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The purpose of this lecture

Explore the basics of mass spectrometry and get
an idea of what it can do for you in terms of:

 Proteoform identification
e Structural information
* Protein dynamics

...and be honest about what the difficulties are.



What mass spectrometry is all about.

Analytical balances: Mass spectrometers:

0.001gto1g+0.0001g 1E-24 gto 1E-19g + 1E-26 ¢

or

1 Da to 100.000 Da + 0.01 Da



Why is that interesting?

Ildentify or verify compounds by their discrete atomic
mass.

Quantify compounds
Gain information on structure/sequence

Target analytes: biomolecules (metabolites,
oligonucleotides, peptides, proteins), synthetic
chemicals, polymers, drugs, etc.



How does it work?

Mass spectrum

A mass spectrometer:

intensity

Vacuum pump

lon

Detector

inlet

source

Direct or Record and
coupled to . ) analyse data
chromatography generate separate Ions detect ions &
(GCor LC) ions according to their their abundance

mass (to charge ratio)



How does it work?

(a sector-field instrument as an example)

ACCELERATION
IONISATION
\ eleciromagnet
—_Il o T
| | P}
o wacuum
Yaporised / UrE
sample

DEFLECTION
DETECTION arnplifier
Deflection depends
chart
on mass and charge recorder

http://www.chemguide.co.uk/analysis/masspec/howitworks.html



Time-of-flight analyzer

vacuum
lons — |
(o] /’ ‘\ >Q
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T flight tube
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Adapted from Lennart Marten‘s Youtube video: https://www.youtube.com/watch?v=vXsotPtOdRY&t=2s



How does it work?

Vacuum pump

lon
source

Detector

generate separate ions detect ions &
ions according to their their abundance
/ mass (to charge ratio) \
For example: . For example: Instrument
Electron impact (El) | hard  Quadrupol | dependent:
Chemicalionis. (ClI)  _ lontrap - Lowres e.g. Electron
Electrospray ionis. (ESI) | soft Timf_!-of-FIight (TOF) | High res multiplier
MALDI i Orbitrap




Many combinations many acronyms

Separation lonisation Mass Spectrometer type
LC ESI TOF
GC (El) Quadrupole (Q)
- MALDI TOF
LC (ESI) Triple-Quadrupole (QQQ)
LC (ESI) Quadrupole-Orbitrap

mmm) Different instrumental setups for different questions.

LC-ESI-TOF
GC-Quad
MALDI-TOF

LC-TripleQ
LC-Q Exactive



Relative abundance
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The output: mass spectra
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Zoom on signal at 792.8870 m/z
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Atomic Weights and Isotopic Compositions for All Elements

Relative Isotopic
Isotope Atomic Mass Composition

1 H 1 1.007 825 032 07(10) ) 0.999 883(70)
D 2 2014101777 8(4) 0.000 115(70)
T 3 3.016 049 2777(23)

6 C 12 12.000 000 0(0) 0.9893(8)
13 13.003 354 8378(10) | 0.0107(8)
14 14.003 241 989(4)

7T N 14 14.003 074 004 8(6) 0.996 36(20)
15 15.000 108 8§98 2(7) 0.003 64(20)

8§ O 16 15994914619 56(16)] 0.997 57(16)
17 16.999 131 70(12) 0.000 38(1)
18 17.999 161 0(7) 0.002 05(14)

15 P 31 30973761998 42(70)

—

16 S 32 319720711744(14) | 0.9499(26)
33 32.9714589098(15) | 0.0075(2)
34 33.967 867 004(47) | 0.0425(24)
36 35.967 080 71(20) 0.0001(1)

Source: NIST (National Institute of Standards and Technology), http://physics.nist.gov/cgi-bin/Compositions/stand_alone.pl



Defining mass

Defining mass (according to IUPAC, https://goldbook.iupac.org/):

Unified atomic mass unit:

« 1/, of the mass of a carbon-12 atom in its ground state
e 1u=1.660540210x10-27 kg

* Symbols: u or Da (for its equivalent dalton).

Relative atomic mass: mass of a discrete atomic particle or molecule
expressed in unified atomic mass units.

Standard atomic weight (or molecular weight or average mass): the weighted
average of the masses of the naturally occurring isotopes. For example one

carbon atom:

(98.8% *12.0+1.1% %13,003355)
100%

= 12.011



https://goldbook.iupac.org/

Standard atomic weight

hydrogen hallurn
1 2
H He
1.0078 A4.0026
([ beryllium boran carbon mitragen OHYIEN flucrine [
3 4 5 9 10
Li | Be B/ C|N|O|F | Ne
6641 40122 c E r n rl 100811 12011 14.007 15.099 18908 20,180
sodlum megnesium aluminium slllcon phosphons sulfur chlorine Brgon
11 12 13 14 15 16 17 18
Na | Mg Al | Si| P | S |Cl|Ar
23880 24,305 28082 28086 30.874 33 065 35453 35048
patasalurm calelum scandium titarium wanadium chromium | ma Inz galllum germanium araenlc salenium bromine kryphon
19 20 21 22 24 30 k3| 32 35 36
H r
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Rb | Sr Y | Zr | Nb | Mo | ] }d| In | Sn | Sb|Te| | | Xe
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cassium [arium lutetium hatnium tantalurm tungeten rH Uy tinallium lesd blarmuth polonium aetatne redan
55 56 57-70 71 72 73 74 30 81 82 83 84 86
* -
Cs | Ba Lu| Hf | Ta| W || lg| Tl |Pb| Bi | Po| At | Rn
133 011 13733 17407 178,48 180 95 183,84 1 1 ; t n -'I -'I 0.5 20,38 207.2 208,98 [208] [210] 1222]
francium radium lgwrencium |rutherfordiom|  dubnlum | seabongiurm | b nibiurm urmiguadiuen
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lanthanum cerium | prasecdymivm necdymium | promethium | samarium europium | gedolinium terblum dysprosium | hodmium erblum thuliurn yiterblum
57 58 59 60 61 62 63 64 65 66 67 68 69 70
*lanthancids | La | Ce | Pr | Nd |Pm|{Sm|Eu|Gd| Tb |Dy |Ho | Er |Tm| Yb
138.91 140.12 140.91 144.24 [145] 150.36 151,96 157.25 158.93 162.50 184,93 167.26 168.93 173.04
actinium thorlum protactinium | uranium meptunium | plutenium | emercium curium berkelium | californium | efnstelnium fermium  [mendeleviom]  nobellum
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Example 1:

