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Structural Mass Spectromeiry...

Protein covalent labeling
Chemical cross-linking
H/D exchange

Disulfide bonds mapping

Native mass spectrometry and Ion mobility
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Fast photochemical oxidation of proteins
ETD/ECD fragmentation

Limited proteolysis
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Mass Spectrometry: Goal in Protein Structure Characterization

 Sensitivity
 Analysis of complex mixtures/high MW protein

* Rapid data acquisition

Top-down
. Molecular weight
Intact mass analysis determination Protein
Protein > Structure
Fragmentation methods: analysis
CID,ETD,and ETD
Bottom-up
Sequence analysis T
UHPLC-MS/MS
Enzymatic ASRIICES . UHPLC
digestion
IS |ssiiiczes )




Footprinting

Assay of biomacromolecules
by monitoring of their regions

*Single molecule conformation / Conformational changes
‘Ligand binding / biomacromolecular interactions

Different techniques

‘Enzymatic / chemical
Covalent

Covalent labeling

‘Hydrogen-deuterium Exchange

Stable covalent labeling - Chemical or Radical footprinting and
cross-linking
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Enzymatic - Limited proteolysis

Information about the surface accessible area
Several available proteases

Native conditions

Proin O Proteolytic enzyme 14 A HBJcip[E {HFHe H H |8

Intact protein
l Limited proteolysis 80 5
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Protein cleavage products
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Limited proteolysis — identification of fragments (“Top down”)
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Limited proteolysis — identification of fragments (“Bottom up”)
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Limited proteolysis — identification of fragments (“Chip set up”)

ambient protein quench
ion-landing application addition
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Protein covalent labeling and chemical cross-linking

Available amino acid sidechains for covalent modification

Hhﬂ\fw'_,
a.. O OH S_,m 3
0
- oo Hoof Hooo H
M=Terminal kK N M i N H M ] N g CTarmin
"o Ho 5 H 0 H &
aH _ ]
g N4 | b
“H
. £
M _
Asp Glu Lys A Cys Twr Tryp et His

Carboxy groups - Asp, Glu, C-term, pKa (3.8, 4.3, 2.3) pH27 » deprotonation
Amino groups - Lys, Arg, His, N-term, pKa (9.4, 12, 6.8, 7.8) 7>pH » protonation
Sulfhydryl groups - Cys . pKa 8.9 pH>7 » -SH

Aromatic groups- Trp (indol), Tyr (hydroxyfenyl, pKa 9.9)

~ 23% of amino acid can be covalently modified
Klapper et. al. Biochem. Biophys. Res. Commun. 1977, 78, 1018.
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Covalent modification of amino acid side chains

Acetylation Acetylation
(N-hydroxysuccinimide esters) (Anhydrides)
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NHS Ester Derivative
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Modification of carboxylic acids
(1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
and glycine ethyl ester)

H o) R H o] R
H i o] R GEE . H |
I/‘\W/ N_ N J\n/ ‘ 0 ‘/‘\rr N N /J\H/ ’ ’ N N ~
NH., H H
= — /§
HO A 0 | HN Ao HNT S0
e T e
<" >N =
EDC ro OH
LABORATORY OF
W STRUCTURAL BIOLOGY @
AND CELL SIGNALING




Covalent modification of amino acid side chains

Modification of arginine

(diketones)
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Protein covalent labeling: Lys, Tyr, Arg

I Native Proteins ] —W
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reactivity lysine residues, e-amino groups 3, " e
NH; groups® RNAse A HEL myoglobin B
a-NH; a-NHg é
1
1 41,104 97,33 a-NH, 45, 63, 77, 79, 145, 147 =
2 17,37 1 16, 42, 87 £,
3 31,61,91 13,116 56, 50, 62, 78, 102 e o excnss i =
4 66, 98 96 96, 47, 87, 133,6 118
/ ‘K97
substirate
binding site

Suckau et. al. PNAS 1992, 89, 5630
and Glocker et. al. Bioconj. Chem. 1994, 5, 583 Fiedler et. al. Bioconj. Chem. 1998, 9, 236
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Protein covalent labeling:

