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Abstract

We investigate the gas-phase structures and fragmentation chemistry of deprotonated carbohydrate
anions using combined tandem mass spectrometry, infrared spectroscopy, regioselective labelling,
and theory. Our model system is deprotonated, [lactose-H]. We computationally characterize the
rate-determining barriers to glycosidic bond (C;-Z; reactions) and cross-ring cleavages, and
compare these predictions to our tandem mass spectrometric and infrared spectroscopy data. The
glycosidic bond cleavage product data support complex mixtures of anion structures in both the
C; and Z; anion populations. The specific nature of these distributions is predicted to be directly
affected by the nature of the anomeric configuration of the precursor anion and the distribution of
energies imparted. i.e., Z; anions produced from the B-glucose anomeric form have a differing
distribution of product ion structures than do those from the a-glucose anomeric form. The most
readily formed Z; anions ([ 1,4-anhydroglucose-H] structures) are produced from the p-glucose
anomers, and do not ring-open and isomerize as the hemiacetal group is no longer present. In
contrast the [3,4-anhydroglucose-H]", Zi anion structures which are most readily produced from
a-glucose forms, can ring-open through very low barriers (<25 kJ mol™!) to form energetically and
entropically favorable aldehyde isomers assigned with a carbonyl stretch at ~1640 cm™'. Barriers
to interconversion of the pyranose [B-galactose-H]", C; anions to ring-open forms were larger, but
still modest (>51 kJ mol') consistent with evidence of both forms presence in the infrared
spectrum. For the cross-ring cleavage *’4 anions, ring-opening at the glucose hemiacetal of
[lactose-H] is rate-limiting (>180 (a-), >197 kJ mol! (B-anomers)). This finding offers an

explanation for the low abundance of these product anions in our tandem mass spectra.



Introduction

Complex carbohydrates (glycans) are associated with the vast majority of major biological
processes.! Most proteins and therefore enzymes are glycosylated.!> Glycans are biomarkers for
many normally functioning cellular processes. Conversely, changes in the level, location, nature,
and/or structure of glycans in body fluids, on cell surfaces, within cells, are increasingly associated
with a multitude of disease states.> '* In order to effectively study such processes, we require fast,
accurate, and highly sensitive identification (and eventually quantitation) methods for the many

different classes of glycan potentially involved.*!%17

Tandem mass spectrometry (MS/MS) utilizing collisional (or other) ion activation

methodsl,11,18724

coupled with prior liquid and/or gas-phase separations has become a major tool
in these endeavors. The resulting fragment ions* (Scheme 1) then provide the means of sequence
and sometimes structural identification.!"!!'226-2 The success of this and other tandem mass
spectrometry-based approaches is predicated on being able to differentiate the enormous number

of isomeric glycan possibilities based on the resulting fragmentation pattern, known chemical

information about the analyte source material, as well as any chromatographic?®, ion

12,18,26,30-33 32,34-39

mobility, and/or other diagnostic information collected for the specific analyte.
Unfortunately, all of these pieces of information are not routinely available together, nor
immediately assignable when dealing with unknown glycans from biological source material.
Worse still is the issue of isomers. Each glycan and glycan fragment has a huge number of
compositional isomers meaning that mass-to-charge (m/z) information alone is seldom sufficient

to get the make a confident identification of an unknown (unlike for protonated peptide analytes,

for example).



~~ OH

Scheme 1: Carbohydrate numbering and fragmentation nomenclature of Domon and Costello®
illustrated for lactose (B-D-galactopyranosyl-(1—4)-D-glucose). The hydroxyl bond at carbon 1
of the glucose is wave-like indicating that the precursor is a mixture of the B (equatorial, up) and
a (axial, down) anomers.

Irrespective of the approach to MS/MS of charged glycans, we need a means of interpreting the
data after it has been generated. If a standard compound or tandem mass spectral library*** is
available for the particular glycan analyte analyzed on the same instrument type under very similar
experimental conditions, then identification of the analyte is often immediately possible.
Unfortunately, this situation is far from routine. The considerable difficulty in synthesizing
standard compounds** for many glycans and the sheer number of possibilities for library
components make comprehensive glycan library-based approaches impractical. An alternative
strategy would be to harness an improved understanding of the gas-phase fragmentation chemistry

45-48

of the glycan ions implemented as rules in an algorithm to generate and then compare



theoretical to experimental spectra. Assignments of glycan sequence and structure could then be

made and tested.

