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this talk

1. motivation

2. experimental

3. mass spectra and soft X-ray spectra

* |leucine enkephalin as a typical system

4. therole of protein size

 from small peptides to larger proteins

5. secondary structure

« soft X-ray spectroscopy and gas-phase structure

6. soft X-ray photoionization of-eligonucleotides



why energetic ions & photons?
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driving forces:
* molecular movies of protein dynamics with atomic resolution at X-ray free electron lasers
* mass spectrometry
» CID, multiphoton IR dissociation: slow heating and scission of weak bonds
» UV photoionization: dissociation via excited states
« keV ion and soft X-ray photoionization: fs deposition of > 10 eV
* Site sensitivity, electronic structure sensitivity - geometric structure sensitivity?
» biological radiation damage

key questions
s soft X-ray or ion induced fragmentation proceeding via IC/IVR or is it fast and localized?

* how are excitations and charges migrating through the system?

 is soft X-ray absorption spectroscopy sensitive to gas-phase protein structure?
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the Groningen RF ion trap

4-pole

RF trap mass filter

RF 8-pole RF funnel ESI

* high fluence electrospray source (>100 pA mass selected protonated peptides)
» pulsed operation (ion accumulation within-RE 8-pole, transfer to 3D RF-trap)

» exposure of trap content to photon beam

 TOF mass spectrometry of trap content
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C K-edge X-ray absorption

285.4 eV
288.3 eV
binding energy
288.3 eV
C 1s ionization energy
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core excitation core ionization
followed by Auger ionization followed by Auger ionization
= mainly single ionization = mainly double ionization

resulting excitation energy distribution is broad around ~20 eV



C K-edge X-ray absorption
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- X10

285.5 eV (A)

288.5 eV (B) photofragmentation
exhibits clear photon
energy dependence

292 eV (C)

< miz=120 (F) |
- miz=136 (Y)

normalized intensity (arbitrary units)

O. Gonzalez-Magarna, G. Reitsma, M. Tiemens, L. Boschman, R. Hoekstra, and T. Schlathdlter, JPCA 116 (2012) 10745



and for keV ions ...
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tyrosine PES
Plekan et al.,

+
Mol. Phys. 106 (2008)1143, leu-enk

mﬂlﬁ;..

electronic stopping (eV)



and for keV ions ...
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(leu-enk+H)"
mM=555.62 amu

20 keV He"

20 keV He”"

200 300 400 500
m/z (amu)

« similar fragmentation pattern

same dependence on excitation
energy

S. Bari, R. Hoekstra, and T. Schlathélter, Phys. Chem. Chem. Phys. 12 (2010) 3360
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w/

peptide fragmentation

seguence ions
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C K-edge X-ray absorption
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X5 | X10

285.5 eV (A)

288.5 eV (B) photofragmentation
exhibits clear photon
energy dependence

292 eV (C)

~miz=120 (F)
~— m/z=136 (Y)

normalized intensity (arbitrary units)

photofragment yield can be recorded as function of photon energy

0. Gonzalez-Magana, G. Reitsma, M. Tiemens, L. Boschman, R. Hoekstra, and T. Schlathélter, JPCA 116 (2012) 10745
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C K-edge X-ray absorption

partial ion.yield spectroscopy
leu-enk (YGGFL)

m/z=120 (F)

BESSY Il, Germany
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O. Gonzalez-Magania et al., JPCA 116 (2012) 10745

partial ion yield spectroscopy
cytochrome C, 105 amino acids
M=11833

non-diss. single/double ioniziation
SOLEIL, France

2
cytochrome c, MIS
8+
precursor M

A. R. Milosavljevi¢ et al., JPCL 3 (2012) 1191

high quality data for smaller biomolecules — for instance from K. Prince’s group -
and for thin films
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fragment ion yield

photon energy (eV)

A: C(1s)-r" transitions in the aromatic F and Y sidechains

B: C(1s)-n*--o amide group transitions — NO specificity
C: C(1s)-o" transitions, Rydberg transitions, ionization

