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To map the cellular topography of the rare 3-O-sulfated structural
motif of heparan sulfate (HS), we constructed quantum dot-based
probes for antithrombin and FGF2, which reveal widely different
distribution of the targeted HS motifs. The technology helps show
that old and young aortic endothelia display widely different levels
of the antithrombin-binding 3-O-sulfated HS motif.

Heparan sulfate proteoglycans (HSPGs), such as syndecans and
glypicans, are present on virtually all mammalian cell surfaces and
modulate a number of processes such as growth, differentiation
and morphogenesis." The glycosaminoglycan (GAG) component
of HSPGs is heparan sulfate (HS), a polysaccharide of alternating
glucosamine and uronic acid residuesi that are not uniformly
sulfated resulting in a diverse array of structural and conforma-
tional microdomains within the same chain. The diversity of
microdomains results in a diversity of biological functions, owing
to direct engagement of proteins such as plasma proteins, extra-
cellular matrix (ECM) proteins and cell surface receptors. Classic
examples of this include the HS-antithrombin (AT)>™ and HS-
fibroblast growth factor 2 (FGF2)°>™® systems that have yielded key
insights into recognition and regulation by GAGs. Human plasma
AT binds tightly to a rare 3-O-sulfated pentasaccharide motif in
HS,>* whereas FGF2 is known to bind to common tetrasaccharide
motifs in HS®® with good affinity (Fig. 1).

The rare 3-O-sulfate (3-OS) group of HS is introduced by one
of the six human 3-O-sulfotransferases (30STs), which possess
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differing substrate specificities, thereby generating different 3-O-
sulfated microdomains in HS.>° Interestingly, 3-O-sulfation of
HS chains is tissue-type dependent, e.g., endothelial cells have
approximately one 3-OS group per 100 HS disaccharides,
whereas follicular fluid has nearly six and Reichert’s basement
membrane contains five to ten 3-OS groups.'®™* Yet, are these
3-0S groups uniformly distributed or are they present in select
locales in vivo remains unknown. Considering that growing
evidence suggests spatial and temporal regulation of enzymes
involved in HS biosynthesis,">'* it is critical to develop readily
applicable tools to help elucidate topography of HS, especially
for rare structural motifs.

Although several probes for spatio-temporal visualization of
DNA, mRNA and proteins have been developed,'>™” probes for
monitoring spatiotemporal changes in GAGs remain limited.
Few examples known in the literature relate to tracking pro-
teins, such as HIT-1 Tat or HSV gB, surfing over HSPGs'®'? or
tracking common HS motifs through the use of antibodies.*®
Likewise, a radioactive probe (**’I-AT) has also been explored
for imaging HS too with limited applicability.”* Most impor-
tantly, none of these probes offer insight into spatio-temporal
topography of rare and specific HS sequences. This is critical
for elucidating fundamental biochemical principles that regu-
late HS biosynthesis as well as for deciphering spatio-temporal
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Fig. 1 Structures of the rare 3-O-sulfated motif binding to antithrombin
and the common tetrasaccharide motif binding to FGF2.
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Fig. 2 Quantum dot (QD) bioconjugation of antithrombin (AT) or fibro-
blast growth factor2 (FGF2). (A) QD-NH2 was first modified with a bifunc-
tional tether to attach a Michael acceptor (maleimide) and then reacted
with the protein in the presence of Cys to form disulphide bridged QD-AT
or QD-FGF2 probes. (B) The synthesis of the probes was confirmed
through 1% agarose gel electrophoresis, which showed faster moving
labelled complex than the unlabelled QDs.

changes in sequence composition in vivo, which could help
pinpoint strategies for addressing novel therapeutics.

Here, we report the construction of a quantum dot (QD)-based
fluorescent probe that reveals the spatio-temporal topography of a
rare HS motif. The QD-based probes are non-radioactive, photo-
stable, highly sensitive (10-100-fold more than Alexa Fluor dyes),
compatible with both optical and electron microscopy, and very
useful for cell and in vivo imaging.'”?> We show that this readily-
applicable QD-based technology can dramatically enhance the
precision of localization of rare motifs present in HSPGs on cell
surfaces.

