
International Journal of Mass Spectrometry 222 (2003) 135–153

Determination of phosphate position in hexose monosaccharides
using an FTICR mass spectrometer: ion/molecule reactions,

labeling studies, and dissociation mechanisms

Michael D. Leavella, Gary H. Kruppab, Julie A. Learya,∗

a Department of Chemistry, University of California, Berkeley, CA 94720, USA
b Sandia National Laboratories, Livermore, CA, USA

Received 15 April 2002; accepted 3 August 2002

Abstract

Determination of phosphate position in carbohydrates using mass spectrometry is difficult due to the low energy loss of
the phosphate either as a neutral or as an ion in MS/MS experiments. A possible solution to this problem is proposed in
this work, whereby we use ion/molecule reactions in combination with tandem mass spectrometry to determine the site of
phosphorylation on phosphorylated monosaccharides. Singly charged negative ions from phosphorylated monosaccharides
are reacted with trimethyl borate in an FTICR MS analyzer cell to produce ion/molecule reaction products with the loss of
a neutral methanol molecule. This reaction product likely involves a covalent bond between one of the phosphate oxygen
atoms and boron. Derivatization of the phosphate in this manner allows stabilization of the phosphate group under SORI-CID
conditions, allowing generation of ions characteristic of the phosphate linkage. Ion structures and dissociation mechanisms
explaining these results are presented and discussed. The mechanistic studies suggest that the extra degrees of freedom
provided by the 6-linked phosphate allows formation of diagnostic ions in the 6-linked case that are not formed from the
1-linked isomer. The dissociation of the ion/molecule reaction products using infrared multi-photon dissociation (IRMPD) as
an activation method was also investigated. While SORI-CID and IRMPD activation yield similar dissociation patterns, the
characteristic differences in the product ion spectra between the monosaccharides phosphorylated in the 1- and 6-positions
are not observed using IRMPD. (Int J Mass Spectrom 222 (2003) 135–153)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Dedication

In this issue honoring Jack Beauchamp, we are
pleased to present our research that involves tech-
niques that Jack either introduced or with which he
was an early and influential investigator. Jack’s early
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work involved the use of ion cyclotron resonance
(ICR) mass spectrometry to investigate the structure,
thermodynamics, and ion/molecule reaction kinetics
of organic and organometallic ions, and his contribu-
tions in this area have been enormous, as discussed
elsewhere in this issue. In this particular study, we
show that ion/molecule reactions may be useful to sol-
ve a difficult problem in analytical mass spectrometry;
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the determination of phosphate linkage position for
phosphorylated monosaccharides. With the prolifera-
tion of FTICR MS instruments we believe that many
new analytical applications of ion/molecule reactions
will be found and their use will increase greatly.
Jack was also one of the first to investigate the use
of IR lasers for the study of structure and dissocia-
tion of gas-phase ions using ICR[1]. In this study,
we also show that infrared multi-photon dissociation
(IRMPD) can be used to easily produce structurally
significant product ions from monosaccharides.

2. Introduction

Phosphorylated carbohydrates are ubiquitous in
nature and play major roles in the biosynthesis of
oligosaccharides and glycolysis[2,3]. Lipooligosac-
charides (LOS), a major component of bacteria cell
walls, are highly phosphorylated and have been im-
plicated in the virulence of these bacteria[4–6]. In
Haemophilus influenzae, a Gram-negative pathogen
that causes otitis media, meningitis, and upper respi-
ratory infections in children[4,6], the genekdkAhas
been shown to be essential for the virulence of the
organism[6]. This gene encodes the 2-keto-3-deoxy-
octulosonic acid (kdo) kinase, which phosphorylates
the 4-position of kdo residues present in the LOS of
this organism. Since homologs of thekdkAgene are
present inBordetella pertussis, Vibrio cholerae, and
other pathogenic bacteria[6], it is likely that phospho-
rylation is equally important in these bacteria as well.

Phosphorylation has also been shown to be impor-
tant to the integrity of the cell wall inH. influenzae
[4]. Mutation of thehtrb gene results in mutants ofH.
influenzaethat have a hypersensitivity to kanamycin,
as well as a sensitivity to hydrophobic agents, as
compared to the wild type. The LOS of this mutant
lacks a phosphate group normally linked to heptose I
of the LOS core structure. Since the LOS is a major
component of the cell membrane, it is thought that
this group plays a central role in the coherence of the
cell membrane (i.e., its absence in the mutant strain
causes the sensitivities described earlier).

