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Abstract. Protein degradation is regulatory for the cell
cycle, signal transduction and gene transcription. A criti-
cal step is the selective marking of the target protein, re-
sulting in polyubiquitination by one of a large number of
E3-ubiquitin ligases. Both target marking and E3-ubiqui-
tin ligase activity are associated with common as well as
unusual posttranslational modifications. For example,
hydroxylation of Pro-residues and modification of Asn-
residues by high-mannose sugar chains can target the
modified proteins for rapid polyubiquitination in the
mammalian cytoplasm. Both prolyl hydroxylation and
glycosylation also occur on Skp1, a subunit of the SCF
class of E3-ubiquitin ligases, from Dictyostelium. In this
case, a pentasaccharide containing Gal, Fuc and N-
acetyl-D-glucosmine (GlcNAc) is attached to the HyPro-
residue. The sugars are added sequentially by enzymes
that reside in the cytoplasm rather than the secretory
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pathway. Two of the glycosyltransferases appear to be po-
sitioned in ancient evolutionary lineages that bridge
prokaryotes and eukaryotes. The first, which attaches
GlcNAc to HyPro, is related to enzymes that form a-
GalNAc- and a-GlcNAc-Ser/Thr linkages in the Golgi.
GlcNAc is extended by a bifunctional glycosyltransferase
that mediates the ordered addition of b1,3-linked Gal and
a1,2-linked Fuc, using an architecture resembling that of
two-domain prokaryotic glycosyltransferases involved in
glycosaminoglycan synthesis. Mutational and pharmaco-
logical perturbation of glycosylation alters the subcellu-
lar localization of Skp1 and growth properties of cells.
Prolyl hydroxylation and complex O-glycosylation pro-
vide the cell with new options for epigenetic regulation of
protein turnover in its cytoplasmic and nuclear compart-
ments.

Key words. Cytoplasmic glycosylation; proline hydroxylation; Dictyostelium; ubiquitination; Skp1; E3-SCF ubiqui-
tin ligase.

Skp1 is a subunit of the E3SCF-ubiquitin ligase
and other multiprotein complexes

Proteolytic cleavage and subsequent protein degradation
are irreversible regulatory events reserved for key cellu-
lar processes including the cell cycle, response to nutri-
tional change, supramolecular assembly, some signaling
pathways and apoptosis. Proteolytic cleavage of proteins
such as cyclin F, cyclin D, p21sic1, IKB, b-catenin, Smad3,
Cubitus interruptus, and transcriptional factors involved
in nutritional regulation are signaled by polyubiquitina-
tion (Ub) [1]. Ubiquitination of target proteins is cat-
alyzed by enzymes known as E2- and E3-Ub ligases.
Skp1 is a small protein of 160–180 amino acids found in
all eukaryotes. It has been independently discovered mul-

tiple times consistent with emerging evidence for many
roles in the cell. Its best-understood function is an adap-
tor in the SCF class of Zn-Ring finger E3-Ub ligases in
yeast and humans [2]. Most Ring finger Ub-ligases con-
sist of a catalytic subunit known as an E2 enzyme and a
Ring-H2 protein that recognizes the target for ubiquitina-
tion, which together form an isopeptide bond between the
C-terminal Gly of Ub and the e-NH2 group of a specific
Lys-residue of the target.
Additional subunits are present in the more elaborate
SCF class of Ub ligases. The Ring finger protein Roc1/
Rbx1/Hrt1 recognizes cullin-1, an elongate scaffold-type
protein which has Skp1 mounted at its opposite end (fig.
1) [3]. Skp1 in turn recognizes a protein with an F-box, a
40-amino acid motif present on >38 predicted proteins in
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humans. Typically, a Leu-rich or WD40 domain in the F-
box protein in turn mediates specific interaction with a
target protein [4], which is recognized based on a specific
posttranslational modification. This ususally involves a
phosphate moiety, but a recent report implicates a high-
mannose N-linked glycan [5] as another recognition de-
terminant, Pro-hydroxylation is recognized by the related
E3VHL-Ub ligase [6], and a subfamily of plant F-box pro-
teins possess a lectin-like domain [7]. Formation of this
complex leads to transfer of Ub from the E2 intermediate
to either the F-box protein [8] or the candidate target if
present. This process repeats itself at least four times, re-
sulting in a linear polyubiquitin chain associated with a
Lys-residue on the target protein. Biochemical studies
suggest that this SCF complex then docks on the 19S cap
of the 26S proteasome in an ATP-dependent fashion [9],
the Ubs are removed and recycled, and the target protein
is degraded within the core 20S subunit. There is evi-
dence that this process can extract the target protein from
a multiprotein complex, allowing the rest of the complex
to exit the proteasome undamaged [10].
Genetic studies, yeast two-hybrid screens and co-pull-
down studies have identified additional candidate inter-
acting partners for Skp1 [11], suggesting other functions.
For example, the Skp1-p58ctf13 heterodimer is a subunit of
the Cbf3 DNA-binding protein complex associated with
kinetochore formation [12, 13]. Skp1 is transiently asso-
ciated with RAV1 and RAV2 in assembling the V0:V1

