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Abstract

Heparan sulfate (HS) is a polysaccharide modified with sulfation, acetylation, and epimerization

that enable its binding with protein ligands and regulation of important biological processes.

Tandem mass spectrometry has been employed to sequence linear biomolecules e.g., proteins and

peptides. However, its application in structural characterization of HS is limited due to the neutral

loss of sulfate (SO3) during collisional induced dissociation (CID). In this report, we studied the

dissociation patterns of HS disaccharides and demonstrate that the N-sulfate (N–S) bond is

especially facile during CID. We identified factors that influence the propensities of such losses

from precursor ions and proposed a Free Proton Index (FPI) to help select ions that are able to

produce meaningful backbone dissociations. We then investigated the thermodynamics and

kinetics of SO3 loss from sulfates that are protonated, deprotonated, and metal-adducted using

density functional theory computations. The calculations showed that sulfate loss from a

protonated site was much more facile than that from a deprotonated or metal-adducted site.

Further, the loss of SO3 from N-sulfate was energetically favored by 3–8 kcal/mol in transition

states relative to O-sulfates, making it more prone to this process by a substantial factor. In order

to reduce the FPI, representing the number of labile sulfates in HS native chains and

oligosaccharides, we developed a series of chemical modifications to selectively replace the N-

sulfates of the glucosamine with deuterated acetyl group. These modifications effectively reduced

the sulfate density on the HS oligosaccharides and generated considerably more backbone

dissociation using online LC/tandem MS.
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Introduction

Heparan sulfate (HS) is a long linear polysaccharide attached to the core proteins of

proteoglycans. Together with chondroitin/dermatan sulfate (CS/DS), another member of

glycosaminoglycan family, HS is highly expressed in proteoglycans on the cell surface and

in the extra-cellular matrices. Proteoglycans, often associated with hyaluronan, constitute a

heavily hydrated, gel-like medium in extracellular matrices, and help resist compressive

forces in animal tissues [1, 2]. However, the more intriguing function of proteoglycans is

their ability to bind a variety of protein ligands, including growth factors, growth factor

receptors, morphogens, cytokines, chemokines, and others [3–5]. Through these binding

interactions, for which HS is largely responsible, proteoglycans play important roles in cell

proliferation, development, differentiation, and migration [4, 6–8]. Consequently, these

functions of HS have great implications in cancer biology, and a number of studies have

aimed to investigate HS and its roles in tumorigenesis [9–12].

The binding of polyanionic HS chains may cause conformational changes to proteins [13],

to recruit multiple protein partners to one site [14], or to sequester one protein from another

[15]. All these mechanisms depend on the binding affinities and expression levels of specific

HS structure(s) and/or overall chain properties [16]. HS consists of repeating units of −4-

GlcA-β/IdoA-α-1,4-GlcNAc(NS)-α-and its length can extend from 15 to 100 of these

disaccharide blocks. The structural variety of HS comes from (1) the incomplete N-

deacetylation and N-sulfation of the glucosamine, which result in N-sulfation, N-acetylation,

and in rare cases, free -NH2 at this saccharide; (2) the sulfations at 2-OH of the glucuronic

acid or iduronic acid and at 6-OH (and less frequently, 3-OH) of the glucosamine, and (3)

the epimerization at C5 of GlcA to IdoA. These modifications create over 20 possible

structural variants of the disaccharide, making the entire chain enormously polydisperse.

Although more than a dozen enzymes have been identified to be involved, there is no

apparent template in the biosynthetic pathway of HS. Therefore, the structural heterogeneity

of HS from tissue to tissue, cell type to cell type, and possibly between same proteoglycans,

stands as the major obstacle to correlate HS structure with biological function and to

develop HS-based therapeutics.

There have been a number of studies and hypotheses that suggest HS chains are organized in

domains characterized by the substitution groups on the amino of GlcN unit and the overall

sulfation degrees [17–19]. There are NS domains, in which GlcN units are all N-sulfated,

NA domains in which GlcN units are all N-acetylated, and hybrid NA/NA domains, with

alternate N-sulfation and N-acetylation. Among them, NS domains are most heavily

sulfated, and have high abundance of IdoA units. It is generally considered that the NS

domains are the most likely binding sites on the HS chains due to their abundance of sulfate

anions that can interact with basic residues on their binding proteins [20–23]. Therefore,

with the inability to study the structure of the entire HS chains using current available

technologies, the structural characterization of NS domains, typically generated by HS

polysaccharide lyase digestion, produces the most relevant knowledge on HS–protein

interactions.
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Mass spectrometry (MS), especially tandem MS with different dissociation methods, has

achieved great successes in proteomics [24, 25], glycoproteomics [26], and glycomics [27]

during the past 15 years. Proteins can be sequenced with the aid of genomic databases.

Phosphorylation sites, glycosylation sites, and other post-translational modifications can also

be identified with tandem MS [28–30]. O- Linked and N-linked glycans have also been

structurally identified using multi-stage mass spectrometry [31, 32] and emerging

dissociation modes in recent years [33–35]. It was realized, however, from very early MS

experiments of HS oligosaccharides and disaccharides, that the neutral sulfate loss is

extremely prevalent during ionization and collision induced dissociation (CID) [36–39]. The

loss of sulfates, even to a moderate extent, will diminish the structural information gathered

from the fragments and prevent the deduction of the structure of the original precursor ions.

Previously, Huang et al. chemically modified the -OH and -SO3H in chondroitin sulfate

(CS) oligosaccharides with permethylation, desulfation, and peracetylation [40]. In so doing,

they eliminated sulfates while retained all the positional information of sulfates in the

original oligosaccharide. After the modification, CS chains were converted to neutral sugars

and were analyzed with reverse phase chromatography. Similar efforts were also carried out

for HS disaccharides [41]. While they provide valuable alternate routes to circumvent the

sulfate loss of native GAG anions, the complexity of the chemistry and presence of side

reactions drive the need for complementary chemistry.

