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The basics of mass spectrometry
American Society for Mass Spectrometry:

http://www.asms.org/whatisms/p1.html

Wikipedia
http://en.wikipedia.org/wiki/Mass_spectrometry

Also, special thanks to:

Prof. Roman Zubarev
(Karolinska
Institute, Stockholm, Sweden)

and

Dr. Ann Dixon
(Warwick!)

for slides.







Mass Spectrometry
• Mass spec. is not a method based on absorption of

electromagnetic radiation

– ... but it complements these methods (UV, IR, NMR)

• In Mass spectrometry, molecules are ionized, and
then their mass is measured by sorting them out inthen their mass is measured by sorting them out in
magnetic and electric fields.

• Thus, the function of mass spectrometers is all
about how ions move in electric and magnetic
fields, and this all starts with the Maxwell
equations.



What information is in Mass
Spectra?

1. Masses
Useful for testing your theory of your chemical structure

2. Elemental compositions
Or at least estimates thereof...

3. Mixture Compositions
4. Abundances (quantitation)
5. Charge states5. Charge states
6. Mass differences (MS/MS)

- Sequences (Proteins, peptides, polymers, DNA, etc)
- Linkages (carbohydrates, hydrogen bonding, etc.

7. Fragment stabilities
Breakdown curves yield relative (Net) transition state energies

8. Higher order structure
- Hydrogen/Deuterium Exchange (HDX) experiments
- Electron Capture/Transfer Dissociation



Mass Spectrometry and Isotopic
DistributionsDistributions

Why so many peaks?



What is Molecular Mass?

Mass:  M = Σmene,

me – mass of an element
ne – number of atoms of this element in the molecule

Isotope Mass Abundance Chemical Deviation from the
mass whole number

1H 1.00782510 99.9852% 1.00794 +0.0079
2H (D) 2.01410222 0.0148%

12C 12.0(0) 98.892% 12.011 +0.011
13C 13.0033544 1.108%

14N 14.00307439 99.635% 14.00674 +0.007
15N 15.0001077 0.365%

16O 15.99491502 99.759% 15.9994 -0.0006
17O 16.9991329 0.037%
18O 17.99916002 0.204%

31P 30.9737647 100% 30.9737647 -0.0262

32S 31.9720737 95.0% 32.066 +0.066
33S 32.9714619 0.76%
34S 33.9678646 4.22%
36S 35.967090 0.014%





The mass spectrum of benzene (C6H6)



2. “A+1” elements

1. Monoisotopic “A” elements
(fluorine, phosphorus, cesium, sodium, iodine)

2. “A+1” elements
(carbon, nitrogen, hydrogen)



3. “A+2” elements
(oxygen, chlorine, bromine, silicon, sulfur)



Elemental Compositions of Metals

Magnesium

23.98504 78.7

24.98584 10

25.98259 11.3

Aluminum

26.98153 100

Titanium

45.95263 8

46.9518 7

47.94795 74

48.94787 5.5

49.9448 5

Iron

53.9396 5.8

55.9349 92

Selenium

75.9192 9

76.9199 7.6

77.9173 23.5

79.9165 49.8

81.9167 9Mercury

Zinc

63.9291 49

65.926 28

66.9271 4

67.9249 18.6

Palladium

101.9049 1

103.9036 11

104.9046 22

105.9032 27

107.903 28

109.9045 12silver

106.9041 52

108.9047 48

Gold

196.9666 100

197.9668 10

198.9683 17

199.9683 23

200.9703 13

201.9706 30

203.9735 7

Lead

203.973 1.5

205.9745 23

206.9759 22.6

207.9766 52.3

Uranium

235.0439 0.7

238.0508 99.3

CRC Handbook of Chemistry and Physics, 48th Edition, 1967



How do isotopic distributions change with mass?

• monoisotopic mass dominates
up to MW ~1100

• above MW ~7000, the monoisotopic
peak is vanishingly small

• becomes more symmetric

MW 1000 MW 2000 MW 3000 MW 4000

• becomes more symmetric

• the width grows sublinearly.
For <3 kDa, MW/FWHM ~1100,
for 10 kDa, MW/FWHM ~2000

• the most abundant mass is 0..1 Da
below the average mass

• fine structure for all peaks but
monoisotopic.Yergey J, Heller D, Hansen G, Cotter RJ, Fenselau C.

Anal. Chem. 1983, 55, 353-356.

FWHM



Molecular mass is the isotopic distribution!

Nominal mass: me is the integer mass value for
the most abundant isotope (H=1, etc.).

Monoisotopic mass: me is the exact mass value
for the most abundant isotope
(H=1.00782510, etc.).

Mass quantities:
Yergey J, Heller D, Hansen G, Cotter RJ, Fenselau C.

Anal. Chem. 1983, 55, 353-356.

(H=1.00782510, etc.).

Average mass: me is the chemical (average)
atomic mass value (H=1.00794, etc.).

Isotopic cluster (distribution): a group of
isotopic peaks representing the same
molecule.

Most abundant mass: such in the isotopic
cluster.



How to calculate the isotopic distribution?

iNi pp
iNi

N
iP 


 )1(

)!(!

!
)(

Use the binomial distribution.

N= number of atoms
I = ith isotope
p = probability of being heavy isotope (e.g. 13C)

Note: the total isotopic distribution is the sum (actually the mathematical
convolution) of the individual isotopic distributions for each possible isotope.



Is the Average Mass Reliable?

Inherent uncertainty of average mass is ca. 10 ppm.



Is average mass reliable?

Zubarev RA, Demirev PA, Håkansson P, Sundqvist BUR. Anal. Chem. 1995, 67, 3793-3798.

Underestimation by 0.45±0.10 Da.

0.1 Da!Minimal



What is Molecular Mass?

10-mer polypeptides

Conrads TP, Anderson GA, Veenstra TD, Pasa-Tolic L, Smith RD,

Anal. Chem. 2000, 72, 3349-3354.



