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ABSTRACT 

Non-covalent interactions are ubiquitous in nature. The diversity and 

functionality of these interactions are employed by nature as a universal 

tool for building the molecular mechanism of life. Although weak, these 

interactions play a key role in both formation of 3D structures of 

biomolecules through intra- and intermolecular binding and highly 

selective coupling between biomolecules. In this thesis, we explore these 

interactions in two directions: (i) for solving native 3D structures of 

biomolecules and (ii) for analytical identifications of isomeric 

carbohydrates. Both studies use the technique of cold ion spectroscopy 

(CIS), which often enables vibrational resolution in infrared and electronic 

spectra of biomolecules isolated in the gas. Although the resolved spectra 

can be used in solving the intrinsic molecular 3D structures of 

biomolecules, life science research desperately needs their native 

structures. It is challenging however to get vibrational resolution in 

solution phase, where these structures originally reside. As a compromise, 

we do not fully dehydrate the biomolecules during their gentle 

electrospray ionization (ESI) and leave a few water molecules attached to 

the ion.  The structure of such microhydrated molecule may resemble its 

native one in solution while working in the gas phase enables the desired 

vibrational spectral resolution.  

The second direction of the study aims to explore the sensitivity of 

intermolecular noncovalent interactions in biomolecular complexes to fine 

structural details of the partners.  The work demonstrates how this 

sensitivity can be used for analytical identifications of the biomolecules 

that are highly rich in isomers. 

In the first part of this work, we report on the elucidation of native 

structures of small protonated biomolecules glycine and triglycine. We 

apply cold ion IR spectroscopy to the gas-phase complexes of these 

biomolecules, in which they are microhydrated by a controlled number of 
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water molecules. The complexes were produced directly from an aqueous 

solution, using a gentle ESI source. Our studies suggest that retaining 

molecules in the complexes generated from the solution allows for 

preserving the main structural features of the native structures. 

In the second part of the thesis, we report on the investigation of the 

sensitivity of non-covalent interaction between aromatic molecules and 

carbohydrates to structural details of binding partners. We calculated 

structures of non-covalent complexes of aromatic molecules with isomeric 

monosaccharides and validated them by IR spectroscopy. It appears, that 

the change of an analyzing isomeric carbohydrate molecule significantly 

influences the UV absorption of the aromatic sensor molecule. The spectral 

difference between the complexes is explained by the interplay of different 

intermolecular non-covalent bonds, which may not be all identical for 

different isomers. Even structural changes in the groups that are not 

directly involved in non-covalent binding with chromophore exhibit a 

significant impact on UV spectra. 

In the last part of the thesis, we explore the use of non-covalent 

carbohydrate-aromatic complexes for the identification of isomeric 

glycans using a unique method of 2D UV-MS CIS. We demonstrated the 

applicability of this method for accurate identification and quantification 

of all types of isomeric carbohydrates and tested the performance of the 

technically simpler version of the method, 1D UV fragmentation 

spectroscopy. 

 

Keywords: noncovalent interactions, cold ion spectroscopy, high-

resolution mass spectrometry, ultraviolet spectroscopy, infrared 

spectroscopy, microsolvation, isomers, anomers, glycans, carbohydrates. 
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RÉSUMÉ 

Les interactions non covalentes (INC) sont omniprésentes dans la 

nature. Bien que faibles, ces interactions jouent un rôle clé à la fois dans 

la formation de structures 3D de biomolécules par liaison intra- et 

intermoléculaire. Dans cette thèse, nous explorons ces interactions dans 

deux directions: (i) pour résoudre des structures 3D natives de 

biomolécules et (ii) pour des identifications analytiques de glucides 

isomèriques. Les deux études utilisent la technique de spectroscopie 

d'ions froids (CIS), qui permet souvent une résolution vibrationnelle dans 

les spectres IR et UV des biomolécules isolées dans le gaz. Bien que les 

spectres résolus puissent être utilisés pour résoudre les structures 

moléculaires 3D intrinsèques des biomolécules, la recherche en sciences 

de la vie a besoin de leurs structures natives. Cependant, il est difficile 

d'obtenir une résolution vibrationnelle dans la phase de solution d'origine, 

où résident ces structures. En guise de compromis, nous ne 

déshydraterons pas complètement les biomolécules lors de leur ionisation 

douce par électrospray (ESI) et laissons quelques molécules d'eau attachées 

à l'ion. La structure d'une telle molécule microhydratée peut ressembler à 

sa molécule native en solution. 

La deuxième direction de l'étude vise à explorer la sensibilité des INC 

intermoléculaires dans les complexes biomoléculaires aux détails 

structurels fins des partenaires. Les travaux montrent comment cette 

sensibilité peut être utilisée pour des identifications de biomolécules 

isomèriques. 

Dans la première partie de ce travail, nous rapportons l'élucidation 

des structures natives de petites biomolécules protonées glycine et 

triglycine. Nous appliquons la spectroscopie IR à ions froids aux 

complexes en phase gazeuse de ces biomolécules, dans lesquels elles sont 

microhydratées par un nombre contrôlé de molécules. Les complexes ont 

été produits directement à partir d'une solution aqueuse, en utilisant une 
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source ESI douce. Nos études suggèrent que la rétention de molécules dans 

les complexes générés à partir de la solution permet de préserver les 

principales caractéristiques structurelles des structures natives. 

Dans la deuxième partie de la thèse, nous rapportons l'étude de la 

sensibilité de l'INC entre les molécules aromatiques et les glucides aux 

détails structurels des partenaires de liaison. Nous avons calculé les 

structures de complexes non covalents de molécules aromatiques avec des 

monosaccharides isomèriques et les avons validées par spectroscopie IR. 

Il semble que le changement d'une molécule de glucide isomèreque invité 

influence de manière significative l'absorption UV du capteur hôte. La 

différence spectrale entre les complexes s'explique par l'interaction de 

différentes liaisons intermoléculaires non covalentes, qui peuvent ne pas 

être toutes identiques pour différents isomères. Même les changements 

structurels dans les groupes qui ne sont pas directement impliqués dans 

la liaison non covalente avec le chromophore présentent un impact 

significatif sur les spectres UV. 

Dans la dernière partie de la thèse, nous explorons l'utilisation de 

complexes glucides-aromatiques non covalents pour l'identification de 

glycanes isomèriques en utilisant une méthode unique de CIS UV-MS 2D. 

Nous avons démontré l'applicabilité de cette méthode pour une 

identification de tous les types des glucides isomèriques et testé les 

performances de la version techniquement plus simple de la méthode, la 

spectroscopie de fragmentation UV 1D. 

 

Mots clés: interactions non covalentes, spectroscopie d'ions froids, 

spectrométrie de masse haute résolution, spectroscopie ultraviolette, 

spectroscopie infrarouge, microsolvation, isomères, anomères, glycanes, 

glucides.  
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KURZFASSUNG 

Nicht-kovalente Wechselwirkungen (NKW) sind in der Natur 

allgegenwärtig. Obwohl schwach, spielen diese Wechselwirkungen eine 

Schlüsselrolle bei der Bildung von 3D-Strukturen von Biomolekülen durch 

intra- und intermolekulare Bindung. In der vorliegenden Dissertation 

untersuchen wir diese NKW mit zwei Zielen: (i) die Auflösung native 3D-

Strukturen von Biomolekülen und (ii) die analytische Identifizierung 

isomerer Glykane. Beide Studien verwenden die Technik der 

Kaltionenspektroskopie (KIS), die oft eine Schwingungsauflösung in IR- 

und UV-spektren von im Gas isolierten Biomolekülen ermöglicht. Obwohl 

die aufgelösten Spektren zur Aufklärung der intrinsischen molekularen 

3D-Strukturen von Biomolekülen verwendet werden können, benötigt die 

Life-Science-Forschung ihre nativen Strukturen. Es ist jedoch eine 

Herausforderung, eine Schwingungsauflösung in der Lösungsphase zu 

erhalten, in der sich diese Strukturen ursprünglich befinden. Als 

Kompromiss dehydrieren wir die Biomoleküle während ihrer sanften 

Elektrospray-Ionisation (ESI) nicht vollständig, so dass einige 

Wassermoleküle am Ion haften bleiben. Die Struktur eines solchen 

mikrohydratisierten Moleküls kann seine nativen Struktur in Lösung 

ähneln. Die zweite Richtung der Studie besteht darin, die Empfindlichkeit 

intermolekularer NKW in biomolekularen Komplexen gegenüber feinen 

Strukturdetails der Partner zu untersuchen. Die Arbeit demonstriert die 

Nutzung dieser Sensitivität für analytische Identifizierungen der 

Biomoleküle, die sehr reich an Isomeren sind. 

Im ersten Teil dieser Arbeit berichten wir über die Aufklärung nativer 

Strukturen der kleinen protonierten Biomoleküle Glycin und Triglycin. Wir 

wenden Kaltionen-IR-Spektroskopie auf die Gasphasenkomplexe dieser 

Biomoleküle an, in denen sie durch eine kontrollierte Anzahl von 

Wassermolekülen mikrohydratisiert werden. Die Komplexe wurden direkt 

aus einer wässrigen Lösung unter Verwendung einer sanften ESI-Quelle 
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hergestellt. Unsere Studien legen nahe, dass das Zurückhalten von 

mikrohydratisierten Komplexen aus der Lösung die Erhaltung der 

wichtigsten Strukturmerkmale der nativen Strukturen ermöglicht. 

Im zweiten Teil der Dissertation berichten wir über die 

Untersuchung der Sensitivität der NKW zwischen aromatischen Molekülen 

und Glykane auf strukturelle Merkmale von Bindungspartnern. Wir 

berechneten und validierten Strukturen von nicht-kovalenten Komplexen 

aromatischer Moleküle mit isomeren Monosacchariden durch IR-

Spektroskopie. Anhand der Strukturen zeigten wir, dass eine Veränderung 

eines isomeren Glykanemoleküls eines Gastes die UV-Absorption des 

aromatischen Rings signifikant beeinflusst. Der spektrale Unterschied 

zwischen den Komplexen wird durch das Zusammenspiel verschiedener 

intermolekularer KNW erklärt, die für die verschiedenen Isomere 

möglicherweise nicht alle identisch sind. Sogar strukturelle 

Veränderungen in den Gruppen, die nicht direkt an der NKW mit dem 

Chromophor beteiligt sind, zeigen einen signifikanten Einfluss auf die UV-

Spektren. 

Im letzten Teil der Dissertation untersuchen wir die Verwendung 

nicht-kovalenter Kohlenhydrat-aromatischer Komplexe zur Identifizierung 

isomerer Glykane mit einer einzigartigen 2D UV-MS KIS Methode. Wir 

demonstrierten die Anwendbarkeit dieser Methode zur genauen 

Identifizierung und Quantifizierung aller Arten isomerer Glykane und 

testeten die Leistung der technisch einfacheren Version der 1D-UV-

Fragmentierungsspektroskopie Methode. 

 

Stichwörter: nichtkovalente Wechselwirkungen, Kaltionenspektroskopie, 

hochauflösende Massenspektrometrie, Ultraviolettspektroskopie, 

Infrarotspektroskopie, Mikrosolvation, Isomere, Anomere, Glykane, 

Kohlenhydrate 
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LIST OF ABBREVIATIONS 

AND ACRONYMS 

1D one-dimensional 

2D two-dimensional 

3D three-dimensional 

B3LYP Becke-3-Lee-Yang-Parr hybrid functional 

BBO beta barium borate 

DC direct current  

DFT density functional theory 

DNA deoxyribonucleic acid 

ESI electrospray ionization 

FAIMS field asymmetric ion mobility spectrometry 

Gal galactose 

GalNAc N-acetylgalactosamine 

GC gas chromatography 

Glc glucose 

GlcNAc N-acetylglucosamine 

Gly glycine 

H-bond hydrogen bond 

HPLC high-performance liquid chromatography 

IMS ion mobility spectrometry 

IR infrared 

IRMPD infrared multiple photon dissociation 

LC liquid chromatography 

MALDI matrix-assisted laser desorption/ionization 

Man mannose 

MD molecular dynamics 

α/β-MeGalNAc α/β-methyl-N-acetylgalactosamine 

MePhe 4-methyl-phenylalanine 

MS mass spectrometry 

NAc N-acetyl 
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QMS quadrupole mass spectrometer 
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CHAPTER 1.     

Introduction 

Non-covalent interactions are ubiquitous in nature. Their importance 

cannot be overstated. The balance of these relatively weak interactions 

defines the native three-dimensional (3D) structure of the most important 

biomolecules: proteins, nucleic acids (DNA, RNA), etc. In addition, their 

diversity allows highly selective binding between biomolecules. For 

instance, the processes of molecular recognition of an analyte (e.g. 

antigen, enzyme substrate) by bioreceptors (e.g. antibodies, enzymes) are 

based entirely on non-covalent interactions between specific binding 

sites.
1-2

  Unlike the covalent bonds, these interactions do not involve 

sharing of an electron pair, but rather rely on a variety of electromagnetic 

interactions, which include electrostatic (e.g. hydrogen bonding), π effects 

(e.g. stacking, X-H ··· π, charge ··· π), hydrophobic effect, Van der Waals 

forces (e.g. dipole - dipole, dipole - induced dipole), with typical energies 

on the order of 0.1 – 5 kcal/mol.
3

 The overwhelming majority of 

biochemical processes occur in water and its solutes, which crucially affect 

the 3D structure, properties, and functionality of biomolecules through 

the non-covalent interactions.
4-5

 The main objective of this research is to 

demonstrate how one can study native conformations of biomolecules in 

the gas phase. In addition, we employ the fact that intermolecular non-

covalent interactions are capable of transferring structural information to 

binding partners to develop an approach for identifications of isomeric 

molecules, for which the use of standard techniques is complicated. 

Determination of the three-dimensional structures of biomolecules 

in their native environment remains an important problem to solve for 

understanding the molecular mechanisms of life. The native environment 

for biomolecules is an aqueous solution, where they reside in different 

conformations while carrying out their functions in living organisms. 

These native conformations are stabilized by interactions with the 
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surrounding water and its solutes. However, the inhomogeneity of the 

interactions in the liquid phase, the dynamic nature of H-bonds together 

with an infinite number of molecular degrees of freedom make the 

identification of native structures challenging. One can get rid of the 

interactions by isolating the molecules in the gas phase. There are several 

different techniques, nowadays, that enable a gentle transfer of non-

volatile molecules from solution to the gas phase. The most widespread 

soft ionization techniques, like MALDI and ESI, are capable of producing 

gas phase protonated/deprotonated species as large as protein complexes 

and even viruses. Isolation in the gas phase suppresses inhomogeneous 

spectral broadening, which is generally present in solution phase. In 

combination with cryogenic cooling of the isolated ions, this allows 

attaining vibrational resolution in their IR and UV spectra, which 

subsequently can be used in structural investigations.
6-7

 

Optical spectroscopy has emerged as a powerful tool for structural 

determinations and analytical identifications of biological molecules. 

Although not directly, the spectroscopic techniques provide specific 

information about the 3D structure. For example, measurements of IR 

spectra in combination with quantum chemistry calculation enable a 

stringent validation of calculated 3D structures of biomolecules. The 

optical spectra are extremely sensitive to the spatial arrangement of 

atoms, immediately responding to even small structural alterations by 

changing shapes and positions of absorption peaks. Compared to other 

widely-used techniques (chromatography, ion mobility), the distinct 

advantage of optical spectroscopy is that it neither separates species nor 

assigns them by respective time tags. The optical spectra reflect 

differences in the 3D structures of molecules on a quantum mechanical 

level by mapping up the energies of electronic/vibrational/rotational 

molecular transitions. These fundamental characteristics of molecules are 

well reproducible over time and between different instrumentations, 

making the spectra convenient and very individual molecular tags.  

Historically, the first electronic and vibrational spectra of bare gas-

phase biomolecules were measured at room temperature.
8-9

 IRMPD is one 



13 

 

of the first methods widely used for vibrational spectroscopy of 

biomolecules in the gas phase. Although many IR stretch transitions could 

be resolved at room temperature, the observed spectral bands usually are 

quite broad. In addition, IRMPD does not offer any conformational 

selectivity: a single spectrum reflects IR transitions in all thermally well-

populated species. This makes ambiguous the comparison of the IRMPD 

spectra with the conformer-specific computational data, which drastically 

lowers the confidence in assigning the computed structures. Despite all 

these limitations, the simplicity and convenience of IRMPD in some cases 

can become the decisive factor for using the technique in structural 

identifications and analytical applications.
10-13

 

Room temperature UV spectra of the biomolecules that contain an 

aromatic ring are typically very broad and unstructured. Such spectra are 

suitable neither for obtaining conformer selective spectra nor for 

analytical identification.
14

 It worth mentioning that even if the UV spectra 

were resolved, the use of UV spectra for structural validations would be 

fairly difficult due to the fact, that modern methods of quantum chemistry 

used for calculating UV spectra are still insufficiently accurate for 

reproducing the experiment.  

Stringent validation of the gas-phase structures requires some 

number of vibrationally resolved transitions in their spectra. These 

transitions then serve for an accurate comparison with theoretical 

predictions.  One of the techniques that greatly improves vibrational 

resolution in spectra of large (e.g., biological) molecules is the cooling of 

molecules from room to cryogenic temperatures. Such cooling reduces the 

population of excited vibrational states, therefore, suppressing the 

thermal congestion arising mainly due to vibrational “hot” bands. Once the 

molecules are cooled down, their spectra may become structured.
7, 15

 This 

greatly increases the confidence in comparison of experimental and 

theoretical IR spectra. In addition, the resolved transitions in UV spectra 

of cold ions can be used for conformer-selective vibrational spectroscopy 

(e.g., IR-UV double-resonance and IR-IR-UV triple-resonance spectroscopic 

techniques).
16-21

 Such techniques enable an accurate conformational 
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assignment of the gas-phase ions, because they provide conformer-

selective experimental spectra, which, one-by-one, can be compared with 

calculated vibrational frequencies of each particular conformer.  

Another advance in the conformational assignment is the use of ion 

mobility spectrometry for separating molecular conformers and/or 

isomers prior their spectroscopic analysis.
22-23

 For instance, the 

combination of field-asymmetric ion mobility spectrometry (FAIMS) with 

cold ion spectroscopy allowed for separation of the conformational 

families of nonapeptide bradykinin.
24

 Vibrational cooling is not a panacea, 

however, because for some molecules, for example, tryptophan, an 

intrinsic lifetime broadening may become the main source of spectral 

congestion and it cannot be suppressed. Interestingly, that in the case of 

protonated tryptophan this lifetime broadening can be greatly reduced by 

solvation of the charge by a very few water molecules non-covalently 

attached to the bare ion. The charge solvation breaks the interactions 

between the charged N-terminus and the aromatic ring of the ion. This 

removal of the electronic perturbation of the ring drastically lengthens the 

lifetime of the excited electronic state, thus sharpening its electronic 

spectra.
25

 It worth noting that in all our studies herein, because of the low 

concentration of ions in the cold trap (~ 10
5

 – 10
6

 ions/cm
3

), we do not 

detect a direct absorption by the gas-phase ions. Instead, we employ 

photofragmentation “action” spectroscopy, where appearance of 

fragments induced by absorption of laser light is monitored as a function 

of its wavelength. The recorded action spectra are often similar to the 

absorption spectra, but occasionally can be substantially offset by the 

fragmentation yield, which may not be a flat function of the wavelength.  

Overall, high vibrational resolution achievable with cryogenic 

cooling enables an unambiguous validation of 3D structures of molecules. 