A N-lobe of Her4 kinase domain
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C-lobe of Her4 kinase domain

Kaur P. et al. mAb 2015

Acceptor

Zhang H. et al. MCP 2011
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Radical Footprinting

Products of water or hydrogen peroxide molecule
homolytic bond cleavage

Hydroxyl radicals can be generated
by various means:

* Fenton reaction

* Irradiation of water by x-rays or
electron beams

* Photolysis of hydrogen peroxide
FPOP (fast photochemical

oxidation of proteins)

e Other radicals available

The relative reactivity of the

amino acid side chains

Cysteine, Methionine,
Tryptophan

Tyr > Phe > His
> Leu ~ lle >
Arg ~ Lys ~ Val
>Ser ~ Thr~
Pro > Gln ~ Glu
> Asp

Alanine,
Glycine

*Reactive species
*React efficiently with most AA side chains
*Form STABLE oxidation products

Takamoto K . et al. Annu Rev Biophys Biomol Struct. 2006, 35, 251-276
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Conditions for radical labeling

» ELECTRON PULSE RADIOLYSIS:

reproducible 1-100 ns pulses; MeV energy range on linear accelerator

» SYNCHROTRON RADIOLYSIS:
X-ray; 3-30 keV @ beam current ~ 250 mA

» LASER H,0, PHOTOLYSIS:

1% - 0,04% H,0, (mixing by stopped-flow device or just before irradiation); quench and
removal of residual peroxide is vital

* Nd:YAG; 2 mJ/pulse @ 266 nm; 3-5 ns pulse; 1-100 shots
17 ns KrF excimer laser; 50 mJ/pulse @ 248 nm
18 ns KrF excimer laser; 62,5 mJ/pulse @ 248 nm; 16 Hz
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Fast photochemical oxidation of proteins

 Covalent modification = preserves the primary sequence of
modified residues

* High reactivity of ‘OH = the modifications of more than half of
amino acid side-chains, providing a higher coverage

A Protein
0.4 mg/ml
i AmMBi
10 ul/min N fer
— )
10 ul/min R0, 10 M
buffer KI'F, 248 nm
| 2:O L Quenching
Methionine

Collecting
sample
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Experimental setup

SAMPLE MIXED AND IRRADIATED IN

pmtubes (sample volume ~ 15 pl) or in

stopped-flow microfluidic mixing device - essential for folding / kinetic studies

(capillary flow Pulsed
Laser
SYRINGE 1: Native hMb i
I oS .
SYRINGE 2: H,0, T T @ :> LC-MS
500 ms 10s T
SYRINGE 3: HCI 50 ms sample

collection

« Short pulses with high energy are needed to create sufficient
concentration of radicals on very short (sub-microsecond) timescales
to avoid conformational changes of protein during labeling.

* Possible protein conformational changes occur mostly on a longer
than milisecond timescale.
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MS Protein footprinting - workflow

Protein 1-2 Complex

Protection of
modifications

Target Protein

Exposure time

Dose Response Curve

Labeling protein by OH-

084

064

Fraction unmodified

(D)

y@)=e™
k= rate (s71)

0.000
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Some (recent) publications
PROTEIN-PROTEIN INTERACTION

Actin — coffilin interaction:

Modeling alone

Kamal JK et al. PNAS, 104, 19, 7910-7915 (2007)

Dimerization interface of galectin-1:
B

-4
il

Leu9

Val 131
lle 128

Interface reporter residues

I Partial oxidation
[ No oxidation

Charvatova O et al. JASMS, 19, 11, 1692-1705 (2008)
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Some (recent) publications
PROTEIN STRUCTURE

Integral membrane protein (BR) structure in its natural lipid environment

& & 9 & 8|10
M145 (helix E)

0.8

M163 (loop)
g 888806

*;‘64*‘ 1.0
M20 (helix A)

'

HH/H*

M118 (helix D)

Pan Y et al. J Mol Biol, 410,
146-158 (2011)

o
)

- o
o @
Fraction Unmodified, F,

o
@

o
o

mmmmmm

Folding Time

PROTEIN FOLDING KINETICS

Time-resolved folding and dimerization changes in Ca-binding protein

t=0 10 ms 200 ms 800 ms 5 min

Stocks BB et al. J Mol Biol, 409,

669-679 (2011) 10>NOL>08  08>NOL>06 06>NOL>04  0.4>NOL>02 0.2>NOL>0
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Chemical cross-linking: the first 3-D structure

FGF-2
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Young et.

