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ABSTRACT: The gas phase offers the possibility to analyze organic
molecules by ultraviolet—vacuum ultraviolet (UV—VUYV) spectroscopy
without any solvent effect or limitation in terms of spectral range due to
absorption by the solvent. Up to now, the size and chemical composition of
neutral molecular systems under study have been limited by the use of
vaporization methods based on thermal heating. Soft sources of gas-phase
thermolabile molecular systems such as electrospray or matrix-assisted laser
desorption ionization are appealing alternatives to heating-based techniques,
but they lead to the production of ions. In such cases, UV—VUV action
spectroscopy is then the method of choice to study the electronic structure
and corresponding photodynamics of these gas-phase molecular ions.
However, previous investigations have shown that the UV—VUV action
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spectrum of a given molecular ion depends on the charge state, which in many cases might be a caveat. Here, by means of
synchrotron radiation coupled to mass spectrometry and through the test case of the glycopeptide antibiotic vancomycin
noncovalently bound to a deprotonated small peptide, we show that the UV—VUV photofragmentation spectrum of neutral
thermally fragile organic molecules can be obtained via charge-tagging action spectroscopy.

B INTRODUCTION

flux and tunable sources of ionizing photons such as

Ultraviolet (UV) spectroscopy is one of the most widely used
techniques in analytical chemistry, especially for measuring the
absorption of molecules in solution. The obtained spectra are
crucial for identifying whole molecules or chemical groups
within a larger system. UV spectroscopy also allows probing
the electronic structure of molecular systems, which is useful in
understanding and predicting the consequences of light—
molecule interaction, as well as the reactivity of these systems.
However, solution-phase spectra suffer from the dependence
toward the solvent and the difficulty in controlling the
stoichiometry of noncovalent complexes, which are key issues
in many fields of chemistry and biology, including host—guest
chemistry, molecular recognition, drug screening, sensors, etc.
UV spectroscopy of molecular systems in the gas phase is an
alternative approach that probes the intrinsic molecular
properties, which can directly be modeled by state-of-the-art
calculations.'

One major advantage of studying isolated molecular systems
is the ability to extend the spectral range to the short
wavelengths, i.e., in the vacuum ultraviolet (VUV) or even soft
X-ray regions, increasing the amount of information obtained,
by allowing electrons from inner-valence and even core orbitals
to be excited or ejected from the molecule. Such investigations
have benefited, in the past decades, from the advent of high-
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synchrotrons, triggering a wealth of studies on small neutral
systems.””* However, they all rely on detecting the product
ions coming from ionization of the target neutral molecular
system, which is not always possible with UV light. Therefore,
several experimental techniques have been applied to the
measurement of the absorption of neutral molecular systems
without ionizing them, notably cavity ring-down spectroscopy.”
Nevertheless, in all these studies, the size of the molecule is
limited because the vaporization techniques used most often
involve thermal heating, which induces chemical reactivity for
relatively large thermolabile and floppy molecules. Notably,
regarding biologically relevant molecules,""® a trade-off
between thermal decomposition and signal intensity exists.”"’
The use of aerosol thermodesorption may allow a slight
extension of the size range of neutral studies but with limited
target densities.''~">

Received: November 3, 2022
Revised:  November 8, 2022
Published: November 28, 2022

https://doi.org/10.1021/acs.jpca.2c07744
J. Phys. Chem. A 2022, 126, 9042—9050


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marwa+Abdelmouleh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandre+Giuliani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laurent+Nahon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Christophe+Poully"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.2c07744&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c07744?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c07744?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c07744?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c07744?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jpcafh/126/48?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/48?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/48?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/48?ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpca.2c07744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

