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ABSTRACT

Geometry of biomolecules isolated in the gas phase usually differs substantially from their native
structures in aqueous solution, which are the only truly relevant to life science. To compromise the high
resolution of cold ion spectroscopy that can be achieved in the gas phase and the key role of intermolecular
hydrogen bonds that shape biomolecules in water, we study protonated tryptophan microhydrated by one
to six water molecules. IR/UV spectra measured with the same instrument under similar conditions appear
to be identical for the complexes of the same size produced by soft dehydration and by cryogenic
condensation methods. This observation points to the lack of a kinetic trapping in the
dehydration/rehydration processes. Quantum chemistry computations allow for unambiguous assignment
of the measured IR spectra to the most stable conformers of the complexes. The calculations reveal that

retaining as few as four water molecules still conserves most of the TrpH™ native structural features.
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Knowledge of 3D structures of biomolecules is of fundamental importance in many fields of life
science. Solving the structures that these large species adopt under native conditions remains one of the
biggest challenges that drives development of new techniques for structural determinations. Cold ion
spectroscopy (CIS)*° in combination with quantum chemistry computations is a recent approach that can
solve geometries of small to midsize (e.g., amino acids to decapeptide) biomolecules.*51 Although the
method demonstrates high accuracy and conformational resolution, it can only determine structures of
biomolecules isolated in the gas phase, but not in solution. The relation between these intrinsic and the
biologically relevant native structures often remains vague. Intermolecular non-covalent interactions of a
biomolecule with water molecules may compete with the intramolecular non-covalent bonds, leading to
substantial alterations of its 3D structure. As a compromise between the high accuracy of structural
determinations achievable in the gas phase and the need to determine 3D structures in bulk solution, one
can study in the gas phase the biomolecules that are hydrated by a few water molecules.*2?* This approach
relies on the assumption that already a few remaining solvent molecules allow for retaining the main

characteristic features of such structures in the gas phase.

Charged microhydrated biomolecules can be conveniently generated directly from solution using, for
instance, the “gentle” electrospray ionization sources.?? Vibrationally resolved spectra of such complexes
can be used for validating computed structures. A molecule embedded into its water envelope may exhibit
some sufficiently high internal energy barriers for a complex (or the bare ion) to remain kinetically trapped
in its native-like geometry at some step of the desolvation.'®23?* This geometry will not be the lowest
energy one, which makes conformational search among many computed gas-phase structures extremely
time-consuming. Failure of the search may point to either an insufficient pool of the tested structures or a

certain deficiency of the computations.

Experiment may assist in resolving this ambiguity. Microsolvated complexes can be generated not

only by an incomplete desolvation, but also by condensing solvent molecules onto bare ions cooled in a



cryogenic trap.2>2 Full desolvation of ions requires their substantial internal heating; the temperature of
bare ions in ESI sources can reach 500 K.?” This makes it more likely for an ion to overcome the native-
to-intrinsic structural barriers, than in the case of a gradual desolvation at low pressure, when the ion
temperature is maintained low by evaporative cooling. The subsequent condensation of solvent molecule
onto cold bare ions will bring their structure back to that in the complexes with retained waters only, if
the energy barriers for these re-arrangements are smaller than the ion internal energy. The similarity of
the ionic conformers in the complexes generated by the two methods can be assessed through comparison
of the respective IR or UV spectra, yet prior to any computations. Identical spectra for the same complexes
generated by the two different techniques will point to the adiabatic pathway in both directions:
desolvation and condensation. The computed lowest energy structures then should properly reflect the
intrinsic structure of a bare ion but approach to its native-like geometry upon increasing the level of
hydration. Here we explore this approach with protonated amino acid tryptophan (TrpHY). It is a
benchmark aromatic biomolecule known for its high yield of UV fluorescence in aqueous solutions.?3%
Structure and photophysical properties of the gas-phase protonated bare and singly hydrated Trp have
been a subject of numerous studies.123%-3¢ Briefly, the most stable conformers of isolated TrpH* exhibit
a proton-m interaction between the protonated N-terminus and the nearby indole ring. The coupling
enables ultrafast barrierless transfer of the proton to the ring in the electronic excited state, which results
in broadening of UV transitions.*®3 In one of the two conformers of singly hydrated TrpH* the water
molecule sticks between the two groups, blocking the proton transfer. This lengthens the lifetime of the
excited state and sharpens UV transitions in the respective conformer.'?¢ Retaining a second water on
TrpH* increases the intensity of the sharp transitions,'? although no full conformational analysis of this
complex has been done so far.

