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Gangliosides—sialylated glycosphingolipids—are the major
glycoconjugates of nerve cells. The same four structures—
GM1, GD1a, GD1b and GT1b—comprise the great major-
ity of gangliosides in mammalian brains. They share a
common tetrasaccharide core (Galp1-3GalNAcp1-4Galp1-
4Glcp1-1'Cer) with one or two sialic acids on the internal
galactose and zero (GM1 and GD1b) or one (GDla and
GT1b) o2-3-linked sialic acid on the terminal galactose.
Whereas the genes responsible for the sialylation of the in-
ternal galactose are known, those responsible for terminal
sialylation have not been established in vivo. We report
that St3gal2 and St3gal3 are responsible for nearly all the
terminal sialylation of brain gangliosides in the mouse.
When brain ganglioside expression was analyzed in adult
St3gall-, St3gal2-, St3gal3- and St3gal4-null mice, only
St3gal2-null mice differed significantly from wild type,
expressing half the normal amount of GD1a and GT1b.
St3gall/2-double-null mice were no different than St3gal2-
single-null mice; however, St3gal2/3-double-null mice were
>95% depleted in gangliosides GD1a and GT1b. Total
ganglioside expression (lipid-bound sialic acid) in the
brains of S#3gal2/3-double-null mice was equivalent to that
in wild-type mice, whereas total protein sialylation was
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reduced by half. S73gal2/3-double-null mice were small,
weak and short lived. They were half the weight of wild-
type mice at weaning and displayed early hindlimb dysre-
flexia. We conclude that the St3gal2 and St3gal3 gene pro-
ducts (ST3Gal-II and ST3Gal-IIl sialyltransferases) are
largely responsible for ganglioside terminal a2-3 sialyla-
tion in the brain, synthesizing the major brain ganglio-
sides GD1a and GT1b.

Keywords: brain / ganglioside / myelin / sialic acid /
sialyltransferase

Introduction

The glycome of the mammalian brain is unusual in its relative
abundance of glycolipids, which constitute >80% of brain
glycans (Schnaar 2005). Among these, the major glycans of
nerve cells are gangliosides, sialylated glycosphingolipids that
carry most of the sialic acid in the brain (Kolter et al. 2002;
Schnaar 2007; Yu et al. 2007; Todeschini and Hakomori
2008). Although there are hundreds of ganglioside structures
based on sugar moieties alone (Yu et al. 2007), and many
more when variation in the ceramide lipid carrier is consid-
ered, among mammals (and birds), four glycan structures pre-
dominate in the brain—GMI1, GDla, GD1b and GTlb—
comprising up to 97% of gangliosides in the human brain
(Svennerholm 1964; Tettamanti et al. 1973; Ando 1983).
These four gangliosides (Figure 1) share the same neutral tet-
rasaccharide core (Galfl-3GalNAcB1-4Galp1-4Glcpl-1'Cer),
with one or two sialic acids on the internal galactose (to make
GM1 and GD1b, respectively) and an additional sialic acid on
the non-reducing terminal galactose to make GDla (from
GM1) and GT1b (from GDI1b). Gangliosides function in cis,
modulating the activity of signaling proteins in their own
membranes, and in trans, acting as receptors for complemen-
tary binding proteins on apposing cells (Todeschini and
Hakomori 2008). As an example of the latter, gangliosides
GDla and GT1b on axons are functional ligands for the lectin
myelin-associated glycoprotein (MAG, Siglec-4; Schnaar and
Lopez 2009). Based on genetic, biochemical and cell bio-
logical studies, MAG on myelin binds to GDla and GT1b on
axons to help ensure long-term axon-myelin stability, protect
axons from toxic insults and modulate axon regeneration.
MAG binding to GDla and GT1b is dependent on the terminal
02-3-linked sialic acid; it does not bind to GM1 or GDI1b
(Yang et al. 1996; Collins, Yang, et al. 1997). This and other
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Fig. 1. Structures and biosynthetic pathways of the major brain gangliosides.

ganglioside structure—function relationships have been investi-
gated in vivo using a series of mice with altered ganglioside
biosynthetic enzyme genes (Proia 2003; Pan et al. 2005;
Schnaar 2005).

Gangliosides (and other glycosphingolipids) are synthe-
sized stepwise from ceramide by a sequential addition
of sugars by a series of glycosyltransferases (Figure 1), most
of which are specific for glycolipid biosynthesis, but others of
which are involved in glycosylation of both glycolipids and
glycoproteins (Kolter et al. 2002). The precursor to most
gangliosides, lactosylceramide, is acted upon by the St3gal5
gene product (ST3Gal-V) to make GM3, which may be acted
upon further by the St8sial gene product to make the disialo-
ganglioside GD3. These become the “internal” sialic acids on
the major brain gangliosides. Each of these is an acceptor for
the same lipid-specific N—acetylgalactosaminyltransferase, the
B4galntl gene product, making GM2 (from GM3) and GD2
(from GD3), respectively. Once the GalNAc is added, further
addition or removal of sialic acids on the internal galactose
does not occur, and the pathway is fixed as the “a—series”
(one internal sialic acid) or the “b-series” (two internal sialic
acids). Although other gangliosides are found in the brain,
such as the “O-series” (no internal sialic acids) and the
“c—series” (three internal sialic acids), these are quantitatively
minor.

