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ABSTRACT: Despite the tremendous isomeric diversity 
of carbohydrates, their non-covalent bindings to proteins 
in nature are surprisingly selective. We investigated the 
ability of these intermolecular interactions to communi-
cate structural specificity of binding partners in carbo-
hydrate–aromatic ion complexes, which were formed in 
solution and then isolated and cooled in the gas phase. 
Our study revealed that small structural differences be-
tween carbohydrate isoforms of any type, including en-
antiomers, are accurately communicated by these inter-
actions back to aromatic molecules as detectable chang-
es in their vibronic energy levels. Such specific respons-
es of the aromatics to isoforms of carbohydrates are fi-
ne-tuned by interplay of the diverse involved non-
covalent bonds. These findings enable the identification 
and relative quantification of any isoforms of carbohy-
drates in their mixtures. 

Non-covalent intermolecular interactions are ubiqui-
tous in nature. Their diversity allows highly selective 
binding between biomolecules. DNA strands self-
assemble precisely to form a double helix, an antibody 
attaches to a target antigen found among myriads of oth-
er molecules, viruses and bacteria invade appropriate 
cells by, first, binding to specific membrane carbohy-
drates,1 etc. The selectivity of non-covalent interactions 
with carbohydrates in particular was explained by NMR2 
and X-ray crystallography3 studies within a general con-
cept of “lock and key” model. This model implies com-
plementarity of the interacting surfaces that the binding 
partners should expose to each other for maximum sta-

bility of a complex.4 Little is known about how sensitive 
the intermolecular non-covalent bonds are in communi-
cating structural details of the partners to each other.5-7 
Will, for instance, a flip of a single bond in a large iso-
meric oligosaccharide change something observable in a 
bound partner? Herein we demonstrate how a network of 
non-covalent bonds between an aromatic host ion and a 
carbohydrate guest molecule enables specific bilateral 
responses of the complex to structural differences in 
isomeric guests. The responses, detected by a combina-
tion of gas-phase UV spectroscopy and mass spectrome-
try reveal key contributions of the non-covalent bonds in 
communicating structural differences of guests. We ex-
plore the use of such networks for the identification and 
quantification of all types of isoforms of carbohydrates 
non-covalently bound in solution to protonated aromatic 
host molecules. 

 The monomeric structural units of carbohy-
drates exist in a variety of stereoisomeric forms, such as 
D/L-enantiomers, epimers, and α/β-anomers. For in-
stance, a cyclic aldohexose has 5 stereogenic centers, 
which implies an existence of 25=32 stereoisomers (e.g., 
α-D-glucose, β-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 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 num-
ber of possible isoforms. This enormous isomeric diver-
sity makes carbohydrates efficient at communicating the 
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specificity of interacting biomolecules, but exceptionally 
challenging to study glycans experimentally. 

In proteins, aromatic residues are by far the most 
common sites that accommodate carbohydrates by non-
covalent binding.8 UV absorption of aromatic amino 
acids is highly sensitive to non-covalent interactions of 
their π-electrons,9 while carbohydrates are, essentially, 
transparent in this spectral range. These two facts make 
UV photofragmentation spectroscopy of aromatic–
carbohydrate non-covalent complexes a convenient tool 
for detecting the response of the intermolecular no-
covalent interactions to structural differences of isomeric 
carbohydrates. 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 interac-
tions and permits a use of mass spectrometry for sensi-
tive detection of photofragments. This also enables cry-
ogenic cooling of the ions, which greatly enhances the 
resolution in UV fragmentation spectra.10-11 