heterodimer of the vacuolar-type H+-ATPase. Skp1 is also
associated with factors connected with recycling of the v-
SNARE Snc1p in yeast endocytosis [14]. In plants there
is evidence that Skp1 interacts with Snf1-related protein
kinases and the a4/PAD1 20S-proteasomal subunit in a
multiprotein complex that may involve the rest of the SCF
complex [15]. Skp1 seems to be associated with an un-
usually large number of protein complexes for such a
small protein.
The use of one protein for multiple functions might re-
sult in cross-regulation if Skp1 is in rate-limiting supply,
as has been suggested for its role in E3-SCFbTRCF- and
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E3-SCFcdc4-Ub ligase activity [16]. Alternatively, there
may be multiple isoforms for discrete Skp1 complexes.
In support of this model, there are 17 Skp1-like proteins
in Caenorhabditis elegans, and only six of these interact
in a two-hybrid assay with Cul-1, the cullin-type found
in E3SCF-Ub ligases [17, 18]. In contrast, only a single
similar Skp1 is found in yeast. Humans and other mam-
mals may also express only a single Skp1, though there
is evidence for 3 Skp1-like genes and alternatively-
spliced isoform sequences in EST-databases. Plants con-
tain at least 20 Skp1-like genes [15], and Dictyostelium
expresses 2, which differ by only an S/A-substitution at
position 39 [19, 20]. Interestingly, this polymorphism
also exists in Drosophila, which contains at least 6 Skp1-
like genes. In addition, there is evidence for phosphory-
lation of Skp1 in insects [12] and budding yeast [13] in
the region that differs beween the 2 Dictyostelium iso-
forms, and modification by an unusual pentasaccharide
that is attached to a hydroxylated Pro-residue at position
143 in the lower eukaryote Dictyostelium [20], which is
reviewed here.
Information about the biochemical pathway for assem-
bling the SCF complex would help to understand its reg-
ulation. A recent study in Dictyostelium suggested that
the complex is not assembled until the F-box protein in-
teracts with its target [21], consistent with evidence that
F-box proteins compete for available Skp1 docking sites
[1, 15, 16]. The Cul-1 scaffold is modified at its C-termi-
nal end by the Ub-like protein NEDD8, which might con-
trol Cul-1 assembly with Roc1 and the E2 enzyme [3, 22].
Skp1, whose purpose has never been adequately ex-
plained, might regulate assembly at the N-terminal end of
the Cul-1 scaffold. Supporting the concept of regulation,
Skp1 interaction with the F-box protein Grr1 is nutrition-
ally regulated in yeast [23], mammalian Skp1 can dimer-
ize in vitro [24], which might compete with complex for-
mation, and some Skp1 functions depend on its glycosy-
lation in Dictyostelium (see below). In addition, there is
evidence for other protein factors that regulate the E3-
SCFSkp2-Ub ligase [25].

Figure 1. Schematic diagram of E3SCF ubiquitin ligase and the Skp1 glycan. See text for explanation. Drawing after [2, 3].



Skp1 is modified by a novel pentasaccharide
in Dictyostelium

Structural studies show that Skp1 is modified by a core
trisaccharide equivalent to the blood group H type 1 anti-
gen, Fuca1,2Galb1,3GlcNAc, to which are attached two
a-linked Gal residues, possibly as a Gala1,6Gal disac-
charide in a-linkage to Fuc (fig. 1) [26]. The complete
pentasaccharide is attached to a hydroxylated Pro residue
at position 143 of the protein. Western blot and mass-
spectrometry (MS) studies suggest that ≥90% of both
isoforms of Skp1 are fully glycosylated at steady state
[27].
This complex glycan is distinct from a frequent modifi-
cation in the cytoplasm and nucleus consisting of O-
linked b-GlcNAc attached to Ser or Thr residues of pro-
teins [28]. Although they each contain a GlcNAc linked
to a hydroxyamino acid, the amino acid type and linkage
anomericity differ, as Skp1 GlcNAc is predicted to be a-
linked (see below). A related modification in the cyto-
plasm is the attachment of O-GlcNAc in a-linkage to Ser
and Thr residues of small GTP-binding proteins by the
a-toxin of Clostridium novyi [29]. However, this modifi-
cation is, like O-b-GlcNAc, not thought to be extended.
Although there are numerous suggestions from the liter-
ature for complex (two or more sugars) glycosylation 
of other cytoplasmic proteins, the evidence needs to be
confirmed by direct structural studies [20]. Dic-
tyostelium Skp1 is the best-documented example of a
glycoprotein modified by a complex glycan consisting of
multiple kinds of monosaccharides in the cytoplasm or
nucleus.

