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ABSTRACT

The native-like structures of protonated glycine and peptide GlysH" were elucidated using
cold ion IR spectroscopy of these biomolecules hydrated by a controlled number of water
molecules. The complexes were generated directly from an aqueous solution using gentle
electrospray ionization. Already with a single retained water molecule, GlyH" exhibits the
native-like structure characterized by a lack of intramolecular hydrogen bonds. We use our
spectra to calibrate the available data for the same complexes, but produced by cryogenic
condensation of water onto the gas-phase glycine. Only in some conformers of these complexes
GlyH" adopts the native-like structure, while in the others remains “kinetically” trapped in the
intrinsic state. Only upon condensation of 4-5 water molecules the embedded amino acid fully
adopts its native-like structure. Similar, condensation of one water molecule onto the tripeptide

is insufficient to fully eliminate its kinetically trapped intrinsic states.

TOC GRAPHICS

intrinsic ;é native




Three-dimensional structures of biological molecules isolated in the gas phase may differ
drastically from the geometries that they adopt in aqueous solutions. These native
conformations, which are stabilized by hydrogen bonds with surrounding water, define the
functionality of the biological molecules in living organisms. Many biological processes are
mediated by water, including molecular recognition, protein folding, proton transfer, etc. All
this makes the determination of the 3D structures of biomolecules in their native environment

a pivot objective for many fields of life science.

IR spectroscopy of cryogenically cold ions isolated in the gas phase is a recent approach that
allows for solving the intrinsic structures of small to midsize biological molecules with high
accuracy and conformational resolution. The cooling sharpens vibrational transitions, thus
providing detailed spectroscopic signatures that can be used for stringent validation of the
computed molecular structures. While, potentially, high in the gas phase, the spectroscopic
resolution degrades drastically in aqueous solutions, where biomolecules naturally adopt their
native structures. The inhomogeneity and dynamical nature of non-covalent interactions with
surrounding water make IR spectra unacceptable for validating structural calculations. As a
compromise between the solution phase, where the structures are native but high resolution is
difficult to achieve, and the gas phase, where spectral resolution can be high but structures are
intrinsic, one can interrogate in the gas phase microhydrated biomolecular ions. Already a few
water molecules may lock the main features of native structures of the ions in such complexes,
while their limited size yet enables the use of cold ion spectroscopy.'? One of the challenges
of this approach is in producing a high number of hydrated complexes, where water molecules
are only weakly coupled to a parent ion via hydrogen bonds. The most straightforward method
to produce hydrated ions is to transfer them directly from a solution to the gas phase using
gentle conditions in an electrospray ionization (ESI) source and subsequently cool the ions

down in a cold trap.'*> There is a narrow interval of ESI conditions, where such complexes



can survive while keeping the ionization efficiency high. The use of soft ESI has been
demonstrated on many occasions for generating microsolvated complexes of organic!*>¢ and
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inorganic’-!! ions, as well as for transferring to the gas phase intact protein-ligand complexes.'?

An alternative and, perhaps, a more universal way of microhydration uses a gas-phase
condensation of water molecules onto cryogenically pre-cooled ions.!*!> Recently, this
approach was employed by the group of Garand for spectroscopic study of microhydrated
protonated amino acid glycine'® and a small peptide triglycine.!” Here we use IR spectroscopy
to investigate the same hydrated molecules, but extracted directly from aqueous solution to the
gas phase by soft ESI and subsequently cooled to cryogenic temperature. We address the

questions of whether the structure of the ions depends on the method of their hydration.

Apart from the modified ion source, our experimental setup has been described elsewhere!®
(see SI for details). Briefly, the hydrated ions are produced from solution by a nano- ESI source
and transferred through a metal capillary and three consecutive inline molecular skimmers to a
room temperature octupole ion trap for accumulation and thermalization. The thermalized ionic
complexes are mass-selected by a quadrupole mass-filter and then guided into a cold (T=6K)
octupole trap,'” where they undergo photofragmentation by an IR laser pulse. The appearing

fragments that lost one or two waters are detected by the second quadrupole MS.
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Figure 1. IR spectra of cold GlyH"...(H20), (1 < n < 6), produced directly from aqueous
solution (red trace; this work) and by cryogenic condensation (blue trace, ref.!®). The
reproduced original blue traces were shifted by -4 cm™! to match to the position of free OH-
stretches of waters around 3700 cm™! measured herein (red traces) with the accuracy of +0.2

cm!, The blue traces are offset up for graphical clarity.