Several studies have been aimed at determining the
sites of phosphorylation in proteins using mass spec-
trometry, as has been recently reviewed by McLachlin
and Chait[7]. Phosphopeptide analysis is achieved
through several methods including: (1) chemical
tagging of phosphorylation sites[8,9], (2) peptide
mapping and phosphatase treatment[10], and (3)
and various tandem mass spectrometry methods[7]
(e.g., post-source decay, precursor ion scan, neutral
loss scanning, etc.). Identification of phosphorylation
sites is achieved through collision-induced disso-
ciation (CID) of the peptide[11], electron capture
dissociation[12], or other dissociation methods[7].
In contrast to proteins, analysis of phosphate posi-
tion in carbohydrates has not been the focus of many
research efforts.

Analysis of phosphate position in carbohydrates
is often problematic using mass spectrometry. In the
CID analysis of underivatized phosphate-containing
oligosaccharides (or peptides/proteins), phosphate
cleavage is observed with production of such species
as PO3

−, H2PO4
−, HPO3, or H3PO4 [7,13]. Thus,

either the charge is lost from the oligosaccharide (and
the neutral sugar can no longer be analyzed), or the
phosphate is lost from the oligosaccharide and an
alkoxide results in its former position. In either case,
the phosphate position is indeterminate. Early studies
used trimethylsilyl derivatization of sugar phosphates
followed by GC and GC/MS analysis to determine
the phosphorylation site and the stereochemistry of
the sugar[14,15]. In a recent study Feurle et al.[13]
utilized LC/ESI/MS/MS to structurally characterize
phosphorylated carbohydrates using a�-cylcodextrin-
bonded stationary phase. Phosphate cleavage is of
great concern in the analysis of larger phosphorylated
oligomers, where several stages of tandem mass spec-
trometry are needed to elucidate the structure of the
biomolecule, and phosphate loss is enhanced.

In a previous report[16], it was shown that phos-
phate position could be determined using ion/molecule
reactions in combination with tandem mass spec-
trometry on an FTICR mass spectrometer in the neg-
ative ion mode. Ion/molecule reactions between the
phosphorylated hexose (HexXP, where X= 1 or 6
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indicating the linkage of the phosphate to the
monosaccharide) and trimethyl borate (TMB) take
place in the FTICR cell. Gas-phase derivatization ob-
viates the need for solution-phase modification, which
can result in further sample loss—a major problem for
the analysis of compounds isolated in limited quan-
tities from biological systems. Previous studies have
shown that TMB reacts with hydrogen-bonded alkox-
ides[17] as well as phosphorylated amino acids[18]
in the gas phase, and is, therefore, a good candidate
for investigation. After formation of the ion/molecule
reaction product, it is isolated and subjected to SORI-
CID, which yields diagnostic ions that are indicative
of the phosphate position. Thus, phosphate position
may be determined based on the absence or pres-
ence of the diagnostic product ions in the MS/MS
spectra. In the current study, the mechanism of link-
age differentiation is explored using isotopic-labeling
data, deoxy analogs, and generational mapping. Fur-
ther, IRMPD is utilized as a dissociation technique
allowing the investigation of different dissociation
pathways. Taken together, these data are used to
postulate the mechanisms of formation of the di-
agnostic ion for the Hex6Ps, and further determine
the underlying reason why this ion is not observed
in the Hex1Ps.

3. Experimental

3.1. Instrumentation

Bruker-Daltonics (Billerica, MA) Apex II FTICR
mass spectrometers were used for these studies. They
were equipped with 7.0 T superconducting magnets,
an Analytica electrospray source (Branford, CT), and
a Synrad (Mulkiteo, WA) 25 W IRMPD CO2 laser.
All monosaccharides were analyzed using electro-
spray ionization (ESI) in the negative ion mode, at a
concentration of approximately 30�M. The solvent
system used was 1:1 water/methanol or 1:1 wa-
ter/acetonitrile with no added acid or base. The ions
produced by ESI were accumulated external to the
FTICR MS trapping cell[19] in a hexapole ion guide

for ∼1 s. After accumulation, the ions were pulsed
out of the ion guide and transferred to the FTICR MS
analyzer cell by electrostatic ion optics, where they
were trapped. Trapping was accomplished by either
“sidekick” [20] ion accumulation or gated trapping
[21] using a dynamic trapping accessory available for
the FTICR MS instrument. It was important to use
gated trapping for all of the IRMPD experiments with
the sidekick voltage (DEV2 parameter on the Bruker
Daltonics instrument) set to 0.0, in order to keep the
ions on the center axis of the cylindrical cell, allowing
interaction of the ions with the IRMPD laser beam.