Skp1 is glycosylated in the cytoplasm

In principle, Skp1 might be transiently translocated 
into the secretory pathway to be modified by conven-
tional glycosyltransferases, or there might be a novel
glycosylation pathway in the cytoplasm dedicated to the
selective modification of cytoplasmic proteins. Skp1
does not possess a conventional signal peptide for di-
recting it to the rough endoplasmic reticulum (rER), and
a potential N-glycosylation sequon is not utilized 
[30], together suggesting that Skp1 might be glycosy-
lated in the cytoplasm. Since enzymes of this type had
not been previously described in this compartment, in
vitro assays were developed using recombinantly ex-
pressed Skp1 structural mutants that are incompletely
glycosylated in vivo or Skp1 from glycosylation mutant
strains. These assays were used to search for and charac-
terize the Skp1-modification enzymes, and to guide their
purification for a proteomics approach to clone two of
the genes.

Prolyl hydroxylation
The Skp1 prolyl hydroxylase (PH) probably modifies the
4-position of Pro143, as a synthetic peptide containing 4-
HyPro is a good substrate for the Skp1 GlcNAcTase (see
below). Treatment of cells with agents that inhibit animal
and algal 4-prolyl hydroxylase (4-PH) causes accumula-
tion of a slightly lower Mr (~1 kDa) isoform of Skp1 that
is not glycosylated [27]. This is consistent with the in
vitro data that Skp1 is modified by a conventional 4-PH.
To biochemically characterize the activity, an assay used
for 4-PH from the rER [31], based on replacement of a pro-
ton on the 4-carbon atom with a hydroxyl group, yielding
3H2O from [3,4-3H]Pro, was performed using recombinant
Dictyostelium Skp1A-His10 [32] from Escherichia coli
cells metabolically labeled with [3,4-3H]Pro. A cytosolic
fraction (S100) of Dictyostelium exhibited substantial ac-
tivity that was not seen using the vesicle (P100) fraction
even when the membrane barrier was disrupted using non-
ionic detergents [West et al., unpublished data]. Activity
was dependent on substrates and cofactors of known pro-
lyl hydroxylases. Thus, the Skp1-dependent activity has
properties expected of a 4-PH except that it is not associ-
ated with the vesicular (rER) fraction of the cell.
Recently, 4-PHs have also been found in the cytoplasm of
animal cells, where they modify the transcriptional factor
HIF-1a (hypoxia inducing factor) in an O2-dependent
manner [33]. These enzymes are evolutionarily related to
the rER 4-PHs, and a Dictyostelium homolog encoded on
chromosome 2 is a candidate for modifying Skp1. How-
ever, the Dictyostelium genome also harbors genes more
closely related in sequence to the rER 4-PHs, except that
they lack signal peptides [20]. These are also candidates
for encoding the Skp1 PH that might differ from the HIF-
1a type in their O2-dependence threshold.
Skp1 P143-hydroxylation does not occur in Skp1 ex-
pressed in prespore cells under the control of the prespore
cell-specific cotB promoter, resulting in accumulation 
of a low Mr isoform that is not glycosylated [27, West et al.,
unpublished data]. Hence prolyl hydroxylation appears 
to be developmentally regulated and is rate limiting in 
this cell type, but the physiological significance of this is
unclear.

GlcNAc-Tase
GlcNAc is transferred to Skp1 HyPro143 from UDP-Glc-
NAc by an enzyme activity that is associated with a pro-
tein, GnT51, after a high degree of purification from Dic-
tyostelium [34]. GnT51 is encoded by a two-exon gene and
the predicted complementary DNA (cDNA), when ex-
pressed in E. coli, induced the expression of Skp1 GlcNAc-
Tase activity [35]. The predicted sequence of GnT51 lacks
a leader peptide for targeting the protein to the secretory
pathway (fig. 2A.i), consistent with its presence in the cy-
tosolic fraction of lysed cells and its soluble nature during
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purification. Thus, the Skp1 GlcNAc-Tase differs from
conventional protein-modifying GTases, which are type II
membrane proteins with their catalytic domains projecting
into the lumen of the Golgi apparatus [36].
The sequence of GnT51 shows significant similarity to
the ~275-amino-acid-long catalytic domain of family
GT27 Golgi mucin-type polypeptide GalNAc-Tases (fig.
2A.iii) [20]. The catalytic domains of these enzymes con-
tain a 125-amino acid NRD2 (nucleotide recognition do-
main-2)-like motif followed by a 150-amino acid cat27
motif containing the Gal/GalNAc-like motif [37]. Though
GnT51 is only 14% identical to murine PP GalNAc-T1,
its similarity is 45% based on the alignment in figure 3.
Family GT27 GTases have a highly conserved DxH motif
that is related to the metal-binding DxD-tripeptide motif
that characterizes GTases of the SpsA superfamily [36,
38]. Site-directed mutagenesis of D or H of the DxH mo-
tif of GnT51 abolishes its catalytic activity in vitro [35], as
shown previously for family GT27 GalNAc-Tases [37]. C-
terminal to the catalytic domain is a second, 70-amino
acid domain separated by a 90-amino acid region rich in

