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ABSTRACT: Sequencing glycans is demanding due to 
their structural diversity. Compared to mammalian gly-
cans, bacterial glycans pose a steeper challenge because 
they are constructed from a larger pool of monosaccha-
ride building blocks, including pyranose andf uranose 
isomers. Though mammalian glycans incorporate only 
the pyranose form of galactose (Galp), many pathogens, 
including Mycobacterium tuberculosis and Klebsiella 
pneumoniae, contain galactofuranose (Galf) residues in 
their cell envelope. Thus, glycan sequencing would ben-
efit from methods to distinguish between pyranose and 
furanose isomers of different anomeric configurations. 
We used infrared multiple photon dissociation (IRMPD) 
spectroscopy with mass spectrometry (MS-IR) to differ-
entiate between pyranose- and furanose-linked galac-
tose residues. These targets pose a challenge for MS-IR 
because the saccharides lack basic groups, and galacto-
furanose residues are highly flexible. We postulated cat-
ionic groups that could complex through hydrogen bond-
ing would offer a solution. Here, we present the first MS-
IR analysis of hexose ammonium adducts. We compared 
their IR fingerprints with those of lithium adducts. We 
determined the diagnostic MS-IR signatures of the α- and 
β-anomers of galactose in furanose and pyranose forms. 
We also showed these signatures could be applied to di-
saccharides to assign galactose ring size. Our findings 
highlight the utility of MS-IR for analyzing the unique 
substructures that occur in bacterial glycans. 

Advances in mass spectrometry are leading to new 

methods to sequence glycans. While MS/MS methods 
can distinguish some glycan structural features,1−3 their 
resolution is limited. These limitations are especially ap-
parent in analyzing bacterial glycans, as over 600 differ-
ent monosaccharide building blocks can be included.4,5 

Many monosaccharides in this pool have identical 
masses and differ only in substituent stereochemistry. 
Moreover, a single saccharide building block can exist in 
pyranose and furanose forms, as is the case for galactose. 
Finally, the regiochemistry of glycan attachment can 
vary, as can the configuration at the anomeric position. 
Thus, the challenges of glycan analysis require new ana-
lytical methods.6−9 Major advances have been made in 
microarray methods,10,11 and mass spectrometry-based 

glycomics. In particular, ion mobility spectrometry (IMS) 
can be used for upfront separation and structural char-
acterization, and infrared ion spectroscopy of mass-se-
lected ions (MS-IR) provides an additional diagnostic of 
isomers.8,12−19 
The need for advanced methods for glycan analysis is ex-
emplified by the complexity of fully defining a single res-
idue-galactose-within a glycan. Galactose exists in the cy-
clic five-membered ring furanose and the more common 
six-membered ring pyranose forms.20,21 Mammals use 
only the more stable galactopyranose isomer in their gly-
cans; however, the galactofuranose isomer occurs in 
many microorganisms, including some bacterial species, 
protozoan parasites, and even multicellular organisms 
such as nematodes. Numerous organisms generate Galf-
containing glycans, many of which also possess galacto-
pyranose-containing glycans, indicating the importance 
of accurately distinguishing between different isomers.  

Until recently, the means to distinguish between ga-
lactopyranose and galactofuranose within a glycan re-
quired the application of multiple methods. Nuclear 
magnetic resonance spectroscopy and vibrational circu-
lar dichroism structural analysis in tandem proved to be 
reliable methods for conformational elucidation of 
furanose rings.22,23 Alternatively, techniques derived 
from gas-phase molecular spectroscopy could be used to 
identify subtle isomeric variations.24,25 More efficient 
methods, however, are needed to streamline analysis.  

MS-IR is a method for glycan analysis that unites tan-
dem mass spectrometry and gas-phase IR spectros-
copy.26 In short, a mass spectrometer is modified to allow 
laser irradiation of m/z selected ions. In traditional IR 
absorption spectroscopy, the transmitted light is meas-
ured as a function of the wavelength and the spectrum 
retrieved using the Beer−Lambert formula. This ap-
proach cannot be applied to MS-IR because of the 
extremely low density of ions. We addressed this issue 
using an “action spectroscopy” strategy called infrared 
multiple photon dissociation (IRMPD). In IRMPD, ab-
sorption, as a function of wavelength, is detected via the 
observation of photoinduced fragmentation of the irra-
diated ions. In general, this hybrid approach has three 
benefits. First, in a heterogeneous sample, optical signa-
tures are obtained for each analyte after m/z-based sep-
aration. Second, the mass spectrometric data is aug-
mented with spectroscopic information, allowing one to 



ACCEPTED MANUSCRIPT 

 

2 

observe subtle differences between isomers. IRMPD has 
been broadly used to analyze biomolecular ions,27 and 
can successfully identify diastereoisomers,28,29 epi-
mers,30,31 anomeric configuration,16,26 ring size,37 and re-
giochemistry of different saccharides.32,33 Third, in ab-
sence of solvent, the O−H and N−H stretching vibrations 
are better resolved than in the condensed phase. This 
spectroscopic technique has the advantages of sensitiv-
ity, as only small sample quantities typical of MS are 
needed and low temperatures are not required.19,34 Thus, 
in the appropriate wavelength range, the coupling of IR 
spectroscopy with MS enables the analysis of glycans 
with identical weight because different isomers will give 
rise to distinct O−H stretch patterns. We postulated that 
MS-IR could be used to characterize galactose monosac-
charide isomers and galactose-containing saccharides. 

