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Here we report ion mobility mass spectrometry (IMMS) separation and tandem mass spectrometry (MS2) sequencing methods used to 
analyze and differentiate six synthetically produced heparin/heparan sulfate (HS)-like octasaccharide (dp8) isomeric structures. These 
structures are isomeric with regard to either glucuronic acid (GlcA) or iduronic acid (IdoA) residues at various positions. IMMS analy-
sis showed that a fully GlcA structure exhibited a more compact conformation, whereas the fully IdoA structure was more extended. 
Interestingly, the change from IdoA to GlcA in specific locations resulted in strong conformational distortions. MS2 of the six isomers 
showed very different spectra with unique sets of diagnostic product ions. Analysis of MS2 product ion spectra suggests that the GlcA 
group correlated with the formation of a glycosidic product ion under lower energy conditions. This resulted in an earlier product ion 
formation and more intense product ions. Importantly, this knowledge enabled a complete sequencing of the positions of GlcA and IdoA 
in each of the four positions located in each unique dp8 structure.

Keywords: glycosaminoglycan, heparan sulfate, IMMS, MS2, electron detachment dissociation, arrival time distribution, glucuronic acid, 
iduronic  acid

Introduction
Structural characterization of heparin and heparan sulfate 
(HS) and their various binding partners is of significant interest 
to the glycobiology community. Heparin and HS are highly 
interactive molecules and regulators of biological systems, 
present in injury,1,2 anticoagulation,3 defense,4,5 angiogen-
esis,6,7 growth and development,8 and tumor metastasis.9 As 
a consequence of this, there is a growing imperative to under-
stand their structure–function relationships, and thus the 

need for methods of sequencing these complex glycans.10,11 
Heparin and HS are highly anionic molecules that are part of 
the glycosaminoglycan family; they differ not only in their levels 
and positions of sulfation, but also in their glucuronic acid 
(GlcA) and iduronic acid (IdoA) content and location.12,13 Both 
contain variable levels of sulfation on the glucosamine resi-
dues at carbons 2 and 6 (and rarely 3), while the N-positions 
of glucosamines can be modified with either a sulfate or an 
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acetate (and sometimes a free amino group). Heparin tends 
to be a more heavily sulfated molecule (average of ~2.6 
sulfates per disaccharide) with l-IdoA predominating over 
d-GlcA (~9 : 1), whereas HS is more heterogeneous with fewer 
negative charges per disaccharide (typically ~1–2 sulfates per 
disaccharide unit) and with d-GlcA predominating. These key 
differences have been related to the protein interactions and 
the regulatory functions of heparin and HS.14–18

Currently, only a handful of heparin and HS oligosaccharide 
structures have been isolated and their sulfation patterns 
determined through methods such as compositional anal-
ysis,19–26 enzymatic methods,27 tandem mass spectrometry 
(MS2)23,28 and nuclear magnetic resonance (NMR) spectrom-
etry.29 There has been much less success in the determina-
tion of IdoA and GlcA positions, although NMR spectrom-
etry has been used to determine GlcA and IdoA positions in 
limited studies on small saccharides (dp4).30–33 In combina-
tion with NMR validation, MS analysis is progressing with 
techniques such as negative electron-transfer dissociation 
(NETD),34,35 electron detachment dissociation (EDD),33,36,37 
electron induced dissociation (EID)38 and infrared multiphoton 
dissociation (IRMPD).36 Collisionally acticated dissociation 
(CAD) as shown some degree of success in determining GlcA/
IdoA positions in dp4 and dp6 saccharides.24,33 These tech-
niques confirmed glycosidic bond cleavages via B, C, Y, and Z 
ions, and CO2 losses, with the GlcA structures showing more 
dissociation ions.

