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Abstract 

Life is built from myriads of molecules, the vast majority of which are bio- ones. The 

functionality of biomolecules in living organisms greatly depends on the three-dimensional 

(3D) structure they adopt in vivo, where they are surrounded by a dynamic shell of water 

molecules. The hydration shell morphs this structure and maintains the stability of 

biomolecules through a network of intermolecular non-covalent interactions. Knowledge of the 

native structures which biomolecules adopt in solutions enables modeling and prediction of 

specific roles, interactions, and mechanisms of action of biomolecules, which is crucial in many 

fields of life science, ranging from disease diagnosis and treatment to accelerating drug 

development through the aid of artificial intelligence. Understanding how the structure relates 

to function is crucial for deciphering the molecular basis of biological processes and designing 

targeted interventions. 

Solving native structures of such large molecules, like biomolecules, is often challenging, 

particularly due to the potentially infinite number of non-covalent interactions with water. In 

this thesis, we report the use of cold ion gas-phase action spectroscopy of microhydrated 

biomolecules to develop an approach for revealing the native-like structures of biomolecules. 

Unlike spectroscopy in solution, gas-phase IR and UV cold-ion spectroscopy may provide 

vibrationally resolved spectra that can be used for stringent validation of 3D structures 

calculated in silico, while microhydration of biomolecules allows bridging the gap between the 

gas-phase and the native structures, of which only the latter remains truly biologically relevant. 

The first part of this thesis describes an ion source that was developed and used for stable 

generation of large quantities of protonated microhydrated complexes. This source allows 

generating microsolvated complexes by two different methods: incomplete desolvation of 

water droplets with the embedded biomolecule during electrospray ionization and cryogenic 

condensation of solvent molecules onto the electrosprayed bare ions.  

In the second part, we study two microhydrated amino acids – protonated arginine and 

tryptophan. Microhydrated ArgH+ is an example of the complexes with kinetically trapped 

structures. The native-like structure of ArgH+ complexed with water molecules appears to be 

kinetically trapped due to evaporative cooling that significantly lowers the temperature of the 

complexes and slows down the conformational rearrangements. Microhydrated TrpH+, on the 

other hand, is an example of a system that, under our experimental conditions, undergoes the 

solution to the gas phase transition adiabatically, without kinetic trapping. All the studied 
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complex sizes of TrpH+(H2O)n (n = 0-6) reside in their lowest energy structures, which is 

experimentally verified by the fact that the spectra of these complexes with retained and 

condensed water molecules are identical. We also performed theoretical calculations to find 

the structure of both of these complexes. While the standard approach of searching for the 

lowest energy structures provides a good match with experimental spectra for the water 

complexes of TrpH+, it does not work well with the complexes of ArgH+. For this case, we 

proposed another computational workflow, which closely mimics the conditions of generation 

of the complexes and finally led to a better consistency with the experiment. 

The last part of this thesis demonstrates the application of cold ion spectroscopy for large 

biomolecules, such as proteins. We showed that both IR and UV spectroscopy can provide 

valuable information about the protein ubiquitin. IR spectroscopy allows tracing the global 

conformational rearrangements of the protein, such as unfolding, while UV spectroscopy 

provides information about noncovalent interactions and local molecular structures around 

chromophores. We also showed that evaporative cooling plays a crucial role in retaining the 

folded native-like structure of the protein. Even a few water molecules retained on the protein 

ensure its low temperature and protect the native-like structure during the electrospray 

ionization. However, if the water molecules are condensed on the already unfolded protein, its 

structure does not refold into the native one. 

 

Keywords: microhydration, cold ions spectroscopy, non-covalent interactions, kinetic 

trapping, conformers, native mass spectrometry, infrared spectroscopy, ultraviolet 

spectroscopy, double resonance spectroscopy. 
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Zusammenfassung 

Das Leben besteht aus unzähligen Molekülen, von denen die überwiegende Mehrheit 

Biomoleküle sind. Die Funktionalität von Biomolekülen in lebenden Organismen hängt stark 

von ihrer dreidimensionalen (3D) Struktur ab, die sie in vivo annehmen, umgeben von einer 

dynamischen Schale aus Wassermolekülen. Diese Hydratationshülle verändert die Struktur und 

gewährleistet die Stabilität der Biomoleküle durch ein Netzwerk von zwischenmolekularen, 

nicht-kovalenten Wechselwirkungen. Das Wissen über diese nativen Strukturen ermöglicht die 

Modellierung und Vorhersage spezifischer Funktionen, Interaktionen und Wirkmechanismen 

von Biomolekülen, was in vielen Bereichen der Lebenswissenschaften entscheidend ist - von 

der Krankheitsdiagnose und -behandlung bis zur Beschleunigung der Arzneimittelentwicklung 

durch den Einsatz künstlicher Intelligenz. Das Verständnis der Struktur-Funktions-Beziehung 

ist entscheidend für die Entschlüsselung der molekularen Grundlage biologischer Prozesse und 

die Entwicklung gezielter Interventionen. 

Die Lösung nativer Strukturen solch großer Moleküle wie Biomoleküle ist häufig eine 

Herausforderung, insbesondere aufgrund der potenziell unendlichen Anzahl von nicht-

kovalenten Wechselwirkungen mit Wasser. In dieser Arbeit berichten wir über den Einsatz von 

Kälteionen-Gasphasen-Aktionsspektroskopie mikrohydratisierter Biomoleküle, um einen 

Ansatz zur Aufdeckung nativähnlicher Strukturen von Biomolekülen zu entwickeln. Im 

Gegensatz zur Spektroskopie in Lösung können Gasphasen-IR- und UV-

Kälteionenspektroskopie vibroresolvierte Spektren liefern, die zur strengen Validierung von in 

silico berechneten 3D-Strukturen verwendet werden können. Die Mikrohydratisierung von 

Biomolekülen ermöglicht dabei eine Brücke zwischen der Gasphase und den nativen 

Strukturen, wobei letztere biologisch relevanter sind. 

Im ersten Teil dieser Arbeit beschreiben wir eine Ionenquelle, die entwickelt wurde und 

zur stabilen Erzeugung großer Mengen protonierter mikrohydratisierter Komplexe verwendet 

wurde. Diese Quelle ermöglicht die Erzeugung mikrosolvatisierter Komplexe durch zwei 

verschiedene Methoden. Eine davon beruht auf einer unvollständigen Desolvatisierung von 

Wassertropfen mit dem eingebetteten Biomolekül während der Elektrospray-Ionisierung. Ein 

alternativer Ansatz beruht auf der kryogenen Kondensation von Lösungsmittelmolekülen auf 

die elektrosprühgetrockneten bloßen Ionen. 

Im zweiten Teil untersuchen wir zwei mikrohydratisierte Aminosäuren - protoniertes 

Arginin und Tryptophan. Mikrohydratisiertes ArgH+ ist ein Beispiel für Komplexe mit 
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kinetisch gefangenen Strukturen. Die nativähnliche Struktur des ArgH+-Komplexes mit 

Wassermolekülen scheint kinetisch gefangen zu sein, aufgrund einer Verdampfungskühlung, 

die die Temperatur der Komplexe erheblich senkt und die konformationellen Umlagerungen 

verlangsamt. Mikrohydratisiertes TrpH+ hingegen ist ein Beispiel für ein System, das unter 

unseren experimentellen Bedingungen adiabatisch vom Lösungsmittel in die Gasphase 

übergeht, ohne kinetisch gefangen zu sein. Alle untersuchten Komplexgrößen von 

TrpH+(H2O)n (n = 0-6) befinden sich in ihren energetisch niedrigsten Strukturen, was 

experimentell durch die Tatsache bestätigt wird, dass die Spektren dieser Komplexe mit 

erhaltenen und kondensierten Wassermolekülen identisch sind. Wir haben auch theoretische 

Berechnungen durchgeführt, um die Struktur beider Komplexe zu finden. Während der 

Standardansatz zur Suche nach den energetisch niedrigsten Strukturen eine gute 

Übereinstimmung mit den experimentellen Spektren für die Wasserkomplexe von TrpH+ 

liefert, funktioniert er nicht gut für die Komplexe von ArgH+. In diesem Fall haben wir einen 

anderen Berechnungsworkflow vorgeschlagen, der die Bedingungen der Komplexerzeugung 

eng simuliert und schließlich zu einer besseren Übereinstimmung mit dem Experiment geführt 

hat. 

Der letzte Teil dieser Arbeit zeigt die Anwendung der Kälteionenspektroskopie für große 

Biomoleküle wie Proteine. Wir haben gezeigt, dass sowohl IR- als auch UV-Spektroskopie 

wertvolle Informationen über das Protein Ubiquitin liefern können. Die IR-Spektroskopie 

ermöglicht die Verfolgung globaler konformationeller Umlagerungen des Proteins, wie zum 

Beispiel die Entfaltung, während die UV-Spektroskopie strukturelle Informationen in der Nähe 

der Chromophore liefert. Wir haben auch gezeigt, dass die Verdampfungskühlung eine 

entscheidende Rolle bei der Erhaltung der gefalteten nativähnlichen Struktur des Proteins 

spielt. Selbst wenige Wassermoleküle, die am Protein haften bleiben, gewährleisten eine 

niedrige Temperatur und schützen die nativähnliche Struktur während der Elektrospray-

Ionisierung. Wenn jedoch die Wassermoleküle auf das bereits entfaltete Protein kondensieren, 

faltet sich die Struktur nicht wieder in die natürliche Form zurück. 

 

Schlüsselwörter: Mikrohydratisierung, Kaltionenspektroskopie, nicht-kovalente 

Wechselwirkungen, kinetische Einschließung, Konformer, native Massenspektrometrie, 

Infrarotspektroskopie, Ultraviolett-Spektroskopie, Doppelresonanzspektroskopie. 
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Chapter 1. Introduction 

The functions and properties of biological molecules crucially depend on their 3D structure. 

Knowledge of these structures allows for better understanding of how biomolecules function, 

assist in development of new drugs and substances with desired properties. A variety of 

experimental methods have been developed to determine the 3D structure of biomolecules. 

These methods can be divided into two categories: condensed phase and gas phase techniques.  

NMR spectroscopy, X-ray crystallography, and recently developed cryo-EM are powerful 

and widely used techniques for determining 3D structure of biomolecules in condensed phase. 

None of these methods is however comprehensive, they all own certain drawbacks and 

limitations. NMR is, so far, a golden standard for solving native structures of molecules. On 

the negative side, the method has low sensitivity and can only detect the nuclei with a non-zero 

magnetic moment. The NMR analysis therefore requires large amounts of ultrapure sample, 

and very often isotopic enrichment is necessary to determine the positions of C, N, and O 

nuclei. Moreover, spectral congestion limits application of the method to large molecules; 

NMR has low power to resolve conformers and lacks mass resolution. X-ray crystallography, 

as implied by the name, requires crystallization of the molecules for analysis. Crystallization 

of some molecules can be extremely difficult and sometimes simply impossible. Furthermore, 

crystallization disturbs the native molecular structure, which also limits the application of this 

method. Cryo-EM has developed tremendously over the last years. Recent technological and 

software advances allowed for pushing the resolution of cryo-EM from 10 Å to as high as 1.2 

Å, at which even the individual hydrogen atoms can be resolved.1 This truly atomic resolution 

makes cryo-EM the most promising method for elucidating the 3D structure of biomolecules 

in the condensed phase. However, this method still has many challenges to overcome, including 

but not limited to sample preparation, data collection, and computational analysis of the 

images. 

Gas-phase methods provide the possibility to distinguish intrinsic molecular properties and 

the properties resulting from solvent environment. Gas-phase methods are highly sensitive, can 

be relatively fast, and do not require special sample preparation. Among different gas phase 

methods, mass spectrometry (MS) plays a key role, as it can be extremely mass-selective and 

sensitive. When combined with activation techniques, it provides a powerful tool for structural 

elucidation and, for instance, sequencing of DNA and proteins. Combination of gas-phase 

action spectroscopy of cold ions with MS detection of charged photofragments benefits from 
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high specificity of the former and high sensitivity and mass resolution of the latter. In 

conjunction with high-level quantum-chemical calculations, this combination makes it possible 

to determine the accurate 3D structure of small to midsize biomolecules.  

Gas-phase spectroscopy of biological molecules has a long and rich history.2 The first 

experiments date back to mid-1980s and were dedicated to the electronic spectra of (non-

charged) amino acid tryptophan cooled in a supersonic molecular beam.3–6 These experiments 

identified a number of stable conformers of tryptophan in the gas phase. One of the challenges 

at that time was transferring biomolecules into the gas phase without their thermal 

decomposition. Sample heating was used to transfer biomolecules into the gas phase by that 

time. This simple technique limited its use to amino acids and their derivatives only.3–9 The 

advent of laser desorption techniques allowed for volatilization of larger biomolecules without 

their decomposition. This ignited intensive studies of cooled in the supersonic jet neutral 

peptides with up to 15 residues.10–18 The advent of MALDI19,20 and ESI21,22 techniques enabled 

the revolutionary introduction of very large, up to protein complexes and even viruses, 

biomolecular systems into the gas phase as multiply charged molecular ions. The ability to 

produce large ionized molecules that can be easily manipulated by electric and magnetic fields 

has opened up new avenues in exploring biomolecules by mass spectrometric methods. This 

also enabled optical spectroscopy of ionized biomolecules in the gas phase. The increased 

spectral complexity, caused by the increased number of molecular vibrations, for long time 

hindered the development of IR and UV gas phase spectroscopy. Cooling molecular ions to 

cryogenic temperatures was required to suppress inhomogeneous spectral broadening and 

make the spectra suitable for stringent validation of theory.  

The first step toward cold ion spectroscopy was taken in the study of protonated tryptophan 

stored in a liquid nitrogen-cooled Paul trap.23 Shortly thereafter, the first spectroscopic 

measurements of biomolecular ions in the cold, linear, 22-pole ion trap at 6 K were 

performed.24 Cooling molecules to cryogenic temperature significantly reduces the population 

of exited vibrational states, which in turn suppresses thermal congestion arising mainly from 

the presence of vibrational hot bands. Resolved transitions in IR and UV spectra have been 

used for conformer selective multiple-resonance IR-UV,25–27 UV-UV,28–30 IR-IR,31–33 and even 

IR-IR-UV34–36 spectroscopy. Thus, CIS allows for a significant reduction or even complete 

elimination of inhomogeneous spectral broadening. Moreover, at cryogenic temperatures, non-

covalent complexes with H2, D2, or even He can be formed.37–40 These so-called tags have 

little/almost no effect on the structure of biomolecular ions and can be used for single-photon 

IR predissociation spectroscopy. This kind of spectroscopy is particularly convenient, when a 
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molecule of interest does not have a UV chromophore or its UV spectrum is vibrationally 

unresolved. Highly resolved conformer-selective IR spectra provided by CIS can be used for 

stringent validation of the 3D structure of individual conformers in the gas phase. 

Unlike ion mobility, where a 3D structure of molecules is calculated based on their average 

collision cross-section,41 spectroscopy measures the energy and intensity of optical transitions 

between quantum states of molecules, which are extremely sensitive to the spatial arrangement 

of atoms, and therefore reflect the molecular structure.42 Advances in computational chemistry 

and the exponential growth of computational power have made it possible to calculate the 

structures and vibrational spectra of relatively large molecules using high-level quantum 

chemistry methods. Comparing the experimental vibrational spectrum with the calculated ones 

may provide rigorous and unambiguous validation of the molecular structure. To date, the 

largest biomolecule with a validated structure in the gas phase remains decapeptide gramicidin 

s and its doubly hydrated non-covalent complex.43,44 Further increasing the molecular size 

brings some challenges from both experimental and theoretical perspectives, although it still 

remains feasible to determine the main structural motives of such biomolecules. 

The structures of biomolecules isolated from noncovalent interactions in the gas phase are 

conventionally called intrinsic structures, while the geometries that biomolecules adopt in 

aqueous solutions prior electrospraying, are often termed in the field of mass spectrometry as 

native structures.45 Despite the success of CIS in solving intrinsic structures of small to midsize 

biomolecules, there is an ongoing debate about the relevance of these structures to the native 

ones. The vast majority of biochemical processes occur in water and its solutes, where the 3D 

structure, properties, and functionality of biomolecules greatly depend on the intermolecular 

non-covalent interactions. While the main structural motifs of large biomolecules, such as 

proteins, can be preserved during the transition into the gas phase, the gas-phase structure of 

small biomolecules can differ significantly from their geometries in aqueous solutions. A 

notable example is amino acids, which adopt a zwitterion structure with a protonated N-

terminus and deprotonated C-terminus at physiological conditions, whereas in the gas phase 

they adopt canonical structure.46 However, the practical value of these gas-phase structures for 

life science applications is fairly limited. 

To bridge the gap between the native structures of biomolecules and their gas phase or 

intrinsic structures, one can study microhydrated biomolecules in the gas phase. By retaining a 

limited number of water molecules on the biomolecular ion, the main native structural features, 

potentially, can be preserved. Furthermore, precisely controlled level of hydration provides an 

opportunity to investigate in the gas phase the effect of individual water molecules on the 
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structure and properties of biomolecular ions at fundamental level. Cryogenic IM-MS, 

developed by D. Russel and colleagues, is an elegant technique that enables rapid evaluation 

of the number of water molecules required for structural rearrangements in a hydrated 

biomolecular ion.47,48 CIS in combination with quantum-chemical calculations provides a mean 

of stringent structural assignment. This approach, however, has its limitations, which are worth 

mentioning. As the size of the complex increases, the IR spectra become more congested, 

making structural assignment more challenging. Additionally, structural calculations become 

more complex for microhydrated molecules due to the labile nature of non-covalent complexes 

and the need to sample a larger conformational space. There is no exact number of the retained 

water molecules required to protect the native structure of a biomolecule or, at least, to preserve 

its main structural features. If these numbers are sufficiently small, the experimental spectra 

may conserve certain level of vibrational resolution and calculations remain feasible to solve 

the “native-like” structure of the biomolecule. Additional experimental and computational 

techniques, such as isotope labeling, chemical substitutions, targeting conformational search, 

etc. help in this to some extent.  

The first practical task in studying microhydrated biomolecules is how to prepare them. In 

fact, this is not a simple and straightforward process, and it required some prior investigation 

and design of a special electrospray ionization (ESI) source, as described in this thesis below. 

 Microsolvated ions in the gas phase can be generated by two fundamentally different 

methods. The first method involves a gentle transfer of microsolvated ions directly from the 

solution using ESI. Conventional ESI implies the formation of charged droplets that undergo a 

series of solvent evaporation and Coulomb fission events until bare ions are formed. During 

ESI the ions with retained solvent molecules can be preserved and transferred into the gas 

phase. While this method may appear simple, it requires a careful control of ESI conditions 

and fine-tuned, low-activation ion optics. Currently, there are no commercially available ion 

sources designed specifically for generating microsolvated ions, and only a few independent 

scientific groups have developed home-build ion sources capable of retaining microsolvated 

ions after ESI.49–51 The lack of detailed design and characterization of these ion sources limits 

their wider adoption, dissemination, and further improvements. 

