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Six Blind Men and the Protein of Unknown Structure

“It was six men of Indostan
To learning much inclined,
Who went to see the Elephant
(Though all of them were blind)
That each by observation
Might satisfy his mind...”
John Godfrey Saxe

(1816-1887)
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Structural Mass Spectrometry...

Protein covalent labeling
Chemical cross-linking
H/D exchange

Disulfide bonds mapping

Native mass spectrometry and lon
mobility

Fast photochemical oxidation of proteins
ETD/ECD fragmentation

Limited proteolysis

NMR, Cryo-Electron Microscopy, X-Ray Crystallography

Atomic Resolution Protein Structure

\ MS-Based
4 e—————

Protein Footprinting

Circular Dichroism
Infrared Spectroscopy
UV Resonance Raman

Secondary Structure

Low Res. s High Res.

Dynamic Light Scattering Negative Stain EM
Size Exclusion Chromatography Atomic Force Microscopy

Hydrodynamic Radius Morphology

Special Issue on Mass Spectrometry in Structural Biology (2015) Protein Science 24, 1173-1332
Mass Spectrometry-Based Protein Footprinting for Higher-Order Structure Analysis: Fundamentals and
Applications. Chem Rev. 2020; 120: 4355-4454.
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Structural Mass Spectrometry...
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Liu XR, Zhang MM, Gross ML. Mass Spectrometry-Based Protein Footprinting
for Higher-Order Structure Analysis: Fundamentals and Applications. Chem
Rev. 2020; 120: 4355-4454.
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Mass Spectrometry: Goal in Protein Structure Characterization

Data Analysis, Identify modified Protein sample

fragments, put it all back together l
t Sample Cleanup (Protein Trap)
Mass Measurement of Peptides 1
t Gas-Phase “Purification”
: of crosslinked species
Digest 1
! Gas-Ph “Digest”, CID
Purification of Monomer IRall\'/ISI-DD aé((e;[) gest ’
(Gel, Size Exclusion Column) ’ l
1 Data Analysis, Identify fragments
Protein sample containing modification, put it all
back together
Bottom-Up Top-Down
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Footprinting

Assay of biomacromolecules by monitoring
of their regions

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

Different techniques

Footprinting
/ chemical —

*Covalent
Covalent labeling

*Hydrogen-deuterium Exchange
— Chemical or Radical footprinting and cross-linking
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Enzymatic cleavage — Limited proteolysis

Information about the accessible surface area

proteome proteome
structural state 1 structural state 2

environmental

>
change /\@ GQ

41 &)
protease

- d g p
Protein n‘"

Proteolytic enzyme

Intact protein

l Limited proteolysis

Protein cleavage products

l Digestion
-— [re— f— f— = Peptides derived from -
protein cleavage products P rot e O |y S | S
l MS analysis . .
_— ; Fingerprint
Identification of the cleavage site

B PrPC PrPp PrPC PrPp A
A
98 LiP proteolytic pattern 1 with LiP proteolytic pattern 2
o Quantitative
o '.uyu , Proteomics
7 -+
¢ : -—4-/- -

E. V. Petrotchenko, C. H. Borchers, Modern Mass Spectrometry-Based Structural

Trypsin Proteomics, Elsevier Inc., 2014.
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Limited proteolysis

e protease serves as probe
e controlled cleavage time

* SDS-PAGE - MS
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V8, Protease V8
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Limited proteolysis — identification of fragments (“Bottom up”)
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native protein under event triggering conformational changes limited proteolysis quenching, denaturation peptide quantification identification of conformational changes
near-physiological condition conformational changes induced by stimuli & tryptic digest by HRM-MS based on peptide signature

Schopper S, Kahraman A, Leuenberger P, et al. Measuring protein structural changes on a proteome-wide

scale using limited proteolysis-coupled mass spectrometry. Nat Protoc. 2017;12(11):2391-2410.
doi:10.1038/nprot.2017.100
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Protein covalent labeling and chemical cross-linking

Available amino acid sidechains for covalent modification

A Cl I:I

=
0 L o
H N o C-Terming
H 0
e M
M | b
“H
L
Tryp et His

Carboxy groups — Asp, Glu, C-term, pKa (3.8, 4.3, 2.3) pH27 » deprotonation

HM -H'_,
0 o \f
, o W 0 H o H
Y-Terminal AN N M M N H M
H 5 H 5 H o
SH
LS
S
9 Cys Ty

Asp (alu Lys A

Amino groups — Lys, Arg, His, N-term, pKa (9.4, 12, 6.8, 7.8) 72pH » protonation
Sulfhydryl groups - Cys . pKa 8.9 pH27 » -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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Stable covalent labeling

Chemical probes
* amino acids functional groups (-COOH, -SH, -NH,, -OH, CONH,, aromatic ring)
* reactivity, specificity x solvent-accessible surface area (SASA)
* reaction time - minutes to hours
e bifunctional footprinters = cross-linkers

.
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Labeling SR Proteolytic ~
reaction \b"k\‘\ =N digestion ~ t//‘-\

Surface labeled A
complex

LC-MS/MS
analysis
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Identification of
modified residues