Example #1

What would the electrospray mass spectrum of poly-ethylene glycol
(PEG : HO-[CH2CH2O]nH) look like? Assume n = 100-120.

http://en.wikipedia.org/wiki/Polyethylene_glycol



#1. What would the electrospray mass spectrum of poly-ethylene glycol
(PEG : HO-[CH2CH2O]nH) look like? Assume n = 100-120.

n M+Na+ (M+2Na)2+ (M+3Na)3+ (M+4Na)4+ (M+5Na)5+ (M+6Na)6+ abundance

100 4440.9898 2231.9898 1495.6565 1127.4898 906.5898 759.32313 0.082084999

101 4484.9898 2253.9898 1510.3231 1138.4898 915.3898 766.65647 0.131993843

102 4528.9898 2275.9898 1524.9898 1149.4898 924.1898 773.9898 0.201896518

103 4572.9898 2297.9898 1539.6565 1160.4898 932.9898 781.32313 0.2937577

104 4616.9898 2319.9898 1554.3231 1171.4898 941.7898 788.65647 0.40656966

105 4660.9898 2341.9898 1568.9898 1182.4898 950.5898 795.9898 0.535261429

106 4704.9898 2363.9898 1583.6565 1193.4898 959.3898 803.32313 0.670320046

107 4748.9898 2385.9898 1598.3231 1204.4898 968.1898 810.65647 0.798516219

108 4792.9898 2407.9898 1612.9898 1215.4898 976.9898 817.9898 0.904837418

109 4836.9898 2429.9898 1627.6565 1226.4898 985.7898 825.32313 0.975309912

110 4880.9898 2451.9898 1642.3231 1237.4898 994.5898 832.65647 1

111 4924.9898 2473.9898 1656.9898 1248.4898 1003.3898 839.9898 0.975309912

112 4968.9898 2495.9898 1671.6565 1259.4898 1012.1898 847.32313 0.904837418

113 5012.9898 2517.9898 1686.3231 1270.4898 1020.9898 854.65647 0.798516219

114 5056.9898 2539.9898 1700.9898 1281.4898 1029.7898 861.9898 0.670320046

115 5100.9898 2561.9898 1715.6565 1292.4898 1038.5898 869.32313 0.535261429

Isotope
pattern

masses

115 5100.9898 2561.9898 1715.6565 1292.4898 1038.5898 869.32313 0.535261429

116 5144.9898 2583.9898 1730.3231 1303.4898 1047.3898 876.65647 0.40656966

117 5188.9898 2605.9898 1744.9898 1314.4898 1056.1898 883.9898 0.2937577

118 5232.9898 2627.9898 1759.6565 1325.4898 1064.9898 891.32313 0.201896518

119 5276.9898 2649.9898 1774.3231 1336.4898 1073.7898 898.65647 0.131993843

120 5320.9898 2671.9898 1788.9898 1347.4898 1082.5898 905.9898 0.082084999

0

0.2

0.4

0.6

0.8

1

1.2

0 1000 2000 3000 4000 5000 6000



Poly ethylene glycol distribution

1. O'Connor, P. B.; McLafferty, F. W. Oligomer characterizationof 4-22 kda polymers by electrospray fourier-
transform mass spectrometry J. Am. Chem. Soc. 1996, 117, 12826-12831.



Mass Spectrometry Instruments

So many choices, so little time....



Mass Spectrometry
• Mass spec. is not a method based on absorption of

electromagnetic radiation

– ... but it complements these methods (UV, IR, NMR)

• In Mass spectrometry, molecules are ionized, and
then their mass is measured by sorting them out inthen their mass is measured by sorting them out in
magnetic and electric fields.

• Thus, the function of mass spectrometers is all
about how ions move in electric and magnetic
fields, and this all starts with the Maxwell
equations.



MS Block Diagram

Chromatography

Sample
Cleanup

Fragmentation
Method

Ion
Source

Mass
Separator

Detector
Inlet Computer

Data
Reduction

Bioinformatics

Mass Spectrometers do not measure mass, they
measure mass/charge ratio.



Source
• One of the most important differences between mass

spectrometers is the source

• In the source, create gas phase ions:

– degree of ionization can vary, as can the degree of
fragmentation

– Some methods induce no fragmentation (M+ only),– Some methods induce no fragmentation (M+ only),

– Others can lead to fragmentation (provides vital
structural information).

• Commonly used ionization methods are EI, CI, MALDI
and ESI.

• EI, CI, and MALDI generate 1+ or 1- ions (almost always)

• ESI produces multiply charged ions (5+ - 13+ for
example)



Electron impact

http://www.cem.msu.edu/~reusch/VirtualText/Spectrpy/MassSpec/masspec1.htm



Taylor cone

Spray ~1 microliter/min

In “nanospray”, flow rates of ~1 nl/min are used. The
taylor cone and plume become invisible because the
droplets are in the 100 nm diameter range, and sensitivity
goes up due to greatly reduced space charge and
improved capture efficiency.



MALDI mass spectrometry

+

+

+

Laser

+

Most commonly, Laser is a <10 nsec pulse at
337 nm (N2 laser) or 355 (frequency tripled
Nd:YAG). 50 nsec pulse at 2.94 (Er:YAG) is
also used.



Sensitivity plot

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

Linear region

Saturation region

1 μM

1.E-11

1.E-10

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

1.E-14 1.E-13 1.E-12 1.E-11 1.E-10 1.E-09 1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03

LOD region



Sensitivity plot

DOI:10.1021/ac034938x



• Ion formed in source are sent to mass analyzer for
sorting according to m/z and focussing onto
detector

• Various types of mass analyser available:

– time-of-flight mass analyzers

Mass Analyser

– time-of-flight mass analyzers

– magnetic sector

– quadrupole mass filters

– quadrupole ion traps

– Fourier transform ion cyclotron resonance spectrometers



Since we measure m/z, not
mass, we need to know z.

How do we do that?

z = 1.003/( m/z)

m/zNote: this requires
sufficient resolution to
distinguish the
isotopes!

568 569 570 571 572 573m/z

z = 1.003/( m/z)(m/z)
0

m = z (m/z)
0

.

This is not always
possible, it depends
on the instrument.



Mass Spectrometers
• Time of Flight

• Magnetic Sector

• Quadrupole

• Triple Quad

• Ion Trap

Mass Spectrometers DO NOT
measure
mass. They measure mass/charge
ratio.

• Ion Trap

• FTICRMS
Understanding how mass
spectrometers work is
understanding how ions move in
electric and magnetic fields.