We synthesized two QD-based probes to visualize, compare
and quantify the topography of rare and common HS motifs
(Fig. 2). The first probe targeted the specific 3-O-sulfated penta-
saccharide motif, which binds human plasma AT with high
affinity, whereas an analogous QD-conjugated FGF2 probe asses-
sed the common tetrasaccharide sequences of HS. Because neither
AT nor FGF2 possess a free cysteine, we utilized a cysteine (or TCEP)
reduction methodology to release -SH groups for bioconjugation
with QDs (see Fig. S1, ESIt for mechanism), thereby ascertaining
minimal alteration of HS recognition. In fact, fluorescence titrations
with the high-affinity heparin pentasaccharide (H5) showed a Ky, of
38 nM for the QD-AT:H5 complex, which was similar to that of the
AT:H5 complex (~10 nM) under comparable conditions at pH 7.4,
10.85 and 25 °C (Fig. S3, ESIT).>> We also measured a stoichiometry
of nearly two AT molecules per every QD molecule (Fig. S4, ESIT),
which explains the significant difference in molecular size between
native and conjugated QD species (Fig. 2B).

The specificity of the QD-AT probe was first assessed in wild-type
Chinese hamster ovary (CHO-K1) cells that do not express 3-OST-1
enzyme, which results in cell surface HSPGs that are devoid of 3-OS
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motifs. No QD-AT fluorescence (Agy = 655 nm) was observed for
these cells (Fig. 3A). In contrast, treatment of the CHO-K1 cells
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Fig. 3 Fluorescence imaging of the rare 3-O-sulfated HS motifs (lgm =
655 nm for QD-AT (red); Zgm = 519 nm for anti-HS (10E4) antibody (green),
and Agm = 461 nm for DAPI (blue)). (A) CHO-K1 cells lacking 3-OST-1
expression (top); with 3-OST-1 and PAPS (middle); and cells with 3-OST-1
and PAPS, followed by heparitinases (bottom). Arrows mark the QD-AT
probe on CHO-K1 cell surface. Scale bar = 10 um. (B) Corresponding
experiments using bovine lung microvasculature cells (BLMVECs). (C) and
(D) Pooled intensities quantified from panels A and B, respectively (N = 4).
Statistical significance using student’s t test.
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with 3-OST-1 enzyme in the presence of the sulfate donor PAPS
(3’-phosphoadenosine-5"-phosphosulfate), which is known to gen-
erate 3-OS motifs on cell surface HSPGs,?**” resulted in ~ 614-fold
increase in the QD-AT fluorescence (p = 0.0008) (Fig. 3C).

Interestingly, the new motifs formed by 3-OST1/PAPS were
bundled at specific loci on the CHO-K1 cells. Recent results show
that 3-OST-1 recognizes substrate sequences very selectively,’
which is one of the major causes behind the rarity of this 3-OS
structural motif. Further, the QD-AT-labelled HS subpopulation
also overlapped with 10E4, an anti-HS epitope antibody that does
not recognize any other GAGs, supporting the location of 3-OS
motifs within HS chains. Finally, treatment of cells with a
cocktail of heparitinases (Hep I, II and III), which degrade HS,
resulted in a precipitous loss of the QD-AT signal (Fig. 3A).

Following validation in the 3-OST-1 lacking cell line (CHO-K1),
we studied wild-type bovine lung microvasculature endothelial
cells (BLMVECSs). We observed occasional labelling of BLMVECs
(Fig. 3B) with <1% 3-OS motifs present on these cells, as
documented in the literature.'"" A 17-fold rise in 3-OS labelling
was observed with 3-OST-1 modification (p = 0.0042) (Fig. 3D).
Once again, the newly introduced 3-OS motifs were localized in
clusters on BLMVECs. Finally, the removal of HS chains from cell
surface HSPG with heparitinase treatment ablated QD-AT fluores-
cence signals by ~22-fold (p = 0.0072). This deduction was also
supported by a similar reduction in signal from anti-HS antibody
(10E4) (see Fig. S5, ESIT).

Next, we used the QD-FGF2 probe to visualize the common
and ubiquitous tetrasaccharide motif on CHO-K1 cells and
BLMVECs (Fig. S6, ESIf). Both cell types, when treated with
QD-FGF2 probe, revealed a ubiquitous expression of the com-
mon tetrasaccharide motif all over the cell surface. As expected,
the 3-OST-1/PAPS introduction hardly changed the QD-FGF2
signal suggesting that the 3-OS groups do not impact FGF2
recognition (Fig. S6, ESIt). In contrast, heparitinase cocktail
treatment ablated probe fluorescence for both cell types. Thus,
the QD-FGF2 probe demonstrates a completely distinct ability
to visualize HS motifs from the QD-AT probe.

