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Abstract

O-glycosylation is an increasingly recognized modification of intracellular proteins in all 

kingdoms of life, and its occurrence in protists has been investigated to understand its evolution 

and its roles in the virulence of unicellular pathogens. We focus here on two kinds of 

glycoregulation found in unicellular eukaryotes: one is a simple O-fucose modification of dozens 

if not hundreds of Ser/Thr-rich proteins, and the other a complex pentasaccharide devoted to a 

single protein associated with oxygen sensing and the assembly of polyubiquitin chains. These 

modifications are not required for life but contingently modulate biological processes in the social 

amoeba Dictyostelium and the human pathogen Toxoplasma gondii, and likely occur in diverse 

unicellular protists. O-glycosylation that is co-localized in the cytoplasm allows for 

glycoregulation over the entire life of the protein, contrary to the secretory pathway where 

glycosylation usually occurs before its delivery to its site of function. Here we interpret cellular 

roles of nucleocytoplasmic glycans in terms of current evidence for their effects on the 

conformation and dynamics of protist proteins, to serve as a guide for future studies to examine 

their broader significance.

Introduction

Glycosylation is a prominent modification of proteins exposed to the extracellular 

environment – a theme that prevails throughout prokaryotes and eukaryotes. Though 

evidently a less common occurrence, O-glycosylated proteins are also found in the 

cytoplasm and nucleus [1]. A well-characterized example is the modification by O-βGlcNAc 

of thousands of nucleocytoplasmic proteins of animal and higher plant cells, at Ser and/or 

Thr residues, which renders a wide range of mostly protein specific effects [2, 3]. Less well 

known are the examples of glycoproteins that function in the nucleus or cytoplasm of 

prokaryotes and protists. The stepwise nature of O-glycosylation has important implications 

for these proteins as it allows for modulation during the life of the protein. This contrasts 

with conventional O- and N-glycosylation in the secretory pathway, where for the most part 

glycosylation occurs before delivery of the protein to its final site of function within an 
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organelle, at the cell surface, or extracellularly. Unicellular organisms exhibit myriad 

specializations befitting their diverse lifestyles, providing fertile opportunities for the 

evolution of novel regulatory mechanisms such as glycosylation.

Evolutionarily, glycosylation appears to have originated in the cytoplasm of prokaryotes, 

which accordingly evolved elaborate mechanisms to translocate glycolipids, lipid-linked 

precursors for periplasmic glycosylation, and most product glycoproteins, across the plasma 

membrane. Some prokaryotic glycoproteins also remain in and function in the cytoplasm [4, 

5]. Eukaryotes specialized the process by transferring much of the enzymology to the lumen 

of the secretory pathway, lessening the need for complex translocation apparati but 

restricting the opportunity for dynamic glycosylation. Evidence for cytoplasmic 

glycosylation in extant protists has been recently explored both to gain insight regarding 

evolution of the compartmentalization of glycosylation across the kingdoms of life, and to 

search for novel targets for new control strategies toward pathogenic protists.

The protist kingdom harbors unicellular life forms that have evolved an incredible range of 

free-living, commensal and parasitic life styles. Studies in a model organism, the cellular 

slime mold Dictyostelium discoideum, and pathogenic agents including Toxoplasma gondii, 
trypanosomes, and oomycetes, are the primary sources of data for this report. T. gondii is a 

highly successful apicomplexan parasite that can infect all warm-blooded animal cells and a 

substantial fraction of the human population is considered to be latently infected [6]. Acute 

infections cause toxoplasmosis and progress to a latent phase, which poses a chronic risk to 

encephalitis and blindness upon immune suppression and for which there is no treatment. 

The oomycetes include species of Phytophthora and Pythium that are enormously expensive 

plant pathogens that affect human health through the food supply [7]. Finally, protists are 

important not only for the many other pathogens represented but as well for comprising a 

large fraction of the biomass on the planet through diatoms, green algae, and many other life 

forms that strongly influence carbon flow in the ocean.