Determination of
complex topography
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Covalent modification of amino acid side chains - lysine
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Covalent modification of amino acid side chains - cysteine

A L

. . R
indoacetamide, R=NH, 5
indoacetic acid, R=0H f\lr
indoscetanilide, R=HH—©
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maleirmide, R=H o)
AN-methylmaleimide, H:EH,
N-ethylmaleimide, ReC H, N
N-propylmaleimide, R= CH, ‘B
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R=NH,, + 57 Da
R=0H, + 58 Da
R=C,H,N, + 133 Da

RsH, + 97 Da
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R=C,H., + 125 Da
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Covalent modification of amino acid side chains - arginine

I 3-butanedione pharrplghpoeml, B

H
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HH “um
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Covalent modification of amino acid side chains - tyrosine

NO»
04N NO;
NO, Excess THM
TNM
0 III O H 0 Iil
M N
s 1, +KI Excess |, + KI e
. I » I
H +126 Da OH +252Da OH
I
Tyrosine
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Covalent modification of amino acid side chains - tryptophan

2-hydroxy-5-nitrobenzyl

bromide
OH
Br Br o H
I |
0 N O Mo
NO, v o
; -
HMB MBS
o Iil 0 lil NH
""‘I.-., H-|.|,. + 1b Da
o x
NH N, T‘af' NH 7 o :
NOD,
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4 NO g
Tryptophan -
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Covalent modification of amino acid side chains - histidine

— — — ———
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Covalent modification of amino acid side chains — Asp, Glu
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Protein covalent labeling: Lys, Tyr, Arg

I Native Proteins ] —j/
immune complex

a
g

i lecti native antigen
c:stri?c;e setve [Molecular Welght Determination ] ” 2 ¥ | x
modification § contormational information | - -‘) \ ) o= g
= A 3
Partially Modified N §
_1 chemical g
ﬂo‘ oins ( modification P §
|Molecular Weight Determination I 8 B
denaturation |- average/absolute No of modified | = [§8 E

residues = L . £ 0 1 2 3 4 ] L

1

- conformational change

(3 raaction time [h]
dissociation
Denatured Chemically I g : —
Modified Proteins proteolytic #, E 4
degradation E
protealytic degradation (& E ¢ O I { B
Yy @& shieded by  [JI* < E
conformational = |
. . 2 |
Mixture of Chemically shisided by 5
Modified Peptides w Moot contant E |
Peptide fragment Identification l o e
- sites of modification : molar excass acetic anhydride
- relalive reactivities | mass spectrometric
peptide mapping E El - —_—
ir o E —
relative , ‘ . E ,f ¢ r,_.ﬂr
reactivity lysine residues, e-amino groups 3, M L
NH: groups® RNAse A HEL myoglobin B
a-NH. a-NH; 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 - B o eSS i =
4 66, 98 96 96, 47, 87, 133,0 1184
/ ‘K97
subsirate
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: Asp, Glu

A N-lobe of Her4 kinase domain

Ms
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8 1.1 o] N af 1 Control Liposome

u,‘.l o s [ ¢ 15 1 &)

5| 4 6 Her4 Monomer in
Rl 3 PA L Solution

2 2

£l 2 s " "
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=| o 0 0 0 Liposome
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880 890 940 950 960

C-lobe of Her4 kinase domain

. a.G helix| -

Acceptor

Zhang H. et al. MCP 2011
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Protein covalent labeling: Top down

O
N—O—%—CH3
O [M"‘Hr [MZAc+H]+ [M4Ac.|.|.|]+ [MGAc.|.H]+ [MsAc.|.H1+
5 [M1Ac.|.|.|]+ [M3Ac+|.|]+ [M5Ac+|.|]+ [M7Ac.|.|.|]+
Ctrl
81x NHS-Ac
27x NHS-Ac ”L ‘A
- A e e e et e cetblme e
9x NHS-Ac Jk M
N Am .m-.dm-

3x NHS-Ac A “
. A L ) Ah

1x NHS-Ac
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Protein covalent labeling: Top down

ESI Skimmers ESI Accumulation hexapole exit lens

and lon Guides Collision
‘ / Ges () Shuter
EE= N
ESI source Desolvation T ;0 F‘TMSC I
Capillary exit Mass Selective Quadropole nalyzer Le
Collision Cell Exit Lens
b5 b8 b12 b(19- -32) -36)b(37-
s op g 2 sy
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]
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y14
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i 58 58+2A 58+4A
CLI‘“D | ctr_{, }1 y58+1Acy ' Cy58+3Acy : ygs+§Ac
3A i o
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| encl | 74
6 Ac [ o
|‘| Avc J]L sl m‘lJ.ul]\Jn. 6 Ac ke ""“El-——t—*h
S.fe " o 2460 2480 2500 2520 Mz - | |
H c i
4 Ac ™ L\Uha I . ll.IJi C y‘1|4 y14‘T1AC l
LMI crl || 4 Ac C— ala.
3 AC nm | L Ll i l
A"b | 3AC, . {I.. - i‘ I
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Protein covalent labeling: a reactivity of lysine in an issue

IMQIFVKTLTG 1! TITLEVEPS 2'DTIENVKAKT 3!QDEGIPPDQ
“IQRLIFAGKQL 5'EDGRTLSDYN S'IQKESTLHLV 7!LRLRGG

(*M~K6~K48~K63) (K27,K29)

* In agreement with NMR data, which shows.

