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CHAPTER 2

Identifying the Fucose Proteome from Rat Cortical Neurons

Introduction

Detailed studies of glycans and their functional roles have been hindered by a lack of tools.
However, the recent development of methods such as metabolic labeling with non-natural sugar
analogs has made it possible to more readily perturb and profile glycans. The strategy of metabolic
labeling with non-natural sugar analogs, originally pioneered by Bertozzi and co-workers (1), relies
on the uptake of non-natural monosaccharide analogs ietalogenous biosynthetic pathways and
their subsequent incorporation into glycoconjugates. As the non-natural analog contains a reactive
bioorthogonal group (e.g., azide, alkyne, ketone), glycoconjugates containing the monosaccharide can
be covalently tagged with a variety of chemical reporters, including enzymatic, fluorescent, and
affinity labels(2-4).

In order to specifically tag a metabolically labeled glycan, we teke advantage o
bioorthogonal ligation straggy, in which adetection tagis chemoselectively reacted with the
metabolicallylabeledglycan. Bioorthogonal ligation strategies incluoldme chemistry, in which
ketone/aldehydeés reacted with an amine nucleophiles (5, 6); the Staudinger ligation, in which a
triarylphosphine reacts with an azide to form an amine (7, 8); the Cu(l}catalyzed [3+2] azide-alkyne
cycloaddition (CUAAC), in which an azide reacts with an alkyne to form a trig@pleor strain
promoted azidalkyne cycloaddition (SPAAC), in which an azide reacts with a strained alkyne
(Figure 21) (10). In each of these reactions, two bioorthogoredctive groups, which are not
natively found within the cellular environment, are reacted rapidly at physiological conditions to form
a covalent bond between te&ucture of interest andtagthat is conducive to the desired mode of
detection!!

Metabolic labelhg can be a powerful approach to enrich glycoproteins for proteomic analysis

(2-4). Once a non-natural sugar analog is incorporated within cellular glycans, the glycan of interest
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can be tagged using a bioorthogonal ligation strategy with an affinity probe. Subsequent enrichment
and purification of the target glycans allows for proteomic identification. Non-natural sugar analogs
that have been utilized for proteomic analyses include azido-N-acetyfalactosamine (GalNAz) to label
O-linked mucin type glycoproteins (11), alkynyl- or azideN-acetymannosamine (alkynyl ManNAc

or ManNAz) to label sialylated glycoprotein@®), and alkynyl or azideN-acetylglucosamine
(GIcNAz
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Figure 2.1 Bioorthogonal ligation strategies. (A) Aldehyde/ketone condensation with amine nucleophiles (B)
the Staudinger ligation (C) CuAAC chemistry (B) SPAAC chemistry
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or GIcNAIK) to label O-glcnacylated proteins (12). For example, Chi-Huey Wong and coworkers

have used the alkynyl ManNAc analog for the enrichment and proteomic identification of sialylated
glycoprotein in a strategy termed GIDmap (glycoprotein identification and glycan maggjing)

this strategysialylated Nlinked glycoproteins in PC3 cells were metabolically labeled with alkynyl
ManNAc, bioorthogonally tagged with an affinity probendaisolated beforeanalysis by
multidimensional nanaC-MS%  Similarly, O-linked mucin type glycoproteins haveedn
metabolically labeled with GalNAz and enriched for proteomic identification in PC3 cells (11). While
metabolic labeling with nonatural fucose analogs has been used to detect fucosylated glycans in
multiple biological systemg?2, 13), the technique has not yet to date been applied to proteomic

analyses in the mammalian neuronal systém
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Figure 2.2 Metabolic labeling with non-natural fucose analogs. (A) Non-natural fucose analogs AlkFuc,
AzFuc and the natural control analog, Fuc (B) AlkFuc, AzFuc, or Fuc diffuse through the cell membrane and
are incorporated into cellular glycans via the salvage pathway. Once incorporated, the fucose analogs can be

detected using bioorthogonal ligation strategies with the appropriate reporters.
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In the following chapter, & explore the potential of metabolic labeling using nRoatural fucose
analogs toidentify fucosylated tycoproteins in primary neuronsWe use the nonatural fucose
analogs alkynyl fucose (AlkFuc), azidiecose (AzFuc), and as a controhtural fucose (Fuc; Figure
2.2A). In all cases, the sugar analogs are peracetylated to allow diffusion acrossiutz cel
membrane. These molecules are incubated in the cellular growth media where they diffuse into the
cells and are available for incorporationinto cellular glycans via the fucose salvage pathway, one of
the two cellular pathways by which fucose is irnmwrated into glycans (Figure 2.2BOnce the non
natural analogs aréncorporated the azide or alkyne chemical handicilitates the chemical
detection of fucosylated glycans. Cellular lysates that have been metabolically label@dkirutt

or AzFuccan be tagged with the corresponding reagiigbeto allow enrichment and identification
Cellular lysates that have been metabolically labeled with the control gnatagll not undergo any
reaction We demonstrate that allkFuc analog can be suessfully incorporated into neuronal
proteins, both in culture and vivo. Additionally, weidentify the first fucose pteome from cortical

neurons, identifying proteins involved in cell adhesion, neuronal signaling, and synaptic transmission.

Results and Discussion

Non-natural Fucose Analogs are Incorporated into Neuronal Glycoproteins

We first examined if the nenatural fucose analogslkFuc and AzFuc could be incorporated into
neuronal glycoproteins. We expected that labeling of neuronal glycomateght be challenging

due to the faet that neuronal cells are pestitotic and that fucose is ergssed in fairly low
abundancd14). Indeed, when labeling with AzFuc was compared to parallel labeling experiments
with azidoN-acetymannosamineManNAZz) and azidoN-acetyfalactosamineGalNAz), two sugar
analogscommonly usedo probeN- and O- glycoproteinsand glycolipids the extent of AzFuc
labeling was significantly lower than that of ManNAz or GalNAz (Figu®).2Cortical neurons at 4

DIV were treated witheither 50 'M AzFuc, ManNAz,GalNAz or an equivalent volume of the

vehicle DMSQO Subsequent t@ dof treatment, cell were lysed and the lysates were reacted with the
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correspondin@lkynebiotin tag via the [3+2] copper catalyzaedidealkynecycloaddition(CUAAC).
Analysis by SDSPAGE followed by Western blot and detection wsthepavidin conjugated tédlexa

Fluor 680 revealed AzFuc, ManNAz, and GalNAz labeled proteins. Though each samplededontain
an equivalent amount of protein dsterminedy tubulinblot, the extent of labeling by ManNAz and
GalNAz was significantly higherBesides the low abundance of fucosylated glycans in genteisal, i
alsopossiblethat therelevantbiosynthetic enzymeare less tolerant of the naratural fucose analogs

than other sugar analogs, contributinghe lowlevel of metabolic incorporatiofl5).!
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Figure 2.3 Incorporation of ManNAz, GalNAz, and AzFuc into neuronal glycoproteins. Cortical neurons
at 4 DIV were incubated with 50 pM ManNAz, GalNAz, AzFuc, or an equivalent volume of vehicle, for 3 d.
Cells were lysed, “click” labeled, and probed for labeling after Western blot.