Figure 1A shows a two-dimensional color-coded 
photofragmentation mass spectrum (2D UV-MS;11 
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 iso-
meric monosaccharides, Figures 1B and 1C show pairs 
of photofragment UV and mass spectra generated from 
the measured 2D UV-MS of GalNAc-TyrH+ and Glc-
NAc-TyrH+ complexes. The UV spectra of the complex-
es differ significantly from each other, in particular in 
the positions of their electronic band origins. This differ-
ence alone makes the two epimers readily distinguisha-
ble by spectroscopy of their complexes with TyrH+.  
Figures 1D and 1E reveal the origin of the spectral dif-
ference 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, which are typical for the other computed 
low-energy conformers. In both isomers, the two bonds 
between NH3

+ of TyrH+ and oxygen atoms of a saccha-
ride allow the complex to survive the harsh conditions of 
electrospray ionization. Similar pattern of NH3

+–O in-

teractions was revealed for protonated N-terminus of Tyr 
residue in some peptides of known geometry 

Figure 1. (A) Color-coded 2D UV-MS spectrum of Glc-
NAc–TyrH+ complex cooled to ∼10 K 12. Examples of mass 
(B) UV and photofragment (C) spectra, generated by slic-
ing 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 calcu-
lated most stable structures of (D) GalNAc-TyrH+ and (E) 
GlcNAc-TyrH+ complexes; black and green dashed lines 
show hydrogen and CH-π bonds, respectively. 

 
(Fig. S1).13-14 Solvation of the charge by these interac-
tions suppresses the proton–π coupling in the TyrH+ res-
idues, such that their UV band origins (280.3 nm)15 ap-
pear almost at that of neutral Tyr (280.9 nm),16 whose 
aromatic ring is free of any non-covalent interactions. 
Similarly, proton-π interaction should be insignificant in 
the two complexes and cannot account for the observed 
large difference in position of their UV band origins. 
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 Structural information is communicated to the aro-
matics, first, through 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 in-
ductive polarization of the π-system.17-18 Conversely, 
when the hydroxyl oxygen is the proton acceptor, like in 
the case of TyrH+–GalNAc, its increased electronegativi-
ty near equally shifts the UV absorption of phenol to the 
blue.17, 19 Involvement of phenol to both types of H-
bonds, like in the case of TyrH+–GlcNAc, redshifts its 
absorption by ∼0.8 nm.18 Consistently with this picture, 
the UV band origin in TyrH+–GalNAc complex is shift-
ed from that in TyrH+–GlcNAc to the blue by as much as 
4.2 nm. In addition to these two strong H-bonds, both 
complexes exhibit weaker CH-π interactions. Their 
strength is governed by the electropositive character of 
the C−H bonds, which differs between isomeric saccha-
rides.8 Thus, CH-π bonds may also contribute to the 
recognition of the isomeric monosaccharaides. To disen-
tangle the strong and weak non-covalent couplings in the 
complexes, we replaced OH on the Tyr ring with a me-
thyl group (MePhe). This modification removes the H-
bonds, but enables coupling of an OH in the saccharides 
to the aromatic π-system (Fig. S2). CH-π and OH-π 
bonds now compete in shifting the UV absorption of 
MePheH+ to the red and to the blue, respectively.  Re-
garding the interatomic distances and bond directions in 
the calculated GalNAc/GlcNAc–MePheH+ complexes 
(Fig. S2), OH-π coupling should be particularly promi-
nent in the complexes with GlcNAc, while CH-π is rela-
tively 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. S3). The interplay of OH-π and CH-π couplings 
thus makes the UV spectroscopic signatures of the two 
epimers quite different. Similarly, these interactions in 
the complexes of L-PheH+ with D- and L- enantiomers 
of glucose modify the UV absorption of this chiral aro-
matic differently (Figure S4), allowing spectroscopic 
recognition of the two optically isomeric monosaccha-
raides.  