Distinguishing between galactopyranose and 
galactofuranose and their anomers is a challenge. Most 
pyranose sugars have well-defined conformations, but 
the galactofuranose ring is highly flexible. The lack of ri-
gidity complicates its analysis by spectroscopic methods, 
including sensitive techniques such as nuclear magnetic 
resonance spectroscopy.23 Second, these hexoses are not 
basic; therefore, they do not easily protonate. 

Carbohydrates can readily form stable ionic 
complexes in electrospray ion sources, provided the cat-
ions are introduced as salts. For example, Li+ and Na+ ad-
ducts of carbohydrates can increase ion signal and sensi-
tivity in mass spectrometry.35 For MS-IR analysis, how-
ever, the ion adduct must both promote ionization and 
enable structural resolution of the spectroscopic finger-
print. Carbohydrate complexation with such Li+ and Na+ 

can yield IRMPD data with fewer spectroscopic fea-
tures.28,29 As a rule, protonated ions tend to have more 
distinct IR fingerprints than alkali adducts. For acidic 
carbohydrates, the formation of ammonium adducts has 
been suggested to be an alternative to protonation.33 

To date, MS-IR reports on neutral sugars are 
scarce and are limited to alkali adducts.26,34,36 For neutral 
sugars, however, each hydroxyl group is equally basic. 
We envisioned that ammonium ions could form a bifur-
cated hydrogen bond network with hydroxyl groups. 
This interaction should localize the ion to specific sites 
on the glycan and give rise to a distinct fingerprint. Here 
we test this hypothesis using a panel of neutral galactose 
isomers. 
 To determine whether MS-IR would be effective, 
we examined four isomers of galactose with fixed ring 
size and anomeric configuration (Figure 1). Their struc-
tures, which were validated by NMR spectroscopy, were 
designed to assess whether distinctive MS-IR signatures 
could be obtained. When the four methylated galactose 
isomers were analyzed, ions were detected at m/z 212 
for the ammonium adducts. Under collision-induced dis-
sociation (CID), fragmentation of the most labile group 
should occur, which is generally the anomeric substitu-
ent. In the case of methyl glycosides, cleavage of the 
methoxyl group ensues. As a result, the ammonium ad-
ducts yielded two main fragments: m/z 195, 

corresponding to the loss of ammonia, and m/z 163, in-
dicating a release of both methanol and ammonia (Figure 
S1). Spectra of the Li+ adducts showed loss of methanol 
(Figure S2). Though protonated galactose ions are not 
produced in the source, they are easily obtained by frag-
mentation of the ammonium adduct and are detected at 
m/z 195 in the MS/MS spectrum of ammonium adducts. 
This fragment can be re-isolated for further MS/MS 
study (Figure S3). 

 
 
Features of the spectra from the ammonium adducts in-
clude C−H vibrational activity around 2950 cm−1, intense 
N−H vibrational activity around 3350 cm−1 from the NH4 

+ moiety, and a resolved hydroxyl group stretch pattern 
above 3500 cm−1 (Figure 2). For methyl-α-D-Galp (1) and 
methyl-β-D-Galp (2), this pattern consists of two bands, 
while methyl-α-D-Galf (1) or methyl-β-D-Galf (2) afforded 
a single band. The intense peak centered around 3580 
cm−1 is visible in both pyranose anomers but absent from 
either of the furanose spectra. Thus, we could distinguish 
galactofuranose and galactopyranose isomers. 
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 The ammonium adduct data are less distin-
guishing of anomers. For galactopyranose, the α- and β- 
anomers give rise to distinctive C−H bond stretching pro-
files around 2950 cm−1. Specifically, α-Galp 1 gives rise to 
a single peak centered at 2955 cm−1, whereas β-anomer 
2 affords a more complex spectrum consisting of a dou-
blet at 2914/2955 cm−1, with moderate vibrational activ-
ity extending toward 3200 cm−1. For galactofuranose gly-
cosides, the vibrational fingerprints of the α and β 
anomers are similar, yet a slight shift of about 20 cm−1 is 
visible in the O−H mode: 3640 cm−1 for α-Galf 3 and 3660 
cm−1 for β-Galf 4. The IR signatures of the Li+ adducts are 
more congested and less distinguishing of the four iso-
mers, yet the minor bands reveal reliable differences be-
tween them (Figure S4). The protonated ions did not af-
ford diagnostic spectra (Figure S5). 
 Although the spectra of the ammonium−galac-
tose adducts of the anomeric isomers were more difficult 
to interpret, they were diagnostic of ring size. The IR fin-
gerprint of galactopyranose is characterized by an in-
tense O−H signal at 3580 cm−1, which is absent from the 
spectra of galactofuranose. Additionally, although the 
bands from the lithium adducts show less contrast, they 
are diagnostic of α and β anomers. Thus, different ad-
ducts can be used to reveal distinct structural infor-
mation: the ammonium adducts are diagnostic of the 
ring size, while the lithium adducts can distinguish ste-
reochemistry. 
 We used our fingerprint for the monomers to 
analyze two galactose-containing disaccharides (Figure 
3). Specifically, we tested whether the IR fingerprint 
could distinguish between galactopyranose-containing 
and galactofuranose-containing disaccharides: N-