Asn and Ser residues (fig. 2A.i). Polypeptide GalNAc-
Tases also have a C-terminal domain (fig. 2A.iii), which
has been proposed to be involved in acceptor substrate
recognition [39]. Though there is no apparent sequence
homology between their C-terminal domains, it is re-
quired for activity of recombinant GnT51 [35]. Both
GnT51 and family GT27 enzymes catalyze the linkage of
HexNAc-moieties to hydroxyamino acids, but the iden-
tity of the HexNAc (GlcNAc vs. GalNAc) and of the ac-
ceptor amino acid (HyPro vs. Ser/Thr) differ. The family
GT27 enzymes attach GalNAc in a-linkage, so this may
also be the linkage formed by GnT51 but this remains to
be confirmed. Although clearly related to the GT27 se-
quences, GnT51 is sufficiently distinct that it defines a
new family, GT60 [40].
Several sequences related to GnT51 can be detected in
the genomes of prokaryotes and microbial eukaryotes us-
ing BLAST algorithms. The most similar predicted open
reading frames are seen in the proteobacterium Yersinia
pestis and the cyanobacterium Synechococcus spp.
WH8012 [20, 35] (fig. 2A.i). These are predicted to en-
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Figure 2. Domain diagrams of Skp1 GTases and related sequences. (A) The Skp1 GlcNAc-Tase (GnT51) (i) is compared with the Golgi-
associated family GT27 animal PP-Ser/Thr a-GalNAc-Tases (iii) and related sequences predicted to reside in bacterial cytoplasm (i) and
eukaryotic microbial Golgi (ii). (B) The Skp1 b-Gal-Tase/a-Fuc-Tase (FT85) (i) is compared with two-domain GTases involved in the syn-
thesis of bacterial glycosaminoglycans (ii), and single-domain GTases contributing to the synthesis of either polysaccharides (iv), some
with repeating disaccharides, or glycolipids (iii). See text for explanation.

Figure 3. Alignment of sequences similar to GnT51. Six sequences related to GnT51 were initially identified by BLAST analyses of pub-
licly accessible databases, and alignments were completed manually giving preference to the registration of hydrophobic (L, I, V, M, F, Y,
W, sometimes A) residues. Gaps (-) introduced to optimize alignment of the six microbial sequences were usually adjacent to P or G
residues, which are frequently found at surface turns. Deleted residues are denoted with a ‘.’. The position of the first amino acid of the
alignment within the complete predicted coding sequence is given at the beginning (if known), and the length of the predicted catalytic do-
main followed by the length of the downstream C-terminal domain is given at the end. Regions I–III (denoted above the alignments) are
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similar to the NRD2 domains found also in the GT2 and GT23 families, and region V corresponds to the previously described Gal/GalNAc
domain of families GT27 and GT7 (see also fig. 2). Amino acids are color-coded in groups according to the properties of their side chains:
green, hydrophobic (see above); blue, acidic; dark red, basic; bright red, structure breaking (G, P). To facilitate comparison of the sequences,
identical residues are bolded and similar residues are highlighted when they have majority representation at a given position among the mi-
crobe-derived sequences (yellow, hydrophobic; teal, small or structure breaking; light gray, acidic or amide; dark gray, basic). The top three
sequences are predicted to be soluble cytoplasmic proteins, and the middle three sequences are predicted to be type II Golgi membrane pro-
teins based on the presence of candidate signal anchor sequences near their N termini. In the consensus row at the top of each panel, ‘:’ de-
notes identical residues, ‘.’ denotes similarity as defined above, ‘,’ denotes identity within either the predicted cytoplasmic or Golgi groups
and ‘;’ denotes separate identities in both groups. Origins of the sequences are given at the bottom.



code proteins of similar size and domain architecture to
GnT51 in the prokaryotic cytoplasm, and conserve amino
acids predicted to be important for catalytic activity (fig.
3). More distantly related sequences are found in the
genomes of microbial eukaryotes, including Leishmania
major, Trypanosoma brucei, Trypanosoma cruzi (partial
sequence not shown) and D. discoideum (fig. 3). These
sequences also share a related overall architecture, in-
cluding key residues thought to be important for catalysis
based on comparison with the family GT27 polypeptide
GalNAc-Tases of animals (figs. 2A.ii, iii). These micro-
bial eukaryotic sequences are, like the animal family
GT27 enzymes, predicted to be type II membrane pro-
teins that localize to the Golgi apparatus. Four Cys
residues form a pattern not conserved in the predicted cy-
toplasmic proteins (fig. 3), consistent with possible roles
in disulfide bonds in the oxidizing environment of the
Golgi.
Dictyostelium and T. cruzi produce cell surface glycopro-
teins with mucin-like domains directly modified on
Ser/Thr-residues by a-linked GlcNAc [41, 42], and re-
cent results indicate that the Dictyostelium cis4c gene is
necessary and sufficient for the addition of GlcNAc in
this organism [43]. Interestingly, the Dictyostelium ho-
molog was originally identified because its deletion con-
fers resistance to the anticancer drug cisplatin [44], sug-
gesting a role in drug cytotoxicity.
A phylogenetic analysis of the GnT51-related sequences
suggests that they fall into two groups (fig. 4). The three
predicted cytoplasmic proteins are deepest in the tree,
suggesting that they originated in the prokaryotic cyto-
plasm and that GnT51 remained there during the evolu-
tion of eukaryotes (depicted as pathway 1 in fig. 5). The
predicted Golgi-associated type II proteins occupy a dis-
tinct clade (in blue). The microbial members might repre-
sent a new family of polypeptide a-GlcNAc-Tases that
modify Ser or Thr residues of cell surface and secretory
proteins. The animal polypeptide a-GalNAc-Tases are
predicted to have also descended from this clade.