Top 20 threading models
ranked by constraint error

Number
% Sequence Threading Constraint of

Name Fold family identity rank error, A* violations'
FGF-2 BTrefoil 9.6 1 0.0 0
g B-Trefoil 127 5 0.0 0

Gastrotropin Lipocalin 71 8 29

Hisactophilin B Trefoil 86 12 55 2
Guanylate kinase P-loop 124 9 7.4 4
NTP NTP 93 6 45 3
Glutathione peroxidase Thiaredoxin n 14 16.6 5
Retinal-binding protein Lipocalin 9.1 18 7.1 3
Nucleoside diphosphckinase Ferridoxin-like 88 20 18.6 2
Cytochrome ¢ Cytochrome ¢ 126 n 214 5
Aspartate carbamoyltransferase Ferridoxin-like 28 13 26 4
D-UTPase 78 2 275 7
Disulfide bond formation protein 84 15 281 8
78 19 2856 s
1s 4 318 6
TATA-box- bmmng protein TATA-bax-bi nmnq protein-like 103 7 0.0 8
Phaspholipase A2 Phospholipase A2 95 16 55.4 7
PRD paired domain 3-Helix bundle 127 i7 1434 8

al. PNAS 2000, 97, 5802




Chemical cross-linking: the chemistry behind...

o)
C—(CHy)g—C—OH

Primary amine reactive cross-linker "Hanging” Cross-link
Am = 156.0786 /
NH

Disuccinimidyl Suberate (DSS)
Cross-linker "arm length”

11.4A H,0
0
o
I

0

C—
/ NH,

NH
||
—(CHz)s_C

“Internal” Cross-link

_O_N> Am = 138.0861

(CHp)g—C—0—N
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CXMS experiment

MS3D; Yarge
Protain
Step 1 Crosslinking

5 SR

Step 2 Slz& saparation

Step 3 ﬂ Proteolysis

)R
(“}IL 4 s

et

Step 5 - ASAP
FEE b EH]

R

:.'gub;gﬂ DA

Step &  [bor MEMMS
Step 7 15 MS2Assign

Distance
Step 8 Eunstrmnw
Madallng

Bottom Up

Top Down

Data Analysis, |dentify x-linked
Fragments, put it all back together

A

Mass Measurement of Peptides

.f

Chemical Crosslinking

v

Trap Sample Cleanup

v

Cleanup, Chromatography

.T

Digest

*

Purification of Monomer
(Gel, Size Exclusion Column)

+

Chemical Crosslinking

Gas-Phase “Purification™ of
cross-linked species

v

Gas-Phase “Digest”, CID,
IRMPD, ECD

v

Data Analysis, identify
Fragments Containing x-links
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Nomenclature of peptide cross-linked fragments

(a) Single modifications ~H
Type O |ﬂ‘ 2 ¥3 22 4 |
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Type 2 M—ﬁ_ T lr {or y5by)
‘interpeplice’ N'H'i:l c ’ ? ¢ ° Y

(b) Multiple modifications

Hz”—'i"I" NH—Z; . H—il:—@-u- NH,—Z, —NH—-E. —MH—?H—C::GH
0 LSS T

-
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Type 0.0 M T
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B [Lf:' 3 h'-_-g l b3|3 Yabo
¥gbs
Type 2.2 M () c F’ P
HaN—CHjT“'-NH--CH—EEGv
(1) ° yabap |
WNoe———C
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T!‘lpﬂ 2 i 1 : Hyh—CH— E HH-= -EH—E—NH—CH—CED- }-mb
I A o
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Bottom Up/Top Down - Rhodopsin

Rhodopsin has open
structure/function
questions

- What is the conformational
change that occurs upon light
activation?