Tandem mass spectrometry (MSn ) experiments
were performed by isolation of the desired precursor
ion by a CHEF[22] isolation sweep, followed by
ion activation and dissociation by either SORI-CID
[23] or IRMPD [1]. For clean isolations, it was nec-
essary to apply single frequency “cleanup” shots to
eject small amounts of product ions formed from
the off-resonance excitation of the very fragile pre-
cursor ions during the CHEF isolation sweep. For
SORI-CID, Ar gas was pulsed into the FTICR MS
analyzer cell to raise the pressure in the cell into the
low 10−6 mbar range, and the ions were then activated
500 Hz off-resonance for 250 ms. The amplitude of
the off-resonance irradiation was adjusted to give
nearly complete attenuation of the precursor ion sig-
nal; this was typically in the range of 1.5–4.5 Vp–p

(attenuation of 38–50 dB in the system software). Af-
ter a delay of several seconds to allow pump-down
of the collision gas pulse, the product ions were de-
tected under high-resolution conditions. For IRMPD
[1] experiments, the IR laser (defocused) was turned
on after the ion isolation for 300 ms at a power level
of 20–40% of full power (25 W) for 250 ms, corre-
sponding to a power range between 5 and 10 W, and
the product ions could immediately be detected under
high-resolution conditions.

For MSn studies on the products of the ion/molecule
reactions, TMB was pulsed into the FTICR MS an-
alyzer cell after the ion-trapping event. The TMB
reagent was first degassed by several freeze–pump–
thaw cycles. The room temperature vapor pressure
of the TMB reagent was such that the pulsed valve
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could be held open for several seconds if desired and
the steady state pressure of the reagent in the analyzer
cell was 2× 10−7 mbar with the valve open. In some
cases where the desired product of this reaction gave
a weak signal, the signal was enhanced by multiple
cycles of external ion accumulation, ion-injection, and
reagent gas pulse. The TMB gas pulse was typically
between 50 ms and 1 s per cycle.

3.2. Synthesis and labeling studies

Enzymatic synthesis of the non-exchangeable
D-labeled analogs or the 3-deoxy glucose-6-phosphates
(3-deoxy-Glc6Ps) was accomplished through mod-
ification of a previously published procedure[24].
The appropriate glucose derivative (0.75�mol), ATP
(Mg2+ salt 0.15�mol), and 1.11 units of the hex-
okinase enzyme were mixed in 60�L of 225 mM
ammonium acetate buffer (pH 7.6) and allowed to re-
act while gently rocking for 1 h at 25◦C. Exact mass
measurements were performed to characterize each of
the enzymatically synthesized compounds. In all cases
the error between the measured and exact mass was
less than 2 ppm. Labeling of the reducing end with
18O was accomplished by dissolving the monosaccha-
ride sample in18O-labeled water, followed by heating
at 80◦C for 30 min. Similarly, deuterium-labeling of
all exchangeable protons was accomplished by heat-
ing the monosaccharide sample in D2O at 80◦C for
30 min. All labeled compounds were diluted in ap-
propriately labeled solvents (D-labeled or18O) and
experiments were performed as noted earlier.

3.3. Chemicals and materials

Hexose phosphates, hexokinase, and ATP were pur-
chased from Sigma Chemical Company (St. Louis,
MO). TMB, 18O-labeled water, CD3OD, and D2O
were purchased from Aldrich Chemical Company
(Milwaukee, WI). Isotopically labeled hexoses were
purchased from OMICRON Biochemicals (South
Bend, IN). All solvents and ammonium acetate were
purchased from Fisher and the solvents were of HPLC
grade.

4. Results and discussion

4.1. SORI-CID of underivatized
hexose phosphates

The hexose phosphates, studied in this investigation
are shown inFig. 1. Both the phosphate position and
the stereochemistry of the monosaccharide were var-
ied to determine the applicability of this technique to
different structural features. As discussed inSection 2,
analysis of phosphate-containing saccharides by
mass spectrometry is often problematic as is illus-
trated inFig. 2. Fig. 2A shows the SORI-CID spec-
trum of glucose-1-phosphate (Glc1P), whileFig. 2B
shows the SORI-CID spectrum of Glc6P. When sub-
jected to SORI-CID, both glucose phosphate precur-
sor ions (m/z 259) dissociate through many different
dissociation channels, but the most favorable chan-
nel is formation of the dihydrogen phosphate ion
(H2PO4

−) which is observed atm/z 97. Thus, neutral
loss of the sugar is the main pathway through which
the hexose phosphates dissociate. Several other prod-
uct ions are also observed in these spectra. Loss of
H2O from the precursor ion is observed atm/z 241,
while loss of H3PO4 is observed atm/z 161. Further-
more, two cross-ring cleavage ions are observed at
m/z 199 and 169, corresponding to loss of C2H4O2

and C3H6O3, respectively. Three of the ions men-
tioned earlier (m/z 241, 199, and 169), still contain
phosphate and would normally be considered candi-
dates for further stages of tandem mass spectrometry,
to determine phosphate position. However, their low
ion current precludes further analysis of these ions by
tandem mass spectrometry. Furthermore, the spectra
are strikingly similar; therefore, differentiation of the
phosphate linkage would not be easily accomplished.

