


phosphorylation. The presence of the phosphate group is likely

to direct water attachment toward it.[18] pTyr has already been

studied by infrared multiple photon dissociation (IRMPD)

spectroscopy by Scuderi et al.[19] They have shown that adding a

water molecule to pTyr redshifts the ammonium NH stretches

and the phosphate P=O stretch, which they could link to the

formation of a strong hydrogen bond bridge by water between

the phosphate group and the ammonium.

In this paper, we extend this work by studying the influence

of a single water molecule on the X-ray fragmentation and

electronic structure of pTyr by analysis of the soft X-ray spectra

at the carbon and oxygen K-edges, aiming at deciphering the

location of the water molecule in hydrated pTyr and its impact

on the measured spectra. This paper is divided as follows: first,

the experimental mass spectra and X-ray absorption spectra at

the carbon and oxygen K-edges are described. In the last

section, a discussion of the potential structural candidates is

done in light of the comparison of our experimental and

simulation results.

Results and Discussion

Mass Spectra

In this section, the ESI-only spectrum (no photons) of

½pTyr þ H þ H2O�þ as well as the photodissociation spectrum of

½pTyr þ H þ H2O�þ at the O K-edge (536.3 eV) will be discussed.

The ESI-only spectrum, recorded without photons, is the

result of the collisional activation of the molecule with the

helium buffer gas. In the ESI-only mass spectrum reported in

Figure 2, we observed multiple neutral losses from hydrated

pTyr. The main neutral loss observed is the loss of H2O from the

selected parent ion, leading to bare pTyr. Although only the

hydrated phosphotyrosine was mass selected in the quadrupole

mass spectrometer (QMS), the intensity of bare pTyr was almost

equal to that of hydrated pTyr due to collision with the helium

buffer gas in the trap. Moreover, bare pTyr could further

fragment in the trap before photon irradiation. A corresponding

fragment from bare pTyr at m/z 216 results from the loss of H2O

and CO as already observed by Scuderi et al.[19] Interestingly,

this sequential loss of H2O and CO from the carboxyl group is

not observed in the case of hydrated pTyr (it would appear at

m/z 234), indicating that the addition of a water molecule non-

covalently bound to the amino acid affects the possible

fragmentation channels.

From hydrated pTyr, we observed the loss of HPO3 at m/z

200 and the loss of [HPO3 þ H2O] at m/z 182. The loss of HPO3

is a characteristic neutral loss in phosphorylated amino acids

and peptides.[20,21] The process for the loss of [HPO3 þ H2O] is

however unclear. Since the intensity of this peak is much

weaker than the HPO3 loss for hydrated pTyr, it suggests that

either water is subsequently lost after HPO3 and bare pTyr does

not dissociate via HPO3 loss, or that the loss of HPO3 from bare

pTyr is somehow quenched in comparison to hydrated pTyr.

That could be explained if HPO3 loss would be a high-energy

dissociation channel, and that the prior loss of water to produce

bare pTyr leaves it with much less kinetic energy to initiate an

energetic collision with the buffer gas than hydrated pTyr. Our

present data does not allow to conclude which of the two

processes is here at play.

The mass spectrum revealed peaks in the low-mass region

(m/z 45 to m/z 115) that could not be assigned to fragments of

pTyr or its hydrated forms but could be distinguished from pTyr

because they did not match the expected fragmentation

pattern of pTyr.[22,23] We typically expect benzene fragments

from the tyrosine side-chain[22] and phosphate losses.[23] Figure 3

shows the spectra of bare and hydrated pTyr irradiated at

536.3 eV after ESI-only and photon-only spectra subtraction.

We observed 13 fragments in total from isolated and

hydrated pTyr. A table summarizing the attribution of the

different fragments observed after photon irradiation is shown

in the SI. Most fragments could be attributed to tyrosine side-

chain fragments such as m/z 52, 65, 78, 80, 107, and 108.

Fragments at m/z 63, 81, and 99 are attributed to fragments of

the phosphate group, POþ
2 , PO3Hþ

2 , and ½PO3H2 þ H2O�þ, while

Figure 1. Chemical structure of protonated phosphotyrosine (pTyr).

Figure 2. ESI-only mass spectrum of hydrated phosphotyrosine. The precur-
sor ion ½pTyr þ H þ H2O�þ is observed at m/z 280.