While most of the early glycan analyses were performed with ionization of glycans by metal

13,29,49-52

cationization , many more recent analyses have been performed in the negative mode

following experimental generation of anionic, deprotonated glycans.!!!12:18:19.26.30.53-58 Same of
these approaches have shown isomeric discrimination for precursor anions based on gas-phase
structure®® or MS/MS spectra.>*> %! Despite the seeming potential of such approaches, our

theoretical understanding of the gas-phase structures and dissociation chemistries involved is

relatively underdeveloped.??>%-62

In the present article we present some of our initial attempts to characterize deprotonated glycan
ions using our combined experimental and computational approach. We characterize the potential
energy surface of deprotonated lactose, a simple disaccharide present in milk with density
functional®% and MP2% calculations. Regiospecifically '*C-labelled lactose analytes enable
facile separation of otherwise isomeric fragments (Cy vs. Y, Bn VS. Zy, An vs. X 10ns, Scheme 1)
which we then interrogate with infrared action spectroscopy®*°’® and theory* 64862 We discuss
how the key structures are generated by MS/MS, the critical bond cleavage mechanisms, their

relative energies, and the resulting mix of structures.

Experimental Methods

Regioselectively !*C-labelled lactose samples (B-D-galactopyranosyl-(1—4)-D-1*Ce-

glucose) were purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA).



Lactose (B-D-galactopyranosyl-(1—4)-D-'*C;-glucose) was purchased from Omicron

Biochemicals, Inc. (South Bend, IN, USA).

Tandem mass spectrometric work was carried out using a MaXis plus electrospray-quadrupole
time-of-flight mass spectrometer (Bruker, Billerica, MA). MS/MS spectra were obtained by
quadrupole isolation of the precursor ion followed by collision-induced-dissociation (CID) in the
collision cell, then product ion dispersion by the time-of-flight analyzer. Data were collected as a
function of collision energy. Breakdown graphs expressing the relative fragment ion signals as a
function of collision energy were obtained for labelled and unlabelled [lactose—H] ions. lonization
was by electrospray with the samples infused into the instrument in ~1 pM acetonitrile/water
(50/50) solutions at a flow rate of 3 ul min™!. Nitrogen was used as nebulizing, drying, and collision
gas.

Experimental spectroscopic work was carried out in a Fourier transform-ion cyclotron
resonance (FT-ICR) mass spectrometer (Bruker Apex IV Qe, Bremen, Germany).”® Ionization was
by electrospray with the various lactose samples infused into the instrument in ~1 pM
acetonitrile/water (50/50) solutions at a flow rate of 3 ul min"!. Low-energy collisional activation
and subsequent thermalization of the generated fragment ions can also be achieved in a linear
hexapole pressurized with Ar at ~107 mbar. Fragments were produced by CID of the
deprotonated precursors, isolated in the quadrupole, prior to transfer to the ICR cell and infrared
multiple photon dissociation (IRMPD) analysis.%”-”! IRMPD spectroscopy was carried out using
the free-electron laser (FEL) at the Centre Laser Infrarouge d’Orsay (CLIO)’!. For each analyte
we follow all the precursor ion and fragment ion peaks. For unlabelled, deprotonated lactose, the
precursor anion was m/z 341.12 (C12H210117) and the fragment peaks were m/z 179.059 (CsH110¢")

and 161.047 (CsHoOs"). For spectroscopic investigation of the fragments, utilization of labelled