4.2. Ion/molecule reaction of HexXP with TMB

Reaction of the hexose phosphates with TMB
yielded two ion/molecule reaction complexes (Fig. 3,
Table 1), which are observed atm/z 331 and 299,
corresponding to [HexXP/B(OMe)3–MeOH–H]− and
[HexXP/B(OMe)3–2MeOH–H]−, respectively (where
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Fig. 1. Structure of the hexose phosphates investigated.

Fig. 2. SORI-CID dissociation of underivatized (A) Glc1P and (B)
Glc6P.

Hex = Glc, Gal, or Man and X indicates the phos-
phate linkage, either 1 or 6). Postulated ion structures
are shown inFig. 4. In all cases it is assumed that the
TMB initially adds to the anionic site, followed by
elimination of methanol. Each structure is believed
to contain a four-membered ring between the boron
and phosphorus atoms with bridging-oxygen atoms.

Table 1
Relative abundance ofm/z 331 and 299 in the reaction of TMB
with the HexXPs

Hexose m/z 331 (%) m/z 299 (%)

Glc1P 100 19
Gal1P 100 16
Man1P 100 58
Glc6P 17 100
Gal6P 86 100
Man6P 33 100
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Fig. 3. The ion/molecule reaction between TMB and the (A) Glc1P and (B) Glc6P.

This proposed structural motif is supported by crystal
structures of inorganic complexes that show the same
four-membered structure[25]. In a previous study
[18], Gronert and O’Hair investigated the reaction be-
tween TMB with phosphates and their non-covalent
complexes. They observed that methanol elimina-
tion occurs after the addition of TMB. Further, these

Fig. 4. Proposed structures of them/z 331 ion for the Hex1P and the Hex6P.

losses were consistent with the number of acidic pro-
tons available in the systems and these losses are a
result of the exothermicity of the addition/elimination
reaction. In the study outlined herein, it was gen-
erally noticed that the Hex6Ps showed predominant
loss of two neutral MeOHs (m/z 299), while the
Hex1Ps showed only one neutral MeOH loss (m/z
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331,Table 1). This trend has been observed with the
1,2-cyclopentane and cyclohexane diols in CI experi-
ments with protonated TMB, and is thought to be due
to the stereochemistry of the adjacent hydroxyl group
[26]. In the two HexXP isomers investigated, the ratio
of m/z 299 and 331 seems to reflect the stereochem-
istry of the adjacent hydroxyl group (C(4) for Hex6P
and C(2) for Hex1P), however, the extra degree of
freedom afforded to the phosphate in the Hex6Ps is
likely to play a larger role than the stereochemistry of
the adjacent hydroxyl group.

4.3. SORI-CID of HexP/TMB derivatives and
phosphate linkage determination

Upon isolation and SORI-CID ofm/z 331, sev-
eral differences are noted between the derivatized
and underivatized hexose phosphates (Figs. 2 and 5,
Table 2). In particular, the dihydrogen phosphate ion
is no longer the base peak in the SORI-CID spectrum,
instead the base peak is observed atm/z 299 corre-

Fig. 5. SORI-CID dissociation ofm/z 331 (MS2 331→) for the derivatized hexose phosphates: (A) [Glc1P/B(OMe)3–MeOH–H]− and (B)
[Glc6P/B(OMe)3–MeOH–H]−.

sponding to neutral loss of one methanol molecule.
Further methanol elimination is also observed atm/z
267. It is also interesting to note that the metaphos-
phate ion (PO3−), observed atm/z 79, now becomes
a dominant product ion in the spectrum, while it was
absent in the underivatized case. Cross-ring cleav-
ages normally observed in the underivatized case are
no longer observed, except when Gal6P is employed
(Table 2). However, the cross-ring cleavage now oc-
curs in combination with loss of one methanol. Given
the dramatically different dissociations observed for
the ion/molecule reaction products in comparison to
the phosphorylated hexoses, it is apparent that ad-
dition of TMB allows stabilization of the phosphate
group on the sugar. Furthermore, differences in the
product ions observed for the different phosphate
linkages may be used to determine the phosphate
position on these molecules.

Phosphate linkage may be determined based on the
absence or presence of diagnostic ions. These ions are
observed atm/z 249 and 123 for the Hex6Ps but are
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absent in the SORI-CID spectra of the Hex1Ps. The
ion at m/z 249 corresponds to loss of 2MeOH/H2O
from the precursor ion (m/z 331), while m/z 123
corresponds to a molecular formula of HPO5

11B−.
Investigation of them/z 249 ion is hampered by the
lack of commercially available compounds that are
18O-labeled. Instead, labeling studies were under-
taken to determine the origin and possible dissociation
mechanisms of them/z 123 ion described as follows.