Ions in a DC Electric Field

F = qE = m d2x/dt2

++

10 KV

Note. Electrostatic analyzer and Einzel lens



Electrostatic analyzer



Einzel lens



Time of Flight Mass Spectrometry

• MALDI-TOF

• EI-TOF

• ESI-TOF

The most simple of all mass
spectrometers, at least conceptually.

Linear versus reflectron

Delayed extraction (time lag focusing)
• ESI-TOF

Delayed extraction (time lag focusing)

Detection electronics

PSD scan

Orthogonal injection



Basic TOF mass spectrometer



Typical “Proteomics” experiment
using a MALDI-TOF



Laser

V D (field free drift region)

Source

S
Oscilloscope

+

+

+

+

Figure 3. The principle of MALDI time-of-flight mass spectrometry.

1. TOF requires a pulsed ion source

2. TOF requires a small kinetic energy distribution in the ions

3. Radial dispersion causes signal loss

4. TOF requires a detector/oscilloscope/digitizer that’s MUCH
faster than the ion flight time.



Magnetic Sector Mass
Spectrometry

• MALDI

• EI

• ESI

Large, expensive, obsolete.

Swept beam instrument

The first “High Resolution” mass
spectrometer (> 10k RP)spectrometer (> 10k RP)

Lousy sensitivity (~1 nmol)

High energy collisional fragmentation

Extremely linear detector response
(isotope ratio mass spectrometry)

Sector Calibration
Equation
m = AB0

2r2/V

Jeol and Thermo-Finnigan MAT



Ions in a magnetic field



Ions in a
magnetic field



Typical Sector mass
spectrometer



Isotope Ratio Mass Spectrometer



Quadrupoles

• MALDI

• EI

• ESI

Small, cheap, ubiquitous.

Swept beam instrument

Resolution typically 1000, mass
accuracy typically 0.1%

Sensitivity depends on the source.
Typically in the 100 fmol range.



1989 Nobel Prize in Physics for development of ion trapping
techniques

Wolfgang Paul
(quadrupole ion traps)

Hans Dehmelt
(Penning ion traps)



Wiring of a quadrupole



The potential energy diagram of a quadrupole showing the
saddlepoint in the electric field (generated using Simion 7.0)



• Cheaper, but lower performance and resolution

• Advantage: easy to interface with GC and LC (on-line)

– don't use high potentials in the ion source; faster scanning

• DC and 180 out of
phase RF AC potentials
applied across opposite
pairs of cylindrical rods

Quadrupole Analyser

pairs of cylindrical rods

• Ions injected along z;
follow a spiral path through the analyser due to the oscillating field.

• Under given set of conditions, ions of only a single m/z focussed to
detector (others collide with rods)

• Vary DC and RF to successively bring all ions to detector

– range m/z = 1000 - 4000 Da



Detector
+

_

resonant ion

non-resonant ion

Quadrupole Analyser

Ion
Source

_

DC and AC
Voltages

+



Ions in an Oscillating Electric Field

z stability

Operating
Line

b=1.0

az

0.2

0.4

-

-

“Matthieu eqn”

az = 8eU/mω2r2

qz = 4eV/mω2r2

A± = U ± Vsin(ωt)

• qz a V/m

• qz a fion

• az a U/m
r stability

0.5 1.0 1.5

qz

b=1.0
qz=.908

Stable
z & r

0.2

0.0

-0.2

-0.4

-0.6+

+

+

- qz = 4eV/mω2r2



az
0.2

0.0

-0.2

z stable

r and z
stable

qz = 0.908

A

A B

B

C

D
az = 0.02, qz = 0.7 az = 0.05, qz = 0.1

Figure 12. Mathieu stability diagram with four stability points marked.
Typical corresponding ion trajectories are shown on the right.

0.5 1.0 qz

-0.4

-0.6

0.0

r stable
C D

az = -0.2, qz = 0.2 az = -0.04, qz = 0.2



Octopole/hexapole linear ion trap



Octopole ion
guide/trap



Octopole ion guide/trap



Octopole ion guide/trap



Hexapole ion trap



A couple of examples
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Figure 5. Orthogonal MALDI reflectron
time-of-flight mass spectrometry.

Perkin Elmer’s ProTOF and Jeol’s
AccuTOF
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Figure 14. Quadrupole Time-of-Flight Hybrid
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Laser

Schmitt
Trigger

Vrf

Vac

start scan

Oscilloscope

Figure 13. MALDI ion trap mass spectrometry.

Home built instrument from Brian Chait’s group



Laser

Vs

Source

+
+

Vr ≈ Vs

RF Generator

+

field free drift region

field free drift region

Figure 17. MALDI Ion-Trap time-of-flight mass spectrometer.

Oscilloscope

Kratos/Shimadzu instrument. Mediocre TOF performance, why?



Quadrupole Ion Traps

Capillary

Skimmer Lenses
Octopole Ion Guide

Entrance Endcap

Lenses

Ring
Electrode

Exit Endcap



Fourier Transform Mass
Spectrometer

• MALDI

• EI

Big, expensive, but superior performance.

Ion trap instrument

Resolution typically >50000
broadband, >1,000,000 narrowband

• ESI
broadband, >1,000,000 narrowband

Mass accuracy typically 1 ppm internally
calibrated 5-10 ppm externally calibrated

Sensitivity depends on the source. Typically in
the 100 fmol range.

MSn compatible

Ion Molecule Reactions (e.g. gas phase H/D
Exchange)



Actively Shielded 7T
Superconducting

Electromagnet

Electrospray
Ion Source

RF-only
Quadrupole
Ion Guide

Cylindrical
Penning Trap

How Does FTMS Work?

Electrospray FTMS

Turbo
pump

Turbo
pump

Turbo
pump



How Does FTMS Work?

The Penning Trap

The ions’ view of the cell



The Trapping Field of an Elongated Cubic ICR Cell.



How Does FTMS Work?

+

-

Ions are trapped
and oscillate with
low, incoherent, th
ermal amplitude

Excitation sweeps
resonant ions into
a large, coherent
cyclotron orbit

Preamplifier and
digitizer pick up the
induced potentials
on the cell.



How Does FTMS Work?