samples was necessary as the two primary fragment anions have ambiguous origin and potentially
differing structures (m/z 179.059, CsH110¢, is either a C; anion, a Y; anion or a mixture of the 2
possibilities; m/z 161.047, C¢HoOs", is either a B; anion, a Z; anion or a mixture of the 2
possibilities, Scheme 1). Consequently, we collisionally fragmented the deprotonated
B-D-galactopyranosyl-(1—4)-D-'*Ce-glucose anions (m/z 347.129, *C¢CeH21011) to produce the
subsequent analytes for spectroscopic analysis. The predominant fragments were the C;, m/z
179.059 (C6H110¢) and the Z;, m/z 167.066 (*CeHoOs") peaks. For the Z; ion, m/z 167.066
(13C¢H90s"), the fragment peaks were m/z 105.038 (1*C4Hs05"), 87.0277 (**C4H302"), and 76.039
(3C3Hs0y); for the m/z 179.059 (C¢H110¢), C; ion, the fragment peaks were m/z 161.047
(C¢HoOs"), 143.036 (C¢H704), 131.035 (CsH704), and 113.025 (CsHsO57). We utilized the
deprotonated B-D-galactopyranosyl-(1—4)-D-13Ci-glucose analyte in which carbon 1 of the
reducing end (glucose) was '*C labelled (Scheme 1) to identify the position from which the carbon
atoms were lost in *?4, anion-forming reactions. An analogous approach was utilized in the
preceding tandem mass spectrometry experiments on the MaXis plus. The abundances of the
photofragments and their corresponding precursors were recorded as a function of the IR
wavelength in order to derive the IR action spectra where the IRMPD efficiency is plotted against
the photon energy. Both the IR FEL power variation and wavelength are monitored online while
recording the IRMPD spectrum. For this purpose, a small fraction of the IR beam is directed
towards a power meter. A second power meter is used to record the IR absorption spectrum of a
polystyrene film using a second fraction of the IR FEL beam. As a result, at each wavelength
during the scan, relative power, polystyrene absorption, and a mass spectrum are simultaneously

recorded. Wavelength and power corrections can thus be made during the data treatment.



Theoretical Methods

Simulations were performed to enable effective characterization of the potential energy surface of
glycan analytes. Initial candidate structures for lactose as well as multiple potential fragment ions

were systemically generated via the tool Fafoom’ 74

, a genetic algorithm. The structures were
optimized using the MMFF94 Force Field.””” This approach samples a wide range of ring
structures incorporating multiple chair, boat, and skew forms enabling thorough interrogation of
the potential energy surface. i.e., not just *Ci-type structures. Geometry optimizations of the
resulting candidate conformations were performed with the Gaussian 09 software package®’ at the
B3LYP/6-31G(d)?!, then M06-2X/6-31++G(d,p)*® levels of theory. Degenerate structures were
removed at each stage, and the non-degenerate structures were further optimized at the
B3LYP/6-311++(2d,2p) level of theory with single point calculations performed at the
M06-2X/6-311++(2d,2p), MP2/6-311++(2d,2p), and M06-2X/aug-cc-pVDZ levels of theory to
assess energetic variability as a function of model and basis set. Additional, targeted manual
adjustment and supplementation of the structural pool analyzed were performed as necessary, to
ensure chemically relevant species are not being neglected. Density functional theory calculations
of minima, transition structures, product ions and neutrals present on each potential reaction
pathway were performed at the M06-2X/6-31++G(d,p) level of theory. Multiple transition
structures (TSs) were calculated for each potential pathway. Minima and TSs were tested by
vibrational analysis (all real frequencies or 1 imaginary frequency, respectively). The potential
energy surface generated combined the zero-point energy correction (ZPE) to the electronic energy
(Ee1, 0 K) for improved accuracy (AEei:zpe,0k). The related, standard enthalpy (AH29s), Gibbs free
energy (AGzog), and entropy (ASa9g) corrections to 298 K were also determined. The reaction

pathway through each TS was determined by intrinsic reaction coordinate (IRC) calculations with



up to 10 steps in each direction. The terminating points of these calculations (one on product-side,
one on reactant-side) were then optimized further to determine which minima were connected to
each TS. Calculated B3LYP/6-311++(2d,2p) vibrational frequencies were utilized for
comparisons with the experimental “action” IR spectroscopy spectra. A scaling factor of 0.967
was utilized for the vibrational frequencies. A 12 cm™ full width at half maximum Lorentzian line

shape was employed for comparison to the experimental spectra.

Results and Discussion
1. Tandem Mass Spectrometry of [Lactose-H]

Our regioselectively labelled mass spectra of deprotonated B-D-galactopyranosyl-(1—4)-D-13Ce-
glucose anions (nominal m/z 347, *C¢CsH21011) support primary cleavage of the glycosidic bond
adjacent to the reducing end (glucose) of deprotonated lactose (Figure 1, Figure S1, Scheme 1);
the C;-Z; reaction. The Z; ion (*C¢H9Os", nominal m/z 167) is the most prevalent fragment
followed by the C;ion (C¢H110¢™, m/z 179). Additional peaks corresponding to reactions involving
ring-opening and C-C bond cleavage follow (m/z 285, *?45 *C4C¢H1709 and m/z 267, *?A>-H>0,
B3C4CH1505"). When the deprotonated -D-galactopyranosyl-(1—4)-D-13C;-glucose analyte (m/z
342, 13C1C11H210117) in which carbon 1 of the reducing end (glucose) is a >C (Scheme 1) was
instead isolated then fragmented (Figure 1b), the Z; peak shifted by 1 u (}*CiCsHoOs", m/z 162)
while the C;ion (CsH1106", m/z 179) peak did not shift relative to the unlabeled analyte spectrum
(Figure 1a). This is entirely consistent with the preceding data. For the cross-ring cleavage
products (*?4> and *’4,-H>0) there are no shifts in m/z relative to the unlabeled (m/z 341,