The purpose of this review is to enumerate examples of nucleocytoplasmic glycoproteins in 

protists with a focus on how they are glycosylated and what is known about the structural 

and cellular consequences. Two examples that represent diverse themes are highlighted. We 

compare with instances of nucleocytoplasmic glycosylation in non-protists and, given 

limited research in this area, we draw on structural effects of related O-glycans from other 

compartments. Rather than directly serving as recognition determinants for other proteins, 

current evidence best supports the glycans functioning via effects on carrier protein 

conformation and dynamics that may then indirectly influence molecular interactions.

O-Fucosylation of nucleocytoplasmic proteins in protists

Two types of nucleocytoplasmic glycosylation are evidently conserved across diverse protist 

genera. The first is the simple modification of the hydroxyl groups of Ser and Thr residues 

with α-L-Fucose, which Bandini, Samuelson and Costello initially detected in T. gondii 
using Aleuria aurantia lectin (AAL) [8⦁⦁]. Thirty-three different nuclear and cytoplasmic 

proteins, which include numerous putative nucleoporins, mRNA processing enzymes, 

transcription regulators, and signaling proteins, were confirmed to be directly fucosylated 
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using MS/MS methods. The fucosylated residues were found on isolated Ser or Thr, but 

were most abundant in and often clustered in tracts rich in Ser and Thr that are likely to lack 

secondary structure. Many sites were variably modified, suggesting that the carrier proteins 

are diversified by this modification. Immunolocalization studies using AAL show that many 

of the fucosylated proteins are found in assemblies that subtend the nuclear envelope 

possibly in register with nuclear pores. The linkage of αFuc to these proteins is catalyzed by 

an O-fucosyltransferase (OFT) [9⦁] that was previously predicted, based on sequence 

similarity, to be an O-βGlcNAc-transferase (OGT), the enzyme responsible for the extensive 

O-GlcNAcylation of animal and higher plant nucleocytoplasmic proteins. Gene disruption 

studies show that OFT is important for optimal growth of T. gondii in a fibroblast monolayer 

growth model [9⦁]. A similar OFT was recently described in Arabidopsis where it modulates 

the function of a nuclear transcriptional regulator, possibly in opposition to the effect of 

nearby O-GlcNAcylation [10].

Homologs of the OFT gene are present in many protists and can be evolutionarily traced 

back to the prokaryotic kingdom, where an ancient gene duplication may have allowed for 

the divergence of the OGT (Secret Agent, or SEC) and OFT (Spindly, or SPY) lineages from 

a common ancestor [11]. The high degree of conservation in both the N-terminal TPR repeat 

and C-terminal catalytic domains suggests a conserved mechanism of regulation and action. 

In accordance with the phylogenetic analysis and some experimental evidence [11, 12], it is 

likely that O-GlcNAc and O-Fuc will be found in numerous different protists. Recent studies 

document the role of the OFT/Spy-dependent of O-fucosylation of nucleocytoplasmic 

protein homologs in another branch of protist evolution represented by the social amoeba D. 
discoideum (van der Wel et al., unpublished data), confirming the widespread distribution of 

nucleocytoplasmic O-Fuc. The possibility that O-Fuc is dynamic like O-GlcNAcylation 

remains to be investigated. Extensive monosaccharide modifications of nucleocytoplasmic 

proteins in regions rich in Ser, Thr and Pro are an emerging theme across all kingdoms of 

life. A third monosaccharide, O-αMan, was recently reported on numerous 

nucleocytoplasmic proteins of yeast, though a responsible nucleocytoplasmic 

glycosyltransferase has not been identified [13], and hints for nuclear O-α-GalNAc in 

mammalian cells have recently appeared [14, 15]. Taken together, these findings suggest the 

importance of monosaccharide modifications of nucleocytoplasmic proteins throughout 

eukaryotic evolution. While the reason that different organisms adopted distinct neutral 

sugars remains to be explained, the finding of both types (O-βGlcNAc and O-αFuc) in the 

same cells of higher plants suggests distinct functions for these modifications [10].

