
N-Glycans’ Effect on Pathologic Protein Conformations
in Disease
Subjects: Biology | Pathology | Infectious Diseases

Contributor: Chiranjeevi Pasala, Sahil Sharma, Tanaya Roychowdhury, Elisabetta Moroni, Giorgio Colombo, Gabriela Chiosis

Glycosylation, a prevalent post-translational modification, plays a pivotal role in regulating intricate cellular processes by

covalently attaching glycans to macromolecules. Dysregulated glycosylation is linked to a spectrum of diseases,

encompassing cancer, neurodegenerative disorders, congenital disorders, infections, and inflammation. Considering the

allosteric effects of N-glycans in regulating protein conformation, with potential implications for its assembly and function,

it is of no surprise that dysregulated N-glycosylation has been implicated in several disease-associated human proteins.

Furthermore, these glycans may play a pivotal role in modulating the conformation of pathogen-associated proteins,

influencing their infectivity within human cells.
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1. Severe Acute Respiratory Syndrome SARS Proteins

Coronavirus Disease 2019 (COVID-19) is a highly transmissible viral infection caused by severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2). The global impact of COVID-19 has been devastating, resulting in over 6 million

deaths worldwide. Initially reported in Wuhan, Hubei Province, China in late December 2019, SARS-CoV-2 swiftly spread

across the globe, prompting the World Health Organization to declare it a global pandemic on 11 March 2020. In 2020,

COVID-19 ranked as the third leading cause of death in the United States after heart disease and cancer, accounting for

approximately 375,000 deaths .

Few glycoproteins have captured as much attention or undergone more detailed investigations than the SARS proteins.

Studies have unveiled how glycans can function as shields preventing recognition of viral proteins by the immune system

 and how they may serve as activators for the lectin pathway .

In terms of structure and phylogeny, SARS-CoV-2 exhibits similarities to both SARS-CoV and Middle East Respiratory

Syndrome Coronavirus (MERS-CoV). It comprises four primary structural proteins: spike (S), envelope (E) glycoprotein,

nucleocapsid (N), and membrane (M) protein, along with 16 nonstructural proteins and 5–8 accessory proteins . The

surface spike glycoprotein, resembling a crown, is a threefold symmetric homo-trimer , where each protein contains

approximately 1200 residues (Figure 1A). The spike is positioned on the virion’s outer surface. It undergoes cleavage into

an amino N-terminal S1 subunit, facilitating virus incorporation into the host cell. The carboxyl C-terminal S2 subunit

includes a fusion peptide (FP), a transmembrane domain (TM), and a cytoplasmic domain crucial for virus–cell membrane

fusion . The S1 subunit is further divided into a receptor-binding domain (RBD) and an N-terminal domain (NTD),

playing roles in viral entry and serving as a potential target for neutralization by antisera or vaccines . The RBD is pivotal

in infection pathogenesis as it binds to the human angiotensin-converting enzyme 2 (ACE2) receptors in the respiratory

epithelium. Following viral attachment, the spike protein S2 subunit is primed by the host transmembrane serine protease

2, facilitating cell entry and subsequent viral replication .
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Figure 1. (A). Schematic illustrating the primary structure of the full-length SARS-CoV-2 spike (S) protein with color-coded

domains: N-terminal domain (NTD), receptor binding domain (RBD), fusion peptide (FP), heptad repeat 1 and 2 (HR1,

HR2) domain, transmembrane domain (TM), and cytoplasmic tail (CT). The S protein comprises two subunits, S1 and S2.

Asparagine residues crucial for N-glycosylation regulation of S binding to the angiotensin-converting enzyme 2 (ACE2)

receptor on the host cell are highlighted based on their sequence position. (B). Illustration depicting the mechanism of

trimeric S glycoprotein binding to human ACE2, initiated by at least one protomer’s RBD switching from a ‘down’ (closed)

state (unfavorable for ACE2 binding) to an ‘up’ (open) state (favorable for ACE2 binding). The S protein is represented by

cartoons, with individual protomers colored in cyan, red, and gray. Both the ‘down’ closed state (PDB: 7ZH2) and ‘up’ open

state (PDB: 7ZH5) of the S protein RBD are shown. Glycans are depicted in blue using Van der Waals representation. N-

glycans at positions N165 and N234 are identified as essential structural elements for maintaining the SARS-CoV-2 spike

protein in a conformation conducive to ACE2 recognition, facilitating subsequent viral entry into host cells. The glycan at

N343 lifts and stabilizes the RBD throughout the opening transition. Visualizations of the S protein were generated using

Visual Molecular Dynamics (v1.9.4a55).

Initiation of the binding process between the trimeric S glycoprotein and human ACE2 is marked by the transition of at

least one protomer’s RBD from a ‘down’ (closed) to an ‘up’ (open) state  (Figure 1B). This dynamic conformational

change involves the transient interconversion of states through a hinge-like motion exposing the receptor binding motif

(RBM), which is composed of RBD residues S438 to Q506 . The RBM is buried in the inter-protomer interface of the

down S protein; therefore, binding to ACE2 relies on the stochastic interconversion between the ‘down’ and ‘up’ states.

The spike S has 22 predicted N-glycosylation sites per protomer, with at least 17 experimentally demonstrated to be

occupied . Among these, the S1 subunit features 13 putative N-glycosites (N17, N61, N74, N122, N149, N165, N234,

N282, N331, N343, N603, N616, and N657), each with the N-X-S/T (X ≠ P) sequon, and one putative N-glycosite (N334)

with the N-X-C (X ≠ P) sequon. The S2 subunit, on the other hand, includes nine putative N-glycosites (N709, N717,

N801, N1074, N1098, N1134, N1158, N1173, and N1194), all exhibiting the N-X-S/T (X ≠ P) sequon . Several of these

sites play a crucial role in regulating the conformational movements of the protein as well as its dynamics, and, in turn,

they have an impact on binding to ACE2 and on infectivity  (Figure 1B).