C12011H21") precursor and the deprotonated B-D-galactopyranosyl-(1—4)-D-13C-glucose anion



(m/z 347, 13C1C11011H21") spectra. The resulting anion peaks (m/z 281, *?45 C10H1709™ and m/z
267, ?4,-H>0, C10H1505") indicate (Figure 1b) loss of *C1C1H402 (61 u) and *C1C1Hs03 (79 u),
respectively. These losses must include carbon 1 of the reducing end glucose (Scheme 1, Figure
1b). Lastly we should note that no substantial B; or Y; anion peaks were detected providing clear
evidence of the comparative lack of competitiveness of cleavage adjacent to the galactose residue

(B1-Y; reaction) in comparison to earlier cationized analytes?®#>464,
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Figure 1: Example Bruker MaXis plus MS/MS spectra of regular and regioselectively labelled,
deprotonated lactose (Elaboratory = 6 €V 1n all cases).
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2. Low Energy Structures of [Lactose-H]

The lowest energy conformers of [lactose-H] are predicted to have a proton bridged between the
galactose C2 oxygen and glucose C3 oxygen (Figure S2-S4). Similar to solution phase data, our
calculations support both the a- and B-glucose pyranose forms being substantially more
energetically favorable than the lowest energy ring-open forms (Figure S4). The relative energies
shift with hydrogen bonding pattern, angle of each glyosidic bond, ring form, and anomericity.
Our calculations also sampled each of the other sites of potential hydroxyl deprotonation. While
not all of these are predicted to be energetically competitive, several of the reducing-end hydroxyls

produce relatively low energy deprotonated forms.

Comparison between calculated frequencies of the a- and -glucose pyranose and the ring-
open isomers for these structures and our experimental data (Figure S5) provide essentially no
ability to discern which structures are likely populated. An extremely broad and intense
experimental feature was recorded between 900 and 1400 cm™. Beyond 1400 cm™! the spectral
complexity is greatly reduced, but so is the apparent strength of the bands present underlining some

of the inherent difficulties®?® in examining such systems spectroscopically.

We note however, that while the spectroscopic data is inconclusive, additional structural
evidence is available from our MS, MS/MS (Figure 1), and theoretical data. Our MS/MS data do
not support a significant population of the aldehyde, ring-open isomer being present. We detect
minimal cross-ring fragmentation at low collision energies (Figure 1, *?4> and *?4,-H>O anion
peaks, Figure S1, Tables 1 & S1, see discussion in Results and Discussion, Section 6). This is
consistent with data from multiple earlier solution phase experimental approaches which identify

the open-chain aldehyde form in extremely low concentrations (~0.002%).8”-*° Heating solutions

11



to 82 °C did result in increased detection of the open-chain aldehyde, but only to a concentration
of ~0.02%.%” Even experiments at high pH where solution phase carbohydrate anions are definitely
present indicate overwhelming dominance of the pyranose forms.’! Consequently, if the aldehyde
is being formed at all prior to CID, it would have to be in the electrospray process. Based on our
calculations (Results and Discussion, Sections 3-6) this should result in substantial fragmentation
of the precursor ions too. We see no evidence to support this. i.e., no substantial low m/z ion current

or cross-ring fragment peaks present in the initial MS stage.

3. Glycosidic Bond Cleavage Reaction Energetics

The lowest energy transition structures for the C;-Z; glycosidic bond cleavage reactions of
[lactose-H] are predicted to vary with anomeric configuration. Our calculations support
predomination of two, related intra-glucose Sn2-like mechanisms (Scheme 2, Figure 2, Table 1)
producing either deprotonated 1,4-anhydroglucose or 3,4-anhydroglucose structures (Figure S6).
The reaction forming 1,4-anhydroglucose (Scheme 2a, Figure 2) is the lowest energy pathway for
the B-D-glucose anomeric form, requiring at least 156 (154) kJ mol!, AEeizpEok (AGaosk).
Following glycosidic bond cleavage, an ion-molecule complex of deprotonated f-D-galactose and
1,4-anhydroglucose is formed. If the complex separates directly, a C; anion structure can be
detected. Alternatively, one or more proton transfers can occur within the ion-molecule complex
prior to separation. The subsequent dissociation will then produce either a C; or Z; anion depending
on which fragment gets neutralized at the end of the final proton transfer prior to complex

dissociation. Thus, formation of [Il,4-anhydroglucose-H], Z; anion structures necessitates

