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Abstract

Metabolic oligosaccharide engineering (MOE) provides a method to install novel chemical
functional groups into the glycocalyx of living cells. In this paper we use this technology to
compare the impact of replacing natural sialic acid, GaINAc, and GIcNAc with their thiol-bearing
counterparts in Jurkat and HL-60 cells. When incubated in the presence of gold-coated nanofibers,
only Jurkat cells incubated with AcsManNTGc — an analogue that installs thiols into sialosides —
experienced a distinctive “spreading” morphology. The comparison of AcsManNTGc with
AcsGalNTGc and AcsGIcNTGc in the two cell lines implicated sialosides of N-linked glycans as
critical molecular mediators of the unusual responses evoked in the Jurkat line.
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This paper describes a step towards the characterization of an unusual morphological
response observed in Jurkat cells subject to metabolic oligosaccharide engineering (MOE)
when incubated on 3D scaffolds. MOE refers to a technique pioneered by the Reutter group
where analogues of N-acetyl-o-mannosamine (ManNAc) intercept the sialic acid
biosynthetic pathway and are presented on the cell surface as the corresponding non-natural
forms of neuraminic acid (NeuSAc).1: 2 The Bertozzi group extended MOE by including
functional groups not normally found in the glycocalyx — such as the ketone3 or azide? —
into analogue design. MOE offers intriguing biomedical opportunities; for example in
cancer treatment where non-natural N-propionyl or N-phenylacetyl derivatives of sialyl Tn
prime the immune system to eradicate tumors®: ® while analogues bearing bioorthogonal
functional groups can serve as a chemical handles for the delivery of a second
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chemotherapeutic agent.® In complementary efforts, we have developed short chain fatty
acid (SCFA) derivatized MOE analogues that have improved metabolic efficiency’ and
novel “whole molecule” anti-cancer activities.8-11

To facilitate the translation of potential MOE-based therapies from the bench to the bedside,
we are developing 3D cell culture models that have been advocated as superior to 2D culture
conditions for mimicking in vivo tumorigenicity, migration, and metastatic potential 12 13
To briefly describe a feature of 3D topography not seen under conventional culture
conditions, we recently showed that Jurkat cells — a T-lymphoma derived line that is
normally non-adhesive under conventional culture conditions — becomes adherent when
grown in the presence of electrospun polyethersulfone (PES) fibrous scaffolds that roughly
mimic the architecture of the extra-cellular matrix (Scheme 1A, panels (i) and (ii)). In
addition to this topography-driven gain of adhesion, when peracetylated N-thiolglycolyl-o-
mannosamine (AcsManNTGc) was used to endow cell surface sialic acids with thiol
groups, the cells gained a distinctive “spreading” morphology when grown on gold-coated
nanofibrous substrate (Fig. 1A, panel (iii)).1°

Rather remarkably, the blood cell-derived Jurkat cell line — when subjected to 3D
topographical cues provided by the microenvironment in combination with the
“glycoengineered” binding interface (i.e., the sialic acid presented thiols binding to the gold
surface) — began secreting ECM components (e.g., sulfated GAGs).15 In order to identify
specific molecules involved in mediating this cellular response, we designed the novel thiol-
bearing analogues AcsGalNTGc and AcsGIcNTGc (Scheme 1B) to target the N-acetyl-o-
galactosamine (GalNAc) and N-acetyl-o-glucosamine (GIcNAC) salvage pathways,
respectively. These experiments were intended to probe whether the presence of a chemical
tag located anywhere in a surface glycan could elicit the spreading phenomenon or whether
the response was unique to sialosides (as illustrated in Figure 1B). In addition, by comparing
two immune-derived cancer cell lines, T-lymphoma-derived Jurkat cells and HL-60 human
promyelocytic leukemia cells, we reasoned that insight could be gained into whether N-
glycans (which are primarily expressed by Jurkat cells'8: 17) or O-glycans (which are
prevalent in HL-60 cells) predominantly contributed to the unique “spreading” response
shown in Scheme 1A.

As an initial step in the evaluation of the thiolated hexosamine analogues AcsManNTGc,
Acs5GalNTGc, and AcsGIcNTGc (Scheme 1B), the metabolism of these analogs was
characterized in Jurkat and HL-60 cells in order to maximize presentation of cell surface
thiols (CSTs, shown in Figure 1C & D) while minimizing or avoiding cytotoxicity (Figure
1A & B). In both Jurkat and HL-60 cells, AcsManNTGc was a more potent analogue than
Acs5GalNTGce or AcsGIcNTGe, reaching maximal levels of CST expression at ~25 puM; at
higher concentrations the analogues were growth inhibitory (but not actually cytotoxic).
Accordingly, 25 pM AcsManNTGc was used in subsequent experiments. By contrast,
AcsGalNTGce showed only minor growth inhibition up to ~100 pM while maximizing CST
display in HL-60 cells (with close to maximal levels also occurring at this concentration in
Jurkat cells); accordingly, 100 pM AcsGalNTGc was used in subsequent experiments.
Unlike the other two analogues, AcsGIcNTGc did not increase CST levels above the ethanol
control (ethanol is the solvent vehicle in which the sugars were dissolved and all the
fluorescence intensities were normalized to this control) even at concentrations up to 200
MM (data not shown). This lack of surface expression is consistent with previous reports
which suggest N-modified GIcNAc analogues (e.g., Ac,GIcNAz in Jurkat cells18) are
partitioned into nucleocytosolic O-GIcNAc but not into surface-displayed N-glycans.