The Skp1 GlcNAc-Tase and the family GT41 polypep-
tide-Ser/Thr O-b-GlcNAc-Tase that also modifies pro-
teins in the cytoplasm and nucleus belong to different
GTase superfamilies defined from structural studies,
which correlates with the distinct structures formed and
their differences in divalent cation dependence. GnT51
belongs to the metal ion-dependent, DxD motif-contain-
ing group that includes SpsA [42], whereas the O-b-Glc-
NAc-Tase belongs to the group that lacks DxD motifs in-
volved in metal ion coordination typified by T4-DNA
Glc-Tase [45]. Another cytoplasmic polypeptide Glc-
NAc-Tase, the family GT44 a-toxin of Clostridium novyi
that catalyzes the formation of a GlcNAca1-Ser/Thr link-
age on Rho proteins [29], is also a member of the SpsA
superfamily, but it too has a very dissimilar sequence.

bb-Gal-Tase and aa-Fuc-Tase
These two enzyme activities are responsible for the addi-
tion of the second and third sugars. They are found in the
same protein FT85 after millionfold purification from the
cytosolic fraction of cells [32]. FT85 is necessary and
sufficient for each activity based on analysis of an FT85-
null strain and recombinant expression in E. coli [46, 47].
The b-Gal-Tase activity transfers the first sugar, Gal,
from UDP-a-Gal to GlcNAc in a b1,3-linkage on Skp1
isolated from the FT85-null mutant. Synthetic GlcNAc
conjugates are not active as acceptors in vitro. The a-Fuc-
Tase activity transfers Fuc from GDP-b-Fuc to the Gal in
an a1,2-linkage on Skp1 isolated from a GDP-Fuc syn-
thesis mutant [32]. This activity can also fucosylate the
Skp1 disaccharide Galb1,3GlcNAc conjugated to a hy-
drophobic aglycon. Both activities invert the configura-
tion of the sugar linkage as it is transferred from the
donor nucleotide to the sugar acceptor substrate.
The sequence of FT85, a soluble protein of 768 amino
acids, contains two GTase-like domains separated by a
short stretch of Asn residues near its middle (fig. 2B.i)
[46]. The first 250 amino acids of the N-terminal half are
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Figure 4. Phylogenetic analysis of GnT51-like sequences. The phylogenetic relationships of the sequences aligned in figure 3 were exam-
ined using a distance algorithm. Regions corresponding to amino acids 5–42, 66–123, 137–259 and 273–281 of GnT51 were included.
The gaps represent insertions and deletions resulting from the divergent evolution of these homologous regions. Trees were generated us-
ing PAUP* [77] under the minimum evolution criterion, with tree-bisection reconnection branch swapping. All possible trees were searched
and compared, and the tree with the best ME score is shown. The tree is rooted with the Synechococcus sequence, as phylogenetic studies
suggest that this cyanobacterium branched earliest during prokaryotic diversification [78]. The blue clade consists of predicted Golgi type
II membrane proteins. Prokaryotic and eukaryotic sequence names are in red and green, respectively.



similar in sequence to family GT2 inverting GTases,
whose catalytic domains contain an NRD2-like motif at its
N-terminus in association with a 125-amino acid motif re-
ferred to as cat2. This relationship is supported by the in-
activating effects of site-directed mutagenesis of key pre-
dicted catalytic residues [47]. Expression of amino acids
1–430 in FT85-null Dictyostelium cells restores Skp1
b1,3Gal-Tase but not the Fuc-Tase activity, indicating that
this domain can function independently as a bGal-Tase. In
complementary fashion, expression of amino acids
400–768 restores the disaccharide a1,2Fuc-Tase but not
Gal-Tase activity, suggesting that the C-terminal half of
FT85 functions as the Fuc-Tase [46]. The C-terminal do-
main shows distant similarity to family GT2 sequences.
Both activities are metal dependent, consistent with hav-
ing DxD-like motifs near the expected positions.
Although the 2 GTase activities are capable of operating
independently even in the intact protein, they also appear
to be able to act processively based on the similar rates of
both Gal and Fuc transfer when Skp1-GlcNAc is added in
the presence of UDP-Gal and GDP-Fuc [47]. The proces-
sive, two-activity design of FT85 may ensure that the
Skp1 glycan is extended rapidly to avoid accumulation of
the b-Gal-terminated glycan, which might interact with
b-galactoside binding lectins such as discoidins that also
reside in the cytoplasm [48]. The two-domain architec-
ture is also utilized for the synthesis of bacterial gly-
cosaminoglycans (fig. 2B.ii) [49], which contain tandem
arrays of disaccharide pairs. Although this design would