Mice with a disrupted St3gal5 gene fail to synthesize GM3
or any of the a-series or b-series gangliosides (Yamashita
et al. 2003). Mice with a disrupted St8sial gene do not make
GD3 or the b-series gangliosides (Kawai et al. 2001).
Identifying the enzyme(s) responsible for adding the terminal
02-3 sialic acid to GM1 and GDI1b (GDla and GT1b syn-
thase(s), respectively) was the goal of the current study.

The mouse and human genomes encode six 02-3 sialyl-
transferases (ST3Gal-1 through ST3Gal-VI, Table I; Audry
et al. 2011). Using in vitro enzyme assays, ST3Gal-I and
ST3Gal-II robustly add sialic acid to the terminal galactose of
GalPB1-3GalNAc-terminated glycolipids (Kono et al. 1997)
and were thought to synthesize GDla and GTIb in vivo
(http:/www.kegg.jp/kegg/pathway.html ~ and  http:/www.
functionalglycomics.org), although this had not been con-
firmed genetically. ST3Gal-V and ST3Gal-VI fail to transfer
sialic acid to GM1 and GDIb in vitro (Kono et al. 1998;
Okajima et al. 1999) and are unlikely to be involved in GDla
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Table I. ST3Gal sialyltransferases in mammals®

Gene  Enzyme Gene Ganglioside Brain
synonyms synthesis® expression®
St3gall ST3Gal-1  Siat4, Siatda  +++ +/—
St3gal2 ST3Gal-1I  Siat4b, Siats +++ ++
St3gal3 ST3Gal-1Il  Siat3, Siat6 + +++
St3gal4 ST3Gal-1V  Siat4c +/— +
St3gal5 ST3Gal-V  GM3S, Siat9  — +++
St3gal6 ST3Gal-VI Siatl0 - +

“Based on references Kono et al. (1997, 1998) and Okajima et al. (1999).
®Glycosphingolipid acceptor activity in vitro.
“Brain mRNA expression.

or GTI1b synthesis, although they cannot be definitively
excluded. To establish the enzymes responsible for the bio-
synthesis of GDla and GT1b, the current study evaluated the
contributions of four mouse genes, St3gall through St3gal4
(Priatel et al. 2000; Ellies, Ditto, et al. 2002; Ellies,
Sperandio, et al. 2002), individually and in combination.

Results

Ganglioside expression in St3gal mutant mice

Gangliosides were extracted from the brains of young
adult (6-12-week-old) St3gall-, St3gal2-, St3gal3— and
St3gal4-null mice and from wild-type littermates of each and
analyzed by thin-layer chromatography (TLC). Wild-type
mouse brain gangliosides had high levels of GD1a and GT1b,
as well as GM1, GD3, GD1b, GQ1b and GT1b-OAc (GT1b
bearing sialic acid(s) with a 9-O-acetyl group). Brain ganglio-
side patterns of St3gall-, St3gal3- and St3gal4-null mice were
indistinguishable from wild type. In contrast, St3gal2-null
mouse brain gangliosides were diminished in GDla and
GT1b with a concomitant increase in GM1 and GDIb
(Figure 2), a pattern consistent with partial loss of ganglioside
terminal o2-3 sialylation (Figure 1). Quantitative densitom-
etry revealed that gangliosides bearing an 02-3 NeuAc on the
terminal galactose, together, comprise >60% of wild-type
mouse brain gangliosides, a value reduced by half in
St3gal2-null mice (Figure 3). Based on these data, ST3Gal-II
is responsible for the biosynthesis of a significant proportion
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Fig. 3. Quantification of ganglioside terminal sialylation based on TLC
densitometry. Gangliosides of wild-type (wr) and St3gal mutant mice were
resolved by TLC, stained with resorcinol, scanned and the bands quantified
by densitometry. Since resorcinol staining intensity is proportional to sialic
acid content, each ganglioside band density was divided by the number of
sialic acids on that ganglioside species. The sum of gangliosides with a
NeuAc bound 02-3 to the terminal galactose (GDla+ GT1b+ GT1b-OAc +
GQ1b) was divided by the total of all ganglioside species to give the percent
terminal sialylation. Values are the mean + SEM for 2—14 individual mice of
that genotype. *P <<0.001 compared with wild type.

of GDla and GT1b, whereas one or more other sialyltrans-
ferases contribute to their biosynthesis and/or compensate in
its absence.

Based on its published in vitro acceptor specificity
(Table I), we tested whether ST3Gal-I was the major compen-
sating enzyme. St3gall/2-double-null mice, however, dis-
played a brain ganglioside pattern similar to that of
St3gal2-single-null mice (Figures 2 and 3), suggesting that
ST3Gal-I is not a major compensating enzyme. Based on its
relatively high expression level in the brain (Table 1), we next
tested whether ST3Gal-III was involved in ganglioside bio-
synthesis by breeding St3gal2/3-double-null mice. Notably,
the brain gangliosides from these mice lacked GT1b and
GQI1b, had diminished GD1a and instead expressed increased
amounts of GM1 and GDI1b. Based on these data, we

St3gal2  St3gal3

g. 2. TLC of mouse brain gangliosides from wild-type (WT) and St3gal-single- and St3gal-double-null mice.

conclude that ST3Gal-III contributes to GD1a and GT1b bio-
synthesis in vivo and is primarily responsible for ganglioside
terminal o2-3 sialylation in the absence of ST3Gal-II. By
TLC, it appeared that while GT1lb was nearly absent in
St3gal2/3-double-null mice, a considerable amount of GDla
remained (Figure 2). However, mass spectrometry (MS) and
two-dimensional TLC modified this conclusion.

