, Q Trap

lon Sources make ions from sample molecules
(lons are easier to detect than neutral molecules.)
Electrospray ionization:

Partial
Pressure = 1 atm Sample Inlet Nozzle vacuum
Inner tube diam. = 100 um (Lower Voltage)
_AMH*
& )
O Y 800 g o—mp,r
®g @ \
MH,*
High voltage applied Charged droplets
to metal sheath (~4 kV)

Very gentle / solvent evaporates / multiple charges
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ESI Spectrum of Trypsinogen (MW 23,983)

1599.8 M + 15 H*
M+ 16 H*
M + 14 H*
1499.9
1714.1
M+ 13 H*
/ m, = (M+n)'n
1411.9 my = (MAn+1)/(n+1)

m/z «—— Mass-to-charge ratio

MALDI: Matrix Assisted Laser Desorption lonization

Sample plate

1. Sample is mixed with matrix (X)
and dried on plate.

2. Laser flash ionizes matrix
molecules.

3. Sample molecules (M) are
ionized by proton transfer:
XH*+ M > MH* + X.

+/- 20 kV Grid (0 V)

MALDI-TOFMS
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MALDI (Matrix Assisted Laser Desorption lonization)

“Nuke It”

Analyte:
10 - 1000 fmol
1-500 kDa




Summary: acquiring a mass spectrum
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Mass analyzers separate ions based on their
mass-to-charge ratio (m/z)

o Operate under high vacuum (keeps ions from bumping
into gas molecules)

o Actually measure mass-to-charge ratio of ions (m/z)

a Key specifications are resolution, mass measurement
accuracy, and sensitivity.

a Several kinds exist: for bioanalysis, guadrupole, time-of-
flight and jon traps are most used.

Magnetic Sector Mass Analyzer
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Mass Analyzers: The Quadrupole Mass Filter

A potentisl of -100-1000 ¥ k applied aliernaely to the oppozing padrs of rods af 2 frequeney of & few MHz, A1
a specific combination of DC & RF, an m/z has a stahbe trajectory through the mods, and afl other mez ame lost
The mass range & scannesd as the voleages ane swept Tnom min io meax, bt at constant DCRF ko,

Faster Scanning than sector instruments (hut not as fast as ion traps or TOF).
Mass Range generally m'z 0-2000 or 0-40{4.

Facile M%/MS using Triple Quadrupole (Q-q-Q) analyzer.

Exquisitely sensitive in selected jon monitoring (both analyzers parked at one m'z).
Largely replaced by the lon trap and hybedd Q-q-TOT for biopolymer analysis,
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Quadrupoles have variable ion transmission modes
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single mass transmission mode

Time-of-flight (TOF) Mass Analyzer

Source Drift region (flight tube)

L
¢

v=
« lons are formed in pulses.

 The drift region is field free.

* Measures the time for ions to reach the detector.

* Small ions reach the detector before large ones.

Time-of-flight (TOF) Mass Analyzer
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The mass spectrum shows the results
MALDI TOF spectrum of IgG
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MS/MS in the Q-Tof Hybrid Quadrupole-TOF Instrument |
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What is MSMS?

MS/MS means using two mass analyzers (combined
in one instrument) to select an analyte (ion) from a
mixture, then generate fragments from it to give
structural information.

Mixture of Single Fragments
ions ion

Tandem Mass Spectrometry (MS/MS)

1. “Parent”™ lors are sedecied and olasd
1, Collision: Induced- Disocinton Brsulls in fragmentation
3. “Daughier” [ons are characserived with the second mass analyrer
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Cleavages Observed in MS/MS of Peptides
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CID (Caollision InDuced) Spectra — adds sequence data to
mass mapping for improved database identification!




What is MS/MS?

Peptide 1| pepg‘ie
. selected for

mixture MS/MS

‘ l
MS/MS -

The masses of all
the pieces give an
MS/MS spectrum

ﬁ

Have only masses
to start

Interpretation of an MSMS spectrum to derive
structural information is analogous to solving
apuzzle

Use the fragment ion masses as specific pieces of
the puzzle to help piece the intact molecule back
together

Peptide Fragmentation S=ser

1366 62
1423.64 =
1552.69

MS/MS of Angiotensin I11:
selection and fragmentation of the (M+H)* molecular ion at m/z932

Another way to B2 66D TB4 =) ]
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insight review articles

Mass spectrometry-based proteomics

Ruedi Aebersold* & Matthias Mannt

*Institute for Systems Biology, 1441 North 34th Street, Seattle, Washington 98103-8904, USA (e-mail: raebersold @systemshiology.org)
'+ Center for Experimental Biolnformatics(CEBI), Department of Biochemistry and Molecular Biology, University of Southern Denmark,
Campusvej 55, DK-5230 Odense M, Denmark (e-mail: mann@bmb.sdu.dk)

Recent successes illustrate the role of mass spectrometry-based proteomics as an indispensable tool for
molecular and cellular biology and for the emerging field of systems biology. These include the study of
protein—protein interactions via affinity-based isolations on a small and proteome-wide scale, the mapping of
numerous organelles, the concurrent description of the malaria parasite genome and proteome, and the
generation of quantitative protein profiles from diverse species. The abilig of mass spectrometry 1o identify
and, increasingly, to precisely guantify thousands of proteins from complex samples can be expecled to
impact broadly on biology and medicine.