12



abstraction of a proton from the neutral 1,4-anhydroglucose prior to complex separation and

product detection (Scheme 2a).

a) oH OH b)
o o
HO%/O . N
o0—u~” _o "
H
o TS: BTS:
175 (172) | 164 (162)
s/
oH OH oH OH i o
HO %o © HO o—H M
OH O—H \H/O
B TS: / \
156 (154)
C, Z,
oH OH OL
o) o )
HO / w,o
O—H O\HI

Scheme 2. The lowest-energy glycosidic bond cleavage pathways of deprotonated lactose. a)
1,4-anhydroglucose-forming pathway initiated from B-D-galactopyranosyl-(1—4)-p-D-glucose
and b) 3,4-anhydroglucose-forming pathway achievable from both anomeric forms. Values in kJ
mol™! AEei:zpE ok (AGaos), calculated at the M06-2X/6-31++G(d,p) level of theory.
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The main alternative C;-Z; reaction type follows a similar, though more strained Sn2-like
mechanisms to glycosidic bond cleavage (Figure S7 & S8) resulting in different ion-molecule
complexes which comprise a deprotonated B-D-galactose anion and 3,4-anhydroglucose (Scheme
2b). The relevant glycosidic bond cleavage transition structures require at least 175 (172) kJ mol,
AEerizpE0k (AG2osk) for the a-glucose anomer and 164 (162) kJ mol™! for the B-glucose anomer to
populate (Table 1). This reflects the additional strain involved in formation of the 3,4-epoxides
(Figures S7 and S8). From the ion-molecule complex formed, production of the
[3,4-anhydroglucose-H]", Z; ion structure necessitates transfer of a proton to the deprotonated
B-D-galactose anion (Scheme 2b) in a manner directly analogous to that discussed previously for
1,4-anhydroglucose type Z; anions. Production of a third family of Z; ion directly from potential
ring-open conformers is not supported by our calculations as the barriers (221 (215) kJ mol™) to

these reactions are substantially higher than either glucopyranose form (Table S1).

156 (154)

Figure 2: The lowest-energy C;-Z; transition structure of deprotonated lactose
(B-D-galactopyranosyl-(1—4)-B-D-Glucose) calculated at the M06-2X/6-31++G(d,p) level of
theory (a deprotonated 1,4-anhydroglucose-forming TS). Values in k] mol': AEerizpE.0x (AG29s).
The reaction coordinate is illustrated with blue dots.
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4. Z; Structures

AE, AH. AGaos/ AS
coGosmonsr | £ | sewnt | ot [ S 1000 [ S0
Global Minimum (o) -1297.000619 | -1296.637181 0 0 0 0

Ci-Zi TS -1296.932761 | -1296.570500 175.1 175.7 172.3 11.4
(3,4-anhydroglucose)
Ci-Zi TS 11296.909679 | -1296.551085 |  226.0 2312 | 2181 | 437
(3,4-anhydro ring open)

Ring opening TS -1296.920038 | -1296.562144 197.0 195.8 197.3 -4.9
02A, formation TS_A -1296.949413 | -1296.591725 119.3 124.2 1114 42.7
92A; formation TS_B -1296.944470 | -1296.591076 121.0 126.6 111.7 53.0

AE. AH. AGaog/ AS
pocheoewonsr | | sent | St [ S0 1300 [ St
Global Minimum (B) -1296.996960 | -1296.635278 0 0 0 0

Ci-Z, TS -1296.938463 | -1296.575823 156.1 155.8 154.4 4.7
(1,4-anhydroglucose)
C1-21 TS -1296.935448 | -1296.572877 163.8 164.5 161.9 8.6
(3,4-anhydroglucose)
Ci-Z TS -1296.909679 | -1296.551085 221.0 225.2 214.5 35.8
(3,4-anhydro ring open)

Ring opening TS -1296.924404 | -1296.566837 179.7 177.5 181.7 -14.2
02A; formation TS_A -1296.949413 | -1296.591725 114.3 118.2 107.8 34.7
02A, formation TS B -1296.94447 | -1296.591076 116.1 120.7 108.1 423

Table 1: Relative energies of the transition structures of deprotonated lactose

(B-D-galactopyranosyl-(1—4)-a-D-Glucose anomer) calculated at the M06-2X/6-31++G(d,p)
level of theory. The a and  forms are both present, but are incapable of interconverting to any
significant extent prior to fragmentation occurring. The f-anomer Global Minimum is 5.0 (3.6) kJ
mol ™!, AEczpe,0k (AGaos) above the a-anomer.