seem to provide a mechanism for efficient, processive ex-
tension of the polymer, this has not been shown biochem-
ically. Other proteins with multiple GT domains are pre-
dicted in plants and animals based on genomic analyses,
but their activities are not defined [40]. The two-domain
GTase architecture of FT85 and class 2 HA synthase is
distinct from that of certain bifunctional GTases whose
dual activities seem to reside in a single, modified family
GT2 domain (fig. 2B.iii, iv) [49]. 
The first catalytic domain begins at the very N-terminus
of FT85. There is no signal peptide or signal anchor indi-
cating that FT85 is, like GnT51, a soluble cytoplasmic
protein. The Fuc-Tase activity requires the presence of a
reducing agent in vitro, concordant with the reducing po-
tential of this compartment. These findings are consistent
with the prediction that the catalytic domains of all
known family GT2 GTases reside in or are oriented to-
ward the cytoplasm [20]. FT85 is, however, unusual for
GT2-domain-bearing proteins in that it is soluble rather
than membrane associated, its acceptor substrate is a pro-
tein and its glycosylation product remains in the cyto-
plasm (or nucleus) rather than translocating across a
membrane.

Function of the Skp1 glycan

Although the Skp1 glycan is novel, most of the sugar
linkages can be formed by conventional GTases in the
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Figure 5. Possible compartmental origins of cytoplasmic O-GTases. (A) In prokaryotes, many lipid-linked and polysaccharide precursors
of the cell wall and other cell surface structures are synthesized on the cytoplasmic surface of the plasma membrane, followed by translo-
cation to the cell surface [73]. In Archeae, protein N-glycosylation appears to occur on the periplasmic surface of the plasma membrane,
after membrane translocation [68]. The sidedness of protein O-glycosylation is under investigation, but the existence of potential prokary-
otic GnT51 homologs lacking signal anchors (figs 2, 4) suggests that it can occur on the cytoplasmic side of the membrane. (B) This basic
asymmetry is partially conserved in eukaryotes with the internalization of plasma membrane to form the rER and Golgi apparatus (exter-
nal/luminal in blue shades; internal/cytoplasmic in magenta shades). Specific lipid O-glycosylation and polysaccharide synthesis remained
internal but became mostly distributed among various membranes, and protein N-glycosylation localized to the luminal surface of the rER.
The origin(s) of GTases oriented toward the Golgi lumen remains conjectural but may have accompanied eukaryotic evolution. Phyloge-
netic analyses (fig. 4 and [20]) suggest that FT85 and GnT51 of the Skp1 modification pathway possibly derived from the pool of cyto-
plasmically oriented, plasma membrane-associated prokaryotic GTases (scheme 1), rather than retrolocating from the Golgi (scheme 2).



Golgi apparatus. A potential precedent for Skp1 glycan
function is therefore provided by Golgi-derived glycans,
whose roles encompass myriad functions, sometimes
specific to the protein modified, including stabilization of
conformation and stability, and receptor-mediated target-
ing and signaling [50, 51]. Skp1’s glycan may serve a pro-
tein-specific function, as Skp1 is the major recipient of
this glycan type in vivo, based on the incorporation of
[3H]Fuc by metabolic labeling and into crude extracts of
FT85-null cells reconstituted with purified FT85 [20].
However, related glycans may not have been detected if
expressed at low levels or in other cell types. The phylo-
genetic generality of Skp1 glycosylation remains to be in-
vestigated, but the sheer evolutionary investment repre-
sented by the size of the six-enzyme modification path-
way suggests that it will be found in other organisms as
well. Information about the function of the Skp1 glycan
is therefore available only in Dictyostelium, where it has
been studied by mutating either Skp1 or specific steps in
the glycosylation pathway.
Two mutant Skp1s with amino acid substitutions in their
N-terminal regions are poorly glycosylated [27]. Matrix-
assisted laser desorption ionization time-of-flight MS
(MALDI-TOF-MS) analysis showed that all glycosyla-
tion intermediates accumulate except for the steps medi-
ated by the FT85 b-Gal-Tase and the a-Fuc-Tase [26].
These isoforms have proved invaluable as substrates for
purifying and characterizing the pathway enzymes, and
indicate that the PH, GlcNAc-Tase and a-Gal-Tases are
sensitive to the overall structure of Skp1 in vivo.
Normal Skp1 concentrates in the nucleus relative to the
cytoplasm in both Dictyostelium and animal cells based
on immunofluorescence studies [27], consistent both
with the presence of proteasomes in this compartment
and evidence that an animal E3SCF-Ub ligase escorts its
targets from the nucleus to the cytoplasm [52]. Associa-
tion of both genetic isoforms of Dictyostelium Skp1 with
the cell periphery and the contractile vacuole is also seen
under certain conditions. The poorly glycosylated Skp1
mutants do not accumulate in the nucleus but show other
normal localizations. Failure to concentrate in the nu-
cleus was due to the glycosylation deficit, as mislocaliza-
tion was also seen when glycosylation was inhibited by (i)
introducing a P143A point mutation at the glycosylation
site, (ii) inhibiting prolyl hydroxylation using inhibitors
and (iii) expressing Skp1 in prespore cells where it is not
glycosylated [27]. The mechanism by which glycosyla-
tion promotes nuclear concentration is not known.
At the organismic level, Skp1 overexpression interferes
with terminal culmination, resulting in the appearance of
fruiting bodies whose spores fail to rise to the apex of the
stalk and exhibit a round shape defect [C. West et al., un-
published data]. A similar ‘half-mast’phenotype has been
described for cullin-1-null cells [21], suggesting that the
effect of Skp1oe is mediated via the SCF complex. This