MS was performed on permethylated and native (unper-
methylated) brain gangliosides from wild-type and St3gal2/
3-double-null mice. Linear trap quadrupole (LTQ) MS of per-
methylated brain gangliosides indicated nearly complete dis-
appearance of GT1 and GQ1 species in the St3gal2/
3-double-null brain, with GM1 and GD1 masses predominat-
ing (Figure 4A). MS" analyses distinguished isomeric gang-
liosides, revealing that GD1 was predominantly GDla in
wild-type mice, but was nearly all GDIb in St3gal2/
3-double-null mice (Figure 4B, Supplementary data,
Figure S1). These MS data strongly support the conclusion
that ST3Gal-II and -III are responsible for GDla and GT1b
biosynthesis. Combined disruption of St3gal? and St3gal3
genes resulted in a reduction in both GD1la and GT1b to <5%
of their corresponding wild-type levels (Figure 5).

Compared with MS detection, one-dimensional TLC ana-
lysis (Figures 2 and 3) overestimated the abundance of GD]1a.
Since sialic acids on brain gangliosides may be O—acetylated,
and O-acetylated gangliosides migrate more rapidly on TLC,
the MS data raised the possibility that the species
co-migrating with GDla in St3gal2/3-double-null mouse
brain gangliosides was an O-acetylated form of GDIb
(GD1b-OAc). O-Acetylated structures would have been
missed in the MS analysis of permethylated gangliosides,
since permethylation is performed under alkaline conditions
that cleave these esters. Therefore, we used two-dimensional
TLC and MS of native gangliosides to resolve this question.

Two-dimensional TLC was performed in which intact
gangliosides were resolved in one dimension, the plate was
treated with alkali (ammonia vapor) to hydrolyze O-acetyl
groups (and other alkali-sensitive groups) and then the plate
was developed with the same solvent in the orthogonal direc-
tion. Alkali-stable gangliosides migrate equally in both
dimensions, resulting in a diagonal array (Figure 6).
Alkali-sensitive gangliosides migrate slower in the second di-
mension, appearing below the diagonal. Their migration in
the second dimension defines the parent ganglioside. In wild-
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Fig. 4. MS of permethylated wild-type and St3ga/2/3-double-null mouse brain gangliosides. (A) Region of the full MS showing major brain gangliosides, with
GT1 and GQ1 species diminished in St3gal2/3-double-null mouse brain gangliosides. (B) MS3 analyses of the permethylated disialoganglioside peaks of
wild-type and mutant mouse brains demonstrating the relative intensity of GD1a-related fragments (red labels) and GD1b-related fragments (blue labels).
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Fig. 5. Quantification of MS peak intensities of permethylated gangliosides
from wild-type and St3gal2/3-double-null mice.

type mice, GDla and other major brain gangliosides are
prominent on the diagonal, and alkali-sensitive forms of
GDI1b, GT1b and GQ1b also appear. In St3gal2/3-double-null
mouse brain gangliosides, GDla is nearly absent on the
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diagonal, but there is a prominent alkali-sensitive form of
GDI1b that co-migrates with GDla in the first dimension,
explaining the apparent discrepancy between one-dimensional
TLC and MS quantifications of permethylated brain ganglio-
sides in these mutants. Notably, O—acetylated forms of GD1b
are minor components of wild-type mouse brain gangliosides,
where O-acetylated forms of GTlb and GQlb are more
common. In St3gal2/3-double-null mice, the O—acetylation of
GD1b is markedly increased.

MS analysis of intact gangliosides confirmed the presence
of O-acetylated gangliosides initially demonstrated by two-
dimensional TLC. Whereas non-acetylated forms of GDI
are quantitatively equivalent in wild-type and Sz3gal2/3-
double-null brain gangliosides, GD1-OAc (GD1b-OAc based
on 2D TLC) is increased in the mutant (Figure 7). Total ion
mapping (TIM) MS data were acquired and the resulting MS2
profiles were filtered for the presence of a signature fragment
ion that indicates O-acetylated sialic acid (m/z=332.2). TIM
profiles demonstrated that GD1 was the exclusive carrier of
O-acetyl groups in brain gangliosides from mutant mice.
Quantification of O-acetylated species by TIM MS of
intact gangliosides confirmed the shift from GT1 to GDI1
O-acetylation in the mutant mice, along with increased GD1b
lactone (Figure 8).
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dimension in chloroform/methanol/0.25% aqueous KCl (60:35:8). The plate
was dried, exposed to ammonia vapor overnight, dried and resolved in the
second dimension using the same solvent. Spots were detected using a
resorcinol reagent (Schnaar and Needham 1994). Spots falling below the
diagonal are alkali sensitive. The major alkali-sensitive spot in the mutant
ganglioside extract (*) was independently identified as GD1b-OAc.