In this work, we aimed to understand the mechanisms by which neutral losses of sulfates

occur, and explored other chemical modifications and mass spectrometric techniques to

generate high quality tandem mass spectra of HS negative ions. Via tandem mass

spectrometric experiments in CID mode and computational studies, we compared the

energetics of sulfate loss in protonated, deprotonated, and metal-adducted sites. The results

showed that the N-sulfate is more fragile than O-sulfate groups and allowed us to gain

insight into the energetic barrier that the sulfate loss process must overcome in the gas

phase. We propose a Free Proton Index (FPI), to account for the fact that the degree of

backbone cleavage in CID of HS oligosaccharide ions is largely determined by the density

of free and mobile protons. We followed by adopting chemical modifications to selectively

substitute N-sulfate with N-acetate-d3. When coupled with charge state manipulation during

electrospray ionization, this modification effectively reduces the number of sulfates, one

important source of free protons and contributor to the FPI value. These combined strategies

generate considerably more abundant ions from backbone dissociation, including glycosidic

bond and cross-ring cleavages, for the majority of the HS oligosaccharides we studied.

Experimental

Materials

Heparan sulfate from porcine intestinal mucosa was purchased from Sigma-Aldrich (St.

Louis, MO, USA). HS hexasaccharide (in degree of polymerization, dp6) and octasaccharide

(dp8) were prepared as previously reported [23]. Pyridine, Amberlite 120H+ ion exchange

resin, deuterated acetic anhydride, propionic anhydride, and DMSO were from Sigma-

Aldrich.
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HS Disaccharides and Oligosaccharides Nomenclature

HS disaccharide nomenclature follows the convention proposed by Lawrence and Esko et al.

[42]. For example, D2S6 corresponds to ΔHexA2S-GlcNS6S. HS oligosaccharide

composition follows the coding system that we created previously with five digits in a

bracket [v,w,x,y, z], with each digit referring to the number of ΔHexA, HexA, GlcN, Ac,

and SO3 in the molecule, respectively. Arixtra was purchased from Sanofi-Synthelabo (West

Orange, NJ, USA).

Chemical Modification HS Oligosaccharides

Heparan sulfate oligosaccharides (2 to 50 μg) were dissolved in 0.5 mL saturated sodium

bicarbonate (with some suspension of the solid) and 100 μL methanol at 0 °C, followed by

addition of 100 μL of propionic anhydride. The mixture was stirred vigorously on ice. The

caps of the reaction tubes were punctured with a needle to release the CO2 generated in the

reaction. The pH of the reaction mixture was checked periodically, and a 150 μL volume of

saturated NaHCO3 slurry was added every 45 min to maintain the pH at approximately 8.

After 2.5 h, the solution was added to water to bring the total volume to 2.5 mL and passed

through PD-10 columns (GE Healthcare Life Sciences, Piscataway, NJ, USA), and the

products were collected in 3.5 mL water. A two-μL volume of each eluate solution was dried

and profiled using HILIC LC/MS (described below). The rest of the solutions were loaded

onto a H+ exchange columns which were prepared with about 7 mL of Amberlite 120H+ ion

exchange resin packed tightly into a BioRad 10 mL empty column and washed excessively

with double distilled water. After loading, 5 mL water was used to elute the acid forms of

HS oligosaccharides. All the eluents, including flow-through, were collected immediately,

and 70 μL of a 1:100 water:pyridine solution was added. The solutions were lyophilized to

dryness. The pyridinium salts of heparin lyase generated HS oligosaccharides were

dissolved in 1 mL DMSO/MeOH (9:1) and heated at 55 °C for 2 h. The synthetic Arixtra

pentasaccharide was heated at 45 °C, at which temperature excessive sulfate loss was

minimized. The de-N-sulfated oligosaccharides were then passed through a PD-10 column

or G-10 column and eluted with water in order to remove DMSO. A small fraction of the

solution was taken for HILIC LC-MS profiling. The rest aqueous solutions were dried in

vacuum. The de-N-sulfated HS oligosaccharides were dissolved in 0.5 mL saturated sodium

bicarbonate and re-acetylated using acetic anhdyrde-d6 using the identical procedure as the

propionylation in the first step. After the reaction was complete, the mixture was diluted

with water to a total volume of 2.5 mL and passed through a PD-10 or G-10 column. The re-

N-acetylated HS oligosaccharides in aqueous solutions were dried in vacuum.

Mass Spectrometric Analyses

The tandem mass spectrometric experiments of HS disaccharides were performed using an

Applied Biosystems/ SCIEX QSTAR Pulsar quadrupole time-of-flight mass spectrometer

(Framingham, MA) in enhanced mode. The samples (50 pmol/μL in 1:1 water:acetonitrile)

were directly infused through a Turbo-IonSpray interface at 15 μL/min with the nebulizer

gas was set at 40, turbo gas at zero, curtain gas at 25 and ionization voltage at −3500 V.

Different charge states and sodium adducts were selected at Q1 and the CID was carried out

in Q2 with incrementally increasing collision energy (2 or 4 V).
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For MS3 experiments, HS disaccharides standards (10 pmol/μL, 1:1 water:acetonitrile) were

directly infused to a Bruker amaZon ion trap mass spectrometer (Bremen, Germany) at a

flow rate of 200 μL/h. The capillary voltage was set at 5000 V, end plate offset at −500 V,

temperature at 150 °C, nebulizer gas at 2 psi, and drying gas at 2 L/min.