+ What is the configuration of
loops involved in Gi binding (not
visible on X-ray)?
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Rhodopsin Has Many Potential Cross-links

cytoplasmic side
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Proteoliposomes/Detergent ae0osC |
Crosslink Protein AATRE e O (RS TR
biaye g amen
- eeeee g s
Purify Monomer | ™
Protein Digestion
e
o\“ Yin g
PNk LC/MS Analysis
2 P <

Data Analysis

Mms
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LCMS analysis of Rhodopsine CNBr digest

control

TIC

5 10 15 20 25 30 35 40 min

— TIC
~——— 310-317x50-86 (m/z 1055)

5 10 15 20 25 30 35 40 min

—TIC
———— 310-317x50-86 (m/z 1086)

5 10 15 20 25 30 35 40 min

Red line corresponds to extracted ion chromatograms
of selected cross-linked peptides.

Mms
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What's wrong? Too many possibilities....

o~ SOLGFPINFLTLYVTVQH KKLRTPLNYILLNLAVADLFMé#s

?

T

B1-31'NKQFRNCM317

o~ SOLGFPINFLTLYVTVQH KKLRTPLNYILLNLAVADLFMés

? ?

p2-318VTTLCCGAXNPLGDDEASTTVSATETSQVAPA 348
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Can We Resolve the Cross-link at K66/K67?

c, ECD fragmentation

50-86
LGFPINFLTLYVTVQHE LRTPLNYILLNLAVADLFM

C, Z; |zZg 211 | |1

~
Z35
Zs C36
i 31 C,3 i,
5 24 Z3q C34 76
> Zyo Zy3 Coy 2 C2s c
C19 C20 26C25227 Zag C29 30 | Cis
23 Cog| C27 Z29 |25, Z 4532
2600 3100 3600 4100 m/z

Mms
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ECD fragmentation of cross-linked peptides

Cas (M+H), NKQFRNCM
¢ LGFPINFLTLYVTVQHK I&LRTPLNYILLNLAVADLFM
Ci124 C16a
CGC{ c6|3 c 6170[
Cy, cE100
c50t 7 c80t 9 c'l'la c130€
[ 40915(1
400 800 1200 1600 2000 2400 ,
(M+H) +EMCS ,;;“
~ B
(M+H)u z32alMB
Z210 Z23q Zo5,, C3,,/M
zZO(xIMB I B IMB Z I%':340t
M Z24 2 290 M,
B IM 270 IM
Cisq 722a B 2 M, B Z,4 733a
M M 260 | / “ |IM
B B i, M, 1
3200 3700 4200 4700 = 5200 m/z




Problem solved!

o.- SOLGFPINFLTLYVTVQH KKLRTPLNYILLNLAVADLFM8é
B1-31°NKQFRNCM317

o S'LGFPINFLTLYVTVQH KKLRTPLNYILLNLAVADLFM?36

B2 -318VTTLCCGKNPLGDDEASTTVSKTETSQVAPA 348
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The Cytoplasmic Face of Rhodopsin

Mms
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CXMS experiment: Top Down approach

N30 Targe
Protain
Step 1 Crosslinking

Bottom Up Top Down
% Data Analysis, |dentify x-linked Chemical Crosslinking
Fragments, put it all back together

v

Step 2 Slz& saparation +
Trap Sample Cleanup
Step 3 ﬂ Frotaclysis Mass Measurement of Peptides +
) }\ R T Gas-Phase “Purification” of
(- \_} _El- Cleanup, Chromatography cross-linked species
I f ;
Digest Gas-Phase “Digest”, CID,
Step 4 I ih H“! I HPLC/MS * IRMPD, ECD
Purification of Monomer *
Sten & - ASAP (Gel, Size Exclusion Column) Data Analysis, identify
P e 3 Fragments Containing x-links
y2ubap IDA Chemical Crosslinking