An alternative consists in taking advantage of the soft ion
sources such as electrospray ionization (ESI) or matrix-assisted
laser desorption ionization (MALDI); they have allowed action
spectra of molecular ions to be measured in the UV, VUV, or
soft X-ray ranges, notabl_?r of biologically relevant systems,"* in
particular proteins'>~'” but also peptides,'*"** carbohy-
drates,” and DNA strands.”** In action spectroscopy, the
mass spectrum of ionic products from photoabsorption is
usually recorded as a function of photon energy. A great
advantage of action spectroscopy as compared to direct
absorption lies, in certain cases, in its very high sensitivity as
a zero-background technique. However, very often, the action
spectrum of an isolated molecular system depends on the
charge state: for instance, the number of protons in a
protonated molecule usually changes its fragmentation yield
and channels because proton transfer can lead to bond
cleavage, for instance in protonated peptides.”® Increasing the
charge state has also an effect on the geometrical structure of
the system: it often induces unfolding of proteins, for instance,
and can thus influence reactivity (notably charge transfer).'”””
These undesired effects can be circumvented by studying the
neutral molecule and recording its photofragmentation yield as
a function of photon energy. However, then one is facing the
issues of bringing intact fragile neutral molecules into the gas
phase. In this context, we propose here the following strategy:
in order to detect, by mass spectrometry, the fragment ions
from photofragmentation of a given neutral molecule, the latter
can be noncovalently bound to an ion acting as a charged tag,
and such a noncovalent complex can be brought intact into the
gas phase by ESI or MALD], for instance. Several conditions
must be fulfilled in order to obtain the photofragmentation
spectrum of the neutral molecule:

1. The yield of product ions formed after photoabsorption
by the tag ion is negligible compared to that of the
neutral molecule in the photon energy range considered.

2. The noncovalent interactions between the tag ion and
the neutral molecule do not strongly modify the
electronic states of the latter.

Condition 1 might be fulfilled in the UV—=VUYV range by
using singly charged negative ions as tags: indeed, their
electron photodetachment energy is very low (on the order of
a few electronvolts, for instance, 2.15 #+ 0.15 eV for
deprotonated phenol and 2.31 + 0.15 eV for deprotonated
indole),”® so they are expected to mainly create neutrals after
photoabsorption at higher photon energy, which are not
detected by mass spectrometry. Therefore, these events will
not pollute the photofragmentation spectrum of the neutral
molecule. Note that in the high-energy VUV range, two
electrons will possibly be ejected from the tag anion, leading to
the formation of a monocation: however, it is not expected to
dominate below 14 eV in the photon energy range studied
here. Besides, electron detachment is known to be a process
occurring before inter- and intramolecular vibrational energy
redistribution (IVR); thus, noncovalent binding with a large
molecule would not quench it."> However, electronic
excitation without electron detachment might still happen
and must be quantified in the singly charged negative tag ion.
Positive tag ions are not expected to be a good choice because
their photoabsorption can trigger ionization and/or fragmen-
tation of the complex and thus positive ions that may pollute
the spectrum of the neutral molecule. Condition 2 must be
checked case-by-case by considering the type of noncovalent
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interactions existing in the complex and the photon energy
range probed.

In this Article, we report the proof-of-principle that the UV—
VUV photofragmentation spectrum of an isolated fragile
neutral macromolecule can be obtained by action spectroscopy
of its noncovalent complex with a small anion. We use
synchrotron radiation as a source of photons, irradiate the
anionic complexes in an ion trap, and detect photoabsorption
thanks to mass spectrometry analysis of the produced anionic
fragments. As a test case, we choose the noncovalent complex
between vancomycin (denoted V) and the deprotonated
Ac,"KPAPA peptide (denoted R). Vancomycin is a last-resort
antibiotic against infections caused by Gram-positive bacteria:
it specifically recognizes a precursor of the main constituent of
the bacterial cell wall, preventing its renewal and leading to cell
death. Previous studies have established that the peptidic C-
terminal PAPA sequence is mandatory for high affinity between
vancomycin and the receptor.”” The noncovalent interactions
responsible for this behavior have been revealed by structural
investigation of the crystallized V + R complex by X-ray
diffraction,” and they are depicted in Figure 1. Five H-bonds
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. H 3 3
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Figure 1. Chemical structure of vancomycin (CgsH,5CLNoO,,,
average mass 1449.3 amu) bound to the Ac,"KPAPA peptide that
mimics the receptor. The standard nomenclature is used for the
peptide backbone as well as for oligosaccharide fragmentation and
hence for the main fragments observed after photoabsorption. Arrows
indicate on which side of the cleaved bond the charge is located.