We conclude from the above analyses that ST3Gal-II and
ST3Gal-III are responsible for the great majority of ganglio-
side terminal o2-3 sialylation in the brain. Further MS data
consistent with this conclusion are as follows. (i) Terminally
sialylated monosialoganglioside (GM1b) is a minor compo-
nent of wild-type mouse brain, but is absent from St3gal2/
3-double-null mice (Supplementary data, Figure S2).
(i1) GTlc, which is triply sialylated on the internal galactose,
is absent from wild-type mice but present as a minor compo-
nent in St3gal2/3-double-null mice (Supplementary data,
Figure S3).

Glycolipid and glycoprotein sialylation in St3gal mutant

mice

St3gal2-null and St3gal2/3-double-null mice had the same
total level of lipid-bound sialic acid in their brains, despite
changes in the species of gangliosides expressed (Figure 9).
St3gall-, St3gal2- and St3gal4-single-null mice displayed no
decrease in total brain protein or lipid sialylation. While
St3gal3-null mice had no change in lipid-bound sialic acid, a
36% decrease in glycoprotein-bound sialic acid was observed

GD1a and GT1b biosynthesis

when compared with wild-type mice (P <0.001). In St3gal2/
3-double-null mice, glycoprotein sialylation was reduced
even further, to less than half compared with wild-type mice
(P<0.001 vs wild type, P<0.05 vs St3gal3 single null).

Ganglioside immunohistochemistry in St3gal mutant mice
High-specificity anti-ganglioside antibodies were used to
probe the presence and distribution of major brain ganglio-
sides in sagittal sections of wild-type and St3gal2/
3-double-null mice (Figure 10). In wild-type mice, GM1
immunostaining was abundant in white matter but diminished
in grey matter. In contrast, GM1 immunostaining was robustly
increased in grey matter of double-null mice. GD1b immunos-
taining was apparent throughout the brains of both wild-type
and double-null mice. GT1b immunostaining was detected
throughout the brain of wild-type mice, with higher density in
grey matter than white matter. In the double-null mice, GT1b
immunostaining was reduced to background levels.
Interestingly, GD1a immunostaining, which is primarily in the
grey matter in the brains of wild-type mice, was greatly
reduced but not absent in the double-null mouse brain. The
GDla immunostaining that remained in St3gal2/3-double-null
mice appeared in a rostral to caudal gradient, with GDla
immunostaining absent from the cerebellum (for example)
and present in the olfactory bulb and far rostral forebrain.

In contrast to the changes seen in St3gal2/3-double-null
mice, immunohistochemical ganglioside patterns in St3gal3-
single-null mice were grossly indistinguishable from wild type
(Supplementary data, Figure S4). In St3gal/2-single-null mice,
GMI1 immunostaining was expanded, GD1a staining was select-
ively diminished, notably in caudal brain areas, and the histo-
logical distribution of GD1b and GT1b was not different from
wild type.

Prior studies indicated that GDla and GT1b bind specifi-
cally to MAG and that the absence of complex gangliosides
including GD1la and GT1b in B4galnt/-null mice resulted in
progressive axon-myelin instability and progressively dimin-
ished steady-state levels of MAG in the brains of older
mutant mice (Sun et al. 2004). In St3gal2/3-double-null mice,
MAG immunostaining was greatly diminished compared with
wild-type mice, even at 4—-6-weeks old (Figure 11). In com-
parison with St3gal2/3-double-null mice, MAG immunostain-
ing in St3gal3-single-null mice was not diminished and that
in  St3gal2-single-null  mice was slightly reduced
(Supplementary data, Figure S5). These data are consistent
with steady-state MAG expression being related to the pres-
ence of MAG-binding brain gangliosides.

Phenotypes of St3gal mutant mice

Whereas St3gal2-single-null mice appeared robust, St3gal3-
single-null mice were not as robust as wild-type mice, were
smaller at weaning and were relatively poor breeders. Crosses
of St3gal3-heterozygous mice resulted in somewhat fewer
St3gal3-single-null offspring than predicted (Table II, P=0.03,
2% test). Compared with the St3gal3-single-null mice, the
St3gal2/3-double-null mice were yet smaller, weaker, short-
lived (few lived past 8 weeks) and did not breed when they
reached maturity. Crosses of mice that were null at the
St3gal? gene locus and heterozygous for the St3gal3 gene
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in the mutant, resulting in the maintenance of total O—acetylated ganglioside sialic acid in the mutant. The double peaks for each ganglioside result from different
ceramide (sphingosine) lengths.