HILIC-MS and -MS/MS experiments were conducted using an Agilent 6520 quadrupole

time-of-flight mass spectrometer (Santa Clara, CA, USA), equipped with a chip cube

interface system and make-up-flow setup that coupled the Agilent 1200 HPLC system with

the Q-TOF. The dimensions of amide-80 chip, including the pulsed makeup-flow chip, LC

conditions, and pulsing conditions were as previously reported [43]. The collision energies

were empirically determined according to the charge state and size of the precursor ion.

Typically, 26 V was applied to 2– ions, 17 for 3– ions, 13 for to 4– ions, and 8 or 10 V for

5– ions.

Computational Methods

The structural optimizations and thermodynamic properties were computed at the Scientific

Computation Facility at Boston University using Gaussian 03 software suite [44]. The

geometric optimizations were performed using a B3LYP/6-31g* basis set. The frequency

analysis was also carried out at the same level of theory and basis set to ensure energy

minima. The global minimums were surveyed by considering possible intermolecular

hydrogen bonding between –OH, –COOH, and –SO3H and nearby hydroxyl groups or ring

oxygen atoms. The single point energy was calculated at B3LYP/6-311+g** basis set. The

enthalpies were scaled with a factor of 0.9804 for thermal corrections at B3LYP/6-31g*

basis set [45]. Transition states were calculated by QST2 function in Gaussian and

confirmed by frequency analysis. Thermal corrections at different temperatures (from 298 K

up to 1000 K) were conducted for some reactions. The reaction rate constants of the

unimolecular sulfate loss were calculated according the Erying-Polanyi equation under a

series of different temperatures. Computational details, including coordinates, zero-point

energies, thermal corrections, and frequencies are given in the Supplemental Information

section.

Results and Discussion

Charge States and Cation Adduction Affect CID of HS Negative Ions

HS disaccharide D0S6 has one 6-O-sulfate at GlcNS and one N-sulfate and electrospray

ionization of D0S6 produces four ionic species, including m/z 4961–([M – H]−),247.52–([M

– 2H]2–), 4161– (loss of a neutral sulfate in or post source), and 5181– (sodium adduct).

Precursor ions of m/z 4961–, 247.52–, and 5181– were selected to undergo CID in Q2. The

relative abundances of the precursor ions and major product ions in percentages were plotted

with regard to collision energy voltage. From Figure 1, it is apparent that the loss of sulfate

from [M – H] − ion is extremely facile, as the diminishment of the product ion 4961– almost

mirrors the increase of the product ion 4161–. Collision energy of 11 V was required in order

for half of the precursor ions to lose one sulfate. For the [M – 2H]2– ion, the loss of sulfate

was never significant even though overall m/z 247.52– is more fragile, as it takes 7.5 V to

break 50 % of the precursor ion. The sodium adduct [M – 2H + Na]- ion, 5181–, appears to
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be more stable than both 4961– and 247.52–. It needs about 23 V to dissociate 50 % of the

sodium adduct ions, while the relative abundance of the sulfate loss product, 4381–, did not

peak until about 30 V. Meanwhile, the majority of the dissociations from 5181– are

backbone cleavages. These behaviors appear to be similar for the isomer of D0S6, D2S0

(Figure S1).

These results suggest that the charge state and cation-adduction determine the CID behavior

of HS negative ions, specifically, the propensity of sulfate loss, the abundances of backbone

cleavages, and the energy needed to dissociate the precursor ions. Sulfate loss is a dominant

process for the 1–charge state of doubly sulfated disaccharides, while such losses are

insignificant for the 2– ions. The sodium adduct behaves somewhere in between, where

sulfate loss is one of the major dissociation pathways along with backbone cleavage. In

previous studies, we demonstrated the tandem mass spectrometry of synthetic heparin

saccharides were influenced largely by the charge states of the precursor ions and the

adduction of calcium or sodium cations, which stabilize the sulfate groups and produce more

abundant backbone cleavage [46, 47]. Similar effects were also observed by Wolff et al. in

electron detachment dissociations (EDD) experiments [48].

N-Sulfate is Especially Fragile During CID

In order to reveal which sulfate was lost during CID in the experiments above, we

performed multistage tandem mass spectrometric analysis using an ion trap instrument. We

first compared tandem mass spectra of D0H6 with MS3 of D0S6→[M-SO3] produced by in-

source dissociation and MS3 of D0S6→[M-SO3] produced by CID in the ion trap (Figure

2a). An analogous experiment for MS2 of D2H0, MS3 of D2S0→[M-SO3] generated in-

source, and MS3 of D2S0→[M-SO3] generated by CID in the ion trap (Figure 2b) were then

recorded. The characteristic product ions of these three species and their relationship with

D2S0 and D0S6 are summarized in Table 1. Between isomers D2H0 and D0H6, under the

same collision energy (amplitude=0.39), both their [M – H] − ions produce 0,2A2 (m/z 357)

as the most abundant product ion. D2H0 also generates B1 (m/z 237) and B1-SO3 (m/z 139)

as its characteristic ions, while D0H6 produces Y1 (m/z 258), Z1 (m/z 240), B1/ 0,2A2 (m/z

199), and C2H3O5S− (m/z 139, a 0,4-cleavage at GlcNH2). Under the amplitude, however,

D0S0 appears to fragment much less (Figure 2c), as its [M – H] − remains the most abundant

product ion, together with less abundant but distinct 0,2X ion (m/z 138), which contains the

N-sulfate at the reducing end, and [M – H] −-C2H4O2 (m/z 336, a 0,4-cleavage at GlcNS).

