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Abstract

Glycosaminoglycans (GAGs) play vital roles in many biological processes, and are naturally
present as complex mixtures of polysaccharides with tremendous structural heterogeneity,
including many structural isomers. Mass spectrometric analysis of GAG isomers, in particular
highly sulfated heparin (Hep) and heparan sulfate (HS), is challenging because of their structural
similarity and facile sulfo losses during analysis. Herein, we show that highly sulfated Hep/HS
isomers may be resolved by gated-trapped ion mobility spectrometry (gated-TIMS) with negligible
sulfo losses. Subsequent negative electron transfer dissociation (NETD) tandem mass
spectrometry (MS/MS) analysis of TIMS-separated Hep/HS isomers generated extensive
glycosidic and cross-ring fragments for confident isomer differentiation and structure elucidation.
The high mobility resolution and preservation of labile sulfo modifications afforded by gated-
TIMS MS analysis also allowed relative quantification of highly sulfated heparin isomers. These
results show that the gated-TIMS-NETD MS/MS approach is useful for both qualitative and
quantitative analysis of highly sulfated Hep/HS compounds in a manner not possible with other
techniques.
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Glycosaminoglycans (GAGS) are linear polysaccharides consisting of disaccharide repeats
with alternating amino sugar and hexuronic acid (HexA) or galactose units. Through
interaction with their protein binding partners, GAGs are involved in many biological
processes including cell signaling, inflammation, cell proliferation, and tumor metastasis.
1-12 Heparin (Hep) and heparan sulfate (HS) are GAGs with a high degree of sulfation, and
among the most acidic biomolecules found in nature. The electrostatic interaction between
Hep/HS and protein ligands is modulated by their sulfation pattern, and plays a key role in
their biological functions. For example, binding between antithrombin and a pentasaccharide
sequence containing a critical 3- O sulfation on the central glucosamine (GIcN) residue is
essential for the anti-coagulation activity of Hep/HS.13:14 Heparins also mediate recognition
between fibroblast growth factors (FGFs) and their receptors, thereby regulating cell
proliferation.15-18 Whereas FGF-2 preferentially interacts with tetra- and hexasaccharide
sequences containing the -1doA2S-GIcNS- motif (IdoA = iduronic acid), FGF-1 has a strong
affinity to the -1doA2S-GIlcNS6S- motif. Heparins containing 6-O sulfation display anti-
inflammatory properties by interfering with P- and L-selectin-initiated cell adhesion.®
Despite the strong correlation between the GAG structures and their biological functions,
subtle structural differences are often difficult to track, and full characterization of GAGs,
especially the highly sulfated Hep/HS glycans, remains a significant analytical challenge.

Although all Hep/HS saccharides share the same HexA(1—4)-GIcN(a1—4)- disaccharide
sequence repeats, the number of Hep/HS structures is multiplied by the variation in the
number of repeating units, the hexuronic acid stereochemistry, and the pattern of A-
acetylation and sulfation, resulting in tremendous structural diversity and the common
occurrence of isomers.19 GAG analysis often requires enzymatic digestion or chemical
depolymerization to break down polysaccharide chains into shorter oligosaccharides with
degrees of polymerization (dp) ranging from dp2 to dp20. The Hep/HS digests are then
analyzed by mass spectrometry (MS), usually in conjunction with liquid chromatography
(LC). The extent and pattern of sulfation in the original Hep/HS chains can be estimated by
relative quantitation of all oligosaccharides.