Atomic Weights and Isotopic Compositions for All Elements

Relaiive Isotopic Standard
Isotope Atomic Mass Composition Atomic Weight Notes
1 H 1 1.007 825 032 07(100 0999 885(70) [1.007 84, 1.008 11] m
D 2 2.014 101 777 8(4) 0.000 115(70)
T 3 3.016 049 2777(23)
2He 3 3016029 3191(26) 0.000 001 34(3)  4.002 602(2) ar
4 4.002 603 254 15(6) | 0999 998 66(3)
3 Li 6 6.015 122 795(16) 0.0759(4) [6.938, 6.997] m
7 7.016 004 55(8) 0.9241(4)
4 Be 9 9.0121822(4) 1.0000 9.012 1831(3)
5 B 10 10.0129370(4) 0.199(7) [10.806, 10.821] m
11 11.009 305 4(4) 0.801(7)
6 C 12 12.000 000 0(0) 0.9893(8) [12.0096, 12.0116]
13 13.003 354 B378(10) 0.0107(8)
14 14.003 241 989(4)
7 N 14  14.003 074 004 8(6) 0.996 36(20) [14.006 43, 14.007 28]
15 15.000 108 898 2(T) 0.003 64(20)
g 0 16 15994914619 56(16)) 0997 57(16) [15.999 03, 15.999 77]
17 16999 131 70(12) 0.000 38(1)
18 17999 161 0(7) 0.002 05(14)

Source: National Institute of Standards and Technology (NIST), http://www.nist.gov/pml/data/comp.cfm

OH
NH,

C,HNO,

Glycine:

Monoisotopic: 75.03203 u
Atomic weight: 75.06720 u
Nominal mass: 75 u



Example 1:

Simulated spectrum
C2H5NO2; 1 O2 p(gss, s/p:40) Chrg 1R: 0.1 D...

75.0315

OH
NH,

C,HNO,

Monoisotopic mass: 75.0315 u
Average mass: 75.0672 u
Nominal mass: 75 u

76.0340
i 77.0357 78.0383 79.0400 80.0424

0— T - T I.I T T T I| T T T T T T T T T T T T T T T T T T T T T T
75 76 7 78 79 80
m/z




Example 2: a peptide

Simulated spectrum
LVNELTEFAK +H20: C53 H86 N12 017 p(gss, s/p:40) Chrg..

100 1162.6228

M0n0|sot0p|c Mass >¢ WIN Serum albumin
95 ME SRGVEFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQCPFE
90 DE TADESHAGCEKSLHTLFGDELCKVASLRETYGDMADCCEKQEP
EF {LKPDPNTLCDEFKADEKKFWGKYLYEIARRHPYFYAPELLYY
& ANKYNGVFQECCQAEDKGACLLPKIETMREKVLASSARQRLRCASIQKFGERALKAWSVA
80 RLSQKFPKAEFVEVTKLVTDLTKVHKECCHGDLLECADDRADLAKYICDNQDTISSKLKE

CCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFLGSFLYEYSRR
HPEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVEDKLKHLVDEPONLIKQONCDQFEK

75

70 LGEYGFONALIVRYTRKVPQVSTPTLVEVSRSLGKVGTRCCTKPESERMPCTEDYLSLIL
65 1163.6258 NRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPDETYVPKAFDEKLFTFHADICTLP

DTEKQIKKQTALVELLKHKPKATEEQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLVV
60 STQTALA
55
50
45
40 Monoisotopic mass: 1162.6228 u
3 Average mass: 1163.34 u
30 H .

Nominal mass: 1163 u
25 1164.6285
20
15
10 Average mass
1165.6311
1 1
I | \ [ 11666337 11676350 1168.6387 1169.6411

T T
1164 1165 1166 1167 1168 1169
m/z

™
1163



Simulated spectrum

100

95
90
85
80
75
70
65
60
55
50

Example 3: a protein

‘ Average mass

69292.5466

692895402’

45 9301.5652 BSA
40 . . 02.5673
+s1 Monoisotopic \5 : :
] mass 9303.5693 Monoisotopic mass: 69248.44 u
%‘-5713 Average mass: 69293.41 u
9305.5733 .
o306 5754 Nominal mass: 69293 u
'69307.5774
511 69308.5794
N 1693105834
69273.5046 ! ‘ 69313.5895
0 T T T |'7‘|ﬁ I|'|'| I'll" I'| R e B R ) I AL LA AR K |‘I' I'I||‘ 'llll! rlll bt 69|32:!"60|58
69270 69280 69290 69300 69310 69320

m/z



The basic idea

69293 Da measured

Which mass do you measure?
Isotopic, average?

Bovine serum albumin
69293 Da How accurately?



MS measures mass / charge (m/z)

Mass spectrum

A mass spectrometer:

intensity

Vacuum pump

lon

Detector

inlet

source

Direct or Record and
coupled to . ) analyse data
(GC or LC) ions according to their their abundance

mass (to charge ratio)



What is the charge of a protein in
electrospray ionisation (ESI)?