phenotype has also been observed in a mutant that does
not express SP85, a spore coat structural protein that is
thought to regulate a checkpoint for terminal sporulation
to ensure that spore differentiation is properly coordi-
nated with morphogenesis [53]. Thus SP85 checkpoint
signaling appears to involve the SCF complex, possibly
controlling the turnover of an unknown intracellular tar-
get protein. This may be analogous to SCF regulation of
outside-in integrin-mediated signaling in animal cells
[54]. Interestingly, overexpressed Skp1 mutants that are
poorly glycosylated do not have this phenotype, indicat-
ing that glycosylation may be important for the dominant-
negative effect of Skp1 on terminal culmination.
An independent approach to study glycan function has
been to target the glycosylation pathway directly. FT85
(b-Gal-Tase/a-Fuc-Tase) mutants, which accumulate
Skp1-GlcNAc [47], have a smaller average cell size and
grow to higher maximal cell density [46]. Clearly cyto-
plasmic glycosylation, possibly of Skp1, is important for
general cellular regulation, but its mechanism of action
remains to be identified.
With its five sugars, the Skp1 glycan contains enough in-
formation to be recognized by a hypothetical receptor.
For example, the glycan might directly interact with a nu-
clear importin, or bind to a nuclear receptor or to known
carbohydrate binding proteins present in the cytoplasm.
Numerous such proteins have been identified, and with
some notable exceptions [55, 56], their natural ligands
have not been defined [48, 57–59]. A search for potential
Skp1-glycan receptors must await isolation of sufficient
amounts of native or synthetic material for biochemical
studies. Mapping of the glycan attachment site onto the
crystal structure of Skp1 in the human SCF complex sug-
gests that it would be oriented away from the contact sur-
faces with cullin-1 and the F-box protein (fig. 1). An ar-
gument against a role for the glycan in receptor recogni-
tion comes from the finding that Skp1 in a GDP-Fuc
synthesis mutant, which appears to express only Skp1-
GlcNAc-Gal, also concentrates in the nucleus [27]. If a
receptor is involved, the core disaccharide is the primary
determinant for recognition.
Alternatively, glycosylation may enable nuclear concen-
tration by an indirect mechanism. The PH, GlcNAc-Tase
and both a-Gal-Tase activities are sensitive to Skp1 struc-
ture in vivo and possibly in vitro, and thus can be inferred
to sample the structure of Skp1 prior to modifying it.
Therefore, full glycosylation signifies that the features of
Skp1 structure recognized by these enzymes are present
in the finally modified protein, features which might be
required for Skp1 to engage in complex formation and/or
concentrate in the nucleus. There is evidence that prolyl
hydroxylases of the rER have this kind of quality-control
function [60], and the UDP-Glc:N-glycan a-Glc-Tase of
the rER operates in the reverse mode by attaching Glc to
a terminal Man-residue of an N-glycan if it detects that
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the attached protein is not folded [61]. Formation of the
Ctf13p/Skp1 heterodimer in yeast may be dependent on
the Hsp90 chaperone [13], suggesting that Skp1 complex
formation is in fact monitored or assisted. Another possi-
bility is that modification of Pro143 stabilizes its cis or
trans isomer, analogous to the role of phosphorylation in
certain cell cycle proteins [62]. Evidence for two pools of
Skp1 that appear to be differentially modified by an outer
a-Gal is consistent with terminal glycosylation being rate
limiting [20]. This viewpoint suggests a model in which
each glycosylation intermediate directs the Skp1 mole-
cule to the next enzyme in the pathway for further quality
control. The pathway is directional, because once modi-
fied, Skp1 is no longer a substrate for the previous en-
zyme. This is a variation of a quality control model to ex-
plain how incompletely or improperly folded proteins are
not further processed in the rER [63], based on recogni-
tion by the UDP-Glc:N-glycan a-Glc-Tase referred to
above.

General significance of the Dictyostelium Skp1
modification

4-Prolyl hydroxylation has long been thought to occur
only in the rER on secreted proteins, including animal
collagens where it stabilizes the triple helix, and plant and
algal extensins where it serves as an attachment site for
glycans [64, 65]. Prolyl hydroxylation is now known to
occur in the cytoplasm in association with ubiquitination.
O2-dependent prolyl hydroxylation mediates recognition
of HIF-1a by the E3VHL-Ub ligase, resulting in its polyu-
biquitination and degradation [6, 33], and such a mecha-
nism might explain why Skp1 is not hydroxylated during
multicellular development when cells are crowded. Un-
like for HIF-1a, the HyPro residue in Dictyostelium Skp1
is modified by GlcNAc, which potentially represents a
mechanism to block hydroxylation-dependent recogni-
tion by an E3-Ub ligase.
Like prolyl hydroxylation, complex glycosylation is also
traditionally associated with proteins passing through the
secretory pathway. How general is complex glycosyla-
tion, like that seen on Skp1, in the cytoplasm and nu-
cleus? Certainly the cytoplasm is no stranger to complex
glycosylation per se, as evidenced by the synthesis [66]
and accumulation of glycogen, a Glc polymer, and the ini-
tiation of glycolipid and polysaccharide synthesis on the
cytoplasmic side of many membranes [20] (see fig. 5).
However, nearly all of these glycoconjugates are destined
to translocate to the cell exterior. For example, in
prokaryotes, precursors for the peptidoglycan, lipooli-
gosaccharide and capsule are initially glycosylated at the
cytoplasmic surface of the plasma membrane and subse-
quently flipped to the cell surface [67, 68]. The polysac-
charides cellulose, hyaluronan and chondroitin are