Isomeric Hep/HS structures may be separated by capillary electrophoresis (CE),2%-22 or by
LC, including reversed phase-ion pairing (RP-1P) chromatography, hydrophilic interaction
liquid chromatography (HILIC), strong anion exchange (SAX) chromatography, and porous
graphitized carbon (PGC) chromatography.23-27 Among these, SAX offers the highest
isomer resolving power, but is incompatible with direct MS analysis due to the high
concentration of nonvolatile salt used in the elution buffer. An alternative, volatile salt
cetyltrimethylammonium (VSCTA)-SAX, uses the buffer ammonium bicarbonate that can
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be easily removed by evaporation, thus allowing effective subsequent analysis by offline
electrospray MS. Meanwhile, superior isomer resolution of HS oligosaccharides was
recently demonstrated by Miller et a/. with online PGC-LC-MS/MS analysis.2” However,
there are concerns over PGC column stability and reproducibility, and the formation of
ammonium adducts leading to increased precursor heterogeneity.

lon mobility spectrometry 28 has emerged as a powerful alternative for separation of
isomeric structures, including GAG isomers.2-3% IMS complements LC in that it is a post-
ionization, gas-phase separation method, wherein analyte ions are sorted based on their size,
charge and shape. Isomers may differ in collisional cross section (CCS), and therefore ion
mobilities, depending on their gas-phase conformations. IMS analysis is generally faster
than LC and can be easily coupled to MS. Moreover, the CCS of an analyte ion is an
additional property which can be used for its identification.

Significant progress in GAG structural characterization has been made through the
development of electron activated dissociation (ExD) tandem MS (MS/MS) methods.36-42
In particular, electron detachment dissociation (EDD)37:38 and negative electron transfer
dissociation (NETD)3%42 are capable of generating extensive glycosidic and cross-ring
cleavages while preserving labile sulfate modifications in highly sulfated GAGs, thus
allowing sequence determination and sulfation site localization. Differentiation of C5
epimers, 1doA and GIcA (glucuronic acid), by EDD and NETD has also been demonstrated.
3643 EDD MS/MS has been used in conjunction with high-field asymmetric-waveform ion
mobility spectrometry (FAIMS) to separate and characterize epimeric HS tetrasaccharides.32
However, FAIMS does not provide CCS measurement, as it separates ions based on their
differential mobilities in strong and weak electric fields. The applications of FAIMS are
restricted by its relatively low sensitivity and limited peak capacity that result from diffusion
and harsh discrimination against high-mobility ions.*4

EDD and NETD MS/MS analyses are performed on a timescale longer than the conventional
drift-time IMS separation. It is possible to couple IMS separation with slower analysis
methods when the IMS device is used as a mobility filter.4>46 Trapped ion mobility
spectrometry (TIMS)47:48 offers high mobility resolution and ion transmission efficiency,
and has shown great promise in isomer separations.3-52 Successful coupling of TIMS to
Fourier-transform ion cyclotron resonance (FTICR) MS has been achieved under the
selected accumulation (SA)-TIMS mode, and applied to characterization of isomeric glycan
mixtures.>3 However, SA-TIMS requires extended ion storage time in the TIMS analyzer,
leading to significant ion heating and is therefore not suitable for analysis of labile
compounds or compounds whose conformers may interconvert during the storage time. Such
limitation may be overcome by gated-TIMS where ions of a given mobility are selected by
an electrical gate and accumulated in a low-pressure collision cell.>*55 Here, we present our
initial results on the gated-TIMS coupling to NETD MS/MS and demonstrate its utility for
characterization and quantification of isomeric Hep/HS oligosaccharides.
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EXPERIMENTAL SECTION

Materials

GAG standards, GIcA-GIcNAc6S-1doA-GIctNAC6S-(CH3)s-NH, (Compound 1), GIcA-
GIcNACc-1doA2S-GIcNAC6S-(CH5)s-NH, (Compound 2), GIcA-GICNS6S-GIcA-
GIcNS3S6S-GlcA-GIcNS6S-(CH5)5-NHy (Compound 3), GIcA-GIcNS6S-GIcA-
GIcNS3S6S-1doA-GIcNS6S-(CH5)5-NH, (Compound 4), and GICA-GIcNS6S-GIcA-
GIcNS6S-1doA2S-GIcNS6S-(CH5)s-NH, (Compound 5) were synthesized by the Boons
group at the University of Georgia as described previously; their structures and symbol
nomenclature for glycans (SNFG) representations are shown in Supplementary Figure S1.
All GAG standards were alkylated at the reducing end via an a-linkage, to facilitate
fragment assignment and eliminate anomerism-induced conformational heterogeneity. All
other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Gated-TIMS-MS and Gated-TIMS-NETD MS/MS Analyses