IdoA acid tends to be located in the more highly sulfated 
regions containing N-sulfated glucosamines, whereas GlcA 
is generally found in less sulfated regions with GlcNAc resi-
dues.39 In principle, both of these monosaccharides can adopt 
several different boat and chair conformations. However, the 
chair form is generally more favored, because of less crowding 
and steric hindrance. In the chair conformation, the functional 
group can be in either the equatorial position, which projects 
out from the ring, or in the axial position, which projects either 
upward or downward from the ring. Uronic acids in HS have 
three different conformations: the 1C4 and 4C1 chairs and a 2S0 
skew boat, with 4C1 being the most common.40,41 NMR studies 
of heparin and HS have shown that GlcA tends to adopt a more 
rigid ring with a preference for the 4C1 chair conformation, 
whereas the iduronate residue tends to be more flexible and is 
able to adopt a mixture of both 1C4 and 4C1 chair conformations, 
as well as the 2S0 skew boat conformation.40,41 The confor-
mational equilibrium of the monosaccharide ring between 
these three forms is very dependent on sulfation of the C-2 
oxygen and the neighboring glucosamine.31 The glycosidic 
bond is relatively rigid in oligomers with N-sulfated glucosa-
mines compared to those with N-acetyl groups, because of the 
formation of a transient hydrogen bond between the oxygen 
of the N-sulfate and the C-3 hydroxyl hydrogen of the neigh-
boring uronic acids.31,42 Overall, HS is able to adopt a variety 
of conformations in solution, a property that is thought to be 
important for biological interactions.

Although ion mobility mass spectrometry (IMMS) has 
been used rather frequently in the analysis of proteins and, 

more recently, protein–carbohydrate complexes,25,43–47 it is 
not commonly used for the analysis of GAG. Herein, we have 
examined the potential of IMMS to separate and correctly 
identify octasaccharide (dp8) HS structural isomers with 
differing positions of the GlcA and IdoA residues. The six 
octasaccharides discussed herein were produced utilizing a 
recently described chemical synthesis strategy.48 In addition, 
we used MS2 to sequence unambiguously the positions of GlcA 
and IdoA, which previously has been intractable in compounds 
larger than tetrasaccharides.

Experimental
Reagents
High-performance liquid chromatography grade water, 
acetonitrile, and ammonium hydroxide were used and 
purchased from Fisher (Santa Clara, CA).

IMMS of six isomeric octasaccharides
IMMS was performed on either a Synapt G1 or G2 mass 
spectrometer equipped with a T-wave mobility cell (Waters 
Corp., Milford, MA). The octasaccharide concentration of 
compounds 1 to 6 (Figure 1) was 5 µM in water/acetonitrile 
(50/50 v/v) with 500 mM ammonium hydroxide. The sample 
was loaded into borosilicate electrospray tips made in house. 
Briefly, the borosilicate tubes (no. 1B120F-4) were purchased 
from World Precision Instruments, Inc. (Sarasota, FL), and 
were pulled using a Sutter P97 Flaming/Brown micropipette 
puller (Ringmer, Sussex, UK). The tips were gold coated using 
a Quorum Technologies SC7640 sputter coater (Ringmer, 
Sussex, UK). The mass spectra were acquired in the nega-
tive ion mode using a capillary voltage at 0.55 kV, a sample 
cone voltage at 7 V, and an extraction cone voltage at 0.6 V. 
The ion mobility parameters were optimized for the octasac-
charide separation and all the parameters are given in the 
Supplementary Materials. The collisional cross-section data 
were acquired and confirmed using the Synapt G2 with opti-
mized ion mobility conditions (Supplementary Materials). MS2 
was performed on selected ions and collisionally activated at 
22 V in the transfer cell with the mobility cell turned off in order 
to produce comparable collision-induced dissociation (CID) 
data for each isomer.

Ion mobility calibration curve
Measured drift times were converted to collisional cross-
section values through a calibration curve of oligonucleotide 
standards T7, C7, and (AT)3. Accurate IMMS collisional cross-
sections of T7, C7, and (AT)3 were previously calculated by the 
Michael T. Bowers Laboratory at the University of California, 
Santa Barbara. The standards T7, C7, and (AT)3 were mixed at 
a concentration of 20 µM in 10 mM NH4OH in methanol:water 
(1 : 1) and were subjected to identical IMMS experimental 
parameters as compounds 1–6. The arrival time distributions 
(ATDs) from T7, C7, and (AT)3 were plotted, and a linear equa-
tion was deduced, y = 145.66x + 480.6, with R2 = 0.99, where 
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y represents the corrected collisional cross-sectional area 
(CCS) of each oligonucleotide and x represents the corrected 
ATD of each oligonucleotide. Compounds 1–6 were subse-
quently assessed from this linear equation.