RF Sweep

Transient Image
current detection

10 MHz 10 kHz

High Resolution
(~50,000 FWHM)

600 800 1000 1200 1400 1600m/z

Mass Spectrum

FFT

RP f•t/2
Sensitivity f•t

Calibrate

High mass
accuracy (~1 ppm)

High sensitivity
(femtomoles)



Protein Digest of TV60

1656 1660

RP ~70,000
RP ~94,000

2678.406 3043.098

2041.139

1000 1250 1500 1750 2000 2250 2500 2750 3000 3250
Mass/Charge (m/z)

2440 2442



Figure 3. A tryptic digest MS spectrum of oxidized human p21Ras. The two insets show
MS/MS spectra, confirming the identity of two peptides which were then used for

internal calibration, allowing ~1 ppm mass accuracy on all peaks.
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A new instrument – the orbitrap



Break Time (10 Minutes)



Back to the Fundamentals!

What information is in a mass
spectrum?



What information is in Mass
Spectra?

1. Masses
Useful for testing your theory of your chemical structure

2. Elemental compositions
Or at least estimates thereof...
Nitrogen Rule

3. Mixture Compositions
4. Abundances (quantitation)4. Abundances (quantitation)
5. Charge states
6. Mass differences (MS/MS)

- Sequences (Proteins, peptides, polymers, DNA, etc)
- Linkages (carbohydrates, lipids, hydrogen bonding, etc.

7. Fragment stabilities
Breakdown curves yield relative (Net) transition state energies

8. Higher order structure
- Hydrogen/Deuterium Exchange (HDX) experiments
- Electron Capture/Transfer Dissociation
- Rings plus Double Bonds



What is Molecular Mass?

Mass:  M = Σmene,

me – mass of an element
ne – number of atoms of this element in the molecule

Isotope Mass Abundance Chemical Deviation from the
mass whole number

1H 1.00782510 99.9852% 1.00794 +0.0079
2H (D) 2.01410222 0.0148%

12C 12.0(0) 98.892% 12.011 +0.011
13C 13.0033544 1.108%

14N 14.00307439 99.635% 14.00674 +0.007
15N 15.0001077 0.365%

16O 15.99491502 99.759% 15.9994 -0.0006
17O 16.9991329 0.037%
18O 17.99916002 0.204%

31P 30.9737647 100% 30.9737647 -0.0262

32S 31.9720737 95.0% 32.066 +0.066
33S 32.9714619 0.76%
34S 33.9678646 4.22%
36S 35.967090 0.014%



Some Typical EI spectra of lipids



Rings plus Double Bonds

What elemental compositions are realistic chemically?

Because of basic valence orbital arrangments, a simple equation can be used
to calculate the number of double bonds (or rings) in a molecule.

X - Y/2 + Z/2 + 1 = R+DB
X = carbon, silicon
Y = hydrogen, chlorine, fluorine, etc.
Z = nitrogen, phosphorus

Values ending in ½ correspond to even electron ions.
Values lower than –½ are not possible chemically.



The nitrogen rule
Odd electron ions: a molecule containing the elements C, H, O, N, S or halogen
has an odd nominal mass if it contains an odd number of nitrogen atoms.

Even electron ions: a molecule containing the elements C, H, O, N, S or halogen
has an odd nominal mass if it contains an Even number of nitrogen atoms.

Caveats:
1. no metals please!
2. mass “defects” eventually accumulate to > 1 Da, inverting the rule

http://www.chemistry.ccsu.edu/glagovich/teaching/316/ms/nrule.html



Tandem Mass Spectrometry

“Tandem in Time” – FTMS, QITMS

Switching gears entirely….

“Tandem in Time” – FTMS, QITMS

“Tandem in Space” – Triple
quad, TOF/TOF, sector



Fragmentation Methods

• Collisional Activation

Breaking up a molecule requires putting energy into it's vibrational
modes or causing a reaction that breaks a bond.

• Collisional Activation

• Photodissociation

• Surface Induced Dissociation

•Electron capture dissociation and
Electron transfer dissociation



Collisionally Activated Dissociation
also called Collision Induced Dissociation (CID)

+

N2
N2

N2

N2 N2 N2

N2 N2

+

0

• Ion’s smack into neutral gas • By far the most common• Ion’s smack into neutral gas
molecules and break up

• Energy of the collision is
controlled by changing the
kinetic energy of the ion.

• Fragments scatter radially

• By far the most common
MS/MS technique

• slow fragmentation
method, deposits vibrational
energy throughout the
molecule prior to
fragmentation.

•SORI-CAD, ITMSn, Triple
quad, TOF/TOF, etcetera



Electron Capture Dissociation

n+

• Multiply charged ions
capture a slow electron

•Fast fragmentation method
involving a radical
rearrangement in the region of

e- (n-1)+*+
m+

0

• Energy of the fragmentation
is determined by coulombic
recombination.

• no scattering, but if both
fragments are
charged, coulombic repulsion
will occur

rearrangement in the region of
the backbone carbonyl (for
proteins)

•Generates very predicable and
very even sequence ladder

•Nobody knows how it works
on things other than proteins



Photo-Dissociation

+
+

0
+*

hυ

• Ion absorbs photon(s) and
break

• Energy of the fragmentation
is controlled by changing the
photon’s wavelength.

• No scattering, except for
multiply charged ions

•slow fragmentation
method, deposits vibrational
energy throughout the
molecule prior to
fragmentation (depends on
wavelength).

•IRMPD, UVPD, BIRD



Surface induced fragmentation

+

+
0

• Ion smack into a
surface, break, and rebound

•slow fragmentation
method, deposits vibrationalsurface, break, and rebound

• Energy of the fragmentation
is controlled by changing the
ion kinetic energy.

• Fragments scatter radially

method, deposits vibrational
energy throughout the
molecule prior to
fragmentation.

•Ions are lost by neutralization
at the surface (much better
with perfluorinated surfaces)



What information is in Mass
Spectra?

1. Masses
Useful for testing your theory of your chemical structure

2. Elemental compositions
Or at least estimates thereof...
Nitrogen Rule

3. Mixture Compositions
4. Abundances (quantitation)4. Abundances (quantitation)
5. Charge states
6. Mass differences (MS/MS)

- Sequences (Proteins, peptides, polymers, DNA, etc)
- Linkages (carbohydrates, lipids, hydrogen bonding, etc.

