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We present a novel one-step methodology for direct mass spectro-
metric characterization of sulfated non-saccharide glycosamino-
glycan mimetics in their sodiated form using the high reactivity of
trifluorodiazoethane to form hydrophobic and chemically stable
esters that facilitates separation and detection in a liquid chroma-
tography—mass spectrometry system. The methodology preserves all
sulfates present in the parent molecule, thereby allowing for accurate
mass characterization of the per-sulfated molecule.

Glycosaminoglycans (GAGs) are highly heterogeneous and
polydisperse natural products that are composed of variably
sulfated, repeating disaccharide units. GAGs are ubiquitous in
mammalian tissues and play essential roles in a variety of bio-
logical functions, including cell signaling, blood coagulation,
and maintenance of the extracellular matrix." Owing to their
diverse functions, specific GAG-like sequences possess high
therapeutic value.>* Unfortunately, the highly sulfated structure
of these sequences presents major challenges for synthesis and
structural characterization,>® two critical components in the
development of small molecule drugs.

To address these challenges, non-saccharide GAG mimetics
(NSGMs) have been developed. Whereas GAGs have a glycan
scaffold, NSGMs are based on an aromatic scaffold, which
affords synthetic ease and homogeneity.” The mimicking
capability of NSGMs arise from the presence of multiple sulfate
groups on an aromatic scaffold, which induces binding to GAG-
binding domains present on proteins with concomitant GAG-
like biological effects. The NSGM technology has now affor-
ded highly promising agents including anti-cancer stem cell
(CsQ), anti-thrombotic, and anti-inflammatory agents.**° One
anti-CSC agent, labelled G2.2 (Fig. 1), is particularly promising
and has been shown to be a structural and functional mimetic
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of heparan sulfate hexasaccharide (Fig. S1). G2.2 has been
shown to selectively inhibit CSCs and prevent cancer progres-
sion in small rodents with minimal cellular or organ toxicity."*

The high promise of distinct NSGMs necessitates detailed
structural characterization in their development as putative drugs.
Unfortunately, sulfate groups are highly labile under mass spec-
trometric conditions, which complicate accurate mass elucida-
tion, especially of the per-sulfated species.”"* Several strategies
have been explored to mitigate such sulfate losses including soft
ionization techniques* and chemical derivatization of sulfate
groups to more stable functional groups.*

In one approach, sharpe and co-workers converted sulfate
groups to acetyl groups that are not lost under MS conditions
and also improve chromatographic resolution. However, this
method involves multiple low-yielding chemical steps, which
limit its applicability.'® Related strategies, such as conversion to
alkyl or aryl sulfate esters, have also shown better ionization
efficiency and chromatographic retention. For example, neo-
pentyl, trichloroethyl or trifluoroethyl groups have been
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Fig.1 One-step chemical derivatization of sulfated NSGM G2.2 using
2,2,2-trifluorodiazoethane (TFD).
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introduced to improve volatility, hydrophobicity and stability of
sulfonate esters."”

2,2,2-Trifluorodiazoethane (TFD) has been proven to be
a valuable reagent for both academic and industrial research.'®
It was first discovered for sulfonic acid protection' and later
implemented for protecting sulfate groups in carbohydrates
that can be deprotected under basic conditions.*® Linhardt et al.
used TFD in the synthesis of sulfated building blocks of GAG.*
Here, the triethylammonium salts of sulfated glucosamine and
galactosamine were treated with excess TFD to yield tri-
fluoroethylsulfate ester derivatives, which served as protected
intermediates.

Interestingly, natural GAGs exist in nature in their sodiated
form. Although mass spectrometry of sodium salts of natural
GAGs is highly desirable, the application of TFD to enable MS of
sulfated GAGs in their sodiated state is unknown. Here, we report
the exploitation of the intrinsic reactivity of TFD to convert anionic
sulfate groups of NSGMs to their alkylated form, which signifi-
cantly enhances hydrophobicity, volatility and chemical stability,
thereby enabling chromatographic separation as well as detection
under mass spectrometric conditions. Our optimized protocol
preserves each sulfate group of the precursor allowing for accurate
mass determination. Our method offers a powerful tool for the
structural characterization of sulfated NSGMs and will also enable
high-resolution mass spectral characterization of natural sulfated
GAGs.

G2.2 contains two quercetin moieties each carrying four
sulfate groups at 3, 7, 3’ and 4’ positions (Fig. 1). It is synthe-
sized as a sodiated salt, which exists in the solid state at room
temperature. G2.2 Remains stable for days in both solid and
aqueous solution forms. In contrast, it rapidly loses one or more
sulfate groups under typical electrospray ionization (ESI) MS
conditions (Fig. S2).

To assess whether all sulfate groups of G2.2 can be fully
esterified, we first generated TFD in acetonitrile, as previously
reported,”?* and introduced solid G2.2 in the presence of
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Fig. 2 (A) Chromatogram of TFD-treated G2.2 with an inset showing
zoomed in version. (B) ESI-MS spectrum of the doubly sodiated adduct
of eG2.2, [M + 2Nal**.
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Fig. 3 (A) Chromatogram of TFD-treated G2.2. (B) HR-MS of a micro-
scale, worked-up, extract of G2.2—TFD reaction showing the pres-
ence of eG2.2 [M + Na]*. Partially esterified species containing 6 and 7
CH,CFz groups, suffering from in situ loss of two and one SOz groups,
respectively, were also observed. See Fig. S2 for detailed ESI-MS
detection of the range of partially esterified and desulfated species.

anhydrous citric acid at room temperature. Following a 24-hr
incubation, the LC profile of solution displayed multiple peaks
(Fig. 2A). ESI-MS analysis revealed that most hydrophobic peak,
eluting at 9.6 min, corresponded to the fully esterified G2.2
molecule, as evidenced by characteristic doubly charged species
[M + 2Na]** at m/z 991.25 (Fig. 2B). Other peaks of lower
hydrophobicities were found to correspond to partially esteri-
fied and/or desulfated species of G2.2 (Table S1 and Fig. S3).
The approximate yields of the species formed in the reaction,
i.e., peaks ‘a’ to J (Fig. 2A), were calculated to be 0.5-5.0%.
Alternatively, more than 85% of the starting material remained
intact, yet detectable due to the exquisite sensitivity of MS.

