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Abstract

We have performed near edge X-ray absorption fine structure action
spectroscopy of both bare and nanosolvated gas-phase Substance P peptide ions,
by coupling a linear quadrupole ion trap, equipped with an ESI source, to a soft
X-ray beamline. By recording tandem mass spectra around the O K-edge of a
nanosolvated protonated peptide, we attempted to determine the effects of
nanosolvation on the action spectra and the fragmentation pattern. We observed
two distinct resonant processes leading to increased water loss from the
nanosolvated Substance P, which are related to K-shell excitation of oxygen
atoms belonging either to the peptide bond or to the water cluster. Furthermore,
we studied peptide fragmentation as a function of the activation photon energy,
near the C, N and O K-edges. The fragmentation pattern strongly depends on the
activation energy.
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1. Introduction

1.1. Gas-Phase X-ray Spectroscopy of Large Biomolecules

Amino acids are the structural units of a wide range of biomolecules. Due to their
biological importance, amino acids and their polymers have great scientific appeal. Having
in mind that the complex three-dimensional molecular structure of an amino acid polymer
and its corresponding biological function is determined by the unique sequence of amino
acids in the polypeptide chain, enduring research has been devoted to understanding the
structural and dynamical properties of these molecules in order to accurately predict their
biological function (see Ref1 and references therein). Moreover, it has been shown that
there is a strong correlation between the physicochemical properties and the three-
dimensional structure of a biopolymer.2 On the other hand, it has been also shown that the
presence of water molecules plays an important role in determining behavior of
biomolecules.3 Therefore, studying these effects opens up the possibility of gaining better
insight into the physicochemical properties of biomolecules and their biological functions.

A widely used method for determining the chemical and electronic structure of a
given sample is X-ray absorption spectroscopy4. However, several difficulties arise when
treating large biomolecules (also called biomacromolecules) with X-rays. First of all,
although these molecules are not isolated in nature, studying them in condensed or liquid

states brings several drawbacks. The problem with treating condensed matter samples
(such as thin organic films) with X-rays lies in the fact that biologically relevant molecules

: : I 1
are easily damaged when exposed to such energetic radiation (see Ref.” and references

therein). If molecules need to be treated with long and intensive soft X-ray beams for
obtaining accurate results, this approach to studying biomacromolecules is usually futile,
as it results in chemical transformations of the original sample. Furthermore, spectra
obtained by studying condensed matter or liquid samples of biomolecules may be
unreliable due to other compounds and impurities present in the sample, which
consequently may alter the results. Applying spectroscopic methods to biomolecules
isolated in the gas phase would bypass these difficulties; however, large biomolecules
cannot be easily transferred to the gas phase remaining intact. This has been one of the

. . : 1
largest obstacles in performing gas-phase X-ray spectroscopy of biomacromolecules.

Contemporary methods for studying the activity of biomolecules and their structure
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are based on synchrotron inner-shell spectroscopic techniques, such as near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy.5 The onset of third generation

synchrotron sources made NEXAFS spectroscopy a widely popular technique for studying
chemical and electronic properties of biomolecules, as third generation synchrotron
radiation sources provide intense, high resolution and tunable X-ray beams. A novel
approach to performing inner-shell spectroscopy of large biomolecules isolated in the gas
phase has been recently developed and successfully performed on cytochrome c, a protein
of molecular mass cca 12 kDa.1 Based on coupling a highly selective linear quadrupole

ion-trap spectrometer, equipped with an electrospray ionization source, with a soft X-ray
beamline, this method allows studying isolated targets practically regardless of size and
charge states while being performed under well-defined conditions.

Having in mind that the natural environment of biomacromolecules are aqueous
solutions, it is important to understand the effect of the solvent on the structure and

. : : . . .36 L
physicochemical properties of the biomolecule and its function.”  Therefore, it is

. . . 4
necessary to somehow bridge the gap between properties in solution and the gas phase.

Recently developed experimental techniques created novel possibilities for obtaining a
better insight into the effect of a small and well-defined number of water molecules on

. . . . : : .78
biomolecular properties and interactions, such as the dynamics of chemical reactions ",

the structure of peptides9 and stability of fragile non-covalent complexesg. Introducing a
small number of solvent molecules is called nanosolvation or microsolvation. For example,
a peptide dimer isolated in the gas phase can be significantly stabilized by nanosolvation .

Therefore, studying the influence of a small, controllable number of solvent molecules on
physicochemical properties of biomolecules may finally lead to binding the gap between
research conducted in the gas phase and in solutions.

1.2. The physical background of the method

Although first intended for analyzing molecules composed of atoms with low atomic
numbers, present-day as NEXAFS spectroscopy is a powerful tool suitable for studying
much more intricate systems. In our present approach, the action NEXAFS spectroscopy is
used for analyzing biomacromolecules in the gas phase by probing the core levels of atoms
in the molecule and measuring the relative yield of different formed ionic compounds as a



function of the photon energy. An overview of the method will be given at the end of this
section.