Results and discussion
IMMS of synthetic dp8 saccharides
IMMS was initially used to characterize six fully synthetic 
octasaccharides (Figure 1) containing 6-O-sulfated N-acetyl-
glucosamine residues, which were synthesized with a meth-
oxyphenol tag at the reducing end. As can be seen, the differ-
ences among these structures is solely the positioning of the 
IdoA or GlcA residues; thus, the only structural differences 
are in the axial or equatorial positions of the acidic func-
tional group. The IMMS procedure was first developed and 
tested with the two simplest compounds containing either 
all IdoA residues (compound 1, I-I-I-I-Tag) or all GlcA resi-
dues (compound 2, G-G-G-G-Tag), in an effort to separate 
and unambiguously characterize these stereoisomers. If 
the conformation of a fully IdoA-containing dp8 (compound 
1) and a fully GlcA-containing dp8 (compound 2) are suffi-
ciently different, IMMS should permit some degree of sepa-
ration between the two compounds. We show herein that it 
is possible to isolate and separate these two compounds as 
evidenced by the difference in ATDs of the 3– charge state 
of each individual octasaccharide, both separately and in a 
mixture [Figure 2(a) and (b)]. This difference in ATD is some-
what expected as NMR studies of heparin and HS have shown 

that GlcA tends to be more rigid with a preference for the 4C1 
chair conformation, whereas the IdoA residue is more flexible. 
The more flexible IdoA is able to adopt a mixture of 1C4, 

4C1, 
and 2S0 conformations.

The IdoA-containing octasaccharide appears to adopt 
a conformation that is likely more extended than the GlcA 
structure, and results in an ATD of 4.33 ms (CCS = 342 Å2) 
(Figure 2). Adjustment from the axial to the equatorial posi-
tion of the carboxylate leads to a rather significant 0.81 ms (or 
29 Å2 difference in CCS) separation between the two isomers, 
with the GlcA isomer having a more compact conformation 
[ATD of 3.52 ms (313 Å2)]. The experiment was repeated three 
times on different days and showed good reproducibility 
[Supplementary Figure 1(a) and 1(b)].

MS2 of two dp8 isomers, compounds 1 and 2
Having established the appropriate parameters for stereoiso-
meric separation, we then proceeded to determine the best 
conditions for MS2 differentiation. Figure 3(a) and (b) show the 
MS2 spectra for compound 1 and compound 2, respectively. 
The precursor ion at m/z 652.44, [M – 3H]3– for each isomer 
was isolated and collisionally activated in the transfer cell 
(with the mobility cell turned off). Interestingly, the structure 
that contained only GlcA showed a glycosidic bond dissociation 
at 12 V, whereas the structure containing IdoA did not disso-
ciate until subjected to 18 V. Increasing the collision energy to 
22 V resulted in substantially more dissociation (dissociation 
ions were assigned using the Domon and Costello nomen-
clature49). The MS2 data at 22 V showed remarkably different 
spectra for the two structures; different diagnostic product 

Figure 1. Chemically synthesized octasaccharide isomers differing only in the position of their GlcA and IdoA residues.
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Figure 2. Ion mobility separation of dp8 isomers containing exclusively either GlcA or IdoA. (a) ATD for the mixture of compound 1  
(I-I-I-I-Tag) and compound 2 (G-G-G-G-Tag) at the 3– charge state. Compound 1 appears to displays an extended conformation resulting 
in an ATD of 4.33 ms, whereas compound 2 displays a compact conformation resulting in a shorter ATD of 3.52 ms. (b) ATD of the 3– 

charge states of compound 1 and compound 2 run separately and then overlaid. The two dp8 isomers show a separation of 0.81 ms with 
a CCS difference of 29 Å2.

Figure 3. MS2 of dp8 isomers containing exclusively either GlcA or IdoA. (a) MS2 spectrum of compound 1 at a collision energy of 22 V. 
(b) MS2 spectrum of compound 2 at a collision energy of 22 V. Product ions are assigned using the Domon and Costello nomenclature.49
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ions were produced and the intensities of the common product 
ions were also quite different [Figure 3(a) and (b)].

In sequencing repeating structural moieties, it is very 
difficult to define precisely each ion, as there can be several 
possible structures for each m/z value. Techniques such as 
NETD,34,35 EDD,33,36,37 EID,38 IRMPD,36 and CAD,24,33 used to 
dissociate GlcA- and IdoA-containing structures, resulted 
in similar problems. However, the presence of the reducing 
end tag facilitates differentiation of each structure with the 
resulting ions specific to each isomer.