« K11 interacts with E34; K29 interacts with D21
A

« 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.

Novak et. al. J. Mass Spectrom. 2004, 39, 322
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Hydroxyl Radical Footprinting

Products of water or hydrogen peroxide molecule
homolytic bond cleavage

The relative reactivity of the

amino acid side chains

Cysteine, Methionine,
Tryptophan

Hydroxyl radicals can be generated
by various means:

* Fenton reaction Tyr > Phe > His

> Leu ~ lle >
* Irradiation of water by x-rays or Arg ~ Lys ~ Val
electron beams >Ser ~ Thr ~
Pro > GIn ~ Glu
> Asp

* Photolysis of hydrogen peroxide .
FPOP (fast photochemical AlEE,
. . . Glycine
oxidation of proteins)

*Reactive species
e Other radicals available *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,0O, photolysis:
1% - 0,04% H,0O, (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

Protein
0.4 mg/mi
in AmBi
10 ul/min N fer
—— )
10 ul/min Hizr? ;\:T?BTCM
buffer KI'F, 248 nm
] ]
| 2:O LT Quenching
Methionine

Collecting
sample
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Experimental setup

« Sample mixed and irradiated in
* utubes (sample volume ~ 15 pul) orin

» stopped-flow microfluidic mixing device - essential for folding / [(inetic
studies (capillary flow ~ 20 pl.min-1)

Pulsed
Laser

SYRINGE 1: Native hMb

M1 M2
SYRINGE 2: H,0, o
. LC-MS
— / I t =
500 ms 10 s 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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Hydroxyl radical footprinting — work-flow

Protein 1-2 Complex

Protection of
modifications

LABORATORY OF
STRUCTURAL BIOLOGY

Ms

AND CELL SIGNALING

Fraction unmodified

=]
@

o
@
'

Target Protein Labeling protein by OH- Protein digests LC chromatogram
(A)
.=
Digestion ’f’ X ;) Separation and
by enzymes o ¥ 3e*  Detection by LC-MS
&% v
.l‘i 2 i
Time
Modified Unmodified .
o Peptide Peptide . Quantifying surface Qualifying .
£ 4 <€ labeling e by surface labeling
§ Modified (@) Unmodified Chromatogram peak area .sltes by ’
z Peptide Peptide of oxidized peptides identification of
o peptide and its
& modification
- Modified Uit using MS/MS
Peptide A Peptide
Dose Response Curve l A
) KVV3-E-sM16A-1T-yD=-M-§m-mrY memfFomml-=-EV
Yo !}
: cod (B)
i
. i
1
1
: :
» Ys ¥, !
y(t)= e M Yu
3 12
k=rate (s7°)
0.000 0(;05 0610 0!;15

Exposure Time (s)

VW ——

m/z

Data analysi?ﬁructu ral modeli/ng)




Hydroxyl radical footprinting
- sample complexity

Benefits of lon Mobility Separation and Parallel Accumulation—

Serial Fragmentation Technology on timsTOF Pro for the Needs of ‘ - n'v!w'un mourears mm:-}& ATACTIARTL TLTVINORAY EEDOVLIS
Fast Photochemical Oxidation of Protein Analysis .- — : — .
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ABSTRACT: Fast photochemical oxidation of proteins (FPOP) is a recently developed technique for studying protein folding, e o— - po— —
conformations, interactions, etc. In this method, hydroxyl radicals, usually generated by KF laser photolysis of H,O,, are used for = ‘
irreversible labeling of solvent-exposed side chains of amino acids. Mapping of the oxidized residues to the protein’s structure -— : .-
requires pinpointing of modifications using a bottom-up proteomic approach. In this work, a quadrupole time-of-flight (QTOF)
mass spectrometer coupled with trapped ion mobility spectrometry (timsTOF Pro) was used for identification of oxidative - -
modifications in a model protein. Multiple modifications on the same residues, including six modifications of histidine, were
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even minor populations of modified peptides. The data obtained indicate a clear improvement of the quality of the FPOP analysis . ETPESEVOVG 7 ILEENTPCA SMSKYQIDIC FROAMSAFAY NILEEDTWYA ”,m' AVAETEVYVE VTR TO0WVOR
from the viewpoint of the number of identified peptides bearing oxidative modifications and their precise localization. Data are v o ¢ - »

available via ProteomeXchange with identifier PXD020509. - ~ — : ~.¢— - - -——
. » L
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Hydroxyl radical footprinting — histidine modifications

i Peptide with the
f ; _ sequence ILGGHLDAK

Intensity
(no laser/laser)

Contribution to the overall
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laser/laser), %
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Hydroxyl radical footprinting
— several modifications for a single peptide

