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Directing GDNF-mediated neuronal signaling
with proactively programmable cell-surface
saccharide-free glycosaminoglycan mimetics†
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A significant barrier to harnessing the power of cell-surface glyco-

saminoglycans (GAGs) to modulate glial cell-line-derived neuro-

trophic factor (GDNF) signaling is the difficulty in accessing key

GAG structures involved. Here, we report tailored GDNF signaling

using synthetic polyproline-based GAG mimetics (PGMs). PGMs

deliver the much needed proactive programmability for GDNF

recognition and effectively modulate GDNF-mediated neuronal

processes in a cellular context.

The ability to systematically modulate growth factor signaling
presents a powerful means to lead the fate of a cell to a specific
desired state, raising the prospect of realizing revolutionary and
highly controllable cell-based therapies.

GDNF has drawn prominent attention for its inherent
regulatory capacity to activate clinically relevant signaling
cascades, the dysfunction of which is directly implicated in
disease states.1–3 Ever since the groundbreaking discovery of
GDNF4 and its function in dopaminergic neurons,4,5 its critical
contribution to the differentiation and maintenance of various
neurons has been widely recognized. GDNF has thus emerged
as a highly promising therapeutic option in the battle against
several devastating neurological diseases including Parkinson’s
disease.2 However, despite intense efforts over the past two
decades, translation of its therapeutic potential into the clinical
setting has yet to be fully realized, in large part due to poor
clinical efficacy and off-target side effects.6–8 Hence, there have

been increasing demands for adjuvant strategies to overcome the
shortcomings of current GDNF-based therapeutic approaches.

From the mechanistic perspective, cellular responses to
GDNF are primarily defined by the multicomponent receptor
complexation with its membrane-associated GDNF family
receptor a1 (GFRa1) and Ret receptor tyrosine kinase (RET).2,9

Importantly, several inspiring investigations have revealed that
GAGs such as heparan sulfate (HS) present on cell-surface
proteoglycans constitute the central axis for facilitating this
complexation by engaging GDNF in the vicinity of its cell-
surface receptors in a carefully regulated fashion.10,11 Conversely,
enzymatic deletion of cell-surface GAG leads to the shutdown of
GDNF signaling,10 providing firm evidence that GAG is indeed an
indispensable element for retaining GDNF bioactivity. Taken
together, we reasoned that harnessing cell-surface GAG–GDNF
interactions could open up opportunities to devise a powerful
adjuvant strategy for potentiating GDNF signaling, while negat-
ing undesirable signaling outputs, by adding another layer of
biospecific linkage between GDNF and its cell-surface receptors.
Herein, we report the first case of controlled glycocalyx editing to
display proactively programmable GAG mimicking sulfated con-
structs in the context of GDNF on the cell-surface. The present
communication details its impact on modulating GDNF activity
and defining the outcome of GDNF-mediated neuronal signaling
events in cellular environments.

Our design concept for GDNF-binding GAG mimetics began
with the critical selection of an appropriate mimetic toolbox.
While specific types of sulfation patterns have long been consid-
ered central to underpin GAG function to engage GDNF,12–14 the
fundamental difficulty of thoroughly mapping GDNF-recognizing
sequences lies in the chemical complexity and diversity of GAG
in vivo. As such, the full structural details of GAG involved are not
yet available. As a compelling solution to such problems, we
recently reported a new paradigm for engineering saccharide-
free PGMs which subscribe to a helical, periodic format much like
GAGs, but which: (i) are easily accessible, (ii) are devoid of
complex structural fluctuations and therefore (iii) hold sulfate
moieties in discrete, independent positions in 3D space.15
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We envisioned that this platform would be particularly useful
to develop GAG mimetics for targeting GDNF owing to its
unique ability to proactively program desired macromolecular
sulfate displays and manipulate protein interactions system-
atically even with little information about the sulfation patterns
of natural GAGs involved. Previous studies have revealed that
sulfate groups on natural GAGs can either partition circumfer-
entially onto multiple sides or line up on one single side of
their helical backbone.16–18 To sample some of these config-
urations and identify a suitable sulfate display for GDNF
recognition, we herein generated four distinct biotinylated
PGMs carrying 24 sulfate moieties, namely B-{Z}12, B-{PZZ}6,
B-{PPZ}12 and B-{PPZZ}6, which partition sulfate groups onto
3 sides, 2 sides, 1 side or 3 sides (with alternate pairs of 2
sulfated prolines and 2 prolines), respectively (Fig. 1A). Circular
dichroism (CD) measurements demonstrated that all PGMs
adopted the typical polyproline type II helical profiles with a
maximum positive band at 225–228 nm and a minimum
negative band at 208 nm confirming that the secondary struc-
ture of the polyproline scaffold was little influenced by the
presence of sulfate moieties (Fig. 1B).19