In both compounds, Y and Z ions are distinguished by the 
presence of the tag. Intact Y ions have a unique m/z ratio, and 
various B and B/Y fragments can produce ions at m/z 458.1. As 
neither Z nor C ion fragments were identified, the number of 
structures with the same m/z of 458.1 is reduced. Diagnostic 
ions with a single sulfate loss were selected to distinguish 
between compounds 1 and 2: eight ring (B8 – SO3

3–, m/z 584.4), 
six-ring (B6 – SO3, B8 – SO3/Y6

2–, m/z 647.6) and the four-ring 
(B4 – SO3, B6 – SO3/Y6, B8 – SO3/Y4

1–, m/z 837.2).
For both compounds 1 and 2, the intensities of the glycosidic 

bond cleavages identified were represented as a ratio of the 
glycosidic bond product to the precursor ion. For example, the 
intensity of m/z 123.0 (Y0

–) was represented as a ratio of the 
intensity of the precursor ion, m/z 625.8 [M- – SO3 – 3H]3–. After 
each product ion ratio was determined, compound 2 was allo-
cated a value of 100% and the other glycosidic bond cleavages 
were represented as a relative percentage. This normalization 
was implemented for all the glycosidic bond cleavages identi-
fied, and is shown in Figure 4. When comparing compounds 1 
and 2, B fragments (B2 – SO3, B4 – SO3, B6 – SO3, B8 – SO3), B/Y 

fragments (B2 – SO3, B4 – SO3, B6 – SO3, B8 – SO3/Y6,4,2,0 combi-
nations) and Y fragments were low in compound 1 relative to 
those in compound 2 (Figure 3 and Figure 4). When comparing 
m/z 123.0 (Y0

–) and its complementary ion m/z 584.4 (B8 – SO3
3–), 

it was interesting to observe that compound 1 had a higher 
intensity of Y0

– and a lower intensity of B8 – SO3
3– compared 

to compound 2 (Figure 4). The observation that the intensities 
of B fragments (B2 – SO3, B4 – SO3, B6 – SO3, B8 – SO3) and 
B/Y fragments (B2 – SO3, B4 – SO3, B6 – SO3, B8 – SO3/Y6,4,2,0 
combinations) were always higher in compound 2 (Figure 4) 
suggests that a glycosidic bond-cleavage mechanism near 
the GlcA produced product ions with a neutral tag, causing 
limited detection of Y0

–. The other B and B/Y ions appear unaf-
fected. The detection of Y0

– in compound 1, the IdoA-containing 
isomer, suggests that the tag retains the O– after glycosidic 
bond cleavage.

Based on the dramatic differences in the intensity of B and 
B/Y fragments, and especially Y0

– ions, these data clearly indi-
cate that the product ions produced via the CID of compounds 
1 and 2 were formed through different mechanisms. As both 
compounds showed no CO2 loss, which is the route observed 
when fragmentation occurs through NETD,34,35 EDD,33,36,37 
EID,38 and IRMPD,36 we propose that the formation of the B 
ions during the CID of GlcA likely results in the formation 
of the epoxide at C-2 with concomitant glycosidic cleavage. 
It is likely that this process is much more favorable for the 
equatorial substituent and less so for the carboxylate in the 
axial position. Further mechanistic insights require O18 and 
deuterium labeling experiments, which will be the focus of 
subsequent studies.
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Figure 4. Glycosidic bond differences between octasaccharide compounds 1 and 2. Diagrammatic annotation of the MS2 glycosidic 
cleavage ions (Domon and Costello nomenclature49) identified in compound 1 (I-I-I-I-Tag) and compound 2 (G-G-G-G-Tag) when 
subjected  to a collision energy of 22 V. Glycosidic bond cleavages are represented by the relative abundance ratio of products to 
precursor  ion, (m/z 625.8 [M – SO3 – 3H]3–). For example, the amount of Y0