All experiments were carried out on a Bruker 12-T solariX FTICR mass spectrometer
equipped with a prototype TIMS device (Bruker Daltonics, Billerica, MA). GAGs were
dissolved in 75:25 water:acetonitrile with 0.1% formic acid to a concentration of around 5
pmol/uL except for the quantitative analysis, where Compounds 3 and 4 were mixed at ratios
of 20:1, 10:1, 2:1, 1:1, 1:2, 1:10, and 1:20, respectively, with concentrations ranging from 5
to 100 pmol/uL. Around 5 pL of sample was loaded into a pulled glass capillary tip with a 1-
um orifice diameter, and introduced into the mass spectrometer via static nano-electrospray.
The schematic of the TIMS device and the principle of the gated-TIMS operation were
described in detail previously.>* Briefly, ions entering the TIMS funnel were trapped radially
by an RF potential (190 Vgp), and axially by an electric field gradient (EFG) at positions
where their drift velocity equals the carrier gas flow velocity. Following a 9-ms trapping
event, the strength of the axial electric field was gradually decreased by ramping the TIMS
analyzer entrance potential from 250 V to —50 V to allow elution of ions in the order of
ascending mobilities. A downstream ion gate was pulsed open to allow only ions of selected
mobility to pass through and be accumulated in the collision cell. For MS/MS analysis, ions
of a given mobility were mass selected by a quadrupole before entering the collision cell.
The drift gas (nitrogen) pressure was regulated between 2.5 and 2.7 mbar, depending on the
mobility resolution needed. A mixture of perfluoroalkyl phosphazine standards (Agilent
Technologies, Santa Clara, CA, USA) was used to generate the mobility calibration curve
for CCS calculation. For NETD experiments, fluoranthene cation radicals were generated by
a chemical ionization source with argon as the buffer gas. A reagent accumulation time of
200 to 500 ms and a reaction time of 50 to 100 ms were typically used.

Data Analysis

All spectra were processed by DataAnalysis 4.4 (Bruker, Bremen, Germany), and interpreted
manually assisted by GlycoWorkbench.5” Fragments were annotated according to the
Domon and Costello nomenclature.>8
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RESULTS AND DISCUSSION

Reduced ion heating during gated-TIMS analysis

TIMS is commercially available only on time-of-flight MS instruments, as separation occurs
on the millisecond timescale thus is more easily coupled to a fast mass analyzer. TIMS
coupling to slower analysis methods, such as ExD-FTICR MS/MS, was first accomplished
by modifying the axial EFG profile to include an electric field plateau for selective
accumulation of ions with the desired mobility inside the TIMS tunnel, as implemented in
SA-TIMS.53 However, prolonged ion accumulation during SA-TIMS (hundreds of
milliseconds) can result in the radial ion cloud expansion and multipole storage assisted
dissociation (MSAD) that has been investigated by the groups of Hakansson and Hofstadler.
59-61 |n contrast, gated-TIMS involves a short ion accumulation time in the TIMS tunnel
(around 10 ms), and multiple collision cell fills are used to increase the abundance of ions of
the desired mobility and to match the timescale of FTICR MS analysis. The collision cell
has a much higher space charge capacity and lower gas pressure (~10~2 mbar), and,
consequently, ion storage here minimizes MSAD. Suppression of lower-abundance ions of
interest in the collision cell is not an issue following mobility selection and m/Z filtering.