Once optimized conditions were determined for CST expression using AcsManNTGc and
AcsGalNTGec, quantification of cell attachment showed that these two analogues enhanced
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attachment to gold-coated nanofibers compared to AcsGIcNTGc-treated cells (results not
shown). These results are consistent with a lack of high affinity thiol-gold interactions
between the glycocalyx of the cells incubated with the GIcNAc analogue and the chemically
compatible growth substrate; AcsGICNTGc therefore was not used further in these
experiments. For AcsManNTGc- and AcsGalNTGc-treated cells that did display enhanced
levels of CSTs, the Jurkat line — which is rich in N-linked glycoproteins — displayed cell
spreading morphology that resembled basement membrane when treated with AcsManNTGc
but not with AcsGalNTGc (Figure 2). Conversely, the HL-60 cells, which are rich in O-
linked glycoproteins, showed no morphology change when treated with either
AcsManNTGc or AcsGalNTGe.

The results shown in Figure 2 implicate thiolated sialosides present in N-glycans is critical
for the spreading morphology observed in AcsManNTGc-treated Jurkat cells incubated on
gold coated nanofibers. To gain further support for the hypothesis that the basement
membrane-like morphology seen in these cells was induced by non-natural thiol-bearing
sialic acids borne by N-linked glycoproteins, we conducted a series of studies designed to
further modulate sialoside and CST expression in AcsManNTGc-treated cells and then
evaluated the response of these cells when grown on 3D gold-coated scaffolds. First,
because the extracellular milieu in tissue culture is slightly oxidizing, a large proportion of
the sialic acid displayed thiols form disulfide linkages.1® We therefore used tris(2-
carboxyethyl)phosphine hydrochloride (TCEP; a mild disulfide-reducing agent) to reduce
disulfides before the cells were cultured on gold coated PES nanofibers. In flow cytometry
assays (as described previouslyl# 19), TCEP treatment of AcsManNTGc-incubated cells
increased reagent-accessible CST levels from ~5.5 to 18-fold above background levels
(Figure 3A). When cells were treated with both AcsManNTGc and TCEP and then cultured
on gold-coated nanofibers, the enhanced accessibility of the thiols groups increased the base
membrane-producing, spreading morphology of the cells (Figure 3B, panel (ii)) compared to
those only incubated with AcsManNTGc (panel (i)).

To further confirm the role of thiol-modified sialic acids in the Jurkat cell response, sialidase
(or neuraminidase, EC 3.3.3.18) was used to cleave sialic acid residues from the
oligosaccharide moieties of glycoproteins and glycolipids. Because AcsManNTGc intercepts
the sialic acid biosynthetic pathway to express Neu5TGc on the cell surface, we postulated
that sialidase would modestly reduce CST expression by removing the 5 to 10% of non-
disulfide linked Neu5TGc (we have previously shown that >90% of CST expression arising
from AcsManNTGc treatment exists in the oxidized form1# 19 and we consider it to be
unlikely that sialidase would cleave these disulfide-linked sialosides). Consistent with this
premise, the decreased CST levels in cells treated with sialidase (Figure 3A) resulted in a
sharp decrease in spreading morphology of sialidase-treated cells (Figure 3B, panel (iii))
compared with the AcsManNTGc-treated controls (panel (i)).

As a final verification that N-glycans were implicated in the spreading phenomenon, the
effects of tunicamycin (which inhibits UDP-GIcNAc:Dolichyl-P-GIcNAc-1-P-transferase
and thereby reduces N-linked glycosylation) on CST display and morphology of
AcsManNTGc-treated Jurkat cells were analyzed. When Jurkat cells were pre-treated with
tunicamycin before they were incubated with AcsManNTGc, there was a significant
reduction in thiol expression levels compared to AcsManNTGc treatment only (5.5 vs. 1.9,
Figure 3A) and SEM showed an absence of the “spreading” morphology observed in the
tunicamycin-untreated cells (Figure 3B). Together, these experiments provide compelling
evidence that the unique spreading morphology of the Jurkat cells is plausibly explained by
the interaction between the 3D nanofiber gold substrate and the non-natural thiol groups
expressed specifically in sialosides of the N-linked glycoproteins.
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The broader implications of the work described in this brief report are several-fold. First,
hematopoietic cancer cells respond to 3D topographical cues, with both the Jurkat and
HL-60 lines becoming adherent upon incubation with nanofibrous scaffolds. Further, cell
responses can be enhanced by the creation of a “glycoengineered” binding interface;
specifically new types of high affinity, carbohydrate-based adhesion between thiols newly-
expressed in cell surface glycans interact with the gold substrate to provoke very unusual
morphological and biochemical responses in Jurkat cells. At the same time, because such
responses were not observed in HL-60 cells, this study sets the stage for control of specific
cell types in situations where multiple cell types co-exist (e.g., in the human body). Perhaps
most significantly, the use of the novel analogues AcsGalNTGc and AcsGICNTGc
demonstrated that these responses were not due to glycans in general, but rely on sialic acids
in particular which is consistent with the emerging paradigm that MOE can be used to
modulate signaling pathways engaged by sialic acids.20
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Figure 1.

