What is a mass spectrometer?
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El: electron impact

TOF: time-of-flight multiplier

Cl: chemical ionization | FTMS: Fou

ITMS: ion trap mass spectrometer | channelplate

rier transform mass spectrometer

.... and combinations of these (QTOF, TOF/TOF, IT/TOF)

ESI: electrospray ionization

MALDI: matrix-assisted laser desorption/ionization

AP/MALDI: atmospheric pressure MALDI a balance for

weighing molecules
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MALDI is one
method for

ionizing peptides

and other
biomolecules

peptide

matrix——

Matrix-assisted laser
desorption/ionization

MALDI mechanism

1. The matrix absorbs

UV or IR energy from
o] the pulsed laser

2. The matrix ionizes and
dissociates; it undergoes
1) a phase changeto a

[i+o+ \Su_percompressed gas;
+ -+ 1_,_(:fh’arge is passed to some
@ o of the analyte molecules
N
° 3. Matrix expands at
® N supersonic velocity;
o - ' additional analyte ions
. e .
T« are formed in the gas
o o phase; ions are

entrained in the
expanding plume

saye v

" @ Middle Atlantic
MaSsSpedipanetrytabgratary

The MALDI
“matrix”:

In MALDI, samples
are deposited in
solutions of a UV-
absorbing matrix,
which absorbs the
laser energy, ionizes
and then protonates
the sample molecules

Micotinie acid (NA)

Caffeic acid (CA)
3,4 Dihydroxycinnamic acid

Sinapinic acid (SA)
3,5-Dimethory-4-hydroxycinnamic acid

Gentisic acid (DHEBA)
2,5-Dihydroxybenzoic acid

3-Hydroxypicolinic acid (HPA)
3-Hydroxy-2-pyridinecarbouylic acid

-Cyano-4-hydroxycinnamic acid (CHCA)
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MALDI is most often used with a time-of-
flight (TOF) mass spectrometer:

e drift region | Short source region
—_——t D . . .
T : (s) with a high field for
o—: extracting the ions
@" Lon_ger field-free drift
g region (D)
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e mass spectrum of a single compound Fllght tImES fo“OW a
simple square root
N dependence on mass:
cations used M+
lurqss calihralinn- . ;::Izg:::irng m 12
Say | matcions (= b
C L 2eV

mass/charge

. (@ Middig Afiantic
ﬁf Mgss{Speipanatry Labdratory

Time-of-flight mass spectrum.

Hepatitus B virus pre-S S;%%y:;:“zeta'
region 120-145, 3008 3819 Da

Raw data spectrum vs. time

Diabetes-associated
Parathyroid hormone peptide 8-37, 3200

- 28-48, 2148
noise form ' ACTH 7-38
1 Peptide sequencing 3659 Da
extraction pulse Sondars 165900 | o
matri)( iOnS melanocyte, Pancreatic
24( 2660 Da polypeptide,
4182 Da

Substance P, 1348 Da

Methionine enkephalin-
Arg-Gly Leu 900Da

ACTH 1-39,
4541 Da

Mass spectrum of a mixture of 11 peptides obtained
with pulsed (delayed) extraction on a linear TOF.
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Mass resolution is improved using a
“single-stage” reflectron mass analyzer

| space-focus plane | | | | | |
d
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Flight times are still proportional e L -

detector —

to the square root of the mass: ‘| o ‘
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Reflectrons compensate for the initial
kinetic energy spread of ions.

| | space-focus plane | | |
'—d:‘ L1 ~dl
i ¥i V2
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The “dual-stage” reflectron mass analyzer provides
“second order” focusing.

Flight times are proportional to the square root of mass.
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Comparison of linear and reflectron mass
spectra

Mass spectrum of .
a mixture of 11 .
peptides obtained ™ e
on alinear TOF i ’ J W Jh
16 Lo \ TTRRTORY T | IV Y i ‘ll Jl J
n

o
T
0s 10us
}\

Mass spectrum of

a mixture of 9
peptides obtained
on areflectron

TOF

L
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Another way to improve mass resolution is
using “delayed extraction™”:

During the delay period, ions with different energies array
themselves in different locations.

before delay S 31 d

after delay ...

V, V, V,(ground)

T IS

When the extraction pulse is applied the slower ions will be
accelerated the most, and will catch up with the faster ions
when they reach the detector

*also known as “pulsed extraction” or “time-lag focusing”
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A number of different methods are used to
pulse the field in the first extraction region:

A
V, 2V 20 kV (constant)
0 18kv 2 kV pulse Vo
18 kV (constant) 20 kv
\A A Negative pulse
oV Ground (constant) Ground (constant)
\2 V,
delay delay
time time
ABI, Kratos and others Bruker and others

Whittal, R.M.; Li, L., Anal. Chem. 67 (1995) 1950-1954

Brown, R.S.; Lennon, J.J., Anal Chem. 67 (1995) 1998-2003.

Vestal, M.L.; Juhasz, P.; Martin, S.A, Rapid Commun. Mass Spectrom. 9 (1995)
1044-1050.
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Maximum mass resolution results from a
combination of a reflectron and delayed
extraction

. 10472 = —
b : I , ,
w - . Glucagon-like peptide
® : R=13,370
0 10483 .
Angiotensin ||

0
0 R=1,990
= 41134
[ 10456 P
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Electrospray ionization (ESI)

nitrogen skimmer
liquid sheath l
electrode
‘ electrospray
.
T R/ o' ;.-
5 . .o @. 1o mass
@ gy @0 @ @

analyzer
= . P . o
e
I fused silica o
stainless steel capillary .
capilla counter —
i electrode

nuzzle

Introduced by John Fenn:

Yamashita, M.; Fenn, J.B., J. Phys. Chem. 88 (1984) 4451.

Whitehouse, C.M.; Dreyer, R.N.; Yamashita, M.; Fenn, J.B., Anal. Chem.
57 (1985) 675.