Another method for producing microsolvated ions involves condensation of solvent 

molecules onto bare ions in the gas phase.52–54 In this approach, any ionization technique can 

be used to produce fully desolvated bare ions. Once the bare ions are produced, they need to 

be stored in a trap and cooled down to cryogenic temperatures to enable solvent condensation. 

The ions are cooled in collisions with He or N2 buffer gas in the temperature-controlled ion 
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trap. A small stream of the buffer gas mixed with solvent vapor is introduced into the trap to 

facilitate cooling and condensation. 

These two methods of producing microsolvated ions with retained and condensed solvent 

molecules can, potentially, lead to complexes with different 3D structures. Microhydrated ions 

produced directly from an ESI source initially retain their native structure from the solution. 

The transition to the gas phase at room temperature involves water evaporation, which 

automatically leads to evaporative cooling of the microhydrated ions. This cooling can be quite 

significant. For instance, protonated water clusters stored in a room temperature ion trap are 

cooled to temperatures of 130-170 K under the typical experimental conditions.55–57 At such 

low temperature, conformational rearrangements may slow down, which leads to kinetic 

trapping of the ions in solution structures. For microhydrated ions produced by condensation, 

the situation is somewhat reversed. During and right after the ESI process the hydrated 

biomolecular ions are collisionally heated, typically to above room temperature, to fully boil 

off the surrounding water envelope. Under such harsh conditions a bare ion may have a high 

chance to overcome some structural barriers to stabilize in a gas-phase conformational state. 

Depending on the particular conditions (pressure, temperature, and time) of the subsequent 

transfer of the ions but before their cooling, these conformers may appear in the global energy 

minimum as intrinsic structures, but also become kinetically trapped in local energy minima. 

A rapid non-adiabatic cooling to cryogenic temperature can eventually “freeze” the ions in 

these structures, such that the subsequent condensation of water molecules may not restore the 

native geometry of the ions. Although these kinetically trapped structures are typically not the 

primary focus of interest, they provide valuable insights into the behavior of biomolecules in 

the gas phase.  

Both, retention and condensation approaches have been employed for producing 

microhydrated biomolecules since a long time, although rarely the same molecular system were 

addressed by the two methods. One example is a recent spectroscopic study of microhydrated 

glycine produced by condensation in the group of Garand and by retention in our laboratory.58–

60. Certain differences in spectroscopy of the same microhydrated GlyH+, produced by the two 

methods were detected. The spectral differences could be explained by a difference in 

conformational distribution of the embedded ions, but also by different spectroscopic 

techniques and conditions in “spectroscopic” cryogenic ion traps. To resolve this ambiguity, 

both types of complexes are to be probed on the same instrument. To the best of our knowledge, 

so far nobody could do such measurements due to the lack of the required two source of 

hydrated biomolecular ions interfaced to the same cold ion spectroscopy instrument. Therefore, 
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validating the hypothesis of structural differences in complexes produced by different methods 

under nearly identical conditions requires an ion source capable of producing microhydrated 

ions with both retained and condensed water molecules. Design, construction, testing, and use 

of such ion source interfaced with our cold ion spectroscopy instrument was one of the 

objectives of my PhD project described in this thesis. 

Chapter 2 provides an overview of the experimental setup used throughout this work. It 

includes a description of the latest version of the ion source, which enables the generation of 

ions with retained or condensed solvent molecules, the main features of the tandem mass 

spectrometer, the optical layout, and how everything works together during a typical 

experiment. 

Chapter 3 gives a detailed description and characterization of our “gentle” nano-

electrospray ion source, which is based on a triple molecular skimmer scheme. This ion source 

is thoroughly described and characterized, showcasing its efficiency and reliability in 

generating microsolvated ions with retained solvent molecules. Additionally, the ion source 

can be easily re-optimized to produce bare ions, with performance and short-term stability 

comparable, for instance, to our commercial ion funnel-based source. 

Chapter 4 is dedicated to the study of microhydrated amino acid arginine, ArgH+(H2O)n (n 

= 1-5). Experimental spectra of microhydrated arginine produced by retaining water molecules, 

together with quantum chemistry calculations (performed by our partners), are employed to 

explain the previously revealed discrepancy between the predicted and experimentally 

observed number of water molecules required to stabilize the salt bridge structure of arginine 

in the gas phase. 

Chapter 5 describes how comparison of the spectra measured for the complexes generated 

by retention and by condensation assist in the conformational search of the truly present in the 

experiment structures among many computed low-energy conformers of tryptophan hydrated 

by up to 6 water molecules. The pairs of IR and/or UV spectra measured for TrpH+(H2O)n (n 

= 1-6) complexes that were generated by the two methods of microhydration appeared to be 

almost identical. This observation implies lack of kinetically-trapped structures in the 

experiment, such that the observed conformers could be search among the lowest energy 

structures only. 

Chapter 6 documents our efforts in pushing the limits of cold ion spectroscopy toward the 

molecules as large as proteins. A small protein ubiquitin and its microhydrated complexes were 

spectroscopically studied across various charge states and under different ionization 

conditions. Cold ion UV and IR spectroscopy allows us to distinguish the folded and unfolded 
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conformations of ubiquitin. We put forward a hypothesis that even a few water molecules 

remaining on the protein at the moment of spectroscopic interrogation indicate that, after ESI 

ubiquitin was always hydrated and therefore experienced an evaporative cooling. This “auto” 

cooling allows conserving the folded, native-like configuration of the protein before its 

complete freezing at 10 K in the cryogenic trap. 

Chapter 7 reports our very latest spectroscopic study of ubiquitin. Here we employ water 

retention and water condensation to verify whether the native-like folded structure of the 

molecule can be restored by condensing water molecules onto the unfolded structure. The 

results indicate that the condensation of water molecules does not fold the protein back into its 

native-like conformation. 

Chapter 8 concludes this thesis by summarizing the main findings and contributions of 

conducted research. It also provides an outlook for the future development and application of 

cold ion spectroscopy of non-covalent complexes and cold ion spectroscopy in general, 

highlighting potential areas for further investigation and advancement.  
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Chapter 2. Experimental setup 

This chapter describes the experimental setup used in this work. The first part of this 

chapter provides a general description of the last version of the tandem mass spectrometer and 

its application for CIS of biomolecules in the gas phase. The second part gives an overview of 

the optical setup for generating the wavelength tunable IR and UV laser beams required for 

CIS. 

2.1. Tandem mass spectrometer 

Since its construction about 15 years ago, our tandem mass spectrometer has undergone 

many changes. Its previous versions have been described elsewhere.1–5 During the last four 

years, we implemented two significant modifications of the ion source part of the instrument. 

These modifications were aimed at producing microsolvated complexes of biomolecular ions. 

The first version of our gentle ion source which allows efficient retaining of microsolvated ions 

during nESI is described and characterized in Chapter 3. The last version of the instrument 

includes the ion source that is capable of producing microsolvated ions with either retained or 

condensed solvent molecules. This version is schematically shown in figure 2.1. 

Protonated ions are produced directly from solution by n-ESI that uses metal-coated 

borosilicate emitters at a typical applied voltage of 800-1500 V. The ions are transferred to the 

first vacuum section through a temperature-controlled stainless steel (SS) capillary (10 cm 

long, 0.5 mm I.D.). The rapid pressure drop is provided by three closely spaced, consecutive 

molecular skimmers (S1-3) with an orifice diameter of 1, 2, and 3 mm for the first, second, and 

third skimmer, respectively. After skimmers, the ions are transferred into the first temperature-

controlled, linear octupole ion trap (pre-trap) through an octupole ion guide (O1). 

This pre-trap operates at a constant pressure, which is controlled by two independent gas 

dosing valves. One valve supplies pure nitrogen, while the other supplies pure solvent vapors 

or any other chemicals which sublimate in vacuum at room temperature. The pre-trap is cooled 

by a pulse tube cryocooler (TC4189, Lihan). The cryocoolers of this type are light and compact 

compared to traditional closed cycle He cryocoolers. At the same time, they are powerful 

enough and can cool down to 35-40 K without a thermal load, what is a significant advantage 

over the nitrogen cryostats with the lowest temperature of 77 K. Temperature controlled pre-

trap has multiple functions which depend on the type of experiment and required ions. At room 

temperature, it is used for the accumulation of bare ions. At cryogenic temperatures, it can be 
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used either for an accumulation of microsolvated ions produced in the “gentle” mode of 

operation of our n-ESI source or for condensation of the solvent molecules onto the bare ions, 

which were generated in the “harsh” mode of the source. 

 

Figure 2.1. Schematic view of the tandem mass spectrometer for spectroscopy of cryogenically 

cooled ions. 

Once the ions are released from the pre-trap, they are mass-selected by a quadrupole mass 

filter (Q1) (Extrel), 90° steered by an electrostatic quadrupole bender (B1), decelerated and 

focused by a stack of five electrostatic lenses (EL), and guided into a linear cold octupole ion 

trap (CIT). This trap is cooled by a two-stage closed-cycle cryocooler (RDK-408, Sumitomo) 

to a temperature of 6 K. The ions are trapped and cooled by collisions with He buffer gas, 

which is seeded by a pulse solenoid valve. The cooling happens during the hundreds of 

microseconds to the vibrational temperature of ≈10 K.6,7 The cold ions are interrogated by IR, 

UV, or IR-UV laser pulses which counter-propagate along the axis of CIT. Absorption of the 

photons induces photofragmentation of the ions. The resulting parent and fragment ions are 

guided to the second quadrupole mass filter (Q2) (Extrel) equipped with a channeltron detector 

(D2). The signal from the channeltron is counted by a photon counter (SR400, SRS Inc) and 

transmitted to a PC with a data acquisition program written in LabView software. Alternatively, 

the ions can be detected by a high-resolution Orbitrap-based mass spectrometer (Exactive, 
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Thermo Fisher Scientific). However, under the conditions of this mass spectrometer, the 

solvent molecules evaporate before the mass analysis, which hinders its application in this 

work. 

Operation of any complex instrument requires regular maintenance, and mass 

spectrometers are not an exception. Intensive work on the mass spectrometer leads to 

contamination of its ion optics, which leads to a decrease in ion transmission efficiency and an 

increase in signal fluctuations. This degradation requires occasional cleaning of the ion optics. 

To ease the access to the ion source section of the mass spectrometer which is most prone to 

contaminations, a gate valve (GV) was placed between the third and fourth octupole ion guides 

(O3 and O4). This allows us to maintain and modify the ion source section while keeping a 

high vacuum in the rest of the mass spectrometer. 

2.1.1. Design and cooling of the cold ion trap and cold pre-trap.  

Both CIT and pre-trap are linear octupole ion traps and their design is nearly identical (fig. 

2.2a and 2.2b). At each of the ends, the SS electrodes are mounted to the copper collars, which, 

in turn, mounted onto sapphire plates. The sapphire plates are in contact with copper housing 

and provide electrical insulation as well as good thermal conductivity between the housing, 

collars, and SS endcap electrodes. The difference between these two traps is, mainly, in their 

length and in the way they are mounted inside the respective vacuum chambers. The length of 

the rods of CIT is 60 mm, while the length of the rods in the pre-trap is 100 mm. The latter is 

made in order to trap ions at a lower background pressure of ~4·10-4 mbar in the pre-trap, but 

also with the purpose of storing larger number of mass-unfiltered ions. CIT is mounted directly 

to the cold head of a two-stage closed-cycle 10 K cryocooler, while the pre-trap and its 

cryocooler are spatially separated. The pre-trap is mounted to the internal construction element 

of the mass spectrometer through the PEEK spacers. The cryocooler is thermally connected 

with the pre-trap by a 15 cm long braided copper cable. Although this connection is not ideal, 

it allows the cryocooler to be placed away from the pre-trap, which was necessary to minimize 

changes in the rest of the ion source. Figure 2.2c shows the temperature of the cold head and 

the pre-trap during cooling. About 3 hours is required to cool pre-trap to the ultimate 

temperature of 60 K in this configuration. The final difference between the temperature of the 

pre-trap and cold head is 15 K, and it is explained by different heating sources (heating through 

the PEEK spacers, background gas, black-body radiation), which increase the temperature of 

the pre-trap. CIT cools down to 6 K during about 50 minutes (fig. 2.2d), which is the lowest 

temperature of our two-stage closed-cycle cryocooler. 
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Figure 2.2. Schematic 3D view of (a) pre-trap and (b) CIT with a 90° cut and the graphs which 

represent the cooling time of (c) pre-trap and (d) CIT starting from room temperature.  

2.1.2. Differential pumping of the Tandem Mass Spectrometer 

Figure 2.3 shows a schematic view of differentially pumped vacuum stages of the tandem 

mass spectrometer. Table 2.1 contains information about the vacuum pumps used for different 

vacuum section as well as the typical pressures at idle and operating mode of the instrument. 

The idle pressures are the ultimate pressures when the inlet capillary and the gas valves are 

closed. Operating pressures are the typical pressures when the inlet capillary is open and the 

gas valves supply the required amount of a gas into the pre-trap and CIT to trap and cool the 

ions. 
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Figure 2.3. Schematic view of the differential pumping stages of the tandem mass 

spectrometer. 

Table 2.1. Idle and operating pressures of different stages of the tandem mass spectrometer. 

Letters in brackets indicate the type of the pump: O – oil pump; D – dry pump; M – membrane 

pump; T – turbomolecular pump.  

Stage 

Idle 

pressure, 

mbar 

Operating 

pressure, 

mbar 

Vacuum pump Fore vacuum pump 

1 6.7∙10-2 2.3 – [O] CIT Alcatel Annecy 2033 

2 1.3∙10-2 2.0∙10-1 – [D] XDS 35 (Edwards) 

3 1.8∙10-3 3.8∙10-3 [T] HiPace 300 (Pfeiffer) 
[O] Duo 35 (Pfeiffer) 

4 ~10-5 ~4∙10-4 [T] HiPace 80 (Pfeiffer) 

5 7.3∙10-7 4.9∙10-5 [T] TMU 521 (Pfeiffer) [M] MVP 055-3 (Pfeiffer) 

6 9.5∙10-9 6.7∙10-6 [T] TMU 521 Y P (Pfeiffer) 

[D] nXDS 10i (Edwards) 

7 < 2∙10-9 5.5∙10-6 [T] TMU 071 P (Pfeiffer) 

8 < 2∙10-9 7.1∙10-6 [T] TMU 521 (Pfeiffer) 

9 < 2∙10-9 1.6∙10-6 [T] HiPace 300 (Pfeiffer) 

10 1.1∙10-8 2.5∙10-6 [T] TMU 071 P (Pfeiffer) 

11 6.1∙10-8 2.7∙10-7 [T] HiPace 300 (Pfeiffer) 
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2.1.1. Timing of events 

Our lasers typically operate at a repetition rate of 10 Hz, while the mass spectrometer 

operates at 20 Hz. This allows alternating measurements of the fragment ions when the laser is 

on and the parent ions when the laser is off. The signal of parent ions is used for normalization 

of the spectrum, what excludes the influence of signal fluctuations on the spectrum. Figure 2.2. 

shows the timings of different events during the experimental cycle, which are controlled by 

multichannel pulse generators (BNC 575, Berkeley Nucleonics Corporation). 

 

Figure 2.2. Typical time diagram of the instrument at the repetition rate of 20 Hz.  

Each cycle starts with a pulse of He into CIT. He quickly thermalizes in collisions with 

cold walls of the trap. Shortly after, the pre-trap opens by reducing the potential at the exit lens 

for 5 ms. About 200 s later, the ions arrive into CIT, lose their energy and cool down via 

collisions with He buffer gas. Once the ions are cold, they are interrogated by a laser pulse or 

by a couple of laser pulses in the case of double resonance experiments. The exact time delay 

between the He gas and the laser pulses is not very important and is usually kept at 25-30 ms 

as a compromise between collisional deactivation of the photoactivated ions and the time 

allowed for photo fragmentation in the 50 ms cycle. Typically, 43 ms after the He gas pulse 

the CIT opens by reducing the potential at the exit lens below the trap pole bias for 5 ms. The 

ions are guided into Q2, which filters the fragment ions, and, subsequently, they are detected 

by the channeltron ion detector, equipped with conversion dinode. The signal from the 

channeltron is counted within gate A of the photon counter. Once the CIT is again closed, we 

switch off the RF waveforms applied to the rods of the CIT for 1 ms to ensure that CIT will be 

emptied. The subsequent cycle is laser free. During this cycle Q2 is switched to transmit the 

parent ions only, which are then detected by the same channeltron and counted within gate B 
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of the photon counter. To increase the signal-to-noise ratio, we usually average 10 

measurements for each data point. 

2.2. Optical setup 

IR light is produced by a tunable OPO/A system (Laser Vision), pumped at repetition rate 

of 10 Hz by 7 ns pulses of Nd:YAG laser (Surelite III-Ex, Continuum). The energy of the 

pulses is ranging from 0.5-1.5 mJ at 10-6 m range and up to 20-25 mJ in the 3 m range. The 

spectral resolution of IR OPO is about 1 and 2 cm-1 in the spectral region of 3 and 6 µm, 

respectively. The beam is focused by a BaF2 lens with a focus point located at the center of the 

CIT. The beam enters the mass spectrometer through a BaF2 window (Fig. 2.1) placed at 

Brewster’s angle (BW). A wavelength meter (WS5, HighFinesse) measures the visible 

wavelength of the signal wave, generated in the IR OPO with ±0.2 cm-1 accuracy. The idler 

wave of the OPO is used for generating tunable pulses of ~3 m wavelength through the 

difference mixing of this idler (~1.5 m) with the output of Nd:YAG (1064.21 nm) in the 

subsequent 4-crystal OPA stage. IR light in the 10-6 m range is generated by mixing the signal 

(~1.5 m) and the idler (~3.5 m) of the OPA in an additional nonlinear crystal outside of the 

OPO/A main frame. 

UV light can be produced by two different instruments: a UV OPO and a dye laser. 

Depending on the experiment, one instrument is preferable to the other. UV OPO (NT 340C, 

EKSPLA) is a widely wavelength tunable instrument, which covers 192-2600 nm spectral 

range, operates at 10 Hz and generates pulses of 4-11 mJ in the UV spectral region. Its spectral 

resolution is, however, only ~5 cm-1. In the experiments, where higher spectral resolution is 

required, we use a narrow linewidth (0.1 cm-1) dye laser. In this case, the UV light with the 

energy of 1.5-2.5 mJ is produced by frequency doubling the visible output of a dye laser (HD-

500, Lumonics) in a BBO (beta barium borate) crystal, using an Autotracker III (InRad) device. 

The dye laser is pumped by ~150 mJ of the third harmonic (355 nm) of a Nd:YAG laser (GCR-

250, Spectra-Physics) at the repetition rate of 10 Hz. The same wavelength meter (WS5, 

HighFinesse) measures the visible output of the dye laser. The beam is focused by a fused silica 

lens 2-3 cm in front of the CIT entrance and enters the mass spectrometer through another BaF2 

window, placed at Brewster’s angle. 