MD simulations have revealed detailed information about the structural stability and the role of glycosylation for both the

‘down’ and ‘up’ states, as well as for inter-residue interactions and details of binding to ACE2. A study investigating the

SARS-CoV-2 spike protein has emphasized the functional significance of glycans at N165 and N234 in regulating the ‘up’

and ‘down’ conformational states of the spike . Through multiple microsecond-long, all-atom, explicitly solvated MD

simulations of the full-length SARS-CoV-2 S glycoprotein with a complete glycosylation profile consistent with glycomic

data, the study has unveiled a crucial structural role of N-glycans linked to N165 and N234 in modulating the

conformational transitions of the RBD. When the RBD transitioned to the ‘up’ state, the glycan at N234 rotated into the
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resulting void, stabilizing the ‘up’ conformation. Simulating the deletion of these glycans via N165A and N234A mutations

resulted in a destabilizing effect on the RBD, prompting a conformational shift toward the ‘down’ state (i.e., a state

unfavorable for ACE2 receptor binding). This altered RBD conformation substantially reduced binding to ACE2, as

confirmed by biolayer interferometry experiments. Consequently, the specific N-glycans at positions N165 and N234 have

been identified as essential structural elements for maintaining the SARS-CoV-2 spike protein in a conformation

conducive to ACE2 recognition, facilitating subsequent viral entry into host cells.

To explore the pathway of the fully glycosylated SARS-CoV-2 spike protein opening its RBD, a study employed the

weighted ensemble (WE) path-sampling strategy, allowing for atomistic simulations of the spike-opening process . WE,

as a path-sampling strategy, directs computational resources toward the transitions between stable states rather than the

stable states themselves . This is achieved by running multiple trajectories concurrently and periodically duplicating

trajectories that transition between previously and newly visited regions of configurational space. This minimizes the time

spent waiting in the initial stable state for transitions over the free energy barrier. The extensive WE MD simulations of the

glycosylated SARS-CoV-2 spike head, characterizing the transition from the ‘down’ to ‘up’ conformation of the RBD,

revealed a significant gating role for the glycan at N343. This glycan lifted and stabilized the RBD throughout the opening

transition. The study also identified an ‘open’ state of the spike RBD, where the N165 glycan of chain B remained the last

contact with the RBD on the route to further opening of S1. In conjunction with prior studies by Casalino et al. , the

research underscored the crucial role of N343 in gating and facilitating the RBD-opening process, emphasizing the

necessity of sampling functional transitions for a comprehensive understanding of mechanistic details.

Pang et al. elucidated two-dimensional free-energy landscapes depicting the opening and closing transitions of the SARS-

CoV-2 S protein, considering both glycosylated and un-glycosylated forms . The study emphasized the influence of

glycans on each state and their role in modifying the kinetics of spike opening. It introduced a nuanced perspective on the

role of glycans, suggesting a more intricate impact than previously recognized, especially regarding the glycans at N165

and N343. According to the research, these glycans may affect both the ‘down’ and ‘up’ states, creating a local energy

minimum for each. Specifically, the study proposed that these glycans could wrap around the RBM when the RBD is in the

‘down’ state, effectively maintaining it in that configuration. Consequently, these two glycans at N165 and N343 were

identified as contributors to stabilizing both ‘down’ and ‘up’ states, establishing a local energy minimum for each.

Glycans also contribute to infectivity, specifically the fusion peptide’s ability to capture the host cell. In the process of

spike-protein-mediated fusion, the fusion peptides need to be released from the protein core and associate with the host

membrane. Successful infection depends on the transition between pre-fusion and post-fusion conformations. To

mechanistically describe this pre-to-post rearrangement and understand the impact of glycans, a study conducted

thousands of simulations using an all-atom model with simplified energetics . These simulations revealed that the steric

composition of the glycans can induce a pause during the conformational change of the spike protein. This glycan-

induced delay presents a crucial opportunity for fusion peptides to effectively capture the host cell, a process that would

be inefficient in the absence of glycans. Therefore, the steric composition of both the spike protein and glycans may guide

the overall dynamics of host–membrane capture.

In sum, the SARS-CoV-2 S protein undergoes conformational changes crucial for host cell entry (Figure 1). Key N-

glycosylation sites stabilize the ‘up’ conformation, facilitating ACE2 recognition and viral entry. Select N-glycans act in

gating and stabilizing the S protein during conformational transitions. Furthermore, N-glycans actively contribute to SARS-

CoV-2 infectivity by influencing the dynamics of the fusion peptide. This peptide is instrumental in capturing the host cell

during the spike-protein-mediated fusion process. The steric composition of glycans induces strategic pauses in

conformational changes, creating vital windows for efficient host cell capture. To sum up, strategically positioned N-

glycans intricately regulate the conformation and dynamic movements of the S protein. This regulation, in turn, dictates its

ability to attach to the ACE2 receptor, enter the cell, and initiate infection in the host.