Fenn, J.B.; Mann, M.; Meng, C.K.; Wong, S.F.; Whitehouse, C.M.,
Science 246 (1989) 64.
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Based on an ion evaporation model:

Iribarne, J.V.; Thomson, B.A., J. Chem. Phys. 64 (1976) 2287.
Thomson, B.A.; Iribarne, J.V., J. Chem. Phys. 71 (1979) 4451.

Tip at high positive L .-
voltage . . & L T
‘H""'\-\.R-‘-\_ . - :I:i::l":':' L]
L]

f . "

* s & L :I-
/ & & a
Evaporation -
(desolvation) of
positively-charged
droplets until the
Rayleigh limit is
reached. Favors ejection of multiply-
charged ions

Ejection of positively
charged ions from droplet.
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ESI produces multiply-charged ions

B93.15
lons have the mo} 848.5 942,75
formula: 1 mymeoreticat = 169807
| red . n=17
+ | M Measured = 16951.9 = 1.7
(M + nH)*n . 14 . - vo007% 988.25 = (M, + n)in

S |
From which one g j 808.2 1080.7 = (My + 1+ 1)in + 1)
can determine M. & |

< T71.5
Average m/z are & j
around 1000, g |
which is ] 707.25
compatible with 1

quadrupole mass 0

spectrometers
i Fic. 3. ESI mass spectrum of equine myoglobin, Peaks m/z 707.25 through m/z 1305 are
and ion tra S. centroid values for these multiply protonated (24+ through 13+) ions. The simultaneous
relation of one pair, m/z 998.25 and m/z 1060.7, is illustrated where the integer value of n is
17. Calculation of M, as discussed in the text.

600 800 1000 1200 ) 1400
miz

NS e - )) qume_A:lannic
ﬁ“ s Mass(Speipanetryabdratory

ESI is commonly used on quadrupole ion
trap mass spectrometers (ITMS)

Ring Fundamental rf | * 1.1 MHz

Electrode

 Used to trap the

ions
« used to scan the

mass range in
either mass-
ﬁ selective

instability or

. 1‘ resonance
* mass selection Endcap W ejection mades

« supplementary
RF for resonance
ejection mode
and high mass

Electrodes re
. . Auxiliary ac
e excitation in :
MS/MS mode
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Mathieu parameters: .
8eV g

9= m(r? +2z2)Q;

_ —16eU
Com(n +220)Q2

Mass selective instability mode: if
dc voltage on the endcaps is zero,
then scan along the a, line (by varying
the rf voltage); ion ejection occurs at
the stability boundary when a, = 0.908

endcap bias voltage U

The mass ejected is then given by: -0s} \V]
m 8v

z (g +225)Q0,

mass stans,.,

3 02 0% 08 08 Fa—
. FIGURE 2 1.1 MHz I’Iﬂg VOltage \Y
Where z is the number of Charges Stability diagram denoting B, and P, instability boundaries

and Q, is the angular drive
frequency Williams, J.D.; Cox, K.A.; Schwartz, J.C.; Cooks, R.G., in

N Practical Aspects of lon Trap Mass Spectrometry, Volume I,
(Q0/27t =1.1 MHz) Cairns, T., Ed., CRC Press, Boca Raton (1995), pp. 3-50
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Resonance ejection mode:

A supplementary rf voltage is applied to
the endcaps

The fundamental rf voltage on the ring 2
electrode is scanned §
lons are ejected “through a hole in the S
stability region” 3
o)
Extension of mass range through %
axial modulation S
Supplementary rf = 69.9 kHz ®
Ogject = 0.182
m/z = (0.91/0.182) x 650 = 5 x 650 =
3,250 Lc 92 of 06 98 8 12 e
Supplementary rf = 35.2 kHz o 11 MHz ring voltage V
Ogject = 0.091
m/z = (0.91/0.091) x 650 = 10 x 650 =
6,500
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The “LCQ” ion trap mass spectrometry uses a
quadrupole or octapole inlet system to interface

to the atmosphere

Increasing

Capillary
needle  =— racum '
(3.5kV)

N [\
Electrospray RF-only quadrupole  lon trap mass
source at or octapole filters spectrometer
atmospheric that collimate ions
pressure from high pressure

ESI source.
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Amino acid “residue” masses table

Amino acid Three Single Nominal Monoisotopic Average
letter code  letter code  mass mass mass

Alanine Ala A 71 71.037 71.079
Arginine Arg R 156 156.101 156.188
Asparagine Asn N 114 114.043 114.104
Aspartic acid ~ Asp D 115 115.027 115.089
Cysteine Cys C 103 103.009 103.143
Glutamic acid  Glu E 129 129.043 129.116
Glutamine Gln Q 128 128.059 128.131
Glycine Gly G 57 57.021 57.052
Histidine His H 137 137.059 137.141
Isoleucine lle | 113 113.084 113.160
Leucine Leu L 113 113.084 113.160
Lysine Lys K 128 128.095 128.175
Methionine Met M 131 131.040 131.197
Phenylalanine Phe F 147 147.068 147.177
Proline Pro P 97 97.053 97.117
Serine Ser S 87 87.032 87.078
Threonine Thr T 101 101.048 101.105
Tryptophan Trp w 186 186.079 186.214
Tyrosine Tyr Y 163 163.063 163.176
Valine Val \ 99 99.068 99.133
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Chemical reagents and proteolytic
enzymes for “peptide mapping”

Chemical reagents Cleavage sites Comments

Cyanogen bromide after M Homoserine —30.1 Da
Homoserine lactone —48.1 Da
BNPS-skatole or DMSO + HCI  after W

Acid hydrolysis D/P then random
Endopeptidases Cleavage sites
Trypsin after K/IR
Endoproteinase Lys-C after K
Endoproteinase Asp-N before D
Endoproteinase Arg-C after R
Chymotrypsin after F/W/Y/L
Pepsin after F/W/Y/L
Thermolysin before L/I/M/FIW
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Proteolytic enzymes for “peptide
sequencing”

Exopeptidases Selectivity

Carboxypeptidase A stops at R/PX, sometimes G/S/D/E
Carboxypeptidase B cleaves at R/K