Here we perform this structural analysis and extend it to protonated tryptophan microhydrated either
by retaining or condensing of up to six water molecules. For each method of the generation and size of

the complexes their IR and/or UV cold ion spectra were measured with the same instrument under



identical experimental conditions. The partially assigned by the experiment IR spectra were used for
validating the low-energy structures calculated by quantum chemistry methods. We, finally, analyze the
validated structures of the complexes and outline their relation to the native structure of tryptophan.

Our experimental approach, except the cryogenically cooled ion pre-trap, has been described in details
elsewhere?! (see also Supporting Information (Sl)). Briefly, the hydrated ions are generated directly from
solution using a “gentle” mode of an electrospray ion source.?? Alternatively, the same complexes can be
generated by condensing water vapor onto the ions stored in a cryogenic ion pre-trap. After selecting the
ions of interest with a quadrupole mass-filter, they are transferred to a 10 K ion trap for performing IR
photodissociation (IRPD) action spectroscopy.

Structures of the complexes were generated via molecular dynamics annealing and then clustered to
the groups of similar structures. Geometries and potential energies of the lowest-energy conformers in
each group were refined and then the harmonic spectra and free energies were calculated using density
functional theory (see S for details).

Figure 1 shows IRPD spectra of TrpH*(H20)» (n=1-6) complexes produced by a gentle dehydration of
electrosprayed droplets (blue traces). These spectra are almost perfectly identical to the respective spectra
measured in the 3 um spectral region for the complexes generated by the low-temperature condensation
of n=1 to 4 waters onto the electrosprayed bare ions (red traces; see also figure S1). It is essential that the
compared spectra have been measured on the same instrument with the same method and under the
identical conditions. For instance, the recent studies of singly and doubly hydrated protonated glycine,
which were produced by the two methods but in two different laboratories, revealed certain ambiguity in
the interpretation of the data.'®3"-3 The ambiguity, potentially, could arise from the method of preparation,
but also from the difference in the used spectroscopic techniques/experimental conditions. Our modified
instrument enables direct assignment of spectral differences, if any, exclusively to the method of

microhydration.



The spectral congestion, which increases with the size of the clusters, may hide the fine differences
between the IR spectra measured for the same but differently produced complexes. On the other hand,
UV spectra of aromatic molecules often exhibit extremely high sensitivity to structural differences of their
non-covalent complexes.3*#° Regarding this, for the complexes with n=4-6 produced by the two methods

we compared their respective UV spectra (Figure S2).
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Figure 1. IRPD spectra of TrpH*(H20), complexes generated by retaining (blue traces) and by condensing (red

traces) of water molecules. The sticks show the spectra calculated for the low-energy conformers: blue — the most
stable structures, green and red — the low-energy structures selected for the best match to the experimental traces
(see Table S4). The vertical green bar (for n=1-4) highlights and the arrows (for n=5 and 6) point to the transitions
assigned by both experiment and calculations to NH-stretch of the indole ring in the most stable structures; the blue
bar highlights the calculated C=OOH stretch transitions. The thickness of the sticks roughly reflects the thermal
population of the respective conformers at T=300 K. The computed frequencies are scaled by the factors 0.968, and
0.944 for the 6 um and 3 um spectral regions, respectively. The most stable structures with their labels are shown

on the right.



Again, within the accuracy of the measurements, for each n the pairs of the spectra look identical. This
implies that, at least, for each n=1-6 TrpH™ adopts the same structures regardless of the method hydration.
We rule out any kinetic trapping of gas-phase TrpH*, since the geometries of the protonated bare and
singly hydrated tryptophan have been solved as the lowest energy gas-phase conformers. This allows us
to suggest that the most stable generated complexes with n=1-6 waters under the conditions of our
experiment reside in the global potential energy minima.