2. Prion Protein

Prion diseases, or transmissible spongiform encephalopathies (TSE), are a class of fatal, infectious neurodegenerative

illnesses that affect both humans and animals. Among human prion diseases are Creutzfeldt–Jakob Disease (CJD),

Variant Creutzfeldt–Jakob Disease (vCJD), Gerstmann–Straussler–Scheinker Syndrome, Fatal Familial Insomnia, and

Kuru. Most prevalent in animals are bovine spongiform encephalopathy (BSE) (or Mad Cow Disease) in cattle, chronic

wasting disease (CWD) in deer, elk, and moose, and scrapie in sheep . These diseases occur when a normally

occurring protein, the prion protein, undergoes a pathogenic transformation, where the key factor driving the pathology is

a conformational change.
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Prion diseases are caused by the conformational rearrangement of the endogenous cellular prion protein (PrP ) into an

abnormal, toxic form (PrP ) . PrP , an N-glycosylated protein, is tethered to the outer leaflet of the plasma membrane

through a glycosyl phosphatidylinositol (GPI) moiety . While expressed across various tissues, it is particularly

enriched in neurons, making them the primary sites susceptible to TSE-related degeneration . N-Glycosylation

influences the conformational stability of PrP . Changes in glycosylation patterns can impact the folding

kinetics of PrP and may contribute to the transition from the normal, cellular form to the disease-associated form. Different

glycoforms may exhibit variations in their susceptibility to conversion into the pathological PrP  form, affecting the

progression of prion diseases. The impact of the glycans, or the lack of, however, may be strain-dependent, and the

conversion of PrP  into PrP  may be sustained through several pathways depending on the origin of the disease 

. In the context of infectious TSE, it is proposed that exogenous PrP  interacts with PrP , acting as a template

for the conversion of the latter into an additional PrP  molecule. In familial prion diseases, mutations within the prion

protein gene are suggested to facilitate the folding of PrP into a pathogenic conformation .

As anticipated for a membrane protein, the newly synthesized 254-amino acid PrP  undergoes cleavage of its

hydrophobic N-terminal signal peptide (residues 1–23) to enable its targeting to the rough endoplasmic reticulum, the

initial compartment of the secretory pathway. Within this compartment, co- and post-translational modifications of PrP

take place, including the addition of high mannose-type N-glycans (Glc –Man –GlcNAc ) at positions Asn181 and Asn197

in human (huPr ) and Syrian hamster (ShPr ) PrP  (corresponding to Asn180 and Asn196 in mouse, MoPr ), formation of

a unique disulfide bond, and attachment of a GPI moiety following cleavage of the hydrophobic C-terminal signal peptide.

The glycosylation sites of PrP  exhibit variable occupancy, resulting in non-, mono-, or di-glycosylated forms .

The N-terminal segment (residues 23–125, after removal of the signal peptide) exhibits significant flexibility. This segment

encompasses an octapeptide repeat domain capable of binding divalent ions, such as Cu  and Zn . In contrast, the C-

terminal domain (residues 126–230), housing the glycan attachment sites, adopts a distinctive structure characterized by

three α-helices, labeled as helices one through three (one through three or A through C) and two anti-parallel β-strands

flanking helix 1 (Figure 2A).

Figure 2. (A). Schematic illustrating the primary structure of the full-length prion (PrP ) protein. The N-terminal segment

(residues 23–125, after removal of the signal peptide) exhibits a high degree of flexibility. Within this segment is an

octapeptide repeat domain that binds divalent ions. The C-terminal domain (residues 126–230) folds to a characteristic
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structure composed of three α-helices, numbered one through three (or A through C), and two anti-parallel β-strands

flanking helix 1. PrP  is modified by N-glycans at positions Asn181 and Asn197 in the human protein (corresponding to

Asn180 and Asn196 in the mouse protein). Several histidine residues implicated in regulating PrP  stability are also

indicated. (B). PrP  is attached to the outer leaflet of the plasma membrane through a glycosyl phosphatidylinositol (GPI)

moiety. Loss of glycans destabilizes the prion protein structure, enriching it in a conformation that enables pathologic

interactions (such as with heparane sulfate). The fewer glycosylation modifications PrP undergoes, the more likely it is to

be located in the cytoplasm and the stronger its proteolytic resistance, toxicity, and aggregation ability. (C). Top, cartoon

showing how glycans stabilize the PrP protein. Glycosylation at Asn197 may have an allosteric effect, with impact on

participation in stabilizing a stable conformation of the protein. N181 may act in concert with other residues to anchor the

disordered NTD to its regulatory CDT. Specifically, Histidine residues, acting through Cu  coordination, glycans at

Asn181, and acidic residues (see acidic patch) may act in concert to anchor the toxic effector N-terminal domain to its

regulatory site on the C-terminal domain. Bottom, ribbon representation of the PrP  showing the position of the two

glycans (sticks). AlphaFold-generated structure using the human prion protein sequence (UNIPROT ID: P04156).

In cellulo and in vivo studies support the role of these glycans in modulating a pathologic conformation and function of PrP

 (Figure 2B). For example, since ShPrP contains complex-type oligosaccharides attached to Asn residues 181

and 197 (as in HuPrP), an early study mutated the Thr residues to Ala within the NXT consensus sites . This

substitution disrupts the specific motif required for N-glycosylation, hindering the proper attachment of glycan moieties to

the protein. Single and double glycosylation site mutations were expressed in transgenic mice deficient for mouse MoPrP,

and the brains were analyzed for the distribution of mutant ShPrP . The analysis focused on the hippocampal region in

each case. Wild-type ShPrP  was predominantly found in the dendritic trees of the CA1 to CA4 regions of Ammon’s horn

and the dentate gyrus. It was notably absent from the cell bodies of pyramidal and granule cell layers in these regions and

largely absent from white matter tracts like the corpus callosum. In contrast, mutation in either one or both glycosylation

consensus sites had a significant impact on the anatomical distribution of ShPrP . Mutation of the first glycosylation site

alone or in combination with the second site led to low levels of mutated ShPrP , its accumulation in nerve cell bodies,

and limited presence in dendritic trees. When the second glycosylation site was mutated, ShPrP  levels were comparable

to wild-type ShPrP . This mutant protein, however, was observed throughout all neuronal compartments, including the cell

body, dendritic tree, and axons in the white matter. Transgenic mice with inactivation at the second Asn197 site (T199A)

supported prion replication upon infection, while mice mutated at the first site appeared resistant .

