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Protein identification

Bottom up or
top down
proteomics

Post-
translational
modifications

New binding
partners

Y.
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Chemical modification

» Surface labelling

* Cross-linking

« Hydrogen/
deuterium
exchange

« Binding interfaces

 Conformation and
folding




European

XFEL

» Higher order assemblies as functional form
* Native MS: complex dynamics at low resolution

Individual components Functional assembly High resolution structure
NMR, x-ray crystallography,
cryo-EM

Native mass spectrometry

large complexes (>1 MDa)
selectivity, sensitivity
complex dynamics and stability
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Affinity purification
in vitro assembly
(Whole cell top-down)

Global structure
— Stoichiometry
— Topology

— Shape

— Dynamics

— Binding affinity

affinity purified
endogenous
protein complex

Dis3- @
*s
s

proteomics analysis
identification of subunits

and posttranslational
modifications

computational modelling

refined structural model
of the protein complex

European

XFEL

MS of denatured complex

accurate subunit masses

native MS

mass of intact complex
stoichiometry
coexisting subcomplexes
heterogeneity

partial dissociation

subcomplexes
and
complex architecture

tandem MS
of intact or sub-complexes

validation of stoichiometry

peripheral subunits
complex architecture

ion mobility

shape of intact complex
and subcomplexes

]
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Gentle like MALDI

Sample in solution
Home-made capillaries
Positive or negative ion mode

“unlimited” mass range in time of flight

-

droplet formation .-
and fission *,*' _ 5
zoom in £+

Taylor cone

“"\
-

mass spectrometer

evaporation
of small ions (+)

+
Coulomb
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desolvated
protein ions
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Pressure regulatar

Firani High transmission
mees grids
f i
/]

Low rep rate pushﬁ!’r,r'

' I Point
III }_’_LI Datector
1o
| MCP
” L

Penning
gauge

Hexapole pressure B3
gleave 30,000 m/z Quadrupoje
I
P4

Solenoid valve

ESI capilary

Zpeadivahe {

Turbo pumps

Reflactran

E2M25 Retary pump

P1: 10 mbar P2A: 8 103 mbar P2:4 103 mbar
P3:6 104 mbar P4:2102mbar P5:2 10% mbar

R.H. van den Heuvel et al., Anal Chem 2006
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Hexapole pressure
sleeve

Low frequency ion
selecting quadrupole

High pressure
collision cell

High transmission
grids

Low repetition pusher
in the TOF
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— Mass determination glangri_

Two adjacent m/z peaks with Az = 1: eg. 1414 and 1542.5

12121
1414.0 = [M+nH] / n
1131.6 1542.5 = [M+(n-1)H] / (n-1)
943.3 1414.0 nH <<< M
| 15425 (n—1) = [M]
1542.5
n = 1542.5/(1542.5-1414.0) n= 12.00389 = 12
e o6 solve first equation 1414 = [M+12 x 1.0078}/12
e M = 16,955.91 Da
808.5% 2119.9
i Charge distribution due to
W) N i MMWMWW formation of [M + nH] "* ions

UMMWMMMMWWM@

1000 1500 2000 2500 3000 3500 4000
m/z Z ’ g .
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(VP 1 )+255-29

180

3200

' 2800

T =3 Capsid T=4 Capsid
3.0 MDa 4.0 Mpa 10.1 MDa

HBV

« Buffered solution
. - Intact VLP
35000

Shoemaker et al., Mol Cell Proteomics 2010

(VP12)+18-23

15000 25000



Information from native M European
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Stoichiometry

<

M = xA+yB
Topology
—_—
T
+
A bound to B v)
Shape/
Conformational change
Amount Aor B
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Information from native M European
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Binding
% Dynamics [IM]/[ML]
—_— ﬁ
o
M(t)
23-09-2019 Dynamics of viral Structures 11 lebmz é



£

European

XFEL
Caliciviridae rrr'. "i
Main cause of viral gastroenteritis »
Highly contagious
+SsSRNA
Non-enveloped
T =3 capsid

VP1: 530 aa, ~56 kDa
Shell and protruding domain
Glycans as attachment factor




Viral “lifecycle” mature

attachment

capsid attachment
at nuclear porecomplex

bacteriophage
assembly

1wy

L]
N genome e @
amplification e® o protein
production
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. Uetrecht & A. rko{ M Chem 201
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* Binding studied with P domain
 Fucose as attachment factor