link the two peptidic moieties, three of them with ionic
character since they involve the CO,™ group of [R — H]". By
means of infrared multiphoton dissociation (IRMPD) spec-
troscopy, this biologically active structure has been found to be
conserved for deprotonated V + R complexes in the gas
phase® but not for the doubly protonated complex,” in line
with early low-energy collision-induced dissociation experi-
ments.>® Indeed, in the protonated complex, R is neutral and
the native H-bonding network is lost; thus, noncovalent
binding is not specific anymore.’> The advantages of the [V +
R — H]™ complex as a test case for this study are the following:

1. The 3D geometrical structure of the complex in the gas
and condensed phases is known, establishing that
vancomycin is neutral and R is deprotonated in the
complex. Moreover, the noncovalent interactions do not
involve the aromatic chromophores of vancomycin,

https://doi.org/10.1021/acs.jpca.2c07744
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Figure 2. Mass spectra after single-photon absorption at 6.5 eV (top) and partial fragmentation yields in the UV—VUV range 4.5—13.8 eV

(bottom) of [V — H]™ (left) and [R — H]" (right) for the main fragmentation channels observed (for [R — H]",

the lack of data between 7.6 and

8.2 eV is due to a technical problem) The arbitrary units for the yields are the same for both [V — H]™ and [R — H]", and the yields can thus be

directly compared.

namely, modified side chains of the amino acid tyrosine,
indicating that condition 2 above is fulfilled.

2. R does not contain any aromatic UV chromophore, and
it is relatively small compared to vancomycin; we thus
expect its absorption cross section to be lower than that
of vancomycin (condition 1 above), with little
contribution in the UV range.

3. Photoabsorption of [V — 2H]*™ as well as of the [V + R
— 2H]*" complex in the gas phase has been studied
previously, notably with synchrotron radiation in a
complementary VUV range of higher energy.’* Thus, the
reported fragmentation channels will provide a basis for
our present investigation.

B METHODS

Vancomycin hydrochloride and Ac,"KPAPA have been
purchased from Sigma-Aldrich as powders of over 80% purity
and used without further purification. Electrospray solutions
have been prepared in 50:50 (volume ratio) water/methanol at
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50 uM concentration with 1% of ammonia to deprotonate the
molecules. For the experiments conducted with a UV—visible
spectrophotometer, the concentration of the solution sample
was 6.7 uM in deionized water. The UV—visible spectroscopy
experiments in the solution phase were conducted at CIMAP
using a Varian Cary 300 spectrophotometer in the 190—900
nm range, with a 1 nm step. The solution was located in a
quartz cell with an optical path of 10 mm. The blank solution
was made of deionized water, and the “blank spectrum” was
subtracted from the spectrum of vancomycin in deionized
water.

The UV-VUV gas-phase tandem mass spectrometry
experiments were performed using a commercial mass
spectrometer (Thermo Finnigan LTQ XL) coupled to the
DESIRS beamline at the SOLEIL synchrotron radiation
facility.”® The setup has previously been described in detail;*®
only a brief description is given here. The molecular ions were
put in the gas phase from the solution by electrospray
ionization using a syringe pump with a flow rate of about 5 yL/

https://doi.org/10.1021/acs.jpca.2c07744
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min and a needle biased at 5 kV in front of a capillary held at
35 V. Ions were then guided through a quadrupole and an
octopole before being injected, thermalized by helium buffer
gas, and trapped in a commercial linear triple quadrupole ion
trap. In this trap, the ions of interest were selected by mass-to-
charge ratio (m/z) with an isolation width of 6—10 depending
on the ion; for example, for deprotonated vancomycin (m/z
1446.42) all ions with m/z between 1443.42 and 1449.42 were
trapped in order to obtain the main isotopic pattern. After
isolation, the ions were irradiated by photons from the
DESIRS VUV beamline of the SOLEIL synchrotron facility in
Saint-Aubin (France).”> Product anions from photoabsorption
as well as the remaining precursors were then analyzed with
respect to m/z in the ion trap, and these mass spectra were
accumulated until sufficient statistics were reached (typically
30 spectra).