10 resulted in markedly fewer double-null offspring than pre-
. dicted (Table II, P<107°, y? test). St3gal2/3-double-null mice
[ wild type . . . . .
g E St3gaiz3null | - that dld.survwe were half the size of their wild-type counter-
g parts (Figure 12).
E In a preliminary test of nervous system function, the hind-
g 6&r " limb reflex was determined at weaning. When wild-type mice
] are lifted gently by the tail, they typically spread their hin-
2 41 i dlimbs to >90° angle (Figure 13A). In contrast, double-null
‘g mice usually fail to spread their hindlimbs, instead clasping
@ them close to their body (Figure 13B). Quantification of the
E 2f T hindlimb reflex response revealed that St3ga/2-null mice were
I:I_ normal, St3gal3-null mice were partially impaired and
o p— St3ga12/133-((1:0ub1e-null mice were severely impaired at weaning
o < © & Figure .
\o.vs’ &  F & (Fig )
N nY N N4 \id
Q Q A A o
<) © o © )
Discussion

Fig. 8. Quantification of MS peak intensities of native O—acetylated and L . . .
lactone forms of gangliosides from wild-type and St3ga/2/3-double-null mice. Gangliosides, the most abundant sialoglycans in the brain,
Note the quantitative shift of O-acetylation from GT1 to GD1 (presumably are prominent structural determinants on all mammalian nerve
GD1b) species in the mutant. cells and axons (Schnaar 2007, Maccioni et al. 2011).
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Fig. 9. Changes in glycolipid and glycoprotein sialylation relative to wild-type mice in St3ga/ mutants. Total glycolipid sialylation was determined from TLC
scans and total glycoprotein sialylation from Dionex sialic acid quantification after the hydrolysis of de-lipidated brain proteins as described in the text. For each
mouse mutant, the change in glycolipid (ganglioside) and glycoprotein sialylation with respect to the wild-type brain is shown. Values are the mean + SEM for
2-8 individual mice of that genotype. *P<0.001 vs wild type; TP <0.05 vs St3gal3-null.

In mammals (and birds), the same four ganglioside structures
predominate (Tettamanti et al. 1973; Svennerholm et al.
1989): GM1, GDla, GD1b and GT1b (Figure 1). Depending
on the exact site in the human brain (Kracun et al. 1984),
about half of ganglioside sialic acid is carried on two struc-
tures, GD1a and GT1b, which are synthesized from GM1 and
GD1b (respectively) by addition of an o2-3-linked sialic acid
on the non-reducing terminal galactose of the gangliotetraose
core, forming an NeuAco2-3Galpfl-3GalNAc arm. Among
the potential functions of gangliosides in the brain, GD1a and
GT1b have been implicated in the maintenance and regulation
of myelin-axon interactions based on their binding to MAG, a
sialic acid-binding lectin of the Siglec family (Siglec-4;
Schnaar 2010). Detailed analysis of MAG-glycan binding
revealed that the terminal o2-3 sialic acid on the
NeuAco2-3GalB1-3GalNAc arm is essential for recognition
(Yang et al. 1996; Collins, Kiso, et al. 1997). Further explor-
ation of the role of GD1la and GT1b functions would benefit
from a mouse genetic model in which GDla and GT1b ter-
minal sialylation were abrogated.

Our findings reported here establish that, in the mouse,
ST3Gal-II is primarily responsible for ganglioside terminal
sialylation, with ST3Gal-III also capable of synthesizing sig-
nificant amounts of GDla and GT1b in vivo. We base these
conclusions on the observation that St3ga/2-null mice are sig-
nificantly depleted in GDla and GT1b, whereas St3gall-,
St3gal3- and St3gal4—null have normal ganglioside profiles.
However, St3gal2/3-double-null mice have profoundly dimin-
ished GD1la and GTI1b expression. Surprisingly our evidence
does not support the involvement of ST3Gal-I in GDla and
GT1b biosynthesis in the brain. ST3Gal-I was thought to con-
tribute to ganglioside biosynthesis based on its robust ability
to terminally sialylate GM1 and gangliotetraosylceramide

(asialo-GM1) in vitro (Lee et al. 1993; Kono et al. 1997), al-
though its preference for O-linked glycoproteins had been
predicted (Kojima et al. 1994). Consistent with the latter ob-
servation, St3gall gene expression is relatively high in the sal-
ivary gland and spleen, but low in the adult mouse brain
(Kono et al. 1997). While we cannot rule out a minor role for
ST3Gal-I in the biosynthesis of GDla and GT1b in the brain
(or in other tissues), St3gall gene disruption had no signifi-
cant effect on brain ganglioside expression either alone or in
combination with St3gal2 gene disruption.

A consistent observation of several genetic studies that
have disrupted ganglioside biosynthetic pathways has been
the finding that total brain ganglioside levels are maintained
despite changes in the individual ganglioside species
expressed (Takamiya et al. 1996; Liu et al. 1999; Kawai et al.
2001; Proia 2003; Yamashita et al. 2003). For example,
B4galnt1-null mice (Figure 1) express the simple gangliosides
GM3 and GM2 at concentrations that maintain the total brain
gangliosides at the same level found in the wild-type mouse
brain (Sun et al. 2004). Likewise, St8sial-null mice express
increased GM1 and GD1a such that the total brain ganglioside
expression remains at wild-type levels (Kawai et al. 2001).
Likewise, blocking St3gal2/3 did not change the total level of
ganglioside sialic acid in the brain, despite the shift in the
ganglioside pattern. Remarkably, mice with a disrupted
St3gal5 gene express high levels of the otherwise rare “0-
series” gangliosides (GM1b and GDlo) such that the total
brain ganglioside levels remain similar to those in wild-type
mice (Yamashita et al. 2003). Together, these data imply com-
petitive or feedback mechanisms that maintain a narrow range
of total ganglioside expression in the brain.