However,boththe AlkFuc and AzFuanalogscould beincorporated into neurongkoteins Cortical
neurons at DIV were similarly treatedwvith 50- 200 !M AzFuc, AlkFuc, orFucin neuronal growth
mediafor 3 d. Subsequent to treatment]lsevere lysed and the lysates were reacted withalthene
biotin tag via CUAACchemistry The lysates were resolved by SIPAGE followed by Westear blot
and detetion with streptavidin conjugated télexa Fluor 68Q revealirg metabolically labeled
proteins in cells treated withzFuc and AlkFuchut notFuc (Figure 23). However, teatment with

AzFuc followed by CUAAC labeling with alkyrleiotin gave significantly highebackgroundthan
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treatment withAlkFuc followed by CuAAC with aziddiotin (Figure 2.3. Treatment of neurons
with any concentration ofAzFuc also resulted in signifin& cytotoxicity consistent with previous
reports(2). Though previous studidsaveutilized concentrations of 200 IM AlkFuc or AzFU@),
concentrations above 100 !'M were toxio cultured neuronsven in the case of AlkFuc, and thus
limited the concentrations of metabolic labelingue to the cytotoxicity and increased background
resulting from AzFuc treatment and alkybietin labeling, we proceeded with our studies utilizing
only AlkFuc. To determine the specificity of the AlkFuc treant, cells were ctreated with
tunicamycin, an Nglycosylation inhibitor. As previous reports suggest that the majority of neuronal
fucosylation exists in complex-Nhked glycans(16), we expected treatment with tunicamycin to

largely abolish AlkFuc labeling.
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Figure 2.4 AlkFuc labeling results in higher signal. Cortical neurons at 4 DIV were incubated with either
100 uM AlkFuc, AzFuc, or Fuc. Lysates were labeled with either azido-biotin or alkyne-biotin and probed with
streptavidin conjugated IR Dye 800. Labeling with alkyne-biotin resulted in increased background when

compared with labeling with azido-biotin.
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Cortical neurons at 4 DIV wergeated with100 !M AlkFuc or Fuc for 3d, and cetreated during the
last day of metabolic labeling withither 25 IM tunicamycin in ethanol or vehicle (0.01% final
concentration)followed by lysis and CUAAC labeling with azidwotin. Analysis by Western blot
indicated that AlkFuc labelingdd been abolished in cells treated withidcamycin (Figure 2),
suggestinghat AlkFuc was specifically incorporated inteliNked glycoproteins Thus, the AlkFuc
analog is incorporated inteeuronalglycoproteins and speifically into N-linked glycopoteins!!!

Given our goal of undertaking proteomic studies with the AlkFuc analog, it was necessary to
maximize the labeling of fucosylated glycoproteins in neurons. In order to optimize labeling, we
more closely investigated CuAAC reaction conditions. Previoushpnted conditions included a
labeling solution of 50 mM CuS{as the source of the copper catalyst, 2 mM sodium ascorbate as the
Cu(ll) reducing agent, 0.1 mM tristriazoleamine ligand (triazole), and 0.1 mM -hmtia; the

suggested reaction time waperiod of 1 h at r(17). !

Y Tubulin

Figure 2.5 AlkFuc is incorporated into N-linked neuronal glycoproteins. Cortical neurons at 4 DIV were
metabolically labeled with 100 uM Fuc or AlkFuc for 3 d before the cells were lysed and the lysates labeled
with azido-biotin. SDS-PAGE and Western blotting with a streptavidin conjugated IR Dye 800 reveals
specifically labeled glycoproteins in cultures metabolically labeled with AlkFuc, but not Fuc. Co-treatment
with 25 pM tunicamycin abolished the signal, indicating that AlkFuc is incorporated into N-linked

glycoproteins.
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These reaction conditions often resulted in indistinct labeling and caused significarih prote
degradation of AlkFutreatedneuronal glycoproteinsUpon investigation of the specific parameters,
we noted that CuSeemedo cause protein degradation, as opposed to CiBure 25). Freshly
prepared 50 mM CuBr was subsequently usetthe source of the copper catalyst fpsdte labeling
conditions, and the concentration of the sodium ascorbate was maintdinedaddition of sodium
ascorbate ensudethat the copper catalysemained as the active QU) species. Additionally,
decreased protein degradation waservedvhen the reaction was allowed to jpesd for 3h at 4 {C

rather tharl hat rt.
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Figure 2.6 CuSO, causes protein degradation during CuAAC chemistry. Cell lysates, labeled with Fuc and
AlkFuc, were labeled via CuAAc using two different sources of copper and visualized by silver stain. Arrows
indicate high molecular weight proteins that appear with CuBr, but not with CuSO,, and low molecular proteins

that appear with CuSQO,, but not with CuBr.

Capture of Fucosylated Glycoproteins by Streptavidin-Affinity Chromatography

Subsequent to optimizing the CuAAC parameters, we sought to develop a protocol for the
affinity purification and proteomic analysis of neuronal fucosylated glycoproteins (Figure 2.7).
Briefly, our strategy would entail metabolically labeling fucosylated glycoproteins in primary cortical
neurons, tagging labeled proteins with an affinity probe via CuAAC chemistry, and affinity

purification of tagged proteins. Isolated proteins would then be resolved by SDS-PAGE and
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Figure 2.7 Strategy for the identification of the fucose proteome in rat cortical neurons via metabolic labeling,

CuAAC chemistry, and affinity chromatography.

identified by LGMS? after ingel digestion. As we werenetabolically labeling relatively low
amounts of protein due to the apparent low abundance of fucosylated glycoproteins and the sub
guantitative incorporation of the metabolic labeling analogs, it was critical to minimize any non
specific interactions ofighly abundant proteins, such as tubulin or actin, with the enrichment resin
Because of these limitationwe decided to utilize streptavidin affinity chromatography to capture
biotin-labeled fucosylated glycoproteins due to the strong streptalidim interaction. Due tothe
strength of the streptavidipiotin interaction, itwaspossible to take advantage of very stringent wash
conditions to minimize any nespecific interactions. However, due to he strength of the
streptavidinbiotin interaction, wealso expected that it would be difficult to elute the capdure
proteins. As such, we spent a significant amount of time optimizing capture conthbtioegelop a

protocol for the capture and proteomic identification of AlkFumekad glycoproteins.Initial efforts
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were complicated by low capture efficiency. We briefly attempted other capture and elution methods
such as avidin affinity chromatography, or utilizing a cleavable disulfide biotin tag for more efficient
elution (data nobshown), but we determined that streptavidin resin yielded the most efficient capture.
Metabolically labeled neurons were biotinylated via CuAAC and enriched over streptavidin resin.
Based on previous reports, we initially limited our washes to 40 CNBS (3). However, these
washes were insufficient to minimize nepecific background, as there was no significant
enrichment apparent in eluates after RB®/ washes (Figure 2.7A). To minimizeonspecific
interactions, we developed a wash protocol that included (i) a low salt, high detergent wash, (ii) a
high salt, low detergent wagh8), (iii)) a 4 M Urea, 1% SDS wash, followed by (iv) a 50 mM Tris,

pH 7.5 wash. All washes were carried out at 4 {C, except for the 1 88& wash which was
preformed at rt. Following extensive washinghé proteins were eluteih baoiling elution buffer
consisting of 6 M urea, 2 M thioure8) mM biotin, and 2% SDS at pH 129). Any milder

conditions, such as standard sample buffer elutioresuted in subquantitative elution (Figure