A recent study employed knock-in mouse models expressing cell surface PrP  with zero or two N-glycans and several

complementary approaches to address the impact of glycosylation on prion protein localization and function . Mice

expressing PrP  without glycosylation were generated through the introduction of two-point mutations at the endogenous

Prnp locus using a single guide RNA. These mutations, corresponding to the substitution of asparagine to glutamine at

positions 180 and 196 (in accordance with mouse PrP numbering), led to alterations in the N-glycosylation sequons.

PrP(180Q196Q)) mice exhibited normal expression and trafficking of PrP  with no evidence of spontaneous prion

disease. However, a significant difference in susceptibility to prion infection was observed between PrP(180Q196Q) mice

and wild-type mice. Notably, the PrP(180Q196Q) mice consistently showed more severe spongiform degeneration across

all strains compared to wild-type mice. Additionally, upon prion infection, these mice displayed marked atrophy of the

hippocampus due to severe neuronal loss, including complete loss of CA1 pyramidal neurons and the presence of

numerous gemistocytic astrocytes, reflecting the enlarged and filled appearance of the cell. Gemistocytic astrocytes are

often associated with certain pathological conditions. This effect persisted upon second passage. In contrast, wild-type

mice exhibited moderate loss of hippocampal neurons. Furthermore, the cerebellum of all infected PrP(180Q196Q) mice

lacked PrP , a notable distinction from wild-type mice where all three strains were present in the cerebellum. Importantly,

the absence of PrP  in the cerebellum of PrP(180Q196Q) mice was not attributed to a lack of PrP  expression, as

PrP(180Q196Q) was expressed in the cerebellum at levels similar to wild-type PrP. The morphology of PrP  in

PrP(180Q196Q) brains differed from wild-type mice, as most PrP(180Q196Q) brains displayed either plaque-like deposits

or dense parenchymal plaques. Consequently, PrP(180Q196Q) mice when exposed to subfibrillar prion strains

manifested distinct disease characteristics, including an elevated presence of plaques and plaque-like structures, more

pronounced cortical spongiosis, and a conspicuous absence of prions in the cerebellum.

A study by Yi and colleagues  explored the impact of glycosylation on various aspects of PrP using cultured cells

expressing wild-type PrP and glycosylation mutants. The study found that glycosylation significantly influenced the

subcellular localization, resistance to proteolytic digestion, and aggregation ability of human PrP. Wild-type PrP and

monoglycosylated mutants—N181D, N197D, and T199N/N181D/N197D—were primarily attached to the plasma

membrane, while pathological mutants with altered glycosylation sites (i.e., PrP F198S) and unglycosylated PrP mutants

(i.e., N181D/N197D) were mainly present in the cytoplasm. Furthermore, the study revealed that the degree of

glycosylation correlated with the protein’s proteolytic resistance and aggregation ability. PrP with fewer glycosylation
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modifications exhibited higher aggregation propensity and a higher degree of abnormal conformers, as measured by its

resistance to protease digestion. Additionally, glycosylation deficiency increased the vulnerability of the protein to

stressors and enhanced its cytotoxicity.

In the context of understanding the impact of N-glycans, it is crucial to underscore the role of protein conformational

changes and their resulting pathologic functions, which are intricately linked to how the affected protein assembles and

interacts with other proteins. Glycosaminoglycans, especially heparan sulfate and heparin, are considered crucial

molecules for prion conversion and infection. For instance, in prion diseases, heparan sulfate, a prevalent polyanion in the

brain, accelerates disease progression by facilitating the conversion and assembly of extracellular, ADAM10-cleaved PrP

into parenchymal plaques . In mice, di-glycosylated PrP  demonstrated the least heparan sulfate binding, while

unglycosylated PrP  exhibited the highest heparan sulfate binding . Similarly, glycans also disrupt PrP binding to

heparin, with di-glycosylated PrP  exhibiting the lowest affinity for heparin binding . Notably, PrP  with two to three

glycans displayed low heparin affinity, while unglycosylated PrP  showed high affinity, with this affinity progressively

decreasing with each additional glycan. The heparin-binding affinity of PrP  from age-matched wild-type and

PrP(180Q196Q) mouse brain homogenates followed a similar pattern—unglycosylated PrP  exhibited higher heparin-

binding affinity than glycosylated wild-type PrP , a trend also observed in their ADAM10-cleaved counterparts .

Structural and biochemical studies have provided explanations for how these glycans may affect the prion protein. From

early NMR structures of the full-length and N-terminally-truncated forms of recombinant MoPrP, ShPrP, and HuPrP, it

became known that the entire N-terminal segment (residues 23–126) is flexibly disordered and that only the C-terminal

part (residues 127–231) possesses a defined 3D structure . MD simulations on the C-terminal region of HuPrP

(residues 90–230), with and without the glycans, suggested the structured part of the HuPrP protein (residues 127–227)

was stabilized overall from addition of the glycans, specifically by extensions of Helix-B (i.e., helix 2) and Helix-C (i.e.,

helix 3) and reduced flexibility of the linking turn containing Asn197. The stabilization appeared indirect and not from

specific interactions, such as H bonds or ion pairs. Thus, glycosylation at Asn197 has an allosteric effect, with an impact

on stabilizing a conformation of the protein .