A and B deexcite non-radiatively by-Auger processes lonization

|2}

C (ionization part) followed by Auger de-excitation double ionizatic:




protein size
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(leucine enkephalin+H)" m=555 Da
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m/z=120 (F)

m/z=136 (Y)

immonium ions and small sequence ions

YGGFL D. Egorov, L. Schwob, M. Lalande, R. Hoekstra, and T. Schlatholter, PCCP 28 (2016) 26213



protein size
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immonium ions and small sequence ions
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protein size

m/z=100, W, (gramicidin A+2H)** m=1.88 kDa
’ -—— m/z=130, W
m/z=156, W

m/z=170, W

m/z=185, by
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m/z=256, b,
s m/z=370, b},
m/z=440, b,

immonium ions and larger sequence ions
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Immonium ions, larger sequence ions and non-dissociative ionization

GIGAVLKVLTTGLPALISWIKRKRQ

normalized intensity

(melittin+3H)** m=2.85 kDa
m/z=84:K,Q

m/z=86:I,L
m/z=101:K,Q

m/z=129:R,Q,z, (melittin+3H)*"

m/z=143:a;

P no (melittin+3H)>"!
m/z=171:b} ( )

m/z=228:b;
m/z=271:a;

m/z=370:x;",a; miz=541:z,a%;

m/z (Da)

288.3 eV
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protein size

m/z=86,L  (insulin+5H)* m=5.78 kDa 288.3 eV

m/z=107,Y
m/z=110, H (insulin+5H)%

m/z=129, R,Q
-~ m/z=133, y;

normalized intensity

miz=136,Y (insulin+5H)"*

Immonium ions, larger sequence ions and non-dissociative ionization

GIVEQCCTSICSLYQLENYCN-FVNQHLCGSHLVEALYLVCGERGFFYTPKT
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protein size

(ubiquitin+9H)"* m=8.6 kDa 289 eV

(ubiquitin+9H)"**
m/z=101, K,Q
m/z=104, M
m/z=110, H
m/z=112, RK
m/z=129,R,Q,K

il bt
298 eV

normalized intensity

(ubiquitin+9H)""*

m/z=467
m/z=243 m/z=307 / m/z=479
L..L\ Iy L, L

O L bl )

00 6 700
m/z (Da)

immonium ions, few larger sequence ions non-dissociative ionization, neutral losses

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
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protein size

(cytochrome C+16H)"" m=12.4 kDa 288.3 eV

(Cytochrome C +16H)"""
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(Cytochrome C + 16H)"®*

m/z=129:R,Q,K

Immonium ions, non-dissociative ionization, neutral losses

MGDVEKGKKIFVQKCAQCHTVEKGGKHKTGPNLHGLEGRKTGQAPGFTYTDANKNKGITWKEETLMEYLE
NPKKYIPGTKMIFAGIKKKT EREDLIAYLKKATNE + heme



protein size
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core-ionization of gas-phase glycine @ LCLS — AMO

excitation energy (eV)
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Auger electron energy (eV)

from the Auger spectrum, typical exciation energies can be obtained

A. Sanchez-Gonzalez, et al., J. Phys. B.: At. Mol. Opt. Phys, 2015, 48, 234004
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assume deposition of 18.5 eV in the different systems

Eexc

" c(T,v)sk

K. Vekey, J. Mass Spectr., 1996, 31, 445-463

=
degrees of freedom

temperature and frequency dependence

= approximate T as a function of number of degrees of freedom
(harmonic oscillator model)

Cpeptige(T) = 5.61 X BAT*K 1T — 1.24 X 10~7K T2



protein size
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fragmentation yield as a function of T

—— 288.3eV
—— 298/300 eV

800 1000 1200 1400 1600 1800
T(K)

similar trend as for direct heating, CID, SID but onset at lower T

D. Egorov, L. Schwob, M. Lalande, R. Hoekstra, T. Schlathélter, Phys. Chem. Chem. Phys. 18 (2016) 26213-26223



protein size
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« excitation energy dissipates in large proteins
« even from the largest molecules, immonium ions can be formed
 |IVR competes with fast local dissociation channels (repulsive states?)

« radiation damage in thin films (soft X-ray microscopy) might
only be an issue for small peptides!



back to melittin
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(melittin+3H)** m=2.85 kDa 288.3 eV

m/z=84:K,Q
m/z=86:1,L
m/z=101:K,Q

m/z=129:R,Q,z; (melittin+3H)**
“" miz=130:W

m/z=143:a;

normalized intensity

. 5+
m/z=171:b; no (melittin+3H)>" !