Sensitivity of well-resolved IR and UV spectra to structural details of 

molecules allows for distinguishing structurally similar molecules, such as 

isomers. This opens two main directions in developing cold ion 

spectroscopy: (i) solving intrinsic and native-like 3D structures of ions and 

(ii) analytical identification of biomolecules. 
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Over the last two decades, a significant amount of data has been 

produced by cold ion spectroscopy and used for validation of structures 

of small and mid-size molecules, including peptides, carbohydrates, 

lipids, metabolites, drugs, intermediates, etc.
26-41

 So far the largest 

molecule for which the structures were validated by cold-ion spectroscopy 

remains decapeptide gramicidin S.
42

 The intrinsic limitation for sensing 

larger molecules is the lifetime broadening of vibrational transitions, 

which occurs due to the anharmonic coupling of vibrational states
7

. 

Moreover, the number of IR transitions rapidly increases with the 

molecular weight of molecules. This increase suppresses the vibrational 

resolution in the spectra, because the increased number of characteristic 

for biomolecules IR transitions remains located within the two limited 

spectroscopic regions around 3 m and 6m. But, even if the vibrational 

transitions were well-resolved, the accuracy of quantum chemistry 

calculations for such large molecules would be insufficient for assigning 

the numerous closely spaced IR transitions.   

Cryogenic cooling of ionic species allows for their non-covalent 

tagging by different small neutral molecules (e.g. He, N2, H2O, etc.) that 

may condense onto large cold ions in a cryogenic ion trap. The low 

energies of the non-covalent interactions between the ion of interest and 

tag molecules enable an efficient dissociation of the complexes after 

absorbing a single UV or IR photon. The spectra of tagged ions are 

measured by monitoring the depletion of the number of the complexes as 

a function of wavelength. Compared with bare ions, the interaction with 

tag molecules often causes shifts of some transitions in spectra of the 

latter.
43-44

 Depending on the nature of the tag molecule, the extent of the 

shifts can be different. The IR spectra of ions tagged by, for example, 

weakly bound noble gases are still might be suitable for certain structural 

validations.
28, 45

 

Despite all the advantages of cold ion spectroscopy, the value of the 

gas-phase intrinsic structures for life science is fairly limited. Water plays 

a key role in building the native 3D structure of biological molecules by 

breaking intra- and forming inter-molecular bonds. Although the main 
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structural motif of large biomolecules (e.g. proteins) may survive the 

desolvation, the pattern of non-covalent bonds in small-size biomolecules 

(e.g. metabolites, drugs, peptides, etc.) are likely to undergo a 

rearrangement, altering the 3D structures. As was mentioned above, the 

vibrational resolution decreases upon progressing solvation, greatly 

complicating the assignment of calculated structures. A compromise 

between the gas phase, where spectral resolution can be high but 

structures are intrinsic and the solution phase, where the structures are 

native but high resolution is difficult to achieve, one can interrogate in the 

gas-phase microhydrated biomolecular ions. Binding with a limited 

number of water molecules may retain the main structural motives of a 

native structure while keeping the high spectral resolution. Apparently, 

the calculations of structures and theoretical spectra are more challenging 

for microsolvated biomolecules than for the same bare molecules due to 

the flexibility of the intermolecular non-covalent bonds and the increased 

size of the molecular system. Nevertheless, the computational methods 

are becoming more accurate and less costly.  

There are two principally different methods for isolating 

microsolvated ions in the gas phase. The most straightforward method is 

to gently transfer them directly from solution using electrospray 

ionisation. The mechanism of formation of bare ions from solution by ESI 

includes the formation of nanodroplets, where analyte ions are surrounded 

by water molecules. The conditions of ESI can be optimised such that to 

protect the solvated ions from complete drying. This approach can be 

called “top-down”, because it resembles the mechanism of formation of 

small peptides from a large protein. However, harsh conditions of ESI 

usually do not allow for retaining water molecules on an ion and evaporate 

them. There is only a narrow interval of ESI conditions, where such non-

covalent complexes can survive while keeping the high ionization 

efficiency. This method of production of hydrated ions was implemented 

for the native structure elucidation of many microsolvated organic
46-48

 and 

inorganic ions
49-51

. Alternatively, the microsolvated molecules can be built 

in the gas phase by condensing water molecules onto the bare ions that 
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are produced by ESI and cooled in a cryogenic trap. Opposite to the “top-

down” approach, where water molecules undergo evaporation from 

nanodroplets forming smaller microsolvated ions, this method of building 

aqueous shells on bare ions can be called “bottom-up”. In this case, the 

steps of the ionization and the formation of the clusters are separated. 

This allows the conditions of ESI to be optimized for desolvated ions, while 

tuning temperature and buffer gas pressure in subsequent cryogenic ion 

trap can be optimized for forming a high concentration of the hydrated 

complexes with the desired number of waters (up to 50 molecules).
52-53

  

In chapter 3, we experimentally answer an important question: are 

“bottom-up” (condensation) and “top-down” (dehydration) processes 

produce the same structures? We studied the microhydration of a small 

amino acid GlyH
+

 and a model tripeptide Gly3H
+

, natively produced from 

solution by the top-down approach. We applied cold ion IR spectroscopy 

to the gas-phase complexes, in which these biomolecules are 

microhydrated by a controlled number of water molecules. The protonated 

complexes were produced directly from an aqueous solution, using a 

gentle electrospray ionization source. We compared our IR spectra with the 

available in literature spectra of the same complexes but produced by 

cryogenic condensation of water molecules onto the gas-phase ions.
54-56

 

The comparison revealed a difference in the conformational distribution 

of the embedded biomolecules for the two methods of hydration. Already 

one water molecule retained on GlyH
+

 keeps the main motive of the native 

structure for this amino acid: the lack of an intramolecular hydrogen bond. 

This structure remains almost unchanged in all larger complexes that we 

studied (with up to 6 waters), which allows us to suggest that it is, indeed, 

a native-like structure of GlyH
+

. In contrast, the method of hydration by 

condensation produces only a fraction of the complexes with this native-

like structure of the embedded glycine, while in the rest of them the amino 

acid remains kinetically trapped in its intrinsic state.  This implies that the 

identification of the native-like structures with the complexes produced 

by the condensation can be ambiguous. Only upon hydration by 4-5 water 

molecules, the two methods converged in producing the same conformers. 
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Similarly, a fraction of Gly3H
+

 tripeptides remains kinetically trapped in the 

complexes with one water molecule.  

Another developing field for the application of cold ion spectroscopy 

is the analytical identifications of isomeric molecules. Isomers, which are 

molecules that have identical chemical composition but distinct 

arrangements of atoms, vary not only in chemical and biological properties 

but also have very different quantum energy levels. This fact can be 

employed for analytical identification of isomers. When combined with 

cryogenic cooling of ions, optical spectroscopy enables the mapping of 

ionic vibrational energy levels that are characteristic to the 3D structure 

of the species at a fundamental level. Instead of assigning time respective 

tags (retention or drift time measured by LC and IMS), which are known to 

be sensitive to experimental conditions, one can distinguish isomeric 

molecules by means of their inherent properties. Several techniques based 

on IR or UV spectroscopy of cryogenically cooled ions have been 

developed. The methods imply a library-based approach, in which a 

preliminarily recorded library of either IR or UV spectra of pure molecules 

are compared with a spectrum of an unknown sample. As it was mention 

above, the use of IR spectroscopy for structural validations is limited to 

relatively small molecules, such as peptides with 10-15 residues, because 

for larger molecules the IR spectra become blurred. The same applies for 

analytical applications of IR spectroscopy, with the exception that in some 

cases shapes of IR spectra alone can be used for distinguishing isomers.
57-

58

 Dissimilar to IR, UV spectroscopy involves electronic excitation of 

particular chromophores, for which the width of peaks is not directly 

influenced by an increase in the size of a molecule. The drawback of this 

approach is that a chromophore may not sense the remote changes in the 

structure of the molecule.  

In 2014 our group invented a technique, named 2D UV-MS 

fingerprinting, which combines UV spectroscopy of cold ions (UV) with 

high-resolution mass spectrometry (MS). UV electronic spectra measured 

with vibrational resolution, achievable by cryogenic cooling, contain a 

great number of spectral features, constituting unique fundamental 
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fingerprints of ions. The mechanism of UV photofragmentation can be 

different from IRMPD or thermal dissociation. This often allows for 

observing the photofragments that are specific to isomeric structures.
59

  

The relative abundance of all photofragments is detected at once by a 

broadband high-resolution mass spectrometer (e.g., Orbitrap-based). This 

additional MS dimension reduces the dispersion of RMSD values, enabling 

identification and quantification of challenging for other methods cases of 

isomerism. The identification by this approach implies a preliminary 

measurement of 2D UV-MS fingerprints of the species to be identified, 

constructing a library of the corresponding 2D matrices, and a 

decomposition of the recorded 2D spectra of the samples to be analysed 

into a linear combination of the library matrices. This procedure is very 

similar to the expressing a k-dimensional vector as a sum of k basis set 

vectors multiplied by the coefficients that reflect cosines of the angles 

between the sample and the basis set vectors.
60

 

An additional advantage of this approach is that it can be used online 

with liquid chromatography, which requires the timescale of spectroscopic 

measurement to be on a scale shorter than a minute. Although 

measurement of one 2D spectrum for an isomeric library compound may 

take a few dozens of minutes, the measurements of the spectra for an 

unknown analyte that belongs to this library can be done just at a few 

critical wavelengths, where spectral differences between the library 

fingerprints appeared to be the most prominent. This allows for shortening 

the acquisition time to a few tens of seconds with only an insignificant loss 

of the method accuracy.
61-62 

Although relatively new, this approach has been already applied 

prior the studies described in this thesis for the identification of different 

isomeric molecules, including drugs, and peptides.
63-65

 All the molecules 

that were studied in the demonstrations contain at least one aromatic ring 

(e.g. phenyl, hydroxyphenyl aromatic groups) that strongly absorbs in UV. 

But, what if the analyte molecules do not contain a UV chromophore, as it 

is in the case of carbohydrates and lipids? The identification of these 

classes of molecules is extremely challenging, because they contain an 
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incredible number of diverse isomers. In this work, we extended 

application of the 2D UV-MS technique for identification of isomeric 

carbohydrates.  

Carbohydrates are the most abundant organic molecules present in 

living organisms. Existing in myriads of structural forms carbohydrates 

decorate all cells and are used by nature to perform myriads of biological 

functions, including immune response, cell-cell communication, assisting 

protein folding. Living organisms exploit actively carbohydrates during 

the course of different diseases, changing their structures
66

. The 

appearance of some glycans is associated with pathogenesis.
67

 The early 

recognition of the glycomarkers enables more efficient treatment of a 

corresponding disease. Establishing connections between structures and 

functions of carbohydrates requires first their structural identification.  

However, the tremendous isomeric diversity of carbohydrates makes their 

identification and study extremely challenging. 

The most widespread methods for structural identifications of 

carbohydrates are based on a combination of controlled enzymatic 

cleavage of large glycans, liquid chromatography (LC) to separate the 

produced structural units, and single/tandem mass spectrometry (LC/GC-

MS) to characterise them. Despite its wide applicability, the method has 

certain limitations, such as the use of compound-specific conditions for 

separation, the need for derivatizations (by reductive amination, 

permethylation, etc.), and, often, is not capable alone of distinguishing 

carbohydrates in all their numerous isoforms.
68

 

In chapter 4 we demonstrate the use of non-covalent carbohydrate-

aromatic complexes for the identification of isomeric glycans by 

developed in our group the unique method of 2D UV-MS cold ion 

spectroscopy. To make the method applicable to glycans, which have no 

functional groups active in near UV, we make use of non-covalent 

complexes of carbohydrates with aromatic molecules. Such complexes can 

be readily formed in solution, brought to the gas phase using ESI and then 

isolated and cooled in a cryogenic trap. The experimental and theoretical 

investigations show that an interplay of different types of inter- and intra- 
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molecular hydrogen bonds (CH-π, OH-π, cation-π, etc.) in such complexes 

makes UV absorption of the aromatic ion highly sensitive to the small 

structural differences between isomeric carbohydrates. These findings 

enable the identification and relative quantification of isoforms of 

carbohydrates in their mixtures. 

In chapter 5, we report the atomic level studies of isolated in the gas 

phase non-covalent complexes of monosaccharide α/β-GalNAc with 

protonated aromatic molecule tyramine. We experimentally observed that 

hydrogen bonds in carbohydrate-protein interactions are amazingly 

sensitive to the anomeric form of carbohydrates. Although not directly 

involved in hydrogen bonding, these anomeric groups influence the length 

of a remote intermolecular hydrogen bond, thus contributing to the 

anomeric selectivity of the binding. Our estimations of the difference in 

binding energy for a single bond is 1 kcal/mol, which cannot be neglected 

for the total budget of the glycan-protein affinity. The finding 

demonstrates an incredible sensitivity of the aromatic molecule that can 

feel the changes in analyte molecules even if the pattern of H-bond in the 

complexes is the same.  

In chapter 6 we experimentally demonstrate that all classes of 

isomeric carbohydrates can be distinguished and their relative solution 

concentrations can be quantified using the method of 2D UV-MS 

fingerprinting of cold ions. We also test the performance of a simplified, 

1D UV-MS, approach for the identification of isomeric carbohydrates. It 

turned out that UV spectroscopy alone is capable of accurate 

quantification of carbohydrates, however, for the more complex mixtures, 

the 2D UV-MS approach is required. This finding allows for using an 

inexpensive lower resolution quadrupole mass spectrometer, instead of 

the costly Orbitrap-based MS without a significant loss of accuracy of the 

quantifications.  The reduced cost of the required hardware may lead to a 

more widespread application of the method for identifications of isomeric 

species. 

In the final chapter, we summarise the main results presented in this 

thesis and give an outlook for future research. 
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CHAPTER 2.    

Experimental Setup 

2.1. INSTRUMENT OVERVIEW 

Our cold ion spectrometer, built a decade ago and upgraded on 

several occasions, has been described elsewhere.
1-4

 The most recent 

developments of the instrument relate to the ion source. Currently, the 

instrument can be used with two different electrospray ion sources that 

target generation (1) of high quantity of biomolecular ions and (2) of their 

microhydrated complexes. The highly efficient but relatively harsh ion 

source uses a double electrodynamic ion funnel, and the ultra-soft but 

moderately efficient ion source, designed in our group, is based on the use 

of three consecutive skimmers. Schematic views of the instrument are 

shown in Figures 2.1 and 2.2. In the high productive configuration (Figure 

2.1), the ions, generated from acidic solution by a nano-electrospray 

ionization (n-ESI) source, enter an electrodynamic ion funnel (IF) 

orthogonally to its axis through a 10 cm long stainless-steel capillary of 

0.7 mm internal diameter. The ions are then turned by 90° to travel along 

the funnel axis, which guides them into a hexapole ion trap (HEX) where 

they are accumulated and thermalized for approximately 50 or 100 ms, 

depending on the repetition rate of experiment. 

In the soft configuration (Figure 2.2), the ions, injected in parallel to 

the axis, pass through the three consecutive skimmers (2 mm in diameter 

of the orifice), which allow for a gradual reduction of pressure from 0.5 

mbar to 10
-4

 mbar, and enter an octupole ion guide. Guided by the octupole, 

they are accumulated in an octupole ion trap, where they are thermalized.  

After being released from hexapole or octupole ion traps, ions pass 

through a quadrupole mass filter (Q1), which is set to select the ions of 

interest. Mass-selected ions are then turned by 90° using an electrostatic 

bender, focused by a stack of three electrostatic lenses and moved through 

an RF octupole guide into a cold octupole trap, which is kept at 6 K. The 
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trap is driven by two 1 MHz sinus waveforms with peak-to-peak amplitudes 

of 50-100 V. The stored in the trap ions are cooled down to ~10 K in 

collisions with He buffer gas, which is pulsed into the trap shortly before 

the arrival of the ions. The cold ions are irradiated by UV, IR or IR-UV laser 

pulses, depending on the type of experiments, and undergo photo 

fragmentation.  The fragment and parent ions were 90° turned by the 

second electrostatic quadrupole bender either toward a highly sensitive 

quadrupole mass spectrometer (QMS) or toward high-resolution broadband 

Orbitrap-based MS (Exactive, Thermo Fisher). The spectra and fingerprints 

are measured by continuously recording the yield of the photo fragments 

using the QMS and the Orbitrap-based MS, while scanning UV or IR 

wavelength.  

The repetition rate of the cooling/fragmentation cycle was 

determined by the 10 Hz repetition rate of the OPO, such that the parent 

ions experienced only one OPO shot in each cycle. At each UV wavelength 

the yield for a single fragment (with QMS) or the entire fragment mass 

spectrum was measured in 10 cycles and averaged to give a data point in 

UVPD spectrum or a fragment MS in 2D UV-MS fingerprint, respectively. 

 

 

Figure 2.1. Schematic view of the highly efficient modification of the 

instrument for spectroscopy of cryogenically cooled ions.  
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Figure 2.2. Schematic view of the ultra-soft modification of the instrument 

for spectroscopy of cryogenically cooled microsolvated ions.  

 

In measurements with Orbitrap-MS, the whole fragment mass 

spectrum was normalized to the total ion signal detected in the cycle. In 

QMS measurements we employ 20 Hz cooling cycle and detect fragment or 

parent ions in 10 Hz alternative cycles with and without UV pulse, 

respectively. 
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2.2. RF ION FUNNEL AND SKIMMERS 

Ion cloud produced by ESI travels through a metal capillary into the 

first vacuum chamber maintained at the pressure 2-6 mbar with a raw 

pump. The injected ions are further guided into the lower pressure 

sections using two different designs, depending on the type of experiment. 

The first modification was designed for efficient guidance of ions and 

based on an electrodynamic ion funnel, while the second design was 

developed for a soft transition of microsolvated ions and based on the 

system of three consecutive skimmers.    

 

RF ION FUNNEL 

The design of ion funnels allows for efficient focusing of ions, 

increasing, therefore, the throughput of the ions to the next vacuum 

sections. An ion funnel consists of a stack of cylindrical electrodes with 

gradually decreasing inner diameter and a final plate that serves as a 

conductance limiting orifice. The funnel needs to keep the ion beam 

radially focused, while moving them axially toward the orifice. The radial 

confinement is provided via radiofrequency oscillation voltage (RF). When 

the ions are far from the electrodes, they do not feel radial force or feel 

only a little. However, as the ions start movements outward toward the 

electrodes they experience the field that returns them to the central axis. 

Although the RF field effectively keeps the ion beam far from the 

electrodes it does not push the ions in the axial direction.  To provide the 

axial movement, in addition to the RF, DC potential gradient is applied to 

the electrodes. When using the ion funnel the orthogonal injection of the 

ions is exploited. The ions, orthogonally injected into the funnel, are first 

bent perpendicularly by a repeller (with relatively high voltage applied), 

then are caught by RF, and pushed by the DC gradient towards the next 

stages. The orthogonal injection enables removing not charged molecules, 

which are pumped away by the grease pump.   
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SKIMMERS 

A skimmer samples a portion of a gas from a flow, enabling to 

achieve a drastic decrease of pressure in the further vacuum stages. Our 

system, which will be described elsewhere,
5

 consists of three consecutive 

skimmers with the apertures of 1-3 mm spaced apart by 7 to  16 mm. The 

produced by ESI ions and solvent molecules are transferred toward the 1
st

 

skimmer through the heated capillary. They are further transported in the 

expanding gas jet through the skimmers. In addition, the ions are pulled 

in and focused to the axis by an electrical field, created between the 

capillary and the 1
st

 skimmer and between the skimmers by the applied to 

these elements DC voltages. The focusing allows the neutral molecules to 

be pumped away, as the DC voltages do not influence their pathway. 