2.8B).
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Figure 2.8 Optimization of Streptavidin Capture. (A) Silver stain of streptavidin-enriched proteins after of
metabolic labeling and CuAAC. Elution after mild washes shows high non-specific binding. (B) Elution with
2X sample buffer does not yield quantitative elution. Elution shows no enrichment when the input (labeled

lysate), flow through (FT), and elution are blotted with streptavidin to detect biotinylated proteins.
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With an optimized capture strategy in hand, we proceeded to carry out the enrichment of
neuronal fucosylated glycoproteins for LC-MS/MS analysis. Cortical neurons 8 DIV in culture were
metabolically labeled and tagged with biotin as described above, and the biotinylated glycoproteins
were isolated by streptavidin affinity chromatography. Eluates were concentrated and subsequently
resolved by SDS-PAGE and silver stained to identify specific proteins present in the AlkFuc treated
lysates, demonstrating a clean capture of neuronal fucosylated glycoproteins (Figure 2.8A). While
some background was evident in the Fuc treated lysates, we observed significantly more proteins
enriched from the AlkFuc treated lysates. Specifically, we observed fucosylated glycoproteins at 120,
110, 105, 90, 76, 75, 65, 60, 55, 45, 43, 40, 37, and 36 kDa. Seventeen bands from each lane (Figure
2.9B) were analyzed by LC-MS/MS in collaboration with Dr. Eric Peters at the Genomics Institute of
the Novartis Research Foundation. The identified peptides were searched in Mascot against the
SwissProt Database 57.15 and analyzed in Scaffold (Table 1). Proteins were considered putative
fucosylated glycoproteins when at least three unique peptides were observed, resulting in a 99%

probability that the protein is accurately identified (additional details in Experimental Methods).

We identified eleven proteins, 4 of which had not yet been previously identified (starred).
The putative fucosylated glycoproteins could be broadly categorized into four classes, including cell
adhesion molecules, selectin antigens, cell signaling proteins, and those proteins involved in neuronal
growth and morphology (Table 1). We did observe significant protein degradation in the sample, as
many of the proteins identified ran lower than their true molecular weights, possibly due to harsh
processing conditions. However, we successfully identified several fucosylated glycoproteins,
including NCAM and lysosomal-associated membrane glycoproteins 1 and 2, which have been
previously reported to be fucosylated (20-22), validating this approach for the identification of
fucosylated glycoproteins. Additionally, we identified proteins involved in neuronal growth and
modulation, such as neuromodulin/growth-associated protein 43 (GAP-43) and the myristoylated

alanine-rich protein kinase C susbtrate (MARCKS) (23-29). Notably, both MARCKS and GAP-43
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cytosolic proteins GAP-43 does have several potential N-

Figure 2.9 (A) Silver stain of proteins isolated from Fuc and AlkFuc labeled cortical neurons after CuAAC with

azido-biotin and streptavidin affinity chromatography. (B) Bands excised for proteomic analysis.

Table 1 Fucosylated proteins identified from rat cortical neurons at 8 DIV

Accession Peptide Seq.
Identified Proteins Function No. MW (kDa)  No.  Coverage
Cell Adhesion Molecules
Neural Cell Adhesion Molecule cell adhesion P13596.1 95 12 22
Cell Adhesion molecule 2 cell adhesion QIWIM2.2 48 4 13
Phospholipase Lipid metabolism Q5SFVH2.1 54 3 6
Prolow-density lipoprotein receptor-related protein  Regulates lipid metabolism and neural development Q917ZX7.1 505 4 1
Cell Growth/Morphology
Myristoylated alanine-rich C-kinase substrate Maintain Dendritic Spine Morphology P30009.2 30 4 21
MARCKS-related protein Maintain Dendritic Spine Morphology Q3KRES.1 20 3 31
Neuromodulin Axonal Growth Development and Plasticity P07936.1 24 4 22
Cell Signaling
14-3-3 protein gamma Regulation of signaling cascades P61983.2 28 3 20
14-3-3 protein theta Regulation of signaling cascades P63102.1 28 4 19
Selectin Antigens
Lysosome-associated membrane glycoprotein 1 Cellular Protein Degradation P14562.1 44 4 11
Lysosome-associated membrane glycoprotein 2 Cellular Protein Degradation P17046.2 45 3 9
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based on consenssequenceand has been suggested to be glycosylg@@d The MARCKS protein

was recently suggested to bind the polysialic acid structures of NCAM-NRSMM) (31), raising

the possibility that MARCKS, also reported to be fucosylated by lectin affinity chromatogi@phy

was purified norspecifically along with NCANMVe alsoundertook the identification of the fucose
proteome in 14 DIV neurons with the goal of identifying proteins that may be morg kixjhlessed

in mature neuronsWe rdied on the biotirstreptavidin enrichment strategigure 2.9 and 2.9B);

proteins identified are summarized in TaBleWe identified51 putativefucosyltedglycoproteins of

which 23have not yet been reportetarred) Proteins identifiechave a wide range of biological

roles and can be broadly categorized into four major functional classes: cell adhesion molecules, ion
channels and solute carriers/transporters, selectin antigens, and synaptic pé@remagain, everal

of the putativeucosylated glycoproteins identified, including NCANRBve been previously
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Figure 2.10 Streptavidin enrichment of metabolically labeled fucosylated glycoproteins in 14 DIV neurons.

(A) Silver stain of captured fucosylated proteins (B) Bands excised for proteomic analysis.

characterizeds fucosylated glycoproteir{®1). In addition to NCAM1, v idenify L1 CAM and
NCAM2, cell adhesion molecules inlwed in cell adhesion, neuronaligration, axonal fascidation,
and synaptogenesi83, 34). We also identified theon channelsvoltagegated calcium channel

alpha2/delta subuniand thesodium/potassium transport&TPase subunit$3 and!l as putative



Table 2. Fucosylated proteins identified from rat cortical neurons at 14 DIV

Proteins

Function

Accession No. MW (kDa) Peptide No.