Figure 3. Photodissociation mass spectrum of the mixture of hydrated and
bare pTyr measured at 536.3 eV photon energy.
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m/z 47 and 62 are backbone fragments, respectively, CO2Hþ
3

and C2O2Hþ
6 . Based solely on this mass spectrum, it is not

possible to conclude whether PO3Hþ
2 is produced by the

evaporation of the water molecule from the hydrated fragment

½PO3H2 þ H2O�þ or directly from fragmentation of the isolated

½pTyr þ H�þ. This will be further discussed in the context of the

partial yield spectra at the O K-edge (see next section). The

observation of the hydrated fragment ½PO3H2 þ H2O�þ suggests

that the non-covalent bond between pTyr and the water

molecule can be conserved upon photoexcitation at 536 eV.

This is surprising considering the large internal energy that the

system possesses following the photoabsorption. At these

photon energies, core photo-excitation is typically followed by

the emission of an Auger-Meitner electron, which on average

leaves behind an excitation energy of 10–20 eV.[24,25] This is

different from collision-induced dissociation where, for the

deprotonated nucleotide AMP, it has been shown that the

hydrated molecule first undergoes loss of the water molecule

and then further fragments.[26] In contrast, hydrated fragments

have been observed after irradiation at the oxygen K-edge of a

hydrated peptide with four water molecules.[14] This suggests

that the fragmentation leading to the ½PO3H2 þ H2O�þ cation

might take place before the intramolecular vibrational redistrib-

ution of the internal energy.

It is also worth mentioning that the complementary frag-

ment of ½PO3H2 þ H2O�þ is the protonated tyrosine amino acid

minus one hydrogen atom, that should appear at m/z 181. This

fragment was absent from our mass spectra, suggesting that

the amino acid undergoes further dissociation after the loss of

the ½PO3H2 þ H2O�þ fragment. All fragments mentioned in this

section have been used to obtain the near-edge X-ray

absorption mass spectroscopy (NEXAMS, see sections Methods

and SI 1.1) spectra shown in the next section.

To conclude, the two mass spectra described above allow

us to make already some assumptions concerning the structure

of hydrated pTyr and, more specifically, the binding of the

water molecule. On the one hand, the observation of the

hydrated fragment ½PO3H2 þ H2O�þ, after photoabsorption at

the O K-edge, suggests that the water molecule binds to the

phosphate group in phosphotyrosine. On the other hand, the

fact that, upon collisional activation, the phosphate group

ðHPO3Þ is lost from hydrated pTyr while the non-covalently

bonded water molecule is retained suggests that the water is

not only bound to the phosphate group but must have another

established bond with another chemical group of the molecule.

In the following, we will show that the examination of the

NEXAMS spectra and the comparison with density functional

theory (DFT) calculations will allow us to conclude the structure

of hydrated pTyr.

Experimental NEXAMS Spectra

The NEXAMS spectra at the C K-edge of the mixture of bare and
hydrated pTyr are shown in Figure 4. At the C K-edge, we observed
three main resonances, as can be seen in Figure 4(a): the first one is
at about 285 eV and originates from a C 1s ! p*(C=C) transition
from the benzene ring. We observed in the high-resolution scan

around 285 eV that the p*(C=C) resonance is split into two
resonances separated by 0.4 eV [see Figure 4(b)]. This is explained
by the fact that the molecular environment is not identical for the
different carbon atoms of the ring, as has been described in the X-
ray absorption spectrum of neutral benzene and gas-phase neutral
tyrosine.[27,28] A second, weaker resonance can be observed in
Figure 4(b), located at 286.2 eV. Theoretical and experimental
studies have attributed this weak resonance to a dipole-forbidden
C 1s ! p*e2u(a2) resonance, which is vibronically allowed due to
symmetry breaking of the benzene ring.[28–30]