Although consecutive skimmers substantially limit the ion transmittance, 

such design enables a soft transition of non-covalently bound complexes, 

including microsolvated ions. The number of transmitted ions can be 

increased by increasing the diameters of the opening in the skimmers, but 

that would result in the build-up of the pressure in further sections. The 

source based on the ion funnel is more efficient, but the applied RF field 

and the relatively high pressure in the funnel heat the ions up in the 

volume close to the conductance limit.  This vibrational heating often 

causes the breakage of weak non-covalent bonds. 
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2.3. TIMING OF EVENTS 

Different hardware subunits working in our experiments must 

operate synchronously.  Because the repetition rate of our lasers is 10 Hz, 

our measurements by quadrupole mass spectrometer are done in 20 Hz 

repetitive cycles. The scheme allows for measuring alternatively one value 

with a laser pulse and one without it. Typically, we use the cycles with 

laser on for measuring appearances of fragments, while the cycles with 

laser off are used for measuring parent ions. The signal of parent ions is 

used for normalisation to account for its fluctuations.  

Figure 2.3 shows a diagram of the events in our experiments. The 

experimental cycle begins with the injection of He gas into the cold trap, 

just shortly before the accumulated in hexapole/octupole ions, are 

released by lowering (for duration of 3ms) the trapping potential of the 

exit lens. After preselection by the first mass filter, the parent ions enter 

the octupole cold trap, where they are trapped and cooled down in 

collisions with the injected He. When ions are cold, the 

photofragmentation by a laser is induced. In the 50 ms cycles, a laser pulse 

typically arrives 21 ms from the start, allowing ~20 ms for dissociation of 

photo excited ions. The exit lens of the cold trap opens for 5 ms by pulling 

down the trapping potential in about 10 ms and keeping the trap opened 

until the end of the cycle. The appeared photofragments and the remained 

parent ions are released from the cold trap and travel towards the 

quadrupole mass analyser. In order to efficiently empty the cold trap 

before the next cycle, we switch off RF waveform applied to from its rods  

5 ms before the end of the cycle for 3 ms. The appearance of selected ions 

is recorded by one of the two channels of a photon counter. In the next 

cycle, the ions are accumulated in the same manner, but no laser pulse is 

applied. The quadrupole mass analyser is typically set to detect parent 

ions, whereas the signal is measured by the second channel of the photon 

counter. Typically, we use 10 laser shots to record one data point for UV 

spectra and 20 laser shots for IR spectra. 

Similar workflow is used when measuring the data by Orbitrap, but 

because Orbitrap allows for simultaneous detection of fragment and 
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parent ions, the laser fires in every cooling/trapping cycle, and the ions 

are guided to an Orbitrap mass analyser. 

 

 

Figure 2.2. Typical time-diagram of the laser and He gas pulses and 

electrical potentials applied to different electrodes of the instrument 

during a photodissociation experiment at the repetition rate of 20 Hz. 
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2.4. OPTICAL SETUP 

Previously, our group exploited dye lasers for analytical 

experiments.
6-9

 The linewidth of the dye lasers is significantly narrower 

(~0.2 cm
-1

) than of the UV OPO light (~5 cm
-1

). The high spectral resolution 

of dye lasers allows for very accurate identification and quantification of 

components, but modern standard analytical techniques require also 

speed, compactness, and simplicity of use. UV OPO systems bring these 

qualities without any significant compromise in the accuracy of analytical 

identifications.  

UV light for analytical experiments is produced by 10 Hz UV OPO 

(EKSPLA NT 340C)
10

. This is a widely wavelength tunable system, which 

covers 192 – 2600 nm spectral range.  Our experimental data were mainly 

recorded using 210 – 310 nm spectral range, which covers the absorption 

of small aromatic molecules such as tyrosine, phenylalanine, tryptophan. 

The pulse energy of the OPO in this UV range can achieve 10 mJ (Figure 

2.3). We tuned the OPO to produce a lower (~2 mJ) but uniform energy 

through the entire operating spectral range of 210 – 310 nm. The angular 

positions of non-linear crystals in the OPO doubling/mixing stages were 

detuned from their optimal phasematching angles, such that the output 

energy at each wavelength was close to the minimum energy attainable 

within the desired spectral range. This minimizes the potential 

contributions to UVPD from non-linear absorption and, therefore, 

increases reproducibility of the fingerprints. In addition, the measured ion 

signals were normalized to OPO pulse energy, which was measured by a 

broadband pyroelectric detector. The laser beam from the UV OPO enters 

the instruments through a BaF2 window, after being loosely focused by a 

F=1m fused silica lens ~2 cm from the centre of the cold trap.  

For structural investigations that require high spectral resolution, 

the UV light is produced by frequency doubling the visible output of a dye 

laser (HD-500, Lumonics) in a BBO (beta barium borate) crystal of an 

Autotracker II (Inrad, IS) device. The dye laser is pumped by the third 

harmonic (355 nm) of a Nd:YAG laser (Spectra Physics GCR-250). In our 

experiments we used 1-2 mJ of energy per pulse at 10 Hz repetition rate. 
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To generate IR laser light we use two tunable IR OPO systems (Laser 

Vision), pumped by 1064 nm of two different Nd:YAG lasers (Surelite IIIEx, 

Continuum; SpitLight 600, Innolas). The systems can operate at 5 or 10 Hz 

repetition rate with 1 to 10 mJ energy per pulse. The spectral resolutions 

of the IR OPOs are about 1 cm
-1

. The laser beam from IR OPO enters the 

instruments through another a BaF2 window placed at Brewster’s angle.  To 

measure conformer selective IR and UV spectra, IR-UV double resonance 

techniques were employed.
2, 4

 

 

. 

Figure 2.3. Typical output energy in used spectral range before tuning
10
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CHAPTER 3. 

Microhydration of 

Biomolecules: Revealing the 

Native Structures by Cold 

Ion IR Spectroscopy 

OVERVIEW 

The native-like structures of protonated glycine and peptide Gly3H
+

 

were elucidated using cold ion IR spectroscopy of these biomolecules 

hydrated by a controlled number of water molecules. The non-covalent 

complexes of Gly3H
+

 with H2O were generated directly from an aqueous 

solution using gentle electrospray ionization. Already with a single 

retained water molecule, GlyH
+

 exhibits the native-like structure 

characterized by a lack of intramolecular NH···O=C hydrogen bonds. We 

use our spectra to calibrate the available data for the same complexes, but 

produced by cryogenic condensation of water onto the gas-phase glycine. 

Only in some conformers of these complexes GlyH
+

 adopts the native-like 

structure, while in the others remains “kinetically” trapped in the intrinsic 

state. Only upon condensation of 4-5 water molecules the embedded 

amino acid fully adopts its native-like structure. Similar, condensation of 

one water molecule onto the tripeptide is insufficient to fully eliminate its 

kinetically trapped intrinsic states. 

 

The results presented in this chapter were published in: 

E. Saparbaev, V. Aladinskaia, A. Zviagin, and O. Boyarkin. Microhydration 

of Biomolecules: Revealing the Native Structures by Cold Ion IR 

Spectroscopy. Journal of Physical Chemistry Letters 2021, 12, 10644-

10648, DOI: https://doi.org/10.1021/acs.jpclett.0c03678 

  

https://doi.org/10.1021/acs.jpclett.0c03678
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3.1. INTRODUCTION 

Three-dimensional structures of biological molecules isolated in the 

gas phase may differ drastically from the geometries that they adopt in 

aqueous solutions. These native conformations, which are stabilized by 

hydrogen bonds with surrounding water, define the functionality of the 

biological molecules in living organisms. Many biological processes are 

mediated by water, including molecular recognition, protein folding, 

proton transfer, etc. All this makes the determination of the 3D structures 

of biomolecules in their native environment a pivot objective for many 

fields of life science.  

IR spectroscopy of cryogenically cold ions isolated in the gas phase 

is a recent approach that allows for solving the intrinsic structures of small 

to midsize biological molecules with high accuracy and conformational 

resolution. The cooling sharpens vibrational transitions, thus providing 

detailed spectroscopic signatures that can be used for stringent validation 

of the computed molecular structures. While, potentially, high in the gas 

phase, the spectroscopic resolution degrades drastically in aqueous 

solutions, where biomolecules naturally adopt their native structures. The 

inhomogeneity and dynamical nature of non-covalent interactions with 

surrounding water make IR spectra unacceptable for validating structural 

calculations. As a compromise between the solution phase, where the 

structures are native but high resolution is difficult to achieve, and the gas 

phase, where spectral resolution can be high but structures are intrinsic, 

one can interrogate in the gas phase microhydrated biomolecular ions. 

Already a few water molecules may lock the main features of native 

structures of the ions in such complexes, while their limited size yet 

enables the use of cold ion spectroscopy.
1,2

 One of the challenges of this 

approach is in producing a high number of hydrated complexes, where 

water molecules are only weakly coupled to a parent ion via hydrogen 

bonds. The most straightforward method to produce hydrated ions is to 

transfer them directly from a solution to the gas phase using gentle 

conditions in an electrospray ionization (ESI) source and subsequently cool 

the ions down in a cold trap.
1,3-5

 There is a narrow interval of ESI conditions, 
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where such complexes can survive while keeping the ionization efficiency 

high. The use of soft ESI has been demonstrated on many occasions for 

generating microsolvated complexes of organic
1,5,6

 and inorganic
7-11

 ions, as 

well as for transferring to the gas phase intact protein-ligand complexes.
12

 

An alternative and, perhaps, a more universal way of microhydration 

uses a gas-phase condensation of water molecules onto cryogenically pre-

cooled ions.
13-15

 Recently, this approach was employed by the group of 

Garand for spectroscopic study of microhydrated protonated amino acid 

glycine
16

 and a small peptide triglycine.
17

 Here we use IR spectroscopy to 

investigate the same hydrated molecules, but extracted directly from 

aqueous solution to the gas phase by soft ESI and subsequently cooled to 

cryogenic temperature. We address the questions of whether the structure 

of the ions depends on the method of their hydration.    

 

3.2. RESULTS AND DISCUSSIAN 

Apart from the modified ion source, our experimental setup has been 

described elsewhere
18

 (see appendix chapter 3 for details). Briefly, the 

hydrated ions are produced from solution by a nano-ESI source and 

transferred through a metal capillary and three consecutive inline 

molecular skimmers to a room temperature octupole ion trap for 

accumulation and thermalization. The thermalized ionic complexes are 

mass-selected by a quadrupole mass-filter and then guided into a cold 

(T=6K) octupole trap,
19

 where they undergo photofragmentation by an IR 

laser pulse. The appearing fragments that lost one or two waters are 

detected by the second quadrupole MS.   

Figure 3.1 (red traces) shows the IR spectra of GlyH
+

 hydrated by the 

well-defined numbers (1 to 6) of water molecules that were retained on the 

amino acid. For comparison, the blue traces in the same figure reproduce 

the IR spectra earlier measured by the group of Garand for the same 

complexes (n=1 to 4), but produced in the gas phase by the cryogenic 

condensation.
16

 Note, that the relative intensities of the transitions in each 

of the two “action” spectra may differ due to the difference in the used 

methods of the measurement. The assignment of the peaks in these 
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spectra was based on the comparison with the computed spectra of the 

low-energy ionic structures that were calculated for the complexes by the 

same group.
16

 For n=1 the spectra of the complexes extracted from the 

solution and the complexes prepared by the condensation exhibit all the 

same transitions, except one extra peak at 3336 cm
-1

 in the spectrum of the 

latter. 

 

Figure 3.1. IR spectra of cold GlyH
+···(H2O)n (1 ≤ n ≤ 6), produced directly 

from aqueous solution  (red trace; this work) and by cryogenic 

condensation (blue trace, ref.
16

). The reproduced original blue traces were 

shifted by -4 cm
-1

 to match to the position of free OH-stretches of waters 

around 3700 cm
-1

 measured herein (red traces) with the accuracy of ±0.2 

cm
-1

. The blue traces are offset up for graphical clarity.   
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The structure associated with this peak was assigned to the most 

stable conformer of the singly hydrated GlyH
+

. This conformer is 

characterized by an intramolecular H-bond between the NH3

+ 

and C=O 

groups. The same strong H-bond is present in the most stable gas-phase 

structure of GlyH
+

, which was the only conformer observed 

experimentally.
17

 Consistently, the gas-phase hydration by condensation 

conserves its main structural features. In an aqueous solution, glycine 

does not have this intramolecular H-bond, because the surrounding water 

molecules fully solvate the charge and the hydrophilic functional groups 

of the ion.
20

 We thus are to conclude that, the structure assigned to the 

peak at 3336 cm
-1

 in the spectrum of GlyH
+···H2O complex produced in the 

gas phase is relevant not to the native solution phase, but rather to the 

intrinsic gas-phase structure of the amino acid. The lack of this conformer 

for the complexes produced from the solution provides direct evidence of 

that. The peak at 3355 cm
-1

, which appears in the spectra of the complexes 

produced by both methods of hydration, was earlier assigned to the 

conformer that has no intramolecular H-bond between the NH3

+ 

and C=O 

groups.
16

 Competing with this bond, the first condensed or the last 

retained water molecule non-covalently binds to the protonated N-

terminus, partially solvating its charge. Consistently, this is the only 

structure detected for the complexes extracted from the solution in our 

experiments (Figure 3.1, n=1, red trace). We may speculate, that at the mild 

cryogenic temperature of ~80 K used for condensation,
15

 a fraction of 

complexes residing in the gas-phase structures overcomes the barrier 

toward the solution-like structure of GlyH
+

. The rest of the complexes 

remain “kinetically” trapped in the gas-phase conformational state. This is 

a mirroring of the process, where a molecule isolated in the gas phase from 

solution remains “kinetically” trapped in a solution-like state.
6,11,21,22

 In 

opposite, retaining a single water molecule on GlyH
+

 conserves the main 

features of the solution-phase structure of the ion in the gas phase. This 

single lowest-energy structure remains stable despite the thermalization 

at room temperature for ~45 ms prior to the cryogenic cooling.  
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Retaining one more water molecule on GlyH
+···H2O complex almost 

does not change the resolved intense peaks assigned to weakly bound NH- 

and OH-stretches of glycine (compare the red traces for n=1 and 2 in Figure 

1). A close inspection of the spectra reveals two spectroscopic 

manifestations of binding the second water to the N-terminus. The broad 

weak peak at ~ 3280 cm
-1

, which for n=1 was earlier assigned to one of the 

two “free” NH stretches,
16

  disappears (for n=2). It, likely, shifts to the red 

due to the H-bond between this NH group and the second water molecule. 

In opposite, the solvation of the charge weakens the long-distance non-

covalent interaction of the two termini. This becomes evident from a 

slight, but well detected 5.6 cm
-1

 blue shift of the OH-stretch transition of 

the C–terminus. The spectroscopic signature of the two additional OH-

stretches of the second water molecule in the spectrum for n=2 (Figure 3.1, 

n=2, red trace) is the slightly split broaden peak at 3722 cm
-1

 and the small 

peak at 3652 cm
-1

. In comparison with this, the spectrum of the same 

complex, GlyH
+···(H2O)2, but produced in the gas phase by condensation

16

 

(blue trace in Fig. 1, n=2), exhibits 4-5 additional peaks in the region of the 

absorption by free OH-stretches of water (3750-3780 cm
-1

), as well as 3 

peaks earlier assigned to the NH-stretches of GlyH
+

. This larger number of 

transitions reflects the existence of more than one conformer of the 

GlyH
+

…(H2O)2. The calculations and IR-IR double resonance spectroscopy, 

indeed, revealed two main conformers, which do not have the 

intramolecular H-bond between the two termini of GlyH
+

, as well as, at 

least, one minor conformer with this bond.
16

 The most abundant conformer 

of GlyH
+

…(H2O)2 produced in the gas-phase is associated with the two 

characteristic intense NH-stretch spectral transitions at 3007 and 3308 cm
-

1

 (Figure 3.1, n=2, blue trace).
17

 These peaks are not present, however, in 

the spectrum of the same complex, but produced from solution (red trace 

in Figure 3.1, n=2). This observation clearly demonstrates once more that, 

the gas-phase hydration “kinetically” traps the embedded molecules in 

their intrinsic structures.  

The IR transitions of the second main conformer
16

 of the gas-phase 

produced GlyH
+···(H2O)2 look similar to the spectrum of this complex 
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prepared from solution, except the 14 cm
-1

 redshift of the characteristic 

NH-stretch peak at 3353 cm
-1

. We may suggest that the structure of this 

conformer is similar to the structure of the only conformer 

(conformational family) of the complexes prepared from solution, 

provided the shift can be explained by the influence of the D2 tag, which 

was attached to the complexes (produced by the condensation) for their 

detection.
23,24

 

The influence of the D2 tag was also invoked by the authors
16

 to 

explain the 30 cm
-1

 redshift of the (CO)O-H stretch transition in the 

spectrum of GlyH
+···(H2O)3 relative to GlyH

+···(H2O)2 (blue trace in Figure 3.1, 

n=2, 3). With this reservation, the spectra of GlyH
+ 

triply hydrated by the 

two methods look very similar. The calculations suggested that the third 

water molecule energetically almost equally binds either to the C-terminus, 

inducing a large calculated redshift of the (CO)O-H stretch transition, or to 

the protonated N-terminus to fully solvate the charge.
16

 The former binding 

results in a reduction of the intensity of the characteristic peak of the 

(CO)O-H stretch in both spectra for n=3. The continuing charge solvation 

becomes evident from the frequency of this transition, which shifts to blue 

upon retaining one more water on GlyH
+···(H2O)2 (red traces in Figure 3.1, 

n=2 and 3). We, thus, may suggest that the structures of GlyH
+···(H2O)3 

complexes prepared by the two methods become similar and are both 

native-like.  

Retaining one more water molecule to generate GlyH
+···(H2O)4 from 

solution further decreases the intensity of the peak, which was assigned 

to the free (CO)O-H stretch,
16

 but doesn’t change anymore its frequency. 

The implication of this, confirmed by the calculations, is that the charge 

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

fourth molecule may now attach to the H atom of the C-terminus. The last 

three retained water molecules, therefore, already form the first solvation 

shell of the protonated N-terminus. The remaining intensity of the (CO)O-

H stretch peak suggests the presence of another conformer, earlier 

predicted theoretically,
25,26

 in which the fourth water molecule does not 

bind to the C-terminus, but to the first solvation shell. This conformer is 
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absent, however, for the same GlyH
+···(H2O)4 complex prepared by the 

condensation in the gas phase.  

The spectra of GlyH
+

 hydrated by 5 and 6 waters become similar for 

both methods of their production (Figure 3.S2, n=5 and 6).  In all the 

calculated conformers, the fifth and the sixth water molecules belong to 

the second solvation shell. We thus may propose that the hydration of 

GlyH
+

 by 5-6 water molecules using any of the two methods results in the 

native structures of this small biomolecule. The identification of such 

structures, which lack an intramolecular H-bond, becomes evident already 

for the singly-hydrated GlyH
+

 released from solution, but remains 

ambiguous in the case of the gas-phase prepared complexes until as many 

as four to five water molecules were condensed onto the amino acid. 

 

 

Figure 3.2. IR vibrational spectra of Gly3H
+···(H2O). The red and blue traces 

correspond to the complexes produced from an aqueous solution and in 

the gas phase, respectively. The red trace was recorded by detecting Gly3H
+

 

as a photofragment. The blue spectrum was measured by the group of 

Garand.
17

 

  



48 

 

The cis configuration of the amide group is also atypical for peptides, 

except those that contain proline residues.  Condensation of a single water 

molecule to the gas phase conformers, indeed, made the trans conformer 

energetically favorable and reduced the population of the cis conformer to 

10%. This conformer is naturally not present at all for the same Gly3H
+···H2O 

complex extracted from the solution. The only detected conformer with 

one retained water molecule exhibits all the same characteristic IR 

transitions (Figure 3.2) that were assigned to the main trans conformer for 

the complexes prepared by the condensation. The characteristic IR 

transitions at 3718 cm
-1

 and 3541 cm
-1

 (Figure 3.2, blue trace), which were 

earlier assigned to the cis conformer prepared by the condensation, are 

clearly absent in our IR spectrum (Figure 3.2, red trace). Apart from this, 

the only difference in the position of the peaks in the spectra of the 

differently prepared complexes is a distinct peak at 3369.8 cm
-1

 that 

appears only in the case of solution-prepared Gly3H
+···H2O. We may 

speculate that this feature can be attributed either to the certain structural 

difference of the differently prepared complexes or to the influence of 

tagging in the case of the gas-phase hydration. 