An additional level of ganglioside structural diversity is
sialic acid O-acetylation (Sonnino et al. 1983; Varki 1992;
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wild type St3gal2/3 double null

Fig. 10. Ganglioside immunohistochemistry on wild-type and St3ga/2/3-double-null mouse mid-sagittal brain sections. Note the expansion of GM1
immunostaining from white matter only to throughout the brain in the mutant mice. Also note the absence of GT1b immunostaining and the greatly diminished
GD1la immunostaining in the mutant mice, with the latter appearing in a rostral (left) to caudal (right) gradient.

WildType St3gal2/3 double null

Fig. 11. MAG immunostaining in wild-type and St3gal2/3-double-null mice.
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Table I1. Offspring of St3gal2/St3gal3 interbreedings®

GD1a and GT1b biosynthesis

St3gal3 genotype St3gal2 wild-type St3gal3 heterozygote

St3gal2 null St3gal3 heterozygote

Genotype predicted Genotype observed® Percent observed Genotype predicted Genotype observed® Percent observed
Wild type 31 41 33 64 93 36
Heterozygote 62 63 51 128 142 56
Null 31 20 16 64 21 8

“Breeding pairs of like genotype; offspring genotyped at weaning.
®%? probability = 0.03.
°¢* probability=3.5 x 107'°.

Weight at weaning (g)

WH HW HH KW KH WK HK KK
Genotype (St3gal2-St3gal3)

Fig. 12. Size of wild-type and St3ga/ mutant mice. Wild-type mice (right in photographs) are larger and have larger brains than mutant mice. Mice were weighed
at weaning (21 days). The weights of wild-type mice (WW) and mice with mutations of their St3gal2 and St3gal3 genes are shown. The genotypes of the mice
are designated as “XY”, where “X” is the genotype of St3gal2 and “Y” the genotype of St3gal3, with letter designations as “W”, wild type; “H”, heterozygote;
“K”, null. Values are the mean = SEM for 6-81 individual mice. *P <0.05; **P<0.01; TP <<0.001.

Schauer 2009). Gangliosides with O-acetyl sialic acids com-
prise a few percent of total brain gangliosides in the mouse
(Figures 6-8), mostly consisting of mono- and di-O-acety-
lated forms of GTI1b, but also O-acetylated GQlb and
GD1b. In St3gal2/3-double-null mice, GT1b and GQIlb are
essentially absent, but total ganglioside O-acetylation is
similar to that in wild-type mice due to a complementary in-
crease in O-acetylated GDI1b. Again, there appear to be
competitive or feedback mechanisms that maintain total gan-
glioside sialic acid O-acetylation at similar levels in wild-
type and St3gal2/3-double-null mice. The functional role(s)

of O-acetyl groups on brain gangliosides has yet to be
determined.

In St3gal2/3-double-null mice, levels of GDla and GT1b
drop to near 1% of total gangliosides (Figure 5) but are not
absent. This implies that other ST3Gal enzymes may also ter-
minally sialylate gangliosides to a small extent. Based on in
vitro acceptor specificities alone (Kono et al. 1997), ST3Gal-I
may be responsible, but other ST3Gal enzymes cannot be
excluded. The finding that the small amount of remaining
GDla in St3gal2/3-double-null mice appears in a rostral-
caudal gradient may imply that the remaining ST3Gal enzyme
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C

Hindlimb reflex (behavioral response)

WW WH HW HH KW KH WK HK KK
Genotype (St3gal2-St3gal3)

Fig. 13. Hindlimb reflex responses of wild-type and St3ga/ mutant mice.
Wild-type mice (A) display a normal hindlimb response, extending their legs
at a >90° angle, whereas St3ga/2/3-double-null mice (B) display areflexia,
with hindlimbs turned in and held close to the body. (C) Hindlimb reflex
responses were quantified at weaning (21 days) as described in the text.
Responses of wild-type mice (WW) and mice with mutations of their St3gail2
and St3gal3 genes are shown, with genotypes designated as described in the
legend of Figure 12. Values are the mean = SEM for 6-81 individual mice.
fP<<0.001.

(s) responsible are expressed in a rostral-caudal gradient in the
brain.

St3gal2/3-double-null mice are severely impaired. They do
not produce offspring, and in heterozygote crossings the
double-null mice survive (to weaning) at a rate significantly
below normal. Those that survive are small, weak, short-lived
(typically succumbing within 8 weeks) and display deficits
in nerve function (the hindlimb reflex) at an early age. Some
of these outcomes may be due to changes in ganglioside
expression in the brain. However, relating phenotypic observa-
tions to changes in brain ganglioside sialylation per se, in this
animal model, has not yet been studied, since the mice used
here lack ST3Gal-II and ST3Gal-III in all tissues. The loss of
these two sialyltransferases will impact glycolipid and glyco-
protein sialylation inside and outside the brain, potentially con-
tributing to the phenotype. For example, St3gal3-single-null
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mice display significant reductions in weight and hindlimb
reflexes at weaning despite expressing normal brain ganglio-
side patterns. Even though these deficits are exacerbated in
the St3gal2/3-double-null mice, ganglioside sialylation cannot
be attributed for any of the phenotypes without additional ex-
perimental support. On the other hand, inappropriate or in-
complete sialylation can be related, directly or indirectly, to
causation of all of the phenotypes.