(a) (b)

a o \ Peptide KQLVEIEK

| A appearing 2* at m/z
[\ 501.78

107

- 5.50 575 6.00 6.25 e [f"i»g o\o 9 i

g ¥

M s
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M M L c 6
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g °
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e
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Hydroxyl radical footprinting — human hemoglobin-
haptoglobin complex

88 98 108 118 128 138 148 158
Hpt |
compl 0 5 20
HptA
e = 8 =g &
- Lu LT af-3 ¥
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g b MEER 3 ] geoEem i STy e [ ELIRE ERERS )
28 EEE 2 % E ERRNAIEEEE R R GEERRRRI R E B RiEk el g G 9%
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HbA l I
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g I 1 |
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HbB [
¥9 5%y 8§ §HpEMEBE f 3RO OE B GRS BB ¥ PBB Y 88F 5@ 8 mEEME  8¥E 5g

An oxidation rate was determined for 7, 77, 30 and 56 residues in Hpa, Hp[3, Hba and
Hbf3, respectively
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Structural model of a tetrameric
Hb — Hp complex
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Interacting interface of a tetrameric
Hb — Hp complex




Selective radical chemistry

ascorbate reductant dehydroascorbate
oxidized form

OH_
HO ~:.0

fluoroalkyl
radlcal

R=Me, 2R=0 /\ R o

Rg = CF3, ImCF,CF H

F 3 2~ 2 j_rj“ rrpj‘\ N
Jﬁf A, At

Re—1—0 OH

o
Ar RF,Ar
aromatic residue on protein fluoroalkylated aromatic residue
Aromatic residue Fluorcalkylated form
- o - ARe= o
\ \\ RF - )
S IR, S Ne
N Fast Fluoroalkylation of N F
H HO Proteins (FFAP) H HO
e o Trp-Re Tyr-Re
i, T
g N e
4 y ]/
N \ 1/ G
H Rr H Re
Phe His Phe-Rg His-Rr
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P DOI: 10.1002/chem.201902944 Full Paper

ll Fluoroalkylation

==8 Reductant-Induced Free Radical Fluoroalkylation of Nitrogen
Heterocycles and Innate Aromatic Amino Acid Residues in
Peptides and Proteins

Kheironnesae Rahimidashaghoul,™® Iveta Klimankova,” Martin Hubélek,”’ Michal Korecky,™
Matu$ Chvojka, Daniel Pokorny,” Vaclav Matousek, Lukds Fojtik¥ Daniel Kavan,
Zdenék Kukacka,'” Petr Novak,*? and Petr Beier*®




Uncovering amino acid side chains sensitive to Togni chemistry

Mixture of 20 amino acids
+ Togni reagent

HILIC column (Imtakt, 2.1x150
mm)

Gradient:
from 80% Buffer B (0.1% formic
acid in AcN) to 100% Buffer A
(100mM ammonium acetate)

maXis |l QTOF

Reactive residues:
Trp, Tyr, Phe, His, Cys

LABORATORY OF
STRUCTURAL BIOLOGY
AND CELL SIGNALING

Mms

Tryptophane EIC 205,097
Tryptophane+1x CF; EIC 273,085
Tryptophane+2x CF; EIC 341,072
Tyrosin EIC 182,081
Tyrosine+1x CF, EIC 250,069
Phenylalanine EIC 166,086
Phenylalanine+1x CF, EIC 234,074

i

Histidine

EIC 156,077

Histidine+1x CF; EIC 224,064
Cystine h EIC 241,031
Cysteine+1x CF, EIC 190,014

10

12

Elution time [min]




Does Togni work for proteins as well? The case of Ubiquitin

Intens. UBQ UBQ UBQ UBQ UBQ
[%]] o + CF, +2:CF; +C,H,N,F, #2-CH;N,F,
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Fast Fluor-Alkylation of Proteins (FFAP)

JAIC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Fast Fluoroalkylation of Proteins Uncovers the Structure and
Dynamics of Biological Macromolecules

Lukas Fojtik, Jan Fiala, Petr Pompach, Josef Chmelik, Viclav Matousek, Petr Beier, Zdenck Kukacka,*
and Petr Novdk*

Cite This: https://doi.org/10.1021/jacs.1c07771 I: I Read Online
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Apo and holo Myoglobin ., ...,
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Quatifying the extend of modification for each residue on Myoglobin

[X] . Imonoisotopic mass of the modified AA

Imonoisotopic mass of non modified AA + Imonoisotopic mass of all modiefied AA

Apo- a holomyoglobin + T-IM-Ac

3s
0.2
FF ** *%
/N 0.15
N *%
= I—0 0'1*** *%
FF *kk ook
o | 0.05 . wx *% *% Kk *J %%
*k*
N TN OMOOFTAANMMNSMWOMWOODO M O O -
R R R R R e s o S
;I T IIIIII>_U_IIIU_U_>_U_

m Apo mHolo

T-test = *** - P <0,005; **-P<0,01; * - P < 0,05
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Does the fooprinting reflect the Myolobin structure? [ NAS*
I—O

Red — Decrease of modification in hMb
Blue — Increase of modification in hMb 0

F106

Green - Decrease of modification in hMb

PDB: 1WLA

- Maurus R, et al., Biochim Biophys Acta - Protein Struct Mol Enzymol. 1997
H81 Vahidi S, et. Al, Anal Chem. 2012;84(21):9124-9130.