Charge envelopes in ESI: measuring m/z

55+ 50+ 45+

Intens. 1, Mr 66377.4602 +HMS, 7.4-7.7min #438-458, Peak Bkgrnd, Smoothed (0.20,1,GA)
65+64+63+62+ 60+ 54+ 51+ 50+ 49+ 48+ 47+ 46+ 45+ 841 g7383+ 42+ 41+ 40+ 39+ 37+ 36+ 35+
S ! L ! I ! ! ! !

Proteins measured in positive mode:
oo0] Under acidic conditions
13035569 | 1356.70% N-terminus and K, R and H

1278.5073 | 1329.5962

e e can be protonated -> positive charge

1414.4086

1445.1322
1187.2540

1500 1477.2461

1166.4575

1545.8901

10001 1583.66593

' 1621.2419

1661, 7480

1749.1575
179p.5597

| ANy

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 mjz

J 1704.3527




ESI-TOF spectrum of intact BSA
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Theoretical uncharged spectrum

Simulated spectrum

‘ Average mass

100 69292.5466
95 69289.5402 69294.5508
90 69295.5529
85 69296.5549
69287.5359
80
69297.5570
75
70 ¥9§§.5591
65
\}gz_,gg.sell
60
> \_9@9.5632
50 X
45 ié'm.sesz B S A
0 1 H 9302.5673
+s1 Monoisotopic . |
303 Mass 9303.5693 Monoisotopic mass: 69248.44 u
\‘i@ms Average mass: 69293.41 u
9305.5733 . .
\o0306.5754 Nominal mass: 69293 u
'69307.5774
=11, 69308.5794
I " 69310.5834
69273.5046 I 603135805
0 T T T T |'7|| l|- h |,||-' I'I ; ; s ; r Py | ik | : ,'|I|! f,ll bt : 6?32:!..60'58
69270 69280 69290 69300 69310 69320

m/z
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ESI-TOF spectrum of intact BSA
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Intact proteins >30 kDa usually
determined as average mass

13035077
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Using deconvolution algorithms

‘\“ﬂ MM ¢ LT

T Charge state, z = 51

|
1]l { | =t 1|
\‘H | ‘ 1 ‘ " I |’. | P - ‘ ‘ W M( Jl}l
| | " it 1 il S
LI ‘.‘ LRI R fR | - \J ML ‘“' ‘J e s
"‘: LUKV YNNI TN \ l\‘ L IA \ ‘\‘\ \ h \ " j i ’\\l I “ MIM'L A il
UMMV CVV NN A\ |4-7.7min, -Peak Bkgrnd, Deconvoluted (MaxEnt, 1157.73-1499.!" "1 ‘ Hﬂ‘ i ‘U’\ l"\»\\”w‘ \w
i 1] ) ) b B ) I“’lw | ‘ lu\‘\“ ‘ i “ 1l “‘ ‘\h‘[" \'\ «\ N| ‘ H
. 66428.8243 ny /"\.!Akﬂm” * W ’”r ‘ » l
6] . ,,;’wtf»fw' i i ‘\ p
J Al
5
.
i 66546.0391
3]
2]
1] 66706.7539
65928.5361 66137.0905 66339.2887 N nA A 67097.3575
T T i T T T T T

T 1 T T
65800 66000 66200 66400 66600 66800 67000 67200 m'z



Take-home message

Mass spectra depict m/z

Proteins are usually multiply charged and
display several charge states in ESI

Proteins >30 kDa are usually determined as
average mass

Spectrum displaying several charge states
needs to be deconvoluted to yield the non-
charged average mass of the protein.



When the results do not match...

* ESI-TOF: 66428.8 Da
* Calc.: 69293.4 Da

>sp|P02769|ALBU BOVIN Serum albumin
MRKWVTEFISLLLLESSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLOQCPFE
DEHVKLVNELTEFAKTCVADESHAGCEKSLHTLFGDELCKVASLRETYGDMADCCEKQEP
ERNECFLSHKDDSPDLPKLKPDPNTLCDEFKADEKKEFWGKYLYETIARRHPYFYAPELLYY
ANKYNGVFQECCQAEDKGACLLPKIETMREKVLASSARQRLRCASIQKFGERALKAWSVA
RLSQKFPKAEFVEVTKLVTDLTKVHKECCHGDLLECADDRADLAKYICDNQDTISSKLKE
CCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFLGSFLYEYSRR
HPEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVEFDKLKHLVDEPONLIKQONCDQFEK
LGEYGFONALIVRYTRKVPQVSTPTLVEVSRSLGKVGTRCCTKPESERMPCTEDYLSLIL
NRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPDETYVPKAFDEKLFTFHADICTLP
DTEKQIKKQTALVELLKHKPKATEEQLKTVMENEVAEFVDKCCAADDKEACFAVEGPKLVV
STQTALA

What is wrong?