Seq. Coverage

Contactin-1

Neural cell adhesion molecule 1
Limbic system-associated membrane protein

Neural cell adhesion molecule L1
*Neuronal growth regulator 1
Neural cell adhesion molecule 2
*Cadherin-13

Intercellular adhesion molecule 5

Neuronal cell adhesion molecule

Neurofascin
Opioid-binding protein/cell adhesion molecule

*Tyrosine-protein phosphatase non-receptor type substrate 1

Neurotrimin

*Coxsackievirus and adenovirus receptor homolog
*Protocadherin-10

Cell adhesion molecule 2

CD166 antigen

*Neogenin (Fragment)

*Cell adhesion molecule 4

*Contactin-5

*Receptor-type tyrosine-protein phosphatase delta
*Protocadherin-9

*Receptor-type tyrosine-protein phosphatase S
IgLON family member 5

Lysosome membrane protein 2
Lysosome-associated membrane glycoprotein 1
Lysosome-associated membrane glycoprotein 2
Golgi apparatus protein 1

4F2 cell-surface antigen heavy chain
Sodium/potassium-transporting ATPase subunit alpha-3
Sodium/potassium-transporting ATPase subunit beta-1

Voltage-dependent calcium channel subunit alpha-2/delta-1

*V-type proton ATPase 116 subunit a isoform 1
*Voltage-dependent anion-selective channel protein 2
*ADP/ATP translocase 1

ATP synthase subunit beta, mitochondrial

Basigin

*Neuronal membrane glycoprotein M6-b

*Neuronal pentraxin receptor
*Metabotropic glutamate receptor 7

*Gamma-aminobutyric acid receptor subunit alpha-5
Excitatory amino acid transporter 1
Large neutral amino acids transporter small subunit 1

*Metabotropic glutamate receptor 5

*Glutamate receptor 1

Prolow-density lipoprotein receptor-related protein 1
*Synaptic vesicle glycoprotein 2A

Synaptotagmin-1

*Vesicle-associated membrane protein 2

ADP-ribosylation factor 1

Major prion protein

Cell Adhesion Molecules
Axonal guidance

neurite outgrowth
neurite outgrowth

neuronal migration and differentiation
axon sproutin

neurite outgrowth

axon guidance

leukocyte migration

neurite outgrowth

axon targeting, synapse formation
synapse formation

neurite outgrowth, synapse formation

neurite outgrowth
cell adhesion
synapse formation
neurite outgrowth
neurite outgrowth
axon guidance
neurite outgrowth

neurite outgrowth, development

dendrite morphology
cell adhesion
cell adhesion
cell adhesion
Selectin Antigens
lysosomal transport

lysosomal transport
lysosomal transport
binds to E - selectin
lon Channels/Transporters
solute carrier
ion channel/atp hydrolysis
ion channel/atp hydrolysis
ion channel
proton pump
ion channel
transporter
ion transporter
blood brain barrier
maintenance of actin cytoskeleton
Neurotransmission and Synaptic Vesicle Proteins
Ca?" binding glycoproteins
neurotransmission
neurotransmitter receptor
glutamate transporter
glutamate transporter
glutamate receptor

neurotransmission

neurotransmission, endocytosis, intracellular signaling

maintains RRP of secretory vesicles

SV cycling

Vesicle fusion

vesicle regulation, recruit effectors to the GA, G
protein

membrane, GA, role in neuronal development and
synaptic plasticity

Q63198.2

P13596.1
Q62813.1

Q05695.3
Q920J8.1
035136.1
P55290.1
Q60625.2

P97686.2

P97685.2
P32736.2

P97710.1

Q99PJ0.2
QIYR066.2
QIP2E7.2
Q00657.2
035112.1
P61983.2
QIWIML.1

P97527.1

P23468.2
QYHC56.2
Q64605.2
QSHW98.2

P27615.2

P14562.1
P17046.2
Q61543.1

Q794F9.1
P06687.2

P07340.1

008532.1
Q971G4.3
P81155.2

P19023.1
P26453.2

P35803.2

035764.1
P35400.1

P19969.1
P24942.2
Q63016.2

P31424.2
P23818.1

Q91ZX7.1
Q02563.2
P21707.3
QYNOY0.3
P84079.2

P13852.2

113

95
38

141
38
93
78
97

134

138
38

56
38

113
48
65
151
43

121

215
136
212

54

44
45
132

58
112

35

125
96
32
33
59

42
36

52
102

52
60
56

132
102
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fucosylated glycoproteirs, which have functions in ion transport and neurotransmissi¢85),
suggesting roles for fucosylation in ion transporembrane excitability, ATP metabolism.

Notably we identify several synaptiesicle associated proteins, such as synaptic vesicle
glycoprotein 2A, synaptotagmin 1, and vesiatsociated membrane proteinstakfle 3, which have
important roles in the aing and regulation of synaptic vesicle fusi@®). Synaptotagmin 1 has
been shown to benaN- and O-linked glycoprotein, with glycosylation being critical to tteggeting
of synaptotagmin 1 to synaptic vesicles (37, 38). The detection of several synaptic proteins is
consistent with a role for fucosylated glycans in synaptic signgB2g39). We also identify the
glutamate receptor 1, metabotropic glutamate receptor 1, and GABA receptor $hpwith roles
in neurotransmission andippocampaldependent learning (40). Taken together, the protein
identifications suggest roles for fucose in cell adhesion and morphology, neuronal communication
and synaptic signaling.

Cloning and Validation

In order to confirm the fucosylation of the putative fucosylated glycoproteins identified, we
undertook a biochemical validation of selected proteins. To probe the fucosylation of endogenous
neuronal proteins, neuronal cultures were metabolically lalvatbdthe AlkFuc or Fuc molecules for
3 d, followed by CuAAC labeling with azidoiotin and enrichment of labeled proteins over
streptavidin resin. The enriched fraction was probed for NCAM and L1 CAM. The presence of
NCAM and L1 CAM in the lysates labalewith AlkFuc, but not in the lysates labeled with Fuc,
confirmed the fucosylation of NCAM and L1CAM. As a negative control, we blotted for p44
MAPK, a kinase not known to be glycosylated44 MAPK was not enriched in the labeled lysates,
indicating thespecific labeling and enrichmeof fucosyated glycoproteins (Figure 2.AQ.