Step 6 by MSMS
Slep 7 Y5 p52Assign

Distance
Step 8 Eunstrmnw
Madallng
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Top down: Cross-linked Ubiquitin with a Series of Cross-linkers

Intact X-linked Varying Arm Length
protein protein
QNOZ\/\/\/\ (lcl)—o—N>
‘ M , 11.4 A | o
DSS
— o conmnsbllng. 5 M_M_..m.__.
X-linked o o
protein ”_O_iwi—O—N
0 7.5 S
A
o b b DSG
X-linked o H ﬁ_o_N>
protei o l s
° 5.8
A _ AA a ROT
8600 8700 8800 m/z




Chemical cross-linking: the identification of cross-link

Hanging

MS
X-linker Conc. b J’NN,JHM |

- . Isolation M .___Jmub..

unmodified Jh Xlinke

‘ 1120 1160 1200
MS/MS n
. . . . (QCID) ,,,,M ‘l JMH.HLLM.‘M . e ’ : L ik l.[. !Lm... ; . " NI y .
SDS-PAGE 300 700 1100 1500 1900 2100

Cross-Link | DSS | DSG6 | DST | Constraint (N.-N,)

M1 - K6 Yes Yes | Yes Distance < 5.8 A

K6-K11 Yes Yes | Yes Distance < 5.8 A

K48-K63 Yes |Yes | No 5.8 A < Distance < 7.5 A

Novak et. al. Eur. J. Mass Spectrom. 2003, 9, 623
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Protein covalent labeling: why only few cross-links?

O
N—O—?I:—CHg
O [M‘l‘H]"' [MZAc.|.H]+ [M4Ac.|.|.|]+ [MGAc.|.H]+ [M8Ac.|.|.|]+
[M1Ac.|.|.|]+ [M3Ac.|.|.|]+ [M5Ac.|.|.|]+ [M7Ac.|.|.|]+
O
Ctrl
.. o —
81x NHS-Ac

27x NHS-Ac

9x NHS-Ac Jk M
- A -
3x NHS-Ac A M
- . L ; A,
1x NHS- Ac M\ ‘%
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Protein covalent labeling: a reactivity of lysine in an issue

1AQIFVETLTG ! TITLEVEPS 2:DTIENVKAKI 3'QD/EGIPPDQ
“IQRLIFAGKQL SIEDERTLSDYN $'IQUESTLHLY 7LRLRGG

(1M~K6~K48~K63) (K27,K29)
In agreement with NMR data, which shows.
- K11 interacts with E34; K29 interacts with D21

Crystal structure indicates K27 H-bonds to D52.

More reactive lysines don't H-bond (K63) or H-bond to backbone
carbonyls (K48, ).

K48 and K63 participate in formation of polyubiquitin.

Agrees with Cross-linking Results.

» Cross-links observed only between the most reactive lysines
and nearby reactive lysines Il

Novak et. al. J. Mass Spectrom. 2004, 39, 322




Zero-Length and Carboxy-Carboxy Cross-linking

"ZERO-LENGTH" CROSS-LINKING

No cross-linker used.
Activate carboxylic acid groups with EDC.

Activated acid side-chains react with primary amine side-chains
(DEO-XK).

Cross-link formed via new amide linkage.

EDC ACTIVATION CAN ALSO BE USED TO CROSS-LINK ACIDIC
SIDE-CHAINS TO EACH OTHER (DEO-DEO)

Use dihydrazides as the cross-linking reagent.