7. Fragment stabilities
Breakdown curves yield relative (Net) transition state energies

8. Higher order structure
- Hydrogen/Deuterium Exchange (HDX) experiments
- Electron Capture/Transfer Dissociation
- Rings plus Double Bonds



Part 1: “Top-Down” vs. “Bottom-Up”
Protein Characterization

“Bottom-up” is also called peptide mass fingerprinting or peptide
digest mapping of proteins.



Typical “Proteomics” experiment
using a MALDI-TOF



2) What would the MALDI-TOF mass spectrum of the tryptic digest of human
cytochrome c look like (don’t forget the heme)? What about a mutation?

http://prospector.ucsf.edu/

Note: I did neglect the heme, but you need to look up it’s structure, and
add that mass to the peptide that binds it at positions 15 and 18.

A mutation just shifts the
mass, for example, G30A =
+14.015 Da on the fourth
peptide, so that 1168.62 becomes
1182.63



http://www.matrixscience.com/help/fragmentation_help.html



http://www.enghild-lab.dk/downloads/proteomics_course2004/CAF.pdf



http://www.enghild-lab.dk/downloads/proteomics_course2004/CAF.pdf



Example #2
Calculate the b, c, y, and z ion series for Substance P.

Arg Pro Lys Pro Gln Gln Phe Phe Gly Leu Met = RPKPQQFFGLM



“Top-Down” MS of Proteins

Determine molecular weight of a whole protein with >1 Da accuracy.

Fragment a whole protein in MSn experiments to localize modifications



Top-down characterization
of Ubiquitin 10+
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Jebanathirajah, J. A.; Pittman, J. L.; Thomson, B. A.; Budnik, B. A.; Kaur, P.; Rape, M.; Kirschner, M.;
Costello, C. E.; O'Connor, P. B. Characterization of a new qQq-FTICR mass spectrometer for post-
translational modification analysis and top-down tandem mass Spectrometry of whole proteins J. Am. Soc.
Mass Spectrom. 2005, 16, 1985-1999.



What’s the advantage of Top-Down?

• Mutants are immediately obvious as a
mass error in the protein molecular ion.

• Post-Translational modifications are
obvious because of a mass shift in theobvious because of a mass shift in the
molecular ion

• 100% sequence coverage (although not
necessarily all inter-residue bonds are
cleaved)



What’s the advantage of Bottom-Up?

• It’s easy

• You don’t need 100% sequence
coverage to id a protein (typically 3-5
peaks with <5 ppm mass accuracy willpeaks with <5 ppm mass accuracy will
do)

• You work in a mass region where the
mass spectrometers work best

• Don’t need as much sample cleanup



What’s needed for Top-Down?

• Charge state determination

– Sufficiently High resolving power to determine
charge state of the fragments

• lot’s of time (or good computer programs)• lot’s of time (or good computer programs)
for going through spectra

• relatively homogeneous samples



Pitfalls for top-down

• Sample must be clean-clean-clean

• Protein must be pure

• Excessive heterogeneity in modifications
will distribute the signal over many peakswill distribute the signal over many peaks

• Generally need picomoles of sample at
least



Pitfalls for Bottom-Up

• If the protein isn’t clean, you can’t determine
which peptide comes from which protein

• You usually lose many of the peptides (30-60%
sequence coverage is typical in good cases) sosequence coverage is typical in good cases) so
if there’s a modification, you might miss it.

• You are making a simple spectrum (1 protein)
into a complicated one (many peptides), which
can make assignment of the peaks difficult.

• You often cannot assign many of the peaks, thus
wasting information.



The Thiaminase
Story

•42 kDa protein

•n-terminal
heterogeneity

•c-terminal fragments
were all wrong because

Kelleher, N. L.; Costello, C. A.; Begley, T. P.; McLafferty, F. W. Thiaminase I (42 Kda) Heterogeneity, Sequence
Refinement, and Active Site Location From High-Resolution Tandem Mass Spectrometry J. Am. Soc. Mass Spectrom.
1995, 6, 981-984.

were all wrong because
of a frame shift in the
DNA



Kelleher, N. L.; Costello, C. A.; Begley, T. P.; McLafferty, F. W. Thiaminase I (42 Kda) Heterogeneity, Sequence
Refinement, and Active Site Location From High-Resolution Tandem Mass Spectrometry J. Am. Soc. Mass Spectrom.
1995, 6, 981-984.



“Golden” Complementary Pairs

http://www.pnas.org/content/97/19/10313.full.pdf



What information is in Mass
Spectra?

1. Masses
Useful for testing your theory of your chemical structure

2. Elemental compositions
Or at least estimates thereof...
Nitrogen Rule

3. Mixture Compositions
4. Abundances (quantitation)4. Abundances (quantitation)
5. Charge states
6. Mass differences (MS/MS)

- Sequences (Proteins, peptides, polymers, DNA, etc)
- Modifications to the sequence.....
- Linkages (carbohydrates, lipids, hydrogen bonding, etc.

7. Fragment stabilities
Breakdown curves yield relative (Net) transition state energies

8. Higher order structure
- Hydrogen/Deuterium Exchange (HDX) experiments
- Electron Capture/Transfer Dissociation
- Rings plus Double Bonds



Histone modifications

Pesavento, J. J.; Mizzen, C. A.; Kelleher, N. L. Quantitative Analysis of Modified Proteins and their Positional Isomers by Tandem Mass Spectrometry: Human Histone H4 Anal.
Chem. 2006, 78, 4271-4280.



Oxidative stress modifications of
p21Ras

• p21Ras = product of oncogene

Zhao, C.; Sethuraman, M.; Clavreul, N.; Kaur, P.; Cohen, R. A.; O'Connor, P. B. A Detailed
Map of Oxidative Post-translational Modifications of Human p21ras using Fourier
Transform Mass Spectrometry Anal. Chem. 2006, 78, 5134-5142.
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Zhao, C.; Sethuraman, M.; Clavreul, N.; Kaur, P.; Cohen, R. A.; O'Connor, P. B. A Detailed Map of Oxidative Post-translational Modifications of Human p21ras using Fourier
Transform Mass Spectrometry Anal. Chem. 2006, 78, 5134-5142.