In support of our suggestion, Figure 1 compares the measured IR spectra with those computed for the
low-energy conformers of TrpH*(H20)n. Isotopic labelling of the indole ring (N**->N*®) allows for direct
assignment (Fig. S3) of the indole NH-stretch transition. Upon dehydration its frequency redshifts only
little from 3512 cm™ for n=6 to 3504 cm™* for the bare ion, which allows us to use this transition as a
reference for scaling the calculated frequencies. For n=1 they match well to the transitions in the IRPD
spectra; the measured spectra, the calculated frequencies and the two most stable structures appear to be
nearly identical to the data earlier reported by Molina et al. For TrpH*(H20)., in addition to the IRPD
spectrum in figure 1, we explicitly measured conformer-selective IR-UV depletion spectra of this complex

(figure 2).
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Figure 2. Conformer-selective IR-UV depletion spectra of TrpH*(H.0). complex, measured with UV
wavenumber fixed at (a) 35176, (b) 35243, and (c) 35281 ¢cm™’. The computed spectra of the three most stable
conformers 2A1, 2A, and 2A3 with relative free energy of 0, 0.67 and 0.82 kcal/mol, respectively, are shown by
sticks; the respective structures are shown on the right. The complexes were generated from solution by incomplete
dehydration.

One highly and two low-abundant conformers of TrpH*(H20)2 complex were found while detecting the
fragment at m/z=188 Th (loss of two waters and ammonia). The scaled vibrational frequencies calculated
for the most stable computed complex, named 2A1, match very well to the spectrum of the most abundant
conformer, thus validating the calculated geometry (figure 2a). The experiment — theory match is equally
good between the two conformers of lower abundance (figures 2b and 2c¢) and the next two low-energy
computed structures (named 2A2 and 2As3). Similar to the most stable conformer of TrpH*(H20)1, the
main common structural feature of the conformers 2A1.3 is the insertion of one water molecule between
the N-terminus and the indole ring (Fig. 2). As it was discussed above, the insertion interrupts the proton—

nt coupling that allows fast proton transfer to the indole ring.}23® The validated herein structures of the

three TrpH"(H20)2 conformers provide a rational explanation of this phenomenon. In these structures the



positive charge of NHs* group is solvated by two H-bonds, leaving one hydrogen atom of the N-terminus
free of non-covalent interactions. The unfavorable position of this atom clearly forbids, however, the
proton—n coupling.

A close inspection of the UV spectrum (Fig. S4) for n=2 reveals a broadband low-intense absorption
beneath the sharp peaks that must arise from the conformers with a short-living electronic excited state.
Such structures were earlier identified for singly hydrated TrpH*.2® Similar conformers were also found
among the calculated herein for n=1 and 2 structures with low free energy (named 1B, and 2B3; Fig. S5),
although the very low level of the broadband UV absorption did not allow us to measure their IR spectra.
These structures originate from the first excited conformer of bare TrpH*, which differ from the most
stable one, mainly, by the position of carboxyl/amine moieties, relative to the reminder of the molecule.®*
Microhydration does not remove this structural difference, enabling two distinct families (nA and nB) of
the complexes (see the supplementary file “Structures™). IR depletion of the narrow UV peaks assigned
to conformers 2A makes our experiment low-sensitive to the conformers 2B, such that they may
contribute only little to the spectra in figure 2.

The very good match between the computed and the measured IR spectra of the complexes with n=0-2
makes us confident in the used level of theory. Regarding this, for the n=3-6 complexes we limited the
conformational search to low-energy structures and our measurements to conformer-nonselective IRPD
spectroscopy only.

The observed similarity of the spectra measured for the dehydrated and rehydrated complexes of the
same size implies that, upon removing some single water molecules from a complex, it may undergo some
barrierless (low-barrier) structural rearrangements to the smaller low energy conformers. Our calculations
enable mapping the network of such barrierless transitions from the complexes with n=6 to bare TrpH™.
Figure 3a shows that, upon gradual dehydration, the most stable conformer of the largest studied (n=6)
complex may relax to the most stable conformer of TrpH" exclusively through the most stable conformers

of the intermediate sizes. In support of this suggestion, we treated the 2A1—1A—0A transition, which



does require some large structural changes, directly by performing DFT optimization of the structures
after removing one appropriate water molecule each time. The optimization, indeed, yields the 1A; and
OA: conformers as the most stable structures of each size.