The second resonance present in Figure 4(a), at about 287 eV, is a
combination of two different transitions located at 287.1 eV and
287.4 eV due to Cring 1s ! p* and Cring 1s ! s*(CH), respectively.
This resonance has been observed for solid-state tyrosine and
tyrosine-containing peptides.[12,31,32] The last main resonance at
288.7 eV has been attributed to the C 1s ! p* transition from the
benzene ring,[27,28] more precisely to C 1s ! p*(C=O) transitions in
small peptides in solid phase[33,34] and gas phase.[12,35] Accordingly,
our calculations indicated that the resonance at 288.7 eV predom-
inantly originates from C 1s ! p*(C=O) transitions from the
carboxyl group (as explained later). A very weak resonance is
observed in the NEXAMS spectrum (Figure 4) and for most partial
ion yields (PIYs) (Figure S4) around 290.5 eV. This resonance has
already been observed for phenylalanine and tyrosine and is
attributed to C 1s ! s*(CC) and C 1s ! s*(CN).[27]

All transitions in the NEXAMS spectrum at the C K-edge can be
attributed to transitions already observed in gas-phase neutral
tyrosine or protonated peptides. This could be expected, as
phosphorylation of the side chain of tyrosine does not change the
direct neighboring atom of the different carbon atoms.

Comparing the partial ion yield spectra of the different fragments
in Figure S4, it appeared that the water molecule has little influence
at the carbon K-edge. Even the PIY of the hydrated fragment
½PO3H2 þ H2O�þ, that undoubtedly originates from
½pTyr þ H þ H2O�þ, does not show any clear difference (new peaks
or shifts) that could identify an effect of the solvation.

In contrast to the carbon K-edge, the phosphorylation and the
water molecule are anticipated to have significant signatures at the
oxygen K-edge, given their elemental composition. In this energy
range, the main resonances of the amino acid are expected at
532.1 eV, 535.2 eV, and 541 eV according to the work of Zhang
et al. on neutral tyrosine,[27] whereas for the water molecule, the
two main resonances are expected at 534.2 eV and 536.2 eV
according to Wilson et al.[36] From the study of Wang et al., a weak
resonance due to transitions to the phosphate group is expected
around 534.5 eV.[37] However, Ward et al. have shown that the
fingerprint of PO4 in phosphate-containing molecules appears as a
broad and highly intense resonance at 536.7 eV.[38] Therefore, the
oxygen K-edge allows us to distinguish between the resonances of

Figure 4. NEXAMS spectra at the C K-edge of the mixture of hydrated and
bare pTyr. In panel (a), the full-range measurement and in panel (b), the
high-resolution NEXAMS spectrum are shown.
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the different oxygen sites of hydrated pTyr, as we do not expect
any overlap between them.

In Figure 5, the O K-edge NEXAMS spectrum of the mixture of
½pTyr þ H þ H2O�þ and ½pTyr þ H�þ is shown. We observed one
main resonance at 532.2 eV, which was also observed in the X-ray
absorption spectrum of neutral tyrosine.[27] The authors attributed
this resonance to an O 1s ! p*(C=O) transition from the carboxyl
group. Our calculations at the O K-edge confirmed that this
attribution is valid for both bare pTyr and hydrated pTyr (see next
section). The weak resonance at 534.5 eV, appearing as a shoulder
left of the broad feature, can be attributed to a s*(OH) transition
from the water molecule, as discussed in the following. The
resonance near 536 eV stems from transitions from O 1s ! s*(OH)
mostly from the carboxyl group of the molecule and with a small
contribution from the water molecule when it forms a bridge
between the phosphate group and the carboxyl group, according
to our calculations (see the OP_bridge structure in the following).
The last broad resonance at 539 eV is due to many electronic
transitions, mainly p*(P=O) and s*(OH) transitions from the
phosphate group[38] (see the next section for a discussion of the
different calculated conformers and specific attributions of the
resonances).

As the NEXAMS spectrum shown in Figure 5 is the result of the
irradiation of both pTyr and hydrated pTyr, a more precise
conclusion cannot be made based only on the NEXAMS spectrum.
However, additional information can be extracted from the PIYs at
the oxygen K-edge, especially from the PIY of the hydrated
fragment ½PO3H2 þ H2O�þ. In Figure 6, the PIYs of every fragment at
the oxygen K-edge are shown. Some differences in the PIYs of the
fragments can be observed. Interestingly, the two backbone
fragments CO2Hþ

3 and C2O2Hþ
6 do not exhibit the first O1s ! p*(C=

O) resonance at 532.15 eV. These two fragments contain an intact
carboxyl group. The absence of the resonance suggests that
exciting the p*(C=O) orbitals will first and foremost induce cleavage
of the C=O and/or C-OH bonds in the carboxyl group. In this case,
fragments containing an intact COOH group cannot be produced
through this resonant excitation.

