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Abstract

We combine conformer-selective, cryogenic infrared spectroscopy, quantum
mechanical computations, and 30 substitution at the reducing end to determine the structural
preferences of protonated glucosamine in the gas phase. Cryogenic infrared-infrared (IR-IR)
double resonance spectroscopy of helium-tagged protonated glucosamine provides vibrational
fingerprints of individual conformers, and 30 isotopic labeling facilitates the match with
computed structures and provides a selective probe of the anomeric hydroxyl. This is key for
using vibrational spectroscopy for glycan analysis and determining the generality of anomeric

memory during glycosidic bond cleavage.



Introduction

Glycans are ubiquitous in biological systems, exhibiting a wide spectrum of functions.
For example, they decorate the surface of cells, where they take part in cell-to-cell recognition,
cellular signaling, and immune response via interactions with intrinsic and extrinsic glycan-
binding proteins.!-? Although mass spectrometry (MS) is one of the most sensitive techniques
for the analysis of glycans, by itself it has difficulties in determining their primary structure
because of their intrinsic isomeric complexity.’> Consequently, MS is often combined with
other techniques for glycan analysis.® 7 One such technique, vibrational spectroscopy, has
begun to show promise for identifying glycan isomers, owing to its extremely high sensitivity
to specific hydrogen-bonding patterns.® ® Polfer and coworkers first used infrared multiphoton
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dissociation (IRMPD) to measure vibrational spectra of gas-phase monosaccharides,
Schindler ef al. extended this approach to determine glycosidic bond anomericity of small
glycans.!? 13 However, room-temperature spectral fingerprints of larger glycans often exhibit
broad features that could render the structural identification ambiguous.!* While thermal
broadening can be largely eliminated by cooling the samples to cryogenic temperature,® °
spectral complexity can also arise from a multiplicity of stable conformers, each of which will
have a different vibrational spectrum. In this case, conformer-selective spectroscopic
techniques can often further simplify the spectrum. Voss et al. applied both cryogenic cooling
and IR-IR double resonance spectroscopy to identify eight distinct conformers of sodiated
glucose.!® Their results demonstrate that carbohydrates are prone to adopt multiple kinetically-
trapped conformers in the gas phase. Their high spectral resolution allows them to
unambiguously establish the anomeric configuration at the C1 carbon by comparing computed
and experimental conformer-specific spectra. This may have important implications for glycan
sequencing in light of the recent proposal by Schindler et al. that the anomeric memory of the
glycosidic bond may be retained upon dissociation.!?

Although isotopic labeling has proved to be an invaluable tool for the structural

assignment of peptides, 618

it has not been exploited for the study of glycans. In this work we
combine IR-IR double-resonance spectroscopy in a cryogenic ion trap with '*0 labeling and
quantum mechanical computations to determine the conformational preferences of a prototype
system — protonated glucosamine. Glucosamine presents several advantages for testing and
validating this new combination of techniques: (1) it protonates easily due to a basic amino
group, (2) its compact size and rigid ring structure restrict the number of possible
conformations, allowing a deeper understanding of the system, and (3) the presence of two

types of oscillators (NH and OH) give rise to bands in two distinct regions of the spectrum that

will allow us to distinguish them.



Experimental approach and computations

A detailed description of the instrument in which we perform these experiments has

been reported previously.!”

Briefly, protonated glucosamine ions are produced by
electrospraying a 0.1 mM solution in a 50:50:0.1 methanol-water-acetic acid. The ions of a
particular m/z ratio are selected in a quadrupole mass filter and guided to a cryogenic octupole
ion trap maintained at 3.5 K. There they undergo collisions with helium buffer gas, which cools
them sufficiently to allow the formation of weakly bound complexes of glucosamine with one
or more helium atoms. The helium-tagged ions are then irradiated with an infrared (IR) pulse
from a tunable optical parametric oscillator (OPO). When the OPO frequency is in resonance
with a vibrational transition, IR radiation is absorbed and then redistributed, causing the weakly
bound He atom to evaporate. Monitoring the depletion of the tagged ions as a function of the
OPO wavenumber allows us to acquire an infrared absorption spectrum of all the conformers
present. In order to obtain infrared spectra of individual conformers, two IR pulses are used in
a double-resonance scheme. An IR pump pulse, firing at 5 Hz, is fixed at a wavenumber
corresponding to an absorption band of a specific conformer and is of sufficiently high fluence
to saturate the transition. A probe IR pulse, firing at 10 Hz and arriving 1 us after the pump

pulse, is scanned in wavenumber,?? 2!

inducing depletion when in resonance with any
conformer that is not pumped. Taking the difference between the cycle with and without the
pump pulse produces a dip spectrum of the pumped conformer.