– cleavage is represented as the ratio of the intensity of 
m/z 123.0 (Y0

–) to m/z 625.8 [M – SO3 – 3H]3–. The amount of each glycosidic cleavage ion for each compound was normalized against 
the corresponding  glycosidic cleavages in the fully GlcA containing isomer (compound 2). Compound 2 was allocated a value of 100% 
and other compounds  calculated as a relative percentage.
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Ion mobility of a library of six dp8 isomers 
with divergent positions of GlcA/IdoA 
residues
Ion mobility of the six different GlcA and IdoA isomers showed 
different ATDs (Figure 5). Compounds 1 and 2 are discussed 
above. Compound 3, G-G-I-I-Tag, and Compound 4, G-I-I-
G-Tag, showed ATDs of 3.47 ms (310 Å2) and 3.73 ms (319 Å2), 
respectively [Figure 5(c) and (d)], with a difference of only 
0.26 ms (9 Å2), which is relatively small in comparison to 
compounds 1 and 2. Compound 5, I-G-I-G-Tag, and compound 
6, G-I-G-I-Tag, are particularly interesting as they produced 
somewhat unexpected ATDs of 3.41 ms (308 Å2) and 4.33 ms 
(342 Å2), respectively [Figure 5(e) and (f)]. The ion mobility 
separation of these latter two compounds was 0.92 ms (34 Å2), 
greater than the separation of compounds 1 and 2. The arrival 
times of the fully IdoA and fully GlcA structures suggests that 
the fully IdoA structure has a more extended conformation, 
whereas the fully GlcA structure has a more compact confor-
mation. Of note is that each of the isomers that contained a 
reducing end GlcA-tag had very similar arrival times, and all 
showed a more compact conformation than those isomers with 
a reducing end IdoA-tag. The exception to this is compound 3. 
We believe that the short ATD for this isomer may result from 
the compact and likely constrained conformations of both 
GlcA rings on the non-reducing ring, which is likely to cause a 
shortening around the partial 1–4 linked helix that is formed 
with the G-G-I-I sequence.

The ion mobility separation of these six isomers highlights 
a significant challenge in the glycobiology field, i.e. corre-

lating sequence with conformation. It is well-known that both 
sequence and conformation are essential to biological inter-
action, activity, and functional outcomes. Nevertheless, tech-
niques to examine these correlations are limited. We have 
demonstrated that ion mobility of three different sequences, 
compounds 2, 4, and 5, can occupy a similar hydrodynamic 
volume when the tagged reducing end ring possesses the 
same conformation. The ion mobility of two structures, I-G-I-
G-Tag and G-I-G-I-Tag, that might be expected to have similar, 
if not the same, hydrodynamic volumes revealed very distinct 
differences, again supporting the fact that the tag on the 
reducing ring helps to anchor the conformation. These initial 
data provide an initial step toward the understanding of biolog-
ical interactions via examining correlations between structural 
conformation and sequence.

MS2 of dp8 saccharides with divergent 
positions of GlcA/IdoA residues
The MS2 of compounds 3–6 (Supplementary Figure 2) were 
analyzed and evaluated based on the sequencing knowledge 
determined with compounds 1 and 2. A glycosidic cleavage 
event occurs at a lower energy when a GlcA is adjacent, and 
thus glycosidic cleavages will occur at a higher frequency 
when a GlcA is present compared to when an IdoA is. This 
knowledge provides the background to predict the MS2 
outcomes for other GlcA- and IdoA-containing isomers. For 
example, I-I-I-I-Tag would have no low energy state cleavage 
events, as GlcA is not present, whereas I-I-I-G-Tag would have 
a high intensity of B8

3– and a low intensity of Y0
– as a cleavage 

event would occur on the glycosidic bond to the right of GlcA. 
If the sequence were G-G-I-G-Tag, the B8 – SO3

3– ion would 
be formed. However, B8 – SO3

3– would be further cleaved, 
producing B8 – SO3/Y4

– (I-G) and B4 – SO3
– (G-G), among which 

B4 – SO3
– (G-G) would be cleaved into B4 – SO3/Y6

– (G) and 
B2 – SO3

– (G). The intensity of B, B/Y, and Y fragment ions 
should produce an unambiguous characterization of a partic-
ular GlcA- and IdoA-containing sequence. The in silico expec-
tations for product ions based on our rationale are summa-
rized in Table 1.

The intensity distribution of B, B/Y, and Y fragment ions 
detected for each dp8 compound should enable sequencing, 
even though our understanding of how conformation affects 
sequencing is still limited. Glycosidic bond cleavages are 
represented by the relative abundance ratio of products to 
precursor ion, (m/z 625.8 [M – SO3 – 3H]3–). For example, the 
amount of Y0

– cleavage is represented as the ratio of the 
intensity of m/z 123.0 (Y0

–) to m/z 625.8 [M – SO3 – 3H]3–. The 
amount of each glycosidic cleavage ion for each compound 
was normalized against the corresponding glycosidic cleav-
ages in the fully GlcA-containing isomer (compound 2). The 
fully IdoA structure (compound 1) was used as a control 
for the amount of glycosidic ions formed through the IdoA 
mechanism. The comparison of each glycosidic ion from 
compounds 3 to 6 with the fully IdoA structure and with the 
fully GlcA structure should permit whether the fragment ion 
was formed through a GlcA cleavage mechanism or through 

Figure 5. Ion mobility separation of six dp8 isomers contain-
ing positional differences in GlcA and IdoA. (a)–(f) ATD and 
calculated collisional  cross-section for compounds 1–6, 
respectively.
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an IdoA cleavage mechanism to be determined. Figure 6 and 
Supplementary Figure 2 show the experimental data obtained 
when the relative abundance of product ions for each of the 
isomers is compared.