Carboxypeptidase P cleaves PX/D/E, sometimes stops at S/G
Carboxypeptidase Y cleaves at PX/E, sometimes stops at K/R/S/G
Aminopeptidase M non-specific

Leucine aminopeptidase  stops at or near K/R/P

Mass balancing: the sum of the molecular weights of n
enzymatic fragments, minus n-1 water molecules, add
up to the molecular weight of the intact protein.
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Example. p-amyloid peptide (fA, ,,):
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMGGVV

tryptic digest:

DAEFR MW = 636.7 BA.s MH*observed = 637.8
HDSGYEVHHQK MW = 1336.5 BAg1s MH* observed = 1337.1
LVFFAEDVGSNK MW = 1325.7 BA,;..5 MH* observed = 1326.7
GAIIGLMVGGVV MW = 1085.5 BA,g.40 MH* observed = 1086.1

cyanogen bromide:

VGGWV MW = 429.6 BAsg.40 MH* observed = 431.1
VGGVVIA MW = 613.8 BAs6.4, MH* Observed = 614.2
GAIIGLM MW = 673.9 BA,g.35 MH* observed = 626.0
homoserine MW = 643.8

homoserine lactone MW = 625.8

636.7 + 1336.5 + 1325.7 + 1085.5 — 3(18) = 4,329.9

Note that cyanogen bromide digestion revealed a longer amyloid peptide!
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Chemical cleavage:

——-

H
N — C _—
H

Hzc_

Cyanogen bromide (CNBr) cleaves the amide bond on
the C-terminal side of a methionine residue:

)
|
C—OH
C—OH
H

2

homoserine
o)
Hol

mmuN—C—C.__
/O
H,C—C
Hy

homoserine lactone

forming a terminal homoserine (Am = -30) or
homoserine lactone (Am = -48) residue
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Peptide mapping: tryptic digest of myoglobin

AXIMA-QIT
Data: myoglobin dig dhb0002.G7 19 Dec 2002 12:12 Cal: combined 19 Dec 2002 12:46
Kratos PC Axima QIT V2.3.1: Mode Positive, Mid 750+, Power: 59
%Int. 92 mV[sum= 27531 mV] Profiles 1-300 Smooth Av 1
~ 127171
100 1606.92
901
807 1378.90
1854.01
701
1272.74
60
1379.88
o] 1607.93 185501 198211
1268.59
401 1983.08
95253
1192.70
301
1273.73 1502.72
1380.91 1606.90 1856.00 1984.11
204 953.53 1096.56
1503.75
902.47 99652 10120.69 1270.65 [ 1856.99
107 99753 1143.64 laogg 150696 1609.88 1985.14
0 d
1000 1200 1400 1600 1800 2000
Mass/Charge
MS obtained on a Kratos AXIMA Qit/TOF
e - - - -
AR Middlé Atlantic
Mess{Spadtpametrytaboratory
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PMF: Peptide Mass Fingerprinting

Taxonomy : Mammalia (mammals) (246067 sequences)
Timestamp : 19 Dec 2002 at 12:18:46 GMT
Top Score : 158 for gi|2506462, Myoglobin

Probability Based Mowse Score

Protein Summary Report

To create a bookmark for this report, rig|

Index

Accession Mass Score Description
1. gi|2506462 16941 158
2. gi|70561 16940 138 in [validated] - horse
3. gi|2554649 16942 137 Myog (Horse Heart) Mutant With Leu 104 Replaced By Asn (L104n)
4. gi|494711 16967 118  Myoglobin (Horse Heart) Mutant With His 64 Replaced By Tyr (H64y)
5. gi|2914321 16905 HB4t Variant OF Myoglobin (Horse Heart) Recombinant Wild-Type
Complexed With Azide
6. gi|999870 16967 Myoglobin Mutant With His 93 Replaced By Tyr (H93y)
7. gil1942750 16969 Myoglobin (Horse Heart) Mutant With Ser 92 Replaced By Asp (S92d)
8. gi|25029635 33033 similar to pORF2 [Mus musculus domesticus]

- S 7o e asses of the
. S C peptides from
Observed Mr (expt) Mr (calc) Delta Peptide aSS Spectrum

941.48 940.47 940.47 0.01 YKELGFQG

1271.67  1270.66  1270.66 0.01 0 LFTGHPETLEK

1378.83  1377.82  1377.83 -0.01 HGTVVLTALGGILK d t

1502.68  1501.67  1501.66 0.01 HPGDFGADAQGAMTK e use 0

1506.94  1505.93  1505.93 0.00 HGTVVLTALGGILKK -

1606.85  1605.84  1605.85 -0.01 VEADIAGHGQEVLIR th ‘t
1815.88  1814.87  1814.90 -0.02 GLSDGEWQQVLNVWGK I fy e a-re n
1853.94  1852.93  1852.95 -0.02 GHHEAELKPLAQSHATK

1885.00  1883.99  1884.01 -0.02 YLEFISDAITHVLHSK i n
1982.02  1981.01  1981.05 -0.04 KGHHEAELKPLAQSHATK

100 150
Probability Based Mouse Score

& =
No match to: 931.53, 934.49, 949.50, 951.50, 952.52, .46, 978.46, 988.49, 1006.54

Post-translational modifications will produce
changes in the masses of tryptic fragments

Nal Site Modification Am

N-terminal acetylation terminal NH,- replaced by CH;CONH- +42
N-terminal formylation terminal NH,- replaced by HCONH- +28
N-terminal myristylation  terminal NH.- replaced by CH3(CH;)1,CONH-  +210

N-terminal palmitoylation terminal NH,- replaced by CH3(CH,);4,CONH-  +238
C-terminal amidation terminal -COOH  replaced by -CONH, -1
disulfide bonds 2 Cys-SH replaced by -S-S- -2
glycosylation (N-linked) ~ N-X-S/T addition of sugar

glycosylation (O-linked)  S/T addition of sugar

sulfation -OHof Y replaced by —OSOz;H +80
phosphorylation -OH of Y/SIT replaced by —OPO3H, +80
N-methylation -NH; of KIR/H/Q relaced by -NHCH;3 +14
O-methylesterification -COOH of E/D replaced by -COOCHj5 +14
carboxylation -NH; of E/D replaced by -NHOCHj; +30
Hydroxylation -NH; of P/K/D replaced by -NHOH +16