Recent biochemical studies have provided additional insights into the role of glycans in the prion protein. NMR and

electron paramagnetic resonance spectroscopy studies suggest that the two N-glycans play a crucial role in maintaining

an intramolecular interaction, effectively bringing together the C- and the N-terminal domains, as elaborated further 

. This interaction is mediated through a Cu –histidine tether, bringing the C- and N-terminal domains into proximity

and likely stabilizing the overall structure while reducing dynamic motion (Figure 2C). Additionally, PrP glycans at N181

and N197 actively promote the interaction between the N-terminal and C-terminal domains, synergizing with the effect of

His-Cu  coordination . A patch of negatively charged amino acids on the same protein surface as the histidines and

glycans serves as a third contributor to these interactions. These interactions play a functional role in suppressing the

neurotoxic activity of PrP , as demonstrated by studies on the PrP mutant N180Q/N196Q. This mutant, where Asn

residues at the glycan attachment sites were replaced with Gln residues to prevent glycosylation while preserving the

polar carboxamide side chain common to both Asn and Gln, exhibited effects similar to a highly toxic deletion mutant of

PrP .

Together, these studies indicate that the loss of glycans destabilizes the prion protein structure, enriching for a

conformation that enables pathologic interactions. Loss of glycosylation could increase the affinity of PrP  for a particular

conformer of PrP  and of other pathologic interactors (such as heparan sulfate) determining the rate of nascent PrP

formation and the specific patterns of PrP  deposition (Figure 2). Intriguingly, distinct brain regions, and presumably cell

types, demonstrated distinct vulnerability to these pathologic conformers. Also, the lack of glycans increased the

vulnerability of the protein to additional stressors, increasing its pathogenicity.

3. Glucose-Regulated Protein 94 (GRP94)

Glucose-regulated protein 94 (GRP94), also known as endoplasmin and gp96, serves as a crucial molecular chaperone

located in the ER of eukaryotic cells . Its primary functions involve ensuring proper folding, maturation, and quality

control of client proteins within the ER. Beyond its role in protein folding, GRP94 actively participates in various cellular

processes, contributing to cellular homeostasis and overall cell function . GRP94 forms a homodimer, and each

chain comprises three domains: the N-terminal (NTD), middle, and C-terminal (CTD) (Figure 3A). Mechanistically, the

chaperone undergoes ATP-driven conformational changes associated with the folding of a client protein. ATP binding at

the NTD induces a shift in the chaperone to a closed conformation, inducing changes in regions critical for protein client

binding. Following ATP hydrolysis, rearrangements occur in the residues of the client-binding site, leading to mechanical

translation into conformational changes in the bound client .
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Figure 3. (A). Schematic illustrating the primary structure of the full-length GRP94 protein with color-coded domains: N-

terminal domain (NTD), middle domain, and C-terminal domain (CTD). The right-side figure depicts the 3D structure of the

GRP94 dimer, with individual protomers colored in green and red, respectively. An unstructured loop is colored in light

blue. The location of two key regulatory N-glycans, on asparagine residues N217 and N62, is indicated by an arrow. (B).

GRP94 glycosylation at N62 is a pivotal factor turning GRP94 from a folding chaperone to a pathologic protein. Primarily,

N-glycosylation at N62 serves as a structural mediator, inducing the conversion of the GRP94 chaperone into

epichaperomes—hetero-oligomeric forms tightly composed of chaperones, co-chaperones, and other factors. In these

epichaperomes, GRP94 adopts scaffolding functions not observed in normal cells, where GRP94 primarily participates in

protein control and folding. Through this scaffolding function, GRP94 influences the assembly and connectivity of proteins

crucial for maintaining a malignant phenotype, enhancing their activity. Ultimately, the N62 glycosylation affects GRP94’s

structural ensembles and its chaperone cycle kinetics, leading to a remodeling of the interactome at a much larger scale

than one might hypothesize based on a simple local covalent modification. This malfunction in GRP94 amplifies its impact

beyond immediate interactors, extending to the remodeling of cellular phenotypes. (C). The figure illustrates the structural

impact of N62 glycan on GRP94. In the absence of the N62 glycan, GRP94 adopts a conformation favorable for its folding

function, as evidenced by the lid of the ATP binding site (depicted in purple) and a more open, flexible protein client

binding site (depicted as red or blue ribbons for protomer A or B, respectively). In the N62 glycosylated GRP94, the glycan

pulls the ATP-lid into an open conformation (yellow), favoring a more closed and inaccessible protein client binding site

that is thus unfavorable for folding. Through its impact on the ATP binding site’s efficiency and by perturbing GRP94’s

structural dynamics, N62 glycosylation thus actively shifts GRP94 from a foldase to a protein-assembly platform.

While primarily localized to the ER, GRP94 is also found in the cytosol, at the cell surface, and extracellularly .

This altered distribution is often associated with and intensified in disease-related scenarios  (Figure 3B). For

instance, pathogens utilize surface GRP94 to infect host cells . In autoimmune diseases, overexpression of cell-

surface GRP94 enhances toll-like receptor function and downstream signaling through MyD88 . In cancer cells, surface
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GRP94 imparts an aggressive phenotype by regulating the stability of receptor tyrosine kinases (RTKs), such as HER2

and EGFR, inhibiting their internalization and enhancing their aberrant downstream signaling . In inflammatory

diseases, surface GRP94 induced a pro-inflammatory profile in macrophages . Similarly, an extracellular GRP94

complexed with immunoglobulin Gs (IgGs) contributes to the pathogenesis of type 1 diabetes .