The calculated geometry of TrpH™ in the nA; complexes evolves almost gradually upon dehydration,
with the most prominent changes in the orientation of the indole and COOH groups relative to the NHs*
one. Figure 3b plots the dihedral angles between the C-NHz and C-indole (01) and between the C-NH3
and COOH bonds (62) for n=0-6. Both angles exhibit sharp changes after removing the fourth and the
subsequent water molecules. The more than 100" change of & between the bare TrpH* and the n=4
complex is unlikely in bulk water for this internal rotation of the two large parts of the ion. Reasonably
assuming that the geometry of TrpH™ is closer to its native structure in the largest studied herein complex
of n=6, this change implies that TrpH"(H20)4 is the smallest complex, in which tryptophan should still
resemble its native structure. The particular role of the 4A: has a rational explanation. In this complex
four water molecules occupy all four highly hydrophilic hydration sites (NHs* and OH of the C-terminus),
such that the subsequent 5" and 6™ waters energetically prefer coupling to these four waters, but not
directly to TrpH* (e.g., to NH of imidazole). This limits the impact of the subsequent hydration on the
structure of the ion. In addition, the occupation of all hydration sites leads to the lower number of the low-
energy conformers for n=4 than for the complexes of the adjacent sizes (3, 5 and 6), which makes the 4A;

conformer an exclusive bottleneck in the n=0—6 hydration/dehydration pathways.



a 1 1 1 1 1 A 1
2.00- i L A A A
TS P BN ’
R e AR B =
[ \ 4 S A B PO
B I X 7 OO SR PRI B
1 23 A\ Nows g2
i 2\ %y ,r", Y l|| ’/' J—= 4 6
I \ 1
n v ‘\é"’-\‘ ;(\ ﬁ"'} 1 \ ol
1.50 TR < S AN G I ¥/
: S O AN\ ¢
i v/ ’HT._.._._L_- s 1ty W
1 VO \ - [N 1
- S R BRI |
S N TAAY, G VYo Y
\
E i ,',— r:(, \ ) 1 H ‘If“ ,'3‘\1' Y
= HI28N \ ! TRV S
\
§ 1.001 e Ny N = Y NN
Q ntl AR [ ! 2 A AN
< i r‘f' “& A ] .”.,' [ |“" N 3
d 1 I,'{ ;,?J \ v \ ! ' 'l: \ ! |___=
i by o ! o \
i ;’)'*2 AT 2N 1
I ”If \ ‘\,_xh 1 ltf i ‘”f
' \ ! 1
0.50 'ln:-’ ! Y ;a' i P
l: e g % u',’ ] [ \
7] i \ ! w1
1] 1 Y L) Hy Y
I3 " ay LY 1 i 1y v
v i VAR . iy [ 1
1n o P Voo \2
=it r ; \ Y ."‘_l \ i —
! ’ ; v 1v
0.00 - Lo S Lo AL A L L
54
524
50 1
°
o
D
48
46
»
VT
s11d

Figure 3. (a) Calculated free energies (G < 2 kcal/mol) of A (blue bars) and B (red bars) types of TrpH*(H20),
conformers, shown for each n relative to the free energies of formation (AGy) of the lowest nA; conformer from

isolated TrpH* and n water molecules; AG+= 0, -7.32, -11.92, -15.43, -18.05, -18.9, -19.9 kcal/mol for n=0-6,
respectively. The numbers near the bars indicate subscripts of the conformer labels. Dashed lines connect the
conformers, for which the n<—n+1 transitions (except 1A;«<—0A:) do not require any significant rearrangements in

the TrpH* backbone or a migration of water molecules. (b) Evolution of characteristic dihedral angles of TrpH*

structure upon change of n.
In conclusion, cold ion IR/UV spectra of TrpH"(H20), (n=1-6) appear to be identical for the
complexes of the same size generated by retention and by condensation of water molecules. This

observation points to the lack of kinetic trapping of TrpH™ in the complexes under our experimental

conditions. Consistently, the calculated three lowest free-energy conformers of TrpH"(H20)2 have been
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assigned and validated by IR-UV conformer-selective spectroscopy; their geometry explains the known
blocking effect of hydration on the fast proton transfer in isolated tryptophane. The IRPD spectra of the
larger complexes are also consistent with the spectra calculated for the respective most stable conformers.
Structural changes induced by a gradual dehydration may follow the barrierless pathways from the largest
studied complex (n=6) to the fully dehydrated TrpH®. The changes remain smooth and gradual for down
to n=4 bottleneck structure, which implies that tryptophan hydrated by four waters yet should retain most
of the features of its geometry in aqueous solutions. Overall, our study demonstrates that the gas-phase
spectroscopy of a gradually hydrated/dehydrated small to midsize biomolecules, when combined with

quantum chemistry computations, can provide important hints for solving their native-like structures.