For both IR and UV beams, the back reflections from the lenses are used to monitor the 

relative average power of the respective light sources by pyroelectric detectors (PEM12E, 

Scitec Instruments Ltd). The data from the wavelength meter and from the two pyroelectric 

detectors are gathered in the LabView program and used in processing the spectra. 
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Chapter 3. Gentle nano-electrospray ion source for reliable and 

efficient generation of microsolvated ions 

Disclaimer: This chapter is adapted from a published article with permission of the publisher 

and all co-authors. 

Zviagin, A., Kopysov, V., & Boyarkin, O. V. (2022). Gentle nano-electrospray ion source for 

reliable and efficient generation of microsolvated ions. Review of Scientific 

Instruments, 93(11), 114104, DOI: https://doi.org/10.1063/5.0119580. 

Personal contribution: Conceptualization, methodology, formal analysis, visualization, 

original draft preparation. 

3.1. Abstract 

We present herein the design of a nano-electrospray ion source capable of reliable 

generation of large quantities of microsolvated ions. The source is based on a triple molecular 

skimmer scheme and can be quickly tuned to generate bare ions or their ionic complexes with 

up to more than 100 solvent molecules retained from solution. The performance of this source 

is illustrated by recording the mass spectra of distributions of ionic complexes of protonated 

water, amino acids, and a small protein ubiquitin. Protonated water complexes with more than 

110 molecules and amino acids with more than 45 water molecules could be generated. 

Although the commercial ion source based on the double ion funnel design with orthogonal 

injection, which we used in our laboratory, is more efficient in generating ions than our triple 

skimmer ion source, they both exhibit comparable short-term stability in generating bare ions. 

In return, only the new source is capable of generating microsolvated ions. 

3.2. Introduction 

Non-covalent ionic complexes of biomolecules with solvent molecules are of great interest 

in a variety of structural and analytical studies that employ mass spectrometry (MS). The 

structural study of microhydrated biomolecular ions allows building a bridge between their 

gas-phase and solution phase geometries and properties,1–8 the complexes of biomolecules and 

solution tags (e.g., molecules of solvent, soluble aromatics) can be used for spectroscopic 

identifications of isomers;9–11 the study of protonated clusters of water molecules sheds light 

on the structure of liquid water,12,13 etc. Despite many decades of research, reliable generation 

of large quantities of microsolvated biomolecular ions still remains a technically difficult 

https://doi.org/10.1063/5.0119580
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task.14,15 There are two common approaches for the production of weakly bound charged 

molecular complexes. In one of them, charged biomolecules are, first, produced by electrospray 

ionization (ESI) in the gas phase as fully desolvated species. These bare ions are then trapped 

and collisionally cooled in a cryogenic ion trap to which a desired solvent in the form of vapor 

is injected through a gas valve. The vapor condenses onto the cold ions, producing charged 

microsolvated biomolecules with different numbers of non-covalently bound solvent 

molecules.7,14,16,17 While technically relatively simple, the method of cryogenic condensation 

cannot ensure that rehydration of a fully desolvated biomolecule will reshape it back from 

intrinsic to native structure unless the structure is “kinetically” trapped.14 On the technical side, 

the injected vapor not only unavoidably condenses onto the ions but also freezes onto the 

electrodes of cryotraps. The formed non-conductive patches may charge and distort the 

performance of the trap, ultimately leading to interruption of measurements and heating the 

trap to evaporate the solvent. 

A more “natural” approach for producing non-covalent ionic complexes is to transfer them 

directly from the solution phase using a sufficiently “gentle” ESI process.2,13,15,18 Retaining a 

few water molecules on a biomolecule should allow for the preservation of, at least, the main 

features of its native structures. Despite a few decades of study on the microsolvated 

biomolecules and protonated water clusters, the construction of a robust and efficient ESI 

source capable of reliable generation of large quantities of such non-covalent complexes 

directly from a solution still remains problematic. There is a subtle balance to be found and 

maintained between full desolvation and lack of ionization for the reliable generation of large 

quantities of microsolvated ions. In most common gentle ESI sources, ions enter a vacuum 

chamber from the atmosphere through a few cm long heated metal capillary of less than 1 mm 

internal diameter and subsequently pass through one or two closely spaced consecutive 

molecular skimmers, which work as conductance limits for differentially pumped sections of 

the chamber. This arrangement enables a sharp drop in pressure over the short pathway of ions 

to minimize energy and the number of collisions during the transportation of ions from the exit 

of the capillary to the high vacuum part of the chamber. We previously employed such a source, 

which was based on a long glass capillary and single skimmer.2,19 The source could produce 

microhydrated complexes of, for instance, a doubly protonated decapeptide with as many as 

50 water molecules.3 Despite a series of successful experiments, our experience with such a 

source revealed its low stability and productivity, as well as high dependence of these 

characteristics on humidity in the laboratory. For still not fully understandable reasons, a good 
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distribution of clusters could be generated on rainy days only, while the use of various 

humidifiers did not help. 

Here, we report the design of a nano-ESI source that exhibits a high stability and good 

efficiency in generating small to large microhydrated clusters of different charged 

biomolecules directly from a solution by retaining water molecules. The performance of the 

source is illustrated by the mass spectra of the generated distributions of microhydrated 

complexes. We compare some key characteristics of this gentle source with those of a 

commercial one based on electrodynamic ion funnels. 

3.3. Instrumentation 

Figure 3.1 shows the cross section of the vacuum chamber that accommodates the gentle 

ion source. The main feature of the chamber is the use of three differentially pumped sections 

separated by three inline closely spaced molecular skimmers. This arrangement allows the 

efficient transportation of ions in the gas flow from the atmospheric pressure ionization region 

to an RF octupole ion trap, which operates at a pressure of ∼10-4 mbar, over the distance as 

short as ∼125 mm. The ions are generated from a solution by a nano-ESI (Proxeon) that uses 

metal coated borosilicate emitters (Thermo Fisher; emitters with “long” tip). Depending on the 

cut of the tip, the typical flow of the solution through these emitters is 50 to 150 nL/min with           

5·10-5 M concentration of biomolecules. The ions are transferred from the atmosphere to the 

first section of the source vacuum chamber through a 10 cm long stainless steel (SS) capillary 

of 0.5 mm I.D. All sections of the chamber are made of aluminum and vacuum-sealed together 

with Viton® O-rings. The capillary is mounted in a SS block, which also contains a 50 W 

heater cartridge and a thermocouple to control the temperature of the block within 20-170 °C. 

A 35 m3/h oil mechanical pump allows for maintaining the pressure of 2.5 mbar in this section. 

The exit of the capillary is axially aligned with the orifice of the first molecular skimmer, which 

separates the 1st and the 2nd sections of the source. The skimmer is a thin SS cone with an 

opening angle of 90° and an orifice of 1 mm diameter. The second section is pumped to 0.25 

mbar pressure by a 35 m3/h dry scroll pump. Downstream, this section is limited by the 2nd 

molecular skimmer, glued at the base to the supporting aluminum cylinder; the glue (vacuum 

epoxy) also serves the purpose of insulating the skimmer electrically. The 2nd skimmer (Beam 

Dynamics) has a 2 mm diameter orifice and is placed 8 mm downstream from the orifice of the 

1st skimmer. The 3rd vacuum section is limited by the 3rd skimmer (3 mm diameter orifice, 

Beam Dynamics), which is glued on top of an aluminium cone. The distance between the 

openings of the 2nd and 3rd skimmers is set to 15 mm, but varying it within ±2 mm appears not 
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to be critical for the overall performance of the source. This section is pumped to the pressure 

of 5·10-3 mbar by a 260 L/s turbomolecular pump backed by a 30 m3/h mechanical pump. The 

ions that pass through the orifice of the 3rd skimmer enter a 26 cm long octupole ion guide, 

where they can be, optionally, accumulated to increase their total number. This final octupole 

section of the source is equipped with a 67 L/s turbopump mounted on a tube that crosses 

through the 3rd section of the source. To accumulate ions, the potential of the octupole exit 

endcap is raised by 10-15 V above the pole bias of the ion guide for the period of accumulation. 

The trap opens by lowering the potential of the endcap to 1-2 V below the pole bias. The 

released ions are guided to a quadrupole mass filter, and, finally, the m/z-selected ions are 

detected by a Channeltron and counted by a gated photon counter. 

 

Figure 3.1. Cross section of the “gentle” ion source. The four differentially pumped sections 

of the source vacuum chamber are differently colored. HC – heated capillary; S1, S2, and S3 – 

molecular skimmers with the orifice diameters of 1, 2, and 3 mm, respectively; Oct1 – octupole 

ion guide/trap; and L1 – endcap electrode. 

A distance of 2-3 mm between the capillary and the first skimmer appears to be optimal to 

balance the maximum size of microhydrated complexes and the total ion current. Shortening 

this distance sharply induces desolvation of ions, while increasing this spacing leads to a rapid 

drop in the ion current. The distribution of microsolvated ions is largely controlled by the 

temperature of the capillary and by its electric potential relative to the 1st skimmer. Raising this 

voltage slightly increases the total ion current but shifts the distribution of complexes to smaller 

sizes. This operation mode of the source can be used whenever retaining solvent molecules on 

ions is undesired. Although the ion current (or the number of trapped ions, when the pre-trap 

is engaged) is stable even under the dry atmosphere of our air-conditioned laboratory (relative 



 

33 
 

humidity <20 %), an elevated local air humidity in the volume between the emitter and the 

entrance capillary yet improves the stability of microhydrated ions. It is interesting that only 

the commercial humidifiers that are based on room-temperature “drying” of wet paper filters 

work well; neither ultrasonic-based nor heat-assisted evaporative humidifiers improve the 

generation of microhydrated ions. 

3.4. Results and discussion 

Figure 3.2 shows the mass spectra of the protonated water complexes that are produced by 

the new gentle ESI source from LC-MS grade water with 0.2% of acetic acid in the continuous 

mode of operation (no pre-trapping in the octupole ion guide). In these four measurements, all 

settings of the source were kept the same, except the capillary voltage and temperature. These 

two parameters appeared to be the important parameters for controlling the “gentleness” of the 

process. Fig. 3.2a shows the distribution of the protonated water complexes at the capillary 

temperature and voltage of T = 150 °C and V = 60 V, respectively. With these values, the 

source becomes relatively harsh such that only small complexes with the number of water 

molecules n = 4-21 are generated. Lowering the capillary temperature to T = 50 °C widens the 

distribution of the clusters (Fig. 3.2b), which spans now from n ≈ 11 to n ≈ 100 with the 

characteristic “magic” number n = 21.20 The increase in the temperature of the capillary to T = 

80 °C and the decrease in the potential to V = 40 V narrow the distribution, but shift its 

maximum toward larger sizes of the clusters (Fig. 3.2c). At the softest conditions that allow 

stable generation of large quantities of protonated water clusters (T = 50 °C, V = 40 V), the 

distribution further shifts toward very large complexes (Fig. 3.2d). The largest observed 

clusters contain n ∼ 110 water molecules (m/z = 1980 Th); larger clusters, apparently, are 

generated, too, but cannot be detected due to the upper m/z limit of 2000 Th for the 

transmittance of our quadrupole mass filter. Overall, the average size of the clusters can be 

controlled by both parameters, although the width of the distribution is more sensitive to the 

temperature of the capillary. Other parameters such as skimmer voltages and the amplitude of 

RF waveforms applied to the ion guide have a minor influence on the harshness of the ion 

source. It is worth mentioning that the total number of the generated ions remained, roughly, 

almost the same for all the settings in Figure 3.2 with a slight increase for higher voltages on 

the capillary. Maximizing the ion signal for one particular size of the clusters with a low 

number of water molecules requires an increase in the capillary temperature and potential. We 

attribute this to the consecutive dissociation of the larger clusters, which feed the population of 

the smaller ones. 
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Figure 3.2. Mass spectra of protonated water complexes (H2O)nH+ generated by the nano-ESI 

source at the capillary temperature and the voltage of (a) 150 °C and 60 V, (b) 50 °C and 150 

V, (c) 80 °C and 40 V, and (d) 50 °C and 40 V. The numbers on top indicate the number n of 

water molecules in the mass peaks aligned with respective vertical dashed red lines. Ions were 

not trapped in the octupole ion guide. 

As an example, Figure 3.3 shows the distributions of microhydrated HisH+ complexes 

generated by our nano-ESI source at the temperature of 130 °C and different capillary voltages. 

Lowering the capillary voltage gradually changes the most intense peak in the distribution from 

the bare ion, HisH+ (Figure 3.3a), to the HisH+(H2O)25 complex (Figure 3.3e). The minor 

distributions in the spectra correspond to the protonated and sodiated water complexes, which 

are typically present in the mass spectra of microsolvated biomolecules. The mass spectra also 

contain low intensity peaks corresponding to dimers, trimers, and tetramers of singly 

protonated histidine. 
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Figure 3.3. Mass spectra of microhydrated protonated amino acid HisH+(H2O)n that are 

generated by the triple-skimmer nano-ESI source with different potentials of the metal capillary 

(labeled on the right). The numbers on top indicate the number n of water molecules in the 

mass peaks that are aligned with the respective vertical dashed red lines. Ions were not trapped 

in the octupole ion guide/trap. 

Large quantities of complexes with single to several retained water molecules have been 

generated with the new source for larger ions such as protonated tripeptide Gly3H+5 and 

pentapeptide enkephalin (see Fig. 3.S1) and even for the small protein ubiquitin.6 In addition 

to water, other solvent molecules such as methanol, acetonitrile, and 2-butanol could be 

retained on carbohydrates (the former three solvents) and on lipids (the latter solvent) using the 

gentle mode of operation of the source.11 Ultimately, by raising the capillary temperature and 

potential, the source can be tuned to a standard, harsh mode of operation, to generate only fully 

desolvated positive ions in large quantities. 

In our spectroscopic experiments, we, typically, accumulate and thermalize ions by pre-

trapping them at room temperature in the octupole ion guide for almost 50 ms prior to 

transferring the ions into a cold ion trap for performing photofragmentation. This maximum 

duration of pre-trapping is determined by the repetition rate of the lasers used for 

photofragmentation. Figure 3.4 shows a comparison of the size distributions of microhydrated 

complexes of amino acid ArgH+ with and without this accumulation. The relative abundances 
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of the complexes were derived from the respective mass spectra. Without accumulation, the 

distribution of the complexes appears to be broad with the maximum at ArgH+(H2O)12 and with 

12% abundance of the fully dehydrated amino acid. Trapping results in the evaporation of water 

from the complexes, which are metastable at room temperature, such that after 50 ms of 

accumulation, large complexes become almost fully suppressed and the whole distribution 

shifts toward smaller clusters. Notably, the abundance of small (n = 1-3) complexes increases 

significantly, which makes pre-trapping an advantage in studies of small complexes. In 

addition, the accumulation substantially reduces the fluctuations in the number of ions that can 

be finally trapped in the cold ion trap. 

 

Figure 3.4. Distributions of ArgH+(H2O)n non-covalent complexes measured with and without 

accumulation for almost 50 ms in the octupole ion guide. 
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Figure 3.5. Typical time evolution of the number of parent ions generated by the new triple-

skimmer nano-ESI source and counted within the 3 ms time-gate in spectroscopic experiments 

with (from top to bottom) with protein ubiquitin in +7 charged state (Ubi7+), with Ubi7+(H2O)10 

complex, and with microhydrated amino acid TrpH+(H2O)3. Each data point is an average of 

ten measurements; each trace (black lines) is labeled by the signal to noise ratio calculated with 

respect to the average (red lines). 

Figure 3.5 illustrates the level and time stability of ion signals in our typical spectroscopic 

experiments with the triple-skimmer ion source. In all the measurements, the source settings 

were optimized to maximize the generation of the ions of interest. In the experiments with fully 

desolvated protein ubiquitin in the +7 charge-state, the ion signal appears to be only about 25% 

less with the new source, compared with the double ion funnel (DIF) ESI source that we 

previously used with the same instrument. For smaller ions (e.g., singly protonated amino 

acids), the efficiency of the triple skimmer ion source becomes, however, 30-60% lower than 

that of the DIF ESI source. The measured ion signals (Figure 3.5) drop by 15-20 times when 

the new source is optimized for maximum efficiency in generating Ubi7+(H2O)10 and 

TrpH+(H2O)3 complexes, although, as we mentioned above, the integral ion signal for each 
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distribution of the complexes remained nearly the same as the signals in the experiments 

optimized for maximum signals of the respective fully desolvated ions. It is worth mentioning 

that only the monomers of the bare and microhydrated protein could be formed under the 

conditions of our experiments.6 The short-term stability of the new source is quite high and 

comparable with our DIF ESI source in generating fully desolvated ions. It reduces, however, 

by 9 and 4.5 times for the microhydrated complexes of Ubi7+ and TrpH+, respectively (Figure 

3.5). This higher instability reflects the subtle balance that is to be found every time between 

softness and the efficiency of the source. We attribute the mid- and long-term changes of the 

signals in Figure 3.5 to typical instabilities of the solution flow through the glass capillary or 

to those of the electric discharge in the ionization region of our nano-ESI sources. Finally, it is 

worth noting that all our efforts to generate any water complexes with a DIF ESI source or with 

a combination of one funnel and one/two skimmers have failed. Our intermediate and simpler 

design, which is based on two consecutive skimmers, demonstrated a moderate stability but an 

order of magnitude lower efficiency in generating microsolvated complexes. 