Protein processing

>sp|P02769|ALBU BOVIN Serum albumin
MKWVTEFISLLLLESSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQCPF
DEHVKLVNELTEFAKTCVADESHAGCEKSLHTLFGDELCKVASLRETYGDMADCCEKQEP
ERNECFLSHKDDSPDLPKLKPDPNTLCDEFKADEKKFWGKYLYEIARRHPYFYAPELLYY
ANKYNGVFQECCQAEDKGACLLPKIETMREKVLASSARQRLRCASIQKFGERALKAWSVA
RLSQKFPKAEFVEVTKLVTDLTKVHKECCHGDLLECADDRADLAKYICDNQDTISSKLKE
CCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFLGSFLYEYSRR
HPEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVEFDKLKHLVDEPONLIKQONCDQFEK
LGEYGFONALIVRYTRKVPQVSTPTLVEVSRSLGKVGTRCCTKPESERMPCTEDYLSLIL
NRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPDETYVPKAFDEKLFTFHADICTLP
DTEKQIKKQTALVELLKHKPKATEEQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLVV
STQTALA

69293.41 Da full chain
66432.96 Da mature chain (reduced state)

Plus:

e 17 disulfide bonds, 1 free —SH

* 12 other PTMs (Phospho, succinyl)

* Dimerizes

* Binds water, Ca, Na, K, Zn, fatty acids, hormones, drugs, etc.
* Chemical modifications



Interpreting the unknowns

-4 Da, not fully reduced (disulfide bonds)?

|nten34‘_1. +MS, 7.4-7.7min, -Peak B d, Deconvoluted (MaxEnt, 1157.73-1499.54, *1.04062, 8000, HiRes), Baseline subtracted(0.50)
X107 |
] 66428.8243
6]
. Cysteinylation?
5 —r
E
i 66546.0391
3]
] Salt adduct?
2 A
1] 66706.7539
] 66137.0905
65?22}.5361 l oA l 66'33?.2§§7l) A | NA ' A L ' l 6.7\993'.357% . ' {
65800 66000 66200 66400 66600 66800 67000 67200 m'z




Sometimes nothing works

20150417_ipaj_ft_60k_01 #1-28 RT: 0.01-1.13 AV: 28 NL: 1.81E4

T: FTMS g fSNZ?O%H ms [800.00-1500.00] P o) SSi b I e reasons:
z=1 .

95 - Interfering substances (buffers, salts, etc.)

2 - Protein does not ,fly” (ionize) because

85 * |tis aggregated

80 .

. » Sticks to tubes / glass walls

70 * Isvery labile

s » Tightly folded / extensively disulfide linked

60

, e Carries large hydration shell

50

45

0 864;:1’;[21

35 883512 % 1286.1755

| e o e |

20 =L ‘ / ( 13348539 lgﬁi‘%‘;% 14307309
15 ‘ ‘\ z=?

) I 1473.1639

10 ‘ ‘ ‘ ‘ ‘ ‘ 2=?

5 I

ol Ll L ubilia Lol L L L LT UL

900 950 1000 1350 1400 1450



The limits of this idea?




Intact mass analysis limited by:

Complex mixtures of unknown composition
Analytes with isobaric mass

Unknown modifications or processing of
analytes

Technical issues with biomolecules



The ,LC” in LC-MS

LC = liquid chromatography

Mixture of Components Separation of Components

= . .

—
- oy )y g,

\

Silica-Packed Column

Detector (e.g. MS)




Human rhinovirus

RNAse A,

TIC from 150226_26_Irena_HRV.wiff (sample 1) - 150226_26_Irena _HRV
/ as determined by comparison to our standard

VP2
Theoretical: 28981.65
Observed: 28982.5

VP4 VPl
Theoretical: 7560.36 Theoretical: 32889.87

Intensity

Observed: 7560.3 Observed: 32239.2

8.0e7

7.0e7 4

6.0e7 4 23.75 |25.48

5.0e7 4

VP3
Theoretical: 26087.88
Observed: 26088.0

4.0e7

3.0e7 4

2.0e7

1.0e %y

0.0e0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24$26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49
Time, min



Intact mass analysis limited by:

* Analytes with isobaric mass

 Unknown modifications or processing of
analytes

* Technical issues with biomolecules



Sometimes one mass is not specific enough

C6H1206
Monoisotopic mass: 180.0634 Da

OH

s HOa__A\__OH
o) e
b( HO: ; 'OH
HO—/ ©OH

OH

1,3-Dihydroxyacetone Dimer D-(+)-Glucose Inositol



Sometimes one mass is not specific enough

1S ALQSCVDR 1320.4 Da

VCSQLA SIR 1320.4 Da
InSGGDALQSCVDR  1400.4 Da
ISGGDALQpSCVDR  1400.4 Da

No information about:
e positions of amino acids
e Position of post-translational modifications



Intact mass analysis limited by:



Generate more & specific information




A basic mass spectrometer

Vacuum pump

lon

Detector

inlet

source

Direct or Record and
coupled to . ) analyse data
chromatography generate separate ions detect ions &
(GC or LC) ions in gas according to their their abundance

phase mass (to charge ratio)



A basic mass spectrometer

lon
source

Mass analyzer Detector




Generating more & specific information:
The MS/MS approach

lon lon
source selection

Collision cell Mass analyzer Detector




A collision cell

University of collision - collision
BRISTOL gas  fragment . iral el

lost

© Paul J. Gates 2014 1on

PRODUCT
IONS

PRECURSOR ’
IONS .

activated
Precursor: fragmenting activated fragment ion
on ion

(continues to fragment)