150-161

170-189*

103-123*

103-123Δ

136-147º
400 500 600 700 800 900

b4

M2+

y7 y8

y9

b9

y10
M+ b5

y4
y9

y5 b7
y6 y7

y23
3+

M3+

y9

y17
2+ y19

2+
y18

2+

y10

y20
2+y21

2+

y22
2+
y23

2+

M2+

500 700 900 1100 1300 1500

Full tryptic digest of p21Ras

Mass/Charge (m/z)

89-102

6-16

129-135

69-88

89-102

1-16*

148-161

103-123*
89-97

136-147

105-123
74-88

1-16*
148-161 89-102

103-128*

6-16

17-42

170-189*

170-189Δ

103-123*

129-135

103-123 103-123Δ

150-16143-73º

136-147º

40
0

600 800 1000 1200 1400
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Transform Mass Spectrometry Anal. Chem. 2006, 78, 5134-5142.



DTT830.860

831.363

831.863

832.365

831.869

832.371

832.873

833.372

A

2+ 2+

c-terminal peptide of p21Ras

832.365

830.0 831.0 832.0 833.0 834.0
Mass/Charge (m/z)

833.372

830.0 831.0 832.0 833.0 834.0
Mass/Charge (m/z)

600 700 800 900 1000 1100 1200 1300 1400 1500
Mass/Charge (m/z)

y13
2+

y7

y8

M2+

y9

b8

y10

b9

y11

y12

y13

y14

CAD MS/MS

B

Zhao, C.; Sethuraman, M.; Clavreul, N.; Kaur, P.; Cohen, R. A.; O'Connor, P. B. A Detailed Map of Oxidative Post-translational Modifications of Human p21ras using Fourier
Transform Mass Spectrometry Anal. Chem. 2006, 78, 5134-5142.



A

B

VKDSDDVPMVLVGNKCDLAAR

754.379 103-123(Met-Ox,
Cys-SNO)

750 755 760 765 770
Mass/Charge (m/z)

103-123(Met-Ox)

103-123

103-123(Met-Ox, Cys-SO3H)

749.051

770.3745

O
VKDSDDVPMVLVGNKCDLAAR

VKDSDDVPMVLVGNKCDLAAR
O SO3H15.995

765.045

764.377759.714

103-123(Met-Ox,
Cys-SOH)

103-123(Met-Ox,
Cys-SO2H)

T*

y4

b7

M3+

y14
2+

y20
3+

y15
2+

y16
2+

y17
2+

y9 y18
2+

y19
2+

y10

b10

y11
b11

y12 b12 y14
b6

y6b5

400 600 800 1000 1200 1400
Mass/Charge (m/z)

103-123(Met-Ox)

O
VKDSDDVPMVLVGNKCDLAAR

103-123(Met-Ox, Cys-SO H)

C

z2

Mass/Charge (m/z)
250 500 750 1000 1250 1500 1750 2000

c2 c3z3 c4
z4

c5z5 c6

M3+

z7
c8

z8 z9 c9
c10

M2+.
z11c11

c11-O

M2+.-O
c9-O

M3+-O

z12

c12

c13

1400 1600 1800 2000 2200 2400

z13

c14 z15
c15

z16
c16

z16-O

c16-O
c15-O

c14-O

c13-O

c12-O
c17-Oz17-O

z17c17
z18

z18-Oc18-Oc18
c19

c19-O

c20-O

c20

M+.
M+.-Oz13-O

y3
y4

y9
2+

y10
2+

b11
2+

y12
2+

b7

M3+

y14
2+

400 500 600 700 800 900 1000 1100 1200 1300
Mass/Charge (m/z)

y5 b17
2+

y9

a18
2+

b9
b19

2+
y19

2+
b20

2+

y10
b10

M2+

b11

b12

b13

Mass/Charge (m/z)

VKDSDDVPMVLVGNKCDLAAR
O SO3H

103-123(Met-Ox, Cys-SO3H)

VKDSDDVPMVLVGNKCDLAAR
O SO3H

103-123(Met-Ox, Cys-SO3H)D



b545+

M19+

y13313+¥

A

B

700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Mass/Charge (m/z)

+1SG, disulfide bond
MI=21587.4387(21587.6036)

+2SG, disulfide bond

+3SG
MI=22199.6135

18+19+

20+

21+

22+ 20+
19+

17+

16+
15+

14+

21900 21916

21594 21610

22205 22221

MI=21892.4788

Cys118-SSG

b7
b182+ b192+

b8

b202+

(b20-H2O)2+

b293+

b303+

b474+
b515+

b524+ b544+

b555+ b1099+

b1129+

y12711+¥

y13013+¥
y13012+¥

(b177-H2O)17+¥

y18819+¥

b9

(y133-H2O)14+¥

y18819+¥

800 900 1000 1100 1200 1300 1400 1500 1600
Mass/Charge (m/z)

M19+

b525+

500 750 1000 1250 1500 1750 2000 2250
Mass/Charge (m/z)

c4

c5

c6

c162+

c7 c8

c9

c10

c11

c242+

c12

c13

c272+

c262+

c383+

c14
c292+

c685+

c413+

c15

c16

c302+

c322+
c684+

c342+

b332+

c372+

c22c573+

c352+

c694

+

c252+c323+c222+
c212+

c263+

c273+

c253+

c172+

c142+
z6 M13+.

M12+.

M14+.

a16M15+

*

C
Cys118-SSG

z766+¥

Zhao, C.; Sethuraman, M.; Clavreul, N.; Kaur, P.; Cohen, R. A.; O'Connor, P. B. A Detailed Map of Oxidative Post-translational Modifications of Human p21ras using Fourier
Transform Mass Spectrometry Anal. Chem. 2006, 78, 5134-5142.



*

b4 b5,y5 b6
y102+

b7

y203+

M3+

b8

y142+
(y14-H2O)2+

y152+

y6
y162+

y172+

b10
y182+

y192+

(z19·+H)2+

y8 b11

y9

y10 y11

850.0 850.5 851.0 851.5 852.0 852.5 853.0

850.740 (3+)
103-123(Cys-SSG)

A

250 500 750 1000 1250 1500 1750 2000 2250 2500
Mass/Charge (m/z)

z2

c2

z3

c3

z4
c4

z5

c5

z8
2+
M4+

y9

c6
z11

2+

c7

M3+.

c8
z16

2+
c9c17

2+

c10

(M-SG)2+.