”' LABORATORY OF
@, | STRUCTURAL BIOLOGY
AND CELL SIGNALING




Can we reach a reasonable spatial resolution?

FLUOR ALKYLATED RESIDUES ARE

Haptoglobin af (1,1)

Hemoglobin
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The extend of modification for each residue on Hp-Hb complex

. . . . ege . . .
Extend of modification for Hb o amino acids. Extend of modification for Hb 3 amino acids.
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Complex of Hemoglobin a, B subunits and Haptoglobin a, B (1,1)

RED RESIDUES
LESS FLUOR ALKYLATED IN COMPLEX

BLUE RESIDUES
MORE SENSITIVE TO FLUOR ALKYLATION IN COMPLEX
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Interaction interface of the Hb a, B and Hb a, B (1,1) complex
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Carbocation Footprinting

Soluble Protein UV laser Membrane Protein
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Sun J, Li S, Li W, Gross ML. Carbocation Footprinting of Soluble and Transmembrane Proteins. Anal Chem. 2021; 93:13101-13105.
W LABORATORY OF

STRUCTURAL BIOLOGY
AND CELL SIGNALING




Recent development for membrane proteins

W2 el
(98/82) V4

Cheng M, Guo C, Li W, Gross ML. Free-Radical Membrane Protein Footprinting by Photolysis of Perfluoroisopropyl lodide Partitioned to
Detergent Micelle by Sonication. Angew Chem Int Ed Engl. 2021;60(16):8867-8873.
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Fast Photochemical lodination and Top down

8

15
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Figure 1.

(a) Full ESI mass spectrum of jodinated myoglobin (Mb). (b) Full ESI mass spectrum of
iodinated apomyoglobin (aMb). The unmodified. mono-, di- and tri-iodinated species of the
15t charge state are indicated by the number of stars.

Chen J, Cui W, Giblin D, Gross ML. New protein footprinting: fast photochemical iodination combined with top-down and
bottom-up mass spectrometry. J Am Soc Mass Spectrom. 2012;23(8):1306-1318. do0i:10.1007/s13361-012-0403-1
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Fast Photochemical lodination and Top down

Page 15

aMb Mb
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Chen J, Cui W, Giblin D, Gross ML. New protein footprinting: fast photochemical iodination combined with top-down and
bottom-up mass spectrometry. J Am Soc Mass Spectrom. 2012;23(8):1306-1318. do0i:10.1007/s13361-012-0403-1
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Chemical cross-linking

Chemical cross-linking combined with MS has been proposed as a method to
obtain distance constraints (MS3D)

Young, Tang et al. PNAS 97(11):5802-6. 2000.
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Chemical cross-linking: the first 3-D structure
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Chemical cross-linking: the chemistry behind...

O O
i i i -li “"Hanging” Cross-link || I
Primary amine reactive cross-linker Add C,H,,0,, C—(CH)s—C—OH
Disuccinimidyl Suberate (DSS) Am = 156.0786 /H NH,
Cross-linker “"arm length"
11.4A H,0
0 o) 0
1 I ] 1
N—0—C—(CHp)s—C—O0—N —P  C—(CH)s—C—O—N
/ A
NH NH,

0

“Internal” Cross-link

7 OH o Add CgH,,0,,
NO((:)\/CON> Am = 138.0861
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Nomenclature of peptide cross-linked fragments

{a) Single modifications
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Schilling B, Row RH, Gibson BW, Guo X, Young MM. MS2Assign, automated assignment and nomenclature of tandem
mass spectra of chemically crosslinked peptides. J Am Soc Mass Spectrom. 2003;14(8):834-850.
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Middle down - Rhodopsin

Rhodopsin has open
structure/function
guestions

« 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 Targets for Cross-linking

cytoplasmic side
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Proteoliposomes/Detergent aaa0osSd |
. . Phospholipid A ;"k{ . Retinal
Crosslink Protein Al e,
- Exteri » D )Vl
Purify Monomer . /

Protein Digestion

73 LC/MS Analysis

Data Analysis
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LCMS analysis of Rhodopsine CNBr digest

control

TIC
5 10 15 20 30 35 40 min
—TIC
SIA —_—
310-317x50-86 (m/z 1055)
i, .
5 10 15 20 25 30 35 40 min
TIC
EMCS

310-317x50-86 (m/z 1086)
A\

5 10 15 20 25 30 35 40 min

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

LABORATORY OF
STRUCTURAL BIOLOGY
AND CELL SIGNALING

Ms




What’s wrong? Too many possibilities....

o - S°LGFPINFLTLYVTVQH KKLRTPLNYILLNLAVADLFMS3s

?

T

B1-31°NKQFRNCM317

o~ SOLGFPINFLTLYVTVQH KKLRTPLNYILLNLAVADLFMé&e

¥ ?