3.5. Conclusion 

In conclusion, we designed and tested a nano-ESI source, which is based on a triple 

skimmer configuration. The source can be quickly tuned to a “gentle” mode of operation for 

generation of a large number of microhydrated ions with, for instance, more than 100 retained 

water molecules but also to a standard “harsh” mode of operation to generate fully desolvated 

ions. In comparison with our previous double ion funnel nano-ESI source, which could not 

produce any ion-solvent complexes, the new source is less efficient in generating fully 

desolvated ions but demonstrates a good short-term stability in generating both bare protonated 

biomolecules and their microhydrated complexes. Such a gentle ion source can be used not 

only for spectroscopy of microhydrated biomolecules but, potentially, also in native mass 

spectrometry of proteins and protein complexes. We earlier spectroscopically shown for 

protonated ubiquitin in the charge states +7 to +9 that even a few water molecules retained on 

the electrosprayed proteins preserve their unfolded native-like structures.6 Continuous 

evaporation of weakly bound water molecules protects the ions from excessive heating during 

and after ESI, which may lead to unfolding of the protein. A biomolecule that is electrosprayed 

from the solution to the gas phase with a few water molecules has a good chance to retain its 

native structure on the timescale that is sufficient for MS interrogations.  
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Appendix 

 

Figure 3.S1. Mass spectrum of microhydrated protonated pentapeptide DL-Enkephalin 

(YAGFL)H+(H2O)n that is generated by the triple-skimmer nano-ESI source. The numbers on 

top indicate the number n of water molecules in the mass peaks. Ions were not trapped in the 

octupole ion guide/trap.  
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Chapter 4. Salt bridge structure of microhydrated arginine 

kinetically trapped in the gas phase by evaporative cooling 
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4.1. Abstract 

Amino acids and peptides generally exhibit zwitterionic form with salt bridge (SB) 

structures in solution but charge-solvated (CS) motifs in the gas phase. Here, we report a study 

of non-covalent complexes of the protonated amino acid arginine, ArgH+(H2O)n (n = 1-5), 

produced in the gas phase from an aqueous solution with a controlled number of retained water 

molecules. These complexes were probed by cold ion spectroscopy and treated by quantum 

chemistry. The spectroscopic changes induced upon gradual dehydration of arginine were 

assigned by structural calculations to the transition from SB to CS geometries. SB conformers 

appear to be present for the complexes with as few as 3 retained water molecules, although 

energetically CS structures should become prevailing already for ArgH+ with 7-8 water 

molecules. We attribute the revealed kinetic trapping of arginine in native-like zwitterionic 

forms to evaporative cooling of the hydrated complexes to as low as below 200 K. 
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4.2. Introduction 

Water is one of the few molecules that are vital to our life. The myriads of water functions 

range from such large-scale ones as stabilizing the globe’s temperature by oceans to the 

molecular scale of biology, where water serves as the universal solvent, supports cellular 

structure, etc. The amazing ability of H2O to form intermolecular H-bonds makes it an essential 

part of many types of biomolecules and thus regulates their structure and, at the end, biological 

functionality. Understanding the structure-function relations remains essential in many fields 

of life science, but the complexity of the, eventually, endless H-bond network of waters often 

makes the determination of accurate structures of biomolecules in bulk aqueous solutions 

challenging even with time-proven methods like NMR. Although spectroscopy in conjunction 

with quantum chemistry computations may provide accurate geometries of small to midsize 

biomolecules isolated in the gas phase,1–5 these intrinsic structures can substantially differ from 

the native solution ones, which are truly biologically relevant.  

 A clear example of how drastically water may conform biomolecules is a comparison of 

structures of amino acids and peptides in aqueous solution and in the gas phase. In aqueous 

solutions with neutral or slightly lower pH, these biomolecules adopt a zwitterionic form with 

a salt bridge (SB) bond between the protonated N- and deprotonated C-termini. In the gas 

phase, the C-terminus appears neutral due to the water-mediated N- to C-terminus proton 

transfer, which happens when the remaining waters cannot anymore stabilize the SB structure. 

Detection of this critical level of hydration can be performed with charged microhydrated 

biomolecules in the gas phase, where one can benefit from the finite size of such molecular 

complexes. Extensive work has been done to investigate the effect of metal cations for 

stabilization of SB structures of bare amino acids,6–10 as well as of amino acids solvated by a 

single water molecule.11–13 Stabilization of SB structures by microhydration of natively 

protonated amino acids has been studied on a few occasions theoretically14–18 but only little 

experimentally.19,20 It was shown that the zwitterionic form of the studied amino acids can be 

stabilized in the gas phase by complexation with metal cations and/or water molecules. 

Arginine is one of the amino acids that exhibits protonation of its side chain under native 

conditions in aqueous solution and in the gas phase.  This enables mass spectrometry-based 

tools for studying SB to charge-solvated (CS) transition in microhydrated ArgH+. Theoretical 

studies suggest that CS structures of protonated arginine solvated by up to 7 water molecules 

remain energetically more favorable than the SB configurations; further hydration gradually 

makes SB structures more favorable.14 Recent cryogenic ion mobility (IM) studies, however, 
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challenge this suggestion.21 The experiment detected an essential structural difference for 

ArgH+ in its complexes with three and with four (and more) water molecules. The difference 

was tentatively attributed to the transition from CS to SB structures.  

Herein, we report a joint experimental and theoretical study that addresses this discrepancy 

and determines the minimum number of water molecules that retain the hydrated arginine in 

its native-like zwitterionic form. Non-covalent complexes of ArgH+(H2O)n
 with a controlled 

number of water molecules n = 0-5 were interrogated by cold ion IR spectroscopy and 

computationally treated with quantum chemistry. The spectroscopic changes induced by the 

gradual decrease of the level of hydration were attributed to the evolution of arginine from its 

native-like SB to the intrinsic CS structure. We discuss the role of evaporative cooling in the 

kinetic trapping of hydrated biomolecules in their native-like structures. 

4.3. Methods 

Our experimental approach has been described in detail elsewhere.1,22 The hydrated ions 

are generated directly from solution using a “gentle” mode of a nano-electrospray ion (n-ESI) 

source23 and transferred through a metal capillary and three consecutive inline molecular 

skimmers to a room-temperature octupole ion trap (pre-trap) for accumulation and 

thermalization. Thermalized ionic complexes are mass-selected by a quadrupole mass-filter 

and guided into a cold octupole ion trap,24 which is kept at 6 K. The trapped complexes are 

cooled down to ~10 K by collisions with He buffer gas, which is pulsed into the trap (gas pulse 

duration is ~1 ms; maximum number density of He in the trap is ~2·1015 cm-3). The cold ions 

are then irradiated by a pulse of IR light (6 ± 2 mJ/pulse within the 2800-3800 cm-1 range and 

1.5±0.5 mJ/pulse within the 1500-1800 cm-1 range; 1 to 3 cm-1 spectral bandwidth), produced 

by an optical parametric oscillator (OPO, Laser Vision). The absorption of the IR light results 

in the evaporation of a few water molecules. The remaining parent and the reduced fragment 

complexes are released from the trap and detected by a quadrupole mass spectrometer, which 

is tuned to transmit alternatively either one of the fragments (e.g., a loss of single water 

molecule) or the parent complexes. We average 10 measurements at each IR wavelength at the 

repetition rate of 10 Hz. Each spectrum was recorded, at least, 2 times to ensure its 

reproducibility; the low number of deuterated complexes (reduced due to the presence of a 

significant fraction of the mixed complexes with H and D atoms) forced us to measure each 

spectrum 5 to 7 times to ensure an acceptable quality of the data. A wavelength meter WS-5 

(High-Finesse) measured the wavelength of the (visible) signal wave of the IR OPO and (only 
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once) of the Nd:YAG pumping laser, thus providing the wavenumber of the wave generated 

by the difference frequency mixing IR light with ±0.2 cm-1 accuracy. 

L-Arginine from Fluka BioChemika (≥99.5%), L-Arginine methyl ester dihydrochloride 

(≥98%) from Sigma-Aldrich, and L-Arginine (α-15N) hydrochloride (≥98%) from Cambridge 

Isotope Laboratories were used without further purifications. Methanol and ethanol of 

analytical reagent grade are from Fisher Chemical, water of HPLC Plus grade, deuterated water 

(≥99.9%) and acetic acid (≥99%) are from Sigma-Aldrich. Arginine was dissolved either in the 

water/methanol/ethanol (5/3/2) mixture or in the deuterated water (with no methanol) with     

0.2 vol% of non-deuterated acetic acid. The arginine concentration in the prepared solutions 

was 50 µM. 

The geometries and vibrational frequencies of the complexes were calculated using the 

density functional theory (DFT). In particular, we have used the B3LYP exchange-correlation 

functional, which includes the Lee-Yang-Parr correlation functional25 in conjunction with a 

hybrid exchange functional first proposed by Becke,26 along with the basis set denoted                

6-311++G**.27 This basis set includes diffuse functions as well as polarization functions for 

both hydrogen and heavy atoms. All calculations have been carried out with the Gaussian 16 

package.28 

Semiempirical-based Born-Oppenheimer molecular dynamics simulations have been 

performed with the CP2K package,29 where the nuclei are treated classically and the electrons 

quantum mechanically within the PM6 semiempirical formalism;30 the cubic cells of 3 nm side 

and the time-steps of 0.5 fs were used in the simulations. 

4.4. Results and discussion 

Figure 4.1 shows IR spectra of ArgH+(H2O)n (n = 0-5) measured in the fingerprint spectral 

region of 3300-3800 cm-1. The peaks above 3600 cm-1 are firmly assigned to the OH-stretches 

of water. Based on known data,1 the peak at 3570 cm-1 for n = 1 has been assigned to the free 

OH stretch of the C-terminus, which, expectedly, points to the CS structure of the singly 

hydrated arginine. Retaining one more water (n = 2) significantly changes the spectrum. The 

increased number of the (water) OH-stretch peaks above 3600 cm-1 suggests that the complex 

resides in, at least, two conformational states. The intensity of the free OH stretch transition of 

the carboxyl at 3570 cm-1 transition weakens significantly for n = 2, further decreases for             

n = 3 and becomes completely unresolved for n = 4 and 5. This decrease implies that in some 

of the conformers of the n ≥ 2 complexes either a water binds to the OH of the C-terminus, 

causing redshift and broadening of this transition, or the C-terminus becomes deprotonated. 
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Although under our experimental conditions the conformers with such structural features 

appear to be highly abundant, they are not present among the earlier calculated (and 

recalculated herein) lowest energy conformers of these complexes.14  

 

Figure 4.1. IRMPD spectrum of ArgH+ (black trace) measured by monitoring fragment at      

m/z = 158; IRPD spectra of ArgH+(H2O)n (n = 0-5; red traces) and α-15N isotopically labeled 

ArgH+(H2O)n  (n = 1-3; blue traces) measured by loss of a single water molecule. Vertical green 

bars emphasize the assigned transitions for ArgH+ in the complexes. 

The calculations suggest that below n = 7 ArgH+ in the complexes resides in CS states and 

exhibits the OH group that is free of any non-covalent interactions. In addition, the calculations 

suggest that for n = 2 and 3, the N-terminus remains free of interactions with water molecules 

but is involved in the intramolecular couplings with an amine of the side chain. This contradicts 

to the observed redshift of 32 cm-1 for the NH-stretch of the N-terminus in some of the 

complexes with n = 2 and 3, relative to the ones with n = 1. The shift was revealed from 

spectroscopy of the ArgH+ complexes with an isotopically labeled (15N) N-terminus (Fig. 4.1, 

blue traces). 

These observations prompt us to conclude that for n > 1, the complexes reside not in their 

global minima states, but rather appear kinetically trapped in solution-like geometries. 

Conformational search among the structures that reside in numerous local minima of the 
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potential energy (PE) surface, especially for such a flexible molecule like Arg, is very 

challenging. Our attempts to find among the low-energy structures those, whose spectra would 

reasonably match to the experiment did not succeed, although for n = 3, we found that the most 

stable both CS and SB conformers appear lower in energy than those reported earlier.14 

Regarding this, our subsequent  computations were focused not on solving the exact geometries 

of the experimental complexes but rather on revealing the characteristic spectroscopic 

differences between the CS and SB structures of the low PE complexes and on mapping up 

these differences to the experiment. 

To mimic the experimental conditions, the complexes with n waters were generated based 

on the preceding n + 1 complexes. It turns out that for n = 5 the geometry of arginine in the 

lowest energy SB complex is very similar to the geometry of Arg in the most stable structure 

of the complex with n = 8, which is of SB type too.14 We therefore take the lowest energy SB 

n = 5 structure as a starting point for generating the geometries of the subsequent smaller 

complexes. The geometry of the ArgH+(H2O)5 complex taken from ref14 was first reoptimized 

at the B3LYP/6-311++G** level. Single water molecules were then removed from this 

structure, and the geometries of five such generated n = 4 SB complexes were optimized at the 

same level. Next, a proton was moved from the N-terminus to one of the two oxygens of the 

C-terminus to generate two templates of CS structures, which were then optimized too. For 

each pathway, the three (one SB and two CS) structures were optimized and arranged by their 

PE. The most stable SB structures were then used as templates to generate n = 3 structures, and 

so on, as illustrated in figure 4.2 (see Tables 4.S1-4.S3 for images of the structures). Vibrational 

spectra were then calculated in a harmonic approximation for all conformers of ArgH+(H2O)n 

complexes (n = 2-5) generated through this procedure. A comparison of these results with the 

measured (conformation non-selective) spectra (Fig. 4.S2) does not allow for unambiguous 

validation of the respective structures. This roots mainly from the large size and flexibility of 

the studied non-covalent complexes.  
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Figure 4.2. Schematic diagram illustrating the generation of SB structures of the ArgH+(H2O)n 

complexes (shown partially for n = 5 to 3 only). The numbers near each water molecule indicate 

the binding energy of this water to the complex (in kcal/mol). The color of a number codes the 

water molecule that was removed to generate the subsequent smaller complex to which the 

arrow of the same color points. Vertical gray arrows for n = 4 and 3 indicate that the respective 

SB structures are less stable than the generated from them CS conformers. 

In order to reduce the spectral complexity, we measured the spectra of ArgD+(D2O)n,                 

(n = 1-5) complexes with all deuterated NH and OH groups. Deuteration significantly redshifts 

all the transitions associated with these groups, such that the few remaining peaks in the region 

of 1580-1650 cm-1 can be safely assigned to the redshifted C–N antisymmetric stretches of the 

guanidinium group.31 Based on the available data,1 the remaining and only slightly redshifted 

(8 cm-1) peaks in the 1700-1770 cm-1 region can now be assigned to a CO stretch of the               

H-bonded C-terminus. The detection of only one strong peak (1765 cm-1) in this spectral region 

for the complex with n = 1 implies the presence of only one conformer (conformational family), 

which was assigned above to a CS structure. We therefore assign this peak to C=O stretch of 

the H-bonded C-terminus. One more redshifted (Δν = 27 cm-1) weak peak and two more 

redshifted peaks (Δν = 28 and Δν = 49 cm-1) of comparable intensity were detected for n = 2 

and 3, respectively, pointing to the increase of the number of conformers upon increasing the 
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level of hydration. The position of the highest-frequency peak remains nearly the same for         

n = 1-3, which allows its assignment to the C=O stretch for n = 2 and 3 too. This assignment is 

further confirmed by spectroscopy of the microhydrated modified arginine that was methylated 

on the C-terminus (Fig. 4.S3). The methylation forbids SB structures, while a gradual                  

(n = 1-5) hydration of the CS structures almost does not influence the frequency and relative 

intensity of the C=O stretch. In contrast, the relative intensity of this peak in the spectra of 

ArgH+(H2O)1-5 complexes (Fig. 4.3) gradually drops to zero upon hydration for n = 4 and 5, 

while the relative intensities of the two redshifted (Δν = 12 cm-1 and Δν = 42 cm-1) peaks are 

increasing, respectively. 

 

Figure 4.3. IRPD spectra of ArgH+(H2O)n (red traces) and of its deuterated (OH and NH 

groups) analogue ArgD+(D2O)n for n = 1-5. 

Figure 4.4 compares these experimental spectra with the C=O stretch and of the (O-C-O)– 

antisymmetric stretch vibrations of the C-terminus calculated for the locally most stable SB 

and CS conformers generated by water removal/proton transfer, as described above. These 

vibrations are unique and characteristic for each type of conformer. The complexes may remain 

trapped in the local minima and be observed, if the energy barriers are unfavorable for 

relaxation to the CS structures with lower PE. Similar to a few earlier studied cases,32,33 for all 

the computed complexes the frequencies of the (O-C-O)– vibrations exhibit a clear trend to be 

redshifted from the C=O ones. In particular, there are no candidate CS conformers to match 
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the most redshifted peaks (∼1710 cm-1) in the spectra of complexes with n = 3 and 4. In 

opposite, there are no SB conformers to match to the highest frequency peaks assigned to the 

C=O stretch in CS structures. Based on this, we may assign the most redshifted peaks in the 

spectra of the complexes with n = 3 and 4 to SB structures. This also implies the presence of 

kinetically trapped zwitterionic SB conformers for all larger complexes, although we have no 

direct evidence of this. 

 

Figure 4.4. IR transitions of the (O-C-O)– and C=O stretch vibrations, calculated for the locally 

most stable SB (blue, light blue and violet sticks) and CS (red and orange sticks) conformers 

of ArgD+(D2O)n complexes (n = 2-4), respectively. The transitions are overlapped with the 

respective experimentally measured spectra. The frequencies of the transitions are scaled by 

the factor 1.015. The globally lowest-energy structures of the n = 4 SB and CS complexes are 

shown on the right for comparison. 

The fact that these zwitterionic SB conformers survive ESI and the room-temperature pre-

trapping is not trivial to explain. To illustrate the dynamics of the desolvation and of the 

zwitterionic SB → CS transition, we performed semi-empirical (PM6) MD simulations for the 

zwitterionic SB complexes with n = 3-6 at a few different temperatures (Fig. 4.S4). The 

simulations indicate that at T = 300-450 K, the lifetime of the complexes is on the timescale of 

10-100 ps. This is by far too fast for the complexes to avoid full dehydration and zwitterionic 

SB to CS relaxation during the 50 ms storage in the room temperature ion pre-trap. Calculations 

with the ion temperature of 200 K result, however, in a complete freezing of the dynamics over 

the limited 500 ps timescale of the simulations. In order to estimate the lifetime of the ion 

complexes under our experimental conditions, we measured the abundances of all the 

SB4 CS4



 

51 
 

complexes that could be detected (n = 0-45) in the ion distributions for the cases of the trapped 

and non-trapped complexes in the ion pre-trap (Fig. 4.5). 

 

Figure 4.5. Relative population of ArgH+(H2O)n complexes for n ≤ 45: after 50 ms storage in 

the room temperature ion pre-trap (red), and continuously detected as they are generated by 

ESI source. (blue). The two distributions have been derived from mass spectrometric 

measurements and were normalized to the total number of ions (100%) in each distribution. 

The intensities of the fully dehydrated ions (60% for the pre-trapped ions and 12% for 

continuously measured ions) were truncated for graphical clarity.  

This allows for calculating the fraction of water molecules that were evaporated from all 

the complexes during the trapping. Based on this, we roughly estimated (see Appendix for 

details) the rate of single water evaporation in the trap, k1, to 0.02 ms-1, which gives ≃12 ms 

for the lifetime of, for instance, n = 4 complexes. This result prompts us to conclude that the 

evaporative cooling keeps the temperature of the ions in the pre-trap much lower than T = 300 

K. Our MD simulations of evaporation in a microcanonical NVE ensemble (number of atoms-

volume-energy being constant; see Appendix for details) suggest that the lifetime of 10 ms for 

the n = 4 complexes requires their internal temperature of ∼150 ± 35 K. This rough estimate is 

consistent with calorimetric studies of protonated water clusters, which indicate that balancing 

collisional heating by evaporative cooling stabilizes internal ion temperature at as low as    

≃170 K.34 An increase of heating accelerates the evaporation to keep the ion temperature close 

to this asymptotic value. We therefore conservatively propose that the evaporative cooling of 

the ArgH+(H2O)n complexes may keep their internal temperature below ~200 K. It must be this 
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significant lowering of temperature that enables not only to retain water molecules for long 

time, but also arginine in these complexes to be kinetically trapped in zwitterionic forms, which 

are the most stable conformers in aqueous solutions.  