Spectra obtained by exposing a sample to X-rays reveal that there are sudden
increases of X-ray absorption at certain energies. This sudden increase corresponds to the
energies at which inner-shell electrons absorb X-ray photons. Having in mind that each
element has specific energies at which this absorption happens, this method is element
specific and can be used for identifying the elemental structure of a sample. Absorption
edges are named according to the principle quantum numbers of excited electrons, so the
absorption edge of 1s electrons is named the K-edge, the absorption edge of 2s and 2p
electrons is named the L-edge and so forth. It is important to note that the term “absorption
edge” refers to a range of energy values in the vicinity of the energy at which photons are
absorbed by core electrons upon X-ray irradiation (as opposed to that specific energy value
at which absorption happens). By convention, the width of this range is 50eV and the
structure within range is referred to as near-edge X-ray absorption fine structure, hence the

name NEXAFS. The fine structure is a consequence of electron excitations from core

: . .. 10,11
shells into unoccupied molecular orbitals.

A typical measurement involves irradiating the sample with monochromatic X-rays
. o\ 42
in order to probe transitions from the K-edge core shell of an atom.  ~ In the soft X-ray

energy range (up to 2000eV), the dominant process is photoabsorption which produces a
vacancy in the K-shell, relaxed either by a (normal) Auger process or by capturing an
electron from a higher-energy shell followed by the emission of a fluorescent photon. This
means that X-ray beams are capable of exciting a 1s core electron either to a bound higher
energy shell or to the continuum, depending on whether the energy is below or above the
ionization threshold, respectively. The excited 1s electron “leaves the atom” when the
absorbed photon energy is larger than the one needed to ionize the molecule, while it stays
within the molecular system occupying a discrete available energy level if the energy is not
sufficient for ionization. A graphic representation of these two processes is provided in
figure 1.1.
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Figure 1.1: Schematic representation of the X-ray K-shell excitation/ionization of a protein, adopted from?

Below the ionization threshold, the core electron resonantly absorbs the photon and is
excited to an unoccupied bonding molecular orbital. This state is very unstable and
dominantly decays by the core vacancy being filled by an electron from the outer shell,
while the system relaxes by ejecting an electron (the Auger electron), so this is a resonant
Auger process. Note that it is also energetically possible to eject more than one Auger
electron - a multiple resonant Auger process. When the incident photon energy is above
the K-shell ionization threshold, the 1s electron is directly ejected into vacuum (a
photoelectron) and the system is relaxed by a normal Auger decay. It is important to note
that single ionization of the target can be produced only through the resonant Auger decay
(1s electron excitation to an unoccupied molecular orbital). Therefore, the single

photoionization yield reproduces a NEXAFS spectrum

A prominent method for extracting ions directly from a solution into the gas phase is

12,13

electrospray ionization (ESI) . ESI enables keeping large molecules intact, which

makes it an appealing tool for studying the structure of biopolymers. Additionally, ion
trapping devices provide another prosperous contribution to the possibility of performing
inner-shell X-ray spectroscopy of large targets, as they allow performing mass and charge
selected spectroscopy. Thus, equipping an ion trap with an ESI source creates a powerful
device which can be coupled to a soft X-ray synchrotron beamline in order to perform



inner-shell X-ray spectroscopy.1

In the present experiment, electrosprayed ions are selected and stored in a linear ion
trap. Upon reaching the optimal capacity of the ion trap, the contents of the trap is
irradiated by soft X-rays for a controlled amount of time, after which the products can be

analyzed using the mass spectroscopy. In tandem mass spectroscopy (MSZ), a desired
ionic compound is isolated (by using an ion trap for example), activated (by using X-rays
in our case) and mass analyzed. The basic idea of NEXAFS MS2 spectroscopy is to record

tandem mass spectra obtained after X-ray activation of the precursor ions as a function of
the photon energy scanned around the C, N and O K-edges. The procedure can be repeated
several times for the same photon energies in order to obtain satisfactory accurate results.
Monitoring each process as a function of the X-ray photon energy is achieved by
performing this procedure for different energies within the desired energy range. Third
generation synchrotron facilities produce very bright and energy-resolved X-rays, so the
measurement can be executed with small energy steps. The product ions detected after the
interaction of X-rays and the contents of the trap can be used to derive partial ion yields
over the photon energy range of interest, making this method an action spectroscopic

method. A schematic representation of NEXAFS MS2 is shown in figure 1.2.
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Figure 1.2: A schematic representation of the coupling of a linear quadrupole ion trap with an X-ray

beamline used to obtain MS? spectra and partial ion yield spectra, adopted from !



Single ionization (SI) processes are necessarily triggered by resonant excitations of
the core electron, making the normalized partial ion yield spectra for detected Sl ions the
NEXAFS action spectra. The double ionization (DI) of the precursor can be a result of
either normal Auger ionization or resonant multiple resonant Auger ionization. The most
probable resonant Auger excitation process is the ejection of only one Auger electron;
however, multiple ionization processes can also happen with a smaller probability. As the
abundance of DI ions suddenly increases when the ionization threshold is reached, the
intensity of DI ions as a function of photon energy can be used for measuring the

ionization threshold.

MS2 NEXAFS action spectroscopy of trapped ions is a promising method for

studying biologically relevant molecules. The growing interest in gas-phase spectroscopy
of biomolecules is based on the idea that these results might provide fundamental insight
into the structure and physicochemical properties of compounds. In addition to this, these
results also provide reliable data sets on the interaction of studied compounds with X-ray
irradiation, which may perhaps turn out to be a good reference point for theoretical

. N 5
modeling of biological matter.