N-glycosylation plays an important role in the generation of such pathologic surface-expressed and extracellular GRP94

forms (Figure 3C). GRP94 contains six potential N-glycan acceptor sites, namely, N62, N107, N217, N445, N481, and

N502, yet under normal conditions, the protein is predominantly monoglycosylated at N217 . Cherepanova and

colleagues  demonstrated that GRP94 can become glycosylated at all sites in cells that are exposed to

oligosaccharyltransferase inhibitors or low doses of ER stress-inducing agents and in cells with partial or complete loss of

oligosaccharyltransferase complex activity. In a later study, Wen and colleagues demonstrated that glycosylation of silent

sites was heterogenous. Some sites, such as N62, were enriched with mannosylated N-glycans, such as Man GlcNAc

and Glc Man GlcNAc  (N2H9 and N2H10), whereas N107 and N445 had a varied content of mannosylated N-glycans but

also fucosylated or sialofucosylated complex-type N-glycan structures .

The regulation of GRP94 glycosylation, promoting the consistent omission of silent sites in non-stressed cells and

facilitating swift and efficient glycosylation of silent sites in stressed cells, poses intriguing questions. None of the GRP94

sequons have a negative flanking sequence score (i.e., surrounding amino acid sequences do not hinder glycan addition),

indicating that these sites are not skipped due to suboptimal conditions. Cherepanova et al.  proposed instead that the

existence of a mechanism restricting nascent GRP94 access to the STT3A active site, blocking cotranslational

glycosylation of the silent sites, is responsible for the lack of glycosylation on the silent sites. In this proposed scenario,

the N62 and N107 sites in GRP94 could enter the STT3A active site before the normal glycosylation site (N217) is

incorporated into the nascent chain. However, factors associated with cellular stress may saturate pathways responsible

for blocking glycosylation of the silent sites in GRP94 by oligosaccharyltransferase. Consequently, the N62 and N107

silent sites could become glycosylated by oligosaccharyltransferase complexes in cells exposed to stressors, potentially

contributing to disease-related glycosylation patterns. One cannot exclude, however, that other (probably context-specific)

alterations in the glycosylation machinery may exist that shape the occupancy of individual silent sites, with each possibly

impacting the conformation and function of the GRP94 protein.

Supportive of this notion, N-glycan occupancy at these silent sites was indeed reported in disease. In OVCAR-3 ovarian

cancer cells, which exhibit high levels of EGFR at the plasma membrane , a study employed an unbiased, large-scale

MS method to determine N-glycosylation site occupancy by comparing tunicamycin treated to inhibit the overall N-

glycosylation occupancies of the cells and untreated cells . Using this method, they determined that GRP94 had four of

the sites—N62, N107, N217, and N481—occupied in OVCAR-3 cells. Out of these sites, N217 had a high occupancy

(~100%) and N62 occupancy was moderate (~50%), followed by N107 (<50%) and N481 (minor, ~10%). Yan and

colleagues performed glycosylation site mapping through mass spectrometry and identified N62, N217, and N502 as

putative N-glycosylated sites on a GRP94 variant enriched on the cell surface of MDA-MB-468 cells, an EGFR-

overexpressing triple negative breast cancer cell line . Here, too, N217 was a high-occupancy site, with N62 and N502

being partially occupied.

Biochemical, functional, and structural investigations unequivocally affirm the pathological implications of N-glycan

occupancy at specific silent sites . Within certain breast cancer cell subtypes, the glycosylation event at N62

emerges as a pivotal factor contributing to their aggressive phenotype, resistance to therapy, and immune evasion 

. This transformation leads to the stabilization of a unique conformation of GRP94, with significant repercussions .

Primarily, N-glycosylation at N62 serves as a structural mediator, inducing the conversion of the GRP94 chaperone into

epichaperomes—hetero-oligomeric forms tightly composed of chaperones, co-chaperones, and other factors . In

these epichaperomes, GRP94 adopts scaffolding functions not observed in normal cells, where GRP94 primarily

participates in protein control and folding. Through this scaffolding function, GRP94 influences the assembly and

connectivity of proteins crucial for maintaining a malignant phenotype, enhancing their activity. Consequently, the

functions of these proteins are markedly enhanced, leading to the aberrant remodeling of dependent cellular protein

networks. This provides a survival advantage to cancer cells and tumor-supporting cells within the tumor

microenvironment. While the precise composition of the glycan at N62 remains unknown, evidence suggests that the

modified residue, rather than the specific sugar structure, is crucial for mediating the cancer-supporting conformation of

GRP94 in the N62 glycoform . Despite this uncertainty, its susceptibility to deglycosylation by EndoH suggests a

high mannose glycan characteristic . This notion is also supported by glycoproteomics studies from Wen and

colleagues, which found N62 to be enriched in mannosylated N-glycans, such as Man GlcNAc  and Glc Man GlcNAc

(N2H9 and N2H10) .
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Among the proteins affected by this pathologic GRP94 glycoform are RTKs. In breast tumors characterized by the

overexpression of RTKs like HER2 and EGFR, GRP94 with the N62 occupied site becomes enriched at the cell surface

. This enrichment plays a pivotal role in reducing RTK internalization and maintaining the RTK in a state conducive to

constitutively enhanced downstream signaling. To validate these findings, Yan and colleagues utilized CRISPR-Cas9 to

manipulate endogenous GRP94, generating homozygous clones—N62Q, N217A, and N62Q/N217A—from the MDA-MB-

468 breast cancer cell line . Clones expressing GRP94(N62Q) exhibited a significant absence of EGFR at the plasma

membrane, accompanied by a lack of EGFR-signaling activity. Conversely, the GRP94(N217A) mutants, representing the

folding form of GRP94, demonstrated no deleterious effects on EGFR levels or signaling . This underscores the

pathologic gain-of-function nature of N62 glycosylated GRP94 in the context of cancer. Specifically for GRP94, at the

plasma membrane (where GRP94 is located), GRP94 may promote cancer as, by forming epichaperome

platforms , it provides a backbone upon which oncogenic proteins and protein assemblies cluster, augmenting

their pathologic function and leading to an aggressive phenotype in GRP94-expressing cancer cells (Figure 3B).

