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“We think/big about really small stuff!®

Mass Spec and Proteomics > About Us

Welcome to the Campus Chemical Instrsment Center (CCIC) Mass Spectrometry and Proteomics Facility
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Workshop schedule

Time Monday, 8/17 Tuesday, 8/18
Mass Analyzers
Introduction to Mass Spectrometry (Arpad)
9-10:20am lonization methods
(Arpad) FT-ICR instrumentation and techniques
(Mike Freitas)
10:35- GC-MS analysis, examples and El spectra interpretation lon Activation
12:00pm  (Jeremy) (Vicki Wysocki)
12-1pm  Lunch Break Lunch Break
1-2:30pm  Lab visit (Group 1) Lab visit (Group 2)
Small molecule (ESI) spectrum interpretation
2:40-4pm HPLC-MS/MS and metabolomics, Data processing programs. (Arpad)

(Yu Cao)
Open Discussion/Users Presentations

Lecture only: Goal:

boring, limited attentive class,
active learning active learning
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Please interrupt!!

(With questions and comments)

- not with ringing cell phones

Some interactive "learning checks" to
keep you engaged will be presented!

What is Mass Spectrometry?

« Mass spectrometry is a powerful tool in
analytical chemistry that provides
— detailed structural information for a

— wide variety of compounds (MW: 1-108
daltons) by using

— a small amount of sample (ug-ng, picomol,
femtomol)

— easily coupled with separation techniques
(GC, HPLC)

|deal for analysis of complex mixtures




What can we provide by mass
spec?

« MW determination
— nominal
— accurate (elemental composition)
* isotope pattern
* high resolution

* Fragmentation
— fragmentation rules
— libraries (*fitting”)
- MS/MS (or MS")

* Thermodynamic parameters
— ionization energy (IE)
— appearance energy (AE)
— heats of formation (AH;)
— activation enthalpy (AH*), activation entropy (AS¥).

Sample Preparation Rough,
| Turbomolecular, and
Sample Introduction Cryo pumps
Direct probe/infusion
GC Vacuum System
HPLC
lonization Source | | Mass Analyzer | |Detector| |Computer

Electron impact (El) Electrostatic (ESA) Electron Multiplier
Chemical ionization (Cl) Magnet (B) Photomultiplier
Atmospheric pressure (API) Time-of-flight (TOF) Faraday cap
Electrospray (ESI) Quadrupole (Q) Array Detectors
Matrix assisted laser lon Traps (2D & 3D IT) Multichanel plate (MCP)

Desorption/ionization (MALDI) lon-Cyclotron
Surface enhanced LDI (SELDI) Resonance (ICR)
Fast atom bombardment (FAB) Orbitrap (OT)

8/13/2015



Difference between single stage MS
and tandem MS/MS

lonization Analysis

|
@
MS: Q. Q@oc-

Collide with
target to produce
fragments

Sl W
Msimvs: @ ® X 00-

a

lonization  Selection Activation Analysis

What is Tandem Mass
Spectrometry? (MS/MS)

g @
lm Activate ‘)

MS1 Gas MS2

Surface
Photons
Electrons
Heat
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Why Sample Preparation ?

[ variety of matrices (e.g.,
14 biofluids, urine, blood.

tissues)

gExtraction/pu rification/cleanup

Analysis

M\ @ Analytes of interest found in
[

What is Mass Spec good for?

Detect and identify the use of steroids in athletes

Monitor the breath of patients by anesthesiologists during surgery
Determine the composition of molecular species found in space
Determine whether honey is adulterated with corn syrup

Locate oil deposits by measuring petroleum precursors in rock
Monitor fermentation processes for the biotechnology industry
Detect dioxins in contaminated fish

Determine gene damage from environmental causes

Establish the elemental composition of semiconductor materials

Identify structures of biomolecules, such as carbohydrates, nucleic acids and
steroids

Sequence biopolymers such as proteins and oligosaccharides
Determine how drugs are used by the body

Perform forensic analyses such as conformation and quantitation of drugs of
abuse

Analyze for environmental pollutants

Determine the age and origins of specimens in geochemistry and archaeology
Identify and quantitate compounds of complex organic mixtures

Perform ultra sensitive multielement inorganic analyses

http://www.asms.org/whatisms/p1.html
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Mass Spec in Space Science and Astrobiology

The Cassini-Huygens mission is a great success!
“Titan is an Organic Paradise” Why?

Origin of Color — Origin of Life????
Pre-biotic Earth: pre-biotic chemistry?
The Role of Tholin?

Ultrahigh vacuum (UHV) plasma generator
to synthesize “tholins” (CxHyNz) in oxygen
free environment

2

95% N,:5% CH,
with adjustable
flow rate

— Vacuum pump

Glass tube
to collect
tholins

at 195 K

8/13/2015



FT-ICR of Complex Organic Mixtures (UHVT_001)

Positive lons: ESI

E

Positive lons: LDI

Negative lons: ESI

Negative lons: LDI

TR \H I } \l\ i.m‘ ‘&M{ ’’’’ I vl Wil

Not the same protonated/deprotonated neutral species in +/- modes

UHvT_001_LDI_pOz_0_RZ4_000C0Z.a:-wma

7 (a) LDI positive mode 13202020192 12444
] 192,09929| (;2!-]‘1:4]\;[S
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1 | “ 11183
R . . _ o J A J\ S D
 (b) LDI negative mode 12z.121:2
192.03152
ClOHZNE
“':)’Lm negaw;’n:;;e L e ot
E 100.01508
E 190.01596
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H/C ratio

Modified van Krevelen diagram for LDI ions

Red: positive LDI (FT-ICR)
Blue: negative LDI (FT-ICR)
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N/C ratio

Resolution (R)

The ability of a mass spectrometer to
distinguish between ions of different
mass-to-charge (m/z) ratio.

R = M/AM = M,/(M,-M.)
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Resolution defined at 10% valley

Rel. Int. M, M,

AM

100%

R=1000/1=1000
50%

10% -~/ —=- -
1000 1001 m/z

Example of ultrahigh resolution
inan FTICR

cl™

Fig 103, 3= 2%~ geumlel. Resslution midm = & x 108
(FWHH) [200],

J. Throck Watson “Introduction to Mass Spectrometry” p. 103

8/13/2015
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lon Mobility

g ], pulse of matzg-zeleﬁled ions Arrival Time Distribution
separa y shape \
extended
5 = ancen § compact '\ ” S
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ki_; ' B time V

http://bowers.chem.ucsb.edu/theory analysis/ion-

mobility/index.shtml

Selection of [M+2H]*? at m/z 246.1
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Transfer CID of [M+2H]*2 at m/z 246.1
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« Removal/addition of electron(s)

lonization Methods

Neutral species — Charged species

M+e — (M%) +2e
 electron ionization

» Removal/addition of proton(s)

M + (Matrix)-H — MH* + (Matrix)
» chemical ionization (ClI)

» atmospheric pressure Cl (APCI)
« fast atom bombardment (FAB)

* electrospray ionization (ESI)

* matrix assisted laser desorption/ionization (MALDI)
+ desorption electrospray ionization (DESI)

« direct analysis in real time (DART)

pusher

Electron Impact (EI) Ionization

electron

ermitter EI Source

(catlﬁde) electron beam

ion lenses

)
]
o [ @-t P

®
7 1
sample electron e sample, Mg
inlet collector * jon, M+

Still widely used in

Forensic
Environmental

Drug Metabolism, etc.

8/13/2015
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M+e — (M + 2e

Unimolecular fragmenration

4 Fu = Fu
™M™y ZFy— >

e il S

Mass spectrurn: the result of consecutive and
competitive processes

; mpracerem
The Mass Spectrum of acetens.
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o tragmear ions
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- molecular ion (M)
- fragment ions (F")
- metastable ions (discussed later)
- base peak (m/z 43)

8/13/2015
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The Nitrogen Rule

« Compounds* that contain even number of
N atoms have even number of nominal
molecular weight

« Compounds* that contain odd number of
N atoms have odd number of nominal
molecular weight

But what about singly protonated molecules
and accurate molecular weights??

* Common organic compounds

lon Stabilities

« Even electron ions are more stable than
odd electron (radical) ions

How about protonated molecules: even electron or not?

And how about ions formed by electron impact (El) ionization?

16
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Fig. L. Eleciron impact ion source.

Filament: tungsten or rhenium

Current: 3-5 A

Uy a few Vs (1-3 V)

Tg: ca. 2000-2300 K (ca. 150 °C in the ion source)

Source Block
pressure: ca. 10 torrs (mean free path ca. 100 m)
repeller: 1V, m/z 100 u, distance 0.1 cm

- tes = 1.4x10%s
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TABLE 1.2
Advantages and Disadvantages of Electron lonization

Advantages

Disadvantages

Subpicomele to picomole sensitiviry.

Availability of vast computer
databases, containing over 100,000
compounds.

Use of fragmentation pattern as a
fingerprint with databases to
identify unknowns.

Struetural-information obtained -
from fragmentation pattern

Limited mass ranps due 10 thermal
desorpuon (volatlity)
requirement.

Possible decomposition by thermal
desorpton prior to vapaorization.

Too much fragmentation, often
resulting in no obssrvable
molecular jom

Chemical lonization

lon-molecule reaction(s) between a reagent gas and the
sample at a relatively high pressure

Most common reagent gases

— methane, isobutane, ammonia

Mechanisms

- CH4 + e — CH4+', CH3+, CH2+', .

- CH4++CH4—) C:H5+ +CH3

— C,Hs" + M — [M+ C,Hg]*

CHs* +M — [M+H]* + CH,
CoHs* + M — [M-HJ* + C,H,

8/13/2015
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Figure 11
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Protonation is one type of ionization

M + AH+ — MH+ + A

CH3CH2NH2 + (NH3)nNH4+ — CH3CH2NH3+ + (n-1) NH3
The extent of fragmentation depends on the exothermicity of the
reaction

Proton affinity (PA):

M + H — MH® -AH,=PA

8/13/2015
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Proton affinity (PA):

M + H+—- MH+ -AHr=PA

PAs of common CI reagents (kcal/mol)

methane (131) < water (173) < methanol (185) <
CH2=C(CH3)2 (197) < ammonia (205)

If the analyte has a much higher PA than that of the

unprotonated reagent, the protonation of the analyte will be

(very) energetic (fragment rich CI spectra, “semi-CI”)
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Sources still being developed
DESI- desorption ESI
(sample not in solution)

e -- t‘
; ‘...1 . " AR :.’
| g —— =

DART

HV power supply Atmospheric inlet of

mass spectrometer
Soivent / ‘:—__L P .

lon transfer line

Nebulizer capillary

Freely moving
sample stage in air

A
v

8/13/2015
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DART
Direct Analysis in Real Time

Penning lonization M* + S > S+. + M + electron (but also allows MH+, M-H-, etc)

Can we teach elephants to fly?

John Fenn

8/13/2015
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Yes, of course!!!
Nobel Price in Chemistry, 2002

Koichi Tanaka

Electrospray lonization
ESI

Soft Laser Desorption

SLD
N
AN ‘_J \ Matrix Assited Laser
) Desorption/lonization
b e e MALDI

rlight 15 transferred 1o the bicmctacules 10 That they sniter the gas phae

23



Matrix-Assisted Laser Desorption\ lonization

Pulsed Laser

MATRIX - A small acidic organic molecule (matrix) is mixed with a low concentration of analyte in a common
solvent and allowed to co-crystallize on a sample plate to form a “solid solution” by which the analyte

o

®

a0
@

molecules are isolated from each other.

ASSISTED — matrix “assists” the desorption and ionization of the analyte(s)

@ Desorbed plume of
€
O

matrix and analyte
ions

LASER - Typically a Nitrogen laser (351 nm) or Yag/Nd laser (334 nm)

DESORPTION — Energy from the laser desorbs the matrix into the gas-phase and “carries” the analyte with it.

Extraction Grid to TOF

O Analyte

O Matrix

®  Cation (H*, Na* etc)

IONIZATON - Detect [M+H]+ by transferring a proton from the matrix to the analyte
= Choose a matrix based on the molecular weight, solubility and chemical structure of the analyte.

= Excellent for intact molecular weight determination for both polar and non-polar molecules with mass > 500

amu.

MALDI Matrices

Matrix Abbrev Sample Type
2,5-dihydroxybenzoic acid DHB Peptides < 5,000 50% ACN in 0.1% TFA,
polymers, dedrimers THEF, 2:1
Good universal matrix chloroform:MeOH
“cold matrix”
3,5-dimethoxy-4-hydroxycinnamic SA Peptides and Proteins 50-70% ACN in 0.1%
acid (Sinapinic acid) > 10,000 TFA
“hot matrix”
a-cyano-4-hydroxycinnamic acid HCCA Excellent for peptides, 50% ACN in 0.1% TFA
digestion products
and proteins
Dithranol Non-polar polymers THF, Methylene chloride
Indoleacrylic acid 1AA Non-polar polymers THF, methylene chloride
3-hydroxypicolinic acid HPA DNA and negative ion See me for more specific
samples procedure
Trihydroxyacetophenone THAP DNA and negative ion See me for more specific
samples procedure
Nor-harmane Universal 50% ACN, THF,
chloroform

8/13/2015

24



Table 2. PA values (kcal/mol) of MALDI matrices given in the present study and comparison of the same with literature values

Present study

Apparent free energy at
collision energy {lab

frame)

Reference Burton Nelson
Matrix hases 10 Average Jorgensen etal. Steenvoorden etal
compound  used 2eV 5eV T7eV eV Proton affinity® T, in K etal [31] [32] et al. [34] [33]
4HCCA 1-4 2015 201.0 2009 200.6 201.0 +0.27(=0.64) 817 201.0 183.0 223.0 203.0
GA 2-6 2047 2043 204.3 2043 2044 +0.17(=0.36) 528 - 204.0 204.0 202.9
MSA 358 2053 20652 2052 2051 2052+ 052(+x122) 399 - - - -
SA 7,911 209.3 209.2 2092 209.2 209.2 + 0.38(+0.89) 427 212.0 204.0 214.0 210.0
DT 10,1214 2115 2114 2116 211.6 2115+ 0.77(=181) 507 - 209.0 - -
AMT 10-12,14 2131 213.0 212.9 213.0 213.0 £ 0.31(=0.73) 515 - -
THAP 10-12,14 2135 2134 213.2 213.0 2133 £ 0.65(=153) 576 - 210.8
IAA 101214 214.0 213.6 2133 212.9 2135+ 0.26(=0.61) 772 - 215.0 -
HPA 911,14 2149 2147 2145 2142 2146 £033(x0.78) 714 214.0 - 2145
MBT 101214 2149 2149 2149 2149 2149 £ 0.23(=0.54) 655 - -
AAMT 101214 2155 2157 2158 2158 2157 £0.14(=0.33) 619
EMT 15-19 218.1 2180 217.9 217.9 2180 £ 0.17(£0.36) 432
MP 15-19 2196 2195 2195 2195 2195+ 0.19(=041) 402 - -
HABA 18-21 2273 2269 2267 2266 2269 +0.26(=0.61) 556 225.0 183.0
NH 22-25 2331 2331 2330 2328 2330 +044(+1.03) 395 - -

4+ Average of standard deviation at different collision energies. Values in parentheses are uncertainties at 90% confidence limits [48]).

v

The MALDI Plate with Different Samples in Different Matrices

8/13/2015
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2 GHz time digital converter
1000 Hz laser (acquisition of
1000 spectra in 1 second

MALDI-TOF spectrum of a pure protein (linear mode)
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M+H]
14000000 -] 14318.68

12000000

10000000 | [M+2H]*
7157.18

8000000

Intensity

6000000

4000000 .
[2M+H]
14318.68

2000000

T T T 1
10000 20000 30000 40000
m/z
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This is a MALDI-TOF spectrum of two proteins. Identify the proteins by

Exercise 2

molecular weights and assign the labeled ions
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Molecular weight distribution defines polydispersity of polymers

Zhu, H.; Yalcin, T.; Li, L. JASMS, 1998, 9, 275-281.