A structural effect of a single O-α-L-Fuc was previously characterized based on an NMR 

solution structure of the extracellular PMP-C protease inhibitor [16]. An αFuc appended to 

Thr9 was stably oriented via hydrophobic interactions and hydrogen bonds with Thr16 and 

Arg18 (Fig. 1a). Less understood is how, based on hydrogen-deuterium exchange and 

thermal stability studies, this local conformation change resulted in decreased flexibility and 

increased stabilization of the protein fold. In an analysis of an EGF-domain, a Thr-linked 

αFuc residue resulted in a modest increase in Ca2+-binding, though a correlative effect on 

structure was not detected [17]. In an X-ray crystallographic analysis of the interface 

between the extracellular EGF-domains of Notch and Delta-like 4 [18], O-Fuc directly 

contributed to the protein-protein interaction. These examples are from disulfide stabilized 
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domains of extracellular proteins so might not, however, be representative of effects on 

intrinsically disordered regions of nucleocytoplasmic proteins.

Effects of monosaccharides on intracellular proteins have relied extensively on model 

peptides. Attachment of O-βGlcNAc to Thr residues in the carboxy-terminal repeat domain 

of RNA polymerase II, which dynamically oscillates with the transcription cycle, induces a 

transition from a random coil to a β-turn-like structure (Fig. 1b), based on CD, MD and 

NMR analysis of peptides [19]. Related conformational changes (Fig. 1c) were reported for 

a peptide from the estrogen receptor-β [20]. In peptides from the tau protein, whose 

aggregation is associated with Alzheimer’s disease, O-GlcNAcylation was found to oppose 

polyproline helix formation [21]. These effects were largely distinctive from effects of 

phosphorylation (Fig. 1c). Installation of O-GlcNAc near the N-terminus of another model 

peptide stabilized α-helix formation but destabilized helix formation if positioned internally 

or at the C-terminus, mimicking effects of phosphorylation [22]. Addition of a single O-

βGlcNAc within the turn of a helix-turn-helix of another model peptide decreased the rate of 

fibrillization without evidently altering its average structure or stability [23]. In an NMR 

study of a capped Thr-hydroxyproline dipeptide from Skp1 (see below), substitution of the 

hydroxyproline with O-αGlcNAc promoted the trans-isomer of the internal peptide bond 

[24]. Although studies are few in number, these in vitro examples document the many 

different cis-effects by which simple neutral monosaccharides can influence the intrinsic 

behavior of peptide structures.

Examples of other peptides and domains modified by single sugars, taken from extracellular 

proteins, reinforce this concept. Substitution of mucin-type peptides with O-αGalNAc can 

result in restricted rotation and flexibility around adjacent peptide bonds and orientation of 

the sugar owing to hydrogen-bonding of the N-acetyl moiety to the peptide backbone [25–

27], as highlighted in an example of a multiply substituted glycopeptide (Fig. 1f). In another 

context, O-αGalNAc on Thr promoted the trans-isomer of the peptide bond with Pro [30]. A 

series of papers reported the effect of O-αMan on peptides and domains from extracellular 

yeast proteins, though the findings may be pertinent based on the recent evidence for 

cytoplasmic O-mannosylation in yeast [13]. Modification of Ser/Thr rich peptides with 

multiple αMan residues invoked a constraint on peptide bond rotations that was specific to 

this sugar owing to the axial configuration of its C2-hydroxyl group, and correlated with 

resistance to protease digestion [31⦁]. Examination of a disulfide-stabilized cellulose-

binding domain showed that a single αMan mediates intramolecular contacts (Fig. 1d) 

whose effects propagated to distant regions of the polypeptide resulting in increased stability 

and resistance to proteolysis [32]. Thus, an observed resistance to protease digestion was 

attributed to a conformational effect rather than steric interference. Conversely, a crystal 

structure of E-cadherin [33] revealed multiple solvent exposed residues of O-αMan with no 

evidence for an effect on the underlying peptide β-strand organization (Fig. 1e). 

Nevertheless, the Man occupies space which may sterically hinder motion of the backbone 

even in the absence of specific interactions.

While more studies are needed to understand how effects on peptide organization manifest at 

the level of entire intracellular proteins, these findings show remarkable consequences of 

single neutral hexoses that are sugar and amino acid-context specific, and likely relevant to 
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physiological protein function. These cis effects do not rely on the involvement of 

carbohydrate recognition mechanisms as represented by lectins and other carbohydrate 

binding proteins acting in trans. The exocyclic methyl moiety, which is unique among 

common sugars, suggests specialized roles for O-αFuc. Thus, it can be anticipated, for the 

O-fucosylated proteins characterized in T. gondii, that many interesting protein specific 

functions will emerge from future studies. Furthermore, the frequent occurrence in 

polySer/Thr tracts invites speculation that polymer avidity effects might concentrate the α-

fucosylated proteins in the nuclear assemblies via sugar-sugar interactions [e.g., 34] or by 

promoting liquid-liquid phase separation [35, 36], a process that can be regulated by known 

posttranslational modifications including phosphorylation, methylation and Sumoylation.

Hydroxyproline-dependent O-glycosylation of protist Skp1

The second example is a complex linear O-glycan, discovered by West to be present only in 

protists [37], that consists of a core trisaccharide equivalent to the type 1 blood group H 

trisaccharide and which is further modified at its non-reducing end by a species-specific 

disaccharide (Figure 2a). The glycan is found on Skp1, which is best known as a binding 

partner of F-box proteins (FBPs) that mediates docking to cullin-1 in Skp1/cullin-1/F-box 

protein (SCF)-type E3 polyubiquitin ligases. Skp1’s flexible C-terminal region of ~70 amino 

acids can associate with 20–300 different FBPs (Figure 2b), many of which are substrate 

receptors for polyubiquitination, in yeast, higher plants, and animals [38]. The glycosylation 

of Skp1 was discovered in Dictyostelium as an unusual nucleocytoplasmic protein labeled 

with [3H]Fuc. Subsequent studies, based on mass spectrometry, exoglycosidase sensitivity, 

characterization of glycosyltransferase specificities, and finally NMR, established the 

structure of the glycan as Galα1,3Galα1,3Fucα1,2Galβ1,3GlcNAcα1-, linked to 4-

hydroxyproline at residue 143 of the 162-residue Skp1 polypeptide [41⦁⦁]. Glycosylation of 

hydroxyproline is common in the plant secretory pathway but the reducing terminal sugar is 

either Gal or Ara [42]. MD simulations together with solution NMR studies support a model 

in which the Skp1 pentasaccharide forms a relatively stable conformation with <15% 

rotational freedom around each glycosidic linkage (Figure 2a) [41⦁⦁].

Identification and characterization of each of the responsible glycosyltransferases revealed 

that glycosylation is rendered by a series of cytoplasmically-localized sugar nucleotide-

dependent enzymes that are evolutionarily related to bacterial cytoplasmic or eukaryotic 

Golgi glycosyltransferases [37]. There is no evidence for glycosyltransferases forming a 

single enzymatic complex, however, gene fusions of successive glycosyltransferases occur in 

different protists allowing for processive addition of sugars. All evidence points to Skp1 

being the only glycoprotein target, according to radiotracer and biochemical 

complementation studies, and genetic interactions with Skp1 mutants that affect oxygen-

sensing (see below) [43].

Skp1 from the unrelated T. gondii was found also to be modified by a linear pentasaccharide 

with conserved glycosidic linkages [44⦁] though, interestingly, the fourth sugar is αGlc 

rather than αGal [45]. Furthermore, the glycosyltransferases that mediate the addition of the 

final two sugars in T. gondii are distinct from the single enzyme that completes assembly of 

the Dictyostelium glycan. This remarkable replacement in amoebozoa attests to an 
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advantage for the complete pentasaccharide. Recently, recombinant glycosyltransferases 

from the plant pathogen Pythium ultimum, which causes root and stem rot of important 

crops, were found to have activities comparable to those of T. gondii homologs (van der Wel 

et al., submitted; Mandalasi et al., unpublished data). These examples confirm the 

widespread occurrence of Skp1 glycosylation across protist phylogeny. There is no evidence 

for Skp1 glycosylation outside of protists, save for possible examples in the fungal kingdom, 

suggesting that this modification is selectively advantageous for unicellular life.