1.3. Substance P peptide

A vast number of biologically relevant molecules are composed of amino acids.
When there is a chemical reaction between the carboxyl group (-COOH) of one amino acid

and the amino group (-NH>) of another, they form chemical covalent bonds named peptide
bonds.14 The remainder of amino acid molecules after removing the elements of water in
order to bond with other amino acids is called an amino acid residue.15 Molecules
composed of short chains of amino acid residues linked by peptide bonds are called
peptides.le’17 All noncyclic peptide molecules have an N-terminal and C-terminal residue
at the ends of the peptide — they are terminated by a free carboxyl group and a free amine

grouplS. By convention14, the beginning of a peptide is its N-terminal and the end is its C-

terminal. Every peptide must contain hydrogen, carbon, nitrogen and oxygen and may
contain other elements besides these. The backbone of a polypeptide is defined as the
repeated sequence of the amide N atom, the central C atom and the carbonyl C atom of

. ) . . .14 ) ]
each amino acid residue in the chain.”  The sidechains of the molecule are the atoms



attached to the central C atoms of the backbone.14 Peptides can have an amide group
added to the end of a polypeptide chain — this is called an amidation.18

Substance P is a peptide composed of a chain of 11 amino acid residues, namely:
Arginine, Proline, Lysine, Proline, Glutamine, Glutamine, Phenylalanine, Phenylalanine,
Glycine, Leucine and Methionine, with an amidation at the C-terminus: Arg-Pro-Lys-Pro-

GIn-GIn-Phe-Phe-GIy—Leu-Met—NH2.19 The three-dimensional structural formula of

Substance P is given in figure 1.3.

Figure 1.3: The three-dimensional structural formula of Substance P (Wikimedia Commons / Public Domain)

The chemical formula and molar mass of Substance P are Cg3HggN18013S and

1347.63 g/mol, respectivelyzo. It has been shown that the conformation of Substance P
appears to be strongly dependent upon the solvent used and the lipid environment in which

this peptide is in.21

Substance P is a neuropeptide according to its biological function.Zl’19 It is found in the
brain and spinal cord and acts both in the peripheral nervous system and the central nervous

system of the human body.19 The clinical significance of performing research on Substance P

lies in its association to human pathophysiology: it is shown to be associated with pain22,

. . 23,24 . . .25 .
inflammatory diseases , the regulation of stress-related anxiety and depression™, major
26,27

depressive disorder : PTSD26 and many other medical conditions21
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Substance P has become a model system for different spectroscopic techniques. 8 In

recent years, the fragmentation of Substance P upon photoabsorption has been the subject
of many studies. Distinct fragmentation regimes are observed, depending on whether the
energy is below or above the ionization threshold.



2. Experimental setup

2. 1. Idea of the experiment

The approach used in this experiment provides the means to perform inner-shell
spectroscopy of large biomolecular ions in the gas phase. Briefly, the NEXAFS action
spectroscopy procedure is carried out by coupling a linear quadrupole ion trap equipped
with ESI source to a soft X-ray synchrotron beamline. The ESI technique leaves large
molecules intact while transferring them into the gas phase, making it a suitable method
for generating gas-phase Substance P ions. The trapped mass/charge (m/z) selected
electrosprayed precursor ions are activated by the X-ray beam. The products of interaction
are analyzed by using mass spectrometry. Tandem mass spectra, recorded as a function of
the photon energy around the C, N and O K-edges, are used to extract action NEXAFS
spectra by measuring the relative abundance of the photoions according to their m/z

values.

2.2. Electrospray ionization

ESI12,13

to a high voltage, is a widely used method in the spectroscopy of biomacromolecules. The

main advantage of ESI is the possibility of producing intact large molecular ions and in
9,12,

, in which gas-phase ions are created by exposing ions from a liquid solution

: 2
large charge states. ESI process consists of these three key steps

1. The production of charged droplets,
2. Size reduction of the charged droplets,

3. The production of desolvated gas-phase ions.

A simplified scheme of the whole process is given in figure 2.1. During the first step, a
solution containing the substance is injected into a capillary under high voltage, leading to
the ionization of analyte molecules. These ions are separated according to charge as a
result of an electric field which forms within the solution. Affected by this field, the
electrolyte ions move towards the electrode which is charged oppositely from the potential
at which the capillary is set, which causes the accumulation of ions at surface of the liquid

10



in the tip of the capillary. The electrostatic force counteracts the surface tension and tends
to deform the shape of the surface. As the voltage increases, the deformation becomes
more prominent, finally leading to a cone-like shape with convex sides and a rounded tip —
the Taylor cone. Upon reaching the threshold voltage at which the electrostatic force and
the surface tension are in equilibrium, liquid jets are fired from the tip as a result of the
liquid being attracted to the oppositely charged electrode by the electrostatic force — the
solution is sprayed into droplets which are electrically charged at their surface, hence the
name electrosprayed.