In addition to endogenous proteins, we biochemically validated the fucosylation of proteins over
expressed inHeLA cells Specifically, the proteins MARCKSyoltagegated calwm channel
alpha2/delta subun{iCacna3dl)and synaptotagmin (Sytl) were cloned into CMV expression

vector with a Gterminal3X FLAG tagto construct-LAG fusion proteins It should be notethat a
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truncatedSytl, with the known glycosylation siteimtact, but withboth lipid domains deleted, was
ultimately used for th&llowing validation assaySytl 1140)(37); the presence of the lipid binding
domains seemed to lead to rgpecific interactions with the CUAAC reagenfthe FLAG constructs

were over expressed inktdeLA cellsthat were metabolically labeled wigzFuc. The metabolically
labeled lysates were then lysed and tagged vaitkynebiotin, followed by FLAGaffinity
purification of the protein of interesfThe eluates were analyzed by SIPBGE and Western blot to
probe for the fucosylation of the protein of irgst (Figure 2.1B). The detection of the fucosylated
protein by streptavidin conjugated to Alexa Fluor 680 in the AzFuc treated lysates, but in the Fuc
treated lysates, indicated the specific fucosylation of the protéis.a positive control, FLAG
Synapsin | was similarly expressed in metabolically labeled cells, and affinity purified subsequent to
CUuAAC labeling Detection of the rrichment ofglycosylated synapsin | in the AzFuc treated lysates

is apparent, confirming the validation assay.

NCAM
L1CAM
Mapk P44
Input Elution
B ¥ <<‘>0 < ?:{,(‘)o

W
. - ©  FLAG-Synapsin |

A s d

‘ [ © ' MARCKS-FLAG

A eed

~ Cacna2d1-FLAG

Anti-FLAG Streptavidin

Figure 2.11 Biochemical validation of putative fucosylated glycoproteins. (A) NCAM and L1 CAM, but not
the negative control p44 MAPK, are enriched from neurons metabolically labeled with AlkFuc and tagged with
azido-biotin before streptavidin affinity purification. (B) FLAG-Synapsin I, MARCKS-FLAG, Cacna2dl-
FLAG, and Sytl _1-140 FLAG are labeled with AzFuc when overexpressed in metabolically labeled HeLa cells.
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Thus, the specific fucosylation of the proteins NCAM, L1 CAM, MARCKS, Cacna2dl,
Sytl 1140, and Syn | was confirmed using the matural fucose analogs, validating their use to
probe specific neuronal proteins. Moreover, the fucosylation of twol pogeeins, MARCKS and
Cacna2dl, was validated, demonstrating the utility of the AlkFuc analog for the proteomic
identification of fucosylated glycoproteins.
In Vivo Labeling of Fucosylated Glycoproteins.

Having demonstrated the ability to chemoselectively label fucosylated proteins in dissociated
neuronal cultures, we explored the potential to label fucosylated glycans in vivo in the brain. Based
on previous reports that the expression of fucosylated glycans may be higher in postnatal pups (39),
we elected to first attempt in vivo labeling in the brains of P1-8 mouse pups. Following protocols

approved by the Institutional Animal Care and Use Committee

<<\)c’ (IACUC), C57/Bl16 pups were cryo-anesthetized and monitored until

&

unresponsive by tail pinch. Using a stereotaxic device modified for

250 = mouse pups, 2 pL of 50 mM AlkFuc or Fuc was injected into the
o= hippocampi utilizing a microinjector, using coordinates provided in
l::: the Allen mouse brain atlas. Subsequent to the injection, pups were

placed on a heating pad and monitored until responsive. After 1 d of
0= survival, pups were humanely euthanized and their brains dissected
%= for analysis by CuAAC. The dissected brain tissue was
32(;_ homogenized and lysed in SDS, and tagged with azido-biotin as

previously described. SDS-PAGE and Western blot detection with

. ) . streptavidin conjugated to Alexa Fluor 680 indicated that some
Figure 2.12 [n vivo labeling of

fucosylated glycoproteins in

postnatal mice labeling was apparent, but it did not appear that a significant

amount of AlkFuc was incorporated (Figure 2.12). To probe the
subcellular localization of AlkFuc incorporation in vivo in more detail, the brains were removed,

immersion fixed in paraformaldehyde solution, and sliced for immunohistochemistry. Briefly, slices
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prepared on the Lyca Cryostat were blocked in goat serum and labeled via CuAAC overnight. To
carry out CuAAC labeling, the CuAAC reaction mixture was prepared in PBS with 25 mM CuSQOy, 1
mM sodium ascorbate, .05 mM triazole ligand, and 0.05 mM azido-biotin, and incubated over the
slices on the coverslip overnight at 4 °C. Subsequent to CuAAC labeling, the slices were washed in
PBS and stained with DAPI or streptavidin conjugated to Alexa Fluor 546 to visualize AlkFuc
labeling. When compared to the nuclear stain DAPI, it was not apparent that AlkFuc labeling was

specifically localized to any subcellular structures (Figure 2.13). The staining also seemed localized

in close proximity to the injection site, suggesting that the AlkFuc did not permeate the tissue. !

AkFuc :

Figure 2.13 In vivo labeling of fucosylated glycoproteins in postnatal mice. Fuc or AlkFuc was injected into
the hippocampi of WT postnatal mouse pups, after which the pups were humanely euthanized and the brains

were dissected and lysed, labeled via CuAAC, and analyzed by histology.

In order to increas@lkFuc incorporation we reasoned that it might be necessary to
administer multiple doses of AlkFuc. As attempting survival surgery in P3 pups to such an extent was
impractical, we decided to attempt injections into adult mice, in which we cealdily insert
cannulas for multiple injectiondmportantly, we were able to utilize FX~ mice, which are deficient in
the FX enzyme, a necessary enzyme for the biosynthesis of fi#ids€Consequently, the transgenic
mice must be supplemented with exogenous fucose for survival. The deficiency in the fucose
biosyntheic pathways implied to us that incorporation of the nematural fucose analog could
potentially be greater than in mice with intact biosynthetic machinery.

Using stereotaxic device, adult transgenic Fx” mice that had been fucoesearved (i.e. fed

with normal rodent chow, rather than fucose-supplemented chowfpr oneweek and therimplanted
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Figure 2.14  In vivo labeling of fucosylated

glycoproteins in adult mice. Fuc or AlkFuc

was injected via microcannula into the

hippocampi of Fx”" mice, after which the mice
were humanely euthanized and the tissue was
dissected, labeled via CuAAC, and analyzed by
Western blot.  Treatment with PNGase F
significantly abolished signal from the AlkFuc
labeled tissue, suggesting that AlkFuc was
into  N-linked

specifically  incorporated

glycoproteins.

Following dissection, cryopreservation
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with microcannul@ with access to the hippocampus,
following approved survival surgery protocolélkFuc
andFucwere injected into the hippocampus through the
cannula evey 48 h for one week, foa total of three
injections. One day subsequenttie final injection, the
mice were humanely euthanized, and the hippocampal
tissue was removed, homogenized, and labeled via
CuAAC with azidebiotin. Lysates were resolved by
SDS-PAGE and visualized by blotting wittRDye 800
conjugated testreptavidin(Figure 2.14. We observed a
number of fucosylated glycoproteins between 50 and
250 kDa in the lysate from thalkFuc treated animals,
whereas there was very little labeling in control fucose
injected animals. Notably, AlkFuc labeling was
significantly decreased when the lysate was treated with
PNGaseF, a glycosidase that cleaveslinked glycans,
suggesting thatthe AlkFuc analog was specifically
incorporated intdN-linked glycansn vivo.!