We observed that for all tyrosine side-chain fragments, plotted in
grey in Figure 6, as well as for the phosphate-containing fragments
PH3Oþ and POþ

2 , the relative intensity between the resonance at
532.15 eV and the resonances at higher photon energies is similar.
The fragment ½PO3H2 þ H2O�þ and its bare form PO3Hþ

2 present a
different ratio between the resonances at 532.15 eV and at 535 eV
and might therefore originate from different processes than the
tyrosine side-chain fragments. This will be discussed further at the
end of this section. We observed differences between a tyrosine
side-chain fragment (C6Hþ

6 ) coming from the bare pTyr and the
hydrated fragment ½PO3H2 þ H2O�þ. Specifically, we observed for
C6Hþ

6 a dip at 536.5 eV whereas for ½PO3H2 þ H2O�þ the resonances
at 535.5 eV and the one centered around 539 eV are not well
resolved (see Figure 7). This indicates that for ½PO3H2 þ H2O�þ an
additional resonance appears at about 536.4 eV. We explain this

new resonance by the presence of transitions from the water
molecule around 536 eV, as shown in Figure 7. Wilson et al.
measured the total ion yield spectrum of gas-phase water at the
oxygen K-edge; they observed three main peaks in the spectrum, at
534.2 eV, 536.2 eV, and 537.5 eV[36] assigned to transitions from the
ground state to a mixture of empty molecular orbitals and Rydberg
states.[39]

As mentioned in the previous section, it was not possible to
conclude that PO3Hþ

2 is produced by the evaporation of the water
molecule from ½PO3H2 þ H2O�þ on the basis of only the photo-

Figure 5. Experimental absorption spectrum of a mixture of
½pTyr þ H þ H2O�þ and ½pTyr þ H�þ at the O K-edge.

Figure 6. PIYs of the fragments originating from a mixture of
½pTyr þ H þ H2O�þ and [pTyr+H]+ at the oxygen K-edge. The PIYs of the
carboxyl-containing fragments are shown in green, and the PIYs of tyrosine
side-chain fragments are shown in grey. The PIYs of phosphorus-containing
fragments are shown in orange, and the PIY of the hydrated fragment is
shown in blue.

Figure 7. Comparison of the ion yield spectra of C6Hþ
6 and ½PO3H2 þ H2O�þ

with the experimental TIY of gaseous water, adapted from Wilson et al.[36] A
vertical dashed line has been added at 536.4 eV (resonance of the water
molecule[36]) to guide the eyes.
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dissociation mass spectrum. However, it is now possible to draw
some conclusions by comparing the PIYs of both fragments at the
oxygen K-edge. As illustrated in Figure 7 highlighting the differ-
ences between the C6Hþ

6 and ½PO3H2 þ H2O�þ fragments, the shape
of the PIY spectra of bare pTyr fragments differ from that of
hydrated pTyr fragments. If PO3Hþ

2 comes from the evaporation of
the water molecule from ½PO3H2 þ H2O�þ after irradiation with
photons, the shape of the PIY spectrum of the hydrated fragment
½PO3H2 þ H2O�þ should be similar to that of its bare form PO3Hþ

2 .
Figure S5 (SI) shows that their PIY spectra are identical once
normalized on the first resonance at 532.15 eV, thus supporting the
hypothesis that, after being produced, the hydrated fragment may
have a high internal energy and loses its water molecule. To obtain
more insight into the different electronic transitions and the
possible structures of hydrated pTyr, DFT calculations have been
performed and compared with the X-ray absorption spectra at the
C and O K-edges. This will be discussed in the next section.

Comparison of the Calculated Absorption Spectra with the

NEXAMS Spectra

The analysis of the photodissociation mass spectra drove all
calculations for the hydrated conformers. The spectra revealed that
the main hydrated fragment, at m/z 99 (½PO3H2 þ H2O�þ), contains
the phosphate group, thereby directing the structural analysis
towards conformations where water binds to the phosphate group.
Moreover, the loss of HPO3 from hydrated pTyr was observed
without the loss of H2O, indicating that the water probably binds
not only to the phosphate group.