To understand how N-glycans at N62 and N217 influence GRP94 conformation and dynamics, Castelli et al. employed

MD simulation studies . Their study revealed dynamic modulation of GRP94’s conformation and interactions by these

glycans, impacting protein interaction mode and ATP processing essential for folding (Figure 3C). In the fully glycosylated

state, sugars obstructed the N-terminal domain (NTD), impeding ATP binding. The N62 glycan favored an open, ATPase-

incompetent NTD lid conformation, influencing the charged linker between the NTD and M-Domain, favoring a more

closed and inaccessible protein client binding site that is thus unfavorable for folding. Therefore, the N62 glycan-induced

alterations in conformational ensembles significantly impact the efficiency of translating nucleotide-encoded signals.

Conversely, the N217 glycan had little impact on these factors. The results suggest that N62 glycosylation actively shifts

GRP94 from a foldase to a protein-assembly platform, impacting the ATP-binding site’s efficiency and perturbing the

charged linker’s dynamics. Ultimately, glycosylation induces GRP94 malfunction, disrupting its structural ensembles and

chaperone cycle kinetics and leading to interactome remodeling at a much larger scale than the simple local covalent

modification that might lead to hypothesize, amplifying dysfunction, and remodeling cellular phenotypes.

In summary, the N-glycosylation of silent sites in GRP94 during disease profoundly influences the protein’s conformation,

assembly, and function (Figure 3). Under normal physiological conditions, GRP94 is glycosylated at N217 and localized

to the ER, and it facilitates client protein folding through transient interactions (Figure 3A–C). However, N-glycosylation at

N62 disrupts GRP94’s ER confinement, leading to a conformational shift that promotes stable interactions with proteins at

the plasma membrane, enhancing their functions and inducing aberrant remodeling of cellular protein pathways. This

glycosylation transforms GRP94 from a folding chaperone to a scaffolding protein, consequently reshaping protein

assembly and connectivity, resulting in systems-level dysfunction. Consequently, alterations in N-glycosylation at N62

generate a distinct protein with unique conformational, dynamic, and functional characteristics compared to normal

GRP94 in healthy cells. Thus, GRP94 is a unique example where N-glycosylation increases the pathologic properties of a

protein indirectly by modulating its complexation.

References

1. Cascella, M.; Rajnik, M.; Aleem, A.; Dulebohn, S.C.; Di Napoli, R. Features, Evaluation, and Treatment of Coronavirus
(COVID-19). In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023.

2. Casalino, L.; Gaieb, Z.; Goldsmith, J.A.; Hjorth, C.K.; Dommer, A.C.; Harbison, A.M.; Fogarty, C.A.; Barros, E.P.; Taylor,
B.C.; McLellan, J.S.; et al. Beyond Shielding: The Roles of Glycans in the SARS-CoV-2 Spike Protein. ACS Cent. Sci.
2020, 6, 1722–1734.

3. Malaquias, M.A.S.; Gadotti, A.C.; Motta-Junior, J.D.S.; Martins, A.P.C.; Azevedo, M.L.V.; Benevides, A.P.K.; Cezar-
Neto, P.; Panini do Carmo, L.A.; Zeni, R.C.; Raboni, S.M.; et al. The role of the lectin pathway of the complement
system in SARS-CoV-2 lung injury. Transl. Res. 2021, 231, 55–63.

4. Jiang, S.; Hillyer, C.; Du, L. Neutralizing Antibodies against SARS-CoV-2 and Other Human Coronaviruses. Trends
Immunol. 2020, 41, 355–359.

5. Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM
structure of the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260–1263.

6. Du, L.; He, Y.; Zhou, Y.; Liu, S.; Zheng, B.J.; Jiang, S. The spike protein of SARS-CoV—A target for vaccine and
therapeutic development. Nat. Rev. Microbiol. 2009, 7, 226–236.

7. Song, W.; Gui, M.; Wang, X.; Xiang, Y. Cryo-EM structure of the SARS coronavirus spike glycoprotein in complex with
its host cell receptor ACE2. PLoS Pathog. 2018, 14, e1007236.

[64]

[64]

[64]

Glyc62 Glyc62

[64][76][78]

Glyc62

[74]



8. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu,
N.-H.; Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically
Proven Protease Inhibitor. Cell 2020, 181, 271–280.e8.

9. Benton, D.J.; Wrobel, A.G.; Xu, P.; Roustan, C.; Martin, S.R.; Rosenthal, P.B.; Skehel, J.J.; Gamblin, S.J. Receptor
binding and priming of the spike protein of SARS-CoV-2 for membrane fusion. Nature 2020, 588, 327–330.

10. Lu, M.; Uchil, P.D.; Li, W.; Zheng, D.; Terry, D.S.; Gorman, J.; Shi, W.; Zhang, B.; Zhou, T.; Ding, S.; et al. Real-Time
Conformational Dynamics of SARS-CoV-2 Spikes on Virus Particles. Cell Host Microbe 2020, 28, 880–891.e8.

