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a  b  s  t  r  a  c  t

We  previously  reported  the  ESI-MS/MS  studies  on  distinguishing  Gal�1-4GlcNAc-6,6′-disulfate  disodium
salt from  2′-epimer,1 namely  Gal�1-4ManNAc-6,6′-disulfate  [1].  Here,  we  must  emphasize  first  that
distinction  of  the epimeric  pair  was  successful  using  either  FAB  or MALDI,  but  most  effectively  done
by  ESI  mass  spectrometry.  However,  though  totally  independent  of  our  original  aim  of distinguishing
epimers,  we  later  realized  that there  were  some  inaccuracies  in  our  assignment  of the  fragmentation
path  of  negative  product  ions.  Through  our  intensive  studies  to  establish  the  right  fragmentation  path,
we  now  propose  a new  concept  of  isomers  caused  by the  difference  in  the  localization  of a  negative  charge
in apparently  the  same  MS1 ion  of a disaccharide  dibasic  acid.
eywords:
harge-localization isomers
ibasic acid
isaccharide

−)ESI-MS/MS
AG

© 2011 Elsevier B.V. All rights reserved.
ulfate

. Introduction

Isomer distinction is naturally performed in organisms, and thus
ery interesting and important for scientists in order to under-
tand life as well as to design drugs. We  have focused our interest
n distinguishing isomers of conjugated lipids and sugars on mass
pectrometry since the advent of FAB (SIMS). Our study first began
ith the distinction of positional isomers of phospholipids [2] and
roceeded to microheterogeneity analysis of ceramide [3],  particu-

arly the long-chain bases [4],  to a- and b-series of gangliosides [5],
inkage isomers of Lea and Lex [6–8], distinction of epimeric GAG

somers [1],  and finally the anomeric isomers of a lysoglycero-type
anglioside [9].

Abbreviations: Gal, galactose; GlcNAc, N-acetylglucosamine; ManNAc, N-
cetylmannosamine; GAG, glycosaminoglycan; Lea, Lewis Blood Group (type) a; Lex,
ewis  Blood Group (type) x.
∗ Corresponding author. Present address: Brain Science Institute, RIKEN, 2-1 Hiro-

awa, Wako Saitama 351-0198, Japan. Tel.: +81 48 467 6372; fax: +81 48 467 6372.
E-mail address: ohashi@brain.riken.jp (Y. Ohashi).

1 Carbons in the non-reducing end sugar (galactose, in this case) are numbered
ithout a prime (′), whereas those in the reducing end sugar (N-acetylhexosamine,
ere) are numbered with a prime.

387-3806/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2011.08.024
It happened in the course of the GAG steroisomer analysis that
we made a misassignment in a minor fragmentation path shown in
Scheme 6, p. 275 of Ref. [1].

In short, epimer distinction was  attributed to a stereochem-
istry of N-acetylhexosamines: in L4, a hydrogen bond may  be
formed between the 2′-�-equatorial amide-carbonyl oxygen and
4′-hydroxyl hydrogen, resulting in the easier cleavage of 2–3 and
0–1 bonds (0,2A2, m/z 463), while the �-axial amide group in N-
acetylmannosamine in M4  cannot come close to the 4′-OH. Thus,
the elimination of 101 Da (0,2A2) in L4 is relatively more abundant
than the dehydration ion at m/z 546. To the contrary, the dehydra-
tion ion is relatively more intense in the epimer M4.  We  drew the
route as follows: [M′′−Na]− (MS1) at m/z 564 > 0,2A2 (MS2) at m/z
463.2

Up until this point, our rationalization was  unequivocally right.
Then, routinely we regarded the next loss of 102 u as a replacement
of –SO3Na with H, leading to the MS3 ion at m/z  361, and the follow-
ing elimination of O CHCH2OH moiety resulting in the formation

of an MS4 ion at m/z 301.

However, we soon realized that such replacement, which
involves an extraneous hydrogen, was unfeasible in the MS/MS

2 M′′ stands for the disodium salt.

dx.doi.org/10.1016/j.ijms.2011.08.024
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:ohashi@brain.riken.jp
dx.doi.org/10.1016/j.ijms.2011.08.024
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Fig. 1. (−)ESI-MS full scan spectrum of Gal�1-

nimolecular dissociation process. Upon this realization we spent
ome time accounting for the production of all the ions shown in
igs. 1–5 consistently. The point was the fact that each epimer of
his dibasic glycosaminoglycan disaccharide showed the doubly
egative ion [M′′−2Na]2− at m/z  270.5 as the MS1 ion even more

ntensely than the [M′′−Na]− as shown in Fig. 1. This meant that
oth sodium sulfate groups in the disaccharide were able to dis-

ociate, producing the sulfate anion individually. Thus, we  have
ome to the conclusion that there are two distinct ion structures
or [M′′−Na]− in the gas phase for such a strong dibasic acid, and
hese two precursors lead to two individual fragmentation paths.