Having successfully prepared PGMs and characterized their
3D structures, our next task was to examine whether PGMs
would be effective in recruiting GDNF using surface plasmon
resonance (SPR). Biotinylated PGMs or natural HS (B26 sulfate
moieties) was immobilized on streptavidin-coated sensor chips
and the interactions were examined as a function of GDNF
concentration. The sensorgrams in Fig. 2 showed that despite
all PGMs carrying an equal number of sulfate groups, switching
across PGMs in the order of B-{PPZZ}6, B-{PPZ}12, B-{PZZ}6 and

B-{Z}12 progressively increased the binding affinity toward GDNF.
Specifically, GDNF was effectively recognized by both B-{Z}12 and
B-{PZZ}6, characterized by a slow initial association rate that
rapidly reached equilibrium followed by a slow dissociation rate
(Fig. 2A and B). However, a comparison of KD values illustrated
that the ability of B-{Z}12 to recruit GDNF (KD = 3.30 nM) was
greater than that of B-{PZZ}6 (KD = 12.4 nM) by approximately
4-fold, mainly attributed to its relatively fast association rate
compared to B-{PZZ}6 (Table S1, ESI†). It is noteworthy that both
B-{Z}12 and B-{PZZ}6 outperformed natural HS (KD = 81.93 nM) for
GDNF binding (Fig. S9 and Table S1, ESI†), suggesting that PGMs
can serve as a compelling alternative to heterogeneous GAGs
derived from natural sources for attaining an effective ligand for
GDNF. We also emphasize that B-{Z}12 recruits GDNF more
efficiently than a previously reported ROMP-based CS-E glycopo-
lymer bearing a far greater number of sulfate groups (the number
of sulfate groups = 194),20 highlighting its superior competency to
engage GDNF. KD values could not be accurately calculated for
B-{PPZ}12 and B-{PPZZ}6 owing to a decrease in response after
reaching equilibrium in the association phase but qualitatively,
they could be seen to produce substantially poorer binding affinity
with slow association and fast dissociation rates (Fig. 2C and D).
Collectively, two aspects of these results are particularly worth
highlighting: (i) programmable sulfate displays of PGMs enabled
the systematic modulation of their interactions with GDNF in a
progressive fashion and thus (ii) afforded an efficient lead opti-
mization path without a priori information on the necessary
sulfation patterns to yield a highly effective binding ligand to
GDNF {Z}12.

Given the above, we further conducted unbiased molecular
dynamics (MD) simulations15 to pursue a molecular-level under-
standing of how the {Z}12 motif would interact with GDNF. We
found that arbitrarily positioned {Z}12 (Fig. S10A, ESI†) drifted
toward and bound to a wide, shallow concave region of the GDNF
dimer (Fig. 3A and Fig. S10B, ESI†). More specifically, on the
basis of per-residue analysis of average molecular mechanics-
generalized born surface area (MM-GBSA)21 interaction energies

Fig. 1 (A) Chemical structures and 3D depictions of PGMs. (B) CD spectra
of PGMs.

Fig. 2 SPR sensorgrams for GDNF binding at various GDNF concentra-
tions. (From top to bottom: 1.2, 1.0, 0.8, 0.6, 0.4 and 0.2 nM). (A) B-{Z}12,
(B) B-{PZZ}6, (C) B-{PPZ}12 and (D) B-{PPZZ}6. Complete kinetic parameters
are shown in Table S1 (ESI†).
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derived from the seven most energetically favorable {Z}12/GDNF
complexes, {Z}12 prefers two distinct clusters of basic residues
located near the interface of the GDNF dimer, namely {R112,
K114, R116, K158, K161, R165, R167 and K173 on monomer A}
and {R0112, K0114, R0116, K0161, R0165, R0167, and K0173 on
monomer B}. The binding modes are predicted to be further
strengthened by hydrogen bonding interactions with non-basic
residues, namely {Q111, N115 and S148 on monomer A} and
{Q0176 on monomer B} (Fig. S10C, ESI†). Taken together, this
modeling study demonstrates that {Z}12 comprises the primary
binding sites on the GDNF surface in a GAG-likemanner by favoring
distinct sets of electrostatic and hydrogen bonding interactions.

We next questioned whether the ability of {Z}12 to recruit
GDNF established in the SPR studies could be exploited to

mediate GDNF signaling in cells. To investigate this, we generated
dipalmitoyl phosphatidylehtanolamine (DPPE)-anchored PGMs
that allow for cell-surface presentation of PGMs through passive
insertion of phospholipid into the plasma membrane as reported
previously (Fig. 4A).22,23 Rat pheochromocytoma (PC12) cells were
incubated for 2 h with DPPE-anchored PGMs that had been
labeled with biotin for visualization. Confocal microscopic
analysis demonstrated that the DPPE-anchored PGMs were
successfully inserted into the cell-surface (Fig. 4B). Moreover,
DPPE-{Z}12-B displayed a similar level of glycocalyx remodeling
to that of DPPE-{ZU}12-B, enabling the quantitative comparison
of their cellular activities. Consistent with previous studies by
others,23 we observed a rapid decrease in cell-surface PGMs.
However, over 37% of PGMs still persisted on the cell-surface
after 8 h duration, which is considered to be sufficient for
the induction of RET phosphorylation to sustain intracellular
signal transduction (Fig. 4B).24