The ability to visualize and quantify rare 3-OS motifs on cell
surfaces led to the question whether the QD-AT probe would
help visualize in vivo temporal changes, if any, of this rare
population of HS motifs. We selected two C57BL/6 mouse
groups, a two-weeks and a six-months old group (N = 3 each),
which would correspond to ~2-6§ and ~20-69 human years,§
respectively.”® We sought to visualize changes arising from
aging, if any, in the distribution and abundance of 3-OS motifs
on the aorta and vasa vasorum, which deliver nutrients to the
walls of blood vessels.>” The aortas of each animal groups were
surgically removed and divided into two treatment cohorts — QD-
AT treatment and heparitinase followed by QD-AT treatment (see
ESIt). Fig. 4 shows representative results for the two groups and
four cohorts. The six-months old group showed a 79-fold less
fluorescence of the QD-AT probe in comparison to the two-weeks
old group (p < 0.0001). When treated with the heparitinase
cocktail, a dramatic reduction in fluorescence intensities for
both groups was observed, as expected. The loss in QD-AT
fluorescence highlights the significant difference in the levels
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Fig. 4 C57BL/6 mouse aorta fluorescence imaging of the rare 3-OS HS
motifs (Alem = 655 nm for QD-AT (red) and Agm = 461 nm for DAPI (blue)).
(A) The aorta of young animals (<2 weeks) were compared with those from
(B) older animals (>6 months). (C) Intensities derived from a set of three
animals (N = 3) and four different 20x cryo-section images. Statistical
significance was calculated using student's t test. Scale bar = 100 um for
20x; 50 pm for 60x.

of 3-OS motifs present on HSPGs lining the aortic and vasa
vasorum endothelium as a function of age.

The high fidelity of QD-AT fluorescence quantitation also
pointed to that possible difference in level of heparitinase action
on the ECM of a formative young aorta versus the older aorta.
Whereas heparitinase essentially eliminated QD-AT fluorescence
in the young animal, some 3-OS motifs appeared to persist for
the older aorta. It is possible that the extracellular matrix (ECM)
architecture of the young and old aortic tissue differ. In fact,

Chem. Commun., 2020, 56, 1442314426 | 14425
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ECM stiffens with age,**>°
of heparitinases.

Overall, we have demonstrated that using simple chemistry
and QD-based imaging technology, it is possible to visualize the
location as well as quantify the levels of rare 3-OS motifs of HS at
cell surfaces. Our work elegantly shows that the technique is
specific and robust for evaluating samples from live animals.

Our work also highlights two highly interesting biological
results that will require further studies. (1) The 3-OS motifs
were localized in distinct clusters on both CHO-K1 cells as well
as BLMVECs. Although noted earlier," it would be important to
assess its generality across a range of cells, especially from
different organs. This observation could have major bearing on
the selectivity, regulation and outcome of HS biosynthesis."**?
(2) The 3-OS motifs were quantitatively down regulated in aged
animals as compared to younger animals. It is well-known that the
incidences of thrombosis and coronary arterial disease increase
with aging.***' The underlying causes for these are many;*"*? yet,
this study presents a new possibility. The reduction in AT-binding
3-0S motifs may reduce the anti-coagulation potential of the cell
surface, thereby contributing to pro-thrombotic risk. Although
much experimentation would be needed to test this hypothesis,
our work demonstrates for the first time that the QD-based probes
should be extremely useful in identifying dynamic changes in HS
motifs arising from aging. This could have significant impact on
diseases associated with 3-OS motifs such as thrombosis and
neurodegeneration.*

Finally, the QD-based technology could visualize majority of
rare HS motifs for which proteins are known to exhibit high
selectivity, e.g., heparin cofactor I1.>* Considering that a large
number of proteins could bind HS selectively,”> QD-based
probes should find use in elucidating the spatio-temporal
dynamics of distinct HS motifs in vivo.

which may impede enzymatic action
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§ Mice and humans have different rates of changes in different meta-
bolic processes, which have been used to calculate an estimate of
variation in correspondence between mouse and human years.
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