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a  b  s  t  r  a  c  t

�-Carrageenan  sulfated  oligosaccharides  containing  one,  two,  and  four  sulfate  groups  were  complexed
with  divalent  metal  cations  and  electrosprayed  in  positive  ion mode.  The  resulting  metal  complexes  were
subjected  to sustained  off-resonance  irradiation  collision-activated  dissociation  (SORI-CAD)  and  electron
capture  dissociation  (ECD).  The  presence  of  divalent  metal  cations  in  the  electrospray  solution  facilitates
formation  of  doubly  positively  charged  precursor  ions  in the  gas  phase.  Unsurprisingly,  abundant  sulfate
group  (SO3)  loss  is observed  in SORI  CAD  of sulfated  oligosaccharides  complexed  with  divalent  metal
cations.  By  contrast,  sulfation  is  retained  in  ECD  of  metal-sulfated  oligosaccharide  complexes,  providing
information  on  the  site  of  sulfation.  Most  product  ions  resulting  from  ECD  are  C/Z-  or  B/Y-type  ions,
corresponding  to cleavage  of  glycosidic  bonds  linking  two sugar  units.  However,  several  A/X-type  product
ions corresponding  to  sugar  cross-ring  cleavage  were  also  observed  in  ECD.  Such  cross-ring  fragments
CD
lectron capture dissociation
DD
ourier transform ion cyclotron resonance
T-ICR
TMS

are  important  in  carbohydrate  analysis  because  they  provide  linkage  information.
© 2010 Elsevier B.V. All rights reserved.
ass spectrometry

. Introduction

Sulfated oligossacharides, extensively found in proteoglycans,
lycoproteins, and glycolipids, play important roles in many bio-
ogical processes [1–4]. For example, glycosaminoglycans (GAGs),
ne of the most important types of sulfated polysaccharides,
re involved in processes such as regulation of cellular growth,
nticoagulation of blood, and inflammation reactions [1].  The
AG family includes heparin/heparan sulfate, chondroitin sul-

ate, hyaluronan, and keratin sulfate [1].  Carrageenans, which are
ound in the cell wall of red seaweeds, constitute another type
f sulfated polysaccharides [5–9]. Carrageenan structures involve

 repeating unit of 3-linked �-d-galactopyranose and 4-linked
-d-galactopyranos, the latter being replaced with 4-linked 3,6-

nhydro-�-d-galactopyranose in commercial samples. Depending
n the number of sulfate groups per monomer, carrageenans can be
ategorized into three branches, i.e., kappa (�), iota (�), and lambda

∗ Corresponding author. Tel.: +1 734 615 0570; fax: +1 734 647 4865.
E-mail address: kicki@umich.edu (K. Håkansson).

1 Current address: Department of OB/GYN and Sandler-Moore Mass Spectrome-
ry  Core Facility, University of California San Francisco, 521 Parnassus Avenue, San
rancisco, CA 94143-0556, USA.

387-3806/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.10.030
(�) carrageenans. Carrageenans mediate cell–cell recognition pro-
cesses in host-pathogen interactions [5].

Analysis of sulfated oligosaccharides is a challenging task due to
the extreme lability of sulfate groups and the structural diversity
of oligosaccharides. Mass spectrometry (MS) has been extensively
applied to sulfated oligosaccharides [4–47], including extensive
and pioneering work by Costello and co-workers. MS-based ion-
ization techniques used for sulfated oligosaccharides include fast
atom bombardment (FAB) [10–13] matrix-assisted laser desorp-
tion/ionization (MALDI) [14–19] and electrospray ionization (ESI)
[20–47]. ESI is the preferred ionization technique because sulfate
groups of sulfated oligosaccharides can be retained under cer-
tain conditions. Tandem mass spectrometry (MS/MS) is essential
for structural characterization of sulfated oligosaccharides. In pre-
vious studies, collision activated dissociation (CAD) was almost
exclusively used as the MS/MS  activation technique to dissoci-
ate sulfated oligosaccharides [4,7,10–13,23–41]. However, more
recently, Amster and co-workers have applied alternative MS/MS
fragmentation techniques, including electron detachment dissoci-
ation (EDD) [42–45],  electron induced dissociation (EID) [46], and

negative ion electron transfer dissociation (NETD) [47] to sulfate-
containing GAG and dermatan oligosaccharides in negative ion
mode. These techniques provide complementary and often more
extensive structural information compared to CAD, due to unique

dx.doi.org/10.1016/j.ijms.2010.10.030
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:kicki@umich.edu
dx.doi.org/10.1016/j.ijms.2010.10.030
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ctivation mechanisms, i.e., radical-driven fragmentation in EDD
nd NETD and electronic excitation in EID.