1200 1400 1600 1800 2000 2200 2400

z19
2+

z8

c20
2+

c11

z9

M2+.
c12

c13

z11

c14

z12

c15z13

z15
c17 z18 c20

c18
(M-SG)+

(M-SG-H2O)+

z16

(z7-SG)+. (z9-SG)+.

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Mass/Charge (m/z)

b4 b5,y5 b6
y102+

y112+

b7 b8
z15+ y6 b9

y16
y172+

y7 y8 b11
b12

y10 y11

*

B

Zhao, C.; Sethuraman, M.; Clavreul, N.; Kaur, P.; Cohen, R. A.; O'Connor, P. B. A Detailed Map of Oxidative Post-translational Modifications of Human p21ras using Fourier
Transform Mass Spectrometry Anal. Chem. 2006, 78, 5134-5142.



Table 1

Error
Average =1.09
σ = 0.74

Zhao, C.; Sethuraman, M.; Clavreul, N.; Kaur, P.; Cohen, R. A.;
O'Connor, P. B. A Detailed Map of Oxidative Post-translational
Modifications of Human p21ras using Fourier Transform Mass
Spectrometry Anal. Chem. 2006, 78, 5134-5142.
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Transform Mass Spectrometry Anal. Chem. 2006, 78, 5134-5142.



What information is in Mass
Spectra?

1. Masses
Useful for testing your theory of your chemical structure

2. Elemental compositions
Or at least estimates thereof...
Nitrogen Rule

3. Mixture Compositions
4. Abundances (quantitation)4. Abundances (quantitation)
5. Charge states
6. Mass differences (MS/MS)

- Sequences (Proteins, peptides, polymers, DNA, etc)
- Modifications to the sequence.....
- Linkages (carbohydrates, lipids, hydrogen bonding, etc.

7. Fragment stabilities
Breakdown curves yield relative (Net) transition state energies

8. Higher order structure
- Hydrogen/Deuterium Exchange (HDX) experiments
- Electron Capture/Transfer Dissociation
- Rings plus Double Bonds



H/D exchange

• Solution phase

– measurement of unfolding rates (D. Smith)

– AA positional measurement of unfolding rates
using NS-CAD-FTMS (I. Kaltashov)using NS-CAD-FTMS (I. Kaltashov)

• Gas phase

– Cyt. C has different conformations in the gas
phase (F. Mclafferty)



H/D Exchange of CRABP

1.Eyles, S. J.; Dresch, T.; Gierasch, L. M.; Kaltashov, I. A. Unfolding dynamics of a beta-sheet protein studied by mass spectrometry J.
Mass Spectrom. 1999, 34, 1289-1295.



MS/MS of CRABP during H/D back-exchange

1.Eyles, S. J.; Dresch, T.; Gierasch, L. M.; Kaltashov, I. A. Unfolding dynamics of a beta-sheet protein studied by mass spectrometry J.
Mass Spectrom. 1999, 34, 1289-1295.



Melting Curves





PLIMSTEX: Simple titration using deuterium incorporation
as the readout



Gas phase HD exchange

1.Wood, T. D.; Chorush, R. A.; Wampler, F. M. I.; Little, D. P.; O'Connor, P. B.; McLafferty, F. W. Gas Phase Folding and Unfolding of Cytochrome c
Cations Proc. Nat. Acad. Sci. USA 1995, 92, 2451.



Gas phase HD exchange

1.Wood, T. D.; Chorush, R. A.; Wampler, F. M. I.; Little, D. P.; O'Connor, P. B.; McLafferty, F. W. Gas Phase Folding and Unfolding of Cytochrome c
Cations Proc. Nat. Acad. Sci. USA 1995, 92, 2451.



Pitfalls to H/D exchange
experiments

• Nothing is more hygroscopic than water (the
backexchange problem)

• How much is water involved in protein
folding?folding?

• When performing MS/MS experiments on H/D
exchanged proteins, is there proton
scrambling?



What information is in Mass
Spectra?

1. Masses
Useful for testing your theory of your chemical structure

2. Elemental compositions
Or at least estimates thereof...
Nitrogen Rule

3. Mixture Compositions
4. Abundances (quantitation)4. Abundances (quantitation)
5. Charge states
6. Mass differences (MS/MS)

- Sequences (Proteins, peptides, polymers, DNA, etc)
- Modifications to the sequence.....
- Linkages (carbohydrates, lipids, hydrogen bonding, etc.

7. Fragment stabilities
Breakdown curves yield relative (Net) transition state energies

8. Higher order structure
- Hydrogen/Deuterium Exchange (HDX) experiments
- Electron Capture/Transfer Dissociation
- Rings plus Double Bonds
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Glycans
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Fig.1 ESI FT-MS/MS of Reduced and Permethylated Maltoheptaose
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Fig. 2 ESI FT-MS/MS of Permethylated Man5 Glycan
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Summary
Mass spectrometry is far more sensitive than other major analytical
instruments (such as NMR, IR, etc).

- so don’t ever run spectra more concentrated than 10 μM !!!
- If you do, your spectra will be no better, and you’ll just make the
source dirty for everyone else.
- Almost always, if you can’t see it, it is because the source is dirty, or
the sample is heterogeneous or contaminated. MS detects what’s
there, not what you want to see.there, not what you want to see.

Mass Spectrometry can determine sequence, branching linkages, post-
translational modifications and sometimes higher-order structure of
biomolecules (with femtomole sensitivity)

With enough resolution/accuracy, MS can determine the exact elemental
composition.

Quantitation in MS is very difficult due to signal suppression effects, but can
be done in a pinch.



Mass Spectra get very
complicated, very quickly.

But at least the theory is easy.

Fini... for now...

But at least the theory is easy.



What is Molecular Mass?

10-mer polypeptides

Conrads TP, Anderson GA, Veenstra TD, Pasa-Tolic L, Smith RD,

Anal. Chem. 2000, 72, 3349-3354.