 

3.3. CONCLUSION  

In conclusion, retaining a single water molecule on GlyH
+

 already 

allows for the determination of its native-like structure, which changes 

only little upon retaining more waters (Table 3.S1).  In comparison, the 

cryogenic condensation may produce some additional conformers of the 

amino acid, where the intrinsic structures of the biomolecule are 

“kinetically” trapped. This makes the identification of the native structures 

among all the available conformers ambiguous. Upon increasing the 

number of the attached water molecules, the method of condensation 

produces, essentially, the same conformers as the structures extracted 

directly from the solution. Because of the large number of vibrational 

degrees of freedom and increasing spectral congestion, the structures of 

these larger complexes are more difficult to solve and to validate, however.  



49 

 

Finally, for larger gas-phase protonated peptides, the increased 

number of hydrophilic groups will increase the probability for a charge to 

be self-solvated;
13

 more H-bonds between these groups will be deeply 

buried into the molecule. These strong intramolecular interactions may 

compete with a subsequent microhydration in the gas phase, protecting 

peptides in their “kinetically” trapped intrinsic states. We may speculate 

that the difference between the structures of microsolvated peptides 

prepared from solution and formed in the gas will increase for larger 

molecules. 
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APPENDIX CHAPTER 3 

Experimental and chemicals  

The hydrated ions are produced in the gas phase from solution by a 

nano-electrospray ionization (n-ESI) source and transferred through a 

metal capillary and three consecutive inline molecular skimmers to a room 

temperature octupole ion trap for accumulation and thermalization. The 

thermalized ionic complexes are mass-selected by a quadrupole mass-

filter and guided into a cold octupole trap,
24

 which is kept at 6 K. The stored 

in the trap complexes are cooled down to ~10 K in collisions with He buffer 

gas
24

 and then irradiated by a pulse of IR light (6±2 mJ/pulse, 1 cm
-1

 

spectral linewidth), produced by an optical parametric oscillator (OPO, 

Laser Vision).  The absorption of the light results in the loss by a complex 

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 

fragment or parent complexes. We average 10 measurements at each IR 

wavelength at a repetition rate of 10 Hz. Each spectrum was recorded 2-3 

times to ensure its reproducibility. A wavelength meter measures the 

wavenumber of the Nd:YAG laser and of the signal wave of the IR OPO, 

pumped by this laser, thus providing the wavenumber of the generated by 

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

 accuracy.   

The spectra of GlyH
+

(H2O)n complexes have been measured by 

detecting the fragments GlyH
+

(H2O)m (m = n – 2 for n ≥ 2 and m=0 for n=1);  

and the spectrum of Gly3H
+

(H2O) has been measured by detecting the bare 

peptide. 

Glycine were purchased from ACROS Organics (> 99% purity) and 

used without further purification. All the solvents of HPLC grade and acetic 

acid of >99% purity are from Sigma-Aldrich.  
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Figure 3.S1. Mass-spectrum, showing distribution of GlyH
+

(H2O)n 

complexes, produced by a nano-electrospray under the conditions, not 

optimized for a particular number of water molecules n in the complexes. 

Adjustments of voltages allow for some control of the complex size 

distribution. 
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Figure 3.S2. IR spectra of cold GlyH
+

(H2O)n (1 ≤ n ≤ 6), produced directly 

from aqueous solution  (red trace; this work) and by cryogenic 

condensation (blue trace, ref.
21

). Note, that the reproduced original blue 

traces were shifted by -4 cm
-1

 to match to the manifold of the high-

frequency transitions (free OH-stretches of waters around 3700 cm
-1

) 

measured herein (red traces) with the accuracy of ±0.2 cm
-1

. The blue traces 

are offset up for graphical clarity.  

  

Ref. **              This work
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Table 3.S1. Comparison of structures for the complexes prepared by 

retaining from solution and by cryogenic condensation of water molecules. 

All the structures were calculated by the group of Garand (ref.
16, 17

). 
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CHAPTER 4.         

Interplay of H-Bonds with 

Aromatics in Isolated 

Complexes Identifies 

Isomeric Carbohydrates 

OVERVIEW  

The tremendous isomeric diversity of carbohydrates enables a wide 

range of their biological functions, but makes identification and study of 

these molecules difficult. We investigated the ability of intermolecular 

interactions to communicate structural specificity of carbohydrates to 

protonated aromatic molecules in non-covalent complexes, isolated and 

cooled in the gas phase. Our study revealed that small structural 

differences between carbohydrate isoforms of any type, including 

enantiomers, are accurately communicated by these interactions back to 

aromatic molecules as detectable changes in their electronic excitation 

spectra. Such specific response of the aromatic molecules to isoforms of 

carbohydrate is fine-tuned by interplay of the diverse involved non-

covalent bonds. This finding enables gas-phase identification and relative 

quantification of any isoforms of oligosaccharides in their solution 

mixtures using 2D UV-MS fingerprinting technique. 

 

The results presented in this chapter were published in: 

E. Saparbaev, V. Kopysov, R. Yamaletdinov, A. Pereverzev, O. V. Boyarkin. 

Interplay of H-Bonds with Aromatics in Isolated Complexes Identifies 

Isomeric Carbohydrates. Angew. Chem. Int. Ed. 2019, 58, 7346-7350, 

DOI:  https://doi.org/10.1002/anie.201902377 

 

  

https://doi.org/10.1002/anie.201902377
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4.1. INTRODUCTION 

Carbohydrates are by far the most abundant organic molecules 

present in living organisms.
1

 Existing in myriads of structural forms, many 

of which are isomeric, carbohydrates may function as messenger and 

recognition molecules in signaling the type and the state of living cells in 

complex chains of biological processes.
2

 Based on this, cancer cells can be 

identified, for instance, by detecting their specific membrane 

glycoproteins,
[3]

 which may differ from those of the healthy cells by the 

isoform of the glycan only; viruses and bacteria adhere to appropriate cells 

for invasion by selective binding to specific membrane glycans,
4

 

distinguishing them from many other structurally similar (e.g. isomeric) 

saccharides; etc. These and many other examples illustrate the importance 

of comprehensive structural studies of carbohydrates, including the 

identification of their isoforms.
5

  

The monomeric structural units of carbohydrates exist in a variety 

of stereoisomeric forms, such as D/L-enantiomers, epimers, and -

anomers. For instance, a cyclic aldohexopyranose has 5 stereogenic 

centers, which implies an existence of 2
5

=32 stereoisomers (e.g., -D-

glucose, -L-galactose, etc.), although not all of them are essential in 

nature. In contrast to amino acids and nucleotides, these isomeric units 

can interconnect through different OH groups, forming regioisomers, but 

also at multiple points, assembling into linear and branched structural 

isomers. Natural modifications (e.g., N-acetylation) of different units 

further multiply the number of possible isoforms. Human milk alone, for 

instance, contains, at least, about 200 different oligosaccharides, many of 

which are essential not only for supplying energy to newborns, but also 

for their antibacterial defense.
6

  

The enormous isomeric diversity of carbohydrates makes their 

identification and study exceptionally challenging. Most common 

analytical methods of isomeric identifications of carbohydrates, such as 

chromatography
7

 and, more recently, ion mobility
8

, demonstrate high 

capability in separating small isomeric saccharides, although become 

inefficient in separating complex mixtures of oligosaccharides without 
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their chemical derivatizations.
9

 The methods rely on rates of hindered 

travel of molecules and ions, which are not fundamental values and are 

known to be sensitive to the experimental conditions and instrumentation. 

Spectroscopy allows identification of molecules on a quantum level, giving 

fundamental values that can be measured and compared between 

laboratories with high accuracy. Vibrational spectroscopy in the gas phase 

(e.g., IRMPD
10

 or IR-induced fragmentation of tagged saccharides
11

) was able 

to distinguish, yet without quantification, many stereoisomers of small 

oligosaccharides. UV photofragmentation spectroscopy of cryogenically 

cooled ions in conjunction with mass spectrometric detection of the 

charged fragments recently demonstrated highly accurate identifications 

and quantification of protonated isomeric peptides and drug molecules.
[12]

 

A straightforward extension of this approach to carbohydrates is, however, 

challenging due to the fact that they do not absorb in visible and UV. In 

addition, carbohydrates are not prone to protonation. Both problems, 

potentially, can be solved by sensing non-covalent complexes of 

carbohydrates with protonated aromatic molecules,
13

 relying on the fact 

that UV absorption of many aromatic molecules, including aromatic amino 

acids, is sensitive to intra- and intermolecular hydrogen bonds.
14

 But, how 

sensitive are the intermolecular non-covalent bonds in communicating 

structural details between molecules? Will, for instance, a flip of a single 

OH group in a large isomeric oligosaccharide noticeably change UV 

spectrum of a weakly bound aromatic? Herein we demonstrate how a 

network of non-covalent bonds between an aromatic ion and a 

carbohydrate analyte molecule enables specific bilateral responses of the 

complex to structural differences in isomeric analytes. The responses, 

detected by a combination of the gas-phase UV spectroscopy and mass 

spectrometry reveal key functions of the non-covalent bonds in 

communicating structural differences of the analytes. We explore the use 

of such networks for identification and quantification of all types of 

isoforms of carbohydrates non-covalently bound in solution to protonated 

aromatic molecules. 
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4.2. RESULTS AND DISCUSSIAN 

In solution, where such complexes are natively prepared, their 

spectroscopic details are masked by non-covalent interactions of 

carbohydrates with the infinite number of solvent molecules. Isolation of 

the protonated complexes in the gas phase eliminates the inhomogeneous 

broadening induced by these interactions and permits a use of mass 

spectrometry for sensitive detection of photofragments. This also enables 

cryogenic cooling of the ions, which greatly enhances the resolution in UV 

fragmentation spectra.
12a, 15

 

Figure 4.1A shows a two-dimensional color-coded 

photofragmentation mass spectrum (2D UV-MS;
12a

 fragment intensity vs 

wavelength and m/z) of N-acetyl-D-glucosamine (GlcNAc) bound to 

protonated tyrosine. To illustrate the difference between the 2D UV-MS 

identities of the complexes of TyrH
+

 with different isomeric 

monosaccharides, Figures 4.1B and 4.1C show pairs of photofragment UV 

and mass spectra generated from the measured 2D UV-MS of GalNAc–TyrH
+

 

and GlcNAc–TyrH
+

 complexes. The UV spectra of the complexes differ 

significantly from each other, in particular in the positions of their 

electronic band origins. This difference alone makes the two epimers 

readily distinguishable by spectroscopy of their complexes with TyrH
+

.  

Figures 4.1D and 4.1E reveal the origin of the spectral difference between 

the complexes with the two isomers. The figures show the calculated most 

stable gas-phase structures of the complexes and their networks of non-

covalent bonds. The measured and the calculated (for the most stable 

structure) IR spectra of GlcNAc–TyrH
+

 complex exhibit very good match 

(Figure 4.S1), validating the structure in Fig. 4.1E as the only highly 

abundant conformer of the complex present in the cold trap at our 

experimental conditions. We are thus confident in the appropriate level of 

accuracy of our computations and accept the calculated lowest energy 

structure of the GalNAc–TyrH
+

 as a reasonable model for analysis of non-

covalent interactions in this complex. In both isomers, the two strong 

bonds between NH3

+

 of TyrH
+

 and oxygen atoms of a saccharide allow the 

complex to survive the harsh conditions of electrospray ionization. Similar 
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pattern of NH3

+

–O interaction was revealed for protonated N-terminus of 

Tyr residue in some peptides of known geometry (Fig. 4.S2).
17

 Solvation of 

the charge by these interactions suppresses the proton–π coupling in the 

TyrH
+

 residues, such that their UV band origins (280.3 nm)
[18]

 appear almost 

at that of neutral Tyr (280.9 nm),
19

 whose aromatic ring is free of any non-

covalent interactions. Similarly, proton- interaction should be 

insignificant in the two complexes and cannot account for the observed 

large difference in position of their UV band origins.  

 An important change in UV absorption of the aromatic is induced by 

the hydrogen bonds between the OH group of Tyr side chain and the 

monosaccharaides. When phenol, which represents the hydroxylphenyl of 

tyrosine, donates the proton of hydroxyl, its electronic band origin 

redshifts by as much as 2.7 nm due to inductive polarization of the -

system.
14a, 14b

 Conversely, when the hydroxyl oxygen is the proton acceptor, 

like in the case of TyrH
+

–GalNAc, its increased electronegativity near 

equally shifts the UV absorption of phenol to the blue.
[14a, 20]

 Involvement of 

phenol to both types of H-bonds, like in the case of TyrH
+

–GlcNAc, 

redshifts its absorption by 0.8 nm.
14b

 Consistently with this picture, the 

UV band origin in TyrH
+

–GalNAc complex is shifted from that in TyrH
+

–

GlcNAc to the blue by as much as 4.2 nm. In addition to these two H-bonds, 

both complexes exhibit weaker CH- interactions. Their relative strength 

is governed by the electropositive character of the C−H bonds, which 

differs between isomeric saccharides.
21

 Thus, CH- bonds may also 

contribute to the distinguishing of the isomeric monosaccharaides. To 

disentangle the strong and weak non-covalent couplings in the complexes, 

we replaced OH on the Tyr ring with a methyl group (MePhe; Table 4.S1). 

This modification removes the H-bonds, but enables coupling of an OH in 

the saccharides to the aromatic -system (Fig. 4.S3). CH- and OH- bonds 

now compete in shifting the UV absorption of MePheH
+

 to the red and to 

the blue, respectively.  Regarding the interatomic distances and bond 

directions in the calculated GalNAc/GlcNAc–MePheH
+

 complexes (Fig. 4.S3), 

OH- coupling should be particularly prominent in the complexes with 
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GlcNAc, while CH- is relatively strong in the complex with GalNAc. 

Consistently, the position of the band origin in the former complex is on 

the blue side relative to that in the latter complex (Fig. 4.S4). The interplay 

of OH- and CH- couplings thus makes the UV spectroscopic signatures 

of the two epimers quite different. The calculated networks of non-

covalent interactions in figures 4.1D and 4.1E are thus fully consistent with 

the observed difference in the onsets of UV absorption for the respective 

complexes. Similarly, these interactions in the complexes of D- and L- 

enantiomers of glucose with L-PheH
+

 modify the UV absorption of this 

chiral aromatic differently (Figure 4.S5), allowing spectroscopic 

identification of the two enantiomeric monosaccharaides. 
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Figure 4.1. (A) Color-coded 2D UV-MS spectrum of GlcNAc–TyrH
+

 complex 

cooled to 10 K 
16

. Examples of mass (B) UV and photofragment (C) spectra, 

generated by slicing 2D UV-MS fingerprints of GalNAc-TyrH
+

 (blue trace) 

and of GlcNAc-TyrH
+

 (red trace) at m/z=204.087 Th (most intense 

fragment) and at 225 nm, respectively. The calculated most stable 

structures of (D) GalNAc-TyrH
+

 and (E) GlcNAc-TyrH
+

 complexes; black and 

green dashed lines show hydrogen and CH-π bonds, respectively. 
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4.3. CONCLUSION 

Overall, the interplay of up to five non-covalent interactions between 

the aromatic molceules and the monosaccharaides determines the net 

position and structure of the UV absorption of the complexes. Structural 

alterations of a saccharide change the subtle balance of these interactions, 

making UV absorption of the complexes exquisitely sensitive to isoforms 

of carbohydrates (see also Figures 4.2A, 4.3A, 4.S5 and 4.S6). In all the 

calculated structures (e.g., Figs. 4.1D, 4.1E and 4.S3), C-terminus of Tyr 

and MePhe is not involved in H-bonding and therefore may not contribute 

to this sensitivity. Figure 4.2 shows fragmentation UV and mass spectra of 

five N-acetylated isomeric disaccharides bound in solution with tyramine 

– an aromatic molecule that is similar in chemical structure to Tyr, but has 

no C-terminus (Table 4.S1). The disaccharides differ in anomeric and 

epimeric forms of the units, but also in the connectivity points and in the 

acetylation sites. The spectra appear visibly different for all the isomers 

in complexes with tyramine, which confirms that non-covalent bonds with 

other aromatic molecules besides four amino acids can also be highly 

sensitive in the identification of carbohydrates.  

Although aromatic amines and amino acids, but not carbohydrates, 

are efficiently protonated in solution, the highly abundant protonated 

saccharides and their fragments appear in the photofragment MS of the 

complexes (Figures 4.1B, 4.2B and 4.3B). These observations suggest a 

proton and energy transfer from aromatic molecules to saccharides in the 

electronic ground
13a

 and/or, upon UV excitation, excited state
[22]

 of the 

complexes. Protonated aromatic molecules are the most abundant 

photofragments observed for mono- (e.g., D-/L- glucose, Fig. 4.S5) and 

disaccharaides (Figure 4.S6) that do not contain NAc groups. This suggests 

a crucial role for the NAc group in accommodating the proton that is 

shared with aromatic molecules in the complexes. The rich networks of 

intermolecular non-covalent bonds in the complexes facilitate the sensor 

to analyte proton transfer
23

, thus allowing a synergy of mass spectrometry 

and spectroscopy in identification of carbohydrates. Regarding all these 

observations, we don’t rule out that in carbohydrate-protein non-covalent 
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complexes a proton transfer from a reporter aromatic residue to the 

analyzing carbohydrate and the changes in energetics of electronic levels 

of the sensor residue might contribute to finer recognition of 

carbohydrates by proteins in complex signaling processes. 

 

 

 

Figure  4.2. Photofragment (A) UV and (B) mass spectra, generated by 

integrating over m/z and wavelength, respectively, the 2D UV-MS 

fingerprints of five isomeric (m=383.16 Da) N-acetylated disaccharides 

bound in solution with protonated tyramine. The spectra are labeled by 

the standard symbolic representation of oligosaccharides (see Table 4.S2). 
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Aromatic molecules, whose size is comparable with that of a 

monosaccharide, can sense the structure of a large oligosaccharide only 

locally near their binding sites. Nevertheless, the 2D UV-MS fingerprints of 

the complexes with all isomeric carbohydrates studied herein appear 

visibly distinct. Figures 4.3A and 4.3B compare the UV and MS identities of 

three isomeric tetrasaccharides and two heptasaccharides bound to TyrH
+

. 

The oligosaccharides differ in the connectivity points, as well as in the 

isoforms of the units and in the branching for the tetra- and hepta-

saccharides, respectively. We explain the observed difference in the UV-MS 

fingerprints by the presence of many different binding sites for an 

aromatic on a large carbohydrate.  Although each single aromatic sensor 

can sense a structure only locally, different conformers of a complex 

collectively may reflect the structural details of the whole analyte 

molecule.  

 The differences in the UV-MS identities of isomeric carbohydrates in 

complexes with aromatic molecules allowed for relative quantification of 

the isomers in their solution mixtures using the method of the 2D UV-MS 

data array decomposition.
12a, 24

 It is worth mentioning that this library-

based method intrinsically provides the relative concentrations of isomers 

in solution, but not in the gas phase, and is insensitive to (likely) structural 

differences between the same molecules in the two phases. As a test, here 

we applied the method to the studied tetra- and heptasaccharides. For 

instance, for a 1:1:2 solution mixture of three isomeric tetrasaccharides 

(Fig. 4.3A), the 27:24:49% relative concentrations were determined; the 

average relative concentrations of 29:71% were calculated for a 1:2 

solution mixture of the two heptasaccharides shown in Figure 4.3B. These 

examples of accurate quantifications illustrate the high structural 

sensitivity of intermolecular non-covalent bonds in aromatic–

carbohydrate complexes. The sensitivity arises from interplay of the 

diverse involved non-covalent bonds and enables identification and 

quantification of all types of isoforms of mono- to oligosaccharides, which 

is challenging for most common separation techniques. This approach can 
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be used for assignment of isomeric carbohydrates separated by 

chromatography or ion mobility, or as an alternative of these techniques, 

when a reliable separation cannot be achieved. Isomers of other types of 

biomolecules (e.g. lipids), which are difficult to separate by these 

techniques and which do not exhibit resolved UV spectra, potentially, can 

be also identified by the 2D UV-MS fingerprinting of their non-covalent 

complexes with suitable aromatic molecules using the same universal UV-

MS instrumentation. 