Chemical cross-linking: an alternative chemistry

Carboxylic group reactive cross-linkers

{CHz)n‘(o
OH

(CH3);—NH, HaC™

(o]
(CHp) 4
OH

(@]
(CHp) 4
Ii«lH

NH o)

(CHZ}m

{C H 2}4_N H 2
PN

LABORATORY OF
STRUCTURAL BIOLOGY
AND CELL SIGNALING

Mms




Zero-Length Cross-linking
'5H20 '4H20 '3H20 '2H20 'Hzo

Intact
protein

Al
EDC TTIVN RILITTT 1IJJ\JMLLLW_L_ A h}uu“* WUUIA kumld

100x | A
. EDC NIV _.J,lm,“ll.. 1,| hn.. -1,. L hlm.“... J

Jmnmuwﬁmﬁ

_Gtrl .AM hh.
8470 8490 8510 8530 8550 8570 mi/z
Ms
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Carboxy-Carboxy Cross-linking

Intact X-linked o 0
protein protein C(CH3)4 C.
HzNiHN NH’|N H,
11.3 A ADH
Affinity purified

Crude mixture

A Bk . P i

Ctrl

- 8600 8700 8800 8900 9000 m/z
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Chemical cross-linking: an alternative chemistry

M1-Ké DSS Yes 5.8A <Distance <7.5A (20.0A) Ng-N,
DSG Yes
DST No

K6-K11 DSS Yes Distance <5.8A (14.04) N-N,
DSG Yes
DST Yes

K4B-K63 DSS Yes 5.8A <Distance <7.5A (19.84) N,-N,
DSG Yes
DST No

M1-E14 EDC Yes Distance < 1.5A (6.2A) N,-Cs

M1-E18 EDC Yes Distance < 1.5A (4.44) N,-Cs

K63-Eb4 EDC Yes Distance < 1.5A [4.8A) N.-Cs

D21-D32 ADH Yes 5.8A<Distance<7.5A (12.94) BT,
SDH No

E24-D32 ADH Yes 5.8A<Distance<75A (14.0A) Cs-C,
SDH No

Novak et. al. Eur. J. Mass Spectrom. 2008, 14, 355
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Bottom Up/Top Down

TOP DOWN MS3D WORKS WELL FOR:

Characterizing new cross-linking chemistry on small model
proteins (< 20 kDa).

Small proteins with unknown or partially known structures.

Reactivity studies.

BOTTOM UP APPROACH WITH DIGEST FOR LARGER
PROTEINS

Localizing cross-links with digests alone is difficult

Combined bottom up/top down approach
—Digest protein with a single protease

—Analyze the large cross-linked fragments with fop down
methods
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Introduction of isotopically labeled probes

Incorporation of stable isotopes Incorporation of stable isotopes
(deuterium) to the linker (oxygen, 180) to the linker
o Q H,"80, pH = 1 HCI QF e
NaO,5 (4] o
zﬂmu + um":-u-uo,-ncu,},.-m,-u,inn HO)J\(V);MOH ek Lo Ho*%O’H
s s 1b (3x'€0, 1x'80)
+BCG- DEY 1c (2x'60, 2x'80)
DWF, 14 B, AT 1d (1x'°0, 3x'80)
1e (4x'%0)
Na0,S o o] S0,Na ©) e)
u-u-l!:-l::rl,m,{cl-lg_- n-q,rnl-:':-n-u O3S
N-OH
0
. DCC, DMF, 25 °C, 12h
0O 0 o 0
sNHSO%OsNHS sNHSO)kt’)iJ\OsNHS

13C available as well i o

2a 2b (1x'®0, 1x'%0)
2¢ (2x'80)
Muller DR. et al. Anal. Chem. 2001 Collins CJ. et al. Bioorg. Med. Chem. Lett. 2003