The attachment of the first sugar, αGlcNAc, requires the hydroxylation of Skp1 Pro143 

(Dictyostelium), which is contingent on the availability of sufficient levels of environmental 

O2 based on in vitro and in vivo studies [37]. The enzyme that hydroxylates Skp1, PhyA, is 

the likely protist ortholog of PHD2, the O2 sensor that regulates the stability of Hypoxia 

Inducible Factor-α (HIFα) in animal cells [46]. The 4(trans)-hydroxylation of two Pro 

residues in HIFα induces an endo-to-exo transition in the pyrrolidine ring that, together with 

the hydroxyl moiety per se, comprises a structure that is not glycosylated but instead forms a 

degron that is recognized by the Von Hippel-Lindau (VHL) protein, a substrate receptor for 

the VHL class of E3 polyubiquitin ligases. PhyA is also an O2 sensor in Dictyostelium and 

T. gondii, based on effects of disrupting Skp1 modification on the O2-dependence of 

development [37] and fibroblast monolayer infection, respectively [47]. The same 

hydroxylation event occurs on Skp1 Pro as on HIFα Pro [48], but the genetic evidence 

indicates that glycosylation is required to render the full benefit of hydroxylation for O2-

sensing at the cellular level [49].

Glycosylation has substantial effects on Skp1 conformation. Addition of αGlcNAc to HO-

Skp1 induced increased α-helical content based on circular dichroism [50]. The increased α-

helical content was mapped by NMR [51] to the region that is C-terminal to the Pro143 

glycosylation site which forms helix-8 when complexed with some FBPs (Figures 2b-d) 

[38]. Full glycosylation resulted in additional changes in the organization of the 

predominantly disordered region surrounding the Pro143 glycosylation site based on 

chemical shift perturbation analysis [51], which was associated with an overall shape change 

of the Skp1 homodimer based on small angle X-ray scattering studies [50]. Thus, peripheral 

as well as core sugars of the glycan appear to be important for its function, consistent with 

the genetic analyses.

NMR studies on the full-length pentasaccharide form of Skp1 (denoted GGFGGn-Skp1), in 

which individual sugars were 13C-labeled, showed similar motions (τc values inferred from 

R1 and R2 measurements) for the first and last sugars, consistent with evidence that the 

pentasaccharide is organized as a single unit with motions relative to well folded N-terminal 

domain deriving from disorder in the local polypeptide chain itself [41⦁⦁]. All-atom MD 

simulations of monomeric GGFGGn-Skp1 yielded several 250 ns trajectories whose 

calculated R1, R2, and τc values correlated with NMR observables for the individual sugars. 

In these simulations, the pentasaccharide exhibited consistent interactions with helix-7 and 

the loop connecting to helix-8 of the polypeptide that was mediated by 3–4 frequent 

hydrogen bonds and optimal van der Waals contacts (Figures 2d, 2e). Analysis of T. gondii 
Skp1, in which αGlc replaced the penultimate αGal [45], yielded a similar result except that 

an additional hydrogen bond involving the terminal sugar was detected (Mandalasi et al., 
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unpublished data). Correlating with this intramolecular association was a tendency of helix-8 

to orient away from the protein core with an open and extended conformation (compare 

Figs. 2d, 2c), in a manner that potentially provides access to an incoming F-box domain 

likely attended by a chaperone. Preliminary modeling indicates that the glycan exerts this 

effect without interfering with F-box binding, though its final disposition remains to be 

examined.

The Skp1 structural changes correlate with effects of glycosylation on the interaction 

between Skp1 and several FBPs. Solution studies with the soluble, heterologous mammalian 

FBP Fbs1 showed that addition of αGlcNAc promoted association with Fbs1 to a degree not 

achieved by hydroxylation alone [50]. Full extension of the glycan to the pentasaccharide 

was required for maximal interaction with two FBPs as determined by co-

immunoprecipitation studies on mutant extracts of Dictyostelium [52]. It remains to be 

determined whether differential glycosylation affects association with certain or all FBPs. 