The advantage of gated-TIMS over SA-TIMS for analysis of labile compounds is illustrated
in Figure 1 and Supplementary Figure S2, showing the influence of the TIMS accumulation
time on the extent of sulfo losses from a highly sulfated HS hexasaccharide (Compound 3).
Although extensive sulfo losses were observed when the TIMS accumulation time exceeded
100 ms (Figure 1d, e), sulfo loss was negligible with a 10-ms TIMS accumulation time even
after 600 cycles of collision cell fills (Figure 1f). It appears that the sulfo losses that did
occur took place primarily inside the TIMS tunnel, as the majority of sulfo-loss fragment
ions did not co-elute with the precursor (Figure S2c, d, bottom panels). Multiple peaks
observed in the extracted ion mobiligrams (EIMs) of fragments may have resulted from loss
of sulfo group(s) from different sulfation sites, and/or the presence of multiple conformers.
Another advantage of gated-TIMS is that the reduced ion storage time minimizes
conformational changes. Conformational heating at longer fill/trap times was previously
reported for TIMS-TOF MS analysis of ubiquitin ions.52 Whereas a single peak existed in
the EIMs of the [M-3H]3~ species (eluting at 108 V) when the TIMS accumulation time was
10 ms, a second peak with a higher CCS was observed at 110 V when the accumulation time
exceeded 50 ms, likely due to heating and unfolding (Supplementary Figure S2, top panel).
Thus, gated-TIMS is well-suited for analysis of highly sulfated GAGs, as it preserves labile
modifications and minimizes conformational heterogeneity.

Separation of GAG isomers by gated-TIMS

Apart from facile sulfo losses, challenges in MS analysis of GAGs may also arise due to the
presence of precursor ions in a range of charge states and cation-adducted forms.
Distribution of analytes into multiple species dilutes the signal and complicates the MS
analysis. Ammonium adduction is very common in LC-MS analysis of GAGs because of the
use of ammonium salt in the elution buffer. In contrast, for IM-MS analysis with direct
infusion, the ionization conditions, including the pH and composition of the ESI solution,
can be easily manipulated to control the charge state distribution and cation adduction.
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Supplementary Figure S3 shows that the addition of 0.1% formic acid significantly reduced
cation adduction. The analyte charge states also affect the performance of mobility
separation and the NETD spectral quality. Though the NETD efficiency increases with the
precursor ion charge state, GAG isomers in higher charge states tend to produce more
extended and thus similar gas-phase structures that are difficult to resolve by IMS. Rapid
survey scans at relatively low mobility resolution may be first performed to identify the best
conditions for separation of isomeric structures. The instrument parameters can then be
tuned for higher-resolution scans within targeted mobility ranges. Typical gated-TIMS
operating parameters are summarized in Supplementary Table S1.

Survey scans of Compounds 1 and 2 (Supplementary Figure S4) suggested that these two
tetrasaccharide (dp4) isomers with a moderate degree of sulfation may be resolved in both 2-
and 3- charge states. A high-resolution scan was then performed for the 3- charge state
because of its potential to generate more informative NETD spectra. Baseline resolution was
achieved for this pair of isomers that differ by the location of one sulfo group (Figure 2a).
Likewise, three hexasaccharide (dp6) isomers with a high degree of sulfation, differing in
either the location of one sulfo group (Compounds 4 and 5) or the epimeric configuration of
a single uronic acid residue (Compounds 3 and 4), were fully resolved in the 3- charge state
(Figure 2b). In contrast, higher charge states (4- and 5-) of these dp6 isomers have similar
mobilities and cannot be fully resolved (Supplementary Figure S5).

The x-axis of the EIMs shown displays the elution voltage, or the potential drop across the
TIMS analyzer (AV'= Viynner— Vexit funnel), at the time of elution. The CCS value of each
compound (Figure 2, bottom panel) could be calculated based on its elution voltage using a
calibration curve established with a series of compounds of known mobilities.#” The CCS of
an analyte is a fixed value when measured under the same conditions, and can be stored in a
database for future reference. Here, the high mobility resolving power offered by gated-
TIMS was essential for resolution of isomers with CCS values differing by as little as 2%.
Note that the elution voltages of some isomers, when analyzed in the mixture, were slightly
different from their respective elution voltages, when analyzed individually. These small
shifts likely resulted from the run-to-run pressure fluctuation inside the TIMS tunnel, but
were generally less than 0.5%.