4.4. Labeling data of the
[Hex6P/B(OMe)3–MeOH–H]− complex

Several experiments were undertaken to probe
the mechanisms of formation for them/z 123 ion.
These included isotopic-labeling studies, SORI-CID
of deoxy derivatives, and generational mapping ex-
periments. The results of the isotopic-labeling and
deoxy analog studies are summarized inTable 3.
In total three types of labeling studies were used to
probe the mechanism of dissociation. These include:
(1) deuterium exchange of all exchangeable protons,
(2) deuterium-labeling of selected non-exchangeable
protons, and (3)18O-labeling of the reducing end
oxygen.

Upon deuterium exchange of all exchangeable pro-
tons on Glc6P, the fully exchanged ion was isolated
and subjected to SORI-CID. Following SORI-CID,
spectra resulting from the fully-exchanged and the
undeuterated compounds were compared. In the fully-
exchanged case, three isotope peaks were observed at

Table 3
Results of labeling studies whenm/z 331 is subjected to SORI-CID

m/z 122 m/z 123 m/z 124 m/z 125

(A) Deuterium-labeling of non-exchangeable sites
Unlabeled X X

Glc[1-D]6P X X
Glc[2-D]6P X X X
Glc[5-D]6P X X X
Glc[6,6-D2]6P X X

(B) Deoxy-hexose-6-phosphates
2-Deoxy-Glc6P Yes n/a
3-Deoxy-Glc6P No n/a
2-Deoxy-Glc[1-18O]6P Yes No

m/z 122, 123, and 124. SORI-CID of the unlabeled
Glc6P yielded onlym/z 122 and 123. The fact that
both m/z 122 and 124 were observed in the fully ex-
changed Glc6P suggests that both exchangeable and
non-exchangeable protons are incorporated into the
diagnostic ion.

To investigate the origin of the non-exchangeable
protons, several Glc6P analogs were investigated,
where selected non-exchangeable protons were la-
beled with deuterium. These included: glucose[1-D]-
6-phosphate (Glc[1-D]6P), Glc[2-D]6P, Glc[5-D]6P,
and Glc[6,6-D2]6P (these are the only D-labeled
analogs available commercially). The results of these
studies are summarized inTable 3(A). As was dis-
cussed earlier in unlabeled Glc6P, only two isotope
peaks are observed,m/z 122 and 123, which indicates
that deuterium is not present in this isotope packet.
This trend is observed for the Glc[1-D]6P and the Glc-
[6,6-D2]6P analogs. However, when the Glc[2-D]6P
and the Glc[5-D]6P analogs are employed, the isotope
packet also included a peak atm/z 124. This indi-
cates that a non-exchangeable proton is present in the
diagnostic ion. From these results it is apparent that
non-exchangeable protons from the C(2) and C(5)
carbons are incorporated into them/z 123 ion. From
the deuterium-labeling experiments (both exchange-
able and non-exchangeable), it is clear that there are
at least three mechanisms forming the diagnostic ion.

With all possible deuterium-labeling information in
hand, focus turned to determining the origin of the five
oxygen atoms contained withinm/z123.18O-Labeling
of the reducing end oxygen (C(1)–OH) allowed for in-
vestigation of whether it was included in the diagnostic
ion, and thus was transferred during the dissociation
mechanism. Upon18O-labeling of the reducing end
oxygen, isolation and SORI-CID, it was found that
both them/z 123 and 125 ions were observed. Thus,
18O-incorporation occurs, and the C(1)–OH bond
must be broken during the formation of the diagnostic
ion. It must also be noted, however, that the reducing
end oxygen is not the only oxygen atom incorporated
into them/z 123 ion. This fact is evidenced by obser-
vation of them/z 123 isotope, which corresponds to
inclusion of 16O, from another carbohydrate-bound
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hydroxyl group. Unfortunately, other18O-labeled
analogs are not available commercially, therefore, the
other carbohydrate-bound oxygen atoms contained
within the diagnostic ion can only be postulated.

In order to determine which hydroxyl groups were
directly involved in diagnostic ion formation, the dis-
sociation of two deoxy analogs were investigated; the
2-deoxy-Glc6P and the 3-deoxy-Glc6P analogs. Upon
SORI-CID,m/z123 is observed for the 2-deoxy-Glc6P
analog (Table 3, B), however, it does not form in the
3-deoxy analog. Thus, the C(3)–OH is required for
formation of them/z 123 ion. One further experiment
was performed with the 2-deoxy-Glc6P analog. Since
this compound was available commercially (and did
not have to be synthesized enzymatically), it was eas-
ily 18O-labeled at the reducing end. Examination of
the SORI-CID spectra of this derivative, shows that
the C(2)–OH must be present to allow the18O-label to
be incorporated into the diagnostic ion. Thus, through
labeling studies several important pieces of informa-
tion regarding the dissociation mechanism have been
determined. These are: (1) both non-exchangeable
(specifically the C(2)–H and the C(5)–H protons) and
exchangeable protons are incorporated into the diag-
nostic ion, (2) the C(3)–OH must be present for the
diagnostic ion to form, and (3) the C(2)–OH must be
present for the18O-label at the reducing end oxygen
to be incorporated into them/z 123 diagnostic ion.