Mass spectra were recorded for different photon energies,
using 0.2 eV steps between 4.5 and 7.5 eV and between 7.2 and
13.8 eV. The UV/VUV beam was free of high harmonics
owing to the use of a Kr gas filter (7.2—13.8 eV) and a quartz
window (4.5—7.5 eV). The photon flux was in the 10'* —10"
photons/s range and was measured independently using an
AXUV100 photodiode (International Radiation Detectors)
under the measurement conditions. The total number of
photons for a given ion and energy was tuned to obtain a
maximum of 10% conversion of the precursor ions to
photoproducts in order to limit the occurrence of sequential
two-photon processes. It was regulated by adjusting the exit slit
(100—600 um) of the monochromator and a mechanical
shutter that controlled the irradiation time of the trapped ions
between 200 and 1000 ms.

Results were obtained in the form of one mass spectrum for
each photon energy. To quantify the formation of photo-
products as a function of photon energy, action spectra were
constructed. These spectra show the yield of each photo-
product as a function of photon energy. This yield has been
calculated from the intensity of the peaks in the mass spectra
and corrected for the number of incident photons (to account
for photon flux variations upon scanning) and for the precursor
ion intensity (to account for fluctuations of the number of
precursor ions in the ion trap). The yield of photoproduct A
can thus be calculated for a given photon energy according to
the following:

Ia

L) =
Al Ipre'Nphot
where I, is the abundance of photoproduct A, measured by the
sum of the peak intensities of all isotopes. I, is the abundance
of the precursor ion peak (sum of all isotopes). The incident
number of photons N is given by

Wep

N, =®- At
phot q
° Weef

where @ is the photon flux measured in the reference scan
with the photodiode, At is the irradiation time, w,,, is the slit
width during the experiment, and w, is the slit width during
the reference scan.

B RESULTS AND DISCUSSION

First, we explain our method to obtain the UV-VUV
photofragmentation spectra and demonstrate that in this
photon energy range, the probability of fragmentation

9045

following photoabsorption of the deprotonated R peptide
([R = HJ]") is negligible compared to that of deprotonated
vancomycin ([V — H]7). In Figure 2, the mass spectra of these
two anions after single-photon absorption at 6.5 eV are shown:
the peaks observed can only be due to photofragmentation, not
to photodetachment of one electron, because the latter process
creates a neutral that is not detected with the present mass
spectrometer. For [R — H]~, the most intense fragment is
detected at m/z 223, which we attribute to cleavage of the
peptidic backbone to give the [b, — H]™ fragment of m/z 282,
together with loss of CH;CONH, from either the N terminal
or the lysine side chain after H transfer from the fragment. We
also observe loss of one as well as two CH;CO radicals from
the precursor but also backbone cleavage leading to the [y, —
H]~ fragment ion, as minor channels. Backbone cleavage and
loss of neutrals are very common in photofragmentation®” or
collision-induced dissociation (CID) of deprotonated pep-
tides.>® Loss of radicals is less common, although Brunet et
al.’” reported the loss of radical tryptophan and tyrosine side
chains from deprotonated peptides upon photoabsorption in
the same photon energy range as the one studied here. The
most abundant process detected after photoabsorption by [V
— H]™ is loss of CO,, which has already been reported for
mass spectrometry activation techniques such as CID,”
surface-induced dissociation (SID),”” and IRMPD,”" where
fragmentation occurs in the electronic ground state of the
system. This channel is also common in organic molecules
containing a deprotonated carboxyl group, which is an
indication of the deprotonation site of vancomycin. HCl can
also be lost in addition to CO, but to a much lower extent.
Other minor channels are loss of H,O and H,O + CO,.