A substantial evaporative cooling should be general for microhydrated ions. Regardless of 

the initial temperatures of the ions, boiling off waters keeps the complexes cold, provided the 

complexes originally own a sufficient number of water molecules to evaporate. Along with the 

specific intermolecular non-covalent interactions, evaporative cooling might be the key factor 

that protects the native-like structures of microhydrated biomolecules before a prompt 

cryogenic cooling. For instance, a recent spectroscopic study proposed evaporative cooling as 

the reason for preventing unfolding of the multiply protonated microhydrated protein ubiquitin 

in the gas phase.22  

4.5. Conclusion 

To sum up, we suggest that a high final level of hydration of biomolecules may not be a 

must to reveal the main features of their native-like structures. Small water complexes always 

originate from the large electrosprayed ones, in which the native structural motives of the 

embedded biomolecules can be retained by the remaining network of H-bonds. Next, 

evaporative cooling to ≲ 200 K hinders the transition from the native solution-like to the 

intrinsic gas-phase structures. Our study examples this: zwitterionic forms of Arg which are 

common in solution, but do not exist in the gas phase, were identified in the complexes of this 

protonated amino acid with as few as 3-4 water molecules. Although more extensive 

calculations are required to identify these structures, the relatively small level of hydration that 

suffice for kinetic trapping should encourage the use of microhydrated complexes in hunting 

for native structures of biomolecules.  
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Appendix 

 

 

Figure 4.S1. Lowest energy optimized structures for the charge-solvated CS (a) and 

zwitterionic SB (b) forms of ArgH+(H2O)n, n = 0-8. Numbers over the structures indicate the 

number of water molecules in the complex. 
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Table 4.S1. SB and CS optimized structures at the B3LYP/6-311++G** level for ArgH+(H2O)4 

complexes originated after the evaporation of one water molecule from the optimized geometry 

of the SB ArgH+(H2O)5 complex from Bowers et al.14 (all calculated at the same level of 

theory). The numbers under the structures correspond to the relative free energy in kcal/mol 

(free energies are calculated in the harmonic approximation at the temperature of 298 K). 

Identical structures are excluded from the table. 

Zwitterionic SB structures CS structures 

 

 

 

4.33 0  

 

  

5.12 10.76 9.61 
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6.27 11.1 10.21 

 
 

 

7.64 1.89 5.9 

  

 

12.44 6.28  
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Table 4.S2. SB and CS optimized structures at the B3LYP/6-311++G** level for ArgH+(H2O)3 

complexes originated after the evaporation of one water molecule from the optimized 

geometries of ArgH+(H2O)4 complexes generated previously (see Table 4.S1) at the same level 

of theory. The numbers under the structures correspond to the relative free energy in kcal/mol 

(free energies are calculated in the harmonic approximation at the temperature of 298 K). 

Identical structures are excluded from the table. 

Zwitterionic SB structures CS structures 

 

 

 

4.33 0  

 

 
 

6.76 4.96 0.66 

 

  

6.81 6.97 8.61 

 

 

 

8.54 9.86 6.61 
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9.64 16.52 15.37 

 

 
 

10.77 10.72 9.9 

 

  

11 6.97 8.59 

 

 

 

11.48 7.99 10.15 
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12.02 10.66 14.94 
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Table 4.S3. SB and CS optimized structures at the B3LYP/6-311++G** level for ArgH+(H2O)2 

complexes originated after the evaporation of one water molecule from the optimized structures 

of ArgH+(H2O)3 complexes generated previously (see Table 4.S2) at the same level of theory. 

The numbers under the structures correspond to the relative free energy in kcal/mol (free 

energies are calculated in the harmonic approximation at the temperature of 298 K). Identical 

structures are excluded from the table. 

Zwitterionic SB structures CS structures 

 

 

 

6.88 2.58  

 
 

 

6.98 7.66 9.25 

 

 

 

7.21 5.46  
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8.24 10.51 7.98 

 
 

 

8.27 0  

 

 

 

10.73 8.06 10.33 
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Figure 4.S2. IRPD spectra of ArgH+(H2O)n complexes for n = 1-5 (black traces) and the 

theoretical spectra (color sticks) calculated for the optimized generated structures. Only spectra 

for the locally most stable structures are shown. Blue and light blue sticks designate the SB 

structures, and red, yellow and green sticks designate the CS structures. The relative potential 

energies of the structures are shown with respective color coding on the left. 
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Figure 4.S3. IRPD spectra of Arg-OMeH+(H2O)n (n = 1-5) measured by loss of a water 

molecule. 
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Figure 4.S4. Data from 500 ps MD simulations of the zwitterionic SB conformers of 

ArgH+(H2O)3-6 at the initial temperatures of 450 K (red), 350 K (yellow), 300 K (cyan), and 

200 K (blue). Zwitterionic SB optimized structures for which the energy balance is in favor of 

the zwitterionic SB ones are represented by triangles, those for which the energy balance favors 

the CS ones are represented by circles, and CS structures are represented by squares. The 

relative free energies of the optimized zwitterionic SB/CS structures at T = 298 K of 

ArgH+(H2O)2-4 can be found in Tables 4.S1, 4.S2, and 4.S3. For ArgH+(H2O)5-6, the CS form 

is always the most stable one from the free energy point of view (6.4 kcal/mol for n = 5 and 

5.5 kcal/mol for n = 6). 

In order to explain why zwitterionic SB structures are still present for such small water 

clusters at the experimental conditions, molecular dynamics (MD) simulations are carried out 

(Figure 4.S4). We performed semi-empirical (PM6) molecular dynamics simulations for the 

ArgH+(H2O)3-6 clusters, at various temperatures (200 K, 300 K, 350 K, and 450 K). These 

temperatures are relevant for the experimental conditions where clusters are subject to a 50 ms 

pre-trapping in the room temperature octupole ion trap. MD simulations systematically start 

from a zwitterionic SB structure of the cluster as we assume that the nESI favors the existence 

of zwitterionic SB forms (i.e. they should dominate in the water droplet). There are always two 

initial conformations: one for which the energy balance is in favor of the zwitterionic SB 
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structure and the other for which the energy balance favors the CS one. We have accumulated 

500 ps of trajectory for all the cases, of course much shorter time-scale than in the experiment 

but deemed enough to observe conformational dynamics and water evaporation. Starting from 

the 200 K dynamics, we see that all clusters are stable at this temperature (over the 500 ps time-

scale), i.e. no evaporation of water, however, we observe a conformational dynamics for each 

cluster, with ArgH+ changing conformation (isomerization) and also water molecules changing 

location within the cluster. This isomerization does not systematically lead to the formation of 

the lowest energy conformer of each cluster size, but rather explores different conformations. 

Considering that these conformers will be released into the cooling chamber, we thus expect 

several conformers to be cooled down and probed by spectroscopy. At higher temperatures 

(300 K, 350 K and 450 K), there is a systematic evaporation of water molecules along the      

500 ps dynamics, whatever the size of the cluster. As expected, the timescale for the 

evaporation of the first water molecule depends on cluster size, temperature, and water binding 

energy (i.e. the smallest the binding energy, the fastest the evaporation). The evaporation takes 

place on the tens to hundreds of picoseconds timescale. There are also conformational 

dynamics/isomerizations systematically occurring before the next evaporation of the 

subsequent water molecule kicks in. Concerning the zwitterionic SB → CS transformations, 

they take place over similar timescales as the first water evaporation and we see clear 

dependence between the complex size and its probability to occur, i.e. the smaller the cluster 

size, the higher the zwitterionic SB → CS transition probability. At last, it also appears that 

ArgH+(H2O)3 cluster is somehow a stable system size as the end product of the successive 

evaporation of water from larger cluster sizes, over the time scale of the molecular dynamics. 
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Table 4.S4. CS-zwitterionic SB energy balance (DECS-SB) including the zero-point energy 

correction, in kcal/mol, for the zwitterionic SB forms of ArgH+(H2O)n=2-6 complexes.          

DECS-SB < 0 means CS is more stable than zwitterionic SB. 

ArgH+(H2O) zwitterionic SB form DECS-SB (kcal/mol) 

2W a -5.4  

2W b 1.9 3.4 

3W a -3.5  

3W b 1.5 2.9 

4W a -4.0  

4W b 5.6 6.6 

5W -5.5  

6W -1.9  

Two values mean two different CS forms related to the zwitterionic SB one. 
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Estimate of dissociation rate and ion temperature for hydrated ArgH+ 

The dissociation rate of the ArgH+(H2O)n  (n = 0-45) complexes was estimated from their 

population distributions (Fig. 4.5) measured without pre-trapping in a room temperature ion 

trap (t0 = 0) and measured after 50 ms of pre-trapping (t50 = 50 ms). The distributions were first 

normalized on their total number of ions. With this, the total number of water molecules in 

each normalized distribution is given as: 

     𝑁𝑡 = ∑ 𝑅(𝑛) ∙ 𝑛,45
1       (1) 

where R(n) is the relative population of the cluster with n waters. The calculations yield             

N0
 = 1541 and N50

 = 455. Assuming for simplicity that the rate constant for evaporating single 

water is independent of cluster size, one can write for the fraction of water molecules remaining 

in the complexes after time t50:  

     
𝑁50

𝑁0
= 𝑒−𝑘1∙𝑡50 ,       (2) 

where k1 is the rate constant for loss of a single water molecule. Putting into (2) the respective 

numbers results in k1=0.02 ms-1. The rate constant for evaporating four waters is, therefore,    

k4 = 0.08 ms-1. The latter implies the average (over the ensemble of the complexes) lifetime for 

n = 4 complexes of ∼12 ms.  

To quantify the temperature of the clusters once the first water molecule evaporates, we 

have performed several semi-empirical (PM6) molecular dynamics simulations in the NVE 

ensemble at different temperatures (320-460 K) of the ArgH+(H2O)4 cluster, and considering 

that water molecule’s evaporation time (t) follows an Arrhenius Law, fitted the latest values to 

the following expression: 

𝑙𝑛 (
1

𝑡
) = 𝑙𝑛 (

1

𝑡0
) −

Δ𝐺∗

𝑅
·
1

𝑇
 

Figure 4.S5 shows the ln(1/t), in ps (tps), versus 1/T(K-1) curve along with the linear fitting. 

From this linear regression, we obtain an activation energy, DG*, of 9.3 ± 1.6 kcal/mol for the 

process to occur and the following temperatures at time t (Tt) of the cluster if one water 

molecule evaporates: 160 ± 38 K for 1ms, 150 ± 35 K for 10 ms and 140 ± 33 K for 50 ms. 
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Figure 4.S5. Natural logarithm of the inverse of the 1st water molecule’s evaporation time (in 

picoseconds, tps) versus the inverse of the temperature of ArgH+(H2O)4 cluster. The equation 

of the corresponding linear fitting appears as an insertion at the top-right. The data are obtained 

from semi-empirical PM6 molecular dynamics simulations.  
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Chapter 5. Revealing the Native-like Structure of Tryptophan by 

Cold Ion Spectroscopy of Microhydrated Complexes 
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5.1. Abstract 

The geometry of biomolecules isolated in the gas phase usually differs substantially from 

their native structures in aqueous solution, which are the only ones truly relevant to life science. 

To connect 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 1-6 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 cryogenic condensation methods. This observation 

points to the lack of kinetic trapping in the dehydration/rehydration processes. Quantum 

chemistry computations allow for the 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. 

https://doi.org/10.1021/acs.jpclett.3c01239
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5.2. Introduction 

Knowledge of the 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 the development of new techniques 

for structural determinations. Cold ion spectroscopy (CIS)1–5 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.4,6–11 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 

biologically relevant native structures often remains vague. Intermolecular noncovalent 

interactions of a biomolecule with water molecules may compete with the intramolecular 

noncovalent 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.12–21 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, “gentle” electrospray ionization sources.22 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.16,23,24 This geometry will not be the lowest-energy one, which makes a 

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. 

Experiments 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.25,26 Full desolvation of ions requires their substantial 

internal heating; the temperature of bare ions in ESI sources can reach 500 K.27 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 molecules onto cold bare ions 
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will bring their structure back to that in the complexes with retained waters only, if the energy 

barriers for these rearrangements 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 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 its 

native-like geometry upon increasing the level of hydration. Here we explore this approach 

with protonated amino acid tryptophan (TrpH+). It is a benchmark aromatic biomolecule known 

for its high yield of UV fluorescence in aqueous solutions.28,29 Structure and photophysical 

properties of the gas-phase protonated bare and singly hydrated Trp have been the subject of 

numerous studies.1,12,30–36 Briefly, the most stable conformers of isolated TrpH+ exhibit a 

proton−π 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.12,33 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.12,36 Retaining a second water on TrpH+ increases the intensity of the 

sharp transitions,12 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 by either retaining or condensing up to six water molecules. For each method 

of 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 

experimental IR spectra were used for validating the low-energy structures calculated by 

quantum chemistry methods. Finally, we analyze the validated structures of the complexes and 

outline their relation to the native structure of tryptophan.  

5.3. Methods 

Our experimental approach, except the cryogenically cooled ion pretrap, has been 

described in detail elsewhere21 (see also the Appendix of this chapter and chapter 2). Briefly, 

the hydrated ions are generated directly from solution using a “gentle” mode of an electrospray 

ion source.22 Alternatively, the same complexes can be generated by condensing water vapor 

onto the ions stored in a cryogenic ion pretrap. After the ions of interest are selected with a 
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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 into 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 the Appendix of this chapter for details). 

5.4. Results and discussion 

Figure 5.1 shows IRPD spectra of TrpH+(H2O)n (n = 1-6) complexes produced by the 

gentle dehydration of electrosprayed droplets (blue traces). These spectra are almost perfectly 

identical to the respective spectra measured in the 3 μm spectral region for the complexes 

generated by the low-temperature condensation of n = 1-4 water molecules onto the 

electrosprayed bare ions (red traces; see also Figure 5.S1). It is essential that the compared 

spectra have been measured on the same instrument with the same method and under 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.19,37,38 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 noncovalent complexes.39,40 Regarding this, for the complexes 

with n = 4-6 produced by the two methods, we compared their respective UV spectra (Figure 

5.S2). 

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 of 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. 
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In support of our suggestion, Figure 5.1 compares the measured IR spectra to those 

computed for the low-energy conformers of TrpH+(H2O)n. Isotopic labeling of the indole ring 

(N14 → N15) allows for direct assignment (Figure 5.S3) of the indole NH-stretch transition. 

Upon dehydration, its frequency redshifts only a little from 3512 cm–1 for n = 6 to 3504 cm–1 

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.36 For TrpH+(H2O)2, in addition to the 

IRPD spectrum in Figure 5.1, we explicitly measured conformer-selective IR-UV depletion 

spectra of this complex (Figure 5.2). 

One highly abundant conformer and two low-abundant conformers of the TrpH+(H2O)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 5.2). The experiment-theory match is equally good 

between the two conformers of lower abundance (Figure 5.2b, c) and the next two low-energy 

computed structures (named 2A2 and 2A3). Similar to the most stable conformer of 

TrpH+(H2O)1, the main common structural feature of conformer 2A1-3 is the insertion of one 

water molecule between the N-terminus and the indole ring (Figure 5.2). As was discussed 

above, the insertion interrupts the proton-π coupling that allows fast proton transfer to the 

indole ring.12,36 The structures of the three TrpH+(H2O)2 conformers validated herein provide a 

rational explanation of this phenomenon. In these structures the positive charge of the NH3
+ 

group is solvated by two H-bonds, leaving one hydrogen atom of the N-terminus free of 

noncovalent interactions. The unfavorable position of this atom clearly forbids, however, the 

proton-π coupling. 
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Figure 5.1. IRPD spectra of TrpH+(H2O)n complexes generated by retaining (blue) and 

condensing (red) 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 5.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 and 3 μm spectral 

regions, respectively. The most stable structures with their labels are shown on the right. 
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Figure 5.2. Conformer-selective IR-UV depletion spectra of the TrpH+(H2O)2 complex, 

measured with UV wavenumber fixed at (a) 35176 cm–1, (b) 35243 cm–1, and (c) 35281 cm–1. 

The computed spectra of the three most stable conformers 2A1, 2A2, 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. 

A close inspection of the UV spectrum (Figure 5.S4) for n = 2 reveals a broadband low-

intensity absorption beneath the sharp peaks. It must arise from the conformers with a short-

lived electronic excited state. Such structures were earlier identified for singly hydrated 

TrpH+.36 Similar conformers were also found among those calculated herein for n = 1 and 2 

structures with low free energy (named 1B1 and 2B1; Figure 5.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.34 

Microhydration does not remove this structural difference, enabling two distinct families (nA 

and nB) of the complexes. IR depletion of the narrow UV peaks assigned to conformers 2A 

makes our experiment have low-sensitivity to conformers 2B, such that they may contribute 

only little to the spectra in Figure 5.2. 
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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 removal of certain 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 5.3a 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 directly treated the 2A1 

→ 1A → 0A transition, which does require some large structural changes, by performing DFT 

optimization of the structures after removing one appropriate water molecule each time. The 

optimization indeed yields the 1A1 and 0A1 conformers as the most stable structures of each 

size. 

 

Figure 5.3. (a) Calculated free energies (G < 2 kcal/mol) of A (blue bars) and B (red bars) 

types of TrpH+(H2O)n conformers, shown for each n relative to the free energies of formation 

(ΔGf) of the lowest nA1 conformer from isolated TrpH+ and n water molecules; ΔGf = 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 1A1 ↔ 0A1) do not require any significant 

rearrangements in the TrpH+ backbone or a migration of water molecules. (b) Evolution of 

characteristic dihedral angles of the TrpH+ structure upon change of n. 
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The calculated geometry of TrpH+ in the nA1 complexes evolves almost gradually upon 

dehydration with the most prominent changes in the orientation of the indole and COOH groups 

relative to the NH3
+ one. Figure 5.3b plots the dihedral angles between C-NH3 and C-indole 

(θ1) and between C-NH3 and COOH bonds (θ2) for n = 0-6. Both angles exhibit sharp changes 

after removing the fourth and the subsequent water molecules. This more than 100° change of 

θ2 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+(H2O)4 is the smallest complex, in which tryptophan should still resemble its native 

structure. The particular role of 4A1 has a rational explanation. In this complex, four water 

molecules occupy all four highly hydrophilic hydration sites (NH3
+ and OH of the C-terminus), 

such that the subsequent fifth and sixth 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 4A1 conformer an exclusive bottleneck in 

the n = 0↔6 hydration/dehydration pathways. 