4.5. Generational mapping

With the MS2 and labeling data in hand, it was de-
cided to investigate the differences in dissociation be-

Table 4
Product ions generateda from SORI-CID of the parent ion [HexP/B(OMe)3–2MeOH–H]− (m/z 331→ 299→)

−MeOH −MeOH/H2O −C2H4O2 −MeOH/2H2O −MeOH/C2H4O2 −2MeOH/2H2O HPO5B− H2PO4
− PO3

−
m/z 267 m/z 249 m/z 239 m/z 231 m/z 207 m/z 195 m/z 123 m/z 97 m/z 79

Glc1P X X X X X X X X
Gal1P X X X X X
Man1P X X X X X X X
Glc6P X X X X X X X X X
Gal6P X X X X X X X
Man6P X X X X X X X X

a A 2% relative abundance criterion is used to determine the absence or presence of an ion.

tween them/z331 ion to that of them/z299 ion gener-
ated in the MS3 (331→ 299→) experiment (Table 4,
Fig. 6). Exploration of the dissociation of this ion
could yield information regarding the mechanism of
diagnostic ion formation, or perhaps more structural
information of the ion/molecule reaction complexes.
Several features of the MS3 spectra are worth noting.
As was observed in SORI-CID ofm/z 331, neutral
losses of MeOH and H2O dominate the spectra. Fur-
thermore, the Hex6Ps show a larger abundance of
product ions, again illustrating the low dissociation
thresholds present in the Hex6Ps, that are not found in
the Hex1Ps. Also, cross-ring cleavage of the monosac-
charide ring is observed both with (m/z207) and with-
out (m/z 239) neutral MeOH loss. However, the most
intriguing result of these experiments is the presence of
m/z123 for both the Hex1Ps and the Hex6Ps. Further-
more, SORI-CID of them/z267 ion (MS4 experiment,
331 → 299 → 267 → , data not shown) yielded the
m/z123 ion as well. Information from the generational
mapping and the labeling experiments were used to
elucidate the mechanism of formation form/z 123.

4.6. Dissociation mechanisms

Using the data generated from the labeling exper-
iments, deoxy studies, and the generational mapping
experiments, three mechanisms ofm/z 123 ion forma-
tion are proposed.Scheme 1illustrates the proposed
dissociation mechanism that highlights the require-
ments determined by the D-exchange experiments,
the deoxy studies and the18O-labeling data. Upon
SORI-CID of them/z 331 ion (1a), elimination of
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Fig. 6. SORI-CID dissociation ofm/z 299 (MS3 331→299→) for generational mapping: (A) [Glc1P/B(OMe)3–2MeOH–H]− and (B)
[Glc6P/B(OMe)3–2MeOH–H]−.

MeOH occurs through deprotonation of the C(1)–OH,
by a methoxy group bound to the boron-center. Fol-
lowing neutral loss of MeOH, and proton transfer, an
alkoxide is generated at C(3) (1b). Both the proton
transfer and alkoxide generation at C(3) are supported
by the deoxy-labeling studies, which show that the
C(3)–OH is critical in the mechanism ofm/z 123
ion formation (Table 3, B). Further, the18O-labeled
2-deoxy-Glc6P analog showed that the18O-label was
not included in the diagnostic ion upon SORI-CID.
Thus, the C(2)–OH is involved in the proton transfer
mechanism that allows alkoxide generation at C(3).
Cross-ring cleavage is initiated by the C(3) alkoxide,
resulting in double bond formation between C(1) and
C(2) and18O-transfer to the B-center. This step is re-
quired by the18O-labeling experiment, regenerating a
four-coordinate B-center (1c). Loss of a second MeOH
is postulated to occur through deprotonation of the
18O-labeled hydroxyl group bound to the boron-center,
yieldingm/z267 (1d). From the generational mapping
experiments, it is known thatm/z 123 can be formed

from m/z 299 and 267. Thus, in all mechanisms we
propose sequential MeOH loss. Following ring open-
ing of the four-membered ring between the B- and
P-atoms (1d), an oxyanion site is formed on the phos-
phate moiety. Finally, deprotonation of the C(4)–OH
(1e) through an eight-membered intermediate by the
oxyanion site yields them/z 123 ion (1f) with simul-
taneous loss of glyoxal (OHCCHO) and C2H6O2.