11. Walls, A.C.; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the
SARS-CoV-2 Spike Glycoprotein. Cell 2020, 183, 1735.

12. Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the
SARS-CoV-2 spike receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215–220.

13. Tian, Y.; Parsons, L.M.; Jankowska, E.; Cipollo, J.F. Site-Specific Glycosylation Patterns of the SARS-CoV-2 Spike
Protein Derived From Recombinant Protein and Viral WA1 and D614G Strains. Front. Chem. 2021, 9, 767448.

14. Gong, Y.; Qin, S.; Dai, L.; Tian, Z. The glycosylation in SARS-CoV-2 and its receptor ACE2. Signal Transduct. Target.
Ther. 2021, 6, 396.

15. Cai, Y.; Zhang, J.; Xiao, T.; Peng, H.; Sterling, S.M.; Walsh, R.M., Jr.; Rawson, S.; Rits-Volloch, S.; Chen, B. Distinct
conformational states of SARS-CoV-2 spike protein. Science 2020, 369, 1586–1592.

16. Fan, X.; Cao, D.; Kong, L.; Zhang, X. Cryo-EM analysis of the post-fusion structure of the SARS-CoV spike
glycoprotein. Nat. Commun. 2020, 11, 3618.

17. Harbison, A.M.; Fogarty, C.A.; Phung, T.K.; Satheesan, A.; Schulz, B.L.; Fadda, E. Fine-tuning the spike: Role of the
nature and topology of the glycan shield in the structure and dynamics of the SARS-CoV-2 S. Chem. Sci. 2022, 13,
386–395.

18. Ray, D.; Le, L.; Andricioaei, I. Distant residues modulate conformational opening in SARS-CoV-2 spike protein. Proc.
Natl. Acad. Sci. USA 2021, 118, e2100943118.

19. Zimmerman, M.I.; Porter, J.R.; Ward, M.D.; Singh, S.; Vithani, N.; Meller, A.; Mallimadugula, U.L.; Kuhn, C.E.;
Borowsky, J.H.; Wiewiora, R.P.; et al. SARS-CoV-2 simulations go exascale to predict dramatic spike opening and
cryptic pockets across the proteome. Nat. Chem. 2021, 13, 651–659.

20. Fallon, L.; Belfon, K.A.A.; Raguette, L.; Wang, Y.; Stepanenko, D.; Cuomo, A.; Guerra, J.; Budhan, S.; Varghese, S.;
Corbo, C.P.; et al. Free Energy Landscapes from SARS-CoV-2 Spike Glycoprotein Simulations Suggest that RBD
Opening Can Be Modulated via Interactions in an Allosteric Pocket. J. Am. Chem. Soc. 2021, 143, 11349–11360.

21. Sztain, T.; Ahn, S.H.; Bogetti, A.T.; Casalino, L.; Goldsmith, J.A.; Seitz, E.; McCool, R.S.; Kearns, F.L.; Acosta-Reyes,
F.; Maji, S.; et al. A glycan gate controls opening of the SARS-CoV-2 spike protein. Nat. Chem. 2021, 13, 963–968.

22. Zhang, B.W.; Jasnow, D.; Zuckerman, D.M. The “weighted ensemble” path sampling method is statistically exact for a
broad class of stochastic processes and binning procedures. J. Chem. Phys. 2010, 132, 054107.

23. Pang, Y.T.; Acharya, A.; Lynch, D.L.; Pavlova, A.; Gumbart, J.C. SARS-CoV-2 spike opening dynamics and energetics
reveal the individual roles of glycans and their collective impact. Commun. Biol. 2022, 5, 1170.

24. Dodero-Rojas, E.; Onuchic, J.N.; Whitford, P.C. Sterically confined rearrangements of SARS-CoV-2 Spike protein
control cell invasion. eLife 2021, 10, e70362.

25. Geschwind, M.D. Prion Diseases. Contin. Lifelong Learn. Neurol. 2015, 21, 1612–1638.

26. Collinge, J. Mammalian prions and their wider relevance in neurodegenerative diseases. Nature 2016, 539, 217–226.

27. Johnson, R.T. Prion diseases. Lancet Neurol. 2005, 4, 635–642.

28. Westergard, L.; Christensen, H.M.; Harris, D.A. The cellular prion protein (PrPC): Its physiological function and role in
disease. Biochim. Biophys. Acta BBA Mol. Basis Dis. 2007, 1772, 629–644.

29. Ermonval, M.; Mouillet-Richard, S.; Codogno, P.; Kellermann, O.; Botti, J. Evolving views in prion glycosylation:
Functional and pathological implications. Biochimie 2003, 85, 33–45.

30. Xiao, X.; Yuan, J.; Haik, S.; Cali, I.; Zhan, Y.; Moudjou, M.; Li, B.; Laplanche, J.L.; Laude, H.; Langeveld, J.; et al.
Glycoform-selective prion formation in sporadic and familial forms of prion disease. PLoS ONE 2013, 8, e58786.

31. Mallucci, G.; Dickinson, A.; Linehan, J.; Klohn, P.C.; Brandner, S.; Collinge, J. Depleting neuronal PrP in prion infection
prevents disease and reverses spongiosis. Science 2003, 302, 871–874.

32. Aguilar-Calvo, P.; Callender, J.A.; Sigurdson, C.J. Short and sweet: How glycans impact prion conversion, cofactor
interactions, and cross-species transmission. PLOS Pathog. 2021, 17, e1009123.



33. Aguