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Fucosea(1—2) galactose carbohydrates have been implicated
. . . . OH
in neuronal communication that underlies long-term memory ~ "(Cq . 0

: . . HO. O o Nagz® e
storage. For instance, 2-deorygalactose (2-dGal), which incor- o HN SNH
porates into glycan chains and precludes the formation oftFuc E?Oio” 1 .
e . . HO

(1—2)Gal terminit has been reported to cause reversible amnesia
in animals and prevent the maintenance of long-term potentiation . ) .
LTP)2 Furth P dministrati P 2% ﬁ t Figure 1. Fuax(1—2)Gat-biotin probe 1 binds to embryonic day 18
_( )2 Furthermore, a mln_ls ré_‘ 'on_ o U(;ose or slucosyllac oie hippocampal neurons. Immunofluorescence images of neurons (23days
increased memory consolidation in animals and enhanced®LTP. ,itro) after treatment with 3 mM of (AL or (B) biotin in the presence of
Despite these intriguing observations, the molecular mechanisms10 uM PAO. See Supporting Information for the synthesis lofand

by which Fue(1—2)Gal carbohydrates influence neuronal com- conditions.
munication are not well understood. Here we use chemical
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approaches to understand the biological effects otElLie2)Gal A
on neurons. Our studies provide the first demonstration that
Fuon(1—2)Gal and its associated proteins promote the outgrowth
of hippocampal neurons, and they identify a novel, carbohydrate-
mediated pathway for the modulation of neuronal growth and
morphology. rommed PAA PAA FAAC PAA FAR PAA
We hypothesized that the Fa@l—2)Gal moiety might be B
interacting with a lectin receptor in the brain. As no such proteins
have been reported, we designed and synthesized comgotand
probe for the presence of potential lectin receptors in neurons
(Figure 1). Embryonic hippocampal neurons were treated for 1 h
with 1 or a biotin control. To prevent intracellular uptake of the
compounds, neurons were co-incubated with the endocytosis
In.h ibitor phenylarsme QXIde (PAG)Following fixation and staining Figure 2. (A) Fuca(1—2)Gal promotes neuronal growth. Neurite outgrowth
with streptavidin conjugated to AlexaFluor 488 dye, cells were was quantified by measuring the longest neurite per cell after treatment
imaged by confocal fluorescence microscopy. As shown in Figure with 130:M of the indicated compounds. Error bars represent SEM from
1, probel binds to the cell body and neurite processes. Lipid 100 total neurons in two separate experiments. (B) Neurite outgrowth activity
extractiod of cellular membranes using MeOH/CHGprior to inf:reases_with the Fm(l—Z)GaI‘ concentration and polymer vglency.
treatment vyithl did .not diminish the Iabelir!g (Suppor'ting Informa- E]'Sicnct?:gtde% '::L?gﬁ:oncemrat'ons are repofledilues are relative to
tion), consistent with a carbohydratprotein interaction.
‘We next investigated whether the association ofcklie-2)Gal demonstrate that the observed neuritogenic activity is specific for
with potential lectins would stimulate a neuronal response. As Fuox(1—-2)Gal.
carbohydrates have weak binding affinities for lectikg{=10°—
10° M),® we used polyacrylamide polymers bearing multiple
Fua(1—2)Gal epitopes (FucGal-PAA; MWx 30 kDa, 20%
disaccharide density) to enhance the interaction. Remarkably,
neurons treated with FucGal-PAA for 24 h exhibited striking
changes in cellular morphology: the length of the major neurite
extension was increased by £06% relative to the untreated control
(Figure 2A). A polymer lacking the disaccharide (PAA) had no

significant effect, indicating that Fa¢1—2)Gal was responsible  Stimulating growth by 76 8%. In contrast, monovalent ligarid
for the growth-inducing activity. showed only modest activity even though it was capable of binding

We examined the specificity of the effects by treating neurons 0 neurons. These results suggest that the multivalent PAA scaffold
with polymers bearing different carbohydrate epitopes. Polymers Promotes the interaction of Fal—2)Gal with lectin receptors and
containing N-acetylglucosamine (GIcNAc-PAA) ob-galactose may facilitate their assembly into higher-order complexes. The
(Gal-PAA) failed to promote neuronal outgrowth. Interestingly, ability of multivalent ligands to enhance binding affinity and cluster
otherL-fucose-bearing polymers, suchiaiicose PAA (Fuc-PAA) lectins has been observed in other systéms.
and Fua(1—3)GIcNAc PAA (FucGIcNAc-PAA), displayed neu- The presence of potential lectins specific for &(t-2)Gal
ronal processes similar to those of untreated cells, suggesting thaimplies the existence of glycoproteins covalently modified by the
the galactose moiety of Fu¢1—2)Gal is an important contributor ~ disaccharide epitope. To examine whether such glycoproteins are
to lectin binding and/or activation. Together, these findings present in hippocampal neurons, we treated cells wdthx
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To test whether the cellular response was dependent on the
concentration of disaccharide, polymers of different dde-2)-
Gal density (10, 20, and 30%) were examined at various concentra-
tions. The growth-promoting activity of each polymer increased
as the concentration of disaccharide increased (Figure 2B). In
addition, the potency of the compounds was dramatically enhanced
with increasing carbohydrate valency, with the 30% density polymer
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had no impact on neurite outgrowth. These results are consistent
with a stimulatory role for Fug(1—2)Gal glycoproteins and
highlight the striking influence of Fuq1—2)Gal carbohydrates on
neuronal growth.

Together, our studies demonstrate thatd{de-2)Gal carbohy-
drates are capable of modulating neuronal outgrowth and morphol-
30 e o o ogy. We provide strong evidence for the presence obilie2)Gal

glycoproteins and lectin receptors in hippocampal neurons. Fur-
thermore, we show that manipulation of Ft—2)Gal-associated

.45 um lanti-tau 45um foverlay

N
3

% Change from Untreated

§m % proteins using small-molecule and lectin probes induces dramatic
0 < % 1:|T3 changes in neuronal morphology. This represents a new carbohydrate-
10 $ mediated pathway for the regulation of neuronal cell growth.

Our findings may also shed light on behavioral and electro-

] o ) o ) physiological studies implicating Fa¢l—2)Gal in long-term
Figure 3. (A) Co-staining of hippocampal neurons (23 daysitro) with memory storage. Alterations in neuronal morphology, such as
UEA | lectin (green) and an anti-tau antibody (red) in the presence of 10 ; . " . .
M PAO. Lipid extraction using MeOH/CHGHid not diminish the labeling ~ dynamic changes in dendritic spine number and shape, occur during
(Supporting Information). (B) Only Fug1—2)Gal-selective lectins stimulate ~ memory consolidation and LT¥®.One possibility is that Fuc
neurite outgrowth. Quantitative analysis of neurite length after treatment (1—-2)Gal and its associated proteins are involved in structural
;’(‘;'ttzl tr:]:ulrgﬂlsc?;et(\j/v :fgte'”s (?l.ﬁM). Error bars represent SEM from 100 remodeling events that contribute to synaptic plasticity. Efforts are

parate experiments. currently underway to identify Fug1—2)Gal-associated proteins
using affinity-based and genomics tools. Finally, this work illustrates
the potential of small molecules to modulate processes such as
neuronal growth and regeneration.
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