The ion atm/z 123 can also be generated via an-
other mechanism in the 2-deoxy analog as shown in
Scheme 2. In this mechanism, initial deprotonation
occurs at C(4) allowing MeOH loss (2a), followed by
proton transfer and alkoxide generation at C(3) (2b).
In order for hydroxyl transfer to occur to the B-atom,
rotation around the C5–C6 bond must occur to po-
sition the B-atom in proximity to the C(1)–OH (2b).
However, for the diagnostic ion to form, deprotona-
tion at the C(4)–OH must occur which requires an-
other rotation around the C5–C6 bond (2e). Excessive
rotation of this nature would hinder formation of the
m/z 123 ion due to entropic constraints, and thus is
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postulated to occuronly when the 2-deoxy analog is
employed.

Scheme 3illustrates the proposed dissociation
mechanism that highlights the requirements deter-
mined by the deoxy studies and the non-exchangeable
deuterium-labeling experiment using the Glc[5-D]6P
analog. The initial loss of methanol is postulated to
occur through deprotonation of the C(4)–OH by a
methoxy group bound to the B-center (3a). Following
proton transfer and generation of an alkoxide at C(2),
the monosaccharide ring opens, and the C(4)-hydroxyl
group is transferred to the B-atom (3b). Again, the
presence of the C(3)-hydroxyl is required by this
mechanism, as was found in the deoxy studies. Given
the fact that hydroxyl group transfer was observed
in the 18O-labeled analog inScheme 1, we postulate
that this can also occur at the C(4)-hydroxyl, given
the close spatial proximity of this hydroxyl group
to the boron–phosphate moiety. Formation ofm/z
267 is again postulated to occur through deprotona-
tion of the hydroxyl bound to the boron-center (3c).
Following the opening of the four-membered ring
(3d), deprotonation of the C(4) carbon-center occurs
through a six-membered intermediate (3e). This de-
protonation step is confirmed through SORI-CID of
the Glc[5-D]6P analog described earlier, yielding a
neutral loss of C6H9O4 and formation of them/z 123
ion.

Scheme 4shows the proposed mechanism form/z
123 ion formation from Glc1P. Like the two previous
mechanisms for the Hex6Ps, generation ofm/z 299
from m/z 331 might occur through loss of MeOH
through deprotonation of a sugar ring hydroxyl
(C(2)–OH) by a methoxy group bound to the B-center
(4a). Proton transfer allows alkoxide generation at
C(4) and following ring opening the C(2)-hydroxyl
is transferred to the B-center (4b). Progression from
m/z 299 to 267 again occurs via proton transfer from
the hydroxyl group bound to the B-center yielding a
MeOH loss (4c). This is followed by four-membered
ring opening, and an oxyanion is generated on the
phosphate moiety (4d). Up until this point the en-
ergies of the proposed dissociation mechanisms for
both the Hex6Ps and the Hex1Ps are virtually identi-

cal. However, it is the progression from structure (4e)
to (4f) that we propose causes the differentiation of
the Hex1Ps from the Hex6Ps to occur. In this step,
deprotonation of the C(3)–OH by the oxyanion on
the phosphate moiety is hindered by the ring strain
needed to form this “trans-cyclooctene” equivalent.
Using ring strain in cycloalkanes and cycloalkenes
as a guide, this eight-membered intermediate with a
trans-double bond should be approximately 5 kcal/mol
higher in energy than the corresponding cyclooctane
(1e), and approximately 15 kcal/mol higher in energy
than the corresponding cyclohexane (3e)[27]. Thus,
we propose that due to the extra energy between the
transition states of these mechanisms, we observe
the diagnostic ion in the MS2 spectra of the Hex6Ps,
while it is absent from the Hex1Ps.

4.7. IRMPD of HexP/TMB derivatives

IRMPD is a technique that was first developed to
characterize the structure and dissociation of lowm/z
ions studied by FTICR MS[1]. A number of groups
have shown more recently that IRMPD is applicable to
a wide range of biomolecules[28]. In particular, a re-
cent study using FTICR MS by Marshall and cowork-
ers [29] shows that IRMPD is a useful tool for the
structural elucidation of naturally occurring oligosac-
charides. When subjected to SORI-CID many natural
products, including oligosaccharides, undergo multi-
ple facile losses of H2O and MeOH before cross-ring
or glycosidic cleavages occur that can be used to de-
termine linkage and topology of the oligosaccharide,
respectively. Since SORI-CID is a resonant technique,
product ions produced by SORI-CID do not undergo
further activation and will not dissociate further un-
less they receive sufficient activation before undergo-
ing the initial dissociation. Thus with SORI-CID of
large oligosaccharides, several stages of MS/MS are
required to produce structurally significant product
ions. In contrast, with IRMPD, product ions that are
formed initially will remain in the IR laser beam path
and will continue to undergo activation and dissocia-
tion as long as the laser beam is left on. Thus, product
ions formed by small neutral losses will continue



M
.D

.
L

e
a

ve
ll

e
t

a
l./In

te
rn

a
tio

n
a

l
Jo

u
rn

a
l

o
f

M
a

ss
S

p
e

ctro
m

e
try

2
2

2
(2

0
0

3
)

1
3

5
–

1
5

3
149



150
M

.D
.