Due to the acidity of sulfated oligosaccharides, negative ion
ode is preferred [4–47]. In negative ion CAD, it has been found that

ragmentation patterns of sulfated oligosaccharides are strongly
ependent on the charge state of the precursor ion [29,30,32,34].

f  the charge state of a sulfated oligosaccharide is smaller than the
otal number of sulfate groups, i.e., the sulfate groups are not com-
letely deprotonated, negative ion CAD results in abundant loss of
ulfate groups. For sulfated oligosaccharides with all sulfate groups
eprotonated, CAD can produce product ions containing the sulfate
roups [30]. However, even in this case, sulfate loss is a prevalent
ompeting process. In CAD of sulfated oligosaccharides, the most
bundant product ions are typically B and Y-type ions [10] from
lycosidic bond cleavage. Cross-ring product ions (A/X-type ions
10]) are rarely observed in negative ion CAD of sulfated oligosac-
harides. However, observation of cross-ring fragments is essential
or unambiguously determining the position of sulfate groups. In its
rst application towards sulfated oligosaccharides, EDD was found
o yield abundant A-type cross-ring product ions with retention of
ulfate groups for a singly sulfated doubly deprotonated tetrasac-
haride [42]. However, EDD of sulfated oligosaccharides carrying
he same number of negative charges and sulfate groups resulted
n extensive loss of the sulfate groups [42]. By contrast, sulfate
roups can be retained in EDD product ions if the charge state of

 multiply sulfated oligosaccharide is equal to one more than the
umber of sulfate groups [45]. Based on the exciting capabilities
f EDD for characterization of sulfated oligosaccharides, we were
nterested in exploring the utility of electron capture dissociation
ECD), which also proceeds via radical-driven fragmentation, typ-
cally with higher fragmentation efficiency than EDD, but cationic
recursor ions are required.
Strategies for overcoming the challenges of performing posi-
ive ion mode analysis of sulfated oligosaccarides [5,7,40] have
een proposed: in one approach, sulfated oligosaccharides were
omplexed with a basic peptide carrying positive charge [14,40].

(NCT-1S  + K)+

(NCT-1S  + H)+

(NCT-1S  + Na)+

100 0900800700600500400300200100
m/z

(a) - SO3

(NCT-1S  + 2Ca - 2H)2+

(NCT-1S  + Ca - H)+

& (NCT 1S + K)+

1100 0900800700600500400300200100
m/z

& (NCT -1S + K)
(a') - SO3

Fig. 1. Positive ion mode ESI FT-ICR mass spectra (single scan) from 5 �M NCT-1S and 10
ass Spectrometry 305 (2011) 170– 177 171

Desaire and co-workers analyzed sulfated glycoproteins com-
plexed with trilysine with both negative and positive ion mode CAD
[40]. B/Y-type product ions were observed, however, abundant sul-
fate loss was  seen from CAD in both detection modes although these
authors concluded that negative ion CAD yielded more information
than positive ion CAD for characterizing unknown glycopeptides.
An alternative approach involves the use of alkali metal cation
adducts. Dayrit and co-workers [7] utilized sustained off-resonance
irradiation (SORI) CAD to characterize a series of �-carrageenan sul-
fated oligosaccharides complexed with Na+. In those experiments,
all sulfate groups are sodiated, with additional Na+ as charge car-
rier(s). Interestingly, sulfate group(s) can be retained in B/Y-type
ions produced from SORI-CAD of sulfated oligosaccharides that are
fully sodiated, thereby providing information on the position of sul-
fate group(s). However, A/X-type ions were completely absent in
those SORI-CAD spectra.

Electron capture dissociation (ECD) [48–50] is a powerful tool
for structural characterization of a variety of biomolecules. How-
ever, one limitation of ECD is that it is only applicable to positively
charged ions with charge state ≥2, which is challenging to achieve
for acidic, neutral, and low molecular weight analytes such as
oligosaccharides with or without sulfation. We  have previously
shown that doubly positively charged ions, amenable to ECD,
can be readily generated for sulfated peptides [51], non-sulfated
oligosaccharides [52], and metabolites [53] upon complexation
with divalent metal cations. O’Connor and co-workers utilized
sodium adducts in a similar manner for permethylated oligosac-
charides [54]. In all cases, structural information complementary
to that from CAD is achieved. Specifically, ECD of divalent metal-
adducted sulfopeptides provided sulfation site information [51].
By contrast, ECD of the corresponding protonated species resulted
in sulfate loss. Burlingame and co-workers reached similar con-

clusions in ETD of alkali metal-adducted sulfopeptides [55]. Here,
we apply divalent metal adduction and ECD towards three �-
carrageenan sulfated oligosaccharides containing up to four sulfate
groups.

(NCT-2S  + H)+

(NCT-2S  + K)+

- SO3

1000900800700600500400300200100
m/z

(b)

(NCT-2S  + 2Ca - 2H)2+

SO

(NCT-2S  + 2Ca - 3H)+

- SO3

100090080070060050040030020000
m/z

( )

(b')

 �M NCT-2S in the presence of 2% acetic acid (a and b) and 20 �M Ca2+ (a’ and b’).
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30–50 scans. Mass spectra were analyzed with the MIDAS analysis
software [60].

(NCT-1S + 2Ca  - 2H )2+

-SO

*

(a)

500450400350300250200150100

* *

m/z

(b)
Fig. 2. Positive ion mode ESI FT-ICR mass spectr

. Experimental

.1. Reagents and sample preparation

�-Carrageenan sulfated oligosaccharides, neocarratetraose 41-
ulfate (NCT-1S) sodium salt (purity ≥98%), neocarratetraose
1,43-disulfate (NCT-2S) disodium salt (purity unknown), neo-
arraoctaose 41,43,45,47-tetrasulfate (NOT-4S) tetrasodium salt
purity 95%) were purchased from Aldrich (St. Louis, MO)  and used
ithout further purification. Protonated sulfated oligosaccharides
ere generated by external ESI at 70 �L/h (Apollo or Apollo II ion

ource (as specified below), Bruker Daltonics, Billerica, MA)  of solu-
ions containing 5 �M sulfated oligosaccharides and 2% acetic acid
1:1 MeOH:H2O), while metal-adducted sulfated oligosaccharide
ons were produced from ESI of solutions containing 5 �M sulfated
ligosaccharides and 20 �M metal salt (MnCl2 from Aldrich (St.
ouis, MO)  and CaCl2·2H2O from Fisher (Fair Lawn, NJ)). No acid
as added to the metal-containing ESI solutions.