The structures of the three hydrated conformers and the bare one
that were considered (following the method detailed in the
Supporting Information) are shown in Figure 8. The selected
isolated pTyr (pTyr_2) has the phosphate and amino-acid groups
lying on the same side of the phenyl plane. From this structure,
three singly hydrated pTyr conformers were considered. POH_2 has
the same structure as pTyr_2 with the water molecule binding to
the phosphate. From the previous work of Scuderi et al.,[19] we
could also expect the water molecule to bind only to the
ammonium to form a strong hydrogen bond. Such a structure was
considered during our structural search but not further considered
as its calculated spectra did not agree with our NEXAMS spectra
(see the Supporting Information). Moreover, the water molecule
may bridge the phosphate group and the ammonium or the
carboxyl group, as for the structures NP_bridge_2 and OP_bridge
presented in Figure 8.

Figure 9 compares the experimental NEXAMS spectra at the carbon
and oxygen K-edges with the calculated spectra of the four selected
conformers. To compare the theoretical spectra with the exper-
imental one, we used the Pendry reliability factor Rp for an
unbiased criterion.[40] A perfect agreement between the theoretical
spectrum and the experimental one is represented by Rp¼ 0, while
Rp¼ 1 means no agreement. pTyr_2 is the isolated conformer that
was chosen to be the final representative for bare pTyr after a
comparison of its calculated spectrum with the NEXAMS spectrum
at the carbon K-edge (see Supporting Information). From the
comparison of the NEXAMS spectrum and the calculated spectra at
the C K-edge, we infer that all four conformers are in agreement
and can be possible fitting structures for bare and hydrated pTyr in
our experimental setup. Their Rp factor, at the C K-edge, demon-

Figure 8. Structures of the bare pTyr and the three singly hydrated
conformers of pTyr. POH_2 has the water molecule bound to the phosphate
group, while NP_bridge_2 and OP_bridge have the water molecule bound
to the phosphate group and the ammonium or carboxyl group, respectively.

Figure 9. Comparison between the calculated X-ray absorption spectra of the bare pTyr (pTyr_2) and the three selected hydrated pTyr conformers (POH_2,
OP_bridge, and NP_bridge_2) and the experimental NEXAMS spectra (red) at the C K-edge (left) and at the O K-edge (right). Their Pendry factor (Rp) is also
given.
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strates the good agreement between the experimental spectrum
and the calculated ones. However, to confirm that the pTyr_2
conformer and the three hydrated conformers can be good
structural candidates for pTyr, their calculated spectra should also
be in agreement with the experimental spectrum at the O K-edge.

The right panel of Figure 9 shows the comparison of the NEXAMS
spectra with the calculated spectra at the oxygen K-edge for the
three singly hydrated conformers, POH_2 (where the water binds to
the phosphate group), OP_bridge (where the water molecule forms
a bridge between the carboxyl group and the phosphate group),
and NP_bridge_2 (where the water molecule forms a bridge
between the NHþ

3 group and the phosphate group) and the bare
pTyr_2. Despite showing Pendry factors Rp that are closer to 1, the
computed transitions and intensities present a qualitative good
agreement with the experiment. Figure S6 highlights the contribu-
tions of the oxygen atoms of the water molecule, the phosphate
group, and the carboxyl group to the calculated spectra.

At first glance, we observed that the calculated spectra of OP_
bridge and NP_bridge_2 are similar in shape. The first resonance at
532.15 eV is entirely due to O 1s ! p*(C=O) from the carboxyl
group, with no transition from other oxygen atoms in the
molecules, and the broad feature between 535 and 540 eV comes
mostly from transitions from an oxygen atom of the phosphate
group exciting s* antibonding orbitals. For both conformers
bridging the phosphate group and either the N-terminus or the
carboxyl group (labeled NP_bridge_2 and OP_bridge, respectively),
the water molecule does not exhibit strong transitions and seems
to act more like a spectator in the calculation, except for a weak
resonance forming a shoulder at 534 eV on the resonance at
534.7 eV. However, this shoulder is more pronounced for the
OP_bridge conformer compared to NP_bridge_2. This weak reso-
nance at 534 eV is due to transitions from the oxygen atom of the
water molecule into a s*(OH) orbital (LUMO+7, Figure S7) where
most of the density is located on the water molecule (see
Figure S7). This could explain the low-intensity resonance at
534.2 eV in our experimental spectrum, which would also be
consistent with the TIY spectrum of gas-phase water of Wilson
et al.[36] This transition is also observed in the calculated spectrum
of NP_bridge_2 at 533.5 eV (LUMO+3, Figure S7), but the intensity
of this transition is even lower. Thus, this transition does not
contribute significantly to the total calculated spectrum. Moreover,
for NP_bridge_2, the resonance at 534.7 eV is shared equally by
contributions of the carboxyl and phosphate groups through O 1s
! p*(C=O) and O 1s ! s*(OH) transitions (LUMO and LUMO+6,
Figure S7). For the OP_bridge conformer, starting from 535 eV, the
intense transitions are all due to the phosphate group (LUMO+14,
Figure S7).