 

Figure 4.3. Photofragment UV and mass spectra of (A) three isomeric 

tetrasaccharides, and (B) two heptasaccharides (Man6GlcNAc (II) and 

Man6GlcNAc (I), red and blue traces, respectively), bound to TyrH
+

. Green 

trace on the left in (B) shows the UV spectrum of the 1:2 mixture of the two 

heptasaccharides, and the overlapped black trace in the same panel is the 

sum of the red and blue traces taken with the calculated coefficients of 

0.29 and 0.71, respectively. The pairs of m/z peaks in (B) are labeled by 

the symbol and number of the residues lost by the heptasaccharides.  
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APPENDIX CHAPTER 4 

I. Materials and Methods 

a) Experimental method 

Protonated gas-phase carbohydrate-aromatic complexes were 

produced from the solutions containing 5·10
-5

 M of a carbohydrate and 

5·10
-5

 M of an aromatic in the 1:1 water-methanol mixture with 1% of acetic 

acid using a nano-electrospray ionization source. As estimated from the 

relative abundances of protonated aromatic molecules and the complexes 

in MS spectra, in the experiments with N-acetyl carbohydrates, up to 30% 

of the molecules form complexes with TyrH
+

 and survive during the 

transfer to the gas phase. This number drops to a few percent for the 

monosaccharides that do not contain the NAc group. 

Protonated species pass through a quadrupole mass filter, which 

selects parent ions of a particular mass-to-charge ratio (m/z).  The selected 

ions are transferred into an octupole ion trap, which is cooled to 6 K by a 

closed-cycle refrigerator (SRDK-408, Sumitomo). Ions in the trap are cooled 

by collisions with helium atoms, which are introduced into the trap before 

the arrival of the ion packet. Approximately 40 ms later, when ions are 

thermalized and He has been pumped out, a pulse of UV light induces 

fragmentation of the stored parent ions. The photofragmentation is 

performed by the 2-3 mJ output of a widely-tunable UV OPO (EKSPLA, NT 

3542C). The parent and fragment ions are released from the trap I ms after 

the excitation and directed into an Orbitrap-based mass spectrometer 

(Thermo Scientific (Bremen), Exactive-II), where the abundance and m/z of 

the parent and all fragment ions are measured simultaneously. 

Alternatively, the fragments were detected one-by-one in a more sensitive 

than Orbitrap quadrupole mass spectrometer (Extrel). We perform 10-20 

measurements at each UV wavelength at a repetition rate of 10 Hz. The 

linewidth of the UV OPO light is 6-7 cm
-1

.  Each spectrum was measured 3 

times to ensure its reproducibility. The details of the setup can be found 

elsewhere.
11, 24, 25, 26

  

The recorded with the Orbitrap-based mass spectrometer two-

dimensional data array (ion abundance vs m/z and wavelength) was, first, 
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pre-treated with the Peak-to-Peak software package (Spectroswiss) for peak 

detection and a baseline correction. The rectified data array then was 

stored as the 2D matrix identity of an isomer or a mixture of them. 

b) Chemicals  

All the carbohydrates were purchased from Carbosynth ( >95% 

purity) and ROTH (>98% purity) and used without further purification. 

Aromatic molecules of >98% purity were purchased from Sigma-Aldrich 

and TCI. All the solvents of HPLC grade and acetic acid of >99% purity are 

from  Sigma-Aldrich. 

c) Library-based identification of isomers in their mixtures 

Briefly, the library-based identification of isomers in their mixtures 

implies a preliminary measurement of 2D UV-MS data arrays of the species 

to be identified, constructing a library of the corresponding 2D matrices, 

and a decomposition of the recorded 2D spectra of the mixtures to be 

analyzed into a linear combination of the library matrices, using Matlab 

software package.  The coefficients of this decomposition give the relative 

concentrations of the mixed in solution isomers. The detailed description 

of the procedure has been published elsewhere.
11a, 24 

d) Computational details 

The lowest energy conformers of the protonated carbohydrate-

aromatic complexes were calculated in a two-step procedure: 1) Molecular 

Dynamics (MD) annealing and 2) Density Functional Theory (DFT) 

rectifications. 

The MD simulations were performed with NAMD2 package,
[27]

 

referenced as “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”. To describe 

interatomic interactions, the CHARMM36 force-field optimized for 

carbohydrates
28

 and for proteins
29

 were used. Calculations were performed 

in a spherical cell with the radius of 3 nm and with 1 fs integration time 

step. In each simulation, the system was disordered for 20 ps at 

temperature 1000 K and subsequently cooled at a rate of 5 K/ps to 300 K. 

After this annealing, the system was equilibrated for 125 ps, and, finally, 
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the energy was minimized in 1000 time-steps. The above procedure was 

repeated 500 times for every carbohydrate–aromatic pair. The obtained 

conformations were clustered on the basis of their geometry: (i) the two 

angles of relative position of the carbohydrate and aromatic rings; (ii) the 

distance between rings; (iii) the angle between the C–NH3

+

 and C-NH (-NAc) 

groups (or C–CH2OH for the non-modified molecules). The energies of the 

20 lowest-energies conformers were further optimized by DFT 

calculations. 

The DFT optimizations of the structures and the calculations of 

harmonic IR spectra for the final lowest energy geometries were performed 

with NWChem package. The geometries of the 20 lowest-energies 

conformers were optimized with a low accuracy (energy precision ~0.6 

kcal/mol) using the B3LYP functional with the Grimme's DFT-D3 empirical 

dispersion correction and the 6-31+G(d,p) basis set. The geometries of the 

unresolved lowest-energies conformers were further optimized with more 

accurate convergent criteria (energy precision ~0.03 kcal/mol). 
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Table 4.S1.  Structural formulas of the used aromatic sensor molecules 

  

Name and 

abbreviation 

Structural formula 

Tyrosine  

(Tyr) 

 

Tyramine  

(Trm) 

 

4-

methylphenylalanine 

(MePhe) 

 

Phenylalanine  

(Phe) 
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Table 4.S2.  Symbolic representation of some monosaccharaides. 

 

  

Symbolic representation  Name 

 

 

 

D-galactose 

 

 

 

D-mannose 

 

 

 

N-acetyl-D-glucosamine 

 

 

 

N-acetyl-D-galactosamine 

 

 

 

L-fucose 



76 

 

 

Figure 4.S1. IR-UV vibrational gain spectrum of GlcNAc–TyrH
+

 complex 

(black) and its calculated spectrum (harmonic approximation; scaling 

factor of 0.956) of the lowest energy computed -anomeric structure 

(Figure 4.1E). The spectrum reflects vibrational transitions in all highly 

abundant conformers of the complex. The spectrum was measured by 

fixing UV OPO wavelength at 283.42 nm while scanning the wavenumber 

of the preceeding pulse of IR OPO.
25, 26

   The good experiment-calculation 

match (except the typically overesimated in harmonic approximation 

frequencies of strongly red-shifted vibrations) validates the only highly 

abundant in our experiments conformer (conformational family) of the 

complex. 
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Figure 4.S2. Comparison of the computed the lowest energy structures of 

GlcNAc–TyrH
+

 complex (this work) and [YAGFL+H]
 +

 peptides around their 

N-termini, illustrating the similarity of their H-bonding pattern. The 

dashed lines denote H-bonds; the double arrows show the distance from N 

atom to the center of the aromatic ring. 
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Figure 4.S3. The calculated lowest-energy structure of (A) GalNAc—

MePheH
+ 

and (B) GlcNAc—MePheH
+

 complexes; black, green and purple 

dashed lines indicate the O-H, CH-π and OH-π intermolecular non-

covalent bonds, respectively. 

  

(A) 

(B) 
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Figure 4.S4. Photofragmentation UV spectra of protonated 4-

methylphenylalanine (red trace) and its complexes: GlcNAc—MePheH
+ 

(blue 

trace) and GalNAc—MePheH
+

 (green trace). The UVPD spectra are 

normalized to UV OPO pulse energy. The spectra are labeled by the 

symbolic representation of monosaccharide building blocks. 

  

275270265

Wavelength, nm
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Figure 4.S5 Photofragmentation UV spectra of D-Glc—L-PheH
+

 (red trace) 

and L-Glc—L-PheH
+

 (blue trace) complexes at T= 6 K. The spectra of these 

fragile complexes were recorded by monitoring the intensity of the 

fragment with m/z = 121 Th. (the loss of neutral glucose and ammonia 

from D/L-Glc—L-PheH
+

) using a quadrupole mass spectrometer. The 

spectra are labeled by the symbolic representation of the monosaccharide 

building blocks. 

  

266264262260

Wavelength, nm
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Figure 4.S6. Photofragmentation (A) UV and (B) mass spectra of the 

complexes of tyrosine with non-acetylated disaccharides (from bottom to 

top): β-Glc-1,4-Glc—TyrH
+

, β-Gal-1,4-Glc—TyrH
+

, α-Glc-1,4-Glc—TyrH
+

, α-

Glc-1,2-Fru—TyrH
+

. The spectra were generated by integrating the 

respective 2D UV-MS data arrays over wavelength. The 2D UV-MS arrays are 

normalized to the UV OPO pulse energy; each mass spectrum is normalized 

to the total ion signal, including the parent ion and scaled to the most 

intense peak. The spectra are labelled by the symbolic representation of 

the monosaccharide building blocks. 

 

 

  

500400300200

m/z

(B)

285280275270265

Wavelength, nm

x0.5

(A)
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Coordinates of the lowest energy calculated GalNAc–TyrH
+ 

non-covalent 

complex 
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Coordinates of the lowest energy calculated GalNAc– TyrH
+ 

non-

covalent complex 

 

C      -1.91325        6.45039        2.23724  

 

  H      -1.59683        5.90780        1.32389  
 

  O      -1.46322        5.81950        3.38749  

 

  H      -0.49837        5.74810        3.35891  

 
  C      -1.77083        8.51015        1.02937  

 

  H      -1.52064        7.96583        0.10404  

 

  O      -1.36065        7.75900        2.18409  
 

  C      -3.45475        6.49994        2.31376  

 

  H      -3.71906        6.93957        3.27911  

 
  N      -3.98289        5.14170        2.28894  

 

  H      -3.55809        4.49016        1.64206  

 

  C      -4.85536        4.63949        3.18868  
 

  O      -5.41406        5.35440        4.04499  

 

  C      -5.12719        3.15694        3.13629  

 
  H      -4.74614        2.70985        4.05990  

 

  H      -4.66654        2.65449        2.28232  

 

  H      -6.20780        2.99602        3.11516  
 

  C      -4.01069        7.36920        1.18181  

 

  H      -3.87424        6.85273        0.21883  

 
  O      -5.41021        7.58381        1.40040  

 

  H      -5.68394        8.22219        0.72123  

 

  C      -3.28784        8.71293        1.12367  
 

  H      -3.49752        9.24140        2.05907  

 

  O      -3.81832        9.41625        0.00980  

 
  H      -3.79433       10.36895        0.20581  
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CHAPTER 5.         

Revealing Single-bond 

Anomeric Selectivity in 

Carbohydrate–Protein 

Interactions 

OVERVIEW 

Non-covalent binding of proteins to glycans is amazingly selective 

to the isoforms of carbohydrates, including  anomers that co-exist in 

solution. We isolate in the gas phase and study at the atomic level the 

simplest model system: non-covalent complexes of 

monosaccharideGalNAc and protonated aromatic molecule tyramine. 

IR/UV cold ion spectroscopy and quantum chemistry calculations jointly 

solve the structures of the two complexes. Although the onsets of the 

measured UV absorptions of the complexes differ significantly, the 

networks of H-bonds in both complexes appear identical and do not 

include the anomeric hydroxyl. The detailed analysis reveals that, through 

inductive polarization, the to re-orientation of this group 

nevertheless reduces the length of one remote short intermolecular H-

bond by 0.03 Å. Although small, this change substantially strengthens the 

bond, thus contributing to the anomeric selectivity of the binding. The 

finding demonstrates an amazing sensitivity of non-covalent bonds to 

structural changes in a partnering molecule. 

 

The results presented in this chapter were published in: 

E. Saparbaev, V. Aladinskaia, R. Yamaletdinov, A. Pereverzev, and O. 

Boyarkin. Revealing Single-Bond Anomeric Selectivity in Carbohydrate–

Protein Interactions. Journal of Physical Chemistry Letters 2020, 11, 

3327-3331, DOI: https://doi.org/10.1021/acs.jpclett.0c00871  

https://doi.org/10.1021/acs.jpclett.0c00871
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5.1. INTRODUCTION 

Protein-carbohydrate non-covalent interactions are ubiquitous in 

nature. The flexibility and the diversity of these weak interactions make 

proteins sensitive to finer structural details of the binding partners, 

greatly increasing their biological functionality. Despite the tremendous 

isomeric diversity of carbohydrates, the glycan binding proteins (GBPs), 

for instance, lectins, are capable of finding specific membrane 

carbohydrates to adhere viruses and bacteria to appropriate cells for 

invasion.
1

  

Hydrogen bonds between the hydroxyl groups of carbohydrates and 

the polar groups of amino acid residues play a crucial role in binding to 

lectins and other GBPs. Difference in the relative orientation of the 

hydroxyl groups in glycans has a pivotal impact on the ability of GBPs to 

distinguish different isoforms of carbohydrates, in particular their 

epimers (e.g., monosaccharaides Gal, Glc, Man, etc.)
2-3

 Regardless of its 

epimeric isoform, a glycan in solution exists as two interconverting 

isomers: and anomers, which differ only by the orientation of the 

first OH group (1-OH) in the reducing-end monosaccharide. In contrast to 

epimers, which are usually recognized through binding to the 3-OH and 4-

OH groups, the anomeric 1-OH often is not involved in the binding to 

GBPs.
2, 4

 Nevertheless, similar to epimers, the two anomers often exhibit 

very different affinities to, for instance, lectins and to some artificial 

receptors, which allows them a selective recognition of anomeric 

carbohydrates.
3-4

 Despite many excellent studies in this field, the detailed 

mechanism of the anomeric recognition remains obscure, in particular, 

due to the large size of the interacting partners and the presence of solvent 

molecules.
5-8

 Here we use cold-ion UV/IR spectroscopy and structural 

quantum chemistry computations to investigate at the atomic level the 

simplest anomeric system that models a local protein-glycan interaction: 

monosaccharaide anomers, -GalNAc, non-covalently bound to 

protonated tyramine (TrmH
+

) and isolated from solvent in the gas phase. 

The key questions that we address herein are, whether the spectroscopic 

and structural signatures of the anomeric effect can be detected for such 
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a small systems, and, if yes, what is their origin and the implication for the 

recognition of anomers. 

 

Figure 5.1. (a) UV photo fragmentation spectra of GalNAc-

Trmcooled to T~10 K, and (b) IR-UV hole-burning spectrum of the 

complex measured with IR excitation of the -anomer at 3534.3 cm
-1

. The 

inserts show the structures of the respective glycans with the anomeric 

hydroxyl group colored. 

 

5.2. RESULTS AND DISCUSSIAN 

GalNAc is one of the most frequent carbohydrate units involved in 

binding with proteins;
4

 tyramine is structurally similar to tyrosine but 

smaller than this amino acid due to the lack of C-terminus. It was recently 

shown that in the GalNAc–TyrH
+

 complex this carboxylic group is not 

involved in H-bonding.
9

 GalNAc–TrmH
+

 complex therefore is a reasonable 

small system to model local protein-glycan interactions. In solution, where 

the complexes are natively prepared, their spectroscopic details are 

masked by non-covalent interactions with solvent molecules. Gas-phase 

isolation and cryogenic cooling of such small complexes enables their 
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vibrationally resolved photofragment IR/UV spectroscopy and the use of 

mass spectrometry for sensitive detection of the charged fragments.
10-11

 

Our tandem cold-ion mass spectrometer
12-14

 (see appendix chapter 5 for 

details) allows for measuring of four types of photofragmentation spectra 

of the complexes: electronic UV and IR-UV hole burning,
15

 vibrational IR-UV 

gain
14, 16

 and IR-UV depletion
12

 (here and below the italic font designates the 

scanned laser). Structures of the complexes and their “harmonic” IR 

spectra were calculated using standard approaches of quantum chemistry 

(see SI for details). 

The UV spectra of the GalNAc–TrmH
+

 complex (Figure 5.1a), as well 

as its methylated derivatives (Fig. 5.S1), exhibit well-resolved electronic 

band origins. This observation enables measuring of the IR-UV depletion 

and background-free gain spectra of the complexes. Figure 5.2a shows a 

conformer non-selective IR gain spectrum of GalNAc–TrmH
+

. The spectrum 

reflects vibrational transitions in both anomers of the monosaccharide. For 

comparison, Figures 5.2b and 5.2c show the spectra of the-MeGalNAc–

TrmH
+

 and -MeGalNAc–TrmH
+

 complexes, in which anomeric forms of the 

glycan are fixed by its methylation at 1-OH. The spectra with the 

methylated glycans clearly differ in the pairs of peaks (Fig 5.2a) 1-2, 5-6 

and 9-10. Except peak 3, every peak of the spectrum in figure 5.2a is 

mutually reproduced (within ±0.8 cm
-1

) in the spectra 5.2b and/or 5.2c. 

This observation implies that the anomeric 1-OH, indeed, is not involved 

in any strong H-bonds in both complexes and allows for an unambiguous 

assignment of peaks 1, 4 5, 7, 8 and 10 to -GalNAc–TrmH
+

 and peaks 2, 6, 

7, 9 and 11 (unresolved) to the GalNAc–TrmH
+

 anomer. The remaining 

peak (3) has been assigned to the 1-OH stretch, which is absent in the 

methylated glycans. The gain spectra of the complexes, in which both 

partners are methylated, MeGalNAc–MeTrmH
+

, allow for a tentative 

assignment of the disappearing peaks (Figures 5.2d and 5.2e) to the OH 

stretches of Trm in the and anomeric GalNAc–TrmH
+

 (peak 4 and 

shoulder 4 in Fig. 5.2a). The detected essential difference of the 

frequencies in the pairs of identical vibrational transitions 5-6 and 10-11 

is the first sign of the anomeric specificity of the complexes. 
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Figure 5.2. (a) IR-UV gain spectrum of GalNAc–TrmH
+

 complex and (b–e) of 

its methylated derivatives (as labelled in the figure). IR-UV depletion 

spectra of GalNAc–TrmH
+

 with UV OPO tuned to the electronic band origin 

in (f) -GalNAc–TrmH
+

 (35836 cm
-1

) and (g) -GalNAc–TrmH
+

 (36008 cm
-1

). 

Red sticks indicate the scaled (0.956) vibrational frequencies calculated for 

the respective lowest-energy GalNAc–TrmH
+

 complexes (Figs. 5.3a and 

5.3b). 
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Using the intense isolated peak 5 of the anomer, we have 

performed IR-UV hole-burning spectroscopy of this complex, which give 

us the anomeric assignment of the UV transitions (Fig. 5.1b). The electronic 

band origins of the two anomers appear to be shifted by as much as 171 

cm
-1

. This large shift is the second and the most striking spectroscopic 

manifestation of the anomeric effect observed for the complex. To reveal 

the origin of the effect we, first, solved the structures of the anomers. 