Figure 1 (red traces) shows the IR spectra of GlyH" hydrated by the well-defined numbers
(1 to 6) of water molecules that were retained on the amino acid. For comparison, the blue
traces in the same figure reproduce the IR spectra earlier measured by the group of Garand for
the same complexes (n=1 to 4), but produced in the gas phase by the cryogenic condensation.'®
Note, that the relative intensities of the transitions in each of the two “action” spectra may differ
due to the difference in the used methods of the measurement. The assignment of the peaks in
these spectra was based on the comparison with the computed spectra of the low-energy ionic

structures that were calculated for the complexes by the same group.'® For n=1 the spectra of



the complexes extracted from the solution and the complexes prepared by the condensation
exhibit all the same transitions, except one extra peak at 3336 cm! in the spectrum of the latter.
The structure associated with this peak was assigned to the most stable conformer of the singly
hydrated GlyH". This conformer is characterized by an intramolecular H-bond between the
NH;3" and C=0 groups. The same strong H-bond is present in the most stable gas-phase
structure of GlyH", which was the only conformer observed experimentally.!” Consistently, the
gas-phase hydration by condensation conserves its main structural features. In an aqueous
solution, glycine does not have this intramolecular H-bond, because the surrounding water
molecules fully solvate the charge and the hydrophilic functional groups of the ion.?’ We thus
are to conclude that, the structure assigned to the peak at 3336 cm™ in the spectrum of
GlyH"...H>0 complex produced in the gas phase is relevant not to the native solution phase,
but rather to the intrinsic gas-phase structure of the amino acid. The lack of this conformer for
the complexes produced from the solution provides direct evidence of that. The peak at 3355
cm’!, which appears in the spectra of the complexes produced by both methods of hydration,
was earlier assigned to the conformer that has no intramolecular H-bond between the NH3" and
C=0 groups.!® Competing with this bond, the first condensed or the last retained water
molecule non-covalently binds to the protonated N-terminus, partially solvating its charge.
Consistently, this is the only structure detected for the complexes extracted from the solution
in our experiments (Figure 1, n=1, red trace). We may speculate, that at the mild cryogenic
temperature of ~80 K used for condensation,'’ a fraction of complexes residing in the gas-
phase structures overcomes the barrier toward the solution-like structure of GlyH". The rest of
the complexes remain “kinetically” trapped in the gas-phase conformational state. This is a
mirroring of the process, where a molecule isolated in the gas phase from solution remains
“kinetically” trapped in a solution-like state.®!!21:22 In opposite, retaining a single water

molecule on GlyH" conserves the main features of the solution-phase structure of the ion in the



gas phase. This single lowest-energy structure remains stable despite the thermalization at room
temperature for ~45 ms prior to the cryogenic cooling.

Retaining one more water molecule on GlyH"...H>O complex almost does not change the
resolved intense peaks assigned to weakly bound NH- and OH-stretches of glycine (compare
the red traces for n=1 and 2 in Figure 1). A close inspection of the spectra reveals two
spectroscopic manifestations of binding the second water to the N-terminus. The broad weak
peak at ~ 3280 cm!, which for n=1 was earlier assigned to one of the two “free” NH stretches,'®
disappears (for n=2). It, likely, shifts to the red due to the H-bond between this NH group and
the second water molecule. In opposite, the solvation of the charge weakens the long-distance
non-covalent interaction of the two termini. This becomes evident from a slight, but well
detected 5.6 cm! blue shift of the OH-stretch transition of the C—terminus. The spectroscopic
signature of the two additional OH-stretches of the second water molecule in the spectrum for
n=2 (Figure 1, n=2, red trace) is the slightly split broaden peak at 3722 cm! and the small peak
at 3652 cm!. In comparison with this, the spectrum of the same complex, GlyH"...(H20),, but
produced in the gas phase by condensation'® (blue trace in Fig. 1, n=2), exhibits 4-5 additional
peaks in the region of the absorption by free OH-stretches of water (3750-3780 cm!), as well
as 3 peaks earlier assigned to the NH-stretches of GlyH". This larger number of transitions
reflects the existence of more than one conformer of the GlyH"...(H20),. The calculations and
IR-IR double resonance spectroscopy, indeed, revealed two main conformers, which do not
have the intramolecular H-bond between the two termini of GlyH", as well as, at least, one
minor conformer with this bond.'® The most abundant conformer of GlyH"...(H20): produced
in the gas-phase is associated with the two characteristic intense NH-stretch spectral transitions
at 3007 and 3308 cm™! (Figure 1, n=2, blue trace).!” These peaks are not present, however, in

the spectrum of the same complex, but produced from solution (red trace in Figure 1, n=2).



This observation clearly demonstrates once more that, the gas-phase hydration “kinetically”
traps the embedded molecules in their intrinsic structures.

The IR transitions of the second main conformer!¢ of the gas-phase produced GlyH"...(H20)»
look similar to the spectrum of this complex prepared from solution, except the 14 cm! redshift
of the characteristic NH-stretch peak at 3353 cm™'. We may suggest that the structure of this
conformer is similar to the structure of the only conformer (conformational family) of the
complexes prepared from solution, provided the shift can be explained by the influence of the
D, tag, which was attached to the complexes (produced by the condensation) for their
detection.?*4

The influence of the D, tag was also invoked by the authors'® to explain the 30 cm'!
redshift of the (CO)O-H stretch transition in the spectrum of GlyH"...(H20)s relative to
GlyH"...(H20): (blue trace in Figure 1, n=2, 3). With this reservation, the spectra of GlyH"*
triply hydrated by the two methods look very similar. The calculations suggested that the third
water molecule energetically almost equally binds either to the C-terminus, inducing a large
calculated redshift of the (CO)O-H stretch transition, or to the protonated N-terminus to fully
solvate the charge.!® The former binding results in a reduction of the intensity of the
characteristic peak of the (CO)O-H stretch in both spectra for n=3. The continuing charge
solvation becomes evident from the frequency of this transition, which shifts to blue upon
retaining one more water on GlyH"...(H20), (red traces in Figure 1, n=2 and 3). We, thus, may
suggest that the structures of GlyH"...(H20)3 complexes prepared by the two methods become
similar and are both native-like.