We plot the photofragmentation yield of the main channels
for [V — H]™ and [R — H]™ as a function of photon energy in
Figure 2 in the UV—VUYV range 4.5—13.8 eV. One can see that
for both molecules, the fragmentation yield is much higher in
the low photon energy region, which might be explained by a
higher absorption cross section in this region and/or the
increase of electron detachment cross section with photon
energy. The spectrum for [R — H]™ features a maximum
around 6.3 eV (~197 nm), which is consistent with the peak
observed around 6 eV in the action spectra reported for
[WVVVV — H]™ and [YVVVV — H]~ deprotonated
peptides.”” Electronic 7—z* transitions involving the peptide
backbone have been predicted around this energy by ab initio
quantum chemical calculations on peptides.”” In the case of [V
— HJ, the peak is broadened toward low photon energy, and
the fragmentation yield is still high at 4.5 eV. This is due to the
presence of five aromatic rings coming from modified tyrosine
side chains (cf. Figure 1): indeed, tyrosine strongly absorbs
light around 275 nm (4.5 eV) in the gas phase due to 7—x*
transitions located in the phenol moiety.'> Note that these
rings also contribute to absorption at higher photon energy
since phenol has excited states with very high oscillator
strength around 6.8 eV and also Rydberg states at even higher
energy but with lower oscillator strength,*' the latter probably
being responsible for the still high level of CO, loss well above
6 eV in Figure 2. The crucial conclusions here are the
following: first, in the whole photon energy range, the
probability of photoexcitation leading to fragmentation of [R
— H]" is clearly negligible compared to that of [V — H]™ (by
about 2 orders of magnitude), and second, the fragmentation
signal of these singly charged species becomes much lower for
photon energies over 7 eV, notably due to the increasing yield

https://doi.org/10.1021/acs.jpca.2c07744
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of electron photodetachment processes as compared to
photofragmentation, as we will demonstrate in the next
paragraph.

Second, we confirm that the charge state influences the UV—
VUV spectrum of deprotonated vancomycin, and we present
the electron detachment-related processes. In Figure 3, the

[V-2HT"
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Figure 3. Top: mass spectrum of [V — 2H]*™ after single-photon
absorption at 6.5 eV. The unassigned peaks are unaffected by the
photon beam. Bottom: partial fragmentation yields of [V — 2H]*" in
the UV-VUV 4.5-112 eV range for the main fragmentation
channels observed.

mass spectrum of [V — 2H]*" after absorption of a single 6.5
eV photon is depicted: loss of CO, from the precursor anion is
a major channel (and much weaker subsequent loss of 2H,0 is
also present), like for [V — H]~, but here loss of CO, is also
abundant from the radical anion [V — 2H]~ formed as a
consequence of single-electron photodetachment. We have
already observed the latter process from the same molecular
system after single-photon absorption at 16 €V,”* as well as
formation of the Y, fragment after glycosidic bond cleavage,
which is also detected in the present lower-energy range but as
a minor process. Other low-intensity peaks are attributed to
nondissociative electron detachment and subsequent peptidic
backbone cleavage leading to loss of the a, fragment. In Figure
3, we show the evolution of the yield of channels associated
with loss of CO, as a function of photon energy in the 4.5—
11.2 eV range. Although the yield of CO, loss is dominant in
the low photon energy region, its evolution looks different
from the case of [V — H]™: there is only one maximum around
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6.2 eV, and the shoulder around 5.2 eV is almost vanishing.
This shows that charge state has an effect on the UV-VUV
excitation spectra of gas-phase vancomycin. CO, loss
associated with electron detachment has a lower yield between
4.5 and 9 eV but progressively increases from 8 eV and
dominates at high photon energy (see Figure 3). This is
consistent with our previous mass spectrum at 16 eV photon
energy’’ and confirms our hypothesis of photodetachment
quenching the photofragmentation of singly deprotonated
vancomycin at high photon energy (see previous paragraph).
At low photon energy, the yield of [V — 2H — CO,]™ shows a
maximum at 6.6 eV and then falls with the same yield as CO,
loss from the precursor. It is unusual for the yield of electron
detachment-related processes to show a peak falling to almost
zero in this low photon energy range since the cross section for
ejection of one valence electron usually rises monotonically
with photon energy from the detachment threshold energy, as
electrons from deeper valence orbitals can be involved in the
photodetachment process. Therefore, the peaked shape of the
CO, loss associated with photodetachment might be the
signature of photoinduced resonant transitions to electronic
states of [V — 2H]*™ followed by CO, loss and subsequent
delayed electron detachment. Such an assumption is supported
by the fact that the peaks for the yield of CO, loss both
without and with electron detachment are observed in the
same photon energy range (5—7 eV). Delayed electron
detachment has only been reported once, in the doubly
deprotonated peptide gramicidin, by photoelectron spectros-
copy.”” Furthermore, this process most probably occurs after
internal conversion to the ground state because it is associated
with CO, loss, the main fragmentation channel of [V — H]~
and [V — 2H]*" after UV photofragmentation but also CID at
low collision energy.