The second step begins with the collision of the ejected liquid jets with surrounding
neutral gas molecules. During these collisions, the solvent evaporates, leaving smaller
droplets with the same charge, increasing the charge surface density. When the balance
between the surface tension of the droplets and the electrostatic force is disrupted — this is
called the Rayleigh limit — the droplets fission into smaller droplets due to electrostatic
repulsion. These droplets can go through further fragmentation until a desired droplet size
is reached.The last step consists of removing the solvent from these charged droplets by
further evaporation and fission, finally leading to the formation of ions isolated in the gas

phase.

samplein  Taylorcone  charged droplet
solution

charged particles

-@)-p LB & H@—@-.\¢
04 ¥

Evaporation until

Rayleigh-Limit
o) Further Evaporation and Coulomb-Explosions

until the solvent is completely evaporated

® Coulomb-Explosions

Figure 2.1: A simplified scheme of the process of electrospray ionization, adopted from %0
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2.3 lon Guiding and lon Trapping —Thermo LTQ lon Mass Spectrometer

ESI sources can be conjoined with ion trap spectrometers to confine and preserve the
ions in the trap, and analyze the contents of the trap. A popular contemporary ion trap is
the linear quadrupole trap, which combines static direct current electric fields with radio
frequency oscillating electric fields to trap ions by creating a potential well which confines

them31. As the name suggests, these devices use a quadrupole electric field to trap ions
(the total charge and dipole moment of a system that generates a quadrupole field is
always zero, while the quadrupole moment is always nonzero). The mechanism of radial
and axial ion trapping by the Thermo Scientific™ LTQ XL™ ion trap mass
spectrometergz, used in the present work, will be briefly explained in the following

paragraph. This type of trap confines ions radially and axially:

H Radial confining is achieved by applying alternating (radio frequency) high voltage
to two pairs of conducting rods (see figure 2.2). The voltage applied to one pair of
opposite rods is different from the voltage applied to the other pair, making the ions
simultaneously attracted and repulsed by opposite rods, which leads to their
oscillations in a two-dimensional radio frequency electric field. This field is
perpendicular to the ion path axis. Ideal quadrupole fields are generated by
parabollicaly shaped electrodes.

H Axial confining is achieved by applying additional DC stopping potentials to the
end electrodes.

resonant ion

Source

|
| dc and ac voltages

Figure 2.2: A simplified scheme of a linear quadrupole trap, adopted from>
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Besides being storage devices, quadrupole ion traps also function as tandem mass
34 : . .
spectrometers.”  In quadrupole ion trap mass spectrometry, the ions are trapped in the

. 2 L . .
same place while the steps of MS™ are separated in time, which makes this method a

tandem-in-time mass spectrometry. LTQ mass spectrometry consists of the following three
time-separated steps:

1. The isolation of ions,

2. Excitation and fragmentation of initial ions,

3. Mass analysis of the produced ions.
Upon reaching the trap capacity, the contents are mass-analyzed by applying gradual
changes to the electric field: the stability of ion paths in an electric field depends on their
mass-to-charge ratios, so the ions leave the trap and hit the detector in order of their m/z
ratios.

The instrument used in this setup is a commercial linear quadrupole trap mass

spectrometer — the Thermo Finnigan LTQ XL35 manufactured by Thermo Scientific™
(shown in figure 2.3).

Figure 2.3.: The Finnigan LTQ XL linear quadrupole ion mass spectrometer (adopted from35)

In addition to the quadrupole electrodes, end electrodes are used to reduce edge
effects. Each of the three sections (front, center and back) has DC voltages used for axial
trapping by adjusting the potential of the center section to be lower than the potential of the
front and back sections. Opposite quadrupole rods in each section are electrically
connected. All pairs of rods are subjected to AC voltages of the same amplitudes, but the

13



sign of the voltage is opposite for opposite rods. These rods produce a two-dimensional
quadrupole field in the ion trap, which confines ions in stable oscillatory trajectories. The
ions are ejected from the trap from the center section, through two rods with slits, named
exit rods. A scheme of the rod assembly used in this spectrometer is shown in figure 2.4.

Section

~ Center
Section

™ ” Front

Section

Figure 2.4: Schematic drawing of the LTQ XL ion trap used in the present experiment, adopted from>>.

The ions are ejected from the trap from the side from the center section.

The LTQ system consists of a syringe pump, an MS detector and an automatized
data system (see figure 2.5). In our experimental procedure, the solution is directly infused
into the spectrometer using a syringe pump, where it is ionized in the atmospheric pressure
ionization (API) source, configured to work as an ESI source. The generated ions are
guided through ion optics to the trap, where they can be selected and analyzed according to
their mass-to-charge ratios, and ejected from the analyzer towards detectors. After
ejection, they strike an ion detector. The ion detection system amplifies the signal

produced by the ions and analyzes them using the LTQ Xcalibur® data system.

14
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Figure 2.5: Functional block diagram of the LTQ system. The broad, single-headed arrows represent the

flow of sample molecules through the instrument. The narrow, double-headed arrows represent electrical

connections; adopted from 5

2.4. SOLEIL synchrotron radiation facility

Synchrotron radiation (SR) is electromagnetic radiation which occurs when charged
particles, radially accelerated to relativistic velocities, lose energy by emitting photons

along their trajectories. SR is characterized by5: wide energy ranges, high brilliance, time
structure of the pulsed light and adjustable polarization.

The measurements for this study were performed at the storage ring synchrotron
radiation facility SOLEIL, located in Saint-Aubin in the Essonne département near Paris,

France.36 The name SOLEIL is a French acronym — ,,Soleil translates as "Sun" in French
— for Source optimisée de lumiére d’énergie intermédiaire du LURE36 (LURE optimised

intermediary energy light source), where LURE stands for Laboratoire pour l'utilisation du
rayonnement électromagnétique (Laboratory for the use of electromagnetic radiation).

SOLEIL is a third generation synchrotron, characterized by very bright and energy-
resolved beams. Its nominal energy is 2.75 GeV and it covers a wide spectral source range

— from infrared (1 eV) to hard X-rays (50 keV). The circumference of the synchrotron is
345 m and its diameter is 113 m. The SOLEIL synchrotron facility provides a wide range
of possibilities for both fundamental and applied research (such as research in physics,

. : : - : 36
chemistry, life sciences, pharmacy, medicine, nanotechnologies, etc.).
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Figure 2.6.: A schematic representation of the SOLEIL synchrotron facility, adopted from>"38

The production of synchrotron radiation will briefly be explained in this paragraph
(see figure 2.6 for schematic representations of the SOLEIL synchrotron facility and its

. 36,39 . . ..
beamlines). The process begins with firing electrons from an electron gun and

accelerating them up to the initial energy of 100 MeV in a 16 m long linear accelerator

16



(linac). After leaving the linac, the electron beam enters a second, circular accelerator,
called the booster — a 157 m circumference synchrotron which boosts the energy level of
the beam up to the SOLEIL operating value of 2.75 GeV. The beam characteristics are fine
tuned in the booster. These high energy electrons then enter a 5 cm diameter tubular
storage ring, in which they spend hours circulating at relativistic speeds. During this time,
the relativistic electrons lose energy in the form of electromagnetic synchrotron radiation
(SR), emitted tangentially to the direction of the beam. SR is produced in bending magnets
and in two types of magnetic insertion devices: undulators and wigglers. The use of
insertion devices is a significant improvement in SR, compared to second generation
synchrotrons, where the radiation was generated only by bending magnets. Both types of
insertion devices consist of periodic structures of dipole magnets which force the electrons
to move along an oscillatory path (with different amplitudes). Undulators produce narrow
energy bands of radiation and, increase the flux. The photon beams are finally directed
towards the beamlines — the laboratories of SR facilities, each characterized by specific
beam spot sizes, photon energy ranges and methods of analysis. A beamline is usually a
set of the optics hutch cabin, the experimental hutch cabin and the control cabin, which are
used for guiding and focusing the photon beam.

2.5. PLEIADES soft X-ray beamline

The present experiment has been performed on the PLEIADES soft X-ray beamline
at the SOLEIL synchrotron radiation facility. PLEIADES is an acronym for ,,Polarized

Light source for Electron and lon Analysis from Diluted Excited Species®. As the name
suggests, this beamline is used for the spectroscopy of diluted samples. The technical

details of this beamline are given in table 2.1., adopted from 40

The photon beam is monochromatized using a plane grating monochromator. A
scheme displaying the key elements of PLEIADES is given in figure 2.7.

17



Table 2.1: The technical characteristics of the PLEIADES beamline, adopted from e

1

Energy range

10 eV - 1000 eV

Resolving power

15000 (10 eV - 40 eV), 20000 - 100000 (35 eV - 1000 eV)

Source

Electromagnetic HU256 (256 mm period) and Apple 11 permanent
magnet HU80 (80 mm period) undulators

Flux @ first optical
element

About 1.2-10™*° Photons/s/0.1% BW @ 100 eV

Optics

PGM using varied line spacing (VLS) & varied groove depth

(VGD) technologies with no entrance slit

Sample Environment

Differentially pumped gas cell for high resolution electron
spectrometer

Continuous measurement of the beam intensity (lg)

ECR ion source

Gas inlet systems for the electron spectrometer and EPICEA

coincidence setup

Multi-purpose source chamber to generate beams of molecules,

clusters and nanoparticles under vacuum

Beam size at sample

50(H)x30(V) pm? on branch N°2 ; 180(H)x100(V) pm? on branch
Ne3

Beam divergence at
sample

(maximum)

9mrad (H) - 4mrad (V) on branch N°2 ; 2mrad (H) - 0.6 mrad (V)
on branch N°3

Flux on sample

About 1-10™*2 Photons/s/0.1% BW

Detectors

High resolution electron spectrometer, Electron - ion coincidence
setup with PSDs

Polarization

10 - 40 eV (linear H, V); 35 - 1000 eV (linear H, V, tilted, elliptical)
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Figure 2.7.: A scheme of the PLEIADES beamline, adopted from 40,

2.6. Coupling the LTQ XL with the PLEIADES beamline — Experimental
realization

The crucial element in the action NEXAFS spectroscopy method used in this work is

the coupling of an ion trap spectrometer to a synchrotron beam. This pioneering

experiment has been originally performed in VUV42’43 and soon after in soft X-ray photon

domain 1. A simplified scheme of the experimental setup is given in figure 2.8.

ion
i optics

injection |Source

beam PLEIAES
shutter 1 beamline synchrotron radiation

LTQion mass sp'e§tm‘m eter

Figure 2.8: A simplified scheme of the experimental setup.