Isotopic labeling with '#0 at the reducing end is achieved by dissolving 1.5 mg of dry
glucosamine hydrochloride (Sigma-Aldrich, 99% purity) in 150 puL of H>!80 (Sigma-Aldrich,
97% purity) and maintaining the mixture at room temperature for 48 hours. The solution is
diluted in MeOH (1:1000) before electrospraying.?? It is known that only the OH at the reducing
end exchanges under these conditions.??

To compute the most stable structures, we sample the conformational space using a
molecular dynamics simulation?* based on a parametrizable model?> implemented in the
computer code PRIRODA.?® From such a simulation for the o, anomer we collect 1001
geometries, which are then optimized, leading to the identification of 63 unique conformers.
These unique geometries are further optimized by DFT using the B3LYP functional and a 6-
31+G(d,p) basis set as implemented in Gaussian 09.27 The vibrational spectra of the lowest-
energy conformers are computed with the same functional and basis set. The harmonic

frequencies are uniformly scaled by a factor of 0.955.

Results and discussion

In the range of 3150-3750 cm™!, NH and OH stretch bands are the most prominent. The
infrared spectrum of protonated glucosamine, shown in Figure 1 (red trace), exhibits 13 distinct
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lines in this region — more than the total number of NH and OH oscillators in the molecule. This
implies that multiple conformers are likely to be present. Among all the NH and OH oscillators,
only the reducing end OH can be easily isotopically labeled by dissolving dry glucosamine in
H>!'80. Isotopic substitution of 30 causes only two bands to shift (blue trace in Figure 1), each
by 12 cm!, allowing us to assign these lines to anomeric OH vibrations. Assuming that a single
line shifts for each conformer, this indicates the presence of at least two conformers coexisting

in the gas phase.
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Figure 1. Infrared spectrum of glucosamine-H" (red) and glucosamine-H" labeled at the glycosidic OH
with "*O (blue).

The contribution of multiple conformers to the infrared spectrum renders its
interpretation ambiguous. We thus applied IR-IR ion dip spectroscopy to acquire vibrational
fingerprints of individual conformers (Figure 2). Vibrations of the OH group are expected to
appear in the spectral region above 3400 cm™.,!> and NH group vibrations usually appear lower
than 3400 cm™.2® Fixing the wavenumber of the IR pump pulse on an OH band at 3542 cm’!
and scanning the wavenumber of the probe pulse produces a spectrum with eight bands — more
than the total number of stretch vibrations in the molecule — indicating that multiple conformers
absorb at this wavenumber (Figure S4). However, pumping at 3417 cm™ we obtain a spectrum
consisting of five bands (see Figure 2), which we attribute to a single conformer (A). Fewer
bands than the total number of stretch vibrations indicates that some are either strongly
broadened or overlapping other bands. By fixing the IR pump pulse on an NH band at 3340 cm”
! we obtain the fingerprint IR spectrum of a second conformer (B), and fixing it at 3323 ¢cm'!
produces a third distinct spectrum (conformer C). The sum of conformer-specific spectra of A,
B and C (Figure S5), reproduces well the single-laser spectrum, indicating that the most
abundant conformers of glucosamine-H" are successfully sampled. The overlap of the anomeric
OH bands in spectra B and C explains the shift of only two lines, rather than three, in the 80

isotopic labeling experiment (Figure 1).
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Figure 2. The top trace (black) is the non-conformer specific spectrum. The three spectra below are
double resonance spectra of conformers A-C. The purple dashed lines indicate the bands assigned to
anomeric hydroxyl by *O substitution (Figure 1).

The distinctive OH band pattern in the spectrum of conformer A, as compared with B
and C, indicates a different hydrogen-bonding network in the former. Even though the positions
of the OH bands are nearly identical in the spectra of conformers B and C, the NH bands are
highly sensitive to fine changes of their environment, allowing us to distinguish them.
Considering the isotopic labeling (Figure 1) and the IR spectra of each conformer (Figure 2),
we identify the bands of the anomeric OH groups: 3645, 3640 and 3637 cm™! (in spectra A, B
and C, respectively).

In order to determine the structures of the three conformers, we perform a
conformational search using a molecular dynamics simulation at 1200 K. Analyzing the
generated conformations, we observed that the lowest in energy can be determined following a
set of rules: 1) the pyranose cycle can adopt chair, boat or skewed-boat conformations (half-
chair and envelope are usually transition-state geometries);>’ 2) the skewed-boat conformation
is >5 kcal/mol higher in energy than a chair conformation; 3) the group repulsion (in the case
of large axial substituents in chair conformations) imposes an energetic penalty that can be
compensated with efficient hydrogen bonds; 4) charge directs the hydrogen bonding pattern,*°
and 5) hydrogen bonds that complete a ring of 6 or 7 atoms are stronger than 5-atom rings. The
generated pool of conformers is further optimized at the B3LYP level of theory.