Gated-TIMS NETD MS/MS analysis of dp4 isomers

Unlike SA-TIMS, ions of the desired mobility occupy only a small section of the mobility
analyzer during the gated-TIMS operation.

External accumulation of ions of interest via multiple collision cell fills may be performed to
increase the ion abundance for effective ExD analysis. The impact of multiple fill cycles on
the analysis speed can be minimized with accumulation during detection (ADD), where ion
accumulation is performed in parallel with MS analysis of the previous ion packet in the
ICR cell. In the analyses whose results are shown here, 600 to 900 fill cycles were used prior
to NETD. For structural characterization, each mobility- and mass-selected isomer was
subjected to NETD in the collision cell.

Anal Chem. Author manuscript; available in PMC 2020 February 19.
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Figure 3 shows the NETD tandem mass spectra of the two TIMS-isolated dp4 isomers, and
their fragmentation patterns are shown in Supplementary Figure S6. Peak assignment was
facilitated by the high-mass accuracy FTICR MS measurement and the presence of the
reducing-end amionpentyl group. Lists of all assigned fragments can be found in
Supplementary Tables S2 and S3. NETD generated many glycosidic and cross-ring
fragments without sulfo losses, including several fragment ions unique to each isomer
(highlighted in color). In both spectra, the presence of Y7 and Z; ions containing one sulfo
group may be used to assign one sulfation site to the reducing-end GIcNAc residue. The
second sulfation site may be localized to the internal GIcNAc residue for isomer 1, based on
the mass difference between its Y32 (or Z3%") fragment ion (with 2S) and Y (or Z)
fragment ion (with 1S) (Figure 3a), and to the internal 1doA residue for isomer 2, based on
the mass difference between its C, (with no S) and C3-2H (with 1S) ions (Figure 3b). The
sulfation site at the terminal GIcNAc residue can be defined at the 6- O position in each
isomer, based on the observation of a 3:5A4 ion with two sulfo groups; likewise, the second
sulfo group in isomer 1 can be assigned to the 6- O position of the internal GICNACc residue,
based on the presence of a 35A, ion with one sulfo group. Definitive evidence for the exact
location of the sulfo group on the IdoA residue of isomer 2 is not present in the spectrum
shown here, but this sulfo group is presumed to be located at the 2- O position based on
known biosynthetic pathways. Thus, peaks 1 and 2 in the EIM of the dp4 mixture can be
assigned to Compounds 1 and 2, respectively.

Gated-TIMS NETD MS/MS analysis of highly sulfated dp6 isomers

Characterization of the dp6 mixture presents a bigger challenge. First, it is difficult to
achieve complete deprotonation on these highly sulfated compounds, with the result that
proton-mediated facile sulfo losses can occur easily during ionization, mobility analysis, and
ion transfer. Second, the presence of many sulfate and carboxyl groups resulted in a broad
charge state distribution and the formation of many sodiated and ammonium-adducted
forms. This complicates subsequent MS/MS analyses. Third, although it is preferable to
characterize precursor ions in higher charges states due to their higher NETD efficiency,
these dp6 isomers could not be fully resolved in 4- and 5- charge states (Figure S2). To
overcome these challenges, the instrument parameters and the ESI solvent composition had
to be optimized to minimize cation adduction (Figure S3) and sulfo losses and then the 3-
charge state was chosen for NETD analysis, as all three isomers could be mobility resolved
in this charge state.