In order to show that the UV—VUV spectrum of neutral
vancomycin can be obtained by recording, as a function of
photon energy, the photofragmentation of the [V + R — H]~
noncovalent complex between neutral vancomycin and the
deprotonated Ac,KAA receptor, we have to investigate the
mass spectra of [V + R — H] ™ after photoabsorption. In Figure
4, the mass spectra of [V + R — H]™ at 6.5 and 12 eV photon
energies are visible and appear to be strongly different. After
absorption of a single photon of 6.5 eV, the mass spectrum is
dominated by the loss of neutral molecules from the precursor
(H,O, HC, and CO,), which implies covalent bond cleavage
(and rearrangement for HCl and H,0, see Figure 1) without
breaking of the H bonds linking the complex. This process is
highly unusual for closed-shell noncovalent complexes, in
contrast to the case of radicals: indeed, we have already
observed CO, loss from [V + R — 2H]™ after electron
photodetachment from [V + R — 2H]*" in the 16—24 eV
range.34 Loss of H,O, HCl, and CO, has also been observed
from deprotonated vancomycin (see Figure 2), whereas
CH;CO loss occurs from [R — H]™ (cf. Figure 2), which
strongly indicates that H,O, HCl, and CO, are lost from
neutral vancomycin in the [V + R — H]™ complex. These
losses are much less abundant after photoabsorption at 12 eV,
while [V — H — CO,]” is the most abundant species, like in
other activation techniques such as CID,>* SID,* and
IRMPD®' where it is formed in the electronic ground state
of the system. This is somehow surprising since we would
expect [V — H — CO,]™ to dominate at low photon energy
after internal conversion. This behavior indicates a key role
played by excited electronic states of vancomycin in the loss of
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Figure 4. Top: mass spectra of [V + R — H]™ after single-photon absorption at 6.5 eV (left) and 12 eV (right). Bottom: partial fragmentation yields
of [V + R — H]™ in the UV—VUV 4.5—13.8 eV range for the main fragmentation channels observed.