1.0 4
(A)
M, = > (NM)/ 2 N,
5 Polystyrene
g 064 with Ag+
E
§ o+ PD=1.01 M, = > (NM?)/ > NM,
= |
T 02+
p= . .
? 00 Polydispersity (PD) = M,/M,
4000 8000 8000 10000
miz
§x105 520987 * NB_89_MHI0_M1GI1\1SRe, Baseline subt”
P | mm Trancated Vectra Polymer
e (Somogyi et. al., unpublished)
1143.205
15 w
0 ass2to PD > 1.05
1553.257
23288
05 w 2303405
o M 2933604
v T
1000 1500 2000 2500 3000 3500 4000 4500

MS is an absolute method for MW determination
(but remember possible degradation!)

Table 1. Molecular weight data for polystyrene standards

Molecular weight and polydispersity

By classical
Polymer standard methods? By MALD"
Polystyrene 5050 M, = 4755 (GPC) M, = 5189 (0.5% RSD)
M, = 4992 (GPC) M,, = 5329 (0.5% RSD)
M, = 4720 (VPO) PD = 1.027 £ 0,001
M, = 4950 (IV)
PD = 1.05 (GPC)
Polystyrene 7000 M, = 6770 (GPC) M, = 6998 (0.4% RSD)
M,, = 6962 (GPC) M,, = 7132 (04% RSD)
M, = 7170 (LLS) PD =1.019 + 0.001
M, = 6943 (IV)
PD = 1.03 (GPC)
Polystyrene 11,600 M, = 11,356 (GPC) M, = 11,074 (0.3% RSD)

M,, = 11,687 (GPC)
M,, = 11,000 (LLS)
M, = 10,720 (IV)
PD = 1.03 (GPC)

M,, = 11,187 (0.3% RSD)
PD = 1.010 + 0.001

2These results are provided by the suppliers; GPC, gel permeation chromatography; VPO, vapor pressure osmometry; IV, intrinsic viscosity; LLS,

laser light scattering.
PFrom five trials.

Zhu, H.; Yalcin, T.; Li, L. JASMS, 1998, 9, 275-281.

8/13/2015
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Problems with polymer analysis

« Sample preparation

— Several polymers are not well soluble in conventional
solvents

— Solventless technique
— Cationizing with Na*, K*, and Ag* by spiking
— Synthesis of tailor (home) made matrices

» Degradation during ionization (especially with
MALDI)

— Photodissociation in MALDI (MALDI/ESI comparison
desirable)

* End group analysis reliable but better to have
high resolution/accurate mass (FT-ICR)

Some Examples for Tailor-Made Matrices

E

E F F R F
R F
H No HO N\ F- N\\
\NOOOOH O COOCH; N F
FF FF
F F
M-3 FoF
M-1

M-2

R F R F
R F E F R F
F N
HO Na HO N F
N OH OH AR
FF FF A
FoF FoF W6
M-4 M-5 i

FOF R OF N -
H3CO N
F Q N\ HO No 3 A ocH
COOCHg N COOCH3 ¢ & 3
F F F F A
M-7 M-8 M-9

Somogyi, et al., Macromolecules, 2007, 40, 5311-5321.
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Repeating unit masses of polymers

http://www.polymerprocessing.com/polymers/alpha.html

e ] o]

CH, -[CH,-CH]- _[o_(cﬂz,z_o_e@e]_
! Ay
<1 CH,=¢1- Q)
C=0
O Polystyrene (PS) Poly(ethylene terephtalate) (PET)
! CgHg(192.042259) C,oHgO,4 (192.042259)
CH,
Poly(methyl methacrylate) (PET)
CsHgO, (100.052430) —[CH,-CH]—
1
OH