The NETD spectra of the mobility-selected dp6 isomers are shown in Figure 4a-c, and their
fragmentation patterns are shown in Supplementary Figure S7. Lists of all assigned
fragments can be found in Supplementary Tables S4-S6. In the NETD spectra of peaks 1 and
2 (Figure 4a, b), the Y5 ions contain only two sulfate groups. This, along with the presence
of Y3 and Z3 ions with five sulfate groups, suggests that the second GIcN residue is fully
sulfated. In contrast, in the NETD spectrum of peak 3 (Figure 4c), the mass difference
between its Y1 (with 2 S) and Y, (with 3 S) ions indicates that the HexA residue near the
reducing end is singly sulfated, agreeing with the structure of Compound 5. This assignment
is confirmed by the presence of high-abundance Z,-COOH, and 1:°X; ions with three sulfate
groups, and a Bs2" fragment with five sulfate groups. Thus, it is relatively easy to distinguish
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the sulfation positional isomer, Compound 5 from Compounds 3/4, based on their NETD
spectra.

Distinction between the other two compounds, presumably the stereoisomeric Compounds 3
and 4, is more difficult. For both isomers, it is possible to locate all sulfation sites based on
the presence of complete series of glycosidic fragments, and 3°A and %2A ions at the first
and third GIcNAc residues (Figure S7). Although MS is often considered blind to chirality,
diastereomers, such as epimeric isomers, may sometimes be differentiated by MS/MS based
on unique fragmentation patterns associated with each stereochemical configuration.
36,38,63-65 Amster and coworkers showed that the C5 uronic acid stereochemistry near the
reducing end in HS tetrasaccharides may be determined by EDD MS/MS, based on the
differential ratio (DR), DR=log(1/3((3(B3,Y1,C2,Z2)/(3 (Y2,1°X5))), where a positive DR
value is associated with GIcA and a negative value with 1doA.3¢ Even though this strategy
cannot be directly applied to determine the epimeric configuration in the compounds studied
here, because of the difference in the chain length, charge state and the fragmentation
method employed, the DR value may still be used for differentiation. Here, the 1:°X, ions
are not observed, and the Y, ions have similar abundances, whereas fragments resulting
from glycosidic cleavages at the reducing end side of the epimeric center, namely, Y1, Z3,
Bs2", and Cs2" ions (labeled in green in Figure 4b) are about 2 to 5 times more abundant in
the NETD spectrum of peak 2 than in that of peak 1 (Figure S8). As peaks 2 and 1
correspond to GlcAs-containing Compound 3 and IdoAs-containing Compound 4,
respectively, based on the elution time observed for individual dp6 standards, it appears that
glycosidic cleavages on the reducing end side of GIcA, are more prevalent than those next to
IdoA. Moreover, the abundance of the cross-ring fragment, %2X,2", is eight times greater in
Figure 4b than in Figure 4a, suggesting that the epimeric configuration can influence
fragmentation distant from the stereochemical center, potentially providing additional
information for epimer differentiation. Thus, it is possible to assign these two stereoisomers
either by comparing their CCS values to those of the standards (Figure 2b) or by their NETD
fragmentation patterns. Here, gated-TIMS NETD MS/MS analysis provided both CCS
values and the fragmentation data to enable confident identification.

Relative quantification of isomers by gated-TIMS FTICR MS

Characterization of a highly heterogeneous GAG mixture via a bottom-up approach requires
not only identification of oligosaccharides present in its digest, but also their relative
quantification. However, highly sulfated GAG isomers are difficult to resolve
chromatographically, and facile sulfo losses further complicate the analysis. We showed
earlier that gated-TIMS could resolve highly sulfated Hep/HS isomers with negligible sulfo
losses. Here, two stereoisomers, Compounds 3 and 4, were mixed at ratios ranging from
20:1 to 1:20 and subjected to nanoESI-gated-TIMS FTICR MS analysis. With a mobility
resolution of around 200, these two compounds were baseline resolved in the 3- charge state.
Figure 5 shows that the peak area ratio, A3/(A3+A4), scales linearly with the fraction of
Compound 3 in the mixture, C3/(C3+C4), thus demonstrating the feasibility of using gated-
TIMS MS for relative quantification of GAG isomers. In conjunction with the NETD
MS/MS analysis, it is now possible to achieve both identification and quantification of
highly sulfated GAG isomers.
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CONCLUSIONS