PC12 cells remodeled with DPPE-anchored PGMs were
cultured on laminin-coated glass coverslips and neuritogenesis
was triggered by adding GDNF and soluble GFRa1 to the
culture media. The neuritogenic process would be primarily
mediated through the interactions of {Z}12 with GDNF rather
than GFRa1 as the binding affinity of {Z}12 to GFRa1 is
considerably weaker than to GDNF (Fig. S22 and Table S1,
ESI†). The impact of DPPE-{Z}12 on neuritogenic activity of
PC12 cells was significant. Neurite extension was greatly pro-
moted and the percentage of cells bearing neurites longer than
one cell body diameter was increased from 7.7% in the laminin
control to 24.8%. Conversely, soluble Ac-{Z}12 added in the culture
media resulted in neurite inhibition in a dose-dependent manner.
This indicated that soluble Ac-{Z}12 might sequester GDNF away

Fig. 3 Predicted top seven binding poses for {Z}12 bound to the GDNF
dimer as ranked by MM-GBSA analyses. {Z}12 is shown as a cartoon
representation for visual clarity and see Fig. S9B (ESI†) for full structural
details. Blue color denotes basic amino acid residues.

Fig. 4 (A) Chemical structures of lipid-anchored PGMs. (B) Imaging PGMs on cell membranes with Anti-Biotin Alexa Fluor-488 and cell-surface
retention of DPPE-{ZU}12 and DPPE-{Z}12 over 72 h. Scale bars = 19 mm. (C) Representative images of PC12 neuritogenesis. Conditions used are indicated
in the x-axis section of (D). Scale bars = 10 mm. (D) Quantification of neuritogenesis. Error bars represent SD from three separate experiments. Additional
reagents in culture media [vi: 1 mM of pent-4-yne-1,2-diyl bis(sulfate), vii: 10 mM of Ac-{Z}12, viii: 20 mM of Ac-{Z}12].
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from the cell-surface and that {Z}12 had to be inserted into the
cell-surface to potentiate GDNF-mediated neurogenesis. In an
attempt to optimize our glycocalyx remodeling, a PEG12 spacer
was further introduced between the {Z}12 motif and DPPE chain
(DPPE-12-{Z}12). This modification increased neurogenesis in
response to GDNF to a value of 28.7%. Meanwhile, unsulfated
PGMs, DPPE-{ZU}12 and DPPE-12-{ZU}12, did not exhibit any
noticeable increase in neuritogenic activity relative to the
control, supporting the notion that a sulfate group is a pre-
requisite for GAG bioactivity.10 Additionally, pent-4-yne-1,2-diyl
bis(sulfate) in the culture media had no discernable effect,
highlighting the importance of polyvalent interactions in GDNF
recognition. It is noteworthy that no neurite was detected in
DPPE-{Z}12 bearing cells cultured in GDNF-free medium, ruling
out the possibility of a GDNF-independent neuronal process
(Fig. 4C and D). Overall, these cellular observations corroborate
the above protein binding and molecular modeling studies and
indicate that our platform of PGMs has successfully yielded
{Z}12 as an effective mimetic that assumes the functions of
native cell-surface GAG and sustains GDNF-mediated neuronal
signal transduction.

In conclusion, the success of GDNF-based therapeutic
approaches has been limited by unsatisfactory clinical effec-
tiveness and harmful side effects.6–8 Our results demonstrate
that saccharide-free PGMs allow for direct control and efficient
optimization of the macromolecular arrangements of sulfate
moieties in the context of GDNF. Even without knowing the
endogenous GAG sequences involved in vivo, we could generate
a potent GDNF binding ligand {Z}12. We have further shown
that the modification of the cell-surface with {Z}12 can provide a
robust impetus that potentiates GDNF-mediated signaling pro-
cesses and amplifies the cellular responses to GDNF. This
offers promise for a compelling solution to shortcomings of
current GDNF-based therapeutic trials. More work lies ahead
for this paradigm. For instance, as a ligand for GDNF, {Z}12 may
bind minimally to L-selectin and NGF but may not exhibit
strong selectivity over P-selectin (Fig. S21 and Table S1, ESI†).
For eventual clinical translation, selectivity has to be strengthened
by either exploiting a higher diversity of sulfation displays or
adding new interacting elements such as polar and hydrophobic
groups. Ultimately, we anticipate that this study will provide
practical and rational means toward harnessing GAG functions
to engineer diverse growth factor signaling pathways with preci-
sion control and to facilitate the development of sophisticated
growth factor-based therapeutics and biomaterials.
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