Figures 5.2f and 5.2g show the anomer-selective IR-UV depletion spectra 

of GalNAc–TrmH
+

. Every peak in the gain spectrum 5.2a of the complex 

appears in one of its two depletion spectra, which implies that, under our 

experimental conditions, only a single conformer is populated for each 

anomeric complex; the next nearest in the energy conformer should be 

higher by, at least, 2 kcal/mol.
17

 Our computations reveal that the most 

stable structures for both anomeric complexes are, indeed, below the 

closest in energy conformers by more than 4 kcal/mol. The comparison of 

the measured and computed IR spectra validates these lowest energy 

structures (Figures 5.3a, 5.3b). All the peak assignments experimentally 

derived above are reproduced by the computations (Figs. 5.2f and 5.2g); 

frequencies of the vibrations with the atoms that are not involved in strong 

H-bonds match very well to the measured peaks. The frequencies of the 

coupled vibrations are slightly overestimated, which is typical for 

computations in a harmonic approximation. None of the tested high-

energy structures exhibit the computed IR spectra that are similar to the 

measured ones. The validated most stable geometries of the -GalNAc–

TrmH
+

 complexes look very similar with exactly the same network of H-

bonds that does not involve the anomeric OH. But then, where are those 

structural differences that make the UV spectra anomer-specific? In order 

to reveal these differences we next perform a finer analysis of the non-

covalent bonds and their influence on UV absorption of the aromatic 

moiety.  
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Figure 5.3. The most stable calculated structures of (a) GalNAc-TrmH
+ 

and (b) GalNAc-TrmH
 +  

gas-phase complexes. (c) Blue shifts of UV band 

origins in aromatic molecules induced by (aromatic)-O···HO bonding as a 

function of the bond length: collected from literature (blue dots; Table 

5.S1) and measured here (red dots). 

 

The two strong bonds formed by the NH3

+

 group of TrmH
+

 with 4-OH 

and C=O of anomeric sugars appear in both complexes, allowing them to 

survive under the harsh conditions of ESI. The length of the bond to 4-OH 

is the same in both complexes (1.821 Å); the bond to CO differs negligibly 

between the two complexes (1,710 Å and 1,715 Å for the and  anomers, 

respectively), such that this bond cannot contribute significantly to the 

anomeric selectivity of the binding. The two bonds also cannot account for 
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the large blue shifts of the UV absorption in the two complexes relative to 

the electronic band origin in neutral Trm,
18

 since the charge of the NH3

+

 

group solvated by intermolecular H-bonds influences only little the 

absorption of aromatic ring.
19-20

 Although the protonated N-terminus of a 

protein might be remote from the domain of the contact with glycan and 

not be involved to the binding, herein such interaction with the charge 

mimics the in vivo anchoring of terminal GalNAc group of glycans to lectins 

via a Ca
2+

 cation, which also imposes strong steric constraints on 

geometries of the complex.
2

 

A much weaker CH··· interaction is known to exhibit anomeric 

selectivity in the aromatic-glycan complexes that have no strong steric 

constraints.
3, 21-22

 Statistically, glycans prefer binding to aromatic systems 

by their and faces forGalNAc and GalNAc, respectively. This facial 

anomeric selectivity is suppressed in our complexes, which are 

constrained (by the NH3

+···O bonds), such that TrmH
+

 interacts with the -

face.
21

 The quite small relative difference between the lengths of the 

(shortest) CH··· bonds (3.447 Å and 3.462 Å for the  and  anomers, 

respectively) indicates their nearly identical binding energies in the two 

complexes.   CH··· interactions commonly shift UV absorption of aromatic 

systems to the red by a few tens of cm
-1

 at most.
23

 This binding therefore 

cannot explain the blue shifts of the electronic band origins observed in 

the UV spectra of both complexes. We thus are left with the H-bond that 

couples the oxygen atom of the tyramine side-chain and the hydrogen of 

6-OH in the glycan as the only strong intermolecular bond to account for 

the anomeric specificity of the blue shifts.  This H-bond is short and 

different in the two complexes (1,985 Å for and 1,955 Å in the and 

anomers, respectively). Hydrogen binding of hydroxyl oxygen in 

aromatic molecules (e.g., phenol, tyrosine) always induces a blue shift of 

their electronic band origins, which is attributed to inductive polarization 

of the aromatic system.
24

 The blue shifts reported earlier for different 

non-covalent complexes of aromatic molecules clearly correlate with the 

H-bond length and increase steeply upon shortening of the bond (Fig. 
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5.3b).
25-32

 Our data are consistent with this correlation. They fall onto the 

dependence in Figure 5.3b at near the shortest length of the bond. This 

explains the high sensitivity of the observed blue shifts of the electronic 

band origin in the anomeric complexes to the small change of the H-bond 

length. The shifts must reflect the strength of the 6-OH···OH(Trm) bond. 

We therefore may expect this bond to be noticeably stronger in the 

complex of the anomer. Consistently, the frequency of the 6-OH stretch 

vibration in the IR spectrum of this anomer is substantially red-shifted 

with respect to that in the anomer (Figs. 5.2f and 5.2g). 

The difference of binding energies was estimated based on such 

energies calculated for (i) fucose-phenol non-covalent complexes with 

HO···H bonds of different lengths
33

 and for (ii) 6-HO···HN bonds in MeGal–

aromatic complexes
5

 as ~0.75 kcal/mol and ~1 kcal/mol, respectively. The 

calculated energies were linearly interpolated and extrapolated for the first 

and the second case, respectively, to the length of the HO···H bond in 

GalNAc–TrmH
+

. The estimated difference is substantial and, being 

accumulated together with a few similar H-bonds (and/or H- couplings) in 

a protein-glycan complex may influence the overall binding affinity of the 

partners. Although demonstrated here with a Tyr-like aromatic molecule, 

one may expect similar anomeric effect for the non-aromatic residues that 

make H-bonds with glycans.  

Anomeric effects were also observed for isolated non-covalent 

complexes of a neutral aromatic molecule bound to faces of MeGal 

and -MeGal, respectively.
5

 Methylation was required for fixing the 

anomeric identity of the glycans, which otherwise could not be 

distinguished. The difference between the geometries of the 

andcomplexes was explained by the difference in the inductive 

polarization of the glycan atoms involved in the multiple intermolecular 

H-bonds. The large size of the methyl group that stuck into the area of the 

contact in the complexes left an uncertainty in whether the detected 

anomeric effects are of the steric origin or, indeed, solely due to the 

difference in the inductive polarization. Another uncertainty aroused from 
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the conformational heterogeneity of the complexes, which reduced 

confidence in the assignment of the computed structures. Our study 

removes both uncertainties. The experimental approach used herein 

enables anomeric- and conformer-specific sensing of the complexes with 

the unmodified monosaccharaides, naturally coexisting in solution. 

The rigorously assigned intrinsic structures of the observed single 

conformer of each complex are almost identical. The structures reveal that 

the unbound anomeric group sticks away from the contact area and there 

is only one H-bond, 6-OH···OH(Trm), whose length differ substantially 

between the two anomeric complexes. The steric effect is therefore ruled 

out and the anomeric specificity of the binding is exclusively due to the 

difference in polarization of this bond in the two complexes, which differ 

only by the flip of the anomeric 1-OH in the glycan.  

 

5.3. CONCLUSION 

Overall, our study demonstrates that, even in the case when binding 

of a glycan to a protein is sterically constrained by strong interactions with 

a charge (Ca
2+

 or NH3

+

), the binding may remain anomer-selective due to the 

difference in the strength of inductive polarization of intermolecular H-

bonds for two anomers. The difference in binding energy for such single 

bond can be as large as ~1 kcal/mol, which is not negligible for the total 

budget of the glycan-protein affinity. The induced anomer-specific 

polarization can subsequently weaken intramolecular non-covalent 

interactions in the protein, which might be a mechanism of signaling to 

the protein the anomeric identity of the attached carbohydrate. 
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APPENDIX CHAPTER 5 

II. Materials and Methods 

a) Experimental method 

Protonated gas-phase carbohydrate-aromatic complexes were 

produced from the solutions containing 5·10
-5

 M of a carbohydrate and 

5·10
-5

 M of an aromatic in the 1:1 water-methanol mixture with 1% of acetic 

acid using a nano-electrospray ionization source. As estimated from the 

relative abundances of protonated aromatic molecules and the complexes 

in MS spectra, in the experiments with N-acetyl carbohydrates, up to 30% 

of the molecules form complexes with TrmH
+

 and survive during the 

transfer to the gas phase.  

Charged species pass through a quadrupole mass filter, which 

selects parent ions of a particular mass-to-charge ratio (m/z).  The selected 

ions are transferred into an octupole ion trap, which is cooled to 6 K by a 

closed-cycle refrigerator (SRDK-408, Sumitomo). Ions in the trap are cooled 

by collisions with helium atoms, which are introduced into the trap before 

the arrival of the ion packet. Approximately 40 ms later, when ions are 

thermalized and He has been pumped out, a pulse of UV light induces 

fragmentation of the stored parent ions. The UV photofragmentation of 

methylated derivatives of GalNAc-TrmH
+

 complexes were performed by the 

2-3 mJ output of a widely-tunable UV OPO (EKSPLA, NT 3542C). The 

linewidth of the UV OPO light is 6-7 cm
-1

.  The UV light for the experiments 

with non-modified GalNAc-TrmH
+

 complexes is produced by frequency 

doubling the output of a dye laser (HD-500, Lumonics) in a KDP crystal.  

The dye laser is pumped by 150 mJ of the 3rd harmonic of a Nd:YAG laser 

(GCR-210,Spectra-Physics). IR beams are generated by two tunable optical 

parametric oscillator (OPO) (Laser Vision), pumped by two different 

Nd:YAG lasers (Surelite IIIEx, Continuum; SpitLight 600, Innolas). Spectral 

resolution of the IR OPO is about 1 cm
-1

. 

The parent and fragment ions are released from the trap 1 ms after 

the excitation and directed into an Orbitrap-based mass spectrometer 

(Thermo Scientific (Bremen), Exactive-II), where the abundance and m/z of 

the parent and all fragment ions are measured simultaneously. 
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Alternatively, the fragments were detected one-by-one in a more sensitive 

than Orbitrap quadrupole mass spectrometer (Extrel). We perform 10-20 

measurements at each UV wavelength at a repetition rate of 10 Hz. Each 

spectrum was measured 3 times to ensure its reproducibility. The details 

of the setup can be found elsewhere.
[10]

  

The recorded with the Orbitrap-based mass spectrometer two-

dimensional data array (ion abundance vs m/z and wavelength) was, first, 

pre-treated with the Peak-to-Peak software package (Spectroswiss) for peak 

detection and a baseline correction. The rectified data array then was 

stored as the 2D matrix identity of an isomer. 

b) Chemicals  

 All the carbohydrates were purchased from Carbosynth ( >95% 

purity) and ROTH (>98% purity) and used without further purification. 

Aromatic molecules of >98% purity were purchased from Sigma-Aldrich 

and TCI. All the solvents of HPLC grade and acetic acid of >99% purity are 

from Sigma-Aldrich. 

c) Computational details 

The lowest energy conformers of the protonated carbohydrate-

aromatic complexes were calculated in a two-step procedure: 1) Molecular 

Dynamics (MD) annealing and 2) Density Functional Theory (DFT) 

rectifications. 

The MD simulations were performed with NAMD2 package,
[18]

 

referenced as “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”. To describe 

interatomic interactions, the CHARMM36 force-field optimized for 

carbohydrates
[19]

 and for proteins
[20]

 were used. Calculations were 

performed in a spherical cell with the radius of 3 nm and with 1 fs 

integration time step. In each simulation, the system was disordered for 

20 ps at temperature 1000 K and subsequently cooled at a rate of 5 K/ps 

to 300 K. After this annealing, the system was equilibrated for 125 ps, and, 

finally, the energy was minimized in 1000 time-steps. The above 

procedure was repeated 500 times for every carbohydrate–aromatic pair. 
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The obtained conformations were clustered on the basis of their geometry: 

(i) the two angles of relative position of the carbohydrate and aromatic 

rings; (ii) the distance between rings; (iii) the angle between the C–NH3

+

 and 

C-NH (-NAc) groups (or C–CH2OH for the non-modified molecules). The 

energies of the 20 lowest-energies conformers were further optimized by 

DFT calculations. 

The DFT optimizations of the structures and the calculations of 

harmonic IR spectra for the final lowest energy geometries were performed 

with NWChem package. The geometries of the 20 lowest-energies 

conformers were optimized with a low accuracy (energy precision ~0.6 

kcal/mol) using the B3LYP functional with the Grimme's DFT-D3 empirical 

dispersion correction and the 6-31+G(d,p) basis set. The geometries of the 

unresolved lowest-energies conformers were further optimized with more 

accurate convergent criteria (energy precision ~0.03 kcal/mol). 
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Figure 5.S1. UV gain spectra of the methylated derivatives of GalNAc–

TrmH
+

 non-covalent complexes a)MeGalNAc–TrmH
+ 

b) MeGalNAc–

TrmH
+

 c)MeGalNAc–MeTrmH
+

 and d) GalNAc–MeTrmH
+

. 

 

 

 

 

 

 

 

 

 

 

 

 

365003600035500

a)

b)

c)

d)



103 

 

Table 5.S1. Blue shifts of UV band origins in aromatic as a function of the 

bond length. 

 

 

Complex Shift, 

cm
-1

 

H-bond 

length, Å 

Ref. 

(hydroquinone)2 390 1.92 [16a] 

(phenol)2 353 1.92 [16b], [16c] 

phenyl vinyl ether-CH3OH 130 2.07 [16d] 

1,2-dimethoxybenzene-H2O 127 2.04 [16e] 

anisole-H2O 119 1.97 [16f], [16g] 

anisole-(H2O)2 64 2.19 [16f] 

3-phenoxy propanolamine-H2O 40 2.30 [16h] 
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CHAPTER 6.    

Identification and 

Quantification of Any 

Isoforms of Carbohydrates 

by 2D UV-MS Fingerprinting 

of Cold Ions 

OVERVIEW 

Biological functionality of isomeric carbohydrates may differ 

drastically, making their identifications indispensable in many 

applications of life science. Due to the large number of isoforms, structural 

assignment of saccharides is challenging and often requires a use of 

different orthogonal analytical techniques. We demonstrate that isomeric 

carbohydrates of any isoforms can be distinguished and quantified using 

solely the library-based method of 2D UV-MS photofragmentation of cold 

ions. The two-dimensional “fingerprint” identities of UV transparent 

saccharides were revealed by photofragmentation of their non-covalent 

complexes with aromatic molecules. We assess the accuracy of the method 

by comparing the known relative concentrations of isomeric carbohydrates 

mixed in solution with the concentrations that were mathematically 

determined from the measured in the gas phase fingerprints of the 

complexes. For the tested sets with up to five isomers of di- to 

heptasaccharides, the root-mean-square deviation of 3-5% was typically 

achieved. This indicates the expected level of accuracy in analysis of 

unknown mixtures for isomeric carbohydrates of similar complexity. 
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6.1. INTRODUCTION 

Carbohydrates are ubiquitous in nature. Their various biological 

functions range from being a fuel for our brain and signalling the state of 

living cells to antimicrobial defence of infants
1

 and shielding viruses from 

recognition by human immune system.
2

 The tremendous isomeric 

diversity of carbohydrates allows nature to assign glycans of specific 

structures to each function of this variety, but it also makes identification 

of these isoforms challenging.
3

 The composition of glycans of the same 

mass may differ by the monosaccharide units this polymer is composed 

of, by their order, linkage (1→3, 1→4, etc. and α/β) and branching. The 

structural difference between the isomeric monosaccharide units includes 

orientation of hydroxyl groups (epimers and  anomers), the ring size 

(e.g., pyranose and furanose) and the absolute configuration (D or L). 

Natural modifications, such as N-acetylation, phosphorylation, etc., 

further multiply the isomeric diversity of carbohydrates in vivo.  

There is no single analytical approach capable of distinguishing 

carbohydrates in all their numerous isoforms.
4

 The time-proven methods 

of x-ray diffraction, NMR
5

 and, since recently, cryo-electron microscopy
6,7

 

are capable to provide direct structural information for carbohydrates, 

although each of these techniques has its own limitations and practical 

drawbacks. The most common method of structural analysis of isomeric 

carbohydrates involves combination of enzymatic digestion for a 

controlled cleavage of large oligosaccharides, liquid chromatography (LC) 

to separate the produced isomers and single/tandem mass spectrometry 

(MS) to identify them.
8

 Despite its wide time-proven applicability, the 

method has certain limitations, such as the use of compound-specific 

conditions for separation, the need for chemical derivatization (e.g., by 

reductive amination and/or permethylation) and, often, an insufficient 

resolution in separating multicomponent mixtures of oligosaccharides.
9,10

 

Ion mobility spectrometry (IMS) is another technique that is capable of 

separating isomeric ions that exhibit different collision cross sections.
11

 

Structural difference between isomeric glycans is often insufficient 

however for their separation in complex mixtures,
12

 although the technique 
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is demonstrating a rapidly increasing selectivity.
13

 More generally, the 

values measured by chromatography and ion mobility (retention and 

arrival times, respectively) are not fundamental to molecules and 

dependent on specific experimental conditions and their stability (e.g., 

type of chromatographic column, pressure, temperature, etc.),
14-16

 This may 

limit reproducibility in high-resolution measurements, making a use of 

internal calibrants indispensable.  

2D UV-MS fingerprinting is a recently developed approach that is 

capable of highly accurate identification of isomeric biomolecules.
17-22

 This 

analytical technique integrates UV photofragmentation (UVPD) 

spectroscopy of cryogenically cooled ions with broadband high-resolution 

(e.g. Orbitrap-based) mass spectrometry. It measures abundances of all UV-

induced photo fragments at once in function of UV wavelength, thus 

providing a two-dimensional data array, named 2D UV-MS fingerprint, as a 

characteristic of an ion. Cryogenic cooling of mid-size biomolecular ions 

often enables vibrational resolution in their electronic spectra,
23

 which 

makes them highly distinguishable. The UVPD mass spectra may also 

exhibit certain isomeric specificity. The synergy of the two techniques, 

spectroscopy and mass spectrometry, makes 2D UV-MS fingerprints highly 

individual to structure of ions, including isomers and conformers. 

Different from LC and IMS, optical spectroscopy reflects molecular 

transitions between quantum states, which are fundamental to ions. This 

makes 2D UV-MS fingerprints the highly reproducible standards that can 

be shared across different laboratories. The high performance of 2D UV-

MS cryogenic fingerprinting was earlier demonstrated in library-based 

identification and accurate quantification of conformers and isoforms of 

different peptides in their multicomponent mixtures,
17,18,20,24

 as well as of 

small isomeric drugs on a concentration scale of a few ng/mL.
19

 Here we 

demonstrate the use of 2D UV-MS cryogenic fingerprinting for 

identification and quantification of natural carbohydrates for all types of 

their numerous isoforms. The tested sets of isomers range from mono- to 

hepta-saccharides and from two to five compounds in a set. The accuracy 

of relative library-based quantifications for some of the sets was 
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determined by fingerprinting several multi-compound solution mixtures 

of isomeric molecules. Finally, we demonstrate that in certain cases the 2D 

UV-MS method can be reduced to the technically less demanding one-

dimensional UV fragment spectroscopy, yet without a significant loss of 

accuracy in the quantification. 