Mapping fragments to a sequence

— Erd Obseewead My (=xpt) Mr {cale) PEm I‘I Score Expect Fank U Peptide
- 41 4631 .2100 4630.2027 4630.1315 2.42 0 15 1.Z2e+0D2 1 U M. SHWEYGEINGPEHWHEDE PIANGERQSFYDIDTEAVVID . F + Acetyl (H-teom)
- 260 9216.9194 B5215.9122 9215.8929 2.09 0 230 4.%=-025 1 U D PGELLFHVLDYWTYPGELTTFPLLESVTWIVLEEPI SV SSOMLEFRT LHFHAEGEPE LLMLANWRPADP LKNROVRGEFK . —
— 260 §749.6395 &S748.6322 BT45.6185 1.5 0 268 7.B5e-024 1 U L. PHVLDYWTYPGELTTPPLLESVTWIVLEEPLSWSSOUELEFRT LHFHAEGEFE LLMLANWEPAQF LEMRIVRCE PE . —
- 260 8326.3895 §325.3822 B325.3703 1.43 0 240 6.7=-021 1 U L. DYWTYPGSLTTPPLLESVTWIVLEEFISVESOMLEFETLNFHAECEPE L LMLAMWRE PAQP LEHROVREGEPE . -
- 260 8211.3695 &210.3622 B210.3434 2.2% 0 232 3.5=-020 1 U D YWTYPGELTTPPLLESVTWIVLEEPISVSSOOFILEFET LHFHAECEPE LLMLANWRPROP LENBOVRGEFFE. -
— 260 8045.2335 S047.2522 ©D47.2801 1.531 0 228 &.6e-020 1 U ¥ WITPGSLTTPFLLESVTWIVLEEFPLSVSSOONLEFRT LHEHAEGEFPE LLMLANWRPAOF LEHROVRGEFE . -
- 260 7862 2194 7361 2122 TE61_2007 1. 450 227 7. 8=-020 1 U W TYPGELTTPPLLESVTWIVLEEPISVSSOOMLEFET LHFHAEGEFE L LMLANWRPRAOF LENRVECF PR . -
— 260 TTEL.1794¢ T780.1722 TT60.1531 2.46 0 222 2.4=-019 1 U T.YPGELTTPPLLESWTWIVLEEPISVSSIMLEFRET LAFHAEGEFELLMLANWRFAQP LKNEJVRGEFE . —
— 260 T75898.10%94 T537.1022 T557.0897 1.64 0 2322 2.1le-010 1 U Y. PGELTTPPLLESTTWIWLEEPIEVE SOQMLEFRT LHFHAECEPE LLMLAHWREFPAQP LENROVRCGEPE . —
- 260 7501.0594 7300.0522 7T500.0370 2.030 204 1.6e-017 1 U P.GELTTFPLLESVTWIVLEEFISVEEQOMLEFRT LHFRAEGEPE LLMLANWRFADP LERROVRGEFFE . -
— 260 T444.0295 7T443.0222 T443.0155 0.30 0 133 4.3=-016 1 U G.SLTTPPLLESVTWIVLEEFPLSVESOILEFRTLHFHAEGEFPE L LMLANWRPAQE LENEOVREGEFE . —
- 260 7356.9395 7T355.9822 T355.3B35 1.1 0 133 1.&=-015 1 U S LTTPPLLESVTWIVLEEPISVESOPLEFRTLHNFHAECEFE LLMLANWEPRAQF LENBOVEGEPE . -
— 260 T142Z.5695 7141 8622 T141.8517 1.460 1668 &.5e-014 1 U T.TPPLLESVTWIVLBEEPISVSSUIMLEFRT LENFHAEGEFELLIMLANWRPAJF LENRIVREGEFE . —
— 260 T041.82595 T040.8222 TD040.3040 2.57 0 180 3. 3e-01Z= 1 U T.PPLLESVTWIVLEEPISVESQUMLEFRT LHFHAEGEPE LLMLANWRPAQP LENROVEGEPE. —
- 260 5906.18394 5305.1822 5905.1763 0.%3 0 87 ©B8.3=-006 1 U I .VLEEPLSVSSORMLEFRTLNFHAECEPE LLMLAMWRPAQR LENROVRGEPE. -
— 260 5565.94395 5364.59422 5564.3265 2.33 0 70 0.00053 1 U K. EPIESVSSOQMLEFERT LHEHAEGEPELLMLANWRFAOF LEWRVRGEFK . —
- 260 5436.9095 5435 9022 5435 8B63 2.52 0 61 0.0037 1 U E._PISVSSOOMLEFRT LNFHAEGEPELLMLAHNWRPAQPLENROVRGFFE -
Protein seguence coverage: 46%
Matched peptides shown in bold rFed.
1 MSHAWGTYZEH HGPEHWHEDE FPIAHGEBRQSF VDIDTEAWYY DEALEELALN
51 YSFEATSREMY MMGHIFMVEY DDIQDEAVLE DEPLTSIYRL WQFHFHWGESS
101 DEOGSEHTWD REEYAAELHI VHRNTEYGDE GTAAQOPTNSL. ANVVEVELEVG Data base dependent |
L]
151 DAWNPALOFVL DALDITETEG E3ITIDEPHNEDF GSLLPFHAVLOY WTYPGESLTTP
200 PLLEEVTWIV LEEFISVSE] (FLEFETLHE HAEGEFELLM LENWEFAIPL
251 FMERVEGEFFPE
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fragment ions
of protein

Top-down proteomics

<

top-down
proteomics

"Bottom-up vs top down" by MagnusPalmblad - Own work. Licensed under CC BY-SA 3.0 via Wikimedia Commons

Drawbacks of top-down proteomics:

Chromatographic separation of proteins is difficult

Complex samples are very challenging (charge envelopes, overlapping signals)
Analysis limited to proteins of 100 kDa max. (for complex mixtures)

Data analysis algorithms not mature



What'’s the alternative?



The alternative: break proteins into something
more manageable before LC-MS-MS

Digestion of BSA with trypsin: theoretically 75% coverage

10 20 30 40 a0 a0
- - |

dthkseiahr fkDLGEEHFE GLVLIAFSQY LQQCPFDEHV ELVNELTEFA ETCVADESHR

- o PeTs a0 P, oy

114 1=4

GCEESLHTLF GDELCEvasl rETYGODMADC CEHgeperME CFLSHEDDSE DLEELEEDEN

|
L

130 140 150 160 170 180

TLCDEFEade kkfwgkYLYE IARrHEYFYL PELLYYANKEY MGVFQECCQL EDEgacllpk

=10 24U 214 L2 234 240

ietmrekvla ssargrlrca sigkfgeral kawsvarlsg kKfpkfREFVEV TELVIDLTEW

Where does trypsin cut?