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

G2 ECD fragmentation 50-86

LGFPINFLTLYVTVQHE LRTPLNYILLNLAVADLFM

z Co

3 c; Ce C10
z Z Cia z
Ccz4 Z7 Zg 11 | |1 Z.g <19

~
Z35
C36
Z5s c
31 C33 2
%24 Z31 C34 36
z
ph Zyo Zy3 Cpy C2s c
C19 C20 Z26C25227 Z23  C29 “30 | C3s
Cz3 C26,C27 |Z29 2,,| ' %432 32
2600 3100 3600 4100 m/z
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ECD fragmentation of cross-linked peptides

(M+H), NKQFRNCM
O LGFPINFLTLYVTVQHK KLRTPLNYILLNLAVADLFM

C €12 C16a C17a
Ce. 6p3 .

c cmc cE100
5a Ba. Ci1q | €130 c

Cig, 15¢

400 800 1200 1600 2000 2400 ,
(M+H) +EMCS ";i”“
z B

(M+H)0t z32a,MB

Z210 Z23q Zo5,, Ca2,/M,
zzoaIMB M, /M, Z,0 C3a4
M, %240 o M,

Z22

Z27:. |IM
C4s, M B c
180 B z IMB Z34. 33a
B
B

3200 3700 4200 4700 = 5200m/z
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ECD enables single residue resolution!

- S°LGFPINFLTLYVTVQH KKLRTPLNYILLNLAVADLFMS3é
B1-319NKQFRNCM?317

o S°LGFPINFLTLYVTVQH KKLRTPLNYILLNLAVADLFMS?36

B2 -318VTTLCCGKNPLGDDEASTTVSKTETSQVAPA 348

Novak P, Haskins WE, Ayson MJ, et al. Unambiguous assignment of intramolecular chemical cross-links in
modified mammalian membrane proteins by Fourier transform-tandem mass spectrometry. Anal Chem.
2005;77(16):5101-5106. doi:10.1021/ac040194r

Mms
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The Cytoplasmic Face of Rhodopsin

Jacobsen RB, Sale KL, Ayson MJ, et al. Structure and dynamics of dark-state bovine rhodopsin revealed by
chemical cross-linking and high-resolution mass spectrometry. Protein Sci. 2006;15(6):1303-1317.
doi:10.1110/ps.052040406

" LABORATORY OF
@, | STRUCTURAL BIOLOGY
AND CELL SIGNALING



CXMS experiment: Top-down approach

MS3D: Target
Protain
Step 1 Crosslinking

5 R

Step 2 Slz& saparation

Step 3 Jl Proteolysis

8 R
Y-
ﬂ, 24

Step 4 M I“” HPLC/MS

W
Step 5 — ASAP
EiEEd ki

BB BN R

-

}'Bu:bﬂﬂ DA

Step 6 ooy MSS
Step 7 5 MS2Assign

Distance
Step 8 I:Dnstra.lms
Mﬂdahng

Bottom Up

Top Down

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

A

Mass Measurement of Peptides

+

Chemical Crosslinking

v

Trap Sample Cleanup

\

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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Top down: Cross-linked Ubiquitin with a Series of Cross-linkers

Intact X-linked Varying Arm Length
protein protein
ié'\'oz\/\/\/\ (l(:?—o—N>
M S P S
DSS
T 5 M_m_m_
X-linked oo
protem ”_O_iM—O—N
0 7.5 d
A
o di b DSG
X-linked ik ﬁ_o_N>
protein ié Iﬁj’j .
° 58
DST
—agoo a700 00 —
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Chemical cross-linking: the identification of cross-link

MS unmodifiedﬁﬁ»k Xlinke Hanging
X-linker Conﬂci_'> b JMMMWWMMMM
Isolation M .__.M”UUHL__
1120 1160 1200
MS/MS n
(QCID) “"',J,m “ LH.“LH\I.M :.‘Hilll‘ . ‘ . nl I m: l" !Lm... . | : : :
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 |[5.8A<«Distance<7.5 A

LABORATORY OF
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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.
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Chemical cross-linking: an alternative chemistry

Carboxylic group reactive cross-linkers

O
(CHp)
OH
GHs
—;NWNH+
(CHy);~NH, A~y C N
H5;C N CH
3 3 -
(8]
(CHp) 4
I OH

(@]
(CHp) 4
Ii«lH

NH o)

(CHZ}m

(CHa);—NH,
PN
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Zero-Length Cross-linking

-5H,0 -4H,0 -3H,0 -2H,0 -H,O

Intact
protein

200x
EDC

1 e R .