The LTQ XL was mounted on a supporting frame allowing a fine sub-millimeter tuning
of its position in order to achieve a maximal overlap of the photon flux with the trapped ion
packet, so to optimize the signal-to-noise ratio. The pressure difference between the beamline

(10_9 mbar) and the LTQ XL (10_5 mbar of helium in the main LTQ chamber) was

accommodated using a differential pumping stage. The desired precursor ions were generated
by an ESI source which was connected to the LTQ XL. Substance P
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was provided by Sigma Aldrich in powder form. Substance P ions were electrosprayed
from a water solution of Substance P (concentration 100 mol/l), with the ion injection time
set to 100 ms. These ions were injected through the front side of the trap while it was
irradiated by a monochromatic X-ray beam from its back side in order to activate precursor
ions confined in the ion trap. The LTQ XL has a helium bath for preserving high ionic
densities with limited charge. The irradiation was controlled by a mechanical shutter,
which was triggered by the LTQ XL and programmed to be open during a predefined time
interval — the irradiation time— after which the contents of the trap were analyzed. The
LTQ XL was adjusted to generate a pulse, allowing a delay before recording the spectra —
the purpose of this delay is to minimize background noise in the measurement. Tandem
mass spectra were recorded as a function of the photon energy in energy steps of 0.5 eV or
1 eV in the vicinity of the C, N and O K-edges. The procedure used to extract the action
spectra from these results is explained in section 2.7. The LTQ mass spectrometer is placed
downstream the WG Scienta setup (see figure 2.7). The whole process is synchronized and
automatized by home-made software. A photo of the experimental setup is given in figure
2.9.

Figure 2.9: A photo of the experimental setup — coupling the LTQ XL mass spectrometer mounted on
a dedicated supporting frame with the PLEIADES beamline at the SOLEIL synchrotron facility.
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2.7. Experimental procedure and extraction of action spectra

1.
2.

The experimental procedure consists of the following sequence of events:

The beamline energy is set to a desired value.

The Substance P solution is administered using a syringe pump connected to the
spectrometer.

Electrosprayed ions are injected into the ion trap.

The precursors are mass-selected and stored in the trap.

Upon reaching a desired ion capacity, the beam shutter opens and the irradiation
starts.

The shutter closes after the predefined irradiation time.

A tandem mass spectrum is generated by ejecting the produced ions.

The beamline is set to the next photon energy value and the whole procedure is
repeated for a desired energy range in order to obtain relative ion yields as a

function of energy.

e . TM . .
The Thermo Scientific's Xcalibur  software, used for controlling the experimental

parameters, was also used for recording the results. The first step consists of identifying

the dominant peaks in the recorded mass spectra and determining whether they correspond

to precursor, Sl or DI ions. It is important to carefully choose adequate ranges of m/z

values around each peak according to its shape, which will be used for obtaining relative

Sl and DI ion yields as a function of the photon energy. The relative energy dependencies

of Sl and DI ion yields are extracted from the selected spectra as an area under the selected

peaks, using a home-made script coded in Matlab®. All partial ion yields are normalized

to both the total ion current (TIC) and the photon flux. The photon flux was measured

under the same experimental conditions for this purpose. Graphical representations of

results were generated with OriginLab® software.
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3. Results and discussion

3.1. Action spectroscopy of protonated Substance P

3.2.1. C-edge

Mass spectra were recorded for three photon activation energy values: 283 eV, 288
eV and 293 eV. The resulting mass spectra are shown in figure 3.1. The DI intensity is
much smaller than the Sl intensity for all three energies. It is also evident that the
ionization of the precursor for 283 eV is far lower than for 288 eV and 293 eV.
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Figure 3.1.: C-edge mass spectra of protonated Substance P ([M+H]+, m/z 1347) for energy values:
a) 283 eV, b) 288 eV and c) 293 eV.
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3.2.2. N-edge

Mass spectra corresponding to the photon energies of 396 eV (below the 1s —
T amide resonance), 401 eV (at the 1s — ©*3mide resonance) and 409 eV (above the 1s

T¥amide _, resonance) are shown in figure 3.5. Except distinguished peaks corresponding to SI

and DI of the precursor, one can see a rich fragmentation pattern. However, a detailed

discussion of the fragmentation pattern is out of scope of this work, which is focused on
the action NEXAFS spectroscopy. Figure 3.2 clearly shows that intensity of the peaks is
not the same for different energies, so the fragmentation pattern depends on the activation
photon energy.
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/1
7 1" 1
E,, =396 eV i E =401eV D] E,, =409 eV (M+H]
100 (precursor,100%) | [~ = P (precursor,100%)| [~ 7 (precursor,100%)
:: m/z 1347.6 L :: [M+2H]2. miz 13475/5 - miz 1347.6 L
! [M+2H]* ] single ionizaio\n [M+2H]*
— i ionizati 673,
* 0.254 single ionization || - %) B o single ionization
~ 673 M+3H]*
> (673) | ! 1 [M+3HT (673)
K7 . double ionization
g 0.20 [M+3H]” = - r -1 double ionization
§ 4 double ionization ¢ - 4 (4’49) (449) ‘
2 0.154 (449) - E |\ 3 . [
© \
] |
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0.05 o — v »
| i -
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Figure 3.2: N-edge mass spectra of protonated Substance P ([M+H]+, m/z 1347) for energy values: 396 eV,
401eV and 409 eV.

The N-edge action spectrum was obtained by recording mass spectra while
irradiating the protonated Substance P precursor with photons in the energy range 397 eV
— 409 eV, with an energy step of 1eV. The partial ion yield spectra for Sl and DI, extracted
from the mass spectra, are shown in figure 3.3.
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Figure 3.3: The N-edge action spectra of protonated Substance P: a) Partial ion yield for
SI (IM+2H]?*, m/z 673); b) Partial ion yield for DI ((M+3H]>", m/z 449).

The peak at about 401 eV, seen on both Sl and DI ion yield spectra, corresponds to an

electronic transition from an 1s N electron to the ©*mige antibonding molecular orbital of

the peptide bond C=O.2 The DI (figure 3.3. b) increases with the increase of the photon

energy above the resonance due to the opening a direct K-shell ionization channel.
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3.2.3. O-edge

Mass spectra of protonated bare Substance P precursors were recorded for four
photon activation energies: 526 eV, 531 eV, 539 eV and 544 eV (see figure 3.4).
Evidently, the intensity of the peaks differs for different energy values, demonstrating that
the fragmentation pattern is a function of the photon activation energy.
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Figure 3.4: O-edge mass spectra of protonated Substance P ([M+H]+, m/z 1347) for energy values: a)

526 eV, b) 531eV, ¢) 539 eV and d) 544 eV.
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3.2. Collision-induced dissociation of nanoslvated Substance P

Production and isolation of nanosolvated ionic species by use of a commercial ESI
source is very challenging. It demands a particular combination of the solution and ESI
parameters, such as the concentration of the solution, transfer tube temperature, voltages,
sheath gas flow rate etc. Typically, target ions densities of nanosolvated precursors are
orders of magnitude lower than of the bare precursor. Therefore, it is very important to
insure negligible influence of background species.

In order to check for successful nanosolvation of protonated Substance P, we needed
to demonstrate that the hydrated precursors [M+kH20+nH]n+ go through collision--

induced dissociation (CID) by losing water molecules. Therefore, we subjected several
samples to CID and analyzed the resulting ions using several levels of tandem mass
spectrometry. From a physical standpoint, the CID procedure involves inelastic collisions
of precursor ions with neutral helium atoms for a predefined period of time. Upon
collision, the He atoms transfer energy to molecular ions, which can lead to bond
breakage. The first bonds that break are the weakest ones, which are, in our case, the bonds
connecting the water molecules and Substance P. In tandem mass spectrometry, the
process may be repeated a number of times. In our case, the CID mass spectra are expected
to have peaks which correspond to precursor ions and the ions generated by water losses.
Our results confirm this assumption. We performed CID for several precursors, hydrated
with a different number of water molecules, as well as different collisional energy values.
Peaks corresponding to water losses can be clearly identified in the CID mass spectra

obtained in our measurements, confirming the presumption of nanosolvation.

Figure 3.5 shows the CID spectra for doubly hydrated, doubly protonated precursor

ions [M+2H20+2H]2+ (m/z 683), recorded under the following distinct experimental
conditions:

H precursor ions are only preserved in the trap under normal conditions, recording
time 600 ms, with the isolation width (iw) 1 (figure 3.5 a)

H increased collisional energy (CID conditions), recording time 600 ms, iw = 1
(figure 3.5 b)
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Figure 3.5: CID Ms? spectra for doubly hydrated precursor ions [M+2H20+2H]2+ (m/z 683).
(a) The spectrum was recorded for 600 ms with an isolation width 1, under normal trapping conditions.

(b) The spectrum was recorded for 600 ms with an isolation width 1, for increased collisional energy.

The results indicate that the precursor nanosolvated ions can lose water molecules

even by just preserving them in the trap (tentatively, we can explain this by collision and

(or) black body radiation-induced evaporation). However, the abundance of singly and

doubly dehydrated ions significantly increased (by one order of magnitude) when the

precursor was subjected to CID.

The CID MS2 spectrum of a nine time hydrated doubly protonated precursor ion of

Substance P [M+9H20+2H]2+ (m/z 755) is shown in figure 3.6. The spectrum was

recorded for 30 ms with an isolation width 2. Another CID spectrum worth mentioning is
the spectrum obtained by recording precursor ions with 30 solvent molecules

[M+3OH20+2H]2+ (m/z 944) for 30 ms with an isolation width 2, is displayed in figure

3.7. These results also clearly indicate that CID fragmentation predominantly occurs by
losing water.

27



1004 substance P, M8’ MesHO+2HZY .
= g0 1 cID (precursor,100%) H
g 7 m/z 755.33 2
_%. 4 (748}
& 604
= 4
£ -2H,0
S 404 9H,0
= | -9H, [727)
| i p. My ey A.A- Frw.y J
D T 1 T T T T T
600 640 660 580 700 720 740 760
Mass/Charge

Figure 3.6: The CID spectrum for nine times hydrated [M+9H20+2H]2+precursor ions (m/z 755).

The spectrum was recorded for 30 ms with an isolation width 2.

100 A
504
X =
-é.. -
2 8
8] ]
=
[ 6
e J
©
© 4
14 ]

24

oL

Substance P, MS?

CID

[M+30H,0+H]2*
(precursor,100%) -2H0 — " k -H,0 L
m/z 944.33 (926) (935)
-3H,0 1

-4H,0 ©16) \

(909)
-5H,0
T

(900)

660

T
680

T ¥ T ' T r T b T ¥ T i
700 720 740 760 780 800

—
820

Mass/Charge

T * T ¥ T v T * T * T
840 860 880 900 920 940

Figure 3.7: The CID spectrum for thirty times hydrated [M+30H20+2H]2+precursor ions (m/z 755).

The spectrum was recorded for 30 ms with an isolation width 1.5.

In conclusion, the CID tests confirm that we can produce nanosolvated protonated

Substance P precursors and isolate them in the ion trap in order to perform action

NEXAFS spectroscopy.
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3.3. Action spectroscopy of nanosolvated protonated Substance P
around O K-edge

To gain insight into the effects of nanosolvation on the fragmentation of protonated
Substance P, we recorded tandem mass spectra at different photon energies around the O
K-edge for Substance P precursor nanosolvated with 11 water molecules. It should be
noted, however, that due to very low target density and low cross sections (due to
relatively small number of oxygen atoms in the molecule) signal to noise ratio is very
small, forcing us to reduce the number of points and the photon energy resolution. Still,
according to our knowledge, such experimental investigation has never been performed
previously, therefore, the results could be very important to stimulate further research that
could lead to better understanding of the charactersitics of nanosolvated peptides. For
example, one of the first questions arises whether we can detect separate spectroscopic
signatures from the peptide itself and the water cluster. If, at all, attached water molecules
forms a cluster. With this in mind, action NEXAFS spectroscopy around O K-edge might
be very powerful since the excited 1s electron can belong either to peptide bond oxygen

atom or a water oxygen atom.

In any case, the excitation and subsequent ionization of the nanosolvated molecule
will lead to water loss. Therefore, recording the total ion yield for an m/z range, chosen to
encompass all losses of water molecules initially attached to the precursor, we can measure
total water losses as a function of the photon energy. We expect that increased water loss
appears upon excitation of the O K-shell.

Figure 3.8. presents a total water loss of a doubly protonated Substance P ion solvated
with eleven water molecules [M+2H+11H20]2+ (m/z 773.5), covering the m/z range 674-766.

According to previous action NEXAFS of peptides and proteinsl, the 531 eV peak
corresponds to the excitation of an oxygen core electron into the antibonding C=0

n* molecular orbital corresponding to the peptide bond. On the other hand, the 535 eV

. 44
peak should correspond to the energy at which water clusters resonantly absorb photons ',

due to the excitations into water molecular orbitals. Therefore, in the first case the photons
are absorbed by the peptide, while they are absorbed by water molecules in the latter case.
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Figure 3.8: The total water loss from a doubly protonated nanosolvated substance P
precursor [M+2H+11H20]2+ (m/z 773).

Relaxation may occur by releasing water molecules, as can be seen in the mass
spectra (see figure 3.9). Also, it is worth noting that compared to doubly protonated bare
precursors, hydrated precursors have more intense water losses (see figure 3.10

whichshows total water losses of the doubly ionized precursor [M+2H]2+ for comparison).
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Figure 3.9: Water losses from the doubly protonated nanosolvated Substance P precursor

([M+2H+11H,0]>", m/z 773) at 528 eV, 530 eV and 534.5 eV.
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Figure 3.10: Water losses from the doubly protonated non-solvated Substance P precursor ([M+2H]2+,

m/z 674) at 530 eV.

. 2+
We will also present mass spectra for the precursor [M+2H+30H,O]  at the

energies 529 eV and 534 eV (figure 3.11). In this case, the precursor also relaxes by
releasing molecules of water, characterized by two distinct peaks, which can be identified.

It is interesting to note that water loss is much more efficient at 534 eV (figure 3.11 b),

which is close to the enegy at which 1s oxygen electrons are resonantly captured by
molecular orbitals of water, than at 529 eV, which is below both resonant energies.
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Figure 3.11: Water losses from the doubly protonated nanosolvated Substance P
precursor ([M+2H+3OH20]2+, m/z 944) at a) 529 eV and b) 534 eV.
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4. Conclusion

Mass spectra for energies below, above and at the resonance for C, N and O K edges
of protonated Substance P precursors indicate that the intensity of the peaks in the spectra
is a function of the activation photon energy. The intensities depend on both which K edge
is probed and whether the activation energy is below, at or above the resonance excitation
energies.

The NEXAFS action spectra for the N-edge of Substance P confirms a possibility to
record resonant transition of the 1s N electron to the peptide bond amide molecular orbital
at about 401 eV. The contribution from direct K-shell ionization can be clearly seen in the
DI action spectrum, but more detailed measurements are needed to evaluate the ionization
threshold.

The performed CID tests for precursors hydrated with a controlled number of water
molecules have shown that we have successfully produced and preserved in the ion trap
nanosolvated protonated Substance P precursors.

Despite reduced signal to noise ratio due to low target density, tandem mass spectra
around the O K-edge of a doubly protonated Substance P ion nanosolvated with 11
molecules of water reveal that it is possible to detect two distinct resonances in the ion
yield spectra corresponding to total water loss. The first resonant energy (531 eV)
corresponds to the resonant transition of a 1s O electron into the antibonding amide orbital
of the peptide bond. The second resonant energy (535 eV) corresponds to the transition of
a 1s O electron into a molecular orbital of a water cluster. Future work in this aspect
should be focused on improving signal to noise ratio, allowing to improve the photon

energy resolution and perform more detailed research.
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