5.5. Conclusion 

In conclusion, cold ion IR/UV spectra of TrpH+(H2O)n (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+(H2O)2 have been 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 tryptophan. 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 down to the n = 4 

bottleneck structure, which implies that tryptophan hydrated by four waters should yet retain 

most of the features of its geometry in aqueous solutions. Overall, our study demonstrates that 

the gas-phase spectroscopy of gradually hydrated/dehydrated small to midsize biomolecules, 

when combined with quantum chemistry computations, can provide important hints for solving 

their native-like structures. 
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Appendix 

Materials and methods 

L-Tryptophan from Fluka BioChemika (≥ 99.5%) and L-Tryptophan indole-15N 

hydrochloride (≥ 98%) from Cambridge Isotope Laboratories were purchased and used without 

further purification. Methanol of analytical reagent grade is from Fisher Chemical, water of 

HPLC Plus grade, and acetic acid (≥ 99%) are from Sigma-Aldrich. 

Tryptophan was dissolved either in the water/methanol (1/1) mixture (experiments with 

retained water) or pure water (experiments with condensed water) with 0.2 vol% of acetic acid 

to the final concentration of 50 µM. 

The ions are produced from solution by a nano-electrospray ionization (n-ESI) source and 

transferred through a metal capillary and three consecutive inline molecular skimmers to a 

temperature controlled octupole ion trap (pre-trap) for accumulation and thermalization. 

Microhydrated tryptophan with retained water is produced at the soft conditions of the ion 

source and accumulated in an octupole ion pre-trap at room temperature. This pre-trap is similar 

in its design to the 6 K cold trap, but is twice longer and mounted on a cold head that can be 

cool within 40-310 K only. The details and full characterization of this trap are subject of a 

forthcoming publication. To produce microhydrated TrpH+ by condensation of water 

molecules, the fully dehydrated at the harsh conditions of the ion source ions are trapped in the 

pre-trap, to which water vapor is continuously introduced through a leak valve. The water vapor 

flow is adjusted to maintain the total pressure of 2-4·10-4 mbar and the temperature of the pre-

trap is optimized for each complex size of microhydrated tryptophan within 140-180 K.  

After accumulation, thermalization and condensation, the protonated complexes are 

released, mass-selected by a quadrupole mass filter, and guided into a cold octupole ion trap 

(CIT) which is kept at 6 K. The ions are trapped and cooled by collisions with pulsing He and 

interrogated by either IR, UV, or IR-UV laser pulses. The resulting parent and fragment ions 

are released and detected by a second quadrupole mass filter equipped with a channeltron 

detector. IR pulses of 1 cm-1 spectral linewidth and of 4 ± 1 mJ/pulse and 1.8 ± 0.3 mJ energy 

in the 3 and 6 µm spectral regions, respectively, are produced at 10 Hz repetition rate by an 

optical parametric oscillator (OPO), which is pumped by 8 ns pulses of a Nd:YAG laser. IR 

absorption by the complexes produces their photo fragments that correspond to the loss of 1-2 

water molecules by the parent ions; the complexes that lost single waters are detected. For UV 

spectroscopy, the 5-6 ns UV pulses are generated at 10 Hz repetition rate by a frequency-

doubled dye laser pumped by 7 ns pulses of a Nd:YAG laser at 355 nm. The pulse energy is 
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maintained close to 0.5 mJ through the scanning range of the dye laser; the average power of 

UV light is continuously monitored by a broadband pyroelectric detector and used for 

normalization of the ion signal. The UV light has 0.15 cm-1 spectral linewidth; the wavenumber 

of the dye laser is continuously measured by a wave meter with ±0.05 cm-1 accuracy. The mass 

spectrometer operates in a 20 Hz cycle and the laser-free cycle is used to measure the signal of 

the parent ions in the cold trap; this signal then is used to normalize the fragment signal. Each 

data point is averaged based on 10 measurements and each spectrum is recorded at least three 

times to ensure its reproducibility. 

In order to interpret the experimental data, we perform a stochastic search of possible 

TrpH+(H2O)n (n = 1-6) conformers using molecular dynamics (MD) annealing followed by 

density functional theory (DFT) structures and energy refinement, as well as calculation of 

harmonic vibrations for the lowest energy conformers.  

MD simulations were carried out in NAMD2 software (NAMD was developed by the 

Theoretical and Computational Biophysics Group in the Beckman Institute for Advanced 

Science and Technology at the University of Illinois at Urbana-Champaign.)41 with 

CHARMM36 force-field for tryptophan,42–45 and TIP3P water model.46 For each simulation, 

we set the initial temperature to 5000 K with a decrease rate of 100 K/ps until reaching 400 K; 

the final temperature was held for 46 ps (time step – 1 fs). For various TrpH+(H2O)n (n = 1-6) 

complexes, we performed a series of annealing simulations until the number of new conformers 

ceased to increase sharply. Thus, we ran 250, 250, 500, 1500, 1500, and 2000 annealing 

simulations for n=1, 2, 3, 4, 5, and 6, respectively. After the MD annealing procedure, we 

performed a classification of structures based on the independent comparison of differences in 

tensors of inertia of TrpH+ and (H2O)n with the thresholds adjusted to maximum values which 

allow us to distinguish TrpH+(H2O)6 clusters. We obtain the total number of clusters: 62, 54, 

92, 485, 650, and 812 for n=1, 2, 3, 4, 5, and 6, respectively, and the size of each cluster is in 

the range 1-58, depending on the conformer energy and n. The size of the lowest energy clusters 

is 15, 18, 58, 19, 9, and 7 for n=1, 2, 3, 4, 5, and 6, respectively. The median size of the clusters 

taken for further DFT refinement is 2. 

Conformers with MD energy lower than 10 kcal/mol above the lowest energy structures 

were selected for further DFT geometry and energy refinement (17, 18, 53, 64, 103 and 121 

conformers for n=1, 2, 3, 4, 5 and 6, respectively). DFT simulations were carried out in 

Gaussian 16 package47 with Minnesota M05-2X exchange-correlation functional48 and 

augmented correlation-consistent polarized basis set aug-cc-pVDZ.49,50 After DFT refinement, 

harmonic frequencies were calculated for the lowest energy conformers (E < 5 kcal/mol; 10, 
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14, 24, 33, 41, and 75 conformers for n=1, 2, 3, 4, 5, and 6, respectively). In this paper, we 

present and compare the free energy of the conformers. 

 

Figure 5.S1. IR photofragment spectra of TrpH+(H2O)n (n = 1-4) complexes with retained (blue 

traces) and condensed (red traces) water molecules. 

 
Figure 5.S2. UV photofragment spectra of TrpH+(H2O)n (n = 4-6) complexes with retained 

(blue traces) and condensed (red traces) water molecules. The latter complexes were prepared 

at the temperature of the cryogenic pre-trap of 170 K, 150 K, and 140 K for n= 4, 5, and 6, 

respectively. 
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Figure 5.S3. IR photofragment spectra of TrpH+(H2O)n (n = 1-6) complexes with monoisotopic 

(red traces) and isotopically-labeled (blue traces) indole nitrogen (15N) of tryptophan. 

 
Figure 5.S4. UV photofragment spectra of TrpH+(H2O)2 recorded through TrpH+ (red trace) 

and TrpH+-NH3 (blue trace) fragmentation channels. 
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Figure 5.S5. Structures of the lowest energy A- and B-type conformers of TrpH+(H2O)n (n = 

1-3). Note that in the 3B1 structure a water molecule resides between the indole ring and the 

N-terminus, which implies that the proton transfer from the latter to the former should be 

blocked in this conformer. 

Table 5.S1. Relative free-energies of TrpH+(H2O)n complexes (in kcal/mol), whose calculated 

IR spectra exhibit the best match to the measured spectra and are shown in Figure 5.1.  

n 1 2 3 4 5 6 

 1A1 : 0.00 2A1 : 0.00 3A1 : 0.00 4A1 : 0.00 5A1 : 0.00 6A1 : 0.00 

1B1 : 1.01 2A2 : 0.67 3A2 : 0.53 – 5A2 : 0.75 6A2 : 0.14 

– 2A3 : 0.82 3A3 :0.58 – 5A3 : 1.21 6A3 : 0.78 
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Chapter 6. Tracking local and global structural changes in a 

protein by cold ion spectroscopy 

Disclaimer: This chapter is adapted from a published article with permission of the publisher 

and all co-authors. 

Zviagin, A., Kopysov, V., Nagornova, N. S., & Boyarkin, O. V. (2022). Tracking local and 

global structural changes in a protein by cold ion spectroscopy. Physical Chemistry Chemical 

Physics, 24(14), 8158-8165, DOI: https://doi.org/10.1039/D2CP00217E. 

Personal contribution: Conceptualization, methodology, formal analysis, visualization, 

original draft preparation. 

6.1. Abstract 

Characterization of native structures of proteins in the gas phase remains challenging due 

to the unpredictable conformational changes the molecules undergo during desolvation and 

ionization. We spectroscopically studied cryogenically cooled protonated protein ubiquitin and 

its microhydrated complexes prepared in the gas phase in a range of charge states under 

different ionization conditions. The UV spectra appear vibrationally resolved for the unfolded 

protein, but become redshifted and smooth for the native-like structures of ubiquitin. This 

spectroscopic change results from the H-bonding of the hydroxyl of Tyr to the amide group of 

Glu-51 in the compact structures; the minimum length of this bond was estimated to be ⁓1.  

Å. IR spectroscopy reflects the global structural change by observing redshifts of free NH/OH-

stretch vibrational transitions. Evaporative cooling of microhydrated complexes of ubiquitin 

keeps the protein chilly during ionization, enabling native-like conformers with up to eight 

protons to survive in the gas phase. 

https://doi.org/10.1039/D2CP00217E
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6.2. Introduction 

Characterization of 3D native structures of proteins remains the focus of life science. 

Nuclear magnetic resonance, X-ray crystallography and cryogenic electron microscopy within 

their known limitations are capable of solving the 3D structures of proteins in the condensed 

phase. Mass spectrometry (MS)-based methods can characterize molecules in the gas phase 

with unprecedented sensitivity and selectivity and on short timescales, which allows for high 

throughput screening of biological samples in a variety of -omics applications. Although MS, 

when combined with different methods of molecular fragmentation (e.g., collisional, electron 

transfer or photo), is the key approach for sequencing of proteins, the ability of MS itself to 

reveal 3D structures of these large biomolecules remains fairly limited. Moreover, the stress 

that proteins experience in MS measurements during the transfer from solution to the gas phase 

may crucially alter their native geometry. Along with other MS-based approaches, the ion 

mobility (IM) technique allows monitoring of these changes and the selection of specific 

conformers prior to MS investigations. However, IM determines the collisional cross-section 

of ions, which characterizes their geometry globally only, without revealing any local structural 

changes. Cold ion photofragmentation spectroscopy (CIS) is a recent addition to the toolbox of 

gas phase structural studies.1,2 Cooling suppresses thermal broadening in the UV/IR 

spectra,3,4 making them vibrationally resolved, while MS detection of charged fragments adds 

many benefits to this technique. The resolved spectra allow for the indirect but stringent 

structural characterization of biomolecules. Accurate gas-phase geometries of biomolecules as 

large as decapeptides and of their non-covalent complexes have been determined by validating 

quantum chemistry computations with CIS data.5,6 However, the extension of spectroscopy to 

proteins is questionable due to their large number of vibrations. UV and IR spectra of a small 

protein cytochrome c, for instance, exhibit no vibrationally resolved structure even under 

cryogenic cooling.7 Here, we report the gas-phase UV and IR spectra of a small protein, 

ubiquitin (Ubi), as well as of its microhydrated complexes, produced in a range of protonated 

charge states, from different solutions and under different conditions of electrospray ionization. 

Referring to the known global geometries of Ubi, evaluated in IM studies, the spectra have 

been related to some local and global structural changes in the protein. 
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Figure 6.1. 3D backbone structure of ubiquitin measured by X-ray diffraction (1UBQ).8 Lys-

48, Glu-51 and aromatic residues are shown explicitly. The dashed line indicates the hydrogen 

bond between the hydroxyl of Tyr-59 and the amide group of Glu-51. 

Ubiquitin is a highly conserved eukaryotic protein, which is involved in the processes of 

intracellular protein degradation. It contains 76 residues, including one tyrosine and two 

phenylalanine aromatic residues (Fig. 6.1). It is known to be highly stable in a wide range of 

pH and temperatures due to a rich network of hydrogen bonds and a large hydrophobic core. 

The secondary structure of Ubi includes one large and one short α-helices, a mixed β-sheet and 

a disordered C-terminus domain.9 The tertiary gas-phase structure of this benchmark protein in 

different charge states and under different conditions of desolvation-ionization was extensively 

studied by H/D exchange,10–13 proton transfer reactions14–16 and, particularly, by IM-MS 

methods, which are occasionally accompanied by structural calculations.16–22 Overall, most of 

these studies led to a few main consistent conclusions. The global gas-phase tertiary structure 

of ubiquitin differs in different charge states and it is strongly influenced by the composition 

of the solution and by the conditions of electrospray ionization. The typically “harsh” 

conditions of ESI that maximize the concentration of ions in the gas phase imply their 

significant collisional heating. Under such conditions, only the proteins in low charge states 

conserve their folded, solution-like, structures. Upon increasing the number of protons, these 

compact geometries progressively, partially and then fully unfold to the extended conformers. 

This trend is explained by the interplay of intramolecular non-covalent bonds and the repulsive 

electrostatic force, which increases with the number of protons. Ubiquitin in the charge states 
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with n ≤ 6 protons is compact in the gas phase and closely resembles the folded native structure 

of the protein in the solution.20 The ions with n ≥ 12 can only be observed as the extended 

conformers, while Ubi with n = 7-11 exhibits broad transient distributions with compact, 

partially and fully unfolded conformers. The “gentle” ESI conditions minimize collisional 

heating of the ions and hinder unfolding. Under such conditions, the ions with n = 7 retain their 

native compact structures, although, already for n = 8, the proteins become partially unfolded 

and only a fraction of them remains compact.20 In opposite, the “harsh” ESI conditions and 

denaturing solutions (e.g., methanol/water) assist in partial unfolding: the charge distribution 

shifts toward high states due to a facile access to internal protonation sites, such that, for the 

same charge state, the conformational distribution shifts toward (partially) unfolded 

structures.16,23 This rich suite of global structural information will be used herein for calibrating 

the spectroscopic data obtained below for Ubi under similar conditions. 

6.3. Experimental section 

Our apparatus and procedure of cold ion spectroscopy was described in detail 

elsewhere.2,24,25 Briefly, multiple protonated ubiquitin ions are brought to the gas phase directly 

from solution and transferred into the low-pressure region of the spectrometer by an 

orthogonal, double ion-funnel (DIF) nano-electrospray ionization (ESI) source or by an inline 

triple skimmer “super gentle” nano-ESI for the experiments with the microhydrated protein. 

The latter source allows the adjustment of ESI conditions (e.g., by increasing the inter skimmer 

potentials) from the “super gentle” to gentle and harsh, but produces a lower ion current than 

the former source. The settings of the triple skimmer source for the gentle and harsh conditions 

were determined by obtaining UV spectra that are nearly identical to the ones recorded with a 

DIF ESI source under the same category of the conditions (gentle or harsh). 

The electrosprayed ions of interest in a certain charge state are pre-selected using a 

quadrupole mass filter and guided into a T = 6 K octupole ion trap,26 where they get trapped 

and cooled in collisions with He buffer gas. Once cooled, the ions are fragmented using a UV 

laser pulse of ns duration for electronic spectroscopy or by IR and UV laser pulses for 

vibrational spectroscopy. The ions are then released from the trap and analyzed using a 

quadrupole mass spectrometer. The loading of the cold ion trap is performed at a 20 Hz 

repetition rate, while the laser sources work at 10 Hz. The appearance of unresolved mass peaks 

of UV photofragments corresponds to a mass loss of 45-100 Da by the bare protein (Fig. 6.S1b). 

The maximum fragmentation yield of 0.3% is achieved at an optimal time delay of 20 ms 

between the trap load and UV laser pulse as a compromise between vibrational cooling of the 
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UV excited ions by the residual He and the remaining 25 ms time allowed for statistical 

dissociation. The low UVPD yield (compared, for instance, with a yield of 7% for 

pentapeptides enkephalins that exhibit similar spectra) also suggests a statistical rather than a 

prompt mechanism of fragmentation. 

An electronic photofragmentation spectrum is recorded by measuring the dissociation 

yield of all these fragment ions as a function of UV wavelength in the loading cycles with the 

laser pulses, while the number of parent ions is measured in the alternative, “laser-free” cycles. 

The vibrational “gain” spectra of the bare protein are recorded by fixing the UV laser 

wavelength at the red from the electronic band origin, while monitoring the appearance of 

photofragments as a function of the wavelength of the preceding IR laser pulse. The 

photodissociation vibrational spectra of the microhydrated proteins are recorded by detecting 

the complexes that lose 3-5 water molecules upon absorption of IR photons. Each data point in 

a spectrum is averaged over 10 measurements and normalized on the average signal of parent 

ions and the average UV energy of the respective 10 laser shots. We typically measure each 

spectrum three times and, finally, average them. 

Ubiquitin from bovine erythrocytes (≥ 98% purity) was purchased and used without further 

purification. A stock solution of ubiquitin was prepared by dissolving it in pure water. For 

electrospray ionization, an aqueous stock solution was further diluted to yield a 50 μM solution 

either in water or in a water/methanol (50/50) mixture with the addition of 1% of acetic acid. 

Water, methanol, and acetic acid are of LC-MS grade. 

The use of nano-electrospray capillaries with a small diameter of opening (the typical flow 

rate as small as 80-120 nL/min) was crucial for preventing the formation of Ubi dimers at a 

used concentration of < 50 μM.27 The lack of dimers was confirmed by a lack in mass spectra 

of any noticeable peaks that correspond to the ions with a non-integer m/z; these dimers could 

arise from clustering of highly abundant ions in n and (n + 1) charge states (Fig. 6.S1a). 

6.4. Results and discussion 

6.4.1. UV spectroscopy of bare Ubi 

Fig. 6.2 shows the panoramic UV photofragmentation spectra of the +6 to +12 charge 

states of cold ubiquitin in the spectral range that overlaps the electronic band origins of both 

Tyr and Phe aromatic residues.4 Except for the +6 and +7 states, the ions were electrosprayed 

from a denaturing solution (methanol/water/acetic acid, 50/50/1). Ubi in all the charge states 

experienced “harsh” conditions of ESI, which were tuned to maximize the number of ions. The 

spectra are dominated by Tyr absorption, which is 5-6 times stronger than that of Phe.28 For 
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the number of protons n = 6, the absorption extends to the red from the band origin of Tyr by 

as much as ∼1200 cm−1 and, apart from a few “bumps” and one broad peak, appears 

vibrationally unresolved. The lack of prominent sharp peaks is in line with the general 

expectation that no/little vibrationally resolved structure can be observed for a large molecule 

like Ubi. IM studies firmly assign Ubi6+ in the gas phase to compact, native-like, structures.20,29 

We, thus, can tentatively correlate a broadband spectrum with folded conformers of Ubi6+. 

In contrast to the spectrum of the protein with n = 6, a striking feature in all other spectra in Fig. 