Ctri
8470 8490 8510 8530 8550 8570 m/z
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Carboxy-Carboxy Cross-linking

Intact X-linked 0\\ //O
protein protein C(CH3)4C
HZNIHN NH4NH2
11.3 A ADH
Affinity purified
N ‘ | ‘ Crude mixture
Ctrl
' 8600 8700 8800 8900 9000 m/z




Chemical cross-linking: an alternative chemistry

M1-Ké DSS Yes 5.8A <Distance <7.5A (20.0A) Ng-N,
DSG Yes
DST No
Ké-K11 DSS Yes Distance <5.8A (14.04) NN,
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 (4.4A) N,-Cs
Ké3-Eb4 EDC Yes Distance < 1,5A (4.8A] N,-Cj
D21-D32 ADH Yes 5.8A<Distance<7.54 (1294) B
SDH No
E24-D32 ADH Yes 5.8A<Distance <754 (14.04] C;-C,
SDH No

Novak et. al. Eur. J. Mass Spectrom. 2008, 14, 355
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Introduction of isotopically labeled probes

Incorporation of stable isotopes Incorporation of stable isotopes
(deuterium) to the linker (oxygen, 0) to the linker
o Q H,"80, pH = 1 HCI QF
NaD,S o o
E\dmju RO Y, {D]in" HOJ\M;LLOH 105°C, 12 h HO*MO’H
° . 1b (3x'€0, 1x'80)
+BCG- DEY 1c (2x'°0, 2x'80)
DMF, 14 b, AT 1d (1x®0, 3x'80)
1e (4x'%0)
Na0,5 0 o SO,Na S O
u-n-l!‘.-l::rl,m,{cl-lg_- n-q,mt-c':-n-u O3S
N-OH
6]
. DCC, DMF, 25 °C, 12 h
O 0 o o
sNHSO%OsNHs sNHSO%omHS
13C available as well s
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
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Introduction of isotopically labeled probes

A Simplifies data analysis
A 1497.7 % ™ . /‘m“ | -
§ -
J i P it
1 g ] ' /"{. - E“,i
° 1501.7 abfae 5 ] s an \M}:;'_':.
1499.7 \“\' 5—
S
g 1497.7 1501.7 3a:3b/3c — = -
"I: Figure 4. MALD| mass map obtained from G-linked Opl&—tubulin complexes with doublet regions expanded in insets.
i A e == ISR
3 W_-_‘Juu-hhw_,_ E g Z ﬁ |
1o 211 : E & I(
14977 1501.7 LBl < \
3 Mm sl “\‘* i 1oy b
1660 2615
MW‘*‘MWJJMMWW g —| L osegp—,
1497.7 1501.7 Sa 3b/3c g C 2 g“g 1; D 3:;;
1H E i
E | 3 | | f‘JL i *9 dﬁ
14M . i § ﬂ'ff’f&f.’lf’"ﬂ“‘f.‘.}'ﬁ“l\" ,VIWHFAV“'fIM1“W|1ﬁLTh' i ‘W lihl‘)luir‘\'-m"hﬂ" dhw W
1500 Mass iz 1680 2815 Mass miz}
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 #

Infens, LYS 30

% 107

H H 788861
dialysis 121

non-deuterated l deuterated ’ s
cross-linker cross-linker
| : er
Ca2+ Na+ 85
v v 1
D D o J J
imens, 7885 TEGD 7895
x 107
TEB.861
v : |
Na*
SDS-PAGE 3
A\ P 789 3 rS
Digestion Digestion 1 J
in gel in solution B T T Y

% A0 . ) .V
THE.862 -
FT-LCMS/MS® (/ e e ~
10

X-links . 3 £
identification ; s LYS 30 / Qurs 94
50 %
J 25 J TEFY o S & er

LYS 2,

o

0.0 all (.
mMass 7885 7890 7695

quantification

Kukacka Z. et al. Methods 2015
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Combination of cryo-EM and chemical cross-linking

B Resolution (A)
10% 10.0 5.0 3.3 2.5
0.8 \ —umna?:::ed
K06
L 0.4 N\
0.2
0.0{ ~
. 0.0 0.1 0.2 0.3 0.4
Helical arm of Ku70  PB-barrel 1/resolution (1/A)
of Ku80
e D

E F
Extra density Extra density
in EM map in EM map
“ L& ‘ d ";!\'
& - C'\#’
5 ¥ Q @ a3 - y)
o0 4t ‘ﬁu
SV S
SAP domain in crystal structure SAP domain in crystal structure
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Ku70/Ku80 with and without DNA complexes

Crosslink #1° Lvs 834 (Ku®0 ) - LusS56/568 [Xu70)

A C apaform
Conformer 1 Conformer 2

Front view Side view

WP
. - -

F A " -"\‘w ':"
ANy )

DNA-bound

Contormer 1

Conformer 2
o

Crozsiink 81 LysS556/ LyaSa51KuT0 =Lys334|K

Crozshink 82 LysS39 Ku 70 - lys293 | Kus)) Crosslink #3: LysS05/ 5700w 70-Lysa63(Ku70)

WGS W26 107 N3 MM 1000 o T R
LyxSas/S00

Hnizda A, Tesina P, Nguyen TB, Kukacka Z, Kater L, Chaplin AK, Beckmann R, Ascher DB, Novak P, Blundell TL. SAP domain
forms a flexible part of DNA aperture in Ku70/80. FEBS J. 2021 Jul;288(14):4382-4393. doi: 10.1111/febs.15732.
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New generation of cleavable cross-linkers
DSBu