neutral molecules observed at low photon energy. On the
contrary, observing [V — H — CO,]™ at 12 eV photon energy
implies dissociation of the complex and thus substantial
redistribution of the available energy into the vibrational
modes of the system, in line with dissociation occurring in the
electronic ground state, as in CID, SID, and IRMPD.
Moreover, we know from previous studies (see the
Introduction) that vancomycin is initially neutral in the [V +
R — H]™ noncovalent complex; thus, the negative charge of [V
— H — CO,]” means that intermolecular charge transfer has
been triggered upon photoabsorption. [V — H — CO,]™ can be
formed by proton transfer from neutral vancomycin to [R —
H]~, followed by CO, loss, which would imply photo-
absorption by vancomycin. [V — H — CO,]™ may also come
from electron transfer from [R — H]™ to vancomycin, followed
by CO,H loss, which would mean that the photon has been
absorbed by [R — H]™. However, we have shown earlier in this
Article that the photofragmentation yield of [R — H]~
negligible compared to that of vancomycin in the whole
photon energy range studied here (see Figure 2). Therefore,
we attribute the formation of [V — H — CO,]™ to the sole
photoexcitation of neutral vancomycin followed by proton
transfer to [R — H], associated with the formation of [V —
H]™ and CO, loss. This is supported by the presence of [V —
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H]™ in the mass spectra of [V + R — H]~ (see Figure 4). To
our knowledge, proton transfer within a negatively charged
molecular system in the gas phase has never been reported;
additional work is thus needed to confirm this interpretation. A
reasonable hypothesis for the origin of the proton relies on the
observation of massive CO, loss from deprotonated
vancomycin in our mass spectra: it is the lowest-energy
decay channel of deprotonated vancomycin in its electronic
ground state.”’ Vancomycin is deprotonated at the C-terminus
of the peptidic moiety, and CO, loss occurs from this
carboxylate group. Therefore, the proton most probably comes
from the carboxyl group of vancomycin. A low-intensity peak
present at 6.5 and 12 eV photon energy is observed at m/z
1633: from the isotopic pattern, we assign it to bond cleavage
n [R — H]™ to form the x, fragment, without dissociation of
the complex: we call this species [x,; + V — H]™. Again, the
negligible photofragmentation yield of [R — H]~ implies
photoabsorption in vancomycin followed by energy transfer
and fragmentation of [R — H]~ within the complex. Note that
the x, fragment has not been observed after photoabsorption
by the isolated [R — H]™, consistent with this mechanism. This
is also supported by the crucial fact that none of the
fragmentation channels observed for the isolated [R — H]~
is present for [V + R — H]™.
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Now, let us investigate the evolution of the photofragments
from [V + R — H]™ as a function of photon energy (cf. Figure
4). The low-energy part is dominated by the loss of neutral
molecules from the complex, the shape of their peaks being
similar to the cases of [V — H]™ and [V — 2H]*™ (cf. Figures 2
and 3). It supports our conclusion that these losses come from
vancomycin in the complex (see the previous paragraph). In
the high-energy range (9—13.8 V), the most abundant species
is [V — H — CO,]7, and from our measurements, we can
extract its appearance energy at 8.2 + 0.4 eV. Its yield
smoothly increases up to 12 eV and then falls. This kind of
behavior has been reported for a protonated peptide after
photoabsorption in the same energy range’” and has been
attributed to excitation in high-lying electronic states: we can
assume that the same process occurs here. Moreover,
electronic transitions over 8 eV have been predicted in
peptides, formamide, and N-methylacetamide by ab initio
calculations.””** These transitions are not visible in [V — H]~
(cf. Figure 2), probably because they are associated with
electron detachment (which does not apply to neutral
vancomycin): this is supported by the spectra measured for
[V — 2H]*" (see Figure 3).

After having commented on the main channels after
photofragmentation of [V + R — H]™ in the 4.5-13.8 eV
range, we now present in Figure S the overall UV—-VUV
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Figure S. Top: total fragmentation yield of isolated [V + R — H]™ in
the UV—VUV 4.5—13.8 eV range. The yields of all channels have
been added, and the photon energy has been converted to
wavelength. Bottom: UV spectrum of a solution of vancomycin in
deionized water.

