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The structure and functionality of biomolecules are intrinsi-
cally linked with their aqueous environment. There has been
a long-standing effort to understand the effect of the
surrounding water solvation shell on the conformation of
biomolecules and how it influences both their functional
properties and susceptibility to external factors (such as
ionizing radiation).’” The structure—function paradigm pos-
tulates that proteins are required to adopt a specific folding to
be biologically active.®! Therefore, continuous intensive
research has been devoted to protein folding and how the
active native state is adopted.”! Weak molecular interactions
have been proposed to have a major role in protein folding
and in the formation of macromolecular complexes."”) Thus,
understanding how the structure of complexes is determined
and stabilized is a crucial issue. In particular, the solvent has
a key role in self-assembling processes.!'!

The need to gain a deeper understanding of the effect of
water solvation on the protein structure and the ability of
mass spectrometry to study isolated intact non-covalent
complexes even from heterogeneous mixtures,'? have led to
an intensive investigation of gradual solvation of biomole-
cules (Ref. [1-7] and references therein). The limit of the so-
called microsolvation (or nanosolvation), referring to only
a small and well-defined number of attached water molecules,
has been conceived. For example, it has been shown recently
that even a single or a few water molecules can significantly
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affect a chemical reaction dynamics™® or the peptide
structure.”

Herein we report a comparative experimental and theo-
retical study on protonated leucine-enkephalin (Leu-Enk:
YGGFL) peptide dimer ion and on the same system solvated
with three water molecules. Leu-Enk has turned into a stan-
dard model in mass spectrometry,’® and is used here as
a model system for peptide—peptide interactions. This model
is pertinent not only for non-covalent complex formation but
also for the acquisition of secondary and ternary structures of
proteins. Nanosolvation of a fragile biomolecular complex by
only a few water molecules appears to have a dramatic impact
on its stability. We have compared the photon-induced
fragmentation in the vacuum ultraviolet (VUV) of a bare
and a solvated protonated Leu-Enk peptide dimer ion
isolated in the gas phase, and found a drastic reduction of
the fragmentation abundance of the solvated precursor.
Furthermore, the increased stability that is due to nano-
solvation was substantiated by detecting the dication pro-
duced upon photoionization of the hydrated protonated
species [2Leu-Enk +3H,O +H]", which can be preserved
in the gas phase, thus also allowing a precise measurement of
the ionization threshold of 8.53 £ 0.050 eV. Theoretical study
of the structure of the nanosolvated peptide dimer is
consistent with the experimental findings. The calculations
show that hydration with only 3 water molecules does not
affect significantly the 3D structure of the dimer, but rather
stabilizes it by about 1.5 eV.

Figure 1 shows tandem mass spectra (MS?) recorded after
VUV irradiation at 9 eV photon energy of isolated [2Leu-
Enk +H]"* (m/z1111) and [2Leu-Enk+3H,O+H]" (m/
z 1165) precursor ions. Additional mass spectra recorded at
lower photon energy are given in the Supporting Information.
The single VUV photon absorption by the bare protonated
peptide dimer [2Leu-Enk + H]" (Figure 1a) clearly produces
abundant dissociations of the precursor into monomer units.
The abundance of the monomer cation [Leu-Enk +H]J" at
9eV photon energy is as large as 48% relative to the
precursor, a lower limit owing to possible photon reabsorp-
tion during the irradiation time. Careful observation of the
isotopic distribution of the m/z 556 ion (Figure 1 a, inset) does
not reveal any sign of the [2 Leu-Enk + H]?*" radical dication
(expected at m/z 555.5) produced by photoionization (PI) of
the precursor, as the photon energy of 9 eV is above the
ionization threshold.'¥ Photoabsorption is also accompanied
by cleavage of the peptide backbone into sequence ions and
neutral losses from the precursor and the monomer, which is
similar to previous results."¥! The photoinduced fragmenta-
tion of the microsolvated isolated dimer precursor [2Leu-
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Figure 1. Photoactivation tandem mass spectra of leucine-enkephalin (Leu-Enk) peptide dimer recorded after irradiation of a) [2 Leu-Enk -+ H]* and
b) [2Leu-Enk+3 H,O + H]" precursors at 9 eV photon energy. Insets: a close up of the mass regions around [Leu-Enk+ H]" (m/z 556), [Leu-
Enk +3H,0+H]" (m/z 610), and [2 Leu-Enk +3 H,0 + H>" (m/z 582.5) charge states.

Enk +3H,0 +H]" (Figure 1b) appears to be drastically
different from that of the bare species (Figure 1a). First, the
comparison of the two mass spectra shows that the presence
of only three water molecules on the dimer strongly decreases
the abundances of all of the product ions under identical
experimental conditions. Particularly, the strongest dissocia-
tion channel, corresponding again to the dissociation into
monomer units, produces only up to 8 % abundance of [Leu-
Enk +3H,0 + H]J* (m/z 610) and about 1% of [Leu-Enk +
H]* (m/z 556). It is worth noting that the hydrated protonated
monomer (Figure 1b; bound to the three water molecules) is
more abundant than its dehydrated counterpart.

It appears that, phenomenologically, the microsolvation
of the protonated Leu-Enk dimer with only three water
molecules provide a very efficient shielding against VUV
induced dissociation and backbone fragmentation. Indeed,
the fragmentation pattern corresponding to backbone frag-
ments of bare dimer (Figure 1a) is practically not observed
for the hydrated species (Figure 1b). Actually, the second
most abundant fragmentation channel for the microsolvated
precursor corresponds to the loss of CO,. It is interesting to
note that CO, loss was also the only relatively intensive
fragmentation channel upon both valence!" and inner-shell®!
PI of protein ions. Finally, in contrast to the case of the bare
dimer, the doubly charged cation [2 Leu-Enk + 3H,0O + H]*",
formed upon PI of the microsolvated precursor, can be traced
down in the recorded MS? spectrum. Although of low
abundance, the signal-to-noise ratio is high enough to clearly
distinguish the peak at the exactly expected m/z 582.5 and
with an isotopic distribution explicitly indicating a doubly
charged ion (see insets in Figure 1b).

Geometries of the lowest energy conformers found of
hydrated dimer (CF;) [2Leu-Enk +3H,0 +H]* and of the
corresponding bare one (CF,’) [2Leu-Enk + H]|*, obtained by
molecular dynamics (MD) and 6-31+ G(d,p) density func-
tional theory (DFT) calculations, are shown in Figure 2. The
quantitative results are as following: vertical ionization
energies (VIE) of CF, (hydrated) and CF,’ (bare) are
9.28 eV and 9.31 eV, respectively; binding energy of CF,
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Figure 2. B3LYP/6-31+G(d,p) optimized geometry of the lowest
energy CF, conformer found of [2 Leu-Enk+3 H,O + H]" and the
corresponding bare dimer CF,’ [2Leu-Enk+ H]*. Thin gray lines
represent H-bonds; black lines denote NH; group.

(Ey) is 206.9 kJmol™'; binding energy of CF, (E,/) is
67.4kJmol™'; the difference between binding energies
(Em—Ew) is 139.5kJmol™" (1.45eV). The geometries of
four lowest energy hydrated conformers are compared to the
bare species in the Supporting Information. In all cases, the
dimer forms a bound state both with and without water
molecules. However, comparison of the bare and hydrated
complexes reveals that the binding is strongly enhanced upon
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nanosolvation (ca. 1.5eV for CF,). This is due to the
flexibility of H,O to adjust its position and orientation with
respect to the other molecules, thus increasing the effective
number of H-bonds between monomers. Without water, the
dimer structure is very similar and H-bonding also exists, but
the active sites are much less flexible to adjust, as their
positions are determined primarily by their position and
orientation within the CF of the monomer to which they
belong.

It should be noted that the present experimental obser-
vations support the calculated lowest-energy dimer geome-
tries. The isolated a,- and b,-sequence ions observed in the
tandem mass spectra at 7.2 eV photon energy (Supporting
Information, Figure S1) of the bare dimer indicate that the
proton is located on the N-terminal nitrogen. Furthermore,
a hypothetical linear dimer arrangement does not fit with the
observation of both N-terminal and C-terminal fragments in
association with the monomer (a;+M, a,+ M+ H, x;+M,
x4+ M+ H). These findings suggest a bare dimer formed by
two peptides associated in a parallel stacking manner and
protonated on one of N-terminal nitrogen atoms, as indeed
found theoretically. On the other hand, the fragmentation
pattern of the nanosolvated dimer is scarce and dominated by
peptide fragments associated with the monomer and preserv-
ing all three water molecules. The latter observation suggests
that the water molecules are shared between the two
monomers that is, are located at their interface within the
complex, preferably linked together close to the charge, and
thus remain attached to the observed protonated monomer.
Such an arrangement is indeed obtained in most of the
calculated geometries.

The apparent increased stability toward VUV of the
hydrated complex with respect to the bare species is striking
and questions the energy dissipation process. Irradiation at
energies above the ionization energy (IE) produces a radical
cation and an electron, carrying away part of the energy as
kinetic energy. However, even below the IE, nanosolvation
produces a frustrated dissociation in the dimer. Our tentative
explanation is that the precursor may still undergo the
photofragmentation, where the fragments would remain
attached to the rest of the complex and be thus hidden to
our measurements. Similar observations have been made
under ECD or ETD conditions, leading to so-called EC-no-D
or ET-no-D products."”? Additionally, the precursor may
undergo a photoisomerization. However, we cannot exclude
some other complementary radiationless relaxation mecha-
nisms that would produce a fast deactivation of the excited
molecule.!™

Additional experimental evidence of the increased stabil-
ity of hydrated dimer comes from the PI partial ion yields
obtained by recording MS? as a function of the photon energy.
Relative abundance of a specific peak (obtained by integra-
tion over the isotopic distribution) is then normalized to both
the photon flux and the total ionic current.™™ The yield of the
[2Leu-Enk +3H,0 + H]*™* product ion from the hydrated
precursor shows a clear threshold behavior (Figure 3a),
confirming that it is formed by the PI process: [2Leu-Enk +
3H,0 +H]" + hv—[2Leu-Enk +3H,0 + H]*"" +¢~. Fitting
the experimental PI efficiency curve by a Wannier-type
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Figure 3. Photoionization yields of a) [2 Leu-Enk+3 H,0 + H]** (m/z
582.25-584.0), b) [Leu-Enk + 3 H,0 + H]* (m/z 609.5-613.0), and

c) [Leu-Enk+ H]* (m/z 555.5-559.0) fragments. The full line in (a)
represents the linear Wannier fit.

threshold function™?” allows a precise determination of the
IE of the microsolvated protonated Leu-Enk dimer of 8.53 £
0.050 eV. Note that the latter value represents the adiabatic
ionization energy (AIE)?” rather than VIE obtained theo-
retically. The present calculations predict that all hydrated
conformers have their HOMO localized on the tyrosine end
of the non-protonated monomer (see Supporting Informa-
tion). However, the higher calculated value of VIE for CF, in
comparison with VIE of tyrosine, confirms that electrons
from the HOMO are more strongly bound in the protonated
hydrated dimer than in the neutral tyrosine, despite similar
location and nodal structure of the two HOMOs. This
increase in IE arises from the positive charge of the ion.”"!
The VIE for tyrosine, calculated by MP2, was recently
reported at 8.53 eV,”! while in the present work we calculate
that tyrosine in the lowest-energy CF?!l optimized at B3LYP/
cc-pVQZ level of DFT has VIE =8.27 eV.

At photon energies above the ionization threshold
a radical doubly charged ion is formed, thus an appearance
of a new positive charge on the protonated complex creates
a Coulombic repulsion. A simple estimation of the Coulomb
energy (e’/4meR), which should be counteracted by micro-
solvation to prevent the dissociation of the system, is obtained
from our calculated distance (R~ 0.6 nm) between the center
of the tyrosine ring and the protonated nitrogen in CF, to be
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about 2.4 eV (taking ¢ = ¢, the permittivity of vacuum). The
later estimation is an upper limit and in fair agreement with
the calculated binding energy of the solvated complex (ca.
1.5eV), explaining the experimental observation of the
doubly charged hydrated parent ion.

An evidence of the retention of the fragments inside the
complex by water molecules also comes from the comparison
of the energy dependence for dissociation into monomers of
the bare and hydrated Leu-Enk (Figure 3b,c). The relative
yield of ions in Figure 3¢ shows an important contribution
from photons below the ionization threshold, which corre-
sponds to photodissociation occurring from electronic excited
states of the precursor. In this scenario, relaxation of
electronic excited states leads to redistribution of energy
among the vibrational degrees of freedom, leading to the
dissociation of the non-covalent complex from the hot ground
state. Dissociation into monomers for the hydrated dimer, on
the other hand, strongly increases only above the ionization
threshold. It should be noted that such a drastic stabilization
of the hydrated dimer cannot be due to a small (about 6%)
increase of degrees of freedom by adding 3 water molecules to
the system.

In summary, the present results clearly demonstrate
a significant effect of nanosolvation-induced stabilization of
a peptide dimer isolated in the gas phase. The theoretical
analysis indicates a generic binding mechanism induced by
only a few water molecules bridging the monomers and
enhancing the stability of the complex (by about 1.5eV),
without a significant influence on its 3D arrangement. This is
an important point to consider when stability of protein
noncovalent complexes and protein structure is assessed for
isolated unhydrated ions, by mass spectrometry for exam-
ple.”) Moreover, the phenomenologically shielding effect of
microsolvation observed here is of interest in the field of
radiation damage and could help in the future to have a better
understanding of these processes at the molecular level (see
Ref. [22] and references therein).

Methods

The experimental setup is based upon a commercial linear quadru-
pole ion trap mass spectrometer (Thermo Finnigan LTQ XL), which
was connected to the VUV beamline DESIRS®! of the SOLEIL
storage ring (France).’! The ions are produced by an electrospray
ionization (ESI) source and introduced into the trap from the front
side of the spectrometer. After the isolation of a desired precursor,
[2Leu-Enk +H]* or [2Leu-Enk +3H,0 + H]", the monochromat-
ized synchrotron beam was sent directly into the trap from the back
side during a 500 ms timeframe. After irradiation, MS? spectra were
recorded as a function of the photon energy (more details can be
found in Ref.[24]). In the present study, the protonated Leu-Enk
(Sigma Aldrich) molecules were generated by the ESI source from
water/MeCN (75:25) solution at 10 um. The hydrated clusters
produced from the ESI source were preserved by tuning an
appropriate combination of parameters, such as the concentration
of the solution, transfer tube temperature, voltages, and sheath gas
flow rate.

The theoretical modeling was done starting with the two lowest
energy geometries of Leu-Enk from Ref. [25], where about 70 dimer
geometries with and without water molecules have been studied.
Among such obtained candidates for [2Leu-Enk +H + 3H,0]*, four
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with the lowest energy were simulated at B3LYP/6-31G(d) level of
DFT using nwchem.? The first step was the full geometrical
relaxation, followed by calculation of VIE and binding energy of
monomers, E;,, which includes corrections that are due to the basis-
set superposition error.’”) The conformers with the lowest energy
were then optimized without 3H,0, and their binding energy, E,/,
was calculated. Finally, all hydrated conformers, as well as the lowest
energy bare conformer, were simulated at 6-31 + G(d,p) level of DFT.
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