In order to probe the subcellular localization of
AlkFuc incorporationin vivo in more detail euthanized
mice wereperfusion fixed in paraformaldehyde solution.

and brain slices were

slicing, subjected to

immunohistochemistryHowever, though signal was apparent by Western blot, no specific signal was

apparent in brain slices and the subcellular localization of AlkFuc could not ligedlarWhether

incorporation of AlkFuc was too low or whether CUAAC conditiaessed were not amenable to

histological detectiomas notyetbeen determined.
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However, the ability to label fucosen vivo does open new avenues where we might monitor
fucogylation in living animals, particularly to elucidate the proteins involved in learning and memory
consolidation. WhileCuAAC chemsitryis not alwaysconduciveto in vivo labeling (42), there have
been recent developments in reageras #ne capable of labeling azided akynye reportersn vivo,
including strained promoted azide alkyrycloaddition and chelating ligands that reduce the toxicity
of copper(10, 43). Notably, these reagents have been used to label glycoconjugates in mice and
zebrafishin vivo, suggesting their potential use in monitoring fucosylation dynamics in living mice
(44, 45). Such studies will reveal molecular insights into learning and memory that have been
unattainable by conventional biochemical approaches.

In summary, we exploited the naratural fucose analog AlkFuc to probe the fucose proteome
in cultured neurons and the brain vivo. We show that AlkFuc is incorporated into-likked
glycoproteins in rat cortical neurons aitntify the fucose proteomeWe identified cell adhesion
molecules, selectin antigens, ion channels and ATPases, and synaptic proteins, suggesting roles for
fucose in cell adhesion and morphology, neuronal signaling, and synaptic vesicle cycling and

neurotransmission.

Experimental Procedures

Copper-catalyzed azidealkyne cycloaddition (CUAAC) reagents. Peracetylated natural Fusm
(Fuc), peracetylated alkynylicose (AlkFuc), peraatylated azidducose (AzFuc)azidobiotin, and
triazole ligand were synthesized by Sarah Hanson énldboratory of Dr. ChHuey Wong as
previously described(17). All molecules were stored a0 jC in DSMO at the following
concentrations: 400 mM Fuc, 400 mM AlkFuc, 400 mMFAg, 50 mM aziddiotin, and 50 mM

triazole ligand.

Rat Embryonic Cortical and Hippocampal Neuronal Culture. Timedpregnant Sprague-Dawley

rats at embryonic day 18 (E18) were purchased from Charles River Laboratories (Kingston, Mass)
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and euthanized in aordance with IACUC protocols. Hippocampal neurons were cultured using a
procedure modified from Goslin and BankKdg). Briefly, the hippocampi and cortices of E18 rat
embryos were dissected and transferred to 4.5 mL efdtge Calcium and Magnesium Frékank's
Balanced Salt Solution (CMHBSS). Trypsin (2.5%, EDTA free) was added to 5 mL, and the tissue

was incubatedor 15 min at 37 jC. The trypsin solution was then removed and the tissue sample
washed three times with 5 mL of CMHBSS. Cells were then dissociated from the tissue in 1 mL of
CMF-HBSS by passing through a P1000 pipet tig20times. The cells were @unted, diluted into
Minimal Eagle's Medium (MEM) supplemented with 10% fetal bovine serum (FBS; Life
Technologies) and penicillin/streptomycin (10,000 U/mL; Life Technologies). Cortical neurons were
plated on 1@&m tissue culture plates (BD Falcon) atdansity of 20 million cells per plate.
Hippocampal neurons were seeded on qilyornithinecoated glass coverslips (Carolina
Biological) at a density of 75 cells/mirl00 |L/coverslip) in a 12well plate (BD Falcon). After 30

min, 500 |L of supplementedleurobasal medium (47.5 mL Neurobasal medium (Life Technologies);
0.5 mL L-glutaMAX (200 mM; Life Technologies); 0.5 mL penicillin/streptomycin (10,000 U/mL;
Life Technologies); 1.0 mL B7 serumfree supplement (50X stock; Life Technologies);h0of 0.5

M kynurenic acid in 1 N NaOH) was added to each well. The cultures were maintained in 546 CO

37 iC, and half the media was changed once a week.

Mouse Embryonic Fbroblast Isolation and Culture. Timed pregnant FX mice at E15 were
euthanized and & embryos removed in accordance with IACUC protocols. Mouse embryonic
fibroblasts were isolated by separating each embryo from the placenta and cutting away the brain and
any dark red organs. The tissue was washed with ice cold-BRSS, minced with stde razor

blades, and digested with trypsin as described ab@edis were dissociated from the tissue in 1 mL

of CMF-HBSS by passing the tissue suspension through a P1000 pipet tip 20 times. The cells were
diluted into DMEM supplemented with 10% FBS am¢hicillin/streptomycin (10,000 U/mL) and

plated at the equivalent of one embryo per 10 cm plate in 10 mL media. Media was replaced the
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following day, and cells were split 1.5 after confluent (3 to 5 days in culture). Cells were either
maintained in cuaure for experiments or frozen in DMEM supplemented with 10% DMSO (Fisher)

and 30% FBS and stored in liquid nitrogen until needed for culture.

HeLa Cell Culture. HelLa were cells grown in DMEM medium, supplemented with 10% fetal
bovine serum (FBS), 100 units/mL penicillin, and 0.1 mg/mL streptomycin (Gibco). All transfections
were carried out in antibiotic-free media. In all cases, cells were incubated in a 5% CO, humidified

chamber at 37 °C.

Metabolic Incorporation of AzFuc and AlkFuc into Neuronal Proteins and CuAAC with
alknyne-biotin. Neurons in culture were supplemented with 10 AlkFuc, AzFuc,or Fug by
adding the appropriate volume 400 mM stock solution into the cultunmedia, for3 d. For the
specificity studies, tunicamycigSigmaAldrich) in ethanolwas added at a concentration2&!M to

the indicated samplaturing the last 24 h of thraetabolic labelingeriod and was allowed to remain

in the media through the metabolic labeling treatment. Cells were subsequenthdwash PBS,

pH 7.5, scraped off the plates, and lysed in boiling 1% SDS with sonication. Protein concentration
was determined by BCA assay (Pierce), and lysate was subjectedAAC to tag metabolically
labeled glycoproteins. Lysates in 1% SDS (2 !g)'ivere added into an equivalent volume of buffer
containing 6% NR40, 150 mM NaCl, 100 mM NaPO, and 2X Protease Inhibitor Cocktail (Roche,
EDTA-free). Triazole ligand (.1 mM), alkyne or azido biotin .1 mM), CuSQ (50 mM), sodium
ascorbate20 mM) wee added and the reaction buffer was incubated, rotating end over end, at 4 {C
for 3 h. Labeled lysates were diluted with 4X sample buffer (200 mM Tris pH 6.8, 8% SDS, 400 mM
DTT, 40% glycerol, 0.2% bromophenol blue), resolved on a NUPAGR% BisTris gd (Life
Technologies) and transferred to a polyvinylidene difluoride (PVDF) membrane (Milipore). The

membrane was blocked in 3% BSA (Fisher) in TBST (50 mM Tris¥HCI, 150 mM NacCl, 0.05% Tween
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20, pH 7.4) for 1 h at rt, and blotted with streptavidiexa Huor 680 (0.01 !g/mL in TBST

containing 3% BSA, Life Technologies) for 1 h at rt to visualize biotinylated proteins.