photofragmentation spectrum of [V + R — H]™, obtained by
summing the yield of all fragments. [V + R — H]  is a
noncovalent complex composed of neutral vancomycin and [R
— H]~, and we have shown that in this photon energy range,
the photofragmentation probability of [R — H]™ is negligible
compared to that of vancomycin (see Figures 2 and 3).
Moreover, photoabsorption by vancomycin does not seem to
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massively induce electron detachment from [R — H]™ since we
still detect abundant negative ions up to 14 eV (cf. Figure 4),
even if electron detachment dominates for negatively charged
molecules in the high photon energy range (see Figure 3).
Therefore, the spectrum of Figure 5 can be considered as the
UV—VUV photofragmentation spectrum of neutral vancomy-
cin, to a first approximation. Strictly speaking, some of the
photoinduced electronic transitions within vancomycin are, of
course, influenced by the presence of [R — H]~, but the H-
bonds between the two molecules do not involve the aromatic
chromophores of vancomycin, and these H-bonds are expected
to induce only modest shifts in the energy of electronic states
relative to the ground state. For instance, for neutral serotonin
(an important neurotransmitter), UV—UV hole-burning spec-
troscopy experiments have shown that the transition from the
ground state to the first excited state is red-shifted by only 0.1
eV upon H-bonding to two water molecules (that would
induce a shift of about 3 at 200 nm).** The limited resolution
of our measurements made at room temperature makes our
spectrum insensitive to such small shifts. One might also argue
that the proton transfer process observed here (from neutral
vancomycin to [R — H]™ in the complex) can change the
photofragmentation spectrum of neutral vancomycin. How-
ever, it is most probably not the case here. Indeed, this proton
transfer process occurs in the electronic ground state of the
system and is therefore decoupled from the formation of the
excited states of vancomycin. As soon as photoexcitation
eventually leads to fragmentation in a hot ground state, which
is the case for photons of 8—14 eV absorbed by these
systems,”* the VUV action spectrum is unaffected by the
subsequent proton transfer. That said, to our knowledge,
Figure S displays the first photofragmentation spectrum of
such a large neutral organic molecule in the gas phase.
Moreover, the wavelength range extends down to 90 nm,
which is unreachable by absorption spectroscopy in solution.
An example of such a spectrum is given in Figure 5 for
vancomycin in aqueous solution: in the 290—200 nm region,
the absorbance rises, in good agreement with the gas-phase
spectrum. The latter allows recording the whole band peaking
around 195 nm, in addition to another band with a maximum
around 100 nm, attributed to high lying excited states of
neutral vancomycin (see the previous paragraph).

B CONCLUSIONS

In this Article, we have presented data from experiments
consisting in irradiating trapped gas-phase molecular anions
with a synchrotron beam in the UV—VUV range and recording
the mass spectrum of negatively charged photoproducts as a
function of photon energy. By taking advantage of the fact that
electrospray ionization is a soft technique that allows bringing
fragile noncovalent complexes into the gas phase, we recorded
the photofragmentation spectrum of the complex between
neutral vancomycin and the singly deprotonated Ac,"KPAPA
peptide. We show that the recorded spectrum can be
considered as the UV—VUV photofragmentation spectrum of
neutral vancomycin in the gas phase because in this wavelength
range (90—275 nm), the probability of photofragmentation of
the singly deprotonated Ac,"KPAPA is negligible compared to
that of vancomycin. Furthermore, noncovalent binding does
not induce sufficient spectral shifts to have an influence on our
spectrum, given the experimental resolution.

This proof-of-principle of charge-tagging action spectrosco-
py opens up new possibilities regarding UV—VUV spectros-
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copy of gas-phase neutral organic/biological molecules, thanks
to the versatility of the coupling of electrospray ionization and
mass spectrometry techniques. The next step is, first, to test
our method with other complexes composed of fragile neutral
molecules noncovalently bound to small tag anions. Then, it
would be worth exploring the soft X-ray energy range, even if
electron detachment is expected to be even more dominant
over photofragmentation than in the UV—VUYV range. Another
perspective takes advantage of the enantiospecific aspect of
noncovalent binding of vancomycin to Ac,"KPAPA: it has been
shown that the PAPA termination is required for the receptor
to locate in the binding pocket of vancomycin in the
condensed phase,” in line with the dissociation energy of
the doubly deprotonated complex being much larger for
Ac,"KPAPA than for Ac,"K"A"A in the gas phase.*® Thus, it
would be interesting to record the action spectrum of the
singly deprotonated noncovalent complex between vancomy-
cin and Ac,PK“A"A with the same method as applied here: we
expect major differences with the results presented here.
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