The MS3 profile of D0S6 m/z 496→416 (Figure 2a middle panel), together with MS2

spectrum of m/z 416 (from in- or post-source fragmentation, Figure 2a bottom panel)

produces very similar spectra as MS2 of D0H6 (Figure 2a top panel). Meanwhile, both MS3

spectrum of D2S0 m/z 496→416 (Figure 2b middle panel) and MS2 spectrum of m/z 416

(from in or post-source fragmentation, Figure 2b bottom panel) very much resemble the

MS2 spectrum of D2H0 (Figure 2b top panel). It is worth to note that the characteristic ion

of N-sulfated D0S0, 0,2X0 (m/z 138), was not observed in multi-stage mass spectra of either

D0S6 or D2S0. Therefore, these results indicate that the vast majority of sulfate loss in these

experiments was preferentially to N-sulfate over 6-O or 2-O sulfate.
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Computational Studies Reveal that Loss of N-Sulfate is Energetically More Accessible

A series of HS model compounds and in silico reactions of sulfate loss in the gas phase were

designed. Their reaction enthalpies, free energy changes, and transition state barriers were

computed by density functional theory using Gaussian 03 software package. Because of the

large sizes of the disaccharides and oligosaccharides and the existence of a heavy atom,

sulfur, both of which demand substantial computational resources, monosaccharides were

used instead, with the 1– or 4– position replaced with a methoxy group as the surrogates of

other parts of the sugar chain.

In order to rationalize the observations in Figure 2, the simplest model of sulfate-containing

compound CH3OSO3H and CH3NHSO3H and a monosaccharide GlcNAc with a 6-O sulfate

and 4-O methoxy group were studied with regard to sulfate loss as neutral molecules,

negative ions, and metal adducts (sodium and lithium). The reactions are depicted in Figure

3, with the calculated reaction enthalpy, free energy, and transition state energy barrier in

enthalpy and free energy are also listed. From Figure 3, it can be seen that at 298K, both N-

sulfate and O-sulfate loss in their protonated forms are endothermic by 16–19 kcal/mol. The

transition states of these processes proceed through a 4-member ring, with the proton

shifting from the sulfate oxygen to the hydroxyl oxygen and the elongation of the S–O bond.

The transition state barriers, both ΔH⧧ and ΔG⧧, vary between 23 and 29 kcal/mol, a range

quite accessible in typical low energy CID experiments. In contrast, both the N-sulfate loss

and O-sulfate loss from the sulfate anion, sodium, or lithium adducts are much more

endothermic, ranging from 55 to 105 kcal/mol. Furthermore, no single transition state can be

located by QST2 in Gaussian 03 from deprotonated or metal-adducted sulfate to lose a

neutral sulfate. A modredundant calculation was performed for reaction A1 in Figure 3 with

the increasing S–O bond length, and it exhibits a monotonic energy increase when the S–O

bond was elongated at fixed values until infinity (Figure S2). These results demonstrate not

only the sulfate losses from deprotonated or metal-adducted ions are energetically

disfavored by a wide margin compared with those of protonated sulfates, but also suggest

that these reactions proceed, if they do occur, through other intermediates or transition states

that are probably not easily accessible.

We continued to investigate the energetic differences between N-sulfate and O-sulfate loss.

The generic reactions of sulfate loss of CH3OSO3H (ΔH=19.2 kcal/mol at 298 K) and

CH3NHSO3H (ΔH=16.1 kcal/mol at 298 K) is moderately endothermic, with O-sulfate loss

slightly less favored. The free energies of the transition state of sulfate loss, ΔG⧧, which

determine the kinetic rate constants of sulfate loss processes, was calculated to be 23.8

kcal/mol for CH3NHSO3H and 29.2 kcal/mol for CH3OSO3H. From the Erying-Polanyi

equation, the unimolecular reaction constants of sulfate loss can be calculated from ΔG⧧ at a

specific temperature,

where kB is the Boltzmann constant, h is the Plank constant, R is the gas constant, and ΔG⧧

is the free energy barrier of the transition state. There is one variable in the equation, the
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temperature T at which these dissociations occur, that is unknown. We adopted Cooks’

“effective temperature” concept [49] and calculated a series of rate constants under different

temperatures from 298 K to 1000 K, supposing somewhere in between represents a typical

CID reaction in a mass spectrometer [50, 51]. A list of the ratios of N-sulfate loss and O-

sulfate loss rate constants between reaction A and B is shown in Table 2. The ratio of the

two rate constants decreases from 9447 at 298 K to 5.7 at 1000 K, with N-sulfate loss being

the more facile and faster reaction.

As a more relevant example, we compared reactions E and F (Figure 4), which constitute a

pair of isomers with two reaction pathways, leading to N-sulfate loss and 6-O-sulfate loss,

respectively. These two pathways, like other reactions A and B, and C and D, also feature

more facile and faster N-sulfate loss, with the reaction rate constant ratio (N-S/O-S) equal to

197 at 298 K to 8.5 at 1000 K (Table 2). The lifetimes of these species that undergo sulfate

loss as a first order reaction are on the order of milliseconds when the temperature is

elevated to about 600 K for most of processes, while at room temperature, the reactions do

not occur at meaningful rates. This is consistent with the millisecond time scale of typical

CID experiments in mass spectrometers.

It should be noted that in reaction E and F the anion at N-sulfate, which will produce O-

sulfate loss, is slightly more stable than the anion at 6-O-sulfate, which leads to the N-sulfate

loss. These energetic differences between the starting structures, although minor, could

change the landscape of the overall kinetics. Since in both ion traps and collision cells, ions

subjected to CID undergo multiple collision events and proton scrambling is considered very

facile and efficient, we could assume there is a fast equilibrium between two forms of ions

as starting structures in reaction E and F. With the energies we have obtained, a reaction

system can be constructed, as depicted in Figure S4. Using chemical kinetics simulation

software KinFitSim, the final product ratios of N-sulfate and O-sulfate loss are obtained at

different temperatures. The ratio of the N- and O-sulfate is simulated to be 1.14 at 600 K and

2.30 at 1000 K. Therefore, with the complication of the isomerization, N-sulfate loss is

favored even though for this particular model compound in which the starting structure

leading to N-sulfate loss is energetically less favored.