Note: HT Proteomics is restricted to those
species where a sequence database exists!

Report

Practical Proteomics 1-2/2006
Proteomics Education, an Important Challenge for the Scientific
Community: Report on the Activities of the EuPA Education
Committee

EuPATutorial Program (preliminary draft) .
Fundamentals and Core Techniques Euro pean Proteomics

e Association (EuPA)

Amine acid chemistry/funeticnality

PTM natural chemicalienzy matic modifications MS Basics

PTM un-natural chemicalignzymatic modifications MALD! fanizstion
Protein function families: £.C: GO classification

ES! ionisation
Xeray principles
NMR principles iy
Protein substructure principles Quads
Protein structure families lon-trap, linear & 3D
Membrane protein structuraffunction FFICR, Orbitrap
Extracellular protein structureffunction et

Protein-protein Interaction Sean modes

Protsin complex izclation & examples

MS-TAP approach to complexes Metabolomics

e e GC-MS approaches & derivatisation chemistry

Biacors, microcalorimatry & CO, FT, ESI-MS approaches & derivatisation chemistry
DNA/ANA Tachniques NMR approaches

DNA claning & sequencing Pathway analysis & modelling EcoCYC

s —

— Micrafluidics

SNP, mathylation, CGH analysis Sl
Separation Selence Fluorescent labeling, DNA sequencing, misroam

Affinity chromatography Bioinformaties/Systems Biology

Frae flow electraphoresis Sequence hemalogy searching

&3 Protein id by MALDI

pomasten Proteinid by MSMS

SoPGE D verification principles, Praphet, afc.
Protein Expression Armay analysis

Antibody ganeration and use Database structure

Phags display Relevant stat applications

Protein amays Advanced data mining techniques

UETOC TR Web databases

HT cloning & expression library structure

o Experimental design principles

Mass Spec

Applications in Proteomics and Systems Biology

All an organism’s cells carry the same
Genome, and it is Static. Genomes do

not describe function. They are a parts

T
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list. % s
Different cells express different proteins, -—-mﬁ-l’:'m':”ﬂ- =
The type and quantity of this expression Wh
changes. KN A
The Proteome is Dynamic. It is the total

of all proteins expressed by a particular RN . S
cell at a given tirne, under specific

conditions.

A Proteome cannot be studied the way a Genome is sequenced.
There has to be a specific biological question behind an experiment.
The questions may be either very broad or strictly defined,




| Differential Expression Proieomies‘
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Two Dimensional Gel Electrophoresis

Izodectric focusing Is performed on
precast gel sirips using commercial
instruments. Many pH ranges are
avallable. Multiple strips can be run in
parallel.

An immaobilized pH gradient Is created in
a polyacrylamide gel strip by
incorporating a gradient of acidic and
basic bulfering groups when the gel Is
cast.

Resolutdon is determined by the slope of
the pH gradient and the feld sirength.

Loading capacity depends on gel size and b ' .. -
thickness,

In 2D} IEF/PAGE, the gel strip from IEF
Is loaded into a single large well.

Figure from Biofad Produet Literatare i

Generic Mass Spectrometry-based Proteomics
(1) Sample SDS- Excised (2) Trypsin  Peptide

fractionation PAGE proteins dig?sgion mixture
+
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(3) Peptide
chromatography
and ESI

With the new genomic data bases of model species, such as Esherichia
coli, Saccharomyces cerevisae, mouse, and human, the sequences of
many/most proteins of biological interest will in principle be known, and the
problem of characterizing a protein primary structure will be reduced to
identifying it in the data base.

Within the past few years research groups have demonstrated how MS
can be used for identification of proteins in sequence data bases. One
approach is to cleave the protein with a sequence-specific proteolytic
enzyme, measure molecular weight values for the resulting peptide
mixture by mass spectrometry, and search a sequence data base for
proteins that should yield these values. Search algorithms can utilize
low resolution tandem mass spectra of selected peptides (<3 kDa) from the
protein degradation. Yates and coworkers compared the MS/MS sequence
data to the sequences predicted for each of the peptides that would be
generated from each protein in the data base. In the PEPTIDESEARCH
sequence tag approach of Mann and Wilm, a partial sequence of 2-3
amino acids is assigned from the fragment mass differences in the
MS/MS spectrum. This partial sequence and its mass distance from each
end of the peptide (based on the masses of the fragment and molecular
ions) are used for the data base search. Often, a single sequence tag
retrieved only the correct protein from the data base.