Our Z; anion infrared action spectrum is shown in Figure 3. The lower energy features are

15

potentially consistent with the [1,4-anhydroglucose-H]", Z; anion structures shown in panels a, b
and c (secondary alkoxides) providing some of the ion population (Figure 3). We note that these 3

rigid, bicyclic structures (Figure S6a) cannot interconvert or readily ring-open due to the lack of a



hemiacetal group. This potential assignment is made more based on mechanistic evidence from
the TS calculations than confidence in the spectroscopic evidence though. Why? Carbohydrate
ions typically have many bands in this spectral region®~®. In the present case, a broad but
structured absorbance with maxima at 980, 1040, 1150, 1270, and 1430 cm™! is detected. However,
potentially the most structurally diagnostic band in the entire spectrum is the one centered near
1640 cm. i.e., our IRMPD spectrum suggests the presence of a carbonyl stretch within the Z; ion
population, so one or more ring-open structure(s) is present (panels e and f). Given our earlier
statements that argued against direct formation of Z; anions from ring-open precursors and that the

predicted [ 1,4-anhydroglucose-H] do not ring-open, how is this ion being generated?

Formation of [3,4-anhydroglucose-H]", Z; ion structures is predicted to predominate from the
a-glucose anomer of [lactose-H]. From this precursor anion we calculated the barrier to ring-
opening at the hemiacetal functional group (Scheme 3, Figure S9). These barriers are very low at
only 23 (23) kJ mol™!, AEczpe ok (AGaos). This barrier indicates that these structures should be
easily accessible under our experimental conditions (Scheme 3). Furthermore, the ring-open Z;
anions are substantially more entropically favorable (ASxosk > 23 J mol™!) indicating that this
transformation will produce highly favorable product anions as activation level increases (Figure
S6). Together, this interpretation points to distinct populations of Z; anion structures from each of
the two anomeric configurations. Analogous proposals have recently been advocated for some
cationized monosaccharides.*’ These findings, if general, will have a marked effect in helping

explain the earlier tandem mass spectrometric findings from the Bendiak and Xia groups.?®~!
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Z1 anions:

9501000 1100 1200 1300 1400 1500 1600 1700 1800 1500

200 a)

LT

o 46 (48)
J
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8 (10)

200 f)
10 (-14)

»;
5

e) ;P{ s
o

20 a) }}‘ 0 (0

0
9501000 1100 1200 1300 1400 1500 1600 ‘ 1700‘1500 1900

Figure 3: Z; anion (m/z 167.066, *C¢HoOs") infrared action spectroscopy spectrum with analytes
generated from CID of deprotonated B-D-galactopyranosyl-(1—4)-D-'*Cs-glucose anions (m/z
347.129, 13C¢CeH210117), compared to the lowest energy structural possibilities with frequencies
calculated from B3LYP/6-311++G(2d,2p) optimized structures. Panels a-c: [1,4-anhydroglucose-
H] structures; panel d: [3,4-anhydro-B-glucose-H]; panels e and f: ring-open 3,4-anhydroglucose;
panel g: [3,4-anhydro-a-glucose-H]". Relative energies calculated at the M06-2X/6-31++G(d,p)
level of theory. Values in kJ mol™': AEerizpE ok (AG29s).
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o TS:
0o 23 (23)

{\ B TS:

O 1716

(0

Scheme 3. Ring-opening isomerization of deprotonated 3,4-anhydroglucose Z: anion structures.
Values in k] mol!, AEeizpE,0x (AGaos) calculated at the M06-2X/6-31++G(d,p) level of theory.