Since at steady state >90% of Skp1 is fully modified and there is no evidence for sugar 

removal, the slower rate of glycosylation of nascent Skp1 at lower O2 levels [52] may affect 

the timing of Skp1/FBP assembly more than the final equilibrium. While it is currently 

unclear whether intermediate glycoforms persist long enough to be functionally significant, 

the incremental effects revealed by the glycosyltransferase mutants suggest a plausible basis 

for a stepwise evolution of this complex pathway.

The proposed influence of a relatively stable glycan conformation on a predominantly 

disordered polypeptide region before intermolecular protein docking is a novel mechanism, 

but is in need of further validation. Skp1 has lent itself well to this analysis owing to its 

relatively small size (324 amino acids as the dimer), minimal glycan microheterogeneity, 

and a single glycan attachment site. Cis-acting mechanisms may become more frequently 

observed as studies progress from peptides to whole proteins, taking advantage of advances 

in NMR and MD techniques. It is intriguing to speculate that glycans are well suited, on 

account of their limited intrinsic flexibility, to impart graded influence on the mobility of 

disordered domains, where most posttranslational modifications tend to be applied in 

proteins [53]. Although it is possible that the Skp1 glycan functions by additional 

mechanisms such as recognition by a carbohydrate binding domain, the interactome studies 

provided no evidence for a protein with this activity [52], and the highly abundant 

cytoplasmic β-galactoside binding lectins (discoidins) of Dictyostelium may have a role in 

bacterial interactions [54].

Other examples of nucleocytoplasmic glycosylation

Evidence exists for more extensive nucleocytoplasmic glycosylation beyond these two 

prototype examples. A type of fucosylation associated with mitochondria and the cytoplasm 

was described in Leishmania, a parasite group that inflicts a range of visceral and cutaneous 

infections in humans, though dependence on a candidate essential fucosyltransferase has yet 

to be established [55]. Bioinformatics studies suggest the occurrence of several 

cytoplasmically localized glycosyltransferases in Dictyostelium and T. gondii that are yet to 

be assigned [56, 9⦁]. In a divergence from protein targets, a nuclear β-glucosyltransferase 

modifies a hydroxylated base in trypanosome DNA and regulates transcription termination 
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[57]. In prokaryotes, which represent a rich evolutionary source of glycosylation 

mechanisms, numerous cytoplasmic glycoproteins have been described [4]. In particular an 

arginine rhamnosylated elongation factor is important for regulation of protein translation 

[5]. Several prokaryotes secrete toxins whose glycosyltransferase activities inactivate Ras in 

the cytoplasm of human cells by attaching a monosaccharide to a discrete Thr or Tyr residue 

in the GTP-binding site [58, 59], or inactivate a death domain by arginine-GlcNAcylation 

[60]. Yeast and animals anchor the reducing terminus of their glycogen polysaccharides to a 

Tyr-residue of a glycosyltransferase that is closely related to the final glycosyltransferase 

that modifies T. gondii Skp1 [9⦁]. A novel type of complex N-glycosylation is assembled in 

the cytoplasm of algal cells by up to 6 virally encoded cytoplasmic glycosyltransferases, 

though the capsid glycoproteins probably have their major function following lytic release of 

the virions [61]. The glycans were characterized by crystallographic studies of the viral 

particles, indicating their assumption of a low energy conformation associated with the 

carrier proteins. Thus, there are many indications of new classes of nucleocytoplasmic 

glycosylation yet to be discovered and/or structurally analyzed.

Summary and implications for the future

Emerging evidence from numerous systems on the role of nucleocytoplasmic glycans is 

currently best interpreted as self-effects on the modified proteins. Progress in this area 

requires specialized approaches because the regions of proteins that are glycosylated, and 

the sugars themselves, tend to have a dynamic nature that requires time-resolved techniques 

such as NMR to analyze. Nevertheless, it is clear that much cellular regulation occurs in 

intrinsically disordered regions of proteins via changes in the ensemble of conformations 

that are sampled over time. The nature of these changes is protein specific and can be 

expected to affect any of the types of intra- and inter-molecular interactions in which 

proteins participate. This can be contrasted with examples where glycans themselves 

constitute determinants that are directly bound by carbohydrate recognition domains. While 

protists, like other eukaryotes, are known to express nucleocytoplasmic lectins that might 

function in this manner, an emerging concept is that cytoplasmic lectins are more likely to 

recognize extracellular self-glycans and foreign glycans [54, 62, 63]. Cis-effects are 

understood for extracellular glycoproteins as well, an excellent recent example being effects 

of N-glycans on IgG and Fc receptors [64, 65]. Indications from current research are that 

nucleocytoplasmic glycosylation diversifies the structures of its target proteins allowing for 

ongoing glycoregulation over the life of the protein. Further investigations of these 

mechanisms are warranted not only to explore the diversity of regulatory solutions that have 

evolved in protists, but also for the promise that new information holds for controlling the 

virulence of parasitic members of this group.
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Abbreviations

CD circular dichroism

MD molecular dynamics

FBP F-box protein
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Figure 1. 
Examples of monosaccharide modifications on peptides. (a) α-L-Fuc on Thr9 of the β1 

strand of PMP-C protease inhibitor, illustrating stabilizing contacts with Thr16 and Arg18 of 

the β2 strand [modified from 16, with permission of the publisher]. (b) Ac-Ser-Pro-Thr(O-β-

GlcNAc)-Ser-Pro-NH2 from the repeating sequence motif of RNA polymerase-II, showing a 

turn induced by the sugar [modified from 19, with permission of the publisher]. (c) Distinct 

effects of phosphorylation or O-β-GlcNAcylation of Ser16 of a peptide from the estrogen β-

receptor [modified from 20, with permission of the publisher]. (d) α-D-Man linked to the 

cellulose binding domain of a cellobiohydrolase, depicting stabilizing contacts with Gln2 

that indirectly affect distal peptide organization [modified from 32, with permission of the 

publisher]. (e) α-D-Man on Thr204 of a β-strand exposed at the surface of EC2 of E-

cadherin, illustrating solvent exposure and negligible contact with the polypeptide.[from 

PDB 3Q2V; 33]. (f) α-D-GalNAc substitution of consecutive hydroxyamino acid residues 

(His-Thr(GalNAc)-Ser(GalNAc)-Thr(GalNAc)-Ser(GalNAc)-Ser(GalNAc)-Ser(GalNAc)-

Val-Thr-Lys) from glycophorin A; MD snapshots and cartoon illustrate impact on 

polypeptide folding and orientation of the GalNAc residues [taken from 28, 29, with 

permission of the publisher].

West and Kim Page 14

Curr Opin Struct Biol. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
The Dictyostelium pentasaccharide and its effect on Skp1 conformation. (a) The sequence 

and linkages of the glycan were determined by analysis of the 13C-sugar labeled 

glycopeptide and confirmed on 13C-sugar labeled versions of Gal-Gal-Fuc-Gal-GlcNAc-

Skp1 (GGFGGn-Skp1). Its conformation was inferred from calculation of its lowest energy 

state (Glycam), molecular dynamics simulations, and NMR studies of 13C-GGFGGn-Skp1. 

Black dashed lines represent NOEs observed from NMR analysis of GGFGGn-Skp1; red 

dashed line represents a hydrogen bond observed during MD simulations. (b) The 

conformation of unmodified human Skp1 in a crystallographic complex (PDB 2ASS) with 

the FBP Skp2 (at right). The largely hydrophobic binding interface is highlighted in red 

(left) using PISA analysis in the excerpted surface rendition at the left. The highly conserved 

C-terminal region (upper half) can adopt at least two different conformations with other 

FBPs [38–40]. Images were generated using Chimera. (c) Back-side view (relative to panel 

c) of the average conformation of Dictyostelium HO-Skp1 during MD simulations initiated 

from the structure in panel c. (d) Average conformation of GGFGGn-Skp1, with the inset 

showing hydrogen bonds which are present during over 50% of the simulation time. (e) 
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Space-filling model of glycosylated region of Skp1, depicting van der Waals contacts of the 

glycan with the polypeptide. Panels a, c, d, and e are modified from ref. 41⦁⦁.
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