Another question to answer is the relative gas phase acidity of the carboxylic acid and

sulfates in HS anions. This will determine which site of the oligosaccharide ions will be

deprotonated. For proton scrambling reaction H in Figure 4, we calculated that the anion site

at the 2-O sulfate is 27.5 kcal/mol lower than that at the carboxylic acid. This energy

difference will likely make the anion exclusively a sulfate ion prior to CID. This energy is

also significant enough that the scrambling of proton from carboxylic acid followed by

sulfate loss does not occur in favor of other dissociation modes such as backbone cleavages.

This is also demonstrated by tandem mass spectrometric experiments of D0A6 and D0S0,

two singly sulfated HS dp2s, as the sulfate loss was never an important dissociation channel

even under high collision energies (shown in Figure S3).

In order to gain some insight of the energetic barrier for sulfate loss compared with the

glycan backbone dissociations (the glycosidic bond cleavages and cross-ring cleavages), one

generic reaction was examined. The precursor ion in Reaction I of Figure 4, which possesses

Shi et al. Page 8

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2014 August 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



a 4–5 unsaturated bond, is present in the non-reducing end of all disaccharides and

oligosaccharides generated by heparin lyase digestion. Ions of the type 0,2X are frequently

observed to occur from 4–5-unsaturated HexA residues, and the mechanism has been

described as a retro Diels-Alder reaction. Reaction I is calculated to have a reaction enthalpy

ΔH=24.5 kcal/mol, while the ΔG⧧ equal to 25.5 kcal/ mol at 298 K. This energy barrier

appears to be slightly lower than all transition state barriers for those for O-sulfate loss, and

higher than two of the three of N-sulfate losses in Figure 4. The computational results

suggest that retro-Diels-Alder reaction is in indeed very facile and is likely to be the

mechanism for the 0,2X cross-ring cleavage, at 4–5-unsaturated HexA.

Overall, the results from thermodynamics calculations of model compounds indicate that the

sulfate loss for both N-sulfate and O-sulfate have transition state barriers between 23 and 35

kcal/mol. In all cases, O-sulfate loss, compared with N-sulfate loss, has a higher transition

state barrier and, hence, lower reaction rate constant. This explains why almost exclusively

N-sulfate loss was observed in the previous experiments. Moreover, the retro-Diels-Alder

reaction has a transition state that is slightly lower than that of a typical O-sulfate loss.

Therefore, this type of cross-ring cleavage competes with sulfate loss as a reaction pathway

for HS oligosaccharide ions during CID. For larger oligosaccharides ions, which may carry

multiple charges, the rupture of the backbone bonds, including glycosidic bonds, will be

assisted by electrostatic strains between the charges, making backbone cleavages even more

favorable.

It has become clear that from both experiments and computational studies that protonated

sulfate is most prone to the neutral loss. Both deprotonation and metal cation adduction

displace the proton and prevent or decrease the tendency of sulfate loss. It is likely that

acidic proton density, as a function of the number of sulfates, charge state, and metal

adduction, dictates the degree of sulfate loss, and on the other hand, the relative abundances

of backbone cleavage of HS negative ions. Since protons can scramble from the carboxylic

groups to the deprotonated sulfates, it is also useful to include the contribution of carboxylic

groups. We therefore propose the FPI, for the precursor ions for HS oligosaccharides, as

well as other GAG precursor anions, to characterize and predict their tandem mass

spectrometric behavior. The FPI is calculated by

In this definition, the sum of all acid protons from both sulfates (O- and N-) and carboxylic

acids was subtracted by the charge state and the adducted metal ions, where valence is also

considered. The net number of protons was then normalized by the total number of

monosaccharide residues. The value of decreasing FPI is expected to be associated with

increasing abundances of backbone cleavages and quality of CID tandem mass spectra of

HS negative ions. We have previously evaluated the value of metal cationization and found

it to be limited for online LC-MS/MS analyses [43]. Therefore, in order to reduce FPI and

produce more backbone cleavages and obtain more structural information, the charge state
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will need to be higher and it will be helpful to selectively modify the N-sulfate, the most

fragile site.

De-N-Sulfation and N-Acetylation of HS dp6 and dp8

Heparan sulfate from porcine intestinal mucosa was digested with heparin lyase III to

produce oligosaccharides that contain NS domains. These oligosaccharides were

fractionated by size exclusion chromatography to generate fractions of oligosaccharides at

different sizes, nominally dp6, dp8, dp10, and etc. Each fraction consists of a mixture of

oligosaccharides of similar sizes but with different compositions. We selected two fractions,

dp6 and dp8 oligosaccharides, as they mimic the interacting domains of HS with their

protein binding partners [23, 52]. We used HILIC-MS to profile the compositions of dp6

and dp8, before and after each step of chemical modification (species 1, 2, 3, and 4 in Figure

5), so that the completeness and possible byproducts of these reactions modified from

previous reports could be monitored [53, 54].

As shown in Figure S5, the HS dp6 fraction consisted of hexasaccharides with 1 acetate and

3 to 6 sulfates, while HS dp8 fraction consists octasaccharides with both 1 or 2 acetates and

3 to 8 sulfates. Since there is a possibility of free glucosamine present in HS chains, to verify

if the two remaining GlcN residues in the oligosaccharides contain N-sulfate or free

GlcNH2, we first used propionic anhydride to fix any possible free glucosamine within the

oligosaccharides. The condition of propionylation was tested with HS disaccharides D2H0

and D0H6, and the reactions were complete (a +56 D mass shift) and presented no side

reactions. Both dp6 and dp8, before and after propionylation, exhibited identical HILIC

LC/MS profiles, with no +56 D mass shift (+ m/z 28 shift in 2– charge state) found. The

results indicate that there is no observable free glucosamine present for the dp6 and dp8

samples we studied, and if the free glucosamine did occur, it would be propionylated and its

positional information would be retained.