To meet the challenges of GAG analysis, a high-resolution ion mobility separation
technique, gated-TIMS, was integrated with NETD, a dissociation method that preserves
labile modifications, and high mass resolution FTICR MS, for characterization of highly
sulfated GAG isomers. Compared with SA-TIMS, gated-TIMS showed superior
performance in preserving the labile sulfo groups, while retaining the ability to resolve
isomeric structures, and was also compatibile with FTICR analysis. Synthetic dp4 and dp6
standards, including sulfation positional isomers and IdoA/GIcA stereoisomers, could be
baseline resolved by gated-TIMS, and their CCS values could be measured and stored for
future reference. Online gated-TIMS NETD MS/MS generated extensive fragmentation with
a high degree of sulfo retention for detailed structural characterization, along with many
diagnostic fragments for isomer differentiation. Relative quantification of highly sulfated
Hep/HS isomers was demonstrated for the first time, aided by the high mobility resolution
and the soft analysis conditions of gated-TIMS-NETD MS/MS. Coupling of gated-TIMS
with NETD MS/MS appears to be a powerful tool for qualitative and quantitative analysis of
highly sulfated GAGs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Mass spectra of Compound 3 acquired in the transmission mode (TIMS off); (b-f)
averaged mass spectra of Compound 3 acquired with different TIMS accumulation times
and number of collision cell fills.
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Figure 2.
Gated-TIMS separation of two sets of dp4 and dp6 isomers. (a) EIMs ([M-3H]37) of

Compound 1 (blue trace), Compound 2 (red trace), and their mixture (black trace); (b) EIMs
([M-3H]3") of Compound 3 (blue trace), Compound 4 (green trace), Compound 5 (red
trace), and their mixture (black trace). Averaged CCS values of each compound from three
measurements are listed with their standard deviations below the EIMs. R = C5H1oNH>.
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Figure 3.
Gated-TIMS NETD MS/MS analysis of a mixture of Compounds 1 and 2 in the 3- charge
state. (a) and (b) are the NETD spectra of peak 1 and peak 2, respectively, in Figure 2a.

Asterisks mark the electronic noise. Measured m/z values for assigned peaks are shown in
Supplementary Tables S2 and S3. R = CsH1gNH>.
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Figure 4.

Gated-TIMS NETD MS/MS analysis of a mixture of Compounds 3, 4 and 5 in the 3- charge
state. (a-c) NETD spectra of peaks 1, 2, and 3, respectively, in Figure 2b. Sulfo losses are
labeled as S, fluoranthene adducts are indicated by +F, and the loss of the aminopenty!l
group is marked by —R. Measured m/z values for assigned peaks are shown in

Supplementary Tables S4 — S6.
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Figure5.
Relative quantification of two dp6 stereocisomers. The peak area ratio, A3/(A3+A4), was

averaged over three technical replicates, and plotted against the ratio of the concentration of
Compound 3 over the total concentration, C3/(C3+C4). Error bars show the standard
deviations of three measurements (generally less than 2%). Data used to generate this plot
can be found in Supplementary Table S7. R = CsH1gNH>.

T T T T

Anal Chem. Author manuscript; available in PMC 2020 February 19.



	Abstract
	Graphical abstract
	EXPERIMENTAL SECTION
	Materials
	Gated-TIMS-MS and Gated-TIMS-NETD MS/MS Analyses
	Data Analysis

	RESULTS AND DISCUSSION
	Reduced ion heating during gated-TIMS analysis
	Separation of GAG isomers by gated-TIMS
	Gated-TIMS NETD MS/MS analysis of dp4 isomers
	Gated-TIMS NETD MS/MS analysis of highly sulfated dp6 isomers
	Relative quantification of isomers by gated-TIMS FTICR MS

	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