It is important to note that TFD is a highly reactive reagent
that may explosively release N, under certain conditions. We
did not experience any explosive incident in our work probably
because we generated TFD in situ from commercially available
chemicals under fairly dilute conditions.®

To assess whether the reaction can be driven in the direction
of the per-esterified eG2.2 only, we studied a range of factors
including (i) the need for citric acid as a proton donor, (ii) the
aqueous form of citric acid rather than its anhydrous solid
form, (iii) alternative proton donors, e.g., tetrafluoroboric acid
(HBF,), (iv) effect of temperature, and (iv) reactant loading
capacity. Absence of citric acid yielded no esterified species
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Fig. 4 Structures of library of NSGMs studied.
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Table1 HR-MS of NSGMs
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SL. no Compound Calculated mass (+adduct) Experimental mass (error in ppm)
1 eG2.2 1962.7847 (+Na) 1962.7371 (24.3)
2 eG2C 2213.1953 (+Na) 2213.1658 (13.3)
3 eG5C 2233.2603 (+H) 2233.2895 (13.1)
4 eG8C 2275.3072 (+H) 2275.3127 (2.4)
5 eMQD1 2008.8653 (+H) 2008.8786 (6.6)
6 eMQD2C 2259.2759 (+H) 2259.2155 (26.7)
7 eMQD15C 2301.3229 (+H) 2301.3365 (5.9)
8 eMQD18C 2365.3518 (+Na) 2365.3424 (4.0)

confirming that a proton donor is essential. Likewise, aqueous
citric acid resulted in no observable product, even after 24
hours, perhaps because water degrades electrophilic diazo
intermediates.>® We reasoned that HBF,, a stronger acid, may
serve as a more effective proton donor.* Indeed, partially
esterified species were observed as early as 5 minutes into the
reaction (not shown). However, only 5% of the product was per-
esterified eG2.2; perhaps the acidity of HBF, was too high. We
raised the reaction temperature to 37 °C and observed an
increased conversion (14%) to eG2.2. However, the higher
temperature also encouraged desulfation. In addition, some
etherification of the desulfated phenols was observed.

Failure to identify better proton donors and incubation
temperature led us to develop an operationally simple, mild,
relatively short, and safe protocol with solid citric acid and
ethereal TFD. The need for solid forms of both citric acid and
G2.2 suggested that the esterification occurs at solid-liquid
interface (Fig. S4). In this heterogeneous environment, proton
transfer from the citric acid to TFD, which is necessary for the
generation of the reactive, transient diazonium intermediate, is
likely to be conversion determining factor. To test this, we
varied amounts of the two species aided by sufficient homoge-
nization. Upon steadily increasing the G2.2 amounts from 20 pg
to 400 pg, we found a maximal conversion efficiency of 52% at
100 pg (Fig. 3A and S5). This implies mass transfer effects
arising from a solid-liquid interfacial reaction. Upon a micro-
scale workup (see Methods), the presence of eG2.2 could be
rigorously identified in the extract using high-resolution-mass
spectrometry (HR-MS) (Fig. 3B), thereby confirming the pres-
ence of eight sulfate groups in G2.2.

The B-trifluoroethyl sulfate esterified G2.2, ie., eG2.2, di-
splayed excellent chemical and thermal stability. In contrast to
conventional sulfate esters bearing P-hydrogens, which are
known to undergo elimination or hydrolysis, trifluoroethyl
sulfate sulfates resist such degradation due to the absence of -
elimination pathways and the strong inductive effect of fluorine
atoms.” This stabilization improves their detectability in LC-
MS. Hence, the TFD-based protocol enabled detection and
structural analysis of sulfate-rich NSGMs by LC-MS and HR-MS,
whereby identifying the maximum number of sulfate groups
present on scaffold is achieved with high fidelity.

To assess whether this protocol can be implemented for
other NSGMs, we studied a group of lipid-conjugated sulfated
small molecules found to be highly promising inhibitors of
colorectal cancer (Fig. 4). The TFD-based one-step protocol
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could be easily implemented for each of these molecules con-
firming its wider applicability (Table 1 and Fig. S6-12).

This study has led to the development of a robust, reproducible
and effective one-step TFD-based chemical derivatization strategy
for identifying the maximal sulfation level of synthetic mimetic of
GAGs. The use of TFD for sulfoesterification remarkably enhances
the resolution and detectability of unique molecules by enhancing
their hydrophobicity, volatility and stability. This method
addresses a key structural challenge of highly sulfated small
molecules, ie., how do we know how many sulfate groups are
present on a scaffold considering their extreme hydrophilicity and
lability in —a mass spectrometer? similar problems also impede
detailed direct structural characterization of GAGs, especially at
microgram scales. It is likely that this method will greatly aid
developing a robust HR-MS approach for the sulfated GAGs, which
present a higher challenge in terms of heterogeneity and
polydispersity.
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