Protein phosphorylation by kinases

Enzyme Consensus sequence

protein kinase C (R/K13,X20)-SIT-(X2-0, RIKy:3)

CAMP-dependent PK  R-R-X-S/T s
cGMP-dependent PK  R/K;3-X-S/T ‘“‘:'*:‘::IL_‘:}':'::::M
casein kinase | S[P]-X15-SIT

casein kinase 11 SIT-(D/E/S[P])1.3,X2.0

X = unspecified peptide; S[P] = phosphorylated serine

13434

IL—-A—-—_U;—‘—
L T T 1) 1 T T T
500 1000 1500 2000 2500 3000 300
MIZ
Figures,  S-linked HPLC and Sp § plocaies of the
phosphopeptide [KRPS(-p)QRHOSKY-Am] in 3 ul 0.1% TFA was mined with |
ACHC concentrated sapsrmatant (in $0% E1OH : S0% 0.1% TFA) and air dried 1

C.
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Carboxypeptidase ladder sequencing

1 1151 711 1291 1472 1562 17 1

Digestion Of the H- Asp- Ala- Glu- Phe- Arg- OH- H" 637.7
tryptic peptide Ho Ap- Al- Gli- Phe- OH- H' w15
DAEFR from 1 1151 711 1291 17 1

. . H- Asp- Ala- Glu- OH- H" 3343
BAmyIOId Wlth 1 1151 711 17 1
carboxypeptidase H- Asp- Ala- OH- H' 2052
followed by mass e e e a1
spectral analysis
of the ladder "
lethe 1341 205.2 3343 481.5 637.5

Asp +19 Ala Glu Phe Arg

A" masses are —1301—— =711 129.1 147.1 ——156.2

molecular masses

I T T T T T T T T T T T T
0 100 200 300 400 500 600
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Aminopeptidase ladder sequencing

1 1151 711 129.1 1472 1562 17 1
. . H- Asp- Ala- Glu- Phe- Arg- OH- H* 637.7
Digestion of the
1 711 129.1 1472 1562 17 1
tryptlc peptlde H- Ala- Glu- Phe- Arg- OH- H' 522.6
DAEFR from H- G- Pho- ;:fgjz- OH_ 4515
BAmyloid with Lowe s w1
. . H- Phe- Arg- OH- H* 3224
aminopeptidase
1 156.2 17 1
followed by mass H- Ag- OH- H 1752
spectral analysis
Ofthe |adder © 175.2 322.4 4515 522.6 637.7
m |XtU re Arg +19 Phe Glu Ala Asp
175.2 147.2 129.1 11— |~1151——
All masses are
molecular masses
0 1[III] 200 Cil;ﬂ 4II]I] EII]I] ﬁ;l[l

saye v

" @ Middle Atlantic

MaSsSpedipanetrytabgratary

Example of “timed”
carboxypeptidase
ladder sequencing

In situ digestion: several aliquots of the
intact peptide are place on different
locations on the sample probe or slide.
Enzyme (in excess) is added to each spot
and quenched after a predetermined time
by addition of the matrix solution.

Timed-course digests provide a means to

maximize amino acid sequence information.

Patterson, D.H.; Tarr, G/E.; Regnier, F.E.,
Martin, S.A.; Anal. Chem. 67 (1995) 3971-
3978.

FIGURE 18.4 HALDS-TOF mass wpactra of s (3] 1mie, () S, aedl ) 2i-min shguons
Woma crr CTH 718 Fagrare

SAEATPLE) Raprinced with jarmission from reference |2
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1 871 156.2167.157.1 71.1 11321282 17 1
Ladder H — Ser — Arg —Ser — Gly —Ala—Leu—-Lys— OH—-H* MW =799.0

sequencing |
PO,H

of a phospho-

P 1 1562167.157.1 711 11321282 17 1

peptide: H— Arg—Ser— Gly—Ala—Leu—Lys—OH—H* MW =711.9
I
PO,H

For

phosphopeptides, 1 1671571 711 11321282 17 1

amino and H- Ter—GIy—AIa—Leu —Lys—OH—-H* MW =555.7

carboxypeptidase POH

ladder sequencing is

carried out in the 1 570 711 11321282 17 1

H— Gly—Ala—Leu—Lys—OH—-H* MW =388.6
same manner, but

the sequence 1 711 11321282 17 1
includes a H-— Ala—Leu—Lys—OH—-H* MW =3315
ph(_)sphosenne . 1 11321282 17 1
which has a residue H— Leu—Lys—OH—H* MW = 260.4

mass of:
1 1282 17 1
87 + 80 =167 H— Lys—OH—H* MW=47.2

NS il ’qume Atlantic
GRS VesaheSisauytabaratary

Sequencing by fragmentation: tandem and
hybrid mass spectrometers

The tandem mass spectrometer:

« two or more mass analyzers (or mass
analysis stepg: “tandem in time”)

* the ability to;sﬁject aionsof a
particular mass observgd in a mass
spectrum and to.gl€rve its fragments in




C-terminal ions: the “y” ions

.o .

oo- .oo H+ AN H .oo‘.
+
Hol . w H lles w |l
MN—C—C—N—C—Cmnn —— wmmnN—C—C~—=N—C—Cmmmm
H | H H Ho
Ry R / R, Rs
.'O'. c e .
H et w ® H
N —C—C—N—C—Cmmnnm —_— HSN_C_C“””“’
H | H

H

@

HC—Cnunm

z-ion

Rz

&

. /—NH3
'O'
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N-terminal ions: the “a” and “b” ions

H
||||||||||N— C—
H o
R1
H
|llllll|llN— C—
|
R1

.s, "CS' N
I oo m |l +H
C—N—C—Cunmi —_—

Ho

R

@R
C (;N—C—Cmuuu

o e |

H R,

H
MN—¢_C—C—
o

H -co ®
IIIIIIIIIIN—C—CEO® IIIIIIIIIIN—|CH
o
Ry Ry

H

H
| | @ }\l‘—g—ull““l“
H o
Ry Ry

_ > ummIN— E— C @

R1

a-ion
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b-ion masses can also be determined:

1 1151  7L1 129

y-ion masses can be determined for a known sequence:

+H +H +H +H +H

1 147.2 156.2

Ry

1 1151 711 1291 1472 1562 17

H Asp~|:AJa~|:GIu~|:Phe~tArg—0H + H*

o

1

H_“ﬂmﬁGﬁpﬁﬁﬁéngé’

Sequence fragment nomenclature

Z3 2
X N N |
H;N—CH-+ C+HNH-+CH+ C+NH+CH+ C+NH+CH—C—0H
Il I 1] I
o] o o]
3 b g 2 by e a; by <

Use these
schemes to
verify the
masses in
the next
figure

a-ion masses are determined by subtracting 28 from the masses of the b-ions

" @ Middlg A

\t:."\h(i\:\.';‘ =

tlantic

MaSsSpedipanetrytabgratary

De novo sequencing of

Amino acid sequencing by fragmentation.

an unknown is
Complicated by the fact 175.2 322.4 4515  522.6 637.7
that one does not know e s e
a priori which type of
. . -m 116.1 187.2 316.3 463.5 619.7
fragmentation will
Ala Glu Phe Arg
oCccur. ~71.1 129.2 147.2 156.2——
+—Arg +| HoO
Approaches include 88.1 | 159.2 288.3 4355 591.7
the location of peaks e M sar2— | Hss.e
28 mass units apart (a Arg+ | HCOOH
and b series) and co o co co | M2 _
noting that the St T T A | Y N Al T
46— -
molecular ionisay
ion). 0 100 200 300 a00 500 500
PSSRy Middle Atlantic
ﬁ‘ . Mess{Spadipafetrytaboratory
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Tandem Mass Spectrometry

Mass filters vs. mass analyzers
Mass selection
Collision-induced dissociation (CID)

In a normal configuration:

Mass filter: Collision gas: He  Mass analyzer:

passes a or Xe records a mass

single mass Collision-induced ~ Spectrum
dissociation

High energy (1-20
Kev) single

collisions, or Normal mode =
product ion scan

Low energy (10-50

ev multiple
collisions.

\:‘L@; =<

- T ’qudle Atlantic
& _MassiSpedipametrLabdratary

Some examples of tandem (and hybrid)
instruments

Tandem in time:

lon trap mass spectrometer (ITMS)

Fourier transform mass spectrometer (FTMS)
Linear ion trap/FTMS (LTQ-FT)

Tandem in space:

Triple quadrupoles
Quadrupole/time-of-flight (QTOF)
Time-of-flight/time-of-flight (TOF/TOF)
lon trap/time-of-flight (trapTOF, Qit/TOF)

\:‘L@; =<

- T ’qudle Atlantic
% _Mass{Spedipametrytaboratory
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Scan modes of the triple quadrupole:

Product ion (normal) scan:

mass filter: RF-only mass analyzer:
single precursor mass  mode: Scan product masses
for selected precursor
Precursor ion scan:

mass analyzer: RF-only mass filter:
Scan precursor masses mode: single product mass
for selected product

Constant neutral loss (CNL) scan (reaction ion monitoring):

mass analyzer: RF-only mass analyzer:
scan precursor masses mode: scan product masses differing
by constant mass difference

@ Middle Atlantic
_Mass{SpeStpaetrytabgratory

The ion trap mass spectrometer is a
“tandem” mass spectrometer

FILAMENT Trapping cycle: fixed amplitude of the
\U /E FHO AP fundamental rf voltage

= H lon ejection cycle: remove unwanted ions
y by symmetric or asymetric pulses on

RING
ELECTRODE

s b o endcaps; stored waveform inverse
&_ Fourier transform (SWIFT) or filtered
ELECTRON MULTIPLIER TO PREAMPLIFIER . . -
= peTeeTon fonsia = noise field techniques
"R RE ACOslﬁélh“fION o GENERATOR lysi le: | i
F%i”éiwﬁ&K)Z FSgeEien :> g”:?i%%ﬁﬁ“ Mas_s analysis cycle:mass se ective
RF VOLTAGE ‘ ' instability mode: scan fundamental rf

] ] voltage; mass range approx. 650
Fundamental rf applied to ring resonance ejection mode: set
electrode (1.1 MHz) supplemental rf voltage on endcaps

L and then scan fundamental rf voltage
dc and excitation voltages _
applied to the end caps MS/MS mode: low amplitude supplemental

rf voltage applied to endcaps

@ Middle Atlantic
_Mpes5iShedipafetytabgratory
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Tandem-in-time
I, I'and III: trapping cycle: fundamental (1.1 MHz) RF voltage on ring electrode

IV: mass isolation cycle (MS1): resonant ejection of all but selected ion, using
high amplitude supplementary RF on ring electrode

V: excitation cycle (low energy CID): low amplitude supplementary RF voltage
on endcaps

Trapping
Vinge

(MS2): resonance ejection
mode, high amplitude

supplementary RF voltage on l ! |
endcaps while scanning the potser

amplitude of the fundamental
RF voltage on the ring

VII: mass analysis cycle J

electrode N
e
PSISA - Middlé Atlantic

MaSsSpedipanetrytabgratary

IR AP MALDI from 0.1 % TFA solution

AP/IRIS MS spectrum of 3-
oligosaccharide mixture
(8 pmol of each oligosaccharide)

Taranenko N.I., Atmospheric Pressure
Infrared lonization from Solutions
(AP/IRIS), Proceedings of the 51st
ASMS Conference on Mass
Spectrometry and Allied Topics, /"1‘;0'“ ;
Montreal, 2003.