250 2a0 270 280 250

70 300
nkECCHGDLL ECADDRadla kY:CDH;D?E 53K1KECCDE PLLEKSHCIA EVEKDAIPEN

0 360 Why not 100% coverage?

% EYELTLEECC

310 320 330 340 35
a

LEPLTADFAE DKd?:kHYZE LEDAFLGSFL YEYSErHPEY AVSVLLEL

370 330 400 410 420

= 1 U =
=

LEDDPHACYS TVFDE1KHLY DEPQNLIEQH CD;FE::EET GFQHNALIVREy trkVPQVSTPE

430 440 450 460 470 480
TLVEVS5RE=lg kvgtrCCTEF ESEEMPCTED YLSLILWRLC VLHEEtpvse kvtkCCTESL

4
VNRRECFSAL TPDETYVPKa fdekLFTFHA DICTLED

a0 200 310 3

0 260 370 280

ENF VAFVDEccaz ddkEACFAVE GPELVVSTQT ALRL



Bottom-up vs. top-down proteomics

~

fragment ions
of peptides

X X

proteolytic digest
(e.g. by trypsin)
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bottom-up
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protein

.< ‘ Intact mass
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top-down
>‘ proteamics
fragment ions
of protein

"Bottom-up vs top down" by MagnusPalmblad - Own work. Licensed under CC BY-SA 3.0 via Wikimedia Commons



The advantage of bottom-up

* Easier chromatography and handling of peptides
* Simpler signals, with accurate monoisotopic masses:

>sp|P02769|ALBU BOVIN Serum albumin
JLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQCPE

LVNELTEFAK +H20: C53 H86 N12 017 p(gss, s/p:40) Chrg...

1162.6228

100 Z,TEFAKTCVADESHAGCEKSLHTLFGDELCKVASLRETYGDMADCCEKQEP
95 {DDSPDLPKLKPDPNTLCDEFKADEKKFWGKYLYEIARRHPYFYAPELLYY
90 JCCOAEDKGACLLPKIETMREKVLASSARQRLRCASIQKEFGERALKAWSVA
a5 o 1 nnaoE VEVIKLVTDLTKVHKECCHGDLLECADDRADLAKYICDNQDTISSKLKE

CCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFLGSFLYEYSRR
HPEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVEFDKLKHLVDEPONLIKONCDQFEK
LGEYGFONALIVRYTRKVPQVSTPTLVEVSRSLGKVGTRCCTKPESERMPCTEDYLSLIL
NRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPDETYVPKAFDEKLFTFHADICTLP
65 1163.6258 DTEKQIKKQTALVELLKHKPKATEEQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLVV
60 STQTALA

55

80
75

70

50

45

i Monoisotopic mass: 1162.6228 u
- Average mass: 1163.34 u
> Nominal mass: 1163 u

25 1164.6285
|
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20
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1167.6362 1168.6387 1169.6411
T
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Peptide mass is not enough

1S ALQSCVDR 1320.4
VCSQLA SIR 1320.4
InSGGDALQSCVDR  1400.4
ISGGDALQpSCVDR  1400.4

No information about:
e positions of amino acids

Da
Da
Da

Da

e Position of post-translational modifications



More & specific info: the MS/MS approach

lon lon
source selection

Collision cell Mass analyzer Detector




Peptide fragmentation (CID)

Y3 }’2 Y

1 : H+
RTO R20O0 R3O0 R4 O
He | | e ] B
N—C+C-N—C~C-N—C+~C+N—C—-C—OH
TN N IR B |
H 'HH | HH H H
a; b; a, bz a; b,

WWW.ionsource.com



http://www.ionsource.com/

How to identify a peptide from spectrum
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How to identify a peptide from MS/MS spectrum

Relative abundance (%)
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How to identify a peptide from MS/MS spectrum
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How to identify a peptide from MS/MS spectrum
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Relative abundance (%)

—
o
o

SB26 [Mr2HRE+

MS1 precursor mass § 80- T e
-E.Zu 60+ ......-_l _IL.._.safa
_ré; 40 5g20 1&::' 584.0
% 20 -
&} 0 T T T
400 600 800 10(
- m/z
MS/MS fragment masses I
100+
LVNELTEFAK
80
E N \Y
60 -
40 4 - -
2 Va3
ond ¥1 ! yo v8
| y4 y6
i I y7 y9
0 Al gl I.HJ ..||1 pek l -
200 400 600 800 1000
miz

Information:
Precursor mass
lon-series

—>

How to identify a peptide from MS/MS spectrum

b2 b3 b4 b5 b6 b7 b8

L[VlNlElLlTlElFlATK

y9 y8 y7 y6 y5 y4 y3 y2 yl
b Res. y
114092 1 L 10
213.160 2V o9 1050.547
327.203 3N 8 951.478
456.246 4 E7 837.435
569.330 5L 6 708.393
670.378 6T5 595.309
799.420 7E 4 494,261
946.489 8 F 3 365.218
1017.526 9 A2 218.150
10 K 1 147.113

De-novo sequencing or
comparison with database



The basic idea of a DB searches

Database of protein sequences:

| Take a sequence database and calculate

F = — | masses of all tryptic peptides and their
| l F——— | fragment ions to generate a mass
hll Protein database.
q b | LVNELTEFAKTCVADES
—_( ( HAGCEKSLHTLFGDEL
| CK
Mass database
/ In-silico d|ge5t / \
Peptide list Precursor masses Fragment ion masses
LVNELTEFAK 1163.6306 bl (114.0919), b2, ....,,y1(147.1134), ...
_— —>
TCVADESHAGCEK 1349.5460 b1 (102.0556), b2, ....,, y1(147.1134), ...