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

DSSO Cross-Linking

12, 5 A
[ A o o _J,I:I CID labile Qﬁ__\ | [n] o
E - %j\ l,.-""l" ﬁ\- E }J\ e (\,- N ﬁ ji)\ N-,/) _.-'D‘ _,J-I-..\_\ Py
o " aH - \ﬂ_’_-q_o_ g ‘G'N-\”.f! o 3 o™ n W N "\\"f
Hy (o) [s]
3,3 miediprapianiec acid o o nlsun:lnlmld\d Sl.ifuldllnsso] | ':,J )’
2 9 o
B | L .o . ro 1 |
JCL cli I K-t 2 4+ g K h a a By B KHS Em\hﬂh:ﬂ:m wss " aming E‘r’E:.ldd- HHS
RebH g e S HH—K M5/RAS | B By | B 1] Bii
| | =™ o g ™
| _l | NHE-BullrBu-HHS
a-f K-Nﬂl*«”" O ¢ Pk ' 1
Type 2 [Inter-link) | i, Ba | mf1 . - . C . e I
[ alls
@ a o 1 ER S Sch 3. Fragn M ism of Protonated 2 upon CID, Delivering Two Gomplementary Doublets of 26 u
| L PN L MS,/MS | Mass Shifted Product lons®
E—NH ™" g ™" oy _ACHZ A e AOH de 1 tide 2 ide 1 ide 2
| J‘ — ﬁ-_\qr- et K=NH ™ £ i pEIptl e a pelp ide pelptu:e o pelrm e
r
l | a ay e ,-\__,\r“,ll..".nh_,-ku,un — B oot J}‘N e
Type O [Dead-end) “ =1 .E Hy N o ﬂ HSH :J,.
2 2
D g T ? ? )
. Bes
T_M_; e ?,m“, e MSMS L_NHJ CHZ HOL ’L‘Nll J_ e
o | |
Wy peptide 1 peptide 1
Type 1 {intra-ink) Guis 4 it 6a 7a
| T 1 Am 26 u HM,__—,
HNL e gt j-/ )
E o Foomies) = Mia,) s MIE) = Mia,) + MIB,) eq.1 I b - VA
|l e OH _L\MH Mla-B) = M) + MIB,) + Hy0 = Mim,) = MIB,) + H0 en. 2 d
T'NH s i k5N "&H MEM"ML?-\J‘:-REWTJ‘32"“'“1""” €. 3 [M+H+85u] M+ H+111 ]
Wl g} = M) = Mg, )+ H,O eq. 4
g or H0 aror by Mla) - Mia,) = 32 eq.5
= peptide 2 o peptide 2
HNH
Am 2
Y am 25 N
N L
Kao MQ. et al. Mol. Cell Prot. 2010 R
M+H+111 0] [M+H+85u]
T Prod ns of peptide 1 are Ba and Ta, and product ions of peptide 2 are 6b and Th.
Sch 4. Fragm M i of a Protenated Type 1 Medified Peptide (3) upon CID, Delivering a Product
lon That Is Medified with BuUr [M + H + BuUr]" (7) by a CHNL of Pyrelidinone [85 u)
i tide 7 i
/'“': B\\ /’,f“p \\ &NH ./F'EF“ )
HN:](\/\LJILN'A“'/WT"NH ECID . HzNi;n»/\/\_m_‘z r__\‘:;m S o {
o LSAL o ' o [ CNL85u
3 b |
o
Muller A. et al. Anal. Chem. 2011 (M + H + BulrBu]’ M+ H+Buur]’
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Data analysis: MEROX

|5 MercX - Anabysiz of Cross Link Candicite

Crossink candidates

BT il 2
126 | 185424 +2 |

28 T2 9| «2

“Creas Link Candulate - Cross Link Peasition

Score v | AT AA2]
1201 |K4
1261 Y3
K8
x4 ] 8 [KSAMF )
: 1 4
181 1
FE|d-
== |
a [SIYKLK]
E S
0% el intansity  100%

Show Decoy analysis Dotais of Crosshek

retades Imenshy %

128 4340-23%
182 4833-4038

152  |4482-4408
4264
205 218021
44
oo
1128
136
T Spectum represanintion
1208 —
B beg +2
3 bSo (-18)+2
1000 5630
i 66
j Bulmo+)
00 gugey 5825
3 8355
.3 Bri- 18041 |
60% 1 6504 sige |
= !
00 3 SuUrg+1
o= 30 BuUre! pag «3 v
3 i 0f *2 gs36 U3 8376 paget DSa <1

8175

AT

200.0

1000.0

nrz

12708 13835

12000 14000

Gotze M. et al. JASMS 2015



Protein-nucleic acid cross-linking

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

ﬁg}?ﬁ \ﬁ/? [CS) |ﬁ|§§,

\—\ m/z ”

i %2 %? 8 il
), II

m/z
HaN,, WCl HaN,, WCl HaN,, -~
/"'Pt" Pt " pt
cl \NH3 E/ \NH3 i/ \NH3
Trans-platinum Trans-platinum Trans-platinum
(monofunctional) (bifunctional)

Slavata, L. et al Biomolecules 2019, 9(10), 535
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Kukacka Z et al J Proteome Res. 2021 Apr 2;20(4):2021-2027
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