acetyllactosamine (β-D-Galp-(1,4)-GlcpNAc, 5) and β-D-
Galf-(1,4)-GlcpNAc, 6. For these isomers, the Nacetylglu-
cosamine residue has a basic substituent that ensures 
the facile formation of protonated ions. We therefore ac-
quired IR data from the protonated species and the lith-
ium-ion adducts in water/methanol. The mass spectra of 
the disaccharides revealed signals at m/z 384 and m/z 
390 for protonated ions and the lithium-ion adducts, re-
spectively. The CID spectra of the protonated and lithium 
disaccharide adducts (Figures S6 and S7, respectively) 
had signatures consistent with the expected fragmenta-
tion patterns: a loss of water (at m/z 366 and m/z 372 
for the protonated and lithium-ion species). The proto-
nated disaccharides also afforded two intense fragments 
at m/z 222 and m/z 204 that correspond to the Y and Z 
fragments after cleavage of the glycosidic bond. The lith-
ium-complexed disaccharides show a small amount of B, 
C, Y, and Z fragments and cross-ring fragments. Overall, 
MS/MS analysis featured the same fragments for both 
galactose-containing isomers, highlighting the need for 
IRMPD analysis. 

 
 The IRMPD signatures of the protonated galac-
tosecontaining disaccharide adducts were consistent 
with the ammonium adducts of the monosaccharide 
standards. First, they show an intense vibrational activ-
ity throughout the whole frequency range (Figure 4). 
The furanose and pyranose forms have similar IR pro-
files but feature distinctive O−H patterns above 3500 
cm−1. Compound 6 gives rise to a doublet of O−H modes 
at 3630 and 3660 cm−1. The IRMPD spectrum of N-acetyl-
lactosamine 5 also has a third significant O−H mode at 
3600 cm−1, which is indicative of galactopyranose (Fig-
ure 4). The features of the IRMPD fingerprints of lithium 
cation adducts in the [2700, 3700] cm−1 range align with 
those observed for the monosaccharide standards (Fig-
ure S8). The IR fingerprints of the lithium adducts show 
significantly less vibrational activity than those of the 
protonated species; however, a secondary band of lower 
intensity at 3600 cm−1 is visible in the spectrum of N-
acetyllactosamine 5 yet absent from the spectrum of iso-
mer 6. Thus, the galactose ring size between these two 
compounds can be resolved in both protonated and lithi-
ated species. 
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The disaccharide data above indicate that the 
protonated species is an excellent reporter of ring size: 
the overall spectra of the isomers show many different 
features. Determination of ring size is also possible, al-
beit with less contrast, using lithium adducts. Thus, MS-
IR can distinguish galactopyranose- and galacto-
furanose-containing oligosaccharides. 
 The relationship between the structure and 
function of bacterial polysaccharides can be difficult to 
dissect. Developing analytical methods to discriminate 
pyranose and furanose building blocks in polysaccha-
rides is critical for sequencing bacterial glycans. For ex-
ample, the O-antigens of some Klebsiella pneumoniae 
strains have sequences with both galactofuranose and 
galactopyranose.22 Because our MS-IR strategy can dis-
tinguish ring size and the anomeric configuration, it can 
aid in polysaccharide analysis. The IRMPD signatures of 
the α and β isomers of methyl galactoside in pyranose 
and furanose forms were obtained with ammonium and 
lithium adducts. For ring size determination, ammonium 
adducts offer a reliable diagnostic. If knowledge of the 
ring size and the anomeric configuration is required, the 
IRMPD spectra of Li+ adducts exhibit distinct patterns for 
all four isomers. In contrast, the spectra of protonated 
ions did not give rise to diagnostic patterns. Similarly, we 
collected IRMPD signatures of galactose-containing di-
saccharides for protonated and Li+ adducts. The galac-
tose residue ring size could be resolved with either ad-
duct. 

Our results highlight the power of MS-IR spec-
troscopy for analyzing glycans. The identification of ring 
size and anomer demonstrated here is promising for the 
analysis of oligosaccharides. We anticipate that the pro-
posed MS-IR diagnostic for the presence of galacto-
furanosyl rings will help determine glycan structures in 
microbes that range from pathogenic to commensal 

bacteria, as well as in protozoan and fungal pathogens. 
Such data can also benchmark computational ap-
proaches, which are notoriously less effective for 
hexofuranose than for hexopyranose rings, as the former 
has greater conformational flexibility.23,37,38 More 
broadly, these data highlight the capabilities of IRMPD in 
developing highresolution carbohydrate sequencing 
methods, including the analysis of neutral sugars. 
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