L
e

a
ve

ll
e

t
a

l./In
te

rn
a

tio
n

a
l

Jo
u

rn
a

l
o

f
M

a
ss

S
p

e
ctro

m
e

try
2

2
2

(2
0

0
3

)
1

3
5

–
1

5
3



M.D. Leavell et al. / International Journal of Mass Spectrometry 222 (2003) 135–153 151

Fig. 7. IRMPD dissociation ofm/z 331 (MS2 331→) for the derivatized hexose phosphates: (A) [Glc1P/B(OMe)3–MeOH–H]− and
(B) [Glc6P/B(OMe)3–MeOH–H]−. The signal-to-noise in Glc6P is low due to the poor yield ofm/z 331 in the initial ion/molecule
reaction.

to dissociate to give structurally informative ions,
which would be extremely useful in the case of larger
oligosaccharides[29]. Given this significant difference
between SORI-CID and IRMPD, it was decided to
explore IRMPD of the monomers to determine what,
if any, differences might be observed between the
two techniques with small molecules.Fig. 7A and B
show the IRMPD dissociation spectra ofm/z 331
isolated from the reaction of TMB with Glc1P and
Glc6P, respectively, at 30% of full laser power. The
lower signal-to-noise (S/N) in the case of the Glc6P
isomer is due to the low relative abundance of them/z
331 precursor ion formed in the initial ion/molecule
reaction (seeTable 1). The ions formed by IRMPD are
the same as those seen by SORI-CID MS/MS and on
m/z 331 (Table 2) or on m/z 299 (Table 4). Addition-
ally the IRMPD experiments produced them/z 123
ion for both the Glc1P and Glc6P ions. FromTable 2,
this is the characteristic ion that allows the linkage

position of the phosphate moiety to be determined by
SORI-CID MS/MS as it appears only in the spectra
of the monosaccharides with the phosphate linked in
the 6-position. Although no characteristically differ-
ent ions are observed between the IRMPD MS/MS
spectra of the monomeric isomers studied, the fact
remains that this latter technique will become quite
important as we implement the ion/molecule reaction
method on larger oligomers. The impact of IRMPD
on these intermediate product ions is apparent from
the observation that by using a shorter irradiation
time, it is possible to quantitatively convert them/z
331 ion to them/z 299 ion. This is further supported
by the observation that using lower laser power and
shorter irradiation time, it is possible to quantita-
tively convert them/z 331 ion to them/z 299 ion by
IRMPD. Thus, while IRMPD does not give struc-
turally significant product ions from the monosaccha-
rides studied, it will likely do so for larger oligomers
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using the ion/molecule reaction presented in this
study.

5. Conclusions

Ion/molecule reactions between TMB and the hex-
ose phosphates have been shown to form ion/molecule
reaction complexes with the loss of one or two
molecules of neutral methanol. Isolation and dissoci-
ation of this species corresponding to one methanol
loss (m/z 331) using SORI-CID yields product ion
spectra that show characteristic differences that can
be used to distinguish the Hex1Ps from the Hex6Ps.
Mechanisms based on SORI-CID studies of labeled
(deuterium and18O) and deoxy derivatives of Glc6P
have been proposed. These mechanisms suggest that
the difference in product ion intensities between the
Hex1Ps and Hex6Ps is due to a difference in ring strain
energy in one of the intermediates that is involved
in the formation of the characteristic ion atm/z 123.
The Hex1Ps do form this ion with further SORI-CID
activation of them/z 299 product ion in an MS3 ex-
periment. This observation explains the production of
them/z 123 ion in the IRMPD-activated MS2 spectra
of the Hex1Ps, since the product ions may be further
activated after their initial dissociation. This is be-
cause the ions remain in the IR laser beam path, and
this further activation results in the formation ofm/z
123 by IRMPD for the Hex1Ps. This observation is
important, as it implies that the SORI-CID results in
this study would only be reproduced on mass spec-
trometers that use low energy, resonant excitation.
In triple quadrupoles or quadrupole ion-trap instru-
ments with broadband RF excitation for MS2, product
ions initially produced by the lowest energy disso-
ciation pathways may be further activated by more
collisions.

The present study also shows that low energy res-
onant excitation of precursor ions used in SORI-CID,
when combined with ion/molecule reactions can yield
product ion relative abundances that are sensitive to
small differences in ion structure. Current studies
are focused on determining other possible neutral

ion/molecule reagents, as well as extensions of this
work to phosphorylated oligosaccharides.
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