Furthermore, the POH_2 conformer exhibits a calculated spectrum
rather different from the bridge conformers, where the water
molecule is responsible for a strong transition at 533.6 eV
(LUMO+6, Figure S7) and partly contributes to the resonance at
535.5 eV which is shared with transitions from oxygen atoms of the
carboxyl group to the s*(OH) orbital. From 536 eV to 540 eV, the
oxygen atoms of the phosphate group are excited to p*(C=O) and
s*(OH) orbitals (LUMO+1 and LUMO+4, Figure S7).

The differences in the lower energy range of the calculated spectra
can be explained by the differences in structure between POH_2
and the two conformers forming a bridge. The resonance around
534 eV (at 533.5 eV for POH_2) is due to transitions from the water
molecule into the s*(OH) orbital, mainly where most of the
electronic density is located around the water molecule with a
small contribution of the -OH group of the phosphate group
(LUMO+6, Figure S7). As POH_2 makes only one hydrogen bond
with the water molecule, the water molecule interacts less with

pTyr compared to the bridge structures where water is more
strongly bound to the biomolecule. For the two structures
NP_bridge_2 and OP_bridge, the electronic density is shared
between the water molecule and pTyr through the phosphate
group and either the N-terminus or the carboxyl group. That is why
for OP_bridge and NP_bridge_2, the intensity of these water-
related transitions is very low, and most of the electronic transitions
in the calculated spectra of both conformers come from electronic
excitation from the carboxyl and phosphate groups. Therefore, the
calculated oxygen K-edge spectra for both bridge conformers
resemble more the calculated spectrum of pTyr_2 (see Figure 9).

Moreover, from the NEXAMS spectra, it is clear that no intense
transitions are present between the O 1s ! p*(C=O) transitions at
532.15 eV and the O 1s ! s*(OH) transitions at 535.5 eV, even
though the possibility that some transitions are present cannot be
ruled out (the TIY intensity being non-zero between the two
resonances). Thus, we could conclude that POH_2 can be present in
our experimental setup but is not the major conformer of the
target ion cloud. However, from the ESI-only and the photo-
dissociation mass spectra, we concluded that the water molecule
not only binds to the phosphate group but should bind to another
group to allow the loss of HPO3 without the loss of the water
molecule. Therefore, the two bridge conformers are good structural
candidates. Of both conformers, OP_bridge shows a stronger water
transition at 534 eV, which might explain our experimental
resonance at 534.3 eV.

Scuderi et al. showed that for singly hydrated protonated phospho-
tyrosine, the most stable conformers have the water molecule
bridging the phosphate and the ammonium, where the water is an
acceptor from the N�H and a donor to O=P.[19] This is similar to
what we obtained for the NP_bridge_2 and OP_bridge structures.
For the OP_bridge structure, H2O is an acceptor from the -OH of
the carboxyl group and a donor to O=P. These authors also found a
similar structure to OP_bridge during their structural search, but
they did not consider it further.[19] We conclude that, even if we
cannot rule out the possibility of POH_2 or NP_bridge_2 and similar
structures, OP_bridge best agrees with the NEXAMS spectra at the
carbon and oxygen K-edges. The OP_bridge structure is therefore
chosen as the structural representative of hydrated pTyr in our
experimental conditions.