Figure 3 illustrates the comparison of the experimental and calculated spectra of the

lowest-energy structures. Theoretical vibrational spectra and the computed structures that give



rise to them generally agree well with the experimental spectra; moreover, they are consistent
with the assignments of the reducing end OH bands (Figure 2). Our structures are not unlike
the ones proposed by Schindler ef al. in their study of glucosamine anomers with liquid
chromatography and IRMPD.3! The computed structure for conformer A adopts a 'C4 chair
conformation, while for conformers B and C it has a *C configuration, and this explains their
difference in the OH stretch region of the spectrum (see Figure 3). In agreement with Voss et
al.,'’> we find the hydrogen-bond lengths being strongly correlated with the OH stretch
frequency. Conformer A is lowest in energy due to strong hydrogen bonding (closing a 7-
membered cycle), which is reflected in the large shift of the OH band to 3417 c¢cm!; the
corresponding hydrogen-bond length of this OH group is 1.8 A (Figure 3a). In conformer B,
two OH groups form hydrogen bonds with lengths of 2.0 and 2.5 A, their corresponding
frequencies being 3542 and 3611 cm! respectively. The pattern of OH bands of conformer C
strongly resembles that of conformer B, showing differences in positions of not more than 3
cm!, The anomeric OH group serves as a hydrogen bond acceptor for the neighboring amino
group, which makes the NH spectral region sensitive to structural changes between the a- and
B-anomers. The anomeric OH bands of the conformers B and C occur at 3640 and 3637 cm’!
respectively; the difference reflecting a different hydrogen-bond strength with the NH group.
The strong (~40 cm™) redshift of the anomeric OH bands from the highest resonant frequency
of an alcohol OH group (3680 cm™) can be explained by the inductive effect of the neighboring
oxygen atom inside the pyranose ring, which weakens the reducing end OH bond force

constant.
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Figure 3. Comparison of computed spectra (black bars) with the measured spectra. The corresponding
structure is shown to the right from two viewpoints. Relative energies including zero-point energy
corrections are given in brackets. Hydrogen bonds are depicted with green dashes and their length is
given in A.

Previous studies determined the a:f ratio of glucosamine in solution to be 1.7:1
(polarimetric measurements and NMR?3?) and 2.6:1 (microchip capillary electrophoresis?®). In
the gas phase, one can use the IR fluence dependence of the depletion to determine the relative
abundance of the different conformers. We tune the IR OPO to a frequency where only one
conformer absorbs and change the IR fluence, which is achieved by changing the pulse energy
and keeping the photon beam area the same. Assuming that any He-tagged ion that absorbs an
IR photon loses the tag, and extrapolating to infinite fluence, one obtains the approximate

abundance of the probed conformer in the ion cloud. In this way, we estimate the relative

population to be 0.19 for conformer A, 0.14 for conformer B, and 0.19 for conformer C, or



1.3:1:1.3 (see Figure S6). The a.:p ratio of the gas-phase protonated glucosamine is thus ~1.8:1,
which is comparable to the solution-phase ratio. This is not surprising, since the large energy
barrier does not allow the o/ mutarotation in the gas phase. However, conformers A and B —
both a-anomers — are free to interchange in the gas phase, and the equal population of A and B
found in the experiment is consistent with the small difference between their predicted free
energies (0.6 kcal/mol at OK, which further decreases to -0.1 kcal/mol at 300K).

In contrast to protonated glucosamine studied here, sodiated glucose exhibits a larger
number of conformers due to strong binding of the coordinating metal to a few hydroxyl groups
that hinders the interconversion of conformers.!* 3% The presence of a proton in glucosamine

does not hinder the interconversion of conformers as strongly as the coordinating metal.

Conclusions

Protonated glucosamine is analyzed by conformer-selective cryogenic infrared
spectroscopy combined with quantum mechanical modeling and isotopic substitution of the
reducing end. The well-resolved spectra provide critical insights into the nature of its hydrogen-
bonding interactions. Facile 180 labeling of the reducing end combined with cryogenic IR
spectroscopy allows us to estimate its conformational heterogeneity. By its ability to distinguish
anomers, cryogenic ion spectroscopy and isotopic labeling hold promise for the characterization
of collision-induced dissociation (CID) fragments of oligosaccharides, and, in particular, test

the generality of anomeric memory during glycosidic bond cleavage.!?
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