A comparison of the observed data (Figure 6) with the theo-
retical data (Table 1) resulted in one unique sequence for each 
compound. Compound 3 was G-G-I-I-Tag (I-Tag, Y4

2–, Y6
3–, four 

ring), compound 4 was G-I-I-G-Tag [Y0
– (G-Tag), Y6

3–, eight ring, 
six ring], compound 5 was I-G-I-G-Tag [Y0

– (G-Tag), Y4
2–, eight 

ring, four ring), and compound 6 was G-I-G-I-Tag (I-Tag, Y2
–, 

Y6
3–, six ring, four ring). (Sequencing data for compounds 1 and 

2 are discussed in the previous section.)
The approach described above should have utility for the 

characterization of saccharides both smaller and larger than 
octasaccharides, though greater challenges are expected as 
the degree of polymerization increases. Theoretically, it should 
be possible to calculate the proportion of each dissociation  
product. Although the proportion patterns match the theoret-
ical patterns, not all of the compounds produced the expected 
ratios. This is not totally surprising given the similar ATDs 

Table 1. Theoretical dissociation pattern for all possible dp8 structures that contain either a GlcA or an IdoA at each uronic acid position . 
Dissociation patterns of B, B/Y and Y ions are expected to be observed in the mass spectrum, with the theory that the GlcA cleavage 
mechanism  occurs at a lower collision energy than the IdoA mechanism.
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Figure 6. Glycosidic bond cleavage ion differences among compounds 1–6. Diagrammatic annotation of MS2 glycosidic bond cleavage 
ions (Domon and Costello nomenclature49) identified in compounds 1–6 when subjected to a collision energy of 22 V. Each glycosidic 
cleavage ion was calculated relative to the parent ion, m/z 625 [M – SO3 – 3H]3–, in each compound. These data were normalized against 
compound 2 (fully GlcA structure).
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observed for two different structures, G-G-G-G-Tag and I-G-I-
G-Tag. Continued studies on defined HS saccharides, including 
those with N-sulfation and other O-sulfation patterns, and 
improvement of our knowledge on structural conformation 
relative to sequences should continue in an effort to improve 
the accuracy of future sequencing strategies.

Conclusions
Six fully defined dp8 structures, isomeric with respect to their 
carboxylic acid group orientations (from axial to equatorial), 
were analyzed and differentiated by both ion mobility and MS2. 
Ion mobility suggested that a fully GlcA dp8 and a fully IdoA dp8 
adopted two different conformations, with the former being 
more compact and the latter being more extended. Structures 
containing a reducing end GlcA-tag occupy a similar hydro-
dynamic volume, and thus may be compacting the structure. 
Switching the GlcA and IdoA acid positions caused the confor-
mation to become more elongated as evidenced by the ATD. 
These data clearly show the importance of sequence to overall 
conformation, and suggest how this could affect molecular 
interactions with protein ligands.

Analysis of the MS2 data showed that each dp8 isomer had 
unique sets of product ion intensities. A comparison of the 
product ions created via glycosidic bond cleavages showed 
that the intensities were much greater when the neighboring 
group to the non-reducing end was a GlcA rather than an 
IdoA. MS2 validated and confirmed the structural differences 
between the various isomers, and produced characteristic 
and diagnostic product ions for each compound analyzed. MS3 
experiments (Supplementary Figures 3–5 and Supplementary 
Methods) further supported the MS2 data. Regardless of the 
collision energy used, the glucuronic isomer always produced 
a glycosidic cleavage ion that was of greater abundance than 
the corresponding iduronic isomer. This knowledge enabled 
complete GlcA or IdoA sequencing on each of the four posi-
tions located in each dp8 structure.

We are now applying ion mobility and MS2 to structures 
with divergent sulfation patterns, which remains a significant 
analytical challenge, but it is clear that MS will continue to be a 
crucial tool in elucidating the structure–function relationships 
of HS in biological systems.
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