ASSOCIATED CONTENT

Supporting Information.

Materials and methods, IR/UV spectra of TrpH*(H20)n, calculated lowest energy structures of the
complexes for n=1-3, relative energies of the structures, all optimized structures with their computed
vibrational spectra (file “Structures”).

AUTHOR INFORMATION

The authors declare no competing financial interests.

ACKNOWLEDGMENT
The work was supported by the Swiss National Science Foundation (grant 200020 _204072). We thank

Roger Mottier and Angeles Alarcon for their contributions to our research.

11



REFERENCES

)

(2)

©)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

Boyarkin, O. V.; Mercier, S. R.; Kamariotis, A.; Rizzo, T. R. Electronic Spectroscopy of Cold, Protonated
Tryptophan and Tyrosine. J. Am. Chem. Soc. 2006, 128 (9), 2816-2817.

Rizzo, T. R.; Stearns, J. A.; Boyarkin, O. V. Spectroscopic Studies of Cold, Gas-Phase Biomolecular lons.
Int. Rev. Phys. Chem. 2009, 28 (3), 481-515.

Wolk, A. B.; Leavitt, C. M.; Garand, E.; Johnson, M. A. Cryogenic lon Chemistry and Spectroscopy. Acc.
Chem. Res. 2014, 47 (1), 202-210.

Boyarkin, O. V. Cold lon Spectroscopy for Structural Identifications of Biomolecules. Int. Rev. Phys. Chem.
2018, 37 (3-4), 559-606.

Kirschbaum, C.; Pagel, K. Lipid Analysis by Mass Spectrometry Coupled with Laser Light. Anal. Sens.
2022.

Stearns, J. A.; Mercier, S.; Seaiby, C.; Guidi, M.; Boyarkin, O. V.; Rizzo, T. R. Conformation-Specific
Spectroscopy and Photodissociation of Cold, Protonated Tyrosine and Phenylalanine. J. Am. Chem. Soc.
2007, 129 (38), 11814-11820.

Nagornova, N. S.; Guglielmi, M.; Doemer, M.; Tavernelli, I.; Rothlisberger, U.; Rizzo, T. R.; Boyarkin, O.
V. Cold-lon Spectroscopy Reveals the Intrinsic Structure of a Decapeptide. Angew. Chemie Int. Ed. 2011,
50 (23), 5383-5386.

Burke, N. L.; Redwineg, J. G.; Dean, J. C.; McLuckey, S. A.; Zwier, T. S. UV and IR Spectroscopy of Cold
Protonated Leucine Enkephalin. Int. J. Mass Spectrom. 2015, 378, 196-205.

Sekiguchi, T.; Tamura, M.; Oba, H.; Carcarbal, P.; Lozada-Garcia, R. R.; Zehnacker-Rentien, A.; Grégoire,
G.; Ishiuchi, S.; Fujii, M. Molecular Recognition by a Short Partial Peptide of the Adrenergic Receptor: A
Bottom-Up Approach. Angew. Chemie Int. Ed. 2018, 57 (20), 5626-5629.

Zhang, H.; Cao, W.; Yuan, Q.; Zhou, X.; Valiev, M.; Kass, S. R.; Wang, X.-B. Cryogenic “lodide-Tagging”
Photoelectron Spectroscopy: A Sensitive Probe for Specific Binding Sites of Amino Acids. J. Phys. Chem.
Lett. 2020, 11 (11), 4346-4352.

Kirschbaum, C.; Greis, K.; Mucha, E.; Kain, L.; Deng, S.; Zappe, A.; Gewinner, S.; Schollkopf, W.; von

Helden, G.; Meijer, G.; Savage, P. B.; Marianski, M.; Teyton, L.; Pagel, K. Unravelling the Structural

12



(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

Complexity of Glycolipids with Cryogenic Infrared Spectroscopy. Nat. Commun. 2021, 12 (1), 1201.
Mercier, S. R.; Boyarkin, O. V.; Kamariotis, A.; Guglielmi, M.; Tavernelli, I.; Cascella, M.; Rothlisberger,
U.; Rizzo, T. R. Microsolvation Effects on the Excited-State Dynamics of Protonated Tryptophan. J. Am.
Chem. Soc. 2006, 128 (51), 16938-16943.