Fig. 2. (−)ESI-MS2 product ion spectrum of Gal�1-4GlcNAc-6,6′-disulfate disod
Ac-6,6′-disulfate disodium salt (L4, M′′W 587).

As stated in the following Section 2, one series proceeds as m/z
564, 463, 361, to 241 while the other as m/z 564, 463, 301, to 241.
Further detailed studies have led us to propose a new concept of
charge-localization isomers.

2. Experimental
2.1. Samples

Gal�1-4GlcNAc-6,6′-disulfate disodium salt (L4, M′′W 587) was
obtained from shark fin keratan sulfate by the keratanase II

ium salt (L4, M′′W 587) having [M′′−Na]− at m/z  564 as the precursor ion.
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Fig. 3. (−)ESI-MS3 product ion spectrum of Gal�1-4GlcNAc-6,6′-disulfate disodium salt (L4) in accurate masses having [M′′−Na]− at m/z  564 as the precursor and 0,2A ion at
m
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MS2 and MS3 was  30%. The full scan spectrum in Fig. 1 showed two
MS1 ions, [M′′−Na]− at m/z 564.1 and the doubly charged negative

F
i

/z  463 as the MS2 ion.

igestion. The artifact Gal�1-4ManNAc-6,6′-disulfate disodium
alt (M4, M′′W 587), generated through the mild alkaline purifi-
ation process [10], was  isolated as the minor component from L4
n an amine-bound silica gel high-performance liquid chromatog-
aphy. Purity was examined on capillary electrophoresis, of which
he result was shown in Fig. 1 of Ref. [1].  Structures of L4 and M4
ere confirmed using NMR  as shown in Scheme 1. We  received

hese epimeric isomers in the purified form. The samples were dis-

olved in H2O/CH3OH (1:1) in concentration of 10 ng/mL for the
ass spectrometric studies.

ig. 4. (−)ESI-MS4 product ion spectrum of Gal�1-4GlcNAc-6,6′-disulfate disodium salt (
n  question at m/z 361 as the MS3 ion. The nature of the ion at m/z 301 is thought to be a 2
2.2. Mass spectrometry

2.2.1. Full scanning and product ion scannings
A ThermoFisher Scientific mass spectrometer LTQ FT-ICR was

used for (−)ESI-MS/MS experiments. The spray voltage was 1 kV
and the resolving power was 100,000. The CID energy parameter for
ion [M′′−2Na]2− at m/z 270.7, the latter in much more abundance.
Product ion spectra were obtained by changing energy parameters

L4) having [M′′−Na]− at m/z  564 as MS1, 0,2A ion at m/z  463 as MS2 ion, and the ion
,4A ring cleavage product, coincidentally having the same nominal mass as ion d.
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ig. 5. (−)ESI-MS5 product ion spectrum of Gal�1-4GlcNAc-6,6′-disulfate disodium
S2, the ion at m/z 301 as the MS3, and the ion at m/z 241 as the MS4 ion. A peak ne

or these two precursor ions individually; one having [M′′−Na]− as
he MS1 ion to obtain MS2–MS5 product ions as shown in Figs. 2–5,
hile the other having [M′′−2Na]2− as the MS1 ion obtaining MS2

ons (data not shown).

.2.2. Determination of product ion compositions
Accurate mass measurements were taken for the product ions at

/z  463, 445, 361, 343, 301, 241, 223, 181, 151 and 97 to determine
heir elemental compositions using the aforementioned FT-ICR
nstrument. Results are shown in the next section.

. Results and discussion

The MS2-product ion spectrum of the precursor ion [M′′−Na]− at
/z  564 is shown in Fig. 2, which mainly provides the dehydration

on at m/z 546 and the 0,2A2 ion at m/z 463. Next, the MS3 spectrum
tarted from [M′′−Na]− via the 0,2A2 is shown in Fig. 3. The fact that
ig. 4 does show an ion at m/z 301 may  seem to be contradictory
o our hypothesis that the ion at m/z  301 cannot be produced by
he ion at m/z 361. However, if the 2,4A (or 1,3A) ring cleavage (loss
f HOCH CHOH) can be granted [11], this ion, though isobaric to
he ion d, must have the ion composition of C4H6O10S2Na, which is

ifferent from the determined composition of d (C8H13O10S) shown

n Fig. 3. Thus, the same nominal mass of 301 is decided as pure
oincidence. Fig. 5 shows another product ion study in the route of
64 > 463 > 301 > 241>.