A straightforward application of 2D UV-MS fingerprinting to glycans 

is challenging, because they do not absorb in UV. Instead, we make use of 

non-covalent complexes of glycans with protonated aromatic molecules, 

such as phenylalanine, tyrosine and its decarboxylated analog 

tyramine.
22,25-27

 These complexes can be readily prepared by dissolving a 

glycan and an aromatic molecule in a standard for MS methanol/water 

solution. The complexes appear to be strong enough to survive 

electrospray ionization that brings them to the gas phase. Our estimate 

suggests that, under mild conditions of our electrospray, up to half of the 

dissolved N-acetylated glycans bind to the aromatic molecules and appear 

in the gas phase as protonated complexes. The isomeric structure of an 

analyzing carbohydrate is communicated to the reporter aromatic 

molecule by non-covalent interactions, which induce changes in the UV 

absorption of the latter. In particular, an interplay of different types of H-

bonds in isomeric complexes makes the position of their UV absorption 

onset very sensitive to the isoform of an analyzing carbohydrate.
22

 We also 

found that the number of low-energy conformers is much lower for non-

covalent complexes of glycans with aromatic molecules than for glycan–

alkaline ion adducts,
27,28

 which are often used for identifications of 

isomeric carbohydrates by IR spectroscopy.
29

 This fortunate circumstance 

slows spectral congestion in UV spectra of cold carbohydrates upon 

increase of their size. The conserved vibronic structure enables high 

spectral isomeric specificity of 2D UV-MS fingerprints. The MS isomeric 

specificity arises from the phenomena of UV-induced proton transfer from 

sensor ion to analyzing carbohydrate molecule in the complexes.
30

 The 

transfer results in fragmentation of glycans, which often yields isomer-

specific pattern of fragment-MS. 
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6.2. EXPERIMENTAL APPROACH 

Chemicals. All the carbohydrates, except for furanoside GalfNAc, were 

purchased from Carbosynth (>95% purity), ROTH (>98% purity) and Acros 

Organics (>98% purity), and used without any further purification. The 

GalfNAc glycan is not commercially available and was synthesized 

according to the procedure described elsewhere
31

 and purified to >95%. 

Aromatic molecules of >98% purity were purchased from Sigma-Aldrich 

and TCI. All the solvents were of HPLC grade and acetic acid was of >99% 

purity. Protonated gas-phase carbohydrate-aromatic complexes were 

produced from 5·10
-5 

M equimolar solutions of a carbohydrate and an 

aromatic molecule in the 1:1 water-methanol mixture with 0.5 % of acetic 

acid. 

Apparatus. Apart from a few minor changes, the details of our 

experimental setup has been describes elsewhere.
32

 Briefly, the ions, 

produced in the gas phase from solution by a nano-electrospray ionization 

(n-ESI) source, enter an electrodynamic ion funnel (IF) orthogonally to its 

axis through a 100 mm long stainless steel capillary of 0.7 mm ID. The ions 

are then turned by 90° to travel along the IF axis at pressure of 6 mbar and 

exit the funnel through the conductance limit of 2.5 mm diameter. They 

subsequently pass through two skimmers (1.5 and 2 mm in diameter), 

which allow for a gradual reduction of pressure from 0.5 mbar to 10
-4

 mbar.  

The ions are then accumulated and thermalized in an octupole ion trap for 

97 ms, before they are released and pass through a quadrupole mass filter 

(Q1), which is set to select the ions of interest. Mass-selected ions are then 

turned by 90° using an electrostatic bender, focused by a stack of three 

electrostatic lenses and moved through an RF octupole guide into a cold 

octupole trap,
33

 which is kept at 6 K. The trap is driven by two 1 MHz sinus 

waveforms with peak-to-peak amplitudes of 50-100 V. The stored in the 

trap non-covalent complexes are cooled down to ~10 K in collisions with 

He buffer gas,
33

 which is pulsed into the trap shortly before arrival of the 

ions. Approximately 85 ms later the ions are irradiated by a pulse of UV 

light (1.8±0.7 mJ/pulse, 5 ns duration, ~6 cm
-1

 spectral linewidth), 
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produced by a UV optical parametric oscillator (OPO; NT 342C, EKSPLA) and 

undergo photo fragmentation. The fragment and parent ions were 90° 

turned by the second electrostatic quadrupole bender either toward a 

highly sensitive quadrupole mass spectrometer (QMS) or toward high-

resolution broadband Orbitrap-based MS (Exactive, Thermo Fisher). UVPD 

spectra and 2D UV-MS fingerprints are measured by continuously 

recording the yield of the photofragments using the QMS and the Orbitrap-

based MS, respectively, while scanning UV wavelength. The repetition rate 

of the cooling/fragmentation cycle was determined by the 10 Hz repetition 

rate of the OPO, such that the parent ions experienced only one OPO shot 

in each cycle. At each UV wavelength the yield for a single fragment (with 

QMS) or the entire fragment mass spectrum was measured in 10 cycles and 

averaged to give a data point in UVPD spectrum or a fragment MS in 2D UV-

MS fingerprint, respectively.  

Special measures have been taken to narrow the variation of pulse 

energy of the OPO over the wide tuning range (210-350 nm). The angular 

positions of non-linear crystals in the OPO doubling/mixing stages were 

detuned from their optimal phasematching angles, such that the output 

energy at each wavelength was close to the minimum energy attainable 

within the desired spectral range.  This minimizes the potential 

contributions to UVPD from non-linear absorption and therefore increases 

reproducibility of the fingerprints. In addition, the measured ion signals 

were normalized to OPO pulse energy, which was measured by a 

broadband pyroelectric detector. 

In measurements with Orbitrap-MS, the whole fragment mass 

spectrum was normalized to the total ion signal detected in the cycle. In 

QMS measurements we employ 20 Hz cooling cycle and detect fragment or 

parent ions in 10 Hz alternative cycles with and without UV pulse, 

respectively. 

Data processing. The measured 2D UV-MS data arrays (intensity vs UV 

wavelength and m/z) were, first, pre-processed for detection of mass-

peaks using the PeakbyPeak software package (Spectraswiss). The reduced 

2D data arrays of the known isomeric compounds were stored as a library 
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tagged by the exact mass. 2D UV-MS fingerprints of solution mixtures of 

(unknown) isomeric molecules were pre-processed the same way and then 

mathematically decomposed in the basis set of the 2D matrices from the 

library tagged by the mass of the isomers. The details of the matrix 

decomposition procedure are described elsewhere.
17,19

 The same software 

is used for decomposition of UVPD spectra measured with QMS.  

 

6.3. RESULTS AND DISCUSSION 

Monosaccharide isomers. The first but essential step toward 

structural identification of isomeric oligosaccharides is to distinguish 

their structural units – cyclic monosaccharides. These building blocks are 

classified by five types of isomerism as epimers, -anomers, D/L-

enantiomers, aldose/ketose and ring-size isomers.   

Aldose-ketose. Glucose and galactose example the most common 

mammalian aldose; ketoses (e.g. fructose) occurs widely in plants. Aldoses 

have a terminal formyl COH group, while ketoses contain a carbonyl group 

bound to two carbons. Different chemical properties of these isomers 

allow their reliable identification by a variety of techniques.
34

 Nevertheless, 

for the sake of completeness we tested the UVPD spectroscopy approach 

for distinguishing isomers of this type. Figures 6.1a and 6.1b show UVPD 

optical spectra of protonated aromatic molecule tyramine (Trm) in non-

covalent complexes with D-glucose (D-Glc) and D-fructose (D-Fru), 

respectively. Despite the very close positions of the onsets of UV 

absorption, the very different shapes, widths and positions of the 

measured vibronic transitions make the spectra readily distinguishable. 

Regarding the relative simplicity and similarity of the UV fragment MS for 

both isomeric complexes, a use of a more complex method of 2D UV-MS 

fingerprinting seems to be unnecessary in this case.  

Epimers. Different from aldose-ketose isomers, epimers are 

stereoisomers that differ in absolute configuration about single of their 

several asymmetric carbons. For example, N-acetyl-D-glucopyranose 

(GlcNAc) and N-acetyl-D-mannopyranose (ManNAc) differ only in the 

configuration at the C2 position, whereas N-acetyl-D-galactopyranose 
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(GalNAc) is an epimer of N-acetyl-D-glucopyranose at the C4 position. 

Figure 6.1 (c-e) compares UVPD optical spectra of these three isoforms. The 

revealed differences in the spectral shapes and/or the onsets of UV 

absorption make the spectra unambiguously specific to these isomers. In 

opposite, the UVPD MS of the isomers do not exhibit any clear specificity.  

When complexes of all isomers of a library exhibit sharp and well 

separated (compared with the width of the rising edge of the absorptions) 

onsets of their UV absorptions, the positions of the onsets alone can be 

used as reliable spectroscopic tags of these isomers. The onsets of 

unknown library compounds that are mixed together in solution can be 

located by measuring the UVPD yields at a few but “critical” pre-selected 

wavelengths only, instead of measuring the whole continuous spectrum at, 

typically, hundreds of wavelengths.
17,19,20

 Such approach may shorten the 

measurements to a few seconds, which would allow for performing 

isomeric identifications  online with HPLC. 

Anomers. Anomerism is a particular case of epimerism, where 

structural variations are about the hemiacetal/hemiketal carbon in a 

carbohydrate ring (e.g. about C1 for aldoses). Cyclisation of an open-chain 

carbohydrate results in one of the two possible anomeric forms, notated 

as  and . The anomers coexist at equilibrium in aqueous solutions and 

spontaneously interconvert upon reopening-closing the ring. Methylation 

of the anomeric 1-OH group inhibits this conversion. Noticeable 

differences between IR spectra of  anomers were earlier revealed for 

neutral and protonated complexes of aromatic molecules with MeGalNAc 

and with GalNAc.
26,27

 Figures 6.1f-6.1g illustrate how much UVPD spectra of 

complexes of TrmH
+

 with methylated glycans -MeGalNAc and -MeGalNAc 

differ in the onsets of UV absorption, but also in many details of highly 

structured absorption bands. These differences ensure an unambiguous 

spectral identification of the two anomers. An earlier detailed study 

revealed that in complexes with GalNAc the anomeric 1-OH group, which 

position is the only structural difference between the  isomers, is not 

involved to any non-covalent bonds with the sensor aromatic and therefore 

cannot directly influence the UV absorption of Trm. Instead, the isomeric 
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information is communicated by the analyte to the reporter through an 

inductive polarization of the H-bond, formed between the hydrogen of 6-

OH in the glycan and the oxygen atom of the tyramine side chain.
27

 A 

stronger polarization of the bond results in a larger blue shift of UV 

absorption by the aromatic, whose ring is conjugated with the hydroxyl. 

Ring-size isomers. Upon cyclization of open-chain glycan molecules, 

monosaccharides can form rings with different number of carbon centers. 

For example, N-acetyl-galactosamine may form five- or six-membered 

rings, named furanose (GalfNAc) and pyranose (GalpNAc), respectively. 

Although, forming pyranoses is energetically more favorable, the furanose 

isomers are also observed in nature as units of polysaccharides.
35

 Figures 

6.1g and 6.1h compare UVPD spectra of protonated tyramine in complexes 

with methylated N-acetyl-galactosamine in pyranose (β-MeGalpNAc) and 

furanose (β-MeGalfNAc) forms. The methylation was required to lock the 

carbohydrates in their -anomeric form. Overall, the significant, ~5 nm, 

spectral shift of the electronic band origins and the very different vibronic 

structures of the two spectra make them readily distinguishable. The 

spectra thus can be used for a reliable visual identification of the isomers. 

Enantiomers. When a carbohydrate and its mirror image cannot be 

superimposed, such two isomers are called D and L enantiomers of this 

chiral molecule. Except for circular dichroism,
36,37

 enantiomers of glycans 

have exactly the same physical and optical properties and therefore 

identical spectroscopy. Complexes of D/L glycans with tyramine, which is 

an achiral molecule, must adopt exactly the same geometry, such that their 

UV spectra is to be indistinguishable too. Figures 6.2a and 6.2b illustrate 

this fundamental property of enantiomers, comparing UVPD spectra of 

Trm in complexes with D/L-glucose. Apart from some small deviations that 

characterize the reproducibility of the experiment, the two spectra are, 

indeed, identical. The D/L isoforms may drastically differ however in 

interactions with chiral molecules. This structural property allows, for 

instance, performing separation of enantiomers by chiral HPLC or IMS.
38

 

Similarly, non-covalent complexes of D/L glycans with a chiral aromatic 
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should have different geometries and therefore distinguishable 

spectroscopy.  

 

Figure 6.1. UVPD spectra of cold non-covalent complexes of protonated 

tyramine (TrmH
+

) with monosaccharides: a) D-Glc, b) D-Fru, c) D-GalNAc, d) 

D-GlcNAc, e) D-ManNAc, f) MeGalNAc, g) MeGalNAc, h) MeGalfNAc. 

The spectra (a) and (b) were measured by detecting TrmH
+

 photofragment 

with QMS; the spectra (c) to (h) were generated from the 2D UV-MS 

fingerprints measured with the Orbitrap-based MS by integrating them 
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over m/z dimension. The standard colour/shape-coded symbols of the 

saccharides and their structures are shown on the right. 

 

Figure 6.2. Photofragmentation UV spectra of the complexes of 

enantiomeric L/D glucose with non-chiral (Trm) and chiral (L-Phe) 

chromophores. 

 

Figures 6.2c and 6.2d show UVPD spectra of L-Phe, which is a chiral 

molecule, in complexes with D/L-Glc. Different from Trm, the side chain 

of Phe does not have an OH group, whose H-binding to glycans induces the 

most significant differences in UV spectra (e.g. shifts of the electronic band 



116 

 

origins) of the complexes.
22

 Nevertheless, the change of the reporter 

molecule makes the spectra of D/L -Glc…PheH
+

 complexes clearly 

different, which is likely due to interplay of the relatively weak OH-π and 

CH-π interactions. 

Fundamentally, the spectra of complexes of a chiral aromatic with a 

carbohydrate must remain the same upon a simultaneous change of 

chirality of both partners: . Figure 6.3 compares UVPD spectra of 

Gal–PheH
+

 complexes for all four combinations of chirality. Within the 

accuracy of the experiment, the spectra of L-D and D-L complexes look, 

indeed, identical (Figures 6.3a and 6.3b) Similarly, the complexes with D-D 

and L-L combinations of enantiomers are also indistinguishable by 

spectroscopy (Figures 6.3c and 6.3d), while their spectroscopic signature 

is clearly different from that of the complexes with the molecules of the 

mixed chirality. Apart from curiosity, the analytical implication of this 

comparison is in the possibility to detect appearance of a previously 

unobserved enantiomer (e.g. in asymmetric catalysis) using UV 

spectroscopy of its existing mirror image in complex with a chiral reporter 

molecule. The complementary enantiomer then can be identified by 

spectroscopy of the reporter of the opposite chirality in complex with the 

suspected isomer. 

Overall, the presented above data demonstrate that 

monosaccharides of any type of isoformerism can be distinguished by 

cold-ion UVPD spectroscopy of the easily prepared in solution glycan–

aromatic non-covalent complexes. 

 

 D«L
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Figure 6.3. UVPD spectra of protonated L/D-Phe with L- and D-enantiomers 

of Gal. 

 

Disaccharide isomers. In di–, oligo– and polysaccharides the 

glycosidic linkage may occur (i) between the same or different 

monosaccharaides and in different order (compositional isomers), (ii) at 

different points of attachments (connectivity isomers) and (iii) with 

different orientations of glycosidic bonds (configurational isomers). In 

addition, large glycans may form not only linear, but also branched 
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polymeric structures, which further add to the diversity of the connectivity 

isomers. Furthermore, glycans can naturally undergo different 

modifications, such as, for instance, N-acetylation, phosphorylation and 

sulfation. The modifications can be multiple and occur on different units 

of the polymers (regioisomers), thus increasing the number of possible 

isomers. All these additional features multiply the already high isomeric 

diversity of monosaccharaide building blocks. 

Compositional.  A disaccharide with monoisotopic mass of 342.12 

Da can be composed, for instance, of either glucose or galactose or 

mannose, linked in different orders. UVPD fragment mass spectra of the 

complexes of these disaccharides with protonated Trm or Tyr are still low 

informative and contain, mainly, the protonated aromatic molecules and 

their fragments (Figure 4). This is similar to the UVPD MS of the 

monosaccharaides that have no NAc group. The presence of this group, 

which has high proton affinity, enables proton transfer from the reporter 

aromatic and, subsequently, fragmentation of the analyzing glycan. The 

isomer-specific content of the 2D UV-MS fingerprints for the non-

acetylated disaccharides remains, largely, in the spectroscopic domain. 

Figures 6.4a-6.4c illustrate the difference between the UV spectra of 

compositional isomers of disaccharides. All three glycans exhibit clearly 

distinct spectroscopic signatures, which can be used for identification of 

the isomers. 

Configurational.  Maltose and cellobiose (Glc–1,4-Glc) differ 

only by the orientation of glycosidic linkage between a pair of 

monosaccharaide units (figures 6.4c and 6.4d, respectively). Nevertheless, 

their spectroscopic signatures in complexes with TyrH
+

 differ 

substantially. The pair of isomers of mannobiose (Man–1,4-Man) in 

figures 4b and 4f also exhibits well distinguishable UV spectra that can be 

used for identification of these disaccharides.  

Connectivity. In these isomers the two monosaccharaides are linked 

by a glycosidic bond between carbon atoms at different positions (e.g. 

1→2, 1→3, 1→4 etc.). In the case of the disaccharides containing, for 

instance, only mannoses as building blocks and just for the 
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configuration of the glycosidic bond, four connectivity isomers are 

naturally abundant: Man-1,2-Man, Man-1,3-Man, Man-1,4-Man, 

Man-1,6-Man. 2D UV-MS fingerprinting method is capable of 

distinguishing all these isoforms. Figures 6.4e-6.4h show the UVPD spectra 

of these isomers in complexes with L-tyrosine. The spectra differ 

significantly from each other in the positions of the onset of UV adsorption 

and/or in the shapes of the vibronic bands. Overall, each of the spectra in 

Figure 6.4 is unique and can be used as a spectroscopic tag for 

identification of the isomers.  

Regioisomers. Figures 6.5a and 6.5b compare UVPD optical and mass 

spectra of TyrH
+

 in complexes with disaccharide regioisomers -GalNAc-

1,3-Gal and -Gal-1,3-GalNAc, which differ only by the location of N-

acetylation. Figure 6.5 also compares UVPD identities of the disaccharides 

that differ by combinations of two and even three types of isomerism: 

regio- and configurational (6.5a vs 6.5c), regio- and compositional (6.5b vs 

6.5d) and regio-, compositional and configurational (6.5c vs 6.5e). In 

addition to the apparent isomeric specificity of the optical spectra, the 

UVPD fragment mass spectra of different isomers also exhibit a clear 

difference in presence and abundance of many photo fragments. The 

presence of NAc group, which has high proton affinity, enables UV-driven 

proton transfer from the reporter aromatic molecule to an analyzing 

glycan with subsequent fragmentation of the latter (Fig. 6.5). The transfer 

greatly enriches the fragment MS, which appear to be isomer-specific. The 

fact, that the 2D UV-MS fingerprints of the amino glycans become isomer-

specific in both the wavelength and the m/z dimensions, greatly improves 

the reliability of the method in identifications of single isomeric 

carbohydrates, but also increases its accuracy in quantification of their 

multicomponent mixtures (see below).  
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Figure 6.4. UVPD optical and mass spectra, generated by integrating over 

m/z and the wavelength, respectively, the 2D UV-MS fingerprints of 

complexes of tyrosine (L-Tyr) with isomeric disaccharides 

(m/z=524.31Th): a)Gal–1,4-Glc, b) Man–1,4-Man, c) Glc–1,4-Glc, 

d)Glc–1,4-Glc, e) Man–1,3-Man, f) Man–1,4-Man, g) Man–1,6-Man, 

h) Man–1,2-Man. Conventionally, dashed and solid lines used in the 

symbolic representation indicate  and  orientations of glycosidic bond, 

respectively; the orientation of the lines indicates the connectivity 

points.
39

 

a) 

b) 

c) 

d) 

e) 

f) 

g) 

h) 
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Figure 6.5. UVPD optical and mass spectra generated by integrating over 

m/z and wavelength, respectively, the 2D UV-MS fingerprints of non-

covalent complexes of L-TyrH
+

 with a) Gal-1,3-GalNAc, b) GalNAc-1,3-

Gal, c)GalNAc-1,3-Gal, d) Gal-1,3-GlcNAc, e) Gal-1,4-GlcNAc isomeric 

N-acetylated disaccharides. Some intense fragment MS peaks are labelled 

using standard colour/shape presentation of carbohydrates and chemical 

symbols. 