Conclusions

In conclusion, we have shown that the combination of DFT/

ROCIS calculations and soft X-ray action spectroscopy allows

the determination of the location of the water molecule. We

have measured the experimental NEXAMS spectra at the carbon

and oxygen K-edges of a mixture of isolated and singly

hydrated protonated phosphotyrosine to investigate the effect

of a single water molecule on the fragmentation and to search

for the spectroscopic fingerprints of the biomolecule in the soft

X-ray range. The interpretation of these experimental spectra

could be done by comparison with DFT/ROCIS calculations.

Following an initial structural search, three possible conformers

were calculated based on the insights given by the dissociation

mass spectra: one in which the water molecule binds

exclusively to the phosphate group and two others where the

water molecule forms a bridge between the phosphate group

and either the carboxyl group or the N-terminus. The compar-

ison of the NEXAMS spectra with the calculated spectra of these
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three conformers at the oxygen K-edge allowed us to rule out

the first conformer. Based on the photodissociation mass

spectrum and the comparison between the calculated spectra

and NEXAMS spectra, we concluded that the most representa-

tive conformer under our experimental conditions was a

structure where the water molecule forms a bridge between

the phosphate and the carboxyl groups. Additionally, since the

NEXAMS technique is element-specific, the water molecule

could be directly probed at the oxygen K-edge. We established

at the O K-edge that the PIYs of a fragment coming from the

bare pTyr have an electronic signature different from that of

the hydrated fragment ½PO3H2 þ H2O�þ, which shows an addi-

tional transition at 536.4 eV from the water molecule. Finally,

our experimental technique needs to be improved to probe the

bare and hydrated molecule separately, for example, using

resonant extraction[41] in the trap, which would allow selective

removal of one species from the trap or a dedicated electro-

spray source that would enhance the yield of hydrated species.

Methods

Phosphotyrosine (C9H12NO6P) was purchased from Sigma-

Aldrich at �95 % purity and used without further purification.

The sample solution was prepared at 1.5 mM concentration in

1 : 1 water/methanol with 1 % of formic acid to ensure the

protonation.

The results were obtained during an experimental campaign

by coupling our home-built tandem mass spectrometer to the

P04 soft X-ray beamline at the PETRA III synchrotron (DESY,

Hamburg, Germany). More details on the experimental method

can be found in the Supporting Information.

Soft X-ray action spectroscopy was employed to obtain the

total ion yield (TIY) spectra, the so-called NEXAMS spectra, of

pTyr at the C and O K-edges. This was achieved by summing

the peak areas of all detected fragments of bare and hydrated

pTyr in the photoinduced mass spectra across the scanned

photon-energy range. The NEXAMS spectra can be assumed to

be good approximations of the X-ray absorption cross section

and, thus, comparable to the calculated oscillator strengths. The

partial ion yields for individual fragments are the results of the

convolution of the absorption cross section of the molecule

with the branching ratio of the different fragmentation path-

ways. By summing up the contributions of all fragments into a

total ion yield spectrum, we approach the result of an

absorption spectrum.[42]

To assign the different resonances of the NEXAMS spectra

at the C and O K-edges, theoretical calculations were performed

to compute the X-ray absorption spectra (XAS) of structural

candidates for pTyr and hydrated pTyr. All calculations were

performed using the combination of the density functional

theory (DFT) and the restricted open-shell configuration inter-

action with singles (ROCIS) method, employing the TZVP

Ahlrichs basis set[43] in combination with the B3LYP exchange-

correlation functional.[44] Relativistic effects were considered

using the zeroth order regular approximation (ZORA).[45] All ab

initio calculations have been performed using the ORCA

electronic-structure package.[46] The complete procedure for

finding isolated and singly hydrated structural candidates for

phosphotyrosine is explained in the Supporting Information.

To compare with the experimental results, the calculated X-

ray absorption spectra were broadened using a Gaussian profile

with a full width at half maximum (FWHM) of 0.6 eV to account

for the experimental photon-energy resolution, the core-hole

lifetime, and the electronic broadening of the calculated

transitions.[47,48] The energy shift of the theoretical spectra has

been defined by matching the first resonance of the theoretical

spectra to the corresponding one in the experimental spectra,

representing the p*
C¼C resonance in the case of the C K-edge

calculated spectra and the p*
C¼O resonance in the case of the O

K-edge calculated spectra.[49] This gives a shift of around 11.5 eV

in the case of the C K-edge and 14 eV in the case of the O K-

edge calculations.
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