Characterization of growth inhibition (Panels A & B) and metabolic incorporation into
surface glycans (Panels C & D) of thiolated hexosamine analogues in Jurkat (Panels A & C)
and HL-60 (Panels B & D). Growth inhibition in AcsManNTGc-, AcsGIcNTGc-, and
AcsGalNTGe-treated cells was measured after 48 h by taking cell counts. The data shown
are the mean + SD of three independent replicates compared to the initial number of cells
present in each culture (e.g., values >100 represent net cell proliferation while humbers
<100 indicate cell death has occurred). Cell surface thiol (CST) expression for Jurkat and
HL-60 cells treated with AcsManNTGc and AcsGalNTGc for 48 h was measured by a flow
cytometry assay using published protocols.14 12 EtOH control assigned a MFI value of 1.0.
Data shown are the mean £ SD of three independent replicates. (MFI = mean fluorescence
intensity). The CST levels measured for AcsGICNTGc treated cells were statistically
identical to the EtOH control (not shown).
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EtOH control 25 pM Ac;ManNTGc 100 pM Ac;GalNTGc

Figure 2.

SEM micrographs of Jurkat and HL-60 cells cultured with EtOH as the negative control, 25
MM AcsManNTGc, and 100 uM AcsGalNTGc for 48 h and then incubated on gold coated
fibrous scaffolds. Of note, the HL-60 cells (grow in suspension under normal culture
conditions in a manner similar to Jurkat cells, see Scheme 1A) became attached to the fibers
when presented with 3D topology but under no conditions assumed the “spreading”
morphology highlighted in the top center panel for Jurkat cells. The electrospun nanofibers
used in this experiment were previously optimized for layer thickness (~50 uM), gold
coating (~20 nm), and diameter (1012 nm).15
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Figure 3.

The effect of TCEP, sialidase, and tunicamycin treatment on surface thiol expression and
“spreading” morphology in Jurkat cells. (A) Cells were treated with 25 pM AcsManNTGc
for 48 h (and in all cases compared to an EtOH-treated control, which was assigned a MFI
value of 1.0) and analyzed for CST expression?? (i) without further treatment, (ii) after
TCEP treatment (1.0 mM for 1.0 h, as described elsewherel?), or (iii) after Sialidase EC
3.3.3.18 (Vibrio cholera, Sigma-Aldrich) treatment (75 mU sialidase was used to treat 10°
cells in 1.0 mL for 1.0 h at 37°C). (iv) Alternately, cells were pretreated with 0.45 pg/ml
tunicamycin for 24 h prior to addition of AcsManNTGc and then incubated with analogue
for 48 h before analysis. Data shown are the mean + SD of three independent replicates. (B)
SEM micrographs of Jurkat cells pretreated with 25 pM AcsManNTGc followed by
incubation (i) on gold-coated PES fibrous scaffold without further manipulation or after (ii)
TCEP or (iii) sialidase treatment; finally, (iv) and tunicamycin pre-treated cells were
cultured on the gold coated PES fibrous scaffold.
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Scheme 1.

(A) Overview of topography and MOE in the behavior and in vitro study of cancer cells. (i)
Jurkat cells grow in suspension under normal tissue culture conditions but (ii) become
adherent — but otherwise appear normal — in the presence of growth scaffolds with 3D
topography that mimics micro-architectural features of the ECM. (iii) Adding the
contributions of MOE by installing thiols in the glycocalyx via AcsManNTGc results in a
unique and distinctive “spreading” morphology when the cells are grown on gold coated
nanofibers. (B) Dissecting the submolecular glycan feature(s) responsible for the Jurkat
spreading morphology. AcsManNTGc (iv, center) is converted to the thiolated sialic acid
“Neu5TGc” that can be incorporated into both N-linked and O-linked glycans. To further
probe which class of glycan was responsible for Jurkat spreading morphology, AcsGIcNTGc
(v, left) and AcsGalNTGc (vi, right) were synthesized and tested; the former analogue was
designed to be incorporated into N-glycans to replace GIcNAc and the latter into O-glycans
as a replacement for GalNAc. Note that AcsManNTGc was synthesized and characterized as
reported previously?! while the synthesis and characterization of AcsGalNTGc and
AcsGIcNTGc are described in the Supporting information.
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