Poly(vinyl alcohol) (PVA)
C,H,0 (44.026215)

- CH2-CH2-O-
Poly(ethylene glycol) (PEG)

Synthetic Polymer Analysis by MS (MALDI-TOF)

= 2000
40001 1816.292
1772.260 1660.310
50 1728.231
1684.205 44
3000 1o 44
44
500-
2000+ bl w.“m i
° 675 1700 1725 1750 1775 1800
1000
Ol‘ i ‘ : ‘ ‘ M JM‘J L 1 Lid ) an‘L Ly
500 1000 1500 2000 2500 3000 3500m/
r4
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Polymer analysis

Clues to polymer identity (Repeated patterns)
+ 1655.7-1639.7=16 Possibly Na (23) and K (39) adducts
+ 1639.7-1595.7=44 Polyethylene glycol (CH,CH,0)

Possible formula for 1639.7 peak:
C73037TH148 Na1

* Hydrogen increases mass by 1 Af of o Exact =
. oms ass ota
+ (Nitrogen rule not broken) = w3 5 000060 576.0000
* 1640 =measured 0 37 15.994914 591.8118
* =23 = subtract Na H 148 1.007825 149.1581
+ 1617 = polymer mass Na 1 22.989769 22,9898
+ -1585 = 36 PEG units 1639.0507
. 32 = END GROUP
Must be methoxy-PEG or ——olymer Lt __
C 72 12.000000 864.0000
0 36 15.994914 575.8169
CH,-(OCH,CH,)-OH Hoo o144 1.007825 145.1268
15 Y 17 Na 0 22.989760 0.0000
15849437

CH30H exact mass: 32.0262 u

Electrospray lonization (ESI)

Metal Capillary

3-5kV
. /
. Columbic
N Evaporation Explosion
—
Fused silica
-

Critical Radius

Charge Repulsion > Surface Tension

= An electric field on the capillary produces a spray of
fine charged droplets

= The presence of a drying gas (Nitrogen) and heat
evaporates off the solvent leaving a distribution of
multiply charged de-solvated ions.

= Soft ionization

= |n-line compatible with HPLC

MNeedle tip

y
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Charged Dropiet lon Ejection

. charged dropiet

gas and/or heat

/ cause droplets
/ to decrease

water
melhand / ions observed
chioraform / @
acetonitrile

\ )
Taylor cong \

Figure 1.8 lon formation from electrospray ionization source.

For any peak j charges away ~ Z, =j(p, - M,)
P1—P;

Z,= 1(1030.8 - 1)
(1124.6 - 1030.8)

Z,=10.978 round up to 11
Therefore, p, has 11 charges (protons)

100- 9617

s Pick as p,

wmas  Pickasp;

% v

Calculate intact molecular weight M, = p, z, - M,z,
M, = (1124.6 * 11) - (1 * 11)
M, = 12359.6 (Actual for Cytochrome C is 12360.1

8/13/2015

32



ESI-MS of Myoglobin

100, Al6 Al4
A7

A13

A12
A18
AN

%o
A19

I A

T ARARNARAN T ASRRLRARAN) T AR T T ARRLRARAN) T T
800 200 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

A10

100,
m/z deconvolutes
t016952
%!|
74 T T T T T T T T T T T T T T T T T T T \m
10000 11000 12000 13000 14000 15000 16000 17000 18000 19000 20000

ESI| vs MALDI

m Choose MALDI when:

O Peptides or protein with a MW < 5000 Da (MALDI can
detect MW > 100KDa, but not very accurately)

O Complex mixtures (more than 5 compounds)

O Very little material with higher salt/buffer concentration
= Choose ESI when:

0 MW > 5000 Da (proteins)

O Want better mass assignment

O Want good MS/MS data
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Dual ionization mode on the apex-Qe

Apollo™ 11 with MALDI Option
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