Consequently, we are observing the population that emerged from that ion-molecule
complexes. i.e., at least some kinetic rather than thermodynamic product anion control. In terms
of which modes are potentially providing the observed IRMPD spectrum, we have: The strong
features in the ~1180-1220 cm! region are consistent with C-O- stretches coupled to the C-H and
C-O-H bends (symmetric and/or asymmetric); Analogous, lower energy, coupled motions between
the ring ether and adjacent hydroxyl groups are consistent with theoretical bands at ~979, 1008,
1024, 1030, 1035, 1037, and 1053 cm™'; Coupled C-CH»-OH bending bands ~1030-1060 cm™ are
also predicted; The region from ~1090-1170 cm™ is consistent with primary alkoxide C-O-
stretches coupled to C-H bends and vibrations; These combined C-H motions from C-(H)C-O
species produce strong theoretical absorptions in the 1145-1165 and ~1280 cm™! ranges. Ring
hydroxyl (1343, 1367, 1373, 1383 cm™') and primary hydroxyl (1409, 1418 cm™) bends provide
the remainder of potentially bands assignable for these structures (panels a-c). The deprotonated

3,4-anhydroglucopyranose Z; anions, if present, are predicted to have intense hydrogen-bonded
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hydroxyl bending motions (O-H~0-C) at 1438 (a, panel g) and 1459 (B, panel d) cm™. Based on
our calculations, the experimental band at approximately 1640 cm™ is consistent with one or more

carbonyl stretches in the ring-open aldehyde isomers (panels e and f).

An obvious potential problem with the hypothesis that some of the anion population is ring-
open aldehyde is shown in panels e and f. A strong band is predicted at 1494 cm™ in panel e and
at 1553 cm™ in panel f without clear corresponding experimental features. Our explanation for this
is a combination of the fact that: (1) The majority of the Z; anion population formed is actually
represented by panels a-c, due to the low barrier for this process and the inability for these product
anions to ring-open, and (2) that the highlighted bands (1494 cm™ and 1553 cm™) correspond to
motions (C-O~H"0O-C) up and down rather than back and forth between the two oxygens.
These vibrations have been shown to result in much broader experimental bands than predicted by

8486 and for the bands themselves to be

all but the most sophisticated theoretical approaches
sensitive to small adjustments in structure.®? 3¢ Additional support for this hypothesis comes from
the fact that lactose typically has approximately double the population of pyranose B-glucose than
a-glucose anomer in solution. Consequently, unless the combined MS and theoretical data (Results
and Discussion, section 2) is in error, the fragmentation distribution should be substantially biased
in favor of the [1,4-anhydroglucose-H], Z; anion structures (Scheme 2a, Figure 2, panels a-c,
Table 1) due to the pyranose B-glucose’s combined relatively large precursor ion population, low

barrier to fragmentation (156 (154) kJ mol™'), and energetic inability to ring-open (180 (182) kJ

mol™!) and interconvert (192 (194) kJ mol™!) to the a-glucose form.

5. Ci Structures
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Our C; anion infrared action spectroscopy spectrum is shown in Figure 4. Consistent with

5862 we observe bands above ~1600 cm' that are unexplainable without

the prior literature
consideration of the ring-open isomers. This feature is broad and aymmetric, so is more consistent
with multiple carbonyl stretches, of differing population rather than a single environment. From
multiple deprotonated -D-galactopyranose C; anion forms we calculated barriers to formation of
ring-open conformers. Our calculations indicate that this process requires more energy than for the
[3,4-anhydroglucose-H]", Z; anion structures. However, this is still only 51 (47) kJ mol’,
AEeiizpE 0k (AGa9s) kJ mol! and is an entropically favorable process (Figure S10). Major
rearrangements in peptide sequence ions have been detected spectroscopically despite similar
isomerization barriers®> %, This barrier is substantially lower than that calculated for ring-opening
of [lactose-H] which required >180 kJ mol! (Table 1), indicating that ring-opening should not
necessarily be expected to immediately occur for larger C, ions. The B-D-galactopyranose C; anion
forms are enthalpically preferred over the ring-open forms (at 298 K). However, the ring-open
product ions are hugely entropically more favorable (>40 J K™! mol') resulting in Gibbs free
energies similar to those of the lowest energy deprotonated B-D-galactopyranose forms at 298 K

(Figure S11). In summary, formation of at least some population of these ring-open aldehyde C;

anion structures is likely.