Practice Example 3
Peaks:

– m/z = 134 (molecular ion)

– m/z = 119 (m-15): labile
CH3

– m/z = 91 (m-43): base peak

• indicative of benzyl cation

• suggests loss of CH2CH2CH3

C9H10O MW = 134.18

• suggests loss of CH2CH2CH3

– m/z = 65; loss of neutral
acetylene from tropylium ion

– m/z = 43; intense

• Suggests methyl ketone, which fragments to form acylium ion.

www.chem.uic.edu

3-pentanone
(diethyl ketone)



Calculating isotopic
distributions using
Microsoft Excel

1. For each heavy
isotope calculate:

2. Number_s = current
isotope index

3. Trials = total number
of atoms of that
elementelement

4. P = natural
abundance of that
heavy isotope

5. Add the
distributions of each
element.





Odd vs. Even Electron Fragmentation

• Even electron = proton rearrangements

• Odd electron = radical rearrangements

• Non-ergodic fragmentation = FAST!!



Some Typical EI spectra of lipids



Mass Defect plot for Hydrocarbons



Structural information from EI

• EI can cause fragmentation

• Fragmentation follows regular chemical rules

• Molecular ion has unpaired e

– radical cation, •

B+ + neutral
– radical cation, •

– can lose radical (A+)

– can form another rad. cation
(C•+)

– don't see neutral fragments

M  M•+

A+ + neutral•

C•+ + neutral

D•+ + neutral E+ + neutral•



EI fragmentation rules

1. Many molecules are too fragile under EI for a molecular
ion to be observed.

2. The radical is formed on the heteroatom (if it exists)
and undergoes radical chemistry from there.and undergoes radical chemistry from there.

3. The intense peaks are usually due to the radical being
stuck at a particularly stable site

For example: for branched alkanes, 1° < 2° < 3°



Commonly seen masses

www.chem.uic.edu



Common fragment patterns
• Alkanes: tend to undergo fragmentation by initial loss of a methyl

group to form a (m-15) species.

– Weakening of C-C bonds by loss
of electrons (C-H doesn't fragment)

– Stepwise cleavage of carbocation
down alkyl chain, expelling neutral
two-carbon units (ethylene).two-carbon units (ethylene).

– Branched hydrocarbons form more
stable secondary and tertiary carbocations

• May not see molecular ion at all

www.chem.uic.edu



Common fragment patterns

• Heteroatom cleavage: (O, S, N, X) have lone pair; radical cation
localized on heteroatom, get cleavage of b bonds

• Aldehydes/ketones (carbonyls): predominate cleavage is loss of one
of the side-chains to generate the substituted oxonium ion.

•+

– Very favorable cleavage (ion is often base peak)

– methyl derivative (CH3CO+) is called "acylium ion" (m/z = 43).

• McLafferty rearrangement: expulsion of neutral alkene

e.g. Identify substituents
on two halves of ketone



Common fragment patterns
• Esters, Acids and Amides: As with ketones etc, major cleavage

involves expulsion of the "X" group to form substituted oxonium ion.

– For carboxylic acids and unsubstituted amides, peaks at m/z = 45
and 44 are also often observed.

m/z = 45 m/z = 44

•+

and 44 are also often observed.

• Alcohols: Usually lose a proton (m-1) and hydroxy radical (m-17), H2O
(m-18) & an alkyl group to form oxonium ions (base peak). 3° alcohols
almost never show molec. ion

primary alcohols secondary alcohols
m/z = 31 m/z = 45 (R1=Me), 59 (R1=Et), 73 (R1=CH2CH2CH3)

www.chem.uic.edu



Practice Example 1
• If we are given the molecular formula, first step is to calculate the degree

unsaturation (i.e. double bond equivalents)

– General form: for formula CaHbNcOd; DBE = [(2a+2)-(b-c)]/2

• In example: DBE = [(12)-(12)]/2 = 0

• No aldehyde, carbonyl, aromatic

• Peaks:

– m/z = 88 (molecular ion) C5H12O (MW = 88.15 Da)
– m/z = 87 (m-1): loss of H

• Small; suggests alcohol

– m/z = 73 (m-15): loss of CH3

– m/z = 70 (m-18): loss of H2O

– m/z = 45 (m-43): base peak,
oxonium ion
(secondary alcohol, R=CH3)

C5H12O (MW = 88.15 Da)

www.chem.uic.edu



Practice Example 2
• DBE = [(16)-(7)]/2 = 4.5

• Contains double bonds,
aromatic rings

• Peaks:

– m/z = 170 and 172 (peaks
of equal intensity, near M+)

• contains
bromine (79Br and 81Br).

C7H7Br, MW = 171.04

– m/z = 91 (m-79): base peak,
loss of Br

• peak at m/z = 91 also
indicative of tropylium.

– m/z = 65; loss of neutral acetylene from tropylium ion

www.chem.uic.edu

bromomethyl benzene
(benzyl bromide)

loss of neutral
acetylene give
m/z=65



Practice Example 3

• DBE = [(20)-(10)]/2 = 5

• Contains double bonds,
aromatic rings

• Peaks:

– m/z = 134 (molecular ion)

– m/z = 119 (m-15): labile
CH3

– m/z = 91 (m-43): tropylium

C9H10O, MW = 134.18

– m/z = 91 (m-43): tropylium

• suggests loss of CH2CH2CH3

– m/z = 65; loss of neutral acetylene from tropylium ion

– m/z = 43; intense

• Suggests methyl ketone, which fragments to form acylium ion.

www.chem.uic.edu

3-pentanone
(diethyl ketone)



Practice Example 3
Peaks:

– m/z = 134 (molecular ion)

– m/z = 119 (m-15): labile
CH3

– m/z = 91 (m-43): base peak

• indicative of benzyl cation

• suggests loss of CH2CH2CH3

C9H10O MW = 134.18

• suggests loss of CH2CH2CH3

– m/z = 65; loss of neutral
acetylene from tropylium ion

– m/z = 43; intense

• Suggests methyl ketone, which fragments to form acylium ion.

www.chem.uic.edu

3-pentanone
(diethyl ketone)



Common Neutral Losses



Common Neutral Losses



Common Neutral Losses



Components of a MS
• Vacuum pump

– Ions may have to travel over a metre (or many
kilometers) to detector

– Without vacuum, ions would collide with gas molecules
in instrument (lose ions)

• Inlet

– Sample introduced in various ways depending on the– Sample introduced in various ways depending on the
nature of the sample.

– Solid or liquid samples: introduced via a direct insertion
probe (DIP); sample then heated to vaporise

• GC-MS/LC-MS: samples introduced directly from a
gas or liquid chromatograph

– Gas sample: introduced by a "gaseous leak"



http://www.matrixscience.com/help/fragmentation_help.html