« Effects on structural dynamics?
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Exchanged Deuterons

Exchanged Deuterons

wild type protein

283-303

LA | LA | LA | LR §
100 1000 10000 100000
time [s]

434-449

100 1000 10000 100000
time [s]

— protein without glycan

— protein + 10 mM B trisaccharide

Exchanged Deuterons

Exchanged Deuterons
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deamidated protein

283-303

1000 10000 100000
time [s]

434-449

1000 10000 100000
time [s]




Exchanged Deuterons

Exchanged Deuterons

273-303

100 1000 10000 100000
time [s]

375-402

ML | LR | ALY
1000 10000 100000
time [s]

— wildtype protein

368-387
deamidation site

Exchanged Deuterons

Exchanged Deuterons
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335-366

100 1000 10000 100000
time [s]

368-387

deamidation site

100 1000 10000 100000

time [s]
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P-dimer strain sequence 37°C 5°C

60% of all Gll.4 with Asn
t1/2 - 15'2 d @ 370C
Potential role in infection

Gll.4 Saga STDTEND
Gll.4 MIOO1 STDTSND
GIl.10 Vietnam STWETQD
Gll.17 Kawasaki LRISDNDD

Also on VLP level
— 60% Asn373 deamidated aftert=9 m @ 5°C




Viral “lifecycle” mature

Virus

attachment

mature
bacteriophage

!

capsid attachment
at nuclear porecomplex

bacteriophage

assembly
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* pH sensitive
« Small T =1 capsid

{
40/
MWt

15000 25000




(A)GII.17

b ORF2(vP1

No pH

sensitivity! 10000 20000 30000 40000 50000 m/z

European
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Gl.1 Norwalk Gl.1 West Chester '} '

Stronger pH
sensitivity and
sm@all capsids!

Rl |
_pH10
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13 aa substitutions: 7 conservative, 6 different

N

-.

1]
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Zoom +148 @ 3.28 MDa
T — 1 60 main charge envelope ‘.
- olia
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« Saga and Vietnam
resolved in MS

- Hint why mainly T=1
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Viral “lifecycle” mature

Virus

attachment

mature
bacteriophage

!

capsid attachment
at nuclear porecomplex

bacteriophage

assembly
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& Coronaviral replication/transcription o

European
|

| complexes XFEL
Coronaviruses Replication machinery
— Mild cold to severe zoonoses P -
olyprotein
(SARS, MERS) yP
Protease
processing

-
= "'PP_‘Z

16 non-structural proteins

23-09-2019 Dynamics of viral Structure



XFEL

m/' Z|

4750

4500

4250

3750 4000

3500

3250

3000

2750

2500

2250

2000

1750




European

XFEL

Substrate and enzyme

—0—NSP7-10 Intermediate products

O Mpro dim. 0—NSP7-8
S0
o ——NSP7-9

Rel. signa intensity

Rel. signal intensity

5.0 10.0 15.0
time [h]

10.0 15.0
time [h]
NSP mass tractions

—0-NSP10 —0—NSP9 o NSP7 —o—NSP8
NN — [

fast H \NSP10

Hl NVSP9

—

Rel. mass fraction

10.0
time [h]
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* Peptides are
processed
differently!

o Structural

context is
relevant

o
—
(&)

o
—
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OFPS4-5

y = 0.1055x - 0.005
@FPS8-9

@FPS9-10

OFPS7-8
y = 0.0547x - 0.002

=0.018x - 0.0003
y D

y = 0.0001x - 2E-05

1.0
FPS [pM]
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* Nsp7+8 heterotetramers formed

NSP7-9 NSP7+8 (2:2)
processing 20 h protem complex 62.2 kDa

NSP8
21.8 kDa

NSP9
12.3 kDa

1500
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A CV 80V

0/\
* Nsp8 dimer
NSP8
forms core .5 T F
Lo NSP7+8(2:1
Bcvisov 7 _l )+6 (1)
| [ [ [ | [
. m/z

!o NSP7+8(2:1)

NSP8 /—\

e s +6 + C T1 chain A T2
i .