The ring-open aldehyde C; anion structures have intense predicted bands between ~1300
and 1550 cm™. Our experimental spectrum features a broad band, unresolved band in this energy
range centered at ~1400 cm™'. The low energy (<1200 cm™) part of the spectrum is intense, but not
diagnostic as theoretical bands are predicted for both pyranose and ring-open aldehyde structures
(various hydrogen-bonded, primary alkoxide C-O" stretches coupled to adjacent O-H bends). Thus,

we cannot entirely discard the possibility that some of the population is pyranose isomers.
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Contrary to this assertion is the fact that, the least convincing pyranose theoretical spectrum is
produced by the lowest energy B-D-galactopyranose structure (panel f) in which two, coupled,
hydroxyl proton oscillations equidistant from the deprotonated primary alkoxide anion are
predicted at 1538 (asymmetric) and 1590 (symmetric) cm! for this structure (whereas no
substantial experimental bands are detected between ~1540-1600 cm™). However, these protons
are in near identical environments and such environments been shown to result in much broader

84,86 and

experimental bands than predicted by all but the most sophisticated theoretical approaches
for the bands themselves to be sensitive to small adjustments in structure.®**® In summary the
combined mass spectrometric, spectroscopic and theoretical data provides evidence that ring-open,
deprotonated anhydrogalactose structures can be formed and remain populated on a timescale at
least that of our spectroscopic measurements. The deprotonated B-D-galactopyranose anion
structures are readily formable under our experimental conditions. The ambiguity in the lower

energy part of our IR spectrum makes it impossible to rule out populations of these isomers though,

despite the lack of a band solely diagnostic for the pyranose ring form in our experimental range.
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Figure 4: C; anion (m/z 179.059, CsH110¢") infrared action spectrum with analytes generated from
CID of deprotonated B-D-galactopyranosyl-(1—4)-D-!*C¢-glucose anions (m/z 347.129,
13C¢CsH210117), compared to the lowest energy structural possibilities with frequencies calculated
from B3LYP/6-311++G(2d,2p) optimized structures. Panels a-c: Ring-open deprotonated
galactose structures; Panels d-f: [B-D-galactose-H]". Relative energies calculated at the
MO06-2X/6-31++G(d,p) level of theory. Values in kJ mol™': AEeizpE 0k (AG29s).
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6. Cross-ring Fragmentation Pathways: *°A> Anion Formation

Lastly, we briefly discuss the cross-ring cleavage reactions of [lactose-H]". The abundance
of these fragments was low (Figure 1, Figure S1) precluding spectroscopic investigation. Our
calculations predict that this entire process is governed by the ring-opening reaction with the
subsequent cleavage of the C2-C3 bond being substantially less energetically demanding (Table
1, Scheme 4, Figures S12 & S13). This result is consistent with both the lack of *?4> anion peaks
at low collision energies experimentally and the population of ring-open isomers prior to
collisional activation being very small (Table S1). Were this not the case, *?4> anion peaks would
be the most readily formed (Table 1, Table S1). The barrier to ring-opening (>180 kJ mol™) is
affected by anomeric configuration with our calculations indicating the a-anomer required ~17 kJ
mol! more energy to initiate this process (Table 1, Figures S12 & S13). Following ring-opening,
facile rotations and proton transfers enable cleavage of the C2-C3 bond to most readily furnish a
dimer of %4 and trans-1,2-ethendiol (Scheme 4, Figures S12 & S13). The dimer then separates

to yield the detected "?4> anion. Similar to recent cationized data’!-?

, the ring-opening barrier is
found to be entropically disfavored (Table 1) which likely contributes to this pathway only

contributing a minor portion of the ion current detected.
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Conclusions

Our combined experiments and calculations support a mixture of gas-phase ion structures
comprising the Z; anion population generated from [lactose-H] . Evidence for ring-open aldehyde
C; anion structures is provided, although some pyranose population could not be discounted.
Isomerization barriers between some though not all of the product anion forms are extremely low
enabling facile interconversion. In contrast to the other ring-product structures (both C; and Z;
types), the Z; ion structures most readily formed from the f-anomers ([ 1,4-anhydroglucose-H]")
are substantially more stable. This is due to the elimination of the hemiacetal functional group
during the glycosidic bond cleavage process. The ring-opening barriers for [lactose-H] are
predicted to be much more substantial than for f-D-galactopyranose anions thereby rate-limiting
cross-ring cleavage reactions (*?4>). If true in general, this likely prevents larger C,, (or Y;,) anions
from facilely opening/fragmenting most readily via cross-ring cleavage. Subsequent investigations
will seek to broaden the size, complexity, and range of functional groups present within

deprotonated carbohydrate anion analytes to test how general the present findings are.
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