Following propionylation, dp6 and dp8 were de-sulfated selectively at the NS positions.

After this reaction, the newly generated free glucosamine was acetylated with acetic

anhydride-d6. The HILIC LC/MS profiles showed very limited changes of the relative

abundances of each composition, as summarized in Figures S5 and S6. The total yields of

the entire reaction sequence are equal to or greater than 80 % when over 20 μg of starting

material were used in this study. It should be noted that NS domains only constitute a small

portion of typical HS chains. There are also multiple compositions and isomers for each size

fraction of NS domains, which further spread mass spectrometric signals.

Charge Distribution and Tandem Mass Spectra Before and After Chemical Modification

The purpose of the chemical modification is to replace the most labile N-sulfate group with

–COCD3, so that the overall sulfation degree of these HS oligosaccharides is decreased, and

active protons also decreased, to the degree that precursor ions of these oligosaccharides

experience minimal sulfate loss. As shown in Figure S7A, before modification, HS dp8

exhibits 2–, 3–, 4–, and some low abundances of 5– charge states. After the chemical

modification, shown in Figure S7B, the overall charge states display a general decrease in

absolute value. This is because, with the substitution of 2 or 3 N-sulfate groups with-
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COCD3, fewer sulfates entailed fewer charges during ionization. As a result, the decrease of

the number of sulfates was compensated with lower charge state under our HILIC LC-ESI

conditions, which did not effectively decrease FPI.

In our previous studies, we have demonstrated the make-up-flow pulse chip technology

enabled the pulsing of charge-enhancing agent such as sulfolane at designated retention time

during an LC-MS run. The post-column addition of sulfolane substantially increased the

magnitude of the charge states of HS oligosaccharide negative ions and their ionization

responses (Figure S7C). The charge state increase and, hence, the decrease of FPI for major

compositions in HS dp6 and dp8 before modification, after modification, and after

modification with sulfolane pulsing, are summarized in Table S1.

In our tandem mass spectrometric experiments, the lower the FPI of the precursor ions, the

less sulfate loss occurred and the more backbone dissociation were observed. When FPI is

equal to 0.5, at which all the sulfates are deprotonated, or adducted with metal ions, or in

this study, selectively replaced with another functional group, sulfate loss will no longer be a

significant dissociation pathway. It does happen, to a small degree, for larger precursor ions,

presumably due to the presence of multiple charges bearing extra energy and causing the

scrambling of protons from carboxylic acid to protonated sulfate energetically possible.

Therefore, we selected FPI=0.5 as a benchmark when selecting precursor ions during

targeted LC-MS/MS run. Avoiding ions with higher FPI makes the best use of tandem MS

duty cycle and helps obtain the most structurally informative tandem mass spectra.

When we combined the chemical modification and pulsed-chip technology, we were able to

obtain tandem mass spectra with the majority of the fragments being backbone cleavages,

for oligosaccharides that are highly sulfated and thus would not produce such spectra in their

native forms. Two sets of spectra are compared in Figure 6. Figure 6a is the tandem spectra

of m/z 373, corresponding to [1,3,4,1,6]5–, and with FPI=0.625, whereas 6b is its modified

product [1,3,4,4,3]-3d3
3– with m/z 560.8 and FPI =0.500. Although the native

oligosaccharide carries 6 sulfates and was able to produce 5– charge state with sulfolane

pulsing, the loss of sulfate is still substantial (59 %). After the modification, which replaced

the three N-sulfates with deuterated acetates, the decrease in number of sulfates led to lower

FPI and produced predominant backbone cleavage (95 %) The same occurred for dp8

[1,3,4,1,7]5– with m/z 389 and FPI=0.750 (Figure 6c) and its modified product [1,3,4,4,4]-3

d3
4– at m/z 460 (Figure 6d) and with FPI= 0.500. The major backbone cleavages were

labeled according to the Domon-Costello convention followed by the number of sulfates,

acetates, and deuterated acetates attached in the parenthesis. In order for these two

octasaccharides, with 6 and 7 sulfates, respectively, to reach FPI=0.500 in their native

forms, they would need to carry 6 and 7 negative charges. The high charge density in a

limited-sized species will have severe charge-repulsion within the ion and cause the rupture

of precursor ions during ion transmission and isolation. As a result, very high charge states

(≥6) for the oligosaccharides we were studying are not achievable even with pulsing of

sulfolane as they elute. This further demonstrates the need to chemically substitute the

sulfate groups. A summary of the comparison of FPI and backbone cleavage percentage

before and after the chemical modification is listed in Table 3. The percentage of backbone

cleavages increased dramatically, in some cases closer to 100 %, after the chemical
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modification. These phenomena coincide with the decrease of FPI to about 0.5, highlighting

the value of this index in selecting precursor ions during LC-MS/MS experiments to produce

structurally meaningful spectra.

The oligosaccharides we studied were generated from heparin lyase digestion of HS from

natural sources that consisted of many possible isomers for one particular composition.

Therefore, the fragmentation ions alone are not sufficient to deduce the exact structure of the

precursor ion without knowing if the precursor consists of a single structural isomer. To

demonstrate the utility of the approach combing chemical modification and sulfolane

pulsing in providing the complete structural information of a pure compound, we applied

this strategy to Arixtra, a synthetic pentasaccharide with eight sulfates, including three N-

sulfates. Figure S8A is the tandem mass spectrum of the 4– charge state of Arixtra

(FPI=1.200), in which substantial sulfate loss and very limited backbone cleavages were

observed. After the chemical modification, the sulfates number decreased to 5 and FPI

dropped to 0.400 at 5–charge state. The tandem mass spectra yielded significantly more

backbone cleavages (Figure S8B). In addition, major glycosidic bond cleavages, particularly

those of B and Y ions, covered the entire sequence of the sugar chains, which in turn helped

the assignment of sulfates to individual sugar rings. It should be noted that there is some

degree of secondary loss of sulfate after dissociation of precursor ions. It is also difficult to

assign of the 3-O sulfation due to the lack of cross-ring cleavage in the time-of-flight

instrument we used in this study. We speculate that the secondary dissociation can be

minimized and the differentiation of 6-O and 3-O-sulfation made possible if sulfolane

pulsing is coupled with a hybrid ion trap-high resolution mass spectrometer, which will

provide multi-stage tandem mass spectrometry capabilities.

After propionylation and de-N-sulfation, the N-sulfate groups have been removed and will

not contribute to FPI. However, the charge states appear to be very low in absolute value for

these oligosaccharides with multiple glucosamines (Figure S9, A). With the pulsing of

sulfolane, there was very limited elevation of charge state (Figure S9, B). In contrast, the re-

N-acetylation product responded much better with the pulsing of sulfolane (Figure S9, C).

This phenomenon is probably due to the basicity of the amine groups, which will be

protonated under HILIC conditions (pH=4.4). The carriage of the extra protons by the amine

groups diminishes the effect of sulfolane pulsing.

Conclusions

Using MS3 experiments, we showed that N-sulfate groups were more prone to neutral loss

than the O-sulfate groups. Through computational studies, it became clear that sulfate loss

from a protonated sulfate is much more favored energetically than one from a deprotonated

site, and metal adduction can also help stabilize sulfates. N-sulfate loss has a lower transition

state barrier by 3 to 8 kcal/mol than either 2-O or 6-O sulfate loss, and the rate constant

differences between N-sulfate and O-sulfate are enough to make the yield of N-sulfate loss

markedly higher than O-sulfate loss. It is also revealed by calculation that carboxylic acid

groups will be protonated over sulfate groups by about 27 kcal/mol and retro-Alder-Diels

reaction at the non-reducing end proceeds through a transition state barrier similar to that of

sulfate loss. We proposed the FPI concept that included all the factors that influence CID
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behaviors of HS negative ions, and aimed to reduce the FPI of precursor ions, minimize

sulfate loss, and maximize backbone dissociation. We developed a procedure to selectively

replace N-sulfate with acetate-d3. When combined with pulsing a charge-enhancing agent,

the modified HS oligosaccharides possessed low FPI and produced abundant backbone

cleavages that would not be possible without the chemical modification.

In this study, we investigated the fundamental thermodynamics and kinetics of sulfate loss at

protonated, deprotonated, and metal-adducted sites. We demonstrated that N-sulfate is the

most labile, and it is valuable to replace them with inert groups. The chemical modification

developed in this work is selective, of high yield, amenable to low sample quantity, and

complex mixtures. This study sheds light on the mechanisms of GAG ion dissociation and

introduces a useful method to maximize abundances of structurally informative dissociations

in LC-MS/MS experiments of HS oligosaccharides.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A plot of the relative abundances the precursor ions of D0S6, in 1–, 2–, and sodiated forms,

and their product ions from sulfate loss versus the collision energy
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Figure 2.
(a) Comparison of MS2 spectra of D0H6 and MS2 and MS3 spectra of D0S6. (b)
Comparison of MS2 spectra of D0H6 and MS2, and MS3 spectra of D2S0. (c) MS2 spectra

of D0S0. Diamonds denote precursor ions, triangles denote the loss of water ions from the

immediate adjacent ions
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Figure 3.
SO3 loss from protonated, deprotonated sulfate sites, sodium adducts and lithium adducts of

HS model compounds; “−” denotes transition state was not located
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Figure 4.
N-sulfate loss versus O-sulfate loss for HS model compounds. “N.C.” denotes not calculated

because of the proton scrambling
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Figure 5.
Chemical modification schemes
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Figure 6.
Tandem spectra of (a) [1,3,4,1,6]5-, m/z 373, and its modified product (b) [1,3,4,4,3]-3d33-

at m/z 560.8, (c) [1,3,4,1,7]5-, m/z 389 and its modified product [1,3,4,4,4]-3d34- at m/z 460.

Major backbone fragments were assigned in Domon-Costello Convention in (b) and (d).
Diamonds denote precursor ions, asterisks denote loss of sulfate ions

Shi et al. Page 22

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2014 August 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Shi et al. Page 23

T
ab

le
 1

C
om

pa
ri

so
n 

of
 M

S2  
of

 I
so

m
er

ic
 D

is
ac

ch
ar

id
es

 D
2H

0 
an

d 
D

0H
6,

 a
nd

 M
S3  

of
 I

so
m

er
ic

 D
is

ac
ch

ar
id

es
 D

2S
0 

an
d 

D
2S

6

P
re

cu
rs

or
 io

n
N

-S
 lo

ss
O

-S
 lo

ss
M

S3  
Io

ns
 o

bs
er

ve
d

P
ro

du
ct

C
ha

ra
ct

er
is

ti
c 

fr
ag

m
en

ta
ti

on
P

ro
du

ct
C

ha
ra

ct
er

is
ti

c 
fr

ag
m

en
ta

ti
on

D
2S

0
D

2H
0

B
1 

(m
/z

 2
37

)
D

0S
0

0,
2X

0 
(m

/z
 1

38
)

B
1 

(m
/z

 2
37

)

B
1-

SO
3(

m
/z

 1
57

)
M

-C
2H

4O
2 

(m
/z

 3
36

)
B

1-
SO

3(
m

/z
 1

57
)

D
0S

6
D

0H
6

Y
1 

(m
/z

 2
58

)
D

0S
0

0,
2X

0 
(m

/z
 1

38
)