.2. Mass spectrometry and data analysis

Data for NCT-1S and NCT-2S were collected with an actively
hielded 7 Tesla Fourier transform ion cyclotron resonance (FT-ICR)
ass spectrometer with a quadrupole front-end (ApexQ, Bruker
altonics, MA)  and an Apollo ESI source as previously described

56]. However, we failed to observe metal-adducted NOT-4S with
his ion source. Following upgrade of the original Apollo ESI
ource to the Apollo II source (Bruker Daltonics, MA), contain-
ng a dual stage ion funnel and operating at elevated pressure to
ssist ion collection and transfer, we were able to detect multi-
ly charged metal-adducted NOT-4S. Ions produced by ESI were
ass-selectively externally accumulated (10–40 m/z  isolation win-

ow) in a hexapole for 2 s, transferred via high voltage ion optics,
nd captured in the ICR cell by dynamic trapping. This accumu-
ation sequence was looped six times to optimize precursor ion
ignal-to-noise (S/N) ratio prior to ECD. Further precursor ion iso-

ation was accomplished by correlated harmonic excitation fields
CHEF) [57] inside the infinity ICR cell [58]. An indirectly heated
ollow dispenser cathode [59] with inner and outer diameters
f 3.5 and 7.6 mm,  respectively, provided the electrons. ECD was
ingle scan) from 5 �M NOT-4S and 20 �M Ca2+.

performed at a −1 V cathode bias voltage with 100–300 ms irradi-
ation time. For SORI CAD, an RF frequency offset by −1000 Hz from
the precursor ions’ cyclotron frequency was applied for 20–40 ms
while argon was  pulsed into the ICR cell. All data were acquired
with XMASS (version 6.1, Bruker Daltonics) in broadband mode
from m/z = 200–1600 with 256–512 k data points and summed over
700650600550500450400350300250200150100
m/z

Fig. 3. Positive ion mode SORI-CAD spectra of NCT-1S (a) and NCT-2S (b) complexed
with Ca2+ (8 scans). Electronic noise peaks are labeled with asterisks.
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. Results and discussion

.1. ESI of divalent metal-adducted NCT-1S, NCT-2S, and NOT-4S

Figs. 1 and 2 show positive mode ESI mass spectra of NCT-1S,

CT-2S, and NOT-4S from solutions containing acid, or diva-

ent metal cations. ESI of NCT-1S and NCT-2S in the presence of
cid produced only singly positively charged NCT-1S and NCT-2S,
espectively (Figs. 1(a) and 2(a)), resulting from the addition of a
adiation time, −1 V bias voltage, 50 and 32 scans for Ca2+ and Mn2+, respectively).

proton or an alkali metal cation (Na+ or K+). However, we failed to
detect singly positively charged precursor ions for NOT-4S. Unsur-
prisingly, multiply positively charged NCT-1S and NCT-2S were not
observed due to their high acidity. By contrast, in the presence of
excess Ca2+, multiply positively charged NCT-1S, NCT-2S, and NOT-

4S were efficiently generated (see Figs. 1(a’, b’) and 2) in the form of
Ca-adducted species. For NCT-1S and NCT-2S, abundant doubly Ca-
adducted species, [NCT-1S/NCT-2S + 2Ca − 2H]2+ were observed.
These doubly charged ions are particularly abundant for NCT-1S
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Fig. 5. ECD spectrum from NCT-2S complexed with Ca2+ (100 ms electron irradiation time, −1 V bias voltage, 50 scans). Electronic noise peaks are labeled with asterisks,
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3 = 3rd harmonic. The peak corresponding to loss of SO3 from the precursor ion wa
lycosidic cleavage corresponding to these two ions is denoted by dashed lines in t

Fig. 1(a’)) where they dominate the ESI spectrum. ESI of NOT-
S produced abundant doubly and triply charged cations (Fig. 2),
NOT-4S + 3Ca − 4H)2+ and (NOT-4S + 4Ca − 5H)3+, respectively. The
ddition of more metal cations for NOT-4S than for NCT-1S and
CT-2S is presumably due to the presence of more sulfate groups,
hich likely constitute the metal binding site [7,51].  We  have pre-

iously shown that metal complexation facilitates formation of
ultiply charged cations for sulfated peptides [51], non-sulfated

ligosaccharides [52], and for metabolites [53]. Here, we  show that
onization of sulfated oligosaccharides in positive ion mode can also
e enhanced via divalent metal complexation. Abundant peaks cor-
esponding to divalent metal-adducted sulfated oligosaccharides
re observed without any further purification and desalting of the
amples. Signal from singly sodiated or potassiated NCT-1S is either
bsent or significantly suppressed in the presence of Ca2+ (Figs. 1(a
nd a’)). It should be noted that sulfate loss is not prevalent in ESI
nder these conditions, except for NCT-2S where moderate loss
f one sulfate group is observed. Also, ESI mass spectra of NCT-2S
ontain many unknown peaks, which are likely due to impurities
the purity of this sample is unknown, see Section 2). Thus, the
bserved sulfate loss product ions may  already be present in the ESI
olution rather than being formed in the gas phase. Nevertheless,
bundant divalent metal-adducted NCT-2S containing the sulfate
roups could still be generated.