Introduction of isotopically labeled probes

S :TO : . g?a
A 1497.7 . o §
n i
‘L bt
L i /,"'Jl - 5:1
B or 3b/3c v -\#ﬁr—;
1499,?1 ; . E\iﬁ? ,
c.m ,-LL I- ..;.;_1 Anil | ?. T W
g 1497.7 1501.7 3a:3b/3c -y
-g Figure 4. MALDI mass map obtained from G-linked Op18—tubulin complexes with doublet regions ex;
f‘? 100 e882 100
%mm TRt ; (| ° gl
== Lol Tk
: *ﬂﬁ“ﬁh m F]U' Il ki T‘Wl e mmmaw
”‘l“l!i | : " = L osegy—,
c 1497.7 15017 i3 ‘g ct § EE g D ‘g;
Mot Dot
1485 1497 1503 1515 : ’HHJ[J"I\ f'#""\mh\u l'rv"-'uli'ﬂ‘-"l'fﬂl' WM"T% : W lmr%““ M* A'L‘.Jw W
msz 1600 [ 1880 2818 Mass imiz)
Collins CJ. et al. Bioorg. Med. Chem. Lett. 2003 Muller DR. et al. Anal. Chem. 2001
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Quantitative chemical cross-linking

Protein dynamics and conforma

Intens,
X107

dialysis 768861
720262
non-deuterated l deuterated ’
cross-linker '@ cross-linker ,
Ca2+ N a+ a8

\\’ 1
1] i J
intens,  ToB5  TERO 7BOS
® 107,
T88.861
quench 5
TA0362

mix
\
SDS-PAGE 3
A\ 2 ?a]

guench

=

. . . . 1
Digestion Digestion
in gel in solution e85 7880 7895
x A0,
788862
FT-LCMS/MS? e
10
X-links vs
identification ' 88
50
‘L 25 J
mMass 00 s a0 7005
quantification

Kukacka Z. et al. Methods 2015
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Data analysis: STAVRO

Data Settrgs 7

& 1]
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l 1% &73I393 G731 0ScmPN0IAAM 150 165 MVDCESSFRGISTGRMI  >miPTI0IZLAMN 156 191 ROODDUCDSRYSDIEFSTEI 4044
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Giiculphe hairecsd | 2003671 W0 10>uPTI0IAAM 2 42 FLSVISTCELH] slPTIIAAMY 43 % KPEPYCIVSHLOED] P
P1 D'T::T"” Sradon R &N EN16E ASOePNAAM) T 1% AYDCES) ypPIIOIZLAMA 196 191 JSFPGISTGIMIVDDICDS &4
w2 esa 3 7 oepPibam s 2 56 RLSVTSTORUHRCPERYOIVS serapaphdy ] 1 W BN
| 1% QeSO YT 4oy N 57 STCOLMKPEPTCIVSHLOE > spiP 1IN 2AM A @06 420 WOOOACKLHVEGERCDVE) 2582
27NN 2K89m L2512 10 n [SYROAE GEOYPAT G DLLIGE > wieapmphael 0 1 W s
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119 IN0S067 4046 25 >mP1I0IAAM N 1 N APLYGEPEFSYGLAEGSDY rewapaptcy 0 o0 008
18 108087 TULAE >0 ) 0 N APLVDEPEFSYGLAEGECY srkapasidsl 0 1w 008
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darge 4 e aeee e run Al arASe R L AR A rrrucsEa AL AL | ATE A MR UTA AR P “cen
I Load previous sod
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Datwpon pepldos

Dota Semtngs 7
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[ - inpat i |
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Gotze M. et al. JASMS 2012

LABORATORY OF

@, | STRUCTURAL BIOLOGY
AND CELL SIGNALING




Novel cross-linker design

= Affinity tag for purification
» (Gas phase cleavable linker for easy data analysis

Affinity
group

Mass-
encoded

JIBUIE] - specce

Reactive gmup

b
Inter-cross-link = —( + % ¥ lTLI'I
reporter
Intra-cross-link % _ A._) i &
reporter
Dead-end = + ~OH * L
dead-end reporter

remaining tag residus tag

Tang X. et al. Anal. Chem. 2005
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Smart design enables in vivo cross-linking

EIC

Precursor 9785

Peptide 1 1243
Peptide 2 1281*

Reporter 1122*

d -8 Vo
- p!