Y
1 

(m
/z

 2
58

)

Z
1 

(m
/z

 2
40

)
M

-C
2H

4O
2 

(m
/z

 3
36

)
Z

1 
(m

/z
 2

40
)

B
1/

 0
,2

A
2 

(m
/z

19
9)

B
1/

 0
,2

A
2 

(m
/z

19
9)

C
2H

3O
5S

−
 (

m
/z

13
9)

C
2H

3O
5S

−
 (

m
/z

 1
39

)

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2014 August 27.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Shi et al. Page 24

T
ab

le
 2

T
he

 C
al

cu
la

te
d 

R
at

e 
C

on
st

an
ts

 a
nd

 R
at

io
s 

fo
r 

N
- 

an
d 

O
-s

ul
fa

te
 L

os
s 

in
 R

ea
ct

io
n 

A
, B

, C
, a

nd
 D

 a
t D

if
fe

re
nt

 T
em

pe
ra

tu
re

s

C
al

cu
la

te
d 

ra
te

 c
on

st
an

t

29
8 

K
35

0 
K

40
0 

K
50

0 
K

60
0 

K
70

0 
K

80
0 

K
90

0 
K

10
00

 K

k A
 (

N
S)

2.
17

×
10

−
5

6.
97

×
10

−
3

4.
43

×
10

−
1

1.
53

×
10

2
7.

79
×

10
3

1.
32

×
10

5
1.

12
×

10
6

6.
00

×
10

6
2.

32
×

10
7

k B
 (

O
S)

2.
30

×
10

−
9

3.
91

×
10

−
6

8.
17

×
10

−
4

1.
45

×
10

0
2.

21
×

10
2

7.
23

×
10

3
9.

97
×

10
4

7.
44

×
10

5
4.

04
×

10
6

k A
/k

B
94

47
17

85
54

2
10

5
35

18
11

.2
8.

06
5.

73

K
E
 (

N
S)

2.
88

×
10

−
6

1.
59

×
10

−
3

1.
47

×
10

−
1

8.
49

×
10

1
5.

91
×

10
3

1.
23

×
10

5
1.

19
×

10
6

6.
96

×
10

6
2.

85
×

10
7

K
F
 (

O
S)

1.
46

×
10

−
8

1.
54

×
10

−
5

2.
26

×
10

−
3

2.
49

×
10

1
2.

70
×

10
12

7.
74

×
10

3
9.

66
×

10
4

6.
92

×
10

5
3.

36
×

10
6

K
E
/k

F
19

7
10

3
65

34
.1

21
.9

15
.8

12
.3

10
.1

8.
5

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2014 August 27.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Shi et al. Page 25

T
ab

le
 3

A
 C

om
pa

ri
so

n 
of

 th
e 

Fr
ee

 P
ro

to
n 

In
de

x 
(F

PI
) 

an
d 

B
ac

kb
on

e 
C

le
av

ag
e 

Pe
rc

en
ta

ge
, D

ef
in

ed
 a

s 
G

ly
co

si
di

c 
an

d 
C

ro
ss

-R
in

g 
C

le
av

ag
e,

 a
nd

 E
xc

lu
di

ng
 th

e

N
eu

tr
al

 S
ul

fa
te

 L
os

s,
 f

or
 S

om
e 

of
 th

e 
O

lig
os

ac
ch

ar
id

es
 S

tu
di

ed
. A

ll 
L

C
-M

S/
M

S 
E

xp
er

im
en

ts
 w

er
e 

Pe
rf

or
m

ed
 w

ith
 th

e 
Pu

ls
in

g 
of

 S
ul

fo
la

ne
 to

 P
ro

du
ce

H
ig

he
r 

C
ha

rg
e 

St
at

es
. T

he
 L

as
t C

om
po

un
d 

is
 A

ri
xt

ra

N
at

iv
e 

co
m

po
si

ti
on

, c
ha

rg
e 

st
at

e
F

P
I

B
ac

kb
on

e 
cl

ea
va

ge
, %

M
od

if
ie

d 
co

m
po

si
ti

on
, c

ha
rg

e 
st

at
e

F
P

I
B

ac
kb

on
e 

cl
ea

va
ge

, %

[1
,2

,3
,1

,3
]3-

0.
50

0
96

[1
,2

,3
,3

,1
]-

2d
32-

0.
33

3
10

0

[1
,2

,3
,1

,4
]4-

0.
50

0
81

[1
,2

,3
,3

,2
]-

2d
33-

0.
33

3
99

[1
,2

,3
,1

,5
]4-

0.
66

7
24

[1
,2

,3
,3

,3
]-

2d
33-

0.
50

0
72

[1
,3

,4
,1

,5
]5-

0.
50

0
68

[1
,3

,4
,4

,2
]-

3d
33-

0.
37

5
10

0

[1
,3

,4
,1

,6
]5-

0.
62

5
41

[1
,3

,4
,4

,3
]-

3d
33-

0.
50

0
95

[1
,3

,4
,1

,7
]5-

0.
75

0
31

[1
,3

,4
,4

,4
]-

3d
34-

0.
50

0
93

[1
,3

,4
,1

,8
]5-

0.
87

5
N

.D
.

[1
,3

,4
,4

,5
]-

3d
35-

0.
50

0
99

[0
,2

,3
,0

,8
]-

O
M

e4-
1.

20
0

22
[0

,2
,3

,3
,5

]-
O

M
e-

3 
d 3

5-
0.

40
0

96

N
.D

. =
 f

ra
gm

en
ts

 th
at

 w
er

e 
of

 to
o 

lo
w

 a
bu

nd
an

ce
s 

to
 g

iv
e 

de
fi

ni
te

 a
ss

ig
nm

en
ts

.

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2014 August 27.