Relaive Abundance

w3 MSIMS ‘/ o IMS/MS \
1079Da . s 1420Da
¢ § ManzF -GIcNAC -Fuc £ Man ,_-Man | -GIcNAc
i i IMANG < > > >
§ lenA i A -Man | -GleNAc | 5 1oNAc
£ - -Fuc & i
H > > L e -Manwf
R I T ql e = Tt 131
650 00 750 500 850 %00 ‘%50 1000 1050 v 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 NYZ
e - - - -
PSRN - Middle Atlantic
ﬁ‘" : Mass{Spatipanetrytabaratory
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Combined quadrupole and time-of-flight
mass spectrometers (QTOF)

2

g, is an RF-only /

quadrupole filter

that collimates qs is an RF-only The TOF makes it
ions from high quadrupole filter possible to analyze
pressure source. used as a product ions with
collision chamber. higher m/z than
(?liz::iipole Collisions are low their precursors
. energy. = T,
mass filter that 9y e _—
selects the — I

precursor mass

PSSy Ml dlé Atlantic
& Ma ats‘becw{fnetrv Labgratory

45E T4

MS/MS spectrum R
of doubly

charged ion on a
QTOF mass o

40419

Ralative Intersity
Fialatve Intensity

PS040 G0 a0 doog,. 0 a0 400 eoo Bod w00,
spectrometer
Figure 2. Fragment ion spectra of < il o
doubly-charged Bradykinin 2-9 g1 s 2w
(m/z 452.74) obtained on a hybrid 3k il
gquadrupole-time of flight é Y §
instrument at (a) 20 V, (b) 25 V, (c) D5
35V, and (d) 45 V potential el T )| .
d Iffere n Ce . 200 400 BEO !ll‘O IDJQ\ L 200 400 600 800 ‘(‘“‘]-u:

Rogalski, J.C.; Lin, M.S.; Sniatynski, M.J.; Taylor, R.J.; Youhnovski, N.; Przybylski, M.;
Kast, J. Statistical evaluation of electrospray tandem mass spectra for optimized peptide
fragmentation, J. Am. Soc. Mass Spectrom. 16 (2005) 505-514.

PSSy Ml dlé Atlantic
& _Me ﬁtsbecqcﬁfﬁﬂetw Labgratary




Combined ion trap and time-of-flight mass
spectrometer (trap TOF)

Kratos AXIMA Qit/TOF
Nz Laser |End-Cap Electrode End-Cap Electrode

[Introductlon §n1) {Extraction) 2 Stage Gndless Reflectron
H"'H Q ﬂU 7 UDHDHDDHBH
Ly  dugnnanan

\
ll.
lon Lens Ring Electrode Detector Floating ToF Tube

Compared with QTOF: can carry out MS™! steps in the ion trap

Compared with ion trap alone: obtain high resolution MS" spectrum

NS e @ Middle Atlantic
% : MeSs{Spedipafnetryabaratory

MALDI MS and
MS/MS spectra
obtained on a

trapTOF

* Mass selection from an
ion trap provides high

accuracy, narrow mass |- “L-Tmﬂ“gﬂ Bl Ten gl w 1 .

range

* Full kinetic energy of
product ions provides ] - L
high mass resolution in ’ J J ) 1
MS" modes : 5 kT 1

NS e @ Middle Atlantic
% : MeassiSpedipanetrytabaratory
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Both MS/MS spectra give the
same ID

MS/MS of 1611

Mascot Search Results I._
Search title : digest
MS data file : C:\Program Files\Kompact\data\Customers\Oklahoma\mass lists\HM4 1611 ms2.txt
Database : NCBInr 20020814 (1030915 sequences; 326041867 residues)

: D ila (fruit flies) (28122 sequences)
Timestamp : 19 Aug 2002 at 16:03:04 GMT
Significant hits: gi|5921205 ATP synthase alpha chain, mitochondrial precursor (Protein bellwether)
1. gi]5921205 Mass: 59384 Total score: 48 Peptides matched: 1

1 1611.15 1610.14 1609.87 0.27 0 48 1 TGAIVDVPVGDELLGR

MS/MS of 1260

Mascot Search Results : st 1 bt ot S
Search title : digest

MS data file : C:\Program Files\Kompact\data\Customers\Oklahoma\mass lists\HM4 1260 ms2.txt

Database : NCBInr 20020814 (1030915 sequences; 326041867 residues)

Taxonomy : Drosophila (fruit flies) (28122 sequences)

Timestamp : 19 Aug 2002 at 16:17:32 GMT

Significant hits: gi|5921205 ATP synthase alpha chain, mitochondrial precursor (Protein bellwether)
1. gi]5921205 Mass: 59384 Total score: 38 Peptides matched: 1

1 1260.70 1259.69 1259.64 0.06 0 38 1 SAEISNILEER

NS e - )) qume_A:lannic
ﬁ“ s Mass(Speipanetryabdratory

Tandem time-of-flight (TOF/TOF) mass
spectrometers

retarding  collision 2" source pulsed

ion source lens cell extraction
. . ¥ . . .
|55 I ¥ RN RN
H H 2
i i L EN
mass i ki
selection i .
gate FELLLLLE

Applied BioSystems

» 20 keV ions decelerated to 1-2 keV

* product ions are reaccelerated by 18 keV

* does not record metastable products formed in MS1
» can be operated with (CID) or without (PSD) gas

CID = collision-induced disssociation
PSD = post-source decay (metastable decomposition)

NS e - )) Middle Atlantic
ﬁ‘ . MassiSpatipametrytabaratory
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Bruker Daltonics

* 8 keV collisions with products accelerated by lift cell
* records metastables (PSD) and collision (CID) products

ion source collision cell “Ii‘ft" cell
1 i SELLLLL
LJ 1 H H T o
mass B : i : BB
selection =:H
gate B : FELLLLLUE