6.2 is the clearly resolved vibrational bands, which are the most prominent for the n = 7-9 

states. The largest well-resolved peaks in these spectra are of ∼40 cm−1 wide. They exhibit a 

Franck–Condon progression with the characteristic for the Tyr aromatic ring frequency of the 

“breathing” mode (∼810 cm−1).4 The maximum of the first absorption band (35469.4 cm−1) in 

the spectra of the +7 to +9 states of Ubi appears to be very close to that of the band origin of 

neutral Tyr.30,31 The position of the electronic band origin in Tyr is known to be very sensitive 

to the local environment of its side chain. Non-covalent interactions with hydroxyl of the 

residue as well as the proton–π and the weaker H–π couplings with the aromatic ring can induce 

large spectral shifts of the UV absorption onset.32–34 The lack of a spectral shift (n = 7-9) 

implies the lack of substantial non-covalent interactions of the Tyr side chain with its 

environment. This local isolation of the side chain is consistent with the IM observations of, 

mainly, the partially unfolded structures for the +7 to +9 charge states of Ubi in the gas 

phase.20,29 
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Figure. 6.2. UV photofragmentation spectra of the protonated [Ubi + n·H]n+, n = 6-12, 

recorded for the ions produced under harsh settings of the ESI source from methanol/water 

solution for n = 8-12 and from water for n = 6-7. The numbers on the left indicate the charge 

states of Ubi; the numbers above the spectrum of the +9 state indicate the spacing in vibrational 

progressions that are specific to Tyr and Phe. 

The spectral resolution progressively degrades and the onset of the absorption redshifts for 

the +10 to +12 charge states. Different from the smooth spectrum of the +6 state, the arising 

redshifted bands remain, however, structured. For n = 10-12, Ubi in the gas phase was found 

to adopt, mostly, the unfolded structures. We tentatively attribute the redshifted bands to these 
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conformers, in which the additional charges occupy the protonation sites that are close to the 

side chain of Tyr. This may lead to a long-range proton–π interaction, which is known to shift 

the UV band origin of Tyr to the red.35,36 The conformers that differ by protonation in the 

vicinity of Tyr side chain should exhibit distinct onsets of UV absorption. The overlap of these 

similar but shifted absorptions of different intensities may generate the stepwise spectra 

observed for n = 10-12. 

In addition to the large peaks of Tyr, a few well-reproducible spikes appear on top of the 

Tyr absorption bands above ∼37500 cm−1 (Fig. 6.2 and Fig. 6.S2, 6.S3). Regarding the size of 

the studied molecule, the widths of some of these spikes are amazingly small, below 2 cm−1. 

The most intense of them appears in the spectrum for n = 9 at 37527 cm−1. This is very close 

to the electronic band origin of the Phe residue in, for instance, helical peptides, where the 

aromatic side chain of Phe is free of any non-covalent interactions.37 The sharp peaks are 

spaced by ∼530 cm−1, which is a highly conservative frequency of the in-plane bending of the 

Phe ring.38 Based on these observations, we firmly assign these peaks to the absorption by the 

Phe residues of the protein. The Phe peaks of different intensities remain sharp and can be 

tracked in the spectra of all the charged states. However, we cannot distinguish whether these 

electronic transitions originate from the two different Phe residues of ubiquitin or from the 

same Phe but residing in different conformers of the protein. The lack of a shift for n = 6 and 

7 (e.g., Fig. 6.S2, red traces) implies no interactions of the Phe aromatic rings with the 

environment in these charge states. A small shift with no broadening of the peaks for n = 8 and 

9 (Fig. 6.S3) suggests some weak interactions of the rings and therefore a (slightly) different 

environment of the chromophores in these states compared with the n = 6 and 7 states. The 

detected small spectral redshifts, splitting and broadening of the sharp peaks for n = 10-12 (Fig. 

6.S3), indicate certain changes in the local environment of the Phe residues in Ubi in these 

charge states too. 

The observation of the vibronic structure in the spectra of ubiquitin is interesting on its 

own. One might expect that any structure in a UV spectrum of such a large molecule as a 

protein will be completely washed out due to inhomogeneous spectral broadening, which arises 

from a large number of low-frequency vibrations. UV-active vibrations are to be, however, 

associated with the changes in the protein geometry occurring upon electronic excitation. 

Because of the local character of electronic excitation, the major UV-induced structural 

changes occur around the Tyr chromophore, such that the Franck–Condon active modes are 

also localized in the proximity of the chromophore or are coupled to it by H-bonds. The limited 

number of such modes does not yet grant the observed vibrational resolution. Thermal 
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congestion, conformational heterogeneity and lifetime broadening of the excited state may also 

wash out the vibrational structure. Cooling ions to cryogenic temperatures suppresses the 

thermal spectral broadening.39 The observation of the sharp peaks with < 2 cm−1 (Fig. 6.2, 

6.3 and Fig. 6.S2, 6.S3) indicates that Ubi is, indeed, cold in our experiments, although we 

cannot quantify its vibrational temperature. Consistently, with the concept of UV-active modes, 

the spectra of the cold protein that contains as many as 76 residues overall look for n = 7-9 

somewhat similar to the spectra of, for instance, cold gas-phase enkephalins,36,40 which contain 

only five residues. 

 

 

Figure 6.3. Parts of UV photofragmentation spectra of [Ub + 7H]7+ recorded for the protein 

electrosprayed (upper panel) from water/methanol/acetic acid (50/50/1) solution and (lower 

panel) from water/acetic acid (100/1) solution. Blue and red spectra correspond to the gentle 

and harsh ESI conditions, respectively. Vertical dashed lines show the alignments/shifts of the 

characteristic transitions. 

Two more observations further support the revealed above spectroscopy–structure 

correlation. Fig. 6.3 shows four UV spectra of the +7-charge state, which were recorded under 

four different experimental conditions. The solution for ESI was either water or 50/50 
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water/methanol mixture with 1% acetic acid, and the ion source conditions were either gentle 

(minimum RF amplitudes of the ion funnels) or harsh (maximum RF amplitudes of the ion 

funnels). The spectra of [Ubi + 7H]7+ appear almost identical, when ubiquitin is electrosprayed 

from the water/methanol solution or else from water but under harsh ion source conditions. 

Minimization of collisional activation in the ion source (gentle conditions) results, however, in 

a dramatic change of the UV spectrum of ubiquitin, which is dissolved in water. The spectrum 

extends to the red by more than a thousand cm−1 and drastically broadens. It resembles the 

structureless spectrum of the n = 6 state in Fig. 6.2, although still exhibits a few partially 

resolved Tyr absorption peaks. In contrast, Phe transitions broaden only twice, with a width of 

5-6 cm−1 (Fig. 6.S2) and a red shift by 13 cm−1 only. Such changes are, again, fully consistent 

with IM studies, which detect compact forms of the protein in the n =   state only for “gentle” 

ESI from aqueous solutions.20 The changes in absorption by Tyr clearly manifest the crucial 

changes in its local environment; the shift and broadening of the Phe peaks suggest certain 

changes in their environment too. 

Fig. 6.4 compares the UV spectra measured under the harsh (red traces) and gentle (blue 

traces) ESI conditions for the +6 to +8 charge states of Ubi dissolved in water. The two UV 

spectra for n = 6 look quite similar and resemble the broad spectrum of Ubi7+ produced by 

gentle ESI, which implies a compact structure of Ubi6+ under both conditions. Regardless of 

the conditions, the UV spectra of the +8 state exhibit the same vibrationally resolved structure, 

although, in the “gentle” spectrum, the peaks sit on a broad substrate that extends to the red by 

∼1100 cm−1. Regarding IM studies,20 such a superposition of the resolved and broadband 

spectral components in the “gentle” spectrum indicates the presence of both compact and 

extended structures of the protein. In contrast to Tyr, the sharp peaks of Phe do not exhibit a 

dramatic change (Fig. 6.S2). The gentle production of Ubi nearly doubles the width of these 

peaks and redshifts them by ∼12 cm−1 for the +7 and +6 states, but does not influence the peaks 

for the +8 state. This implies a change of the local environment for the +6 and +7 states upon 

collisional activation, such that the Phe side chain becomes free of any non-covalent 

interactions, while, for Ubi8+, the interactions (and the environment) remain the same. 
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Figure 6.4. UV photofragmentation spectra recorded around the UV band origin of Tyr for        

[Ubi + nH]n+ (n = 6-9 from the bottom to the top) and of the protein (n = 7-9), microhydrated 

by 5 and 10 water molecules as labeled. For all the charge states the bare proteins were 

produced from water/acetic acid (100/1) solution under the gentle (blue traces) and harsh (red 

traces) conditions of ESI. The microhydrated ubiquitin was produced from the same solution 

by “super gentle” ESI in the triple skimmer ion source. 

6.4.2. UV spectroscopy of hydrated Ubi 

Tuning the triple skimmer ESI source to further minimize collisional heating enables 

retaining water molecules on ubiquitin in the gas phase. The Ubi7+(H2O)10 complex produced 

under such “super gentle” ionization conditions exhibits a broad spectrum (Fig. 6.4) in the 

region of Tyr absorption. The spectrum looks similar to the one recorded for the +6 state of the 
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gently electrosprayed bare protein but becomes smoother, with no features at all. This similarity 

prompts us to suggest that the microhydrated Ubi7+ appears in the gas phase in its folded, 

native-like, structure, at least, around the Tyr chromophore. Retaining 10 or even only 5 water 

molecules on Ubi8+ also completely removes the resolved transitions, making the UV spectra 

of the Tyr residue smooth and eventually identical to the spectrum of the 

Ubi7+(H2O)10 complex. No sharp peaks have been detected at the achieved level of the S/N 

ratio in the Phe spectral region for all the studied complexes. A broadband structure centered 

on the band origin of Tyr re-appears, however, for the microhydrated Ubi9+. The spectrum also 

spans to the red less than that for the n = 6-8 states. These differences indicate certain structural 

changes around the chromophore, compared to the lower charge states. Microhydration is not 

capable anymore of retaining the intact folded structure of the proteins around the 

chromophore, such that a fraction of them resides in the partially unfolded n = 9 states. 

We rule out a direct influence of water molecules on the UV absorption by Tyr in the 

complexes with only 5 and 10 water molecules, since no water molecules close to the Tyr 

residue were detected in NMR41 and X-ray8 studies for a partially hydrated (folded) Ubi. NMR 

studies explicitly observed the H-binding of the Tyr side chain to the nearby Glu-51 residue 

even in the presence of a hydration shell of the protein.41 These facts and our observations 

suggest that, even for n = 8 and, largely, for n = 9, the protein in the gas phase can retain its 

compact, solution-like, structures, provided that the protein was “super gently” electrosprayed 

from an aqueous solution. It is unlikely that the folded structures of the large protein can be 

preserved just by five remaining water molecules. We suggest that the retained water molecules 

allow adiabatic evaporative cooling of ubiquitin during ESI, thus protecting the protein from 

excessive vibrational heating required for its unfolding in the gas phase.42,43 The computations 

estimate that the evaporation may reduce the internal temperature of ubiquitin by as much as 

60-70 K.44 The remaining water molecules are to be those that have the highest binding energy 

to the protein, further contributing to its structural stabilization. Only the fully compact 

structures of Ubi in the n = 8 and 9 states have never been observed in ion mobility studies, 

which revealed mixed distributions of the compact and partially unfolded geometries of the 

protein.29 This difference implies that the “super gentle” ESI conditions created in our 

experiments are the key to protect the native structure of Ubi with n = 8 and, partially, of n = 9 

in the gas phase. 

The broadening of Tyr absorption in the compact structures of the cold protein can be 

rationally explained by the (i) short lifetime of the excited electronic state of Tyr, (ii) high 

conformational heterogeneity of the native-like structures of ubiquitin. The lifetime of the 
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S1 state of Tyr, potentially, could be substantially shortened due to hydrogen or charge transfer 

through the H-bond to Glu-51. To result in ∼1000 cm−1 homogeneous broadening, the lifetime 

is to be on the scale of ∼5 fs. This would be much faster than the ∼370 fs timescale of the 

electron transfer through the H-bond in the phenol-(NH3)5 noncovalent complex, which is the 

fastest process ever observed for the S1 state of Tyr or phenol.45 We thus consider it highly 

unlikely that a lifetime broadening alone can explain the observed spectral broadening in the 

spectra of the compact Ubi. NMR studies suggest tens of conformers of Ubi in the condense 

phase.46,47 The position of the UV band origin of Tyr is highly sensitive to the strength of non-

covalent bonds.32,33 Variation of this strength among numerous conformers would lead to 

different shifts of the UV band origin in the ensemble of the folded structures. We propose that 

it is the combination of the lifetime broadening and the conformational heterogeneity that 

results in the observed smooth broadening in the spectra of the compact structures for n = 6-8. 

Two types of non-covalent interactions can lead to large UV spectral shifts: H-binding of the 

Tyr hydroxyl to the amide group of Glu-51 and proton–π interaction of the aromatic ring of 

Tyr. The shift of the electronic band origin to the red in the spectra points to the binding of the 

hydrogen but not oxygen of the Tyr hydroxyl group to the amide group of Glu-51.32 The 

available data for redshifts of the UV band origin in function of the length of H-bond between 

hydroxyl oxygen in phenylalanine and the amide group of different species (Fig. 6.S4) suggest 

that the minimum length of the OH(Tyr)⋯NH(Glu-51) bond should be as short as ∼1.  Å. 

This, however, contradicts the available NMR structures of the protein, in most of which the 

oxygen of OH is closer to the hydrogen of the Glu-51 amide (PDB structures 1D3Z (10 

models),48 2MSG47). It is worth noting that these structures are not charge-specific and all differ 

in the position of the atoms involved in the binding. NMR and X-ray structures do not favor 

the proton–π interaction too. For n = 6-8, the nearest proton resides on the side chain of the 

lysine-48 residue49 at a distance of 6-  Å;8,48 the occupancy of this site is unknown for n = 9. 

Such a ring-to-charge spacing seems to be too large to account for ∼1000 cm−1 redshifts. 

Moreover, the large redshift and broadening remains in the UV spectrum of the n = 5 state, in 

which the lysine-48 side chain was found not to be protonated in the gas phase (Fig. 6.S5). We 

thus rule out this interaction and suggest that the observed spectral broadening is due to 

OH(Tyr)⋯NH(Glu-51) binding. Certainly, full/partial desolvation of the protein reshapes its 

structure and may lead to some modifications of the network of H-bonds, including the binding 

of Tyr hydroxyl. Vibrational spectroscopy data below provide a direct support for this 

suggestion. 



 

102 
 

6.4.3. IR spectroscopy 

Vibrational spectroscopy, which reflects the global structure of a protein, provides direct 

evidence of the transition from unfolded to folded structures and allows the unambiguous 

assignment of the Tyr-Glu hydrogen bond. Fig. 5 compares the IR spectrum of 

Ubi7+ electrosprayed from water solution under the harsh conditions with the spectrum of the 

Ubi7+(H2O)5 complex. The IR spectrum of the bare protein contains a number of sharp resolved 

peaks in the region of 3430-3590 cm−1 and a distinct peak at 3647 cm−1. The sharpness of these 

peaks implies that they originate from non- or weakly-disturbed vibrations. Bearing this in 

mind and based on the known characteristic frequencies of molecular transitions in 

peptides,2 the observed sharp peaks in the regions of 3430-3500 cm−1 and 3500-3590 cm−1 can 

be assigned to free NH and carboxylic OH stretches, respectively. The sharp peak at 3647 

cm−1 perfectly matches to the free phenolic OH stretch of Tyr,4,35 while carboxylic OH 

stretches lie below 3600 cm−1 (Table 2 in ref. 2) and the free aliphatic OH stretches of serine 

and threonine are somewhat higher in frequency (3665-3690 cm−1).50,51 We therefore assigned 

the transition at 3647 cm−1 to the free hydroxyl of the Tyr residue. In the native folded 

conformers of Ubi, the hydroxyl is not free, but coupled to Glu-51.49 The appearance of this 

characteristic transition is a direct evidence of the protein unfolding in the region of Tyr. The 

disappearance of this characteristic transition may imply that it redshifts and becomes buried 

in the manifold of transitions of H-bound OH/NH groups. This is consistent with the proposed 

above explanation of UV spectral broadening and shifts observed for the compact states of the 

protein. We cannot completely rule out, however, that single isolated peaks, including the 

transition in question, can be suppressed due to the IRMPD nature of this spectrum.52 

 

Figure 6.5. IRPD spectra of [Ubi + 7H]7+ electrosprayed from water under the harsh ion source 

conditions (red) and of the same protein microhydrated by five water molecules (blue). 
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The observation of a large number of free NH/OH stretch vibrations in the IR spectrum of 

the n =   state of the “harshly” electrosprayed Ubi manifests a break of many intramolecular 

H-bonds present in native conformers of the protein.53 Consistent with UV spectroscopy and 

IM studies, this observation implies an unfolded global structure of Ubi7+ ions, brought to the 

gas phase under the “harsh” ESI conditions. The IR spectrum changes drastically, when 

Ubi7+ is produced under the “super gentle” conditions that allow retaining of five waters on it. 

All the sharp transitions shift to the red and become unresolved. This change unambiguously 

indicates an involvement of the previously free NH/OH groups to H-bonds. Regarding the large 

number of these free groups, it is highly unlikely that five waters only can take up all these 

vacancies. We thus conclude that the observed spectral change reflects the retaining of the 

network of intramolecular H-bonds in the gas-phase protein, which implies its globally 

compact structure. Unfortunately, computations of vibrational (and electronic) spectra with an 

“experimental” accuracy is yet unrealistic for a molecule of such a big size as ubiquitin. This 

hinders the use of the measured IR spectra for the stringent validation of computed structures. 

6.5. Conclusion 

To sum up, this study demonstrates that, even for biomolecules as large as proteins, cold 

ion spectroscopy can provide valuable structural information. Complementary to other 

methods, CIS allows the tracking of not only the global (in IR) but also the local (in UV) 

structural changes in the gas phase. We recorded the UV and IR gas-phase spectra of the 

cryogenically cooled protonated protein ubiquitin and its microsolvated complexes, 

electrosprayed from aqueous and denaturing solutions under different conditions of collisional 

heating in the ion source and in different charged states from +5 to +12. Some of the UV spectra 

exhibit a vibrational resolution in the spectral regions of absorption by Tyr and Phe residues. 