PIR reaction
o=

L T ATy —— Low Energy
Clean up 2 1. e High Energy
| Cetysis | o e
Enrich PIR- = 561,745 bl 1322458 { \3')
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A Sta, i

5\,90, 902 B Digestion i

Digestion g Restricted i 54290 73278 . ‘ 92265 » m'zso 1‘30“0
protein database m/z

4 Enrich PIR-
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New generation of cleavable

DSSO

o 10 labike 0,
- -
A e j :) LR D
MCERA ’
T ™ oH :: (‘r‘“' /ﬁ-\_/‘ g N - Neg h-ay oM i
o o Q
3,3 miediprapianic acid Disuccinimidyl Sulfoxide (D550)
B | 1 f
i cli K-t RWJCHQ + HOHSI gt NH-K ] a4, ay By B
Kb e g e "NH—L msims | fa By |
| | f ol | |
ap K—NHl"-’ﬁ"E"OH 4o AL ‘
Type 2 [Inter-link) | o B. | mfa
C
4k ~ K g g ' “
- MS5/MS
HH J‘ oM P:-NHA“‘-“*"‘CHE i-m-il*«./"‘*s-'”” .
[ = o
ﬂo“
Type 0 [Dead-end) J mie
D [+] a a -
| ] | L CHz HO L. b
Kbl T T g MM B i B
| J: | | MH MH—K s
W |
Type 1 {Intra-link) Buis / =
E| -] F Ma-B) = M(et,) + MIB;) = Mies) + M(B,) eg. 1
oM Whle-B) = Mlez,) + MR + H;0 = Mig,) = M(B,) +H,0 eq. 2
K—hH “”ﬁ" '\-! -NHJ\“”H‘SH Miliigg) = M(ci,) * 122 = M{a.) + 72 = W{a) + 90 eq. 3
l a0 B Ml ) = Miog,) = Mia,,. )+ H,0 eq. 4
My} - Mia,) = 32 eq.5

Kao MQ. et al. Mol. Cell Prot. 2010

Muller A. et al. Anal. Chem. 2011
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cross-linkers

DSSBu

Scheme 1. Structure of the Symmetric
NHS-BulUrBu-NHS Compound [1) for Chemical

Cross-Linking
12.5 .i
o
‘-\"/_“v"\* /\/\ﬂ'/ N
Q
o |
G mﬂ:m e mmm:ﬂdi Wi
Ba L Bu
HHE-BulirBu-NHS
1

Scheme 3. Fragn
Mass Shifted Product lons™

peptide 1

of Protonated 2 upon CID, Delivering Two Complementary Doublets of 26 u

peptide 2 peptide 1 peptide 2
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Data analysis: MEROX

| 9 L b 1 I
Y Y Y y ¥
NHE — Bu — W — Bu — NHB

P - T = T 1

! <D !

1Py W 1o Pa

Rahae s

[ Py e |
RS
Im+uu+nr I [N +88u + H]*
| Py | P3

| Bur gt I J-auur
| H M H
l[lﬂflu-rl-ll" nffllll-ﬂhl*l'l]"

e e e
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Gotze M. et al. JASMS 2015




Protein-nucleic acid cross-linking

LABELING +/- NUCLEASE +/- PROTEASE MS / LC-MS

/..v @3‘1 \;72/? (CHish
4 h \\ m/z
iﬁh m/z

F

m/z
H3N/,,/ \\\\CI H3N/,,/ \\\\CI H3N/,,/ \\\Z\E
/"Pt" Pt " Pt
cl \NH3 h/ \NH3 i/ \NH3
Trans-platinum Trans-platinum Trans-platinum
(monofunctional) (bifunctional)




Protein - DNA cross-links

AASMDSSSK AASMDSSSK

N &
. ¢ *\,-

o
RS cm‘;rm\ccan FORWARD R0 1 TTGGGMAACAAG
e N ’ ,,,lll-,,, ll ll_n..
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Footprinting

Assay of biomacromolecules by
monitoring of their regions

*Single molecule conformation / Conformational changes
Ligand binding / biomacromolecular interactions

Different techniques

*Enzymatic / chemical
Stable covalent

Stable covalent labeling

*Chemical footprinting
*Radical footprinting (*OH, °1, * CF3)

Mms
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