Kratos AXIMA

* PSD with curved-field reflectron

ion source mass selection gate
o T SELLLLL
M i (EH
3
23 FELLLLLLE

-

9 Middle Atlantic
MessiSpeipametrytabaratory

MS/MS or sequence spectrum of 2-17 from HAT

Seint. ,
! Y10 ' ;5
2 Y-ions 7
100 2-17 GSSHHHHHHSSGENLY =
¥aq B-ions
a0 o
b 5
80 o ¥ L |
Hos | $|6 IE N L | Y+H0
by
y Yi2
H H H3 H | S| G
b,
b 5
b“ l“14 ::
o o g
o bag 3 7 ol
= g Eub i T g l)/q
2 JEE Sk |2l-| %
) IJ\M Al UVMW ‘
m\ i i Ak |
1000 1100 1200 1300 1400 1500 1600 1700 1800
MassiCharge
tlantic
try'Labgratory
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| wREsWTSMESTDYTR GOSN

MS/MS analysis of :
acetylated peptides from ] — S
histone acetyl transferase

Thompson, P.; Wang, D.; Wang, L.; Fulco, M.;
Pediconi, N.; Zhang, D.; An W.; Ge Q.; Roeder, R.G;
Wong, J.; Levrero, M.; Sartorelli, V.; Cotter, R.J. and
Cole, P.A., Regulation of the p300 HAT Domain via a
Novel Activation Loop. Nature: Struct. Mol. Biol. 11
(2004) 308-15.

NS e @ Middle Atlantic
% : MeSs{Spedipafnetryabaratory

Sequence tags

For identification we need only a partial sequence ...

sequence tag: LGGYQK

G a K
L - b‘ o Y Q l——
ha— Ly _ * 12813
113.04 ’ 163.07 128.02
I A 1
5800 6000 6201 6400 6600

200
Mass (Da) WUES FTICR (4.7T).

SORVCAD with Ar

FTMS/MS of a bacterial agent biomarker with a mass of 6710.5

NS e @ Middle Atlantic
% : MeassiSpedipanetrytabaratory
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. which can be combined with a molecular weight to
obtain an identification with very high specificity

Here two BLAST sequence tag query:
peptides are
found with only 2 sequences returned (out of > 550 000 in Swiss PROT)
the same
P06554: Small acid-solubl re protein - SASP-2 - from B.cereus
sequence 54 A, MW. 67105 Da, tag al e Ctorminws
Segment’ bUt SRSTNKLAVP GAESALDOMK YEIAQEFGVQ LGADATARAN GSVGG
only one has EITKR LVSLAEQQOLG GYQK
the correct
: soxyribonuclease V, B chain - EX5I - from H.infl
mOIeCUIar ?;15‘12; I‘E\Ed‘lei‘?‘? ;!)';JD;:I:.:“;:;::\-.&_:1h?!3? -;;?BAAHAEIN rom finfluenzae
Welght ... LLKADLGKDL QVEIENKQAL SVPIQIFLPQ YLGGYQKALN ...
PSSy MJ dle Atlantic
% Ma ats‘tlecnw{i'netw Labaratory

High energy and low energy collisions

High energy collisions
» precursor ion kinetic energy: E, = 1-20 keV

< single collision conditions
e product ion energy:

< used in instruments in which mass measurement depends upon
kinetic energy, i.e. TOF/TOF mass spectrometers

e collision energy (Erel) in the center-of-mass frame
m

__ " E
m +m,

rel

where M is the molecular ion and n is the collision gas

PSSy MJ dle Atlantic
& Ma ﬁLS‘Pecch{i'netw Labgratory
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High energy and low energy collisions

Protein MW 1 keV 8 keV 20 keV
Substance P 1,348 297ev 23.7ev 59.4ev
Ubiquitin 8,566 0.47 ev 3.7 ev 9.3 ev

Cytochrome C 12,328 0.32 ev 2.6 ev 2.5ev
C fragment of tetanus toxin 51,819 0.08 ev 0.6 ev 15ev
Bovine serum albumin 66,430 0.06 ev 0.5ev 1.2ev

Low energy collisions
e precursor ion kinetic energy = 10-50 ev

e activation through multiple collisions

e used in instruments in which the ion residence time is long

quadrupole ion traps (ITMS)
linear ion traps (LTQ)
Fourier transform mass spectrometers (FTMS)

PSSy MJ dle Atlantic
% Mg ats‘tlecnw{i'netw Labgratory

High energy and low energy collisions

Some observations:

< both high energy and low energy CID are less effective for high
mass because of the relativistic effect

e CID generally produces more internal fragment ions and single
residue ions for amino acid composition

< low energy CID raises the internal energy slowly and has a tendency
to break the weakest bonds: at proline and glutamic acid residues,
losses of phosphate and other charged PTMs

< high energy CID produces more “remote site” fragmentation
What is needed.....

Use
< Ability to fragment higher masses something
< Ability to fragment without losing PTMs othgr_ than
collisions

PSSy MJ dle Atlantic
& Ma ﬁLS‘Pecch{i'netw Labgratory
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Method Characteristics
New e mee ]

Metastable fragmentation - Primarily b, y ions

methods Post-source decay

[ Low energy collision - Multiple low energy (20 — 200 ev) collisions
Of ’on induced dissociation - Used primarily for instruments with long ion residence
. . (Low energy CID) times, i.e. quadrupole, ion trap or FTMS

aCtlva tlon High energy collision - Single high energy (1 keV to 20 keV) collisions
induced dissociation - Primarily b, y ions (amide bond cleavage)
(High energy CID) - Some side chain losses for distinguishing residues of the

On an FTMS: S s

- Additional acyl and immonium internal ions

 IRMPD Infrared multiphoton - Similar to CID, but activation energy does not depend
dissociation (IRMPI) upon relative kinetic energy

« ECD - Better for high mass ) )
- Requires high ion residence times for good cross section

. Electron capture - Fewer neutral losses than CID, such as phosphate and
on an ion dissociation (ECD) sugar
. - More c and z ions (C-N bond cleavage)
trap . - Activation does not depend upon relative kinetic energy
- Better for high mass
. ETD Used for “top down” proteomics

- Requires high ion residence times for good cross section

\:"\_'(T-.\:\.‘;‘ =

" @ Middle Atlantic
K\* l ,h{lassa%becic&ﬁne try’Labgratary

Fourier transform mass spectrometer

8 MHz 100 KHz

W B .
frequency

7 Tesla superconducting
magnet field

frequency

\:"\_'(T-.\:\.‘;‘ =

" @ Middle Atlantic
ﬁ* l .“fjass.a’?s‘mcim'ﬁnetw Labgratary
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Fourier transform mass spectrometer

What are the advantages?