 

Oligosaccharides.  The isomeric diversity of glycans grows rapidly 

with their size due to the increasing number of combinations for 

composition and connectivity of monosaccharaides. This implies that 

identification of oligosaccharides, as compared with mono-/disaccharides, 

requires more selective analytical methods. Two circumstances may, 
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potentially, inhibit a use of 2D UV-MS fingerprinting of oligosaccharide–

aromatic complexes for identification of large glycans. Single aromatic, 

which size is comparable with size of a monosaccharaide, may not be 

capable to sense isoforms of the oligosaccharide units that are remote 

from the docking site of the aromatic molecule in the complexes. In 

addition, for larger glycans one may expect a larger number of conformers. 

The overlap of their slightly different UV absorptions would increase the 

inhomogeneous broadening of transitions in (non-conformer specific) 

UVPD optical spectra of the complexes. The broadening may wash out any 

details in the spectra, potentially, making them low isomer-specific. Figure 

6.6 compares UVPD optical and mass spectra derived from 2D UV-MS 

fingerprints of trisaccharides. The optical spectra still remain sufficiently 

different to distinguish the three isomers easily. Compared with the 

disaccharides in Figure 6.5, UVPD of these N-acetylated trisaccharides 

results in rich fragment MS, which contain several highly abundant 

fragments. Although most of them are the same for all three isomers, the 

overall patterns of the MS become well distinguishable too. The glycans as 

large as tetra- and even hepta-saccharides also exhibit quite distinct 2D 

UV-MS fingerprints
22

 (Figures 6.S1 and 6.S2). We explain the ability of a 

small aromatic to sense isoforms of a large glycan by non-covalent binding 

of the former to different sites of the latter. For each particular 

configuration of the complex its UVPD would reflect only the local isoform 

of a glycan close to the binding site. The contributions from different 

available configurations collectively may reflect all the isomeric features 

of a glycan in its 2D UV-MS fingerprint. 
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Figure 6.6. Photofragmentation UVPD optical and mass spectra, generated 

by integrating over m/z and wavelength, respectively, the 2D UV-MS 

fingerprints of non-covalent complexes of L-TyrH
+

 with trisaccharides a) 

Lewis A, b) Lewis X, c) Blood Group H1, d) Blood Group H2.
 

 

Along with 2D UV-MS fingerprinting, over last few years different 

types of gas-phase IR spectroscopy also have been tested for recognition 

of single isomeric carbohydrates
29,40-42

 Visually distinct IRPD and IRMPD 

spectra were demonstrated for some isoforms of glycans, making a 

promising ground for further developments of these approaches as 

analytical methods. The latter requires however not only some visually 

distinct identities of isomers, but a way to quantify them in solution 

mixtures and an assessment of accuracy for such quantifications. While 

280260
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this is likely still in agenda of IR spectroscopy-based approaches, the 

library-based 2D UV-MS fingerprinting technique has already 

demonstrated accurate quantifications of relative concentration of 

isomeric peptides and drug molecules in their multicomponent solution 

mixtures.
17-20,32

 Herein we use the same instrumentation and workflow for 

quantification of isomeric carbohydrates mixed in solution, but perform 

fingerprinting of their non-covalent complexes with aromatic molecules. 

Quantification of isomers. First, 2D UV-MS fingerprints of the 

complexes of an aromatic molecule with each isomer of interest were 

measured and processed to create a library of 2D data arrays labelled by 

the mass of these isomers. Next, a fingerprint of the isomeric complex 

produced from a solution mixture of unknown number of the isomeric 

glycans of unknown relative concentrations was measured too. For each 

solution mixture its 2D data array was decomposed in the basis set of the 

isomers of the respective library using mathematical methods of non-

negative matrix decomposition. The fit coefficients then give the relative 

concentrations of the isomers in the solution mixture.  

We applied this workflow to 12 solution mixtures of one to three (out 

of five) isomeric disaccharides and an aromatic molecule tyramine (Trm), 

which was added to the solution for forming complexes with the 

carbohydrates. The use of Trm instead of Tyr as a reporter aromatic was 

not critical, although the lack of the –COOH group in tyramine makes UVPD 

optical spectra of the complexes more structured and therefore more 

isomer-specific. Figures 6.7a and 6.7b illustrate the quality of matrix 

decompositions for a 50:50 % solution mixture of -Gal-1,3-GlcNAc and -

Gal-1,4-GlcNAc disaccharides. The figures compare the optical and mass 

spectra visualized by integrating over m/z and wavelength dimensions, 

respectively, the measured and the calculated 2D UV-MS matrices. The five 

fit coefficients of the decomposition imply 0%, 1.2%, 0%, 47.5% and 51.3% 

relative concentrations for the five isomeric disaccharides listed in Fig 6.7c 

(from top to bottom, respectively). The identity of the two mixed isomers 

was determined correctly; their calculated concentrations differ from the 

prepared solution ones by 2.5% at most. The analysis shows that, in 
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average over the prepared pool of 12 mixtures (Table 6.S1), relative 

concentrations of these five isomers have been determined with 5.3% 

accuracy (Fig. 6.7c). The error is substantially higher (8% and 15%) for the 

two mixtures that include -Gal-1,3-GalNAc glycan, for which an 

exceptionally low yield of UVPD (Figure 6.S3) has been measured. For most 

of the mixtures the error is below 3%, however. It is exactly the synergy of 

spectroscopy and mass spectrometry that allows for such accurate 

quantification of isomeric carbohydrates in their mixtures.  

As we noted above (e.g. Fig. 6.5), UVPD of complexes of protonated 

aromatic molecules with carbohydrates that have no NAc groups often 

yields trivial mass spectra, dominated by the aromatic and its fragments. 

Such spectra exhibit low isomeric specificity, which largely comes from 

optical spectra. This observation suggests that, perhaps, measuring a 

UVPD spectrum alone might be a sufficiently good but simpler alternative 

to the technically more demanding 2D UV-MS fingerprinting. In order to 

simulate this approach, we compared the accuracy of 2D UV-MS 

decomposition with the accuracy of one-dimensional fits of optical 

spectra. The latter have been generated from the 2D UV-MS fingerprints of 

the library isomers and of their solution mixture by integrating the 2D data 

arrays over m/z dimension. We did such a simulation for two 

heptasaccharides, Man6GlcNAc-I and Man6GlcNAc-II, and their 2:1 solution 

mixture (Fig. 6.S2). Both the 2D UV-MS and 1D UVPD-only deconvolutions 

earlier determined the relative concentrations as 71:29 and 68:32, 

respectively.
22

 This example demonstrates that even in the case of large 

oligosaccharides, which exhibit structureless and broad UVPD optical 

spectra, the small differences between them, collectively, enable high 

accuracy in quantification of the mixed isomers.  
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Figure 6.7. Comparison of the experimental (black) and decomposition 

(green) UVPD (a) optical and (b) mass spectra for the equimolar solution 

mixture of Gal-1,3-GlcNAc and Gal-1,4-GlcNAc disaccharides and of 

protonated Trm aromatic reporter molecule. For graphical clarity the 

decomposition spectra are offset up and by +4 Th in a) and b), respectively. 

(c) Calculated relative concentrations for 12 mixtures of one to three 
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isomers from the 5-component library versus their real solution 

concentrations (Table 6.S1).  

In order to demonstrate this technical simplification, we used a 

quadrupole mass filter instead of the Orbitrap-based MS for detecting 

UVPD fragments. The filter was tuned to m/z=182 Th for maximum 

transmission of TyrH
+

 in a low-resolution mode just sufficient to 

discriminate the protonated parent complexes. Figure 6.8ab compares 

UVPD spectra of anomeric disaccharides maltose and cellobiose in their 

complexes with the aromatic. Despite a lack of a resolved vibronic 

structure, the difference in many reproducible details makes the spectra 

suitable for identification and accurate quantification of this pair of 

isomers. Figure 6.8c illustrates the quality of the decomposition by 

comparing the spectra calculated and measured for the 1:1 solution 

mixtures of the two anomers. The fit coefficients suggest 47:53% for the 

relative concentration of the two glycans in this mixture. The 

decompositions of the spectra for 2:1 and 1:2 solution mixtures of the 

glycans give their relative concentrations as 64:35 and 27:73, respectively. 

Together, the three decompositions allow for an estimate of RMSD, which 

characterizes the expected accuracy in quantification of unknown sample 

mixtures, to 4.4%.  

In comparison with 2D UV-MS fingerprinting, the evaluated above 

high accuracy of 1D UV deconvolution drops quickly however upon 

increasing the number of isomers in the library. Our simulations using 2D 

UV-MS fingerprints show that, for example, for a 1:1:2 mixture of three 

tetrasaccharides (blood group A1, A2 and A3/4; Figure 6.S1) the 2D 

decomposition gives the relative concentrations of 27:24:49, while 1D UV 

measurements and fit would result in a less accurate relative 

concentrations of 30:28:42. These data are consistent with the earlier 

reported simulations, that considered 2D UV-MS, 1D UV-only and 1D MS-

only decompositions of 2D data arrays measured for isomeric peptides. 

Overall, for multicomponent libraries 2D UV-MS decompositions exhibit 

better stability in wide wavelength ranges, while 1D fits may give good 

accuracy only within specific narrow wavelength or m/z windows that 
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have to be predetermined in advance. It is worth stressing that for the 

spectroscopically large systems studied herein, the high isomeric 

specificity of UV spectra is based on cooling ions to a cryogenic 

temperature, which ensures no/little population of vibrationally excited 

levels.  

 

Figure 6.8. Measured with QMS UVPD spectra of non-covalent complexes 

of TyrH
+

 with isomeric disaccharides a) Glc-1,4-Glc
 

(cellobiose), b) Glc-

1,4-Glc (maltose) and (c) with both isomers in 1:1 mixture (pink trace). The 

black trace in (c) is the best numerical 1D fit that adds the spectra in (a) 

and (b) with coefficients of 0.465 and 0.535, respectively. 

 

6.4. CONCLUSIONS 

In this study, we have demonstrated how isomeric carbohydrates in 

any of their numerous isoforms can be distinguished and relative solution 

concentrations of saccharides can be quantified using our recently 
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developed approach of 2D UV-MS fingerprinting of cold ions. Mixing 

carbohydrates and suitable aromatic molecules in solution efficiently 

produces their protonated non-covalent complexes, a good fraction of 

which can be brought intact to the gas phase using soft ESI. Hydrogen 

bonds to aromatic molecule make glycans “visible” in UV. This enables 

recording the yield of photodissociation of the complexes as a 2D function 

of UV wavelength and of m/z of the appearing fragments. When the 

complexes are cooled to cryogenic temperature, such 2D fingerprints 

become quite specific to isomers of glycans. The sets of up to five isomers, 

and the carbohydrates as large as heptasaccharides, were tested. For most 

of the sets the expected accuracy in determination relative concentrations 

of isomers mixed in solution is better than 3-5%. For sets of a few isomers 

the 1D UVPD cold ion spectroscopy can be a sufficiently accurate while 

technically less demanding alternative to the 2D UV-MS sensing. Our test, 

in which a quadrupole mass filter replaced a broadband high-resolution 

Orbitrap-based MS, gives 4.4% accuracy 1D quantification of mixtures of 

two isomeric disaccharides. 2D UV-MS fingerprinting remains 

indispensible however for accurate quantifications with larger libraries 

and bigger glycans. 

2D UV-MS fingerprinting of carbohydrates has potential for online 

coupling to liquid chromatography. To shorten the time of measurement 

to the scale of LC, the aromatic-glycan complexes can be sensed not 

continuously, but at a few “critical” wavelengths only, similar to what was 

earlier shown for peptides.
17,19,20

 In such a case, yet to be demonstrated, the 

premixing of aromatic molecules can be performed in between an LC 

column and an ESI capillary. 

Overall, adding carbohydrates to the sample box of 2D UV-MS 

fingerprinting expands its capabilities in identification of isomeric 

biomolecules.  It is practically important that the same hardware and 

software can be used for very different types of biomolecules, making the 

method quite flexible in analytical identifications of isomers. 
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APPENDIX CHAPTER 6 

 

Figure 6.S1.  UVPD (a) optical and (b) mass spectra of TyrH
+

 in complexes 

(from top to bottom) with Blood Type A1, Blood Type A2 and Blood Type 

A13/4 tetrasaccharides. The spectra are obtained by integrating the 

respective 2D UV-MS fingerprints over m/z and wavelength dimensions for 

optical and mass spectra, respectively. 
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Figure 6.S2. Symbolic structures of (a) Man6GlcNAc-II and (b) Man6GlcNAc-

I hepta saccharides. (c) UVPD mass spectra (in red and blue, respectively) 

and (d) UVPD optical spectra (the same colour coding) of the two 

heptasaccharides in complexes with TyrH
+

; the spectra are derived by 

integrating the respective measured 2D UV-MS fingerprints. (e) UVPD 

optical spectrum (green trace) derived from the 2D UV-MS fingerprint 

measured for 1:2 mixture of the glycans and the best fit of these spectrum 

(red trace) obtained from matrix decomposition procedure. The calculated 

relative concentrations, 29% and 71%, differ from the prepared solution 

ones by 4%.  
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Figure 6.S3. UVPD optical and MS identities of five isomeric disaccharides 

in non-covalent complexes with TrmH
+

 aromatic molecule.  
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Calculated relative concentrations 

Saccharide 

Mixture  

A B  C  D  E  

B2:C1 0.00 78.30 17.15 4.55 0.00 

B1:C1 0.00 58.85 36.65 4.50 0.00 

B1:C2 0.00 34.40 60.25 5.35 0.00 

A2:C1 63.17 1.93 29.80 5.10 0.00 

A1:C1 50.60 1.30 42.10 5.99 0.00 

A1:C2 48.24 0.05 49.30 2.41 0.00 

D1:E1 0.00 1.22 0.00 51.26 47.52 

B1:D1:E1 0.00 33.57 0.12 34.38 31.93 

B1:D2:E1 0.00 25.60 0.00 51.25 23.14 

B1:D1:E2 0.00 22.18 0.00 30.30 47.52 

E 0.00 1.85 0.00 0.00 98.15 

D 0.00 2.29 6.19 91.52 0.00 

 

Table 6.S1. Calculated relative concentrations for 12 mixtures of one to 

three isomeric disaccharides from the 5-component library of individual 

disaccharides.  

The identities of the isomers are encoded by A-E letters, where A - Gal-

1,3-GalNAc, B - GalNAc-1,3-Gal, C - GalNAc-1,3-Gal, D - Gal-1,3-

GlcNAc, E - Gal-1,4-GlcNAc; the relative solution concentrations of the 

mixed isomers are shown next to the letters. The leftmost column lists the 

tested mixtures of disaccharides and the other five columns show the 

relative concentrations of the five isomers calculated from matrix 

decompositions.  
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CHAPTER 7.     

Summary and Outlook 

7.1. SUMMARY 

In this work, we demonstrated the use of non-covalent interactions 

between solvent molecules and biomolecules for mimicking the native 

environment of the latter in the gas phase. We also employed these 

relatively weak interactions for interrogating structural information from 

isomers – the molecules that have absolutely the same mass but different 

arrangement of the atoms. 

Firstly, we investigated structures of microsolvated small molecules 

GlyH+ and GlyGlyGlyH+ produced by retaining a controlled number of 

water molecules onto the generated by ESI hydrated biomolecules. Results 

of our studies suggest that solvent molecules, retained from the aqueous 

solution, may preserve the main structural features of the native 

structures. The same microsolvated complexes can be alternatively 

produced in the gas phase by cryogenic condensation of water molecules 

onto bare ions. Comparison of our results with earlier published 

experimental results brings clear evidence that cryogenic condensation 

does not unambiguously reflect the solution-like structure of the hydrated 

biomolecules, because some of the gas phase conformers may remain 

kinetically trapped after hydration. Although cryogenic condensation is, 

likely, a more universal method of hydration, its use for elucidation of 

native structures of biomolecules may lead to false identifications. Our 

experimental results may also help many groups that work on the 

investigation of structures of biomolecules in the gas phase by mass 

spectrometry and/or gas-phase spectroscopy. Harsh conditions of ESI may 

influence spatial geometries of biomolecules, making the structures far 

from being native. The presence of the relatively weak complexes in mass 

spectra of biomolecules guarantees soft conditions in electrospray, 

increasing the probability of appearance of native structures.    
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Secondly, thanks to non-covalent interactions, we extended our fast 

and reproducible 2D UV-MS approach for identification and quantification 

of the most diverse and, therefore, challenging class of isomeric 

biomolecules: glycans. This approach cannot be directly applied to this 

class of biomolecules, because due to the lack of UV chromophore they are 

“invisible” in UV. The key finding that allows us to make them visible and 

distinguishable in UV is a noncovalent attachment of aromatic molecules. 

The differences in structures of analyte molecules can be transferred 

through intermolecular non-covalent interactions to an aromatic reader-

molecule. This aromatic molecule «reads» even small structural alterations 

in a partnering glycan through non-covalent interactions and responses to 

the alterations by shifting the UV spectra and/or changing its shape. 

Several types of non-covalent interactions are involved in the sensing of 

the analysing molecules, including OH ··· OH, CH ··· π, OH ··· π interactions. 

These relatively weak bonds are incredibly sensitive towards the structural 

changes in analysing molecules, which was demonstrated using as an 

example complexes between two anomers of GalNAc and tyramine. The 

pattern of hydrogen bonds in these complexes is the same and the only 

significant difference is the lengths of one remote bond between oxygen 

of tyramine and hydrogen of glycans. The anomeric OH groups, which 

orientations are different in two complexes, are not even involved in any 

type of hydrogen bonds, but spectra of two anomers are significantly 

shifted.  

 

7.2. OUTLOOK 

The demonstrated sensitivity of aromatic reporter molecules to the 

structural changes in analyzing carbohydrate molecules together with an 

almost infinite choice of reporter molecules makes us believe that this 

approach can be easily extended for any other classes of biomolecules, 

where the problem of identification of isomers exists. Using this approach, 

we already showed that any classes of isomeric glycans can be identified 

and relative concentrations in their mixtures can be determined.  
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A logical continuation of this project would be demonstration of the 

applicability of this approach for the identification and quantification of 

isomeric lipids, which are, differently from glycans, do not contain many 

polar functional groups to form noncovalent bonds with aromatic rings. 

Our preliminary results (to be published) suggest that instead of strong H-

bonds (e.g., OH···OH) such isomeric lipids can be recognised by much 

weaker CH-π interactions with aromatic rings of, for instance, small 

peptides that include phenylalanine residues. It implies that isomeric 

lipids can be identified and quantified using the same hardware and 

software as can be used for the identification of isomeric peptides, 

glycans, and small drugs.   

The performance of this approach can be further explored for 

identifications of other classes of biomolecules. Future efforts should 

target the development of the methods for de novo sequencing of glycans, 

which requires a library of 2D UV-MS spectra of small carbohydrates. This 

library can be used for sequencing large glycans with preceding enzymatic 

digestion or hydrolysis. Over the last decade, many groups have already 

demonstrated the applicability of IR and UV cold ion spectroscopy for the 

identifications of different isomeric biomolecules, including 

carbohydrates, lipids, peptides, metabolites, and drugs, but the 

application of these methods for solving practical problems, in reality, is 

yet to be shown. We believe that universality, rapidity, and robustness of 

the cold ion spectroscopy-based methods can be employed for industrials 

needs, as many companies are interested in accelerating speed and in 

improving the accuracy of standard analyses. Over the last few years our 

group has made several significant steps towards practical applications of 

our method: (1) we significantly decreased the time of the analysis by 

reducing the number of required experimental points (2) we also 

demonstrated the performance of a 1D UVPD approach, which drastically 

lowers the cost of the required instrumentation. 
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