translocated across the plasma membrane as they are
polymerized [49, 69]. In eukaryotes, precursors for N-
glycan biosynthesis and early intermediates in GPI-an-
chor synthesis and glycolipid synthesis are similarly
flipped into the rER or Golgi interiors, and cellulose,
chitin and hyaluronan are synthesized as in prokaryotes
(fig. 5) [20]. Even Chlorella algal, viral capsid proteins,
which appear to be glycosylated in the cytoplasm [70], ul-
timately have extracellular fates after cell lysis.
Dictyostelium Skp1 is a lead example of complex glyco-
sylation that occurs in the cytoplasm on a protein that re-
mains in this or the nuclear compartment. There are nu-
merous other candidate cytoplasmic glycoproteins based
on the results of indirect studies that deserve confirma-
tion, including the phosphoglucomutase family protein
parafusin, cytokeratins, and MARCKS protein [20]. The
possibility that in animal cells these proteins, including
Skp1, are subject to complex glycosylation is supported
by the existence in animal genomes of a family GT2-like
sequence that is distantly related to that of N-terminal do-
main of FT85. In addition, the phylogenetic analysis of
eukarytotic GnT51-like sequences in figure 4 suggests
that since the predicted cytoplasmic and Golgi sequences
lie in separate clades, related GlcNAc-Tases are likely to
exist in other lower eukaryotes. However, the structures
that might occur elsewhere may differ, as O-glycosylation
carried out in the Golgi is remarkably varied both evolu-
tionarily and developmentally.
A special class of glycoconjugates includes those that are
secreted and secondarily translocated to the cytoplasm or
nucleus. An example is hyaluronan, which can be local-
ized immunocytochemically in the cytoplasm and nu-
cleus together with specific receptors [71]. A second ex-
ample includes glycoproteins subject to ER-associated
degradation. It is thought that improperly folded glyco-
proteins are transported back out of the rER into the cy-
toplasm [72], where they are either deglycosylated [73]
and polyubiquitinated, or polyubiqutinated based on
recognition of their high-mannose N-glycans [5], and
subsequently degraded in the 26S proteasome. This rER
exit pathway may also allow entry of cholera toxin into
the cell, implying that glycoproteins derived from the se-
cretory pathway might avoid degradation and function in
the cytoplasm [72]. This might be the avenue by which a
putative glycosylated prion protein [55] and the N-glyco-
sylated nuclear lectin CB70 [74] enter the nucleus, and
N-glycosylated glycoproteins accumulate in the mito-
chondrion [75]. A variation on this concept has been sug-
gested to mediate signaling by certain growth factors and
cytokines. For example, there is evidence that the con-
nective tissue growth factor glycoprotein directly signals
new gene expression in the nucleus after endocytosis and
exit from perinuclear endosome-related vesicles [76]. In-
stead of the cytoplasm being a transient station for glyco-
conjugates, it is the end compartment in this model. If
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correct, these newly arrived glycoproteins are susceptible
to remodeling by GTases like those that construct the
outer residues of the Skp1 glycan, because the Skp1 core
glycan (blood group H, type 1) is similar to structures
produced in the Golgi of animal cells.
As outlined in the first section, Skp1 participates in many
pathways. While diverse functions may be met by multi-
ple Skp1-like gene products in lower animals and plants,
the glyco- and phosphomodifications described here may
generate additional structural isoforms in specific organ-
isms. However, posttranslational modifications may play
a more global role in regulating complex formation, com-
partmentalization or catalytic cycles. Although the sim-
plest model is that the pentasaccharide contributes func-
tionality via a specific receptor, other models to be 
considered include (i) steric interference of other inter-
actions, (ii) effects on Skp1 conformation and (iii) per-
haps most interestingly, a role for the modifying enzymes
in monitoring cellular metabolism and/or Skp1 folding.
For example, the prolyl hydroxylase and GTases might
withhold Skp1 when (i) concentrations of precursors of
hydroxylation and glycosylation are suboptimal or when
inhibitory nucleotide concentrations [32, 34] are too
high, or (ii) Skp1 is not properly folded or assembled into
complexes. Once these constraints are overcome, the gly-
can structure may be completed. In this model, the glycan
may serve no further function other than to render Skp1
no longer subject to quality control by its modification
enzymes.
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