Purification of Biotin -Labeled Fucosylated Proteins.Biotinylated samplesvere prepared as
described aboveyere precipitatedising methaal/chloroform/waterand redissolved in boiling 1%

SDS plus Complete? protease inhibitors at a concentration of 2 mg/mL. The SDS was quenched
with 1 volume of NETFD buffer (100 mM NaCl, 50 mM Tris¥HCI pH 7.4, 5 mM EDTA, 6%4NP

plus protease inhibitor§.he samples were incubated with gvashed streptavidin resin (Pierce; 100
pL/1 mg protein) for 2 h at 4 jC. The resin was washed thrice with 10 column volumes each of low
salt buffer (0.1 M Na2HPO4 pH 7.5, 0.15 M NacCl, 1% Tritosl 00, 0.1% SDS), thricavith 10
column volumes each of high salt buffer (0.1 M,NRO, pH 7.5, 0.5 M NacCl, 0.2% Triton -400),

once with 10 column volumes of 4 M ure& BDS in PBSand twice with 10 column volumes of 50

mM Tris¥HCI pH 7.4. Captured protein was eluted in bgiétution buffer (6 M urea, 2 M thiourea,

30 mM biotin, 2% SDS, pH 12) for 1hin. The eluate was diluted 10 times with PBS and

concentrated to 5QL in Amicon-4mL Ultra concentrators (Millipore).

TAMRA Labeling of Neuronal cultures and Purification of TAMRA -Labeled Fucosylated
Proteins. Neurons in culture were supplemented with 100 IM AzFuc or Fuc, by adding the
appropriate volume ofil00 mM stock solution into neuronal growth meida, for 3 d. Cells were
subsequently washed with PBS, pH 7.5, scrapedheffplates, and lysed in 1% SDS with limited
sonication. The samples were not boiled to avoid decomposition of the tagd Protein
concentration was determined by BCA assay (Pierce) and lysates in 1% SDS (4 !g/'L) were
subjected to copper catalyzedkyme-azido cycloaddition utilizing reagents available from the
ClickIT kit (Life Technologies). Subsequent to labeling, labeled samples were precipitated and
resolubilized as described above at a concentration of 2 mg/mL. The SDS was quenched with 1

volume of NETFD buffer plus protease inhibitors. The samples were incubated wi{PAMRA
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antibody (Life Technologies) d mg/mL(check)for 5 h at 4 {C, rotating end over end. The samples
were subsequently incubated with fgguilibrated Protein A/G beadRierce) for 1 h at 4 |C, rotating
end over end, after which the beads were washed thrice with Bimding buffer,and once with 1
mL of ice-cold 50 mM Tris, pH 7.5. Captured protein was eluted in 2X tgiiample buffer for 5

min.

LC-MS/MS Analysis. The eluate was resolved on a 10% acrylar88s gel and visualized by

silver stain. The bands were cut and destained and subsequently subjected to reduction with DTT,
alkylation with iodoacetamide, and overnight tryptic disgestion. The resulting extrasiymatic

digest solutions were taken to dryness, and the samples were reconstituted with 20 'L 0.1 M HoAC,
and their analyses were started immediately on an Orbitrap Velos, using a true nanoLC system. A
Otop 20 data dependentO expent was performedn each reconstituted sample, meaning a full MS
scan with high mass accuracy was taken followed by tandem MS of the top twenty m/z values. The
samples were run with single peptide standards injected between each sample run to minimize carry
over betweenamples, and two standards were injected after ever 10 samples. Samples were run
such that a conttdand was always run befores isample counterpart, and pairs of bands of widely
varying MW were run in varying order to help further distinguish hits §ipetwi the AlkFuc lane.

Upon manual inspection of the data, the system appeared to perform fine, as verified by the consistent
retention time and signal of the standard run after reach gel band saitiamples were searched

by Mascot against the SwgBrot database (version 57.15) with full tryptic specificity, allowing for

+57 Da static modification of cysteine (iodoacetamide labeling) and +16 Da variable modification of
methionine (oxidation that occurs as an artifact of processing). Precursoacoasacies of +/25

ppm were used a second minimal criterion for peptide identification acceptamu®tein
identification were accepted if three peptides each having a 95% certainty level together combined to
give a protein identification with a 99.9%rtainty, as defined by Peptide/Protein Prophet in Scaffold

2.0.
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Western Blotting for Parallel Identification of AlkFuc Labeled Proteins. The purified, labeled
lysates, as described in the main text Material and Methods, was resolved on a NuURA%BEBs

Tris gel (Invitrogen) and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore).
The membrane was blocked in 5% milk (BioRad) in TBST (50 mM Tris¥HCI, 150 mM NacCl, 0.05%
Tween 20, pH 7.4) for 1 h at rt. Primary antibodies in 5% milk iisTBvere added overnight at 4 |C

at the following concentrations: mouse adCAM monoclonal antibody (Abcam) at pg/mL,
mouse antsynapsin | ascites (Synaptic Systems) at |@giml, mouse antmuncl81 (Synaptic
Systems) at 0.jug/mL, or mouse p44 MAPK onoclonal antibody (Cell Signaling) at 1:2000
dilution. Membranes were washed with TBST, incubated with the appropriate Alexa Fluor 680
conjugated (Invitrogen) or IR80Ebnjugated (Rockland) secondary antibody, and visualized using a

LICOR Odyssey Imagin®ystem.