* High mass accuracy:
* 2 ppm (external calibration)
* 1 ppm (internal calibration)

* Therefore, better protein identifications from mass
fingerprinting

* Very high mass resolution

 Ability to carry out IRMPD and ECD, as well as CID

» Therefore, able to do “top-down” proteomics

PSISA - - Middlé Atlantic

ﬁ? ' Maef!ﬁ)ts‘vecjwcfﬁnetw Labgratory

Fourier transform mass spectrometer

516.77581 (observed)

1001 . 1001 516.76671 516.78490
80 80

g g

Z 0 Z 60

g 516.766717/- 516.78490 g

H (correct) J . (correct) E

40 ! 40

20 -l 20

o T T T I I T 1 1 1 1 1 L ) J 1
516.65 516.70 516.75 516.80 516.85 516.90 516.65 516.70 516.75 516.80 516.85 516.90

Mass [Th] Mass [Th]

Monoisotopic MH,*2 peaks for the peptides DRVYVHPF (m/z 516.76671) and
KRPPGFSPF (m/z 516.78490) at resolving powers of 15,000 and 56,700 , where the
difference in mass between these two peptides is 18.2 mmu or 35 ppm.

Courtesy: ThermoFinnegan | saimonella GroEl (GMQFDRGYL) m/z 543.75575

Mouse hsp (GMKFDRGY) m/z 543.77390; 33 ppm,

PSISA - - Middlé Atlantic

ﬁ‘“ ' .N,!a%l)s‘e:@jm'ﬁnetw Labgratory
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ECD ECD of 9+ Charge State of Bovine Ubiquitin M- 45+ 9H)T>
ona . \

5+e
as1 2

A

Fourier
transform mass
spectrometer

Héakansson, Chalmers, M.J.;
Quinn, J.P.; McFarland, M.A;
Hendrickson, C.L.; Marshall,
A.G., Combined Electron Capture

70 | 1
mz  CxrtazsySt

and Infrared Multiphoton e }
Dissociation for Multistage e
MS/MS in a Fourier Transform - GGty + P
lon Cyclotron Resonance Mass |
Spectrometer, Anal. Chem. 75 d
(2003) 3256-3262. U

1000 1100 miz 1200 1300

PSSy MJ dle Atlantic
% Mg ats‘tlecnw{i'netw Labgratory

H Off-Axis IRMPD
Comparison of I
IRMPD and ECDona " ,

5 QKRRRII:;_pS]SLRASTS
. - . L LL
Fourier transform Yro |
(by LA (vg - HyPO, - 17)"
mass spectrometer B e
i ': ¥e' v (¥g - H3PO,)
IRMPD fragmentation is w0 soo ebo Im‘ T
similar to CID (M 3Hp i
ARRRLps]sURASTS
s . Txmw . ECD
Hakansson, Chalmers, M.J.; Quinn, J.P.; M+ 36171
McFarland, M.A.; Hendrickson, C.L.; (rgempe © Dy INEand
Marshall, A.G., Combined Electron Capture e
and Infrared Multiphoton Dissociation for o cf’c _
Multistage MS/MS in a Fourier Transform lon < T RPN
Cyclotron Resonance Mass Spectrometer, _ .Jl 1‘| i ‘ L 2o
Anal. Chem. 75 (2003) 3256-3262. 400 500 600 700 saomsoo 1000 1100 1200
PSSy MJ dle Atlantic
. Mg ﬁLS‘Pecch{i'netw tabgratory




Linear ion trap/FTMS

Transfer capillary Octapole ion IRMPD and ECD

and skimmer transfer lens /
Octapole
ion g?lide Linear ion trap
Quadrupole Actively Shielded
lenses 7 Tesla Magnet

Cold ECD
<2eV

IRMPD Laser

60 m¥hr15L/s 300 L/ 400 L/sec 210 L/sec 210 L/sec

low energy CID

PSS " @ Middle Atlantic
g Mgss{Speipanatry Labdratory

Electron transfer dissociation (ETD) on a

linear ion trap (LTQ) A e e

Il | -

Fig. 4. Schematic of steps involved in the operation of the LTQ | &

mass spectrometer for peptide sequence analysis by ETD. (A) ®&—
Injection of multiply protonated peptide molecules (precursor eront || Il It 1
ions) generated by ESI. (B) Application of a dc offset to move lans
the precursor ions to the front section of the linear trap. (C)
Injection of negatively charged reagent ions from the CI source
into the center section of the linear trap. (D) Application of a
supplementary dipolar broadband ac field to eject all ions
except those within 3 mass-unit windows centered around the
positively charged precursor ions and the negatively charged (o]
electron-donor reagent ions. (E) Removal of the dc potential
well and application of a secondary RF voltage (100 V zero to
peak, 600 kHz) to the end lens plates of the linear trap to allow D "1 sy
positive and negative ion populations to mix and react. (F) \ ® v @ 0e ‘, L
Termination of ion/ion reactions by axial ejection of negatively T T

charged reagent ions while retaining positive ions in the center

section of the trap. This is followed by mass-selective, radial E 1\ ,':;"cf;'" ® ;f
ejection of positively charged fragment ions to record the ' ,: o) :‘ cov
resulting MS/MS spectrum. 4 L
Syka, John E. P. et al. (2004) Proc. Natl. Acad. Sci. USA 101, F oy
9528-9533

PSSRy " @ Middle Atlantic
. _MeSsiSheSlpainaunytabdratory




Summary of activation methods

Less
— dependent
O Requires on mass
long More thermal;
residence breaks weakest Low energy IRMPD
times bond CID
OLTQ Mu!ti_ple
collisions
o TOF/TOF
only
High energy ECD
CID
Single
More random collisions ETD
fragmentation

gl 2 <

Directly with Mass Spectrometry, 'i\/iés'_s Spectrom

34