  

 

 

 

Figure 2. Photofragment (A) UV and (B) mass spectra, 
generated by integrating over m/z and wavelength, respec-
tively, the 2D UV-MS fingerprints of five isomeric 
(m=383.16 Da) N-acetylated disaccharides bound in solu-
tion with protonated tyramine. The spectra are labeled by 
the standard symbolic representation of oligosaccharides.20 

 
Overall, the interplay of up to five non-covalent in-

teractions between the aromatics and the monosaccha-
raides determines the net position and structure of the 
UV absorption of the complexes. Structural alterations 
of a saccharide change the subtle balance of these inter-
actions, making UV absorption of the complexes exquis-
itely sensitive to isoforms of carbohydrates (see also 
Figures 2A, 3A, S4 and S5). In all the calculated struc-
tures (e.g., Figs. 1D, 1E and S2), C-terminus of Tyr and 
MePhe is not involved in H-bonding and therefore may 
not contribute to this sensitivity. Figure 2 shows frag-
mentation UV and mass spectra of five N-acetylated 
isomeric disaccharides bound in solution with tyramine 
– an aromatic molecule that is similar in chemical struc-
ture to Tyr, but has no C-terminus. 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 iso-
mers in complexes with tyramine, which confirms that 
non-covalent bonds with other aromatics besides four 
amino acids can also be highly sensitive in the recogni-
tion of carbohydrates.  
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Figure 3. Photofragment UV and mass spectra of (A) three 
isomeric tetrasaccharides, and (B) two heptasaccharides 
(Man6GlcNAc (II) and Man6GlcNAc (I), red and blue trac-
es, 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.  

 

Although aromatics, but not carbohydrates, are effi-
ciently protonated in solution, the highly abundant pro-
tonated saccharides and their fragments appear in the 
photofragment MS of the complexes (Figures 1B, 2B 
and 3B). These observations suggest a proton and energy 
transfer from aromatics to saccharides in the electronic 
ground21 and/or excited state22 of the complexes. Proto-
nated aromatics are the most abundant photofragments 
observed for mono- (e.g., D-/L- glucose, Fig. S4) and 
disaccharaides (Figure S5) that do not contain NAc 
groups. This suggests a crucial role for the NAc group in 
accommodating the proton that is shared with aromatics 
in the complexes. The rich networks of intermolecular 
non-covalent bonds in the complexes facilitate the host 
to guest proton transfer23, thus allowing a synergy of 
mass spectrometry and spectroscopy in recognition of 
carbohydrates. 

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 here-
in appear visibly distinct. Figures 3A and 3B compare 
the UV and MS identities of three isomeric tetrasaccha-
rides 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 ex-
plain 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 host can sense a structure only locally, different 
conformers of a complex collectively may reflect the 
structural details of the whole guest molecule. 

 The observed differences in the UV-MS identi-
ties of isomeric carbohydrates complexed with aromatics 
allowed for relative quantification of the isomers in their 
solution mixtures using the methods of 2D data array 
decompositions.11, 24 For instance, for a 1:1:2 solution 
mixture of three isomeric tetrasaccharides (Fig. 3A), the 
27:24:49% relative concentrations were determined; the 
average relative concentrations of 29:71% were calcu-
lated for a 1:2 solution mixture of the two heptasaccha-
rides shown in Figure 3B. Most common methods of 
isomeric identifications of carbohydrates, such as chro-
matography and ion mobility,25-26 rely on rates of hin-
dered travel of molecules and ions, respectively. These 
rates are not fundamental values however and are sensi-
tive to the experimental conditions. 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 (e.g., IRMPD27 or IR fragmentation of 
tagged saccharides28-30) was able to distinguish without 
quantification some isoforms of small oligosaccharides. 
Structural sensitivity of intermolecular non-covalent 
bonds in aromatic–carbohydrate complexes enables UV-
MS recognition of all types of isoforms of mono- to hep-
tasaccharides. This sensitivity arises from interplay of 
the diverse involved non-covalent bonds. Whether in 
nature the sensitivity of electronic levels of aromatics in 
proteins to isoforms of the bound carbohydrates contrib-
utes to recognition of glycans and to signal transduction 
in proteins remains an open question. 
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