m/z=228:b;
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NanoClusterTrap @ HZB
U52 PGM beamline 2.ionguide ¥\

jon tra
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ion lenses
ToF

spectrometer N . _ mass filter

Tobias Lau, Bernd von Issendorf

linear trap geometry - much larger capacity
LHe cooling 2> T~10K
mass dependent transmission - good for partial ion yield scans, bad for mass spectra



melittin — conformation effects
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—o— (melittin+3H)**
@ (melittin+3H-CONH)**

normalized intensity

O*CH,sidechain : _
%4 Ei g

* resolution:
similar as for gas-phase amino acids LI T wring
Plekan et al., JPCA, 111 (2007) 10998

288 290 292 294 296 298 300
photon energy (eV)

* problem:
averaging over residues with slightly shifted peaks

« advantage:

T=10K

—> less thermal broadening

—> non-diss ionization stronger
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precursor M**
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melittin — conformation effects
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gas phase structure:

(melittin +2H)?*: helical
(melittin +3H)3*: mainly helical

(melittin +4H)4*: not helical (relaxation due to Coulomb repulsion)

H. V. Florance, A. P. Stopford, J. M. Kalapothakis, B. J. McCullough, A. Bretherick and P. E. Barran, Analyst, 2011, 136, 3446
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melittin — conformation effects
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1293.4 eV

—a— (melittin+2H)**
—o— (melittin+3H)**
—o— (melittin+4H
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288.3 eV
C 1s ionization energy

photon energ

1s ionization energy increase and conformational relaxation at the same time
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melittin — conformation effects
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Charge state

at variance with previous data on ubiquitin

A. R. Milosavljevic, C. Nicolas, M. L. J. Rankovic, F. Canon, C. Miron and A. Giuliani, J. Phys. Chem. Lett., 2015, 6, 3132-3138



melittin — conformation effects
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 DFT calculations (T.Jansen): helicity reduces the main resonance, but the effect is (too?) weak
» thereis no circular dichroism observed for any channel (within the accuracy of the experiment)
» other explanations?

e future: IMS!
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exciting DNA

DNA interactions with energetic photons
* biological radiation action / radiotherapy i
« charge transport in DNA Adenine

* interactions with agueous environment

Phosphate-
deoxyribos€ <,

\ 3 end Cytosi ne\'i‘*'

Guanine 5 end

negatively charged in solution




telomers as hole traps?
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(TTAGGGCCGCCG-5H)*>=(M-5H)>, m/z=731.5 Da

800

N below K-edge

(M-5H)*,914.4
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m/z (Da)
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Moller-Plesset perturbation theory:
the telomere sequence TTAGGG can
function as a profound hole trap.

E. Cauét, Journal of Biomolecular Structure & Dynamics 29 (2011) 557

single/double ionization of deprotonated
telomer containing oligos induced by soft
X-ray absorption



telomers as hole traps?
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all major fragmentation channels involve strand breakage somewhere in the GGG sequence!
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large protein—many photons el
next step: > /\\)
» large protein (ubiquitin+10H)¥+ . N W

* many photons

g

energy:
wavelength:
focus:

pulse energy:
pulse length:
repetition rate:
# pulses:




large protein—many photons i
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large protein—many photons

FLASH focus and trapped ion cloud

ion cloud

o>

Ag=A(0) Rayleigh length
(divergence)
FEL focus

e e YRS

CCco o

\ annularcylinder element

4 In2 4Iln2
I(T,Z) — Iomexp _A(Z)Zr
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ubiquitin — multiphoton 2  moa

Oiota(90 €V) ~6.7 x 1018 cm? from summation of atomic data

J. J. Yeh, Atomic Calculation of Photoionization Cross-Sections and Asymmetry Parameters, Gordon and Breach Science Publishers,
Langhorne, PE, USA, 1993.
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partial ion yield (arbitrary units)
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immonium ion formation upon multiphoton absorption
NOT (
due to initial charge state! > g
—_— .

a) 90 eV, synchrotron [Ubi-6H]> [ubi-6H]3-

(ubi-6H)® | ubiceH]*

b) 90 eV, FEL

300 400 1500 2000 2500 3000
m/z




ubiquitin — multiphoton =8 pronensyof
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T. Schlathoélter, G. Reitsma, D. Egorov, O. Gonzalez—Magaria, S. Bari, L. Boschman, E. Bodewits, K. Schnorr, G. Schmid, C. D. Schréter, R. Moshammer, and R. Hoekstra. Angewandte Chemie
— International Edition 55 (2016) 10741
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ubiquitin — multiphoton

linear increase of Immonium yields

protein behaves as ensemble of free amino acids or
peptides

fast local structural response