| P i i | chain A
1000 2000 3000 4000

* Antiparallel
arrangement of
heterodimers



Viral “lifecycle” mature

Virus

attachment

mature
bacteriophage

% capsid internalisation

capsid attachment
at nuclear porecomplex

bacteriophage

assembly

1wy
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Soluble MHC
construct folds with
dipeptide 7*
Disulfide stabilized
dsA2-HC
7+

IL T

7+ wtA2-HC

6+
1000 2000 3000 4000 5000 m/z

\/vv/ " "
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« Study peptide binding
* For high affinity even at substoichiometric ratio
* Potential screening tool

B dsA2 —peptide

dsA2 —peptide dsA2-HC S0V

WL
dsA2 +NV9 (10:1)

dsA2/B-m/NV9 S0V

dsA2 +NV9 (1:10) 12+

10V dsA2 +NV9 (10:1)

MS/MS, 10 V

dsA2 +NV9 (1:10) dsA2-HC/NV9
50 V

dsA2 +NV9 (10:1)

MS/MS, 100V 6+

8+ V9 B2m
3200 3600 4000 4400 m/z 1000 2000 3000 4000 5000 m/z




Viral “lifecycle” mature
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attachment

mature
bacteriophage

!

capsid attachment
at nuclear porecomplex

bacteriophage

assembly
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« Assembly model based on ion mobility data

250 mM ammonium acetate, ph9

VP1 ez

VP1 +130-144

60

/

).

| T
5000

JLU.\.W

VL VP16+35-41
I R R B




— The European XFEL ==l

X-ray free-electron laser (XFEL)
3.4 km long, linear accelerating
* In operation since Sep 2017

» User labs, 6 instruments

m.
40 Leibniz 5’

23-09-2019 Dynamics of viral Structures
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Femtosecond X-ray pulses
Peak brilliance >> synchrotron
Mostly coherent

27,000 pulses/s at European XFEL

synchrofron
iation sources

2 generation M
1. generation [l

Higher brilliance and repetition rate

than other XFELs:

— Soft X-rays: FLASH (2005)
FERMI (2011)

— Hard X-rays: LCLS (2009)
SACLA (2011)
PAL-XFEL (2017)
European XFEL (2017)

W™ first X-ray tube

relative peak brilliance (first X-ray tube = 1)

X-ray photons

FEL
process
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« Single particles require high intensity — plasma
explosion
— Short fs pulses outrun destruction
— Many images from different particles
— Direct diffraction — no separate phasing

Classificatio
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European
FEL / liquid jet XFEL
inté.;;;gﬁ‘an] 10 nm protein in 0.5 pm liquid jet

« High background /

 Liquid — water column

e Aerosol -V =106 x

\Y

1 um droplet
10 nm object

ey Flange to vacuum chamber

+ Pulsing/Sorting difficult L T (o

Pressure Relaxation

° In SiliCO CIaSSification/ ;_ 90 bz I.:.:E- gauge chamber and flow conditioner
alignment
{ the injector

i 1:analysis == acquisition

— Similar for EM

Protein tower built with Onstruction

- Sample delivery critical
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Low sample consumption
— Timed particle release

Natural environment
No background gas or liquid

Select species from a mixture

— Pre-sorting

— Speed up data analysis (also an
issue in cryo-EM)
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nanoES| _ Xay
=7 Q :
— low background & sample | | _ | 5 |
. high m/z : pLﬂer
Consumpt|on ;-:_; detector
. . source . CID celll : e
— 10,000 patterns in 16 min region | ™" Jirap region
. —_—
with 1 Mm focus detector plate

— No buffer background at RF 600 V average all DC Offsets

. 1.0
high source pressure 1
0.8

0.6

-
o

04

reflectron

0.2
0.0

<
o
—
X
S
=
c
L)
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* nanoESI

— Aerolens (Fasmatech)
» Higher flux
« Low abundant intermediates

normal aerolens

interface

+99 ? +98
Wy vy

A

A —— D — I VI &
12000 14000 16000 18000 10000 12000 14000 16000 18000

European

Q

pusher
y = -d tecto

——
CID cell : re
trap region:

reflectron
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 Quadrupole 2y
Q : ToF
— Mass selection . asher
— Purify low abundant species — = delegtor
. . . source selection ce. A
— Digitally driven (Greifswald) region trap region
detector plate
x R
+*ﬁ';;.*
\
N
o | reflectron
= 4 1 :
g 1 i||| ! ’ 1"
= 18 (|
= .- | l
| 1I:I i i
20 | J. i; | !
H ﬂ|1‘|||"||| r l!iu'fb

digital ion filter frequency / kKHz
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« Trap (Greifswald)

i beam
=7 Q :
— Time particle release with FEL | | | Ii |
: high m/z : pLEer
— Increase ion density p——— e el
- T I t ff i tf region selection trgglaDr;gilgn; '
rapping capacity sufficient for |
100 ms detector plate
— No indication of structural
damage