Biochemical Validation of the Proteins MARCKS, cacna2d2l, and synaptotagmin 1IMARCKS,
cacna2dl, and synaptotagmin 1 (sytl) cDNA was purchased from Openbiosystems and cloned into a
pCMV mammalian vector with a-@rminal 3X FLAG peptide. Sytl was truncated to the first 140
amino acids (37) to limit hydrophobic interactions betweenettsytl lipid binding domaingand
reagents or resin. Proteins were express@dimary P3 Fx/- mouse embryonic fibroblasts HeLA

cells with Lipofectamine 2000 (Life Technologies) and concurrently treated with either 100 IM
AlkFuc or Fuc. 24 h subsequent to transfection and treatment, cells were lysed in 1% SDS and
labeled with aido-biotin via CUAAC as described in the main text Material and Methods. Labeled
material was precipitated with MeOH/CHClesolubilized in 1 % SDS, and affinity purified over
FLAG M2 resin (Sigma Aldrich). The purified, labeled material was resolved on a NUPAGE 412%

Bis-Tris gel (Invitrogen) and transferred to a polyvinylidene difluoride (PVDF) membrane
(Millipore). The membrane was blocked in 5% milk (BioRad) in TBST (50 mM Tris¥HCI, 150 mM
NaCl, 0.05% Tween 20, pH 7.4) for 1 h at rt. Mouse-Bh#AG antibody (Sigma Aldrich) was added

at 0.5 Ig/mL in 5% milk in TBST for 1 h at rt. Membranes were washed with TBST, incubated with
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IR800 conjugated goat aftiouse secondary antibody, or Alexa Fluor 680 conjugated streptavidin,

and visualized using a CIOR Odyssey Imaging System.

In Vivo Labeling by AlkFuc in Post-Natal Mice Pups. All procedures were approved by IACUC
and animals were handled according to the IACUC guidelines. For injection into neonatal rat pups,
individual animals P1-P8 were removed from the dam and cryogenically anesthetized by placing
them in a latex sleeve and gently submerging them in an ice bath until they appeared anesthetized. A
tail pinch was used to determine if the anesthesia was sufficient. The skin on the head at the site of
injection was cleaned with chlorhexidine. The skull of the rat pup is cartilaginous at this age, and
thus injections can proceed without the need of a surgical incision. The pup was injected with a
Hamilton syringe using a 33-gauge needle attached to a microinjector. The compounds were injected
based on stereotaxic coordinates previously published, and were injected at 0.1 pl/min for a total
volume of 1-2.5 pL unilaterally into the cortex. As a control, Fuc was injected into the hippocampus.
After insertion of the needle, a 1 min resting period preceded the injection. The injection needle was
withdrawn over a 2 min period. The puncture wounds were sealed with surgical glue. Pups were
tattooed to identify AlkFuc and Fuc injected animals by using a 29-gauge needle to inject a small
quantity of tattoo ink into one of the digits or footpad. After injection the pups were warmed on a
water circulating heating pad until responsive. They were returned to the dam and maintained on a
heat pad until the pups begin nursing. The rump of each pup was exposed to a small amount of urine
from the dam to mask any odors that may be associated with the handling and injection procedure.
Pups were observed for 4-6 hours post-surgery, and any pups that did not appear to be nursing by lack
of a milk spot, or appeared cold or dehydrated were euthanized immediately. The pups were
euthanized 1-3 days post-injection by CO,, and the cortex was isolated. For pain relief, the dam of
the injected pups was given 2 mg/kg ketoprofen subcutaneously just prior to the surgery in order that

the pup received the analgesic and anti-inflammatory effects of the drug through nursing. The pups
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were not treated post-operatively for pain relief as there is no information on a safe dosage to be
administered directly to neonates, and the use of such drugs may induce aberrant behavior in the pups

and can increase the chance of cannibalization.

Immunohistochemistry of Metabolically Labeled Mouse Brains. The brains of mouse pups were
removed and immersion-fixed overnight in 4% paraformaldehyde in PBS at 4 °C. The following day,
the solution was replaced with an ice-cold solution of 15% sucrose in PBS at 4 °C until the brains
sank, followed by 30% sucrose in PBS. The brain tissue was mounted in OCT medium (Tissue Tek)
and frozen in a dry ice/MeOH bath. Adult mice were perfusion fixed and the brains dissected,
followed by immersion in 15-30% sucrose, as described above. Frozen brains were stored at -80 °C
until they were processed for sectioning. Fixed tissues were cryogenically sliced on a Leica CM 1800
cryostat in coronal or sagittal sections (20 um sections for P3 pups and 50 um sections for adult
brain). Sections were dried at 37 °C for 20 min and then blocked in 10% donkey serum and 0.3%
Triton X-100 in PBS for 1 h at rt. Sections were then subjected to CuAAC, and were incubated in 25
mM CuSO,4, 10 mM sodium ascorbate, 0.05 mM triazole, and 0.05 azido-biotin in PBS overnight at 4
°C. Subsequent to CuAAC labeling, sections were incubated with Alexa Fluor 488 conjugated
streptavidin (1:1000 in 2% donkey serum and 0.1% Triton-X-100 in PBS, Sigma) for 1 h at rt. After
staining, slices were mounted in Vectashield containing 40,6-diamidino-2-phenylindole (DAPI,

Vector Laboratories) and fluorescence imaged on a Nikon T2000 with a 5X or 10x objective.

In Vivo Labeling by AlkFuc in Adult Mice. All procedures were approved by IACUC and animals
were handled according to the IACUC guidelines. Adulf Fice were maitained on normal rodent

chow supplemented with 0.5 to 1% Fucose (Sigma). One week prior to surgery, animals were placed
on a normal rodent diet to minimize levad$ endogenous fucose. The animals were weighed,
anesthetized under isoflurane, giverl #me appropriate amount of an analgesic (Ibuprofen, 2 mg/kg)

via subcutaneus injection, and immobilizedn a stereotaxic device. The crown of the head was
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shaved and sterilized, and a fine dentist drill wadus drill through the skullMicrocannulas were
implanted on one hemisphere at the coordinates (2 mm, 2 mm, 2 mm) to access the hippocampus, and
2 uL of 1 mM alkynyl fucose was injected via a Hauoniltsyringe with a 33 G needl&'he wound

was sealed using the surgical adhesive VetBond and theaaiigrola wagapped using a removable

cap. The animal was taken off the isoflurane, and placed on a covered heating pad in a new cage,
with food and water easily accessible. The animals were typically mobile and responsive within 5
min. After recuperatig for 2 d, the animals were once again anesthetized with isofluorane and
immobilized on the stereotaxic device to deliver a second dose of alkynyl fucose. Subsequent to the
injection, the microcannula was capped and the animal wasealltovrecover as emtiored above.

A third and final dose was administered in the same way 2 d later. One day following to the final
dose ofAlkFuc, and seven days subsequent to the surgery, the animals were humanely euthanized and
the brain dissected. The hippocampus vweamoved and lysed in 1% boiling SDS with sonication,

and the protein quantieed with the Pierce BCA assay.ysates treated with both Fuc and AlkFuc

were biotinylatedvia CUAAC as described in the main text Materials and Methods. Half the labeled
sample was subjected to PNGaseF digest (NEB) according to reageatols subsequent to

CUuAAC labeling, and labeled lysates were analyzed by Western as described above.
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