In conclusion, genetic experiments in the mouse establish
ST3Gal-II and ST3Gal-1II as the mammalian sialyltransferases
primarily responsible for GD1la and GT1b biosynthesis in the
brain in vivo. Their absence results in marked loss of GDla
and GTIb with comparable increases in their precursors,
GM1 and GDI1b. Although St3gal2/3-double-null mice have
severe phenotypic deficits that may be related to ganglioside
expression, the impact of changing glycoprotein and glycoli-
pid sialylation throughout the animal from early embryonic
development makes it difficult to link particular sialoglycan
structures to specific functions without additional data.
Nevertheless, qualitative and quantitative sialylation by these
two of the six St3gal genes have proven profoundly important
in development and viability.

Materials and methods

Mice

St3gall-, St3gal2-, St3gal3- and St3gal4-null mice were pro-
duced by targeted gene disruption as described previously
(Priatel et al. 2000; Ellies, Ditto, et al. 2002; Ellies,
Sperandio, et al. 2002). Genotypes were determined using
polymerase chain reaction (PCR) with primers 5-CTTTG
CGACAGGGTTTCAIT and 5-CAGGGTTGCTCAACAAG
TG for disrupted St3gal? and 5'-GGGGATCTGAGGTCCT
CTTCTGGAC and 5-TAACCCCGAGGACTATGCTGGCT
TG for disrupted St3gal3. Alternatively, genotyping was out-
sourced for determination by real-time PCR (Transnetyx,
Cordova, TN). All procedures were approved by institutional
Animal Care and Use Committees and were consistent with
federal law and NIH regulations.

Ganglioside isolation and TLC analyses

Mice were decapitated, brains quickly dissected, bisected in
the sagittal plane and snap frozen. For ganglioside extraction
(Schnaar 1994), half brains were weighed, thawed on ice,
added to 4 volumes of ice-cold water and homogenized 10
strokes in a Potter—Elvehjem glass-Teflon homogenizer on ice.
Methanol was added to give a methanol/aqueous ratio of 8:3.
The suspension was mixed vigorously and brought to ambient
temperature, and then chloroform was added at half the
volume of methanol to give a chloroform/methanol/aqueous
ratio of 4:8:3. The suspension was further mixed, transferred
to a glass centrifuge tube with a Teflon-lined cap, and the in-
soluble material removed by centrifugation (1200 x g, 15 min,
ambient temperature). The supernatant was recovered, its
volume measured and 0.173 volumes of water added, result-
ing in a two-phase solution. After vigorous mixing, the
phases were separated by centrifugation as above, the upper
(polar) phase collected and the lower phase discarded. The
upper phase was evaporated at 45°C under a stream of
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nitrogen; the residue dissolved in 2 mL of water and dialyzed
for >24 h against water, using 1000-MW cut-off dialysis
tubing (Spectrum Laboratories, Rancho Dominquez, CA).
After dialysis, the aqueous solution was recovered, evaporated
to dryness as above, and redissolved in chloroform/methanol/
water (4:8:3) at a volume of 2 uL/mg of original brain tissue.

TLC was performed as described previously (Schnaar and
Needham 1994) by spotting 1 puL of purified brain ganglioside
(corresponding to 0.5 mg of original brain weight) and using
chloroform/methanol/0.25% aqueous potassium chloride
(60:35:8) as developing solvent. Resolved gangliosides were
detected using a sialic acid-sensitive resorcinol spray reagent.
Images of the developed, stained plates were scanned and
analyzed for relative ganglioside intensities using Scion
Image (Scion Corp., Frederick, MD).

Two-dimensional TLC (Sonnino et al. 1983) was per-
formed by spotting 2 uLL of purified brain ganglioside (corre-
sponding to 1 mg of original brain weight), resolving in the
first dimension as above, drying the plate and exposing it
overnight to ammonia vapors in a closed chamber to hydro-
lyze alkali-labile groups. After thorough evaporation of re-
sidual ammonia, the plate was developed in the orthogonal
dimension and gangliosides detected using the resorcinol
reagent.

Ganglioside MS

Nanospray ionization MS was performed on native and per-
methylated gangliosides. For MS of native gangliosides,
~2.5 nmol of native total ganglioside were reconstituted in
50 uL of methanol/2—propanol/1-propanol/13 mM aqueous
ammonium acetate (16:3:3:2 by volume) for infusion. For MS
of permethylated gangliosides, ~0.5 nmol of permethylated
total gangliosides were dissolved in 50 uL of 1 mM sodium
acetate in methanol/water (1:1) for infusion. Both preparations
were analyzed by infusion into a linear ion trap mass spec-
trometer (LTQ; Thermo Fisher Scientific, Waltham, MA)
using a nanoelectrospray source at a syringe flow rate of 0.40
puL/min and capillary temperature set to 210°C (Anumula and
Taylor 1992; Vukelic et al. 2005; Aoki et al. 2007; Nimrichter
et al. 2008). Native gangliosides were analyzed in the nega-
tive mode and permethylated gangliosides were analyzed in
the positive mode. The instrument was tuned with a mixture
of permethylated standard neutral glycosphingolipids for the
positive-ion mode and with native (unpermethylated) ganglio-
side GM1 for the negative-ion mode. For fragmentation by
collision-induced dissociation (CID) in tandem mass spec-
trometry (MS/MS) and MS”, a normalized collision energy of
30-35% was used.