Bush, M. F.; Prell, J. S.; Saykally, R. J.; Williams, E. R. One Water Molecule Stabilizes the Cationized
Arginine Zwitterion. J. Am. Chem. Soc. 2007, 129 (44), 13544-13553.

Gao, B.; Wyttenbach, T.; Bowers, M. T. Protonated Arginine and Protonated Lysine: Hydration and Its
Effect on the Stability of Salt-Bridge Structures. J. Phys. Chem. B 2009, 113 (29), 9995-10000.
Nagornova, N. S.; Rizzo, T. R.; Boyarkin, O. V. Interplay of Intra- and Intermolecular H-Bonding in a
Progressively Solvated Macrocyclic Peptide. Science 2012, 336 (6079), 320-323.

Silveira, J. A.; Fort, K. L.; Kim, D.; Servage, K. A.; Pierson, N. A.; Clemmer, D. E.; Russell, D. H. From
Solution to the Gas Phase: Stepwise Dehydration and Kinetic Trapping of Substance P Reveals the Origin
of Peptide Conformations. J. Am. Chem. Soc. 2013, 135 (51), 19147-19153.

Chang, T. M.; Chakrabarty, S.; Williams, E. R. Hydration of Gaseous m -Aminobenzoic Acid: lonic vs
Neutral Hydrogen Bonding and Water Bridges. J. Am. Chem. Soc. 2014, 136 (29), 10440-10449.

Roy, T. K.; Nagornova, N. S.; Boyarkin, O. V.; Gerber, R. B. A Decapeptide Hydrated by Two Waters:
Conformers Determined by Theory and Validated by Cold lon Spectroscopy. J. Phys. Chem. A 2017, 121
(48), 9401-9408.

Fischer, K. C.; Sherman, S. L.; Voss, J. M.; Zhou, J.; Garand, E. Microsolvation Structures of Protonated
Glycine and L-Alanine. J. Phys. Chem. A 2019, 123 (15), 3355-3366.

Hirata, K.; Haddad, F.; Dopfer, O.; Ishiuchi, S.; Fujii, M. Collision-Assisted Stripping for Determination of
Microsolvation-Dependent Protonation Sites in Hydrated Clusters by Cryogenic lon Trap Infrared
Spectroscopy: The Case of BenzocaineH + (H 2 O) N. Phys. Chem. Chem. Phys. 2022, 24 (10), 5774-5779.
Zviagin, A.; Kopysov, V.; Nagornova, N. S.; Boyarkin, O. V. Tracking Local and Global Structural Changes
in a Protein by Cold lon Spectroscopy. Phys. Chem. Chem. Phys. 2022, 24 (14), 8158-8165.

Zviagin, A.; Kopysov, V.; Boyarkin, O. V. Gentle Nano-Electrospray lon Source for Reliable and Efficient

Generation of Microsolvated lons. Rev. Sci. Instrum. 2022, 93 (11).

13



(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

Patrick, A. L.; Cismesia, A. P.; Tesler, L. F.; Polfer, N. C. Effects of ESI Conditions on Kinetic Trapping
of the Solution-Phase Protonation Isomer of p-Aminobenzoic Acid in the Gas Phase. Int. J. Mass Spectrom.
2017, 418, 148-155.

Wako, H.; Ishiuchi, S.; Kato, D.; Féraud, G.; Dedonder-Lardeux, C.; Jouvet, C.; Fujii, M. A Conformational
Study of Protonated Noradrenaline by UV-UV and IR Dip Double Resonance Laser Spectroscopy
Combined with an Electrospray and a Cold lon Trap Method. Phys. Chem. Chem. Phys. 2017, 19 (17),
10777-10785.

Marsh, B. M.; Voss, J. M.; Garand, E. A Dual Cryogenic lon Trap Spectrometer for the Formation and
Characterization of Solvated lonic Clusters. J. Chem. Phys. 2015, 143 (20), 204201.

Voss, J. M.; Fischer, K. C.; Garand, E. Accessing the Vibrational Signatures of Amino Acid lons Embedded
in Water Clusters. J. Phys. Chem. Lett. 2018, 9 (9), 2246-2250.