MS-Fit oy oty

A peptide-mass fl\gerprlrlu@lon\ from the UCEF Muss Spectrometry Fucility that tries to fit a user's mass speciromeiny data to a protein sequence in nn existing dutabase and thus suggest thel
iddentity of the user’s protein. The M3 input data should be genernted by mnalyzing the peptides produced by the enzymatic digestion of n user's protein.

ProtelProspecior Home | MS5-Tag | Ms-Seq | MS-Edman MS-Fi st UCSF (San Fronclsce)
MS-Digest MS-Product M5 Comp | DB-Stat MS-Txotope

Mass accuracy
tolerance = 15 ppm
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Lee Hood
Institute for Systems Biology, Seattle

1urs Hopkins School of W 12, 1964
Biochemistry. Califor nia Instingte of Techn

Note: The following (blue) slides were edited from a presentation by Lee Hood of the
Inst. for Systems Biology to NIST on the P4 Medicine found at:

http://www.itl.nist.gov/Healthcare/conf/presentations/LH%20NIST%209-24-07.pdf

A similar lecture on P4 Medicine was presented by Dr. Hood at the 2007 Welch
Conference — “From Atoms to Cells”

MS-Fit Search Results

Press stop on your broveser if you wish to abort this MS-Fit search prematurely,
Sample 1) {comment): Unknown A

Databnse searched: SwissProt.012601

Moleculir weight search (1000 - 150000 Da) selects 90539 entries.

Full pl range: #2236 endries,

Combined molecular weight und pl searches select 90539 eniries.

MS-Fit search selects 858 entries (results displayed for top 15 madches).

Consicdored modifications: | Peptlde N-terminal Gin to pyroGilu | Oxidation of M | Frateln N-terminux Acetyluted | Acrylumide Madifled Cye |
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CCAGGAGGTT GCTTCTTCCA
GCTCCCAGCT GCTGTGAGTG
CACTTCTGGT GCCCACTGIG
GCCTCCTGGG GAGCTGCTGA

= Biological networks capture, transmit, integrate,
dispense and execute biological information.

« Biological information is hierarchical and
multiscalar--DMA, RNA, protein, interactions,
networks, cells, organs, individuals, ecologies.




Agenda: Use biology to drive technology and computation.

. Lo
Need to create a cross-disciplinary culture. Hilelt [ Sy ients hisehelne:

Biological Information 3
E dynamics of

pathophysiology

Cross-Disciplinary 5
Culture Biology

Team Science Chemisty 27 _

Computer Science

COMPUTATION TECHNOLOGY Engineering

Mathematics
Fhysics

BIOLOGY

Non-Diseased Diseased

Perhaps 50 major organs or cell types--each secreting
7400 Differentially Expressed Genes (DEGs) in protein blood molecular fingerprint.

5 inbred strains upon prion perturbation. " :
The levels of each protein in a particular blood

Biological filters reduce to 924 core DEGs for fingerprint will report the status of that organ. Probably
prion disease need 10-50 organ-specific proteins per organ.

253/924 DEGs encode known disease Need to quantify 500-2500 blood proteins from a
phenotypes droplet of blood.

671/924 DEGs encode novel disease Key point: changes in the levels of organ-specific

phenotypes markers will assess all diseases or environmental
challenges for a particular organ




Quantitate 1000-2000 organ-specific proteins to:
identify disease;
stratify disease;
progression of disease;
response of disease to therapy etc.

'Molecular #
measurements Our sensitivity: TNFa or MIP2.
1 50-100pg/ml in 1nl
Amount: 100pg*10-°ml

Fundamental Materials/Chemical Issues
= Scalable & Simple Detection Technologies
= Multiple Functions Integrated onto Microfluidics Chips
= Protein Capture Agents
= Manufacturability

Predictive:
— Probabilistic health history—-DNA sequence
— Biannual multi-parameter blood protein measurements
— In vivo diagnostic measurements to stage and localize
disease
Preventive:
— Design of therapeutic and preventive drugs
via systems approaches

Personalized:

— Unique individual human genetic variation mandates
individual treatment

Participatory:
— Patient understands and participates in medical
choices

Patient and physician education

DEAL for In vitro molecular diagnostics:
Integrated biology/chemistry/nanotech/microfluidics platforms

Separate plasma & rapidly quantitate protein biomarker panels to:
= Profile health status of individual organs
« Detect disease prior to clinical symptoms
» Select appropriate therapies or combination therapies
» Profile positive & adverse responses to therapies

Large panel of protein biomarkers measured Iin a single microfluidics chann
{15 min assay time)

Organ 1 Organ 2 Tox response inflammgtion

300 nanoliters of plasma

Assay region

Jim Heath, et al

@'

DEAL = DNA-Encoded Antibody Library