Scheme 
(L4) in accurate masses having [M′′−Na]− at m/z  564 as MS1, 0,2A ion at m/z  463 as
z 199 may  possibly be a noise.

Thus, there are two distinct pathways recognized here starting
from apparently the same MS1 and MS2 ions. One is a series origi-
nating from [M′′−Na]− at m/z 564 fragmenting to m/z  463, 361, 241
and so on, and the other also starting from [M′′−Na]− at m/z 564 via
m/z 463, but then proceeding to 301, 241 and so on. We  assume that
the ion structure at m/z 241 in the two routes are isomeric in the
conventional definition, namely, e has the 5-ene-1-sulfated galac-
tose structure while e′ has the 1-deoxy-1-ene-6-sulfated galactose
structure. However, the ion intensity of c at m/z 361 was only suffi-
cient to show the MS4 ions, but not to obtain MS5 ions for the route
564 > 463 > 361 > 241>.

Now, we  summarize the fragmentation route as represented in
Scheme 2. Ions whose compositions were confirmed with accurate
masses in Figs. 3 and 5 are circled. Note that an unusual migration of
a sulfate group from the glucosamine-6′ to the C-1 position of galac-
tose (c) is involved in this scheme. Definite pieces of evidence for
the galactose disulfate structure for the ion at m/z 361 were given
by accurate mass measurements for MS2 and MS3 ions at m/z  463
and 361. The MS2 ion was found to be 462.9836 (C10H16O15S2Na)
(data not shown) while the MS3 ion was 360.95195 (C6H10O12S2Na)
with the errors of 0.19 mmu  and 0.27 mmu, respectively, from the
theoretical exact masses. Thus, the loss from the MS2 ion at m/z  463

to the MS3 ion at m/z 361 corresponds to the loss of C4H6O3. An ion,
though in low intensity, at m/z 199 as a next generation of the ion
at m/z 361 in Fig. 4 suggests a pyrosulfate structure NaOSO3SO3

−,
which supports the presence of two  sulfate groups in c. Depending

1.
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n the direction of the intramolecular SN2 of the GlcNAc-6-sulfate
o the C1 position of Gal-6-sulfate, resulting anomeric sulfate may
ake � or �-position.

To elucidate all these data without contradiction, we  propose
 new phase of isomers, in which the effective negative charge
ocalizes at either one of the two sulfate groups in the molecular-

eight-related negative precursor ion, while a sodium cation
esides in the immediate vicinity of the other sulfate group so as to
ask the negative charge as represented as (a) and (a′) in Scheme 2.
e hereby name this phenomenon “charge-localization isomers”.

ot only the precursor ion (a) and (a′) but even the MS2 ion (b) and
b′) have the relationship of “charge-localization isomers”, which
re different from the conventional structural isomeric relations
etween (e) and (e′) in Scheme 2.

We also considered another possibility in which both sulfate
roups are dissociated, forming a doubly negative entity to which

 sodium cation is loosely associated so as to compensate one neg-
tive charge and showing an apparently singly charged negative
on ([M′′−2Na]2− + Na+)− at m/z  564 in the ion source. However, if
his had been the case, charge-localization could not have existed
12,13]. Although the negative-ion ESI full scanning showed the
oubly charged negative ion [M′′−2Na]2− at m/z 270.7 as the base
eak as shown in Fig. 1, this doubly negative ion was not a prod-
ct ion of the precursor at m/z  564 as evidenced in Fig. 2. Thus, the
ossibility of “doubly negative ion plus Na′′+ being the precursor
tructure may  safely be eliminated.

. Conclusions

It is well known that the same one molecular-weight-related
on may  give rise to more than one product ions according to the
harge-localizations in the product ions. In such cases, the structure
f the precursor ion is the same. In our hypothesis, however, the
recursor ion consists of two chemical species. This phenomenon

s likely to occur in strongly acidic dibasic acids in the negative-ion
SI-MS.
Since two anionic structures are possible for the precursor ion,
ach of them may  take a different course in the fragmentation pro-
esses. This phenomenon is entirely different from the well-known
roduction of plural numbers of product ions originating from the
.

same precursor. Since negatively charged sugars are important in
relation to basic protein, this concept may  give some suggestions
regarding the mechanism of certain kinds of interaction in living
organisms
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