Gabelica, V.; Pauw, E. De. Internal Energy and Fragmentation of lons Produced in Electrospray Sources.
Mass Spectrom. Rev. 2005, 24 (4), 566-587.

Chen, R. F. Fluorescence Quantum Yields of Tryptophan and Tyrosine. Anal. Lett. 1967, 1 (1), 35-42.
Robbins, R. J.; Fleming, G. R.; Beddard, G. S.; Robinson, G. W.; Thistlethwaite, P. J.; Woolfe, G. J.
Photophysics of Aqueous Tryptophan: PH and Temperature Effects. J. Am. Chem. Soc. 1980, 102 (20),
6271-6279.

Sobolewski, A. L.; Domcke, W.; Dedonder-Lardeux, C.; Jouvet, C. Excited-State Hydrogen Detachment
and Hydrogen Transfer Driven by Repulsive 1nc* States: A New Paradigm for Nonradiative Decay in
Aromatic Biomolecules. Phys. Chem. Chem. Phys. 2002, 4 (7), 1093-1100.

Nolting, D.; Marian, C.; Weinkauf, R. Protonation Effect on the Electronic Spectrum of Tryptophan in the
Gas Phase. Phys. Chem. Chem. Phys. 2004, 6 (10), 2633.

Kang, H.; Jouvet, C.; Dedonder-Lardeux, C.; Martrenchard, S.; Grégoire, G.; Desfrancois, C.; Schermann,
J.-P.; Barat, M.; Fayeton, J. A. Ultrafast Deactivation Mechanisms of Protonated Aromatic Amino Acids
Following UV Excitation. Phys. Chem. Chem. Phys. 2005, 7 (2), 394-398.

Lepeére, V.; Lucas, B.; Barat, M.; Fayeton, J. A.; Picard, V. J.; Jouvet, C.; Carcabal, P.; Nielsen, |.; Dedonder-

Lardeux, C.; Grégoire, G.; Fujii, A. Comprehensive Characterization of the Photodissociation Pathways of

14



(34)

(35)

(36)

37)

(38)

(39)

(40)

Protonated Tryptophan. J. Chem. Phys. 2007, 127 (13), 134313.

Pereverzev, A. Y.; Cheng, X.; Nagornova, N. S.; Reese, D. L.; Steele, R. P.; Boyarkin, O. V. Vibrational
Signatures of Conformer-Specific Intramolecular Interactions in Protonated Tryptophan. J. Phys. Chem. A
2016, 120 (28), 5598-5608.

Spieler, S.; Duong, C. H.; Kaiser, A.; Duensing, F.; Geistlinger, K.; Fischer, M.; Yang, N.; Kumar, S. S.;
Johnson, M. A.; Wester, R. Vibrational Predissociation Spectroscopy of Cold Protonated Tryptophan with
Different Messenger Tags. J. Phys. Chem. A 2018, 122 (40), 8037-8046.

Molina, F.; Dezalay, J.; Tabata, J.; Soorkia, S.; Broquier, M.; Hirata, K.; Ishiuchi, S.; Fujii, M.; Grégoire,
G. Conformer-selective Photodynamics of TrpH + —H 2 O. ChemPhysChem 2023, 24 (2).

Saparbaev, E.; Aladinskaia, V.; Zviagin, A.; Boyarkin, O. V. Microhydration of Biomolecules: Revealing
the Native Structures by Cold lon IR Spectroscopy. J. Phys. Chem. Lett. 2021, 12 (2), 907-911.

Sherman, S. L.; Nickson, K. A.; Garand, E. Comment on “Microhydration of Biomolecules: Revealing the
Native Structures by Cold Ion IR Spectroscopy.” J. Phys. Chem. Lett. 2022, 13 (8), 2046—-2050.

Cocinero, E. J.; Carcabal, P.; Vaden, T. D.; Simons, J. P.; Davis, B. G. Sensing the Anomeric Effect in a
Solvent-Free Environment. Nature 2011, 469 (7328), 76-79.

Saparbaev, E.; Kopysov, V.; Yamaletdinov, R.; Pereverzev, A. Y.; Boyarkin, O. V. Interplay of H-Bonds
with Aromatics in Isolated Complexes Identifies Isomeric Carbohydrates. Angew. Chemie 2019, 131 (22),

7424-7428.

15