Detection and relative quantification of the prevalence of
individual gangliosides was accomplished using the TIM and
neutral loss scan (NL scan) functionalities of the Xcalibur
software package version 2.0 (Thermo Fisher Scientific) as
described previously (Aoki et al. 2007). Briefly, for TIM, the
m/z range from 500 to 2000 was automatically scanned in
successive 2.8 mass unit windows with a window-to-window
overlap of 0.8 mass units, which allowed the naturally occur-
ring isotopes of each glycolipid species to be summed into a
single response, thereby increasing detection sensitivity. Most
ganglioside components were identified as singly, doubly, and

GD1a and GT1b biosynthesis

triply charged, sodiated species (M +Na) in the positive
mode. Peaks for all charge states were summed for quantifica-
tion. For NL scans, an MS workflow was defined in which
the highest intensity peak detected by full MS was subjected
to CID fragmentation. Preliminary analysis demonstrated that
the major fragment ions in CID MS/MS scans of glycolipid
preparations correspond to the NL of the ceramide moiety,
leaving intact glycolipid oligosaccharide ions. Therefore, the
NL scan workflow was set to acquire MS" fragmentation if an
MS/MS profile contained an ion with m/z equivalent to loss
of the most prevalent ceramide moiety. Following this data-
dependent acquisition, the workflow returned to the full MS,
excluded the parent ion just fragmented, and chose the peak
of next highest intensity for the same MS/MS and MS" ana-
lyses. By this data-dependent acquisition workflow, glycolipid
glycan profiles and MS" sequencing were rapidly acquired for
complex mixtures of brain gangliosides. Glycolipid standards
for MS analysis were obtained from Matreya, LLC (Pleasant
Gap, PA).

Lipid-bound and protein-bound sialic acid determination

Ganglioside isolation was performed as described under
Ganglioside isolation and TLC analyses, except the initial
precipitate containing all cellular proteins was allowed to dry
at ambient temperature, then was fully solubilized in 0.1 M
NaOH at ambient temperature. Aliquots of solubilized brain
protein were neutralized with HCI, then dissolved in 0.1 M
HCI, 0.25 M NaCl and heated at 80°C for 3 h. Aliquots of the
acid hydrolysates were analyzed for sialic acid using Dionex
strong anion exchange high performance liquid chromato-
graphy coupled with pulsed amperometric detection as
described previously (Rohrer 2000). For direct comparison,
aliquots of gangliosides purified from the same extract were
evaporated to dryness, dissolved in 0.1 M HCI, 0.25 M NaCl
and hydrolyzed as above. Aliquots of standard sialic acid of
known concentration were hydrolyzed to correct for recovery.

Immunohistochemistry

IgG-class anti-ganglioside monoclonal antibodies GMI-1,
GDla-1, GD1b-1 and GT1b-1, developed by this laboratory
and described previously (Schnaar et al. 2002), were used.
Anti-MAG monoclonal antibody 513 was produced from
hybridoma (Poltorak et al. 1987) kindly provided by
Dr Melitta Schachner (Rutgers University, Piscataway, NJ).
Adult mice (4-6 weeks old) were anesthetized with isoflurane
and transcardially perfused with Dulbecco’s phosphate-
buffered saline (PBS) and then with 4% paraformaldehyde in
PBS, pH 7.4. Brains were dissected, post-fixed overnight in
the same fixative, then equilibrated and stored in 30%
aqueous sucrose. Brains were frozen in isopentane at —80°C
and 35—um floating sections collected and stored in PBS at 4°C
until staining. Sections were immunostained free-floating at
4°C in detergent-free buffers (Heffer-Lauc et al. 2007).
Sections were treated with 0.2% hydrogen peroxide in PBS to
reduce subsequent peroxidase background, then were blocked
for 2.5 h in 5% (v/v) goat serum plus 1% (w/v) bovine serum
albumin. Primary anti-ganglioside antibodies were added at
0.4-1.3 ug/mL and the sections incubated overnight, washed
with PBS and then incubated for 4 h with 0.5 ug/mL biotin-
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conjugated goat anti-mouse IgG (Jackson Immunoresearch,
West Grove, PA). Sections were then washed with PBS, devel-
oped with Vector Elite horseradish peroxidase kit (Vector
Laboratories, Burlingame, CA), stained with SigmaFast DAB
with metal enhancer (Sigma-Aldrich, St Louis, MO), mounted
on slides and air dried. MAG immunohistochemistry was per-
formed using the same procedure with 1.2—1.5 ug/mL mono-
clonal antibody for primary incubations and 1% Triton X-100
in the blocking buffers.

Hindlimb reflex extension

Each mouse was lifted gently by the tail and held suspended
for 10 s in three consecutive trials (Boyce et al. 1999). The
position of the hindlimbs was scored as follows: 0, one or
both hindlimbs paralyzed; 1, loss of reflex and hindlimbs and
paws held close to the body with clasping toes; 2, loss of
reflex with the flexion of hindlimbs; 3, hindlimbs extended to
form <90° angle; 4, hindlimbs extended to form >90° angle.

Supplementary data

Supplementary data for this article is available online at http:/
glycob.oxfordjournals.org/.
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