SLHTLFGDELCK 1362.6722 bl (88.0399), b2, ....,y1 (147.1134), ...



The basic idea of a DB searches

Acquired raw data

MS2: product ion masses

MS 1: precursor masses L 1. |

Mass database

Match measured spectra to theoretical spectra



Coverage?

How many proteins can you detect?

In a 2 h run on the newest generation instrument:
— 25.000 peptides (>50.000 spectra)

— >4.000 proteins (depending on organism)
— at 1% FDR!

Sample requirement: 2 pug peptide sample
Sample preparation time: 6h plus digest time



Coverage at protein level?

* Almost never 100%, typically 1-80%
* Modifications with low stoichiometry lost

)

¥ GLVLIAFSQY LQQCEFDEHV

rETYGDMADC

IARrHEYFYE PELLYYANKY NGVFQECCQR

RECCQR

270 280 290 300
EYICDNQDTI S5K1KECCDE PLLEKSHCIA EVEEDAIPEN

crkVPQVSTE

VHNRRFCESAL

EQLE TVMENF VAFVDKccaz ddkEACFAVE G



Bottom-up vs. top-down proteomics vs. intact mass analysis
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"Bottom-up vs top down" by MagnusPalmblad - Own work. Licensed under CC BY-SA 3.0 via Wikimedia Commons



e

What is this all useful for?



Applications in proteomics

Inter- Quanti-

actions fication

Protein /
Structure < oeptide ID > PTMs

NS



AP-MS,

Label-free,

BiolD, SILAC,
Cross- isobaric
linking MS, AQUA. ...

Cross- Phospho,
. Bottom-up .
linking MS, vs. ton- acetylation,
HDX, native - tOP ubiqutin.,

down

mass, ... \/ glycosyl,, ...



Characterizing structure & interactions with MS

* Crosslinking MS
* Hydrogen-deuterium exchange (HDX)
* Native mass spectrometry



Why crosslinking?

High-resolution structural tools not always applicable,
especially for higher order protein complexes or flexible
regions (e.g. IDPs)

XL-MS is a complementary low-resolution tool
XL-MS monitors proteins in solution

What you can gain:

— Distance constraints

— |dentification of interaction partners
— Protein complex and network analysis



The principle of XL-MS

Crosslinker

Data processing = [arva-
& evaluation

= Distance constraints for — é:}

structural modeling

Identify cross-linked peptides

L&}

[llustration (modified): Evelyn Rampler, IMP LC'MS/MS analy5|s



The principle of XL-MS



The principle of XL-MS

1. excess of uncross-linked peptides
2. low abundant cross-linked peptides

=> |ow vyield of cross-link information




The principle of XL-MS

Crosslinker

enrichment of cross-linked
peptides: e.g. SEC, SCX

Data processing — -

uati
Identify cross-linked peptides & evaluation

= Distance constraints for — é:} é

structural modeling

[llustration (modified): Evelyn Rampler, IMP LC'MS/MS analy5|s



The principle of XL-MS



The principle of XL-MS

1. complex fragmentation spectra
2. search space problem (n?)
3. estimation of false positives

Data processing
& evaluation

 ——



ative Intensity (%)
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Cross-linked peptide spectra are more complex
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Choose your weapons wisely & protein-specific

Crosslinker

DSS, 11.4 A

Enzyme

Data processing — -

uati
Identify cross-linked peptides & evaluation

= Distance constraints for — é:}

structural modeling Workflow?

L&}

[llustration (modified): Evelyn Rampler, IMP LC'MS/MS analy5|s



Crosslinker chemistry

Types

* NH,-reactive crosslinker

e Sulfhydryl-reactive crosslinker
* Photoreactive crosslinkers

* COOH-reactive crosslinker

Design:
e Homobifunctional
e Heterobifunctional

e Zero-length

According to:
A. Sinz, Journal of Mass Spectrometry, 38:1225-1237, 2010

Slide kindly provided by Evelyn Rampler



Crosslinkers with different lengths

B =0 0@
Ccrossiniar | Chemiainame | spacer

DSS Di(succinimidyl)suberate 11.4 A
BS2G Bis(sulfosuccinimidyl)glutarate 7.7 A
BS2G /46 Di(sulfosuccinimidyl)glutarate 7.7 A
EDC 1-Ethyl-3-(3-dimethylaminopropyl) 0A
carbodiimide hydrochloride
DSS BS2G EDC
o) =
° 0 0 w40 E o © ot c ‘//N\/\jNHg
N‘OJK/\/\/\H/O‘S:S g\o)\/\)LO,N N
9 o 5 0 o)
11.4 A 7.7 A 0A

Slide kindly provided by Evelyn Rampler




Example results: BSA

3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60
Euclidan Ca pair distance [A]