—

no ion storage
300ms accumulation
— 100ms accumulation
20ms accumulation

o
co

reflectron

»

o

3
m
el
>
=
@
c
@
2
£

o
]

o

time [ms
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beam

« lon mobility separation ' mQ—I—
- igh m/z : usher
(ManCheSter/MS VlSIOn) "'—L;:_py_de’ﬁtor

source . CID cell! :
selection

— Conformational separation region trap region
. A
IM to separate detector plate
hexamer
6 and
tetramer

reflectron

| capsid intermediates. ---~~ 10 30 50 70 time/bins
1 !

-

I
] -
1

| *uwMW'#Jm#mIM“w _ >

2000 4000 6000 8000 10000 14000 18000 i
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. . . i beam
* (Dipole orientation) 2 \J_|Q—|7
. . . ._ high m/z S
 ToF — online diagnostics — e A
— Sample quallty region selection trap regiong

— Sample influx
— Proper selection

e Current status ;
— TeStIng all COmponentS ‘ “ g reflectron

- experiments at FLASH /11,
PETRAIII

- Assemble prototype

—> Proof-of-principle on norovirus
capsids in 2020




% What about small complexes? European
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Coronaviruses Replication machinery
— Mild cold to severe zoonoses Polvorotein
(SARS, MERS) Y
Protease
processing

-
> "‘ij

16 -structural proteins




% . ? European
Why native top down MS* Sroresy

|dentification, modifications

® S

UVPD, CID, ETD, SID
Bottom up

b

v P

LS < P

= %‘K
%
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% X-rays for top-down?

23-09-2019 Dynamics of viral Structures
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« Soft X-rays - no structural resolution

* |nstantaneous multiphoton absorption
- Structural information?

- Native top-down MS?

| |||'!.L ale . ..
local or global

excitation FLASH laser
plasma

high formation

intensity
dissociation

SN |
of subcomplexes? .

= L (0
Ca AL B

intensity “¢a- - —/#
. - A3 1

' peptide
Ve formation

g o (ty

P (G ejection
’ég of single subunits?
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GAUGE LENSES

/
nanoESI

77\
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— SOURCE TrRANSEER | 11
QUADRUPOLE

PENNING COLLISION GAS PIRANI TRANSFER
GAUGE

HEXAPOLE HEXAPOLE PUSHER
SAMPLING ;
CONE

POINT DETECTOR
=

MCP DETECTOR

THROTTLING

VALVE il
{} 1l U
TURBOMOLECULAR
OIL-FREE PUMP PUMP
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e

@ weaq Aes-x
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8+ precursor

1750 2000 2250 2500 2750 3000 3250 3500

T+ precursor
heme depleted

(250x zoomed-in)

shutter: filter: |
i S—— MW M__

open 300 eV

closed
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+ precursor
15 + sf GFP 15+p

(dimer)

2500 3000 3500 4000 4500 5000 5500 monomeric subunits

b88

i
(50x zoomed-in) | l




‘ejected’ monomeric products

tetrameric
precursor

released heme ML
I_ L J sk

16+

European

16+ tetrameric
precursor

‘ejected’ monomeric products

9+

released heme
g LA; L

7+ trimeric
product

400

1200 2000 2800
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* Auger emission & cascade < Auger emission &
e More efficient in |arge intermolecular Coulomb

systems decay
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* \Viruses

— Isolate specific
dynamics/assembly

— Single deamidation abrogates ﬁé’" “ :
glycan binding

— Polyprotein processing and
complexation

— Peptide binding to MHC

« X-rays beyond crystallography
— Go well with gas phase ions!
— Intermediates at high resolution?
— New fragmentation technique?
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