Being calibrated by earlier IM studies, these resolved spectroscopic fingerprints were assigned 

to partially/fully unfolded conformers of Ubi. These conformers dominate for Ubi not only in 

the +9 to +12 charged states, but also in the +7 and +8 states, provided that the ions are 

produced from denaturing solutions or undergo substantial (e.g., “standard”) heating (harsh 

conditions) during the ESI process. The unresolved spectra correspond to the protein in the 

native-like, folded, states, in which the hydroxyl of the Tyr residue forms H-bonds with the 

amide group of the Glu-51 residue. Regardless of the ESI conditions, the vast majority of 

conformers exhibit the spectroscopic signature of the compact, native-like, structure for 

ubiquitin with n = 6. Ubi7+ retains its native-like structure in the gas phase only if produced 

from an aqueous solution under “gentle” ESI conditions that prevent substantial heating of the 
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protein. Consistently, IR spectroscopy reveals the breaking of many intramolecular H-bonds, 

including the one with Tyr hydroxyl, under the “harsh” conditions of ESI, and the 

disappearance of the free NH/OH transitions in the “chilly” microhydrated protein. The 

increasing electrostatic repulsion partially unfolds Ubi8+ even by mild heating under the 

“gentle” ESI conditions. Retaining a few water molecules on Ubi8+ and Ubi9+ protects these 

ions from heating by evaporative cooling of waters, which allows the folded structures of the 

protein to survive in the gas phase for a longer time. Our observation of OH∙∙∙NH but not 

HO∙∙∙HN hydrogen binding between the Tyr-59 and Glu-51 residues provides example 

evidence that the compact gas-phase structures are not really “native”, but rather the native-

like ones only. 

The observed crucial role of water molecules in retaining the compact structure of 

ubiquitin in the gas phase is practically relevant to the field of “native mass 

spectrometry”.54 Retaining a native-like structure of large biomolecules (e.g., proteins and 

complexes of proteins) in the gas phase requires softening of the ESI conditions. However, this 

need for gentle ionization contradicts the desire for a high mass resolution, which favors 

complete desolvation of ions. Our study demonstrates that the appearance of microhydrated 

ions in the gas phase ensures their low internal energy: evaporative cooling keeps the ions 

“chilly” for the best protection of the solution-phase structures of biomolecules. Native MS 

should take this fact into account; the ionization and desolvation procedures, perhaps, can be 

separated. 
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Appendix 

 

Figure 6.S1a. Mass spectra showing charge-distribution of protonated ubiquitin electrosprayed 

from different solutions and under different (“super gentle”, “gentle” and “harsh”) conditions 

of ESI. 

 

Figure 6.S1b. UV fragment MS of Ubi7+ (red trace) and of this protein with UV light blocked 

(black trace). The ion peak intensity is normalized on the intensity of the parent ion peak 

(100%). 
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Figure 6.S2. Photofragmentation UV spectra of Ubi7+ and Ubi8+ in the region of absorption by 

Phe residue. The protein was electrosprayed from water solution with 1% of acetic acid under 

the “gentle” (blue traces) and “harsh” (red traces) conditions of ESI. 
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Figure 6.S3. Photo fragmentation UV spectra of Ubin+ for n = 8-12 in the region of absorption 

by Phe residue. The protein was electrosprayed from water/methanol/acetic acid (50/50/1) 

solution under the “harsh” conditions of ESI. Vertical dashed line show alignment of sharp 

peaks in different spectra. 
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Figure 6.S4. The available data (red squares) for the red shifts of the UV band origin of neutral 

phenol as a function of the H-bond length between the hydrogen of the phenol hydroxyl and 

the nitrogen of the acceptor molecules in the studied non-covalent complexes.55–58 The data 

points were fitted by a power function 𝑦(𝑥) = 7300 − 1850 ∙ 𝑥−1.7 that exhibits a nearly linear 

dependence. The vertical dotted line shows the largest red shift detected for the UV band origin 

of Tyr residue in this work for protonated ubiquitin (n = 6-8) and its complexes with 5 and 10 

water molecules; the dotted arrow line points to the corresponding most likely minimal length 

of the H-bond (∼1.7 Å). The evaluation does not consider the variations of the bond angle. 

 

Figure 6.S5. Photofragment UV spectrum of [Ubi + 5H]5+, produced from pure water solution 

under “harsh” ESI conditions. 
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Chapter 7. Revealing the folded and unfolded structure of 

differently formed microhydrated complexes of the ubiquitin 

protein 

This chapter contains a description and discussion of our latest, yet unpublished results on 

microhydrated ubiquitin, produced by retention as well as by condensation of water molecules, 

and can be considered as a continuation of the previous chapter. The previous study examined 

the bare and microhydrated ubiquitin with retained water molecules only. It showed, in 

particular, that retained water molecules preserve the folded structure of ubiquitin due to 

evaporative cooling. However, the question of whether the unfolded structure of ubiquitin can 

be folded back by condensation of water molecules remained unanswered. In this follow-up 

study, we performed additional experiments and provide direct evidence that answer this 

question. Since the motivation and experimental setup have already been described in previous 

chapters, this chapter begins with the results and discussion section. 

7.1. Results and discussion 

Figure 7.1 shows UV photofragmentation spectra of the +7 charge state of cold ubiquitin 

and its microhydrated complexes with 5 and 10 water molecules in the spectral range of the 

electronic band origin of Tyr aromatic residue. The protein was electrosprayed from a 

water/acetic acid (100/1) solution. The ions were accumulated in the pre-trap at room 

temperature and conditions were optimized to maximize the signal of the Ubi7+ microhydrated 

by 5 and 10 water molecules. The spectra of these complexes (Fig. 7.1, blue traces) are smooth 

and do not contain any vibrationally resolved transitions. As it has been discussed in the 

previous chapter, this smoothness indicates that the protein is in the folded, native-like state 

with the hydrogen bond between the hydroxyl of Tyr-59 and the amide group of Glu-51. The 

slight variations of the length of this bond among different conformers result in broadened and 

featureless spectra. Another reason of this broadening, not mentioned in the previous chapter, 

may be caused by the interaction of charged Arg-72 or Arg-74 residues with the aromatic ring 

of Tyr-59. The results of radical-directed fragmentation indicate the presence of this interaction 

for the +6 and +7 charge state of Ubi.1 To record the spectrum of bare Ubi7+, the ion source 

was tuned to maximize the signal of the bare ions, leading to the evaporation of all water 

molecules from the protein (Fig. 7.2). The spectrum of Ubi7+ (Fig. 7.1, black trace) exhibits 
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vibrationally resolved features, with the first absorption band observed at 35470 cm-1. The 

position of this band is closely aligned with the position of the band origin in neutral Tyr.2,3 

This observation implies that the side chain of Tyr-59 in the protein is not involved in any non-

covalent interactions with other residues and the protein is in its unfolded or partially unfolded 

state. To condense water molecules onto the bare protein, the pre-trap was cooled to 200 K, 

and a controlled amount of water vapor was continuously introduced into the pre-trap. After 

condensation, microhydrated complexes with 5 and 10 water molecules were mass-selected 

and spectroscopically interrogated (Fig. 7.1, red traces). The spectra of the complexes with 

both 5 and 10 water molecules closely resemble the spectrum of the bare Ubi7+. The only 

noticeable difference is some broadening of the otherwise still well-resolved vibrational bands 

in the spectra of ubiquitin with condensed water molecules. These changes should originate 

from different sites of rehydration, which may lead to the observed inhomogeneous broadening 

of vibrational bands. It is clear, however, that these spectra of the complexes produced by the 

condensation of water (red traces in figure 7.1) crucially differ from the spectra of the same 

complexes formed by retaining water molecules (blue traces in the same figure). We thus 

conclude that condensation of a few water molecules cannot induce refolding of the protein, at 

least on the 50-ms timescale of our experiment. 

 

Figure 7.1. UV photofragmentation spectra of bare [Ubi + 7H]7+ (black trace) and 

mircohydrated by 5 and 10 water molecules by retaining water during ESI (blue traces) or 

condensing in the pre-trap at 200 K (red traces). In the case of retained water molecules, the 

complexes were thermalized and accumulated in pre-trap at room temperature. 
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Figure 7.2. Typical mass spectra for dehydrated ubiquitin and its complexes with condensed 

and retained water molecules.  

Figure 7.3 shows the UV photofragmentation spectra of microhydrated protein formed by 

water condensation at different temperatures. The upper temperature limit of 200 K is 

determined by the beginning of effective condensation, while 60 K is the lowest temperature 

achievable in our pre-trap. The spectra in the region below 35400 cm-1 look different and small 

features above 35400 cm-1 are more pronounced for the complexes formed at 60 K. Overall, 

the spectrum of complexes formed at 60 K looks more like the spectrum of the bare, unfolded 

Ubi7+. It is important to note that the temperature of the pre-trap solely influences the spectra 

of microhydrated complexes formed through condensation. Conversely, the obtained spectra 

for complexes with retained water and the bare protein are nearly identical regardless of the 

pre-trap temperature (Fig. 7.4). 
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Figure 7.3. UV photofragmentation spectra of [Ubi + 7H + (H2O)5]7+. Microhydrated 

complexes were formed by condensation in pre-trap at 200 K and 60 K. 

Figure 7.4. UV photofragmentation spectra of [Ubi + 7H]7+ and its complexes with 5 water 

molecules after thermalization in pre-trap at room temperature (296 K), 200 K, and 60 K. 

Microhydrated complexes were retained after ESI. 

While UV spectra are sensitive only to the structure of the protein near the chromophore, 

IR spectra can shed light on the structure of the whole protein. Figure 7.5 shows the IRMPD 

                    

              
  

      
     

                    

              
  

   
  

   
  
      

                 
     
    



118 

spectra of differently formed complexes of Ubi7+ with 5 water molecules. The key distinction 

between complexes formed through water retention and condensation lies within the 3420-

3580 cm-1 region. The spectra of complexes formed by water condensation contain several 

sharp, resolved peaks in this region. These peaks can be unambiguously assigned to free NH 

and carboxylic OH stretches.4 On the other hand, the spectrum of complexes with retained 

water molecules lacks any peaks above 3470 cm-1. Considering that these spectra were acquired 

under identical conditions, insufficient photon fluence or other affecting parameters cannot 

account for the absence of peaks above 3470 cm-1 in complexes with retained water. Thus, the 

observed spectral differences can only be attributed to structural differences among the 

differently formed complexes. The absence of free NH and carboxylic OH stretches in 

complexes with retained water molecules suggests a folded, native-like structure of the protein, 

where all/most of these groups are involved in forming hydrogen bonds. In opposite, the 

presence of numerous free OH/NH vibrations in the spectra of complexes with condensed water 

molecules indicates the disruption of intramolecular hydrogen bonds, which are present in 

folded ubiquitin.5 Comparable spectral changes were previously observed for Ubi7+ 

electrosprayed under "gentle" and "harsh" conditions. IR spectra of complexes formed through 

water condensation at 200 K and 60 K display similarities, with only minor variations in the 

intensity of specific peaks and bumps. This similarity suggests that the structures of complexes 

formed at different temperatures are also likely to be similar. 

Figure 7.5. IRMPD spectra of [Ubi + 7H + (H2O)5]7+ complexes with retained and condensed 

water molecules. 
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7.2 Conclusion 

In conclusion, this study provides the first firm experimental evidence that differently 

formed microhydrated complexes exhibit distinct 3D structures. Although the protein 

considered in this study is a relatively large system, it is possible that a similar trend can extend 

to smaller systems, such as peptides or even individual amino acids, as discussed in Chapter 4 

regarding microhydrated arginine. The structures of these systems can be theoretically 

calculated using a high level of theory and compared with experiment. In order to successfully 

assign a theoretically calculated structure to the experimental one, it is crucial to have 

knowledge of the specific structure obtained in the experiment. If the structures of the 

microhydrated complexes formed through solvent retention and solvent condensation are 

identical, it implies that the complexes adopt gas-phase structures. In this case, the 

conformational search can be performed exclusively among a few the most stable structures, 

as demonstrated in Chapter 5. However, if the experimental spectra differ, the structure of the 

complex with retained solvent represents a kinetically-trapped native-like structure. In such 

cases, to match the experiment, the calculations should take into account the origin of the 

complexes, which are formed after evaporation of the solvent molecules from the larger 

complexes. The experimental approach of bidirectional hydration proposed in this study can 

be readily implemented in any suitable laboratory setup; such experiments will help theory in 

distinguishing between kinetically-trapped solution structures and the gas-phase structures of 

microhydrated complexes. 
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Chapter 8. Summary and Outlook 

In this thesis, we took a step towards a challenging objective of studying native 

biomolecular structures in the gas phase. We focused our studies on microhydration of 

biomolecules, as it is the most promising approach for solving their native structures in the gas 

phase. In order to facilitate the workflow of searching the 3D structures, the approach that 

compares IR/UV spectra of hydrated biomolecules with retained and condensed water 

molecules was proposed and demonstrated. It allows quick verification of the presence of 

kinetically trapped structures in the gas phase. This knowledge opens up the possibility of 

optimizing the search for 3D structures in silico. Additionally, we have successfully applied 

cold ion spectroscopy to a large system, a microhydrated protein ubiquitin, showcasing its 

versatility and potential. 

Firstly, we designed a nano-ESI source that is capable to produce microsolvated complexes 

with either retained or condensed water molecules. The ion source is based on a triple molecular 

skimmer configuration and can be easily tuned for generation of ions with a large amount of 

retained water molecules. When the ion source is in a “harsh” mode, water molecules evaporate 

and the bare ions are formed, which then can be trapped in a temperature-controlled pre-trap. 

The molecules of water vapor that is injected into the trap then can condense onto the ions. 

When the ion source is optimized to produce the bare ions, its efficiency and short-term stability 

is comparable to a double ion funnel nano-ESI source.  

Next, we spectroscopically studied different microhydrated biomolecular ions in the gas 

phase. Microhydrated arginine and tryptophan studied in this thesis represent the examples of 

the molecules with and without kinetic trapping. Tryptophan undergoes adiabatic structural 

changes upon dehydration/hydration. The evidence of this is the observed identity of IR and 

UV spectra of TrpH+(H2O)n (n = 1-6) prepared by retaining and condensing water molecules. 

In support of this conclusion, the computed lowest energy conformers have been successfully 

validated by the measured vibrational spectra for every n = 1-4. On the other hand, 

microhydrated arginine is a striking example of kinetically trapped system that, upon 

dehydration, retains its most characteristic native-like feature upon dehydration with as few as 

3-4 water molecules. This result differs significantly from the theory, which predicts that at 

least 8 water molecules are required to stabilize the salt bridge structure of ArgH+ in the gas 

phase. The key factor that assists in such kinetic trapping is the evaporative cooling of 

microhydrated complexes. It reduces the temperature of the complexes to ≲ 200 K and hinders 
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the transition from the native-like to the gas-phase structures. Because the conventional 

approaches of conformational search target the lowest energy structures only, we proposed an 

approach that mimics the experimental conditions. It is based on the sequential water removal 

from the large complexes followed by the structural optimization of such reduced ones. By 

using this approach, we found locally stable salt bridge conformers in the complexes of 

microhydrated arginine with as low as 2 water molecules. 

Finally, we demonstrated that cold ion spectroscopy can provide a valuable structural 

information even for biomolecules as large as proteins. We showed the ability of CIS to track 

such global structural changes as unfolding of the protein ubiquitin using IR spectroscopy. 

Moreover, UV spectroscopy enabled tracking the local structural changes near the 

chromophores. It was found that evaporative cooling again plays a key role in retaining the 

folded, native-like structures of the protein. Even a few water molecules retained on the protein 

ensure its low internal energy all the time from the generation by ESI to the moment of the 

spectroscopic interrogation. This hinders unfolding of the protein. Condensing water on the 

bare unfolded protein does not refold its structure back. 

Thus, a high final level of hydration of biomolecules may not be a must to preserve the 

main features of their native structures. Evaporative cooling is a crucial effect that enables 

probing the kinetically trapped native-like structures of biomolecules in the gas phase. This 

effect has been shown to be important not only for large molecules such as proteins, but also 

for small molecules such as amino acids. 

In this thesis we showed only some applications of the developed ion source, and its 

potential is not fully exploited yet. It is also possible to produce heterogeneous complexes with, 

for instance, retained water molecules and condensed deuterated water, another solvent or any 

volatile molecules of interest. Once such complexes are produced, one can study, for instance, 

the diffusion of this foreign molecules within the complex. 

Although microhydration provides an opportunity for studying native-like structures in the 

gas phase, the application of this approach in its current form remains rather limited. The main 

reason of this is a quick increase of spectral congestion upon hydration. This congestion arises 

due to several factors. Firstly, as the size of the complex increases, the number of vibrational 

transitions, many of which occur in the same spectral range, increases. Non-covalent 

interactions result in broadening of these closely spaced transition, finally leading to their 

overlap and loss of vibrational resolution. In addition, the number of conformers often increases 

with the size of the complex. All these factors quickly make the spectra of the complexes barely 

usable for structural elucidation. 
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To overcome the issue of congested spectra resulting from hydration, an approach 

involving a rapid removal of water molecules followed by an immediate cooling to prevent any 

significant rearrangements of biomolecular 3D structure could be used. A recently 

demonstrated, so-called, collision-assisted stripping spectroscopy allows reducing the issue of 

the spectral congestion significantly.1 In this approach, microhydrated complexes are 

dehydrated in high-energy collisions with cold He and immediately cooled. This enables 

freezing biomolecular ions in their native-like structures, but also suppress the spectral 

congestion that could be due to the removed water molecules. This method implies, however, 

that the entire complex is collisionally heated. If the energy barriers between the native-like 

and gas-phase structures are low, certain structural rearrangements to the gas-phase structure 

still remain possible, however. This narrows application of the method to the specific ions that 

exhibit high barriers of structural rearrangement. Perhaps, a broader and more accurate 

approach to strip-off water from a biomolecule could be a use of mode-selective coherent 

excitation of water molecules in the complexes by a short IR laser pulse followed by water 

detachment. Such short photoexcitation should allow for a temporal location of the imported 

vibrational energy, mainly, within the water envelope. Vibrational relaxation of this excitation 

to the parent ion will pass through the weak H-bonds, which should therefore break them prior 

a complete IVR.  This could not only reduce the probability of structural rearrangements to the 

gas-phase structures but also allow for tracking time-resolved structural changes of 

biomolecules after such prompt dehydration. 

Another promising approach could be to extend cold ion action spectroscopy to the far-IR 

and terahertz spectral regions. Unlike the range above 1000 cm-1, the range below 1000 cm-1 is 

less prone to spectral congestion and contains many delocalized vibrations that are highly 

sensitive to secondary structural motifs.2 The use of appropriate narrow bandwidth THz laser 

sources should enable the resolution of individual vibrational transitions, even for biomolecules 

of moderate size. Furthermore, DFT-MD theoretical methods account for the strong 

anharmonicity associated with this domain and can provide a good match with experimental 

spectra.2,3  

Finally, the remarkable advances in AI are expected to have a significant impact on the 

field of computational chemistry. AI can be useful in a variety of applications, enhancing the 

accuracy of different quantum-mechanical methods, reducing computational cost, enabling 

high-throughput, and potentially automating the assignment of experimental spectra to 3D 

structures. 
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Despite the considerable progress made in the gas-phase spectroscopy for elucidating 3D 

structures over the years, there is still ample room for improvement, and this method remains 

perspective for a wide range of applications in the field of life sciences, particularly when 

coupled with other gas-phase methods. 
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