Illustration: Thomas Gossenreiter, MFPL



Example results: RNA Polymerase Il and TFIIF

A Cross-linker B Cross-linker c
ik + s + Ea+
d - * 100 - RPB2(K228) to RPB2(K246) " KfafafplslPlifsfHfvialEf R
—linked 8 m/z 615.8439 (-0.2 ppm) 4+ &
Pol Il 1%4312 th i 7 Confidence: high = sfAlLlE KJ'GIS R 100 ys*
188 kDa - E | C-o-C-ae distance: 33.1 A ° £ *| vz 5763248
. —— @ g g E;;,gg‘s“
98 kDa - - e " g .
g E
62 kDa - 720 kDa - c P
49 kDa-| el | —Pol i = :
450 kDa - 2
38 kDa - = 5760 miz 5780
28 kDa - 7 £
- 242 kDa — . e g . E“ . sE g
17 kDa - VEIR A S S R
2. o w 1R
14 kDa - — 146 KDa - 7 T Vo' tfzy- b3
6 kDa - 200 400 600 800 1000 1200 1400
66 kDa - ‘ m/z
F RPb2 [+ v 1 e e o 1 s |t i Do |
s . % vt o’ z » rid e R — A 4 " 11 1 4
Rpb3 [.......,...‘,.,....g'...._,.....,...‘,.‘| g * AR . . 900 000 00 22
1 100 ™00 318 3 Saiisd :
Tig2 R o
B R R Y ST S RN Tig3
Rpb10 -/ T TFIIF
Rpb1 |- - 40 S e L S R e T T oot e e T IR o)
1 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1733

From: Chen, Z. A., Jawhari, A., Fischer, L., Buchen, C., Tahir, S., Kamenski, T., ... Rappsilber, J. (2010). Architecture of the RNA polymerase II-TFIIF complex revealed by cross-linking
and mass spectrometry. The EMBO Journal, 29(4), 717-726. doi:10.1038/emb0j.2009.401



Binding of TFIIF to RNA Polymerase Il

From: Chen, Z. A., Jawhari, A., Fischer, L., Buchen, C., Tahir, S., Kamenski, T., ... Rappsilber, J. (2010). Architecture of the RNA polymerase II-TFIIF complex revealed by cross-linking
and mass spectrometry. The EMBO Journal, 29(4), 717-726. doi:10.1038/emb0j.2009.401



Characterizing structure & interactions with MS

* Crosslinking MS

* Native mass spectrometry



H/D Exchange

* In a solution of D,0 amide-
hydrogens can be exchanged
against D

* Depends on:

— Hydrogen bonds

— Accessibility of H -> structure!
— pH of solution

— temperature

© hydrogen
® deuterium




H/D Exchange MS

H/D Exchange

OH @D Dynamic regions Structured regions
exchange rapidly exchange slowly

Quenching locks in deuterium Digestion localizes the
and unfolds the protein information

©2013 David Weis

http://mvsc.ku.edu/content/hydrogen-deuterium-exchange-mass-spectrometry



Amino acid specific information

From: Measuring the Hydrogen/Deuterium Exchange of Proteins at High Spatial Resolution by Mass Spectrometry: Overcoming Gas-Phase Hydrogen/Deuterium
Scrambling

Kasper D. Rand, Martin Zehl, and Thomas J. D. Jgrgensen
Accounts of Chemical Research 2014 47 (10), 3018-3027
DOI: 10.1021/ar500194w



H/D Exchange applications

Provides structural information on:
* Large proteins

* Protein-ligand interaction

* Protein complexes

 Viral particles

Provides information on protein dynamics and
conformational state



Differentiate folded and disordered regions

Deuteron s incorporated
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From: Balasubramaniam & Komives, Biochim Biophys Acta. 2013, 1834(6): 1202-1209.



H/D exchange time series

Example:

Diphteria toxin enters cells via
endosomal pathway and
undergoes a pH dependent
conformational change

No Data 25

Deuterium uptake %

From: Hydrogen—Deuterium Exchange and Mass Spectrometry Reveal the pH-Dependent Conformational Changes of Diphtheria Toxin T Domain
Jing Li, Mykola V. Rodnin, Alexey S. Ladokhin, and Michael L. Gross
Biochemistry 2014 53 (43), 6849-6856



Deuterium (%) Deuterium (%) Deuterium (%)

Deuterium (%)

pH dependent conformational change
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From: Hydrogen—Deuterium Exchange and Mass Spectrometry Reveal the pH-Dependent Conformational Changes of Diphtheria Toxin T Domain
Jing Li, Mykola V. Rodnin, Alexey S. Ladokhin, and Michael L. Gross
Biochemistry 2014 53 (43), 6849-6856



Requirements for HDX

Pure protein preparations,

a special LC-MS system that allows digest and sepration at
low temperatures

specialised software

and an experienced application specialist
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Back to the start: intact native MS

25+
149 kDa 'ﬁ’%{wf 8
7y 5 M. MS of intact proteins under
5,840 5870 miz . ey .
1 native conditions (e.g. in
5.600 7.5;00 10.600 12.'500 miz ammonium acetate at

physiological pH)

210 kDa

and

253 kDa
.Il H I,ILlL |

5,000 7,500 10,000 12,500 miz

730 kDa
(a—d) Native mass spectra of IgG antibody
5,000 7,500 10,000 12,500 (a), bacteriophage HK97 capsid pentamers
& and hexamers (b), yeast 20S proteasome
el dovi 2 .
801 kDa i (c) and E. coli GroEL (d).
: P Nat Methods. 2012 Nov;9(11):1084-6. doi: 10.1038/nmeth.2208.
l l . Epub 2012 Oct 14.
: . " N l'. High-sensitivity Orbitrap mass analysis of intact macromolecular
5,000 7,500 10,000 12,500 miz assemblies.

Rose RJ1, Damoc E, Denisov E, Makarov A, Heck AJ.



Native MS

» Buffers that retain native structure (?)

* Samples: min 20 microliters of a 1-5 mg/mL
solution

* Mainly manual acquisition



Native MS to the extreme: intact ribosomes
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Native MS to the extreme: complexes ejected from native membranes
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Summary: Protein mass spectrometry
workflow

MALDI

MS!/MS}

Electrospray
ionization

intensity

Data analysis

96



Summary:

Basic principles of MS

Intact vs. Top-down vs. Bottom-up
MS/MS

Sequencing & Database searching
Applications: XLMS, HDX, native MS
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