The successful generation of multiply positively charged ions for
hese sulfated oligosaccharides allows application of ECD, which

s known to be a superior tool for analyzing labile modifications
48–50].  Here, we are focusing on calcium adducts because our
revious work [51–53] showed that Ca2+ is superior to other diva-

ent metals due to its propensity to form abundant complexes with
ent in the mass spectrum prior to ECD. Due to identical m/z of C2- and Y2-type ions,
et.

molecules of interest and the analytical utility of the correspond-
ing ECD spectra. However, abundant complexes were also obtained
between NCT-1S (but neither NCT-2S nor NOT-4S) and manganese.
ECD data of Mn2+-adducted NCT-1S are shown for comparison.

3.2. SORI-CAD of divalent metal-adducted NCT-1S and NCT-2S

Sulfate groups are typically preferentially lost in positive ion
mode CAD of sulfated species due to their extreme lability [4].
Dayrit and co-workers found that positive ion mode SORI-CAD
of sodiated �-carrageenan sulfated oligosaccharides, in which all
H of SO3H are replaced with Na, produced B and Y-type product
ions containing the sulfate groups. However, positive ion mode
CAD of divalent metal-adducted sulfated oligosaccharides has not,
to our knowledge, been reported. SORI-CAD spectra of doubly
calcium-adducted NCT-1S and NCT-2S are shown in Fig. 3(a and
b), respectively. Apparently, sulfate loss is the dominant process in
SORI-CAD of these two  metal complexes. For example, the three
most abundant product ions in SORI-CAD of [NCT-1S + 2Ca − 2H]2+

(Fig. 3(a)) are due to loss of SO3 or combined loss of SO3/H2SO4 and
C3H6O from the precursor ions. In addition, all but one B/Y-type
ions observed in Fig. 3(a) do not contain the sulfate group. The only
ion containing the sulfate group is (Y3 + 2Ca − 3H)2+, which is of low
abundance. Similarly, sulfate loss dominates in SORI-CAD of [NCT-
2S + 2Ca − 2H]2+ (Fig. 2(b)). Although there are several B/Y-type ions
containing one sulfate group, i.e., (Y3 + 2Ca − H)2+, (Y2 + 2Ca − H)+,

and (B3/C3 + 2Ca − H)2+, these ions are of much lower abundance
than the corresponding ions without the sulfate group. Therefore,
determination of the position of sulfate groups may be challenging
with CAD alone.
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Fig. 6. ECD spectra from NOT-4S complexed with three and four Ca2+, corresponding to charge states of 2+ (a) and 3+ (b) (300 ms  electron irradiation time, −1 V bias voltage,
3  noise
Y c cleav
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2  scans), respectively, and the ECD fragmentation pattern of NOT-4S (c). Electronic
2-, C6- and Y6-, Z2- and B2-, and Z6- and B6-type ions, the corresponding glycosidi

.3. ECD of divalent metal-adducted NCT-1S, NCT-2S, and
OT-4S

We have previously shown that the combination of divalent
etal complexation and ECD is highly useful for locating sul-

ate groups in sulfated peptides [51]. Divalent metal complexation
nhanced the ionization of sulfated peptides in positive ion mode,
hile ECD produced extensive backbone fragmentation without
oss of the sulfate groups. The generation of multiply positively
harged sulfated oligosaccharides (Figs. 1 and 2) makes applica-
ion of ECD to sulfated oligosaccharides possible. Figs. 4–6 show
CD spectra of NCT-1S, NCT-2S, and NOT-4S complexed with Ca2+
 peaks are labeled with asterisks, �3 = 3rd harmonic. Due to identical m/z of C2- and
age is denoted by dashed lines in (c).

(and Mn2+ for NCT-1S). All product ions observed in ECD of NCT-1S
and NCT-2S are singly charged. Thus, product ion charge state has
been omitted from figure labels.

ECD of NCT-1S complexed with Ca2+ and Mn2+ (Fig. 4) yielded
C-, Z-, and Y-type product ions from glycosidic bond cleavage and
one A/X-type product ion from cross-ring cleavage. Specifically,
two  Z-type, two Y-type, and one A-type fragment (Z2, Z3, Y1, Y2,
and 2,4A4 with two Ca adducts) were produced in ECD of [NCT-

1S + 2Ca − 2H]2+ (Fig. 4a). No C- and X-type product ions were
observed in ECD of NCT-1S complexed with Ca2+. The most abun-
dant product ion found from ECD of [NCT-1S + 2Ca − 2H]2+ can be
assigned as (2,4A4 + 2Ca − 3H), while two  Z/Y-type ions, assigned as
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Z3 + 2Ca − 4H) and (Y1 + 2Ca − 2H) are slightly less abundant. The
ater-loss product of (Z3 + 2Ca − 4H) is also abundant. Other minor

/Y-type product ions include (Z2 + 2Ca − 4H) and (Y2 + 2Ca − 2H). It
hould be pointed out that all Z- and A-type product ions observed
n ECD of [NCT-1S + 2Ca − 2H]2+ were not observed in SORI-CAD
f the same species (Fig. 4a). Metal-adducted Z3, Y2, and 2,4A4
ons observed for Ca-adducted NCT-1S were also observed for Mn-
dducted NCT-1S (Fig. 4b). In addition, one C-type and one X-type
roduct ion [(C3 + 2Mn  − 2H) and (0,2X2 + 2Mn  − 3H)] were seen in
CD of NCT-1S complexed with Mn2+ (Fig. 4b), the former being
he most abundant peak in this ECD spectrum. Another major dif-
erence between ECD spectra of Ca- and Mn-adducted NCT-1S is
hat the Y1 and Z2 ions observed for the Ca-adducted species were
ot detected for the Mn-adducted species. Nevertheless, product

ons observed for Ca- and Mn-adducted NCT-1S provide informa-
ion on the oligosaccharide sequence. Interestingly, sulfate loss
as completely absent in ECD of NCT-1S complexed with Ca2+

nd Mn2+, in stark contrast to the SORI-CAD results discussed
bove (Fig. 3). Thus, ECD should greatly facilitate localization of the
ulfate group. Particularly, the position of the sulfate group in NCT-
S can be unambiguously determined from the metal adducted
,4A4 ion.

Fig. 5 displays the spectrum resulting from ECD of NCT-2S com-
lexed with Ca2+. Again, a variety of C/Z-, A/X-, and Y-type product

ons were detected. Note that C2 and Y2 have the same molecu-
ar weight and thus cannot be distinguished. The C3, Z3, and A4
ons with two Ca adducts are nearly equally abundant, while they
re much more abundant than other product ions. As found for
CT-1S, sulfate loss was absent in ECD of [NCT-2S + 2Ca − 2H]2+.
3, Y3 and A4 ions with one or two Ca adducts contain both sul-
ate groups, while the C2/Y2, C3 and X3 ions with two  Ca contain
ne of two sulfate groups. The position of two sulfate groups can
e determined from analysis of these product ions, particularly
he calcium-adducted 0,3X3 and 2,4A4 ions. For NOT-4S, contain-
ng four sulfate groups, both the doubly and triply positively
harged precursor ions observed in ESI (Fig. 2) were subjected to
CD.

Unlike ECD of doubly charged NCT-1S and NCT-2S (Figs. 4 and 5),
CD of doubly charged NOT-4S (Fig. 6a) yielded predominantly
harge reduced product ions, (NOT-4S + 3Ca − 5H)+. Other than
hat, only one Z- and one Y-type product ion (Z7 and Y7 with
hree Ca adducts) were observed at low abundance. Although these
wo product ions contain all four sulfate groups, they provide
nsufficient information about the position of these four sulfate
roups. However, when triply charged NOT-4S, complexed with
our Ca2+, was subjected to ECD (Fig. 6b), significantly more prod-
ct ions were generated. Note that each pair of C2/Y2, C6/Y6, Z2/B2,
nd Z6/B6 ions has identical mass. Most product ions observed
n ECD of triply charged NOT-4S are doubly charged, but some
ingly charged fragments are also seen. There are product ions
ontaining one sulfate group (C2/B2 and Z2/Y2 with one Ca), two
ulfate groups (Z3 and B5 with one and two Ca, respectively),
hree sulfate groups (C7, Z6/Y6, and C6/B6 with four Ca), and all
our sulfate groups (Z7/Y7 with four Ca). The two  most abun-
ant product ions are Y7 with four Ca, (Y7 + 4Ca − 5H)2+, and a
ydrated C7 ion with four Ca, (C7 + 4Ca − 5H + H2O)2+. All prod-
ct ions observed in ECD of NOT-4S are associated with glycosidic
leavage, and contain at least one sulfate group. Analysis of these
roduct ions may  aid determination of the position of each sul-
ate group, although no product ions from cross-ring cleavage were
bserved. From the results obtained for sulfated oligosaccharides
tudied here and those for sulfated peptides [51], we conclude

hat the combination of divalent metal complexation and ECD is

 highly useful tool for analyzing sulfate-containing molecules,
hich are otherwise challenging to characterize in positive ion
ode.

[
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4.  Conclusions

Three �-carrageenan sulfated oligosaccharides containing up to
four sulfate groups (NCT-1S, NCT-2S, and NOT-4S) have been ana-
lyzed with the combination of divalent metal complexation and
ECD. Divalent metal complexation was  found to enhance the ion-
ization of highly acidic sulfated oligosaccharides in positive ion
mode without significant loss of the labile sulfate group(s). Multiply
charged precursor cations complexed with divalent metals were
generated and subjected to SORI-CAD and ECD after quadrupole
isolation. Unsurprisingly, SORI-CAD resulted predominantly in sul-
fate loss, eliminating the possibility of sulfate site determination.
In contrast, sulfate loss was  completely absent in ECD of all three
sulfated oligosaccharides complexed with divalent metal cations.
Analysis of sulfated product ions provides information on the posi-
tion of the sulfate group(s) for these sulfated oligosaccharides.

Acknowledgments

This work was supported by the Searle Scholars Program, Dow
Corning Corporation, Eli Lilly and Company, and the University
of Michigan. K.H. is immensely grateful to Catherine E. Costello
for unwavering support prior to and throughout her independent
career.

References

[1] D.L. Rabenstein, Heparin and heparan sulfate: structure and function, Nat. Prod.
Rep.  19 (2002) 312–331.

[2] K. Honke, N. Taniguchi, Sulfotransferases and sulfated oligosaccharides, Med.
Res. Rev. 22 (2002) 637–654.

[3] Y. Park, C.B. Lebrilla, Application of Fourier transform ion cyclotron reso-
nance mass spectrometry to oligosaccharides, Mass Spectrom. Rev. 24 (2005)
232–264.

[4] J. Zaia, Mass spectrometry of oligosaccharides, Mass Spectrom. Rev. 23 (2004)
161–227.

[5] A. Antonopoulos, P. Favetta, W.  Helbert, M.  Lafosse, Isolation of kappa-
carrageenan oligosaccharides using ion-pair liquid chromatography—
characterisation by electrospray ionisation mass spectrometry in positive-ion
mode, Carbohydr. Res. 337 (2004) 1301–1309.

[6] G.L. Yu, H.S. Guan, A.S. Ioanoviciu, S.A. Sikkander, C. Thanawiroon, J.K. Tobac-
man, T. Toida, R.J. Linhardt, Structural studies on kappa-carrageenan derived
oligosaccharides, Carbohydr. Res. 337 (2002) 433–440.

[7] J.T. Aguilan, F.M. Dayrit, J.H. Zhang, M.R. Ninonuevo, C.B. Lebrilla, Structural
analysis of alpha-carrageenan sulfated oligosaccharides by positive mode
nano-ESI-FTICR-MS and MS/MS  by SORI-CID, J. Am. Soc. Mass Specrom. 17
(2006) 96–103.

[8] Y. Fukuyama, M. Ciancia, H. Nonami, A.S. Cerezo, R. Erra-Balsells, M.
Matulewicz, Matrix-assisted ultraviolet laser-desorption ionization and
electrospray-ionization time-of-flight mass spectrometry of sulfated neocarra-
biose oligosaccharides, Carbohydr. Res. 337 (2002) 1553–1562.

[9] S. Ackloo, J.K. Terlouw, P.J.A. Ruttink, P.C. Burgers, Analysis of carrageenans
by matrix-assisted laser desorption/ionization and electrospray ionization
mass spectrometry. I. kappa-carrageenans, Rapid Commun. Mass Spectrom.
15 (2001) 1152–1159.

10] B. Domon, C.E. Costello, A systematic nomenclature for carbohydrate fragmen-
tations in FAB-MS MS  Spectra of glycoconjugates, Glycoconjug. J. 5 (1988)
397–409.

11] T. II, M.  Kubota, S. Okuda, T. Hirano, M.  Ohashi, Negative-ion fast-atom-
bombardment tandem mass–spectrometry for characterization of sulfated
unsaturated disaccharides from heparin and heparin-sulfate, Glycoconjug. J.
125 (1995) 162–172.

12] T. II, M.  Kubota, T. Hirano, M.  Ohashi, K. Yoshida, S. Suzuki, FAB CID-MS/MS
characterization of tetrasaccharide trisulfate and tetrasulfate derived from the
antigenic determinant recognized by the anti-chondroitin sulfate monoclonal
antibody MO-225, Glycoconjug. J. 12 (1995) 282–289.

13] S. Kurono, Y. Ohashi, K. Hiruma, T. Okinaga, M.  Hoshi, H. Hashimoto, Y.
Nagai, Characterization of the sulfated fucose-containing trisaccharides by fast
atom bombardment tandem mass spectrometry in the study of the acrosome
reaction-inducing substance of the starfish, Asterias amurensis,  J. Mass Spec-
trom. 33 (1998) 35–44.

14] P. Juhasz, K. Biemann, Mass-spectrometric molecular-weight determination of
highly acidic compounds of biological significance via their complexes with

basics polypeptides, Proc. Natl. Acad. Sci. U.S.A. 91 (1994) 4333–4337.

15] A. Rhomberg, Z. Shriver, K. Biemann, R. Sasisekharan, Mass spectrometric evi-
dence for the enzymatic mechanism of the depolymerization of heparin-like
glycosaminoglycans by heparinase II, Proc. Natl. Acad. Sci. U.S.A. 95 (1998)
12232–12237.



al of M

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

H. Liu, K. Håkansson / International Journ

16]  A. Rhomberg, S. Ernst, R. Sasisekharan, K. Biemann, Mass spectrometric
and  capillary electrophoretic investigation of the enzymatic degradation
of  heparin-like glycosaminoglycans, Proc. Natl. Acad. Sci. U.S.A. 95 (1998)
4176–4181.

17] J. Schiller, J. Arnhold, S. Benard, S. Reichl, K. Arnold, Cartilage degradation by
hyaluronate lyase and chondroitin ABC lyase: a MALDI-TOF mass spectrometric
study, Carbohydr. Res. 318 (1999) 116–122.

18] G. Venkataraman, Z. Shriver, R. Raman, R. Sasisekharan, Sequencing complex
polysaccharides, Science 286 (1999) 537–542.

19] T.N. Laremore, S. Murugesan, T.J. Park, F.Y. Avci, D. Zagorevski, R.J. Linhardt,
Matrix-assisted laser desorption/ionization mass spectrometric analysis of
uncomplexed highly sulfated oligosaccharides using ionic liquid matrices, Anal.
Chem. 78 (2006) 1774–1779.

20] K. Takagaki, K. Kojima, M.  Majima, T. Nakamura, I. Kato, M.  Endo, Ion-spray
mass-spectrometric analysis of glycosaminoglycan oligosaccharides, Glyco-
conjug. J. 9 (1992) 174–179.

21] W.  Chai, J.L. Luo, C.K. Lim, A.M. Lawson, Characterization of heparin oligosac-
charide mixtures as ammonium salts using electrospray mass spectrometry,
Anal. Chem. 70 (1998) 2060–2066.

22] K.A. Thomsson, N.G. Karlsson, G.C. Hansson, Liquid
chromatography–electrospray mass spectrometry as a tool for the anal-
ysis  of sulfated oligosaccharides from mucin glycoproteins, J. Chromatogr. A
854 (1999) 131–139.

23] K.A. Thomsson, N.G. Karlsson, G.C. Hansson, Sequencing of sulfated oligosac-
charides from mucins by liquid chromatography and electrospray ionization
tandem mass spectrometry, Anal. Chem. 72 (2000) 4543–4549.

24]  H. Desaire, J.A. Leary, Detection and quantification of the sulfated disaccharides
in  chondroitin sulfate by electrospray tandem mass spectrometry, J. Am.  Soc.
Mass Spectrom. 11 (2000) 916–920.

25] N. Kawasaki, Y. Haishima, M.  Ohta, S. Itoh, M.  Hyuga, S. Hyuga, T. Hayakawa,
Structural analysis of sulfated N-linked oligosaccharides in erythropoietin, Gly-
cobiology 11 (2001) 1043–1049.

26] J. Zaia, J.E. McClellan, C.E. Costello, Tandem mass spectrometric determination
of the 4S/6S sulfation sequence in chondroitin sulfate oligosaccharides, Anal.
Chem. 73 (2001) 6030–6039.

27] R.M. Pope, C.S. Raska, S.C. Thorp, J. Liu, Analysis of heparan sulfate oligosac-
charides by nano-electrospray ionization mass spectrometry, Glycobiology 11
(2001) 505–513.

28] J. Liu, Z. Shriver, R.M. Pope, S.C. Thorp, M.B. Duncan, R.J. Copeland, C.S. Raska, R.J.
Eisenberg, G. Cohen, R.J. Linhardt, R. Sasisekharan, Characterization of a heparan
sulfate octasaccharide that binds to herpes simplex virus type 1 glycoprotein
D, J. Biol. Chem. 277 (2002) 33456–33467.

29] J.E. McClellan, C.E. Costello, P.B. O’Connor, J. Zaia, Influence of charge state on
product ion mass spectra and the determination of 4S/6S sulfation sequence of
chondroitin sulfate oligosaccharides, Anal. Chem. 74 (2002) 3760–3771.

30] J. Zaia, C.E. Costello, Tandem mass Spectrometry of sulfated heparin-like gly-
cosaminoglycan oligosaccharides, Anal. Chem. 75 (2003) 2445–2455.

31] N.S. Gunay, K. Tadano-Aritomi, T. Toida, I. Ishizuka, R.J. Linhardt, Evaluation
of counterions for electrospray ionization mass spectral sulfated analysis of
a  highly sulfated carbohydrate, sucrose octasulfate, Anal. Chem. 75 (2003)
3226–3231.

32] J. Zaia, X.Q. Li, S.Y. Chan, C.E. Costello, Tandem mass spectrometric strate-
gies for determination of sulfation positions and uronic acid epimerization
in  chondroitin sulfate oligosaccharides, J. Am.  Soc. Mass Spectrom. 14 (2003)
1270–1281.

33] M.  Fuller, P.J. Meikle, J.J. Hopwood, Glycosaminoglycan degradation fragments
in  mucopolysaccharidosis I, Glycobiology 14 (2004) 443–450.

34] E. Naggar, C.E. Costello, J. Zaia, Competing fragmentation processes in tandem
mass spectra of heparin-like Glycosaminoglycans, J. Am.  Soc. Mass Spectrom.
15 (2004) 1534–1544.

35] Y.H. Yu, M.D. Sweeney, O.M. Saad, S.E. Crown, T.M. Handel, J.A. Leary,
Chemokine-glycosaminoglycan binding—specificity for CCR2 ligand binding to
highly sulfated oligosaccharides using FTICR mass spectrometry, J. Biol. Chem.
280 (2005) 32200–32208.

36] T. Minamisawa, J. Hirabayashi, Fragmentations of isomeric sulfated monosac-
charides using electrospray ion trap mass spectrometry, Rapid Commun. Mass
Spectrom. 19 (2005) 1788–1796.

37] Y.T. Zhang, Y. Kariya, A.H. Conrad, E.S. Tasheva, G.W. Conrad, Analysis of keratan

sulfate oligosaccharides by electrospray ionization tandem mass spectrometry,
Anal. Chem. 77 (2005) 902–910.

38] M.  Fuller, A. Chau, R.C. Nowak, J.J. Hopwood, P.J. Meikle, A defect in exodegrada-
tive pathways provides insight into endodegradation of heparan and dermatan
sulfates, Glycobiology 16 (2006) 318–325.

[

ass Spectrometry 305 (2011) 170– 177 177

39] K.E. Mason, P.J. Meikle, J.J. Hopwood, M.  Fuller, Characterization of sulfated
oligosaccharides in mucopolysaccharidosis type IIIA by electrospray ionization
mass spectrometry, Anal. Chem. 78 (2006) 4534–4542.

40] J. Irungu, D.S. Dalpathado, E.P. Go, H. Jiang, H.V. Ha, G.R. Bousfield, H. Desaire,
Method for characterizing sulfated glycoproteins in a glycosylation site-specific
fashion, using ion pairing and tandem mass spectrometry, Anal. Chem. 78
(2006) 1181–1190.

41] M. Mormann, A.D. Zamfir, D.G. Seidler, H. Kresse, J. Peter-Katalinic, Anal-
ysis of oversulfation in a chondroitin sulfate oligosaccharide fraction from
bovine aorta by nanoelectrospray ionization quadrupole time-of-flight and
Fourier-transform ion cyclotron resonance mass spectrometry, J. Am.  Soc. Mass
Spectrom. 18 (2007) 179–187.

42] J.J. Wolff, I.J. Amster, L.L. Chi, R.J. Linhardt, Electron detachment dissociation
of glycosaminoglycan tetrasaccharides, J. Am. Soc. Mass Spectrom. 18 (2006)
234–244.

43] J.J. Wolff, L. Chi, R.J. Linhardt, I.J. Amster, Distinguishing glucuronic from
iduronic acid in glycosaminoglycan tetrasaccharides by using electron detach-
ment dissociation, Anal. Chem. 79 (2007) 2015–2022.

44] J.J. Wolff, T.N. Laremore, A.M. Busch, R.J. Linhardt, I.J. Amster, Electron detach-
ment dissociation of dermatan sulfate oligosaccharides, J. Am. Soc. Mass
Spectrom. 19 (2008) 294–304.

45] J.J. Wolff, T.N. Laremore, A.M. Busch, R.J. Linhardt, I.J. Amster, Influence of charge
state and sodium cationization on the electron detachment dissociation and
infrared multiphoton dissociation of glycosaminoglycan oligosaccharides, J.
Am.  Soc. Mass Spectrom. 19 (2008) 790–798.

46] J.J. Wolff, T.N. Laremore, H. Aslam, R.J. Linhardt, I.J. Amster, Electron-induced
dissociation of glycosaminoglycan tetrasaccharides, J. Am.  Soc. Mass Spectrom.
19  (2008) 1449–1458.

47] J.J. Wolff, F.E. Leach, T.N. Laremore, D.A. Kaplan, M.L. Easterling, R.J. Linhardt, I.J.
Amster, Negative electron transfer dissociation of glycosaminoglycans, Anal.
Chem. 82 (2010) 3460–3466.

48] R.A. Zubarev, N.L. Kelleher, F.W. McLafferty, Electron capture dissociation of
multiply charged protein cations. A nonergodic process, J. Am.  Chem. Soc. 120
(1998) 3265–3266.

49] R.A. Zubarev, Reactions of polypeptide ions with electrons in the gas phase,
Mass Spectrom. Rev. 22 (2003) 57–77.

50] H.J. Cooper, K. Hakansson, A.G. Marshall, The role of electron capture dissocia-
tion in biomolecular analysis, Mass Spectrom. Rev. 24 (2005) 201–222.

51] H.C. Liu, K. Hakansson, Electron capture dissociation of tyrosine O-sulfated
peptides complexed with divalent metal cations, Anal. Chem. 78 (2006)
7570–7576.

52] J.T. Adamson, K. Hakansson, Electron capture dissociation of oligosaccharides
ionized with alkali, alkaline earth, and transition metals, Anal. Chem. 79 (2007)
2901–2910.

53] H.C. Liu, H.J. Yoo, K. Hakansson, Characterization of phosphate-containing
metabolites by calcium adduction and electron capture dissociation, J. Am.  Soc.
Mass  Spectrom. 19 (2008) 799–808.

54] C. Zhao, B. Xie, S.Y. Chan, C.E. Costello, P.B. O’Connor, Collisionally activated dis-
sociation and electron capture dissociation provide complementary structural
information for branched permethylated oligosaccharides, J. Am.  Soc. Mass
Spectrom. 19 (2008) 138–150.

55] K.F. Medzihradszky, S. Guan, D.A. Maltby, A.L. Burlingame, Sulfopeptide frag-
mentation in electron-capture and electron-transfer dissociation, J. Am.  Soc.
Mass Spectrom. 18 (2007) 1617–1624.

56] J. Yang, J.J. Mo,  J.T. Adamson, K. Hakansson, Characterization of oligodeoxynu-
cleotides by electron detachment dissociation Fourier transform ion cyclotron
resonance mass spectrometry, Anal. Chem. 77 (2005) 1876–1882.

57] L.J. de Koning, N.M.M. Nibbering, S.L. van Orden, F.H. Laukien, Mass selection
of ions in a Fourier transform ion cyclotron resonance trap using corre-
lated harmonic excitation fields (CHEF), Int. J. Mass Spectrom. 165 (1997)
209–219.

58] P. Caravatti, M.  Allemann, The infinity cell—a new trapped-ion cell with
radiofrequency covered trapping electrodes for Fourier-transform ion-
cyclotron resonance mass-spectrometry, Org. Mass Spectrom. 26 (1991)
514–518.

59] Y.O. Tsybin, P. Hakansson, B.A. Budnik, K.F. Haselmann, F. Kjeldsen, M. Gor-
shkov, R.A. Zubarev, Improved low-energy electron injection systems for
high rate electron capture dissociation in Fourier transform ion cyclotron

resonance mass spectrometry, Rapid Commun. Mass Spectrom. 15 (2001)
1849–1854.

60] M.W. Senko, J.D. Canterbury, S. Guan, A.G. Marshall, A high-performance
modular data system for Fourier transform ion cyclotron resonance mass spec-
trometry, Rapid Commun. Mass Spectrom. 10 (1996) 1839–1844.


	Electron capture dissociation of divalent metal-adducted sulfated oligosaccharides
	1 Introduction
	2 Experimental
	2.1 Reagents and sample preparation
	2.2 Mass spectrometry and data analysis

	3 Results and discussion
	3.1 ESI of divalent metal-adducted NCT-1S, NCT-2S, and NOT-4S
	3.2 SORI-CAD of divalent metal-adducted NCT-1S and NCT-2S
	3.3 ECD of divalent metal-adducted NCT-1S, NCT-2S, and NOT-4S

	4 Conclusions
	Acknowledgments
	References