Retaining one more water molecule to generate GlyH"...(H20)4 from solution further
decreases the intensity of the peak, which was assigned to the free (CO)O-H stretch,'¢ but
doesn’t change anymore its frequency. The implication of this, confirmed by the calculations,

is that the charge has been already fully solvated by the first three waters, such that the fourth



molecule may now attach to the H atom of the C-terminus. The last three retained water
molecules, therefore, already form the first solvation shell of the protonated N-terminus. The
remaining intensity of the (CO)O-H stretch peak suggests the presence of another conformer,
earlier predicted theoretically,?>?¢ in which the fourth water molecule does not bind to the C-
terminus, but to the first solvation shell. This conformer is absent, however, for the same

GlyH"...(H20)4 complex prepared by the condensation in the gas phase.

The spectra of GlyH" hydrated by 5 and 6 waters become similar for both methods of their
production (Figure S2, n=5 and 6). In all the calculated conformers, the fifth and the sixth
water molecules belong to the second solvation shell. We thus may propose that the hydration
of GlyH" by 5-6 water molecules using any of the two methods results in the native structures
of this small biomolecule. The identification of such structures, which lack an intramolecular
H-bond, becomes evident already for the singly-hydrated GlyH" released from solution, but
remains ambiguous in the case of the gas-phase prepared complexes until as many as four to
five water molecules were condensed onto the amino acid.
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Figure 2. IR vibrational spectra of GlysH"...(H20). The red and blue traces correspond to the
complexes produced from an aqueous solution and in the gas phase, respectively. The red trace
was recorded by detecting GlysH" as a photofragment. The blue spectrum was measured by the

group of Garand.!”



GlysH" is an example of a larger molecule, for which the hydration with the two different
methods results in different structures of this tripeptide. In the gas the peptide appears in two
conformational states, in which the proton is either on N-terminus or shared between the two
amide C=0 groups.!” The former conformer is characterized by the cis configuration of the
first peptide bond, while the latter conformer is in the trans configuration of both peptide bonds.
Such peptide conformers are unlikely for aqueous solution, where the charge is usually solvated
by water molecules, unless it is strongly protected by the surrounding hydrophobic groups (e.g.,
aromatic rings®’). The cis configuration of the amide group is also atypical for peptides, except
those that contain proline residues. Condensation of a single water molecule to the gas phase
conformers, indeed, made the frans conformer energetically favorable and reduced the
population of the cis conformer to 10%. This conformer is naturally not present at all for the
same GlysH"...H,O complex extracted from the solution. The only detected conformer with
one retained water molecule exhibits all the same characteristic IR transitions (Figure 2) that
were assigned to the main trans conformer for the complexes prepared by the condensation.
The characteristic IR transitions at 3718 cm™ and 3541 cm™! (Figure 2, blue trace), which were
earlier assigned to the cis conformer prepared by the condensation, are clearly absent in our IR
spectrum (Figure 2, red trace). Apart from this, the only difference in the position of the peaks
in the spectra of the differently prepared complexes is a distinct peak at 3369.8 cm! that
appears only in the case of solution-prepared GlysH"...H,0O. We may speculate that this feature
can be attributed either to the certain structural difference of the differently prepared complexes

or to the influence of tagging in the case of the gas-phase hydration.

In conclusion, retaining a single water molecule on GlyH" already allows for the
determination of its native-like structure, which changes only little upon retaining more waters
(Table S1). In comparison, the cryogenic condensation may produce some additional

conformers of the amino acid, where the intrinsic structures of the biomolecule are
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“kinetically” trapped. This makes the identification of the native structures among all the
available conformers ambiguous. Upon increasing the number of the attached water molecules,
the method of condensation produces, essentially, the same conformers as the structures
extracted directly from the solution. Because of the large number of vibrational degrees of
freedom and increasing spectral congestion, the structures of these larger complexes are more

difficult to solve and to validate, however.

Finally, for larger gas-phase protonated peptides, the increased number of hydrophilic groups
will increase the probability for a charge to be self-solvated;!* more H-bonds between these
groups will be deeply buried into the molecule. These strong intramolecular interactions may
compete with a subsequent microhydration in the gas phase, protecting peptides in their
“kinetically” trapped intrinsic states. We may speculate that the difference between the
structures of microsolvated peptides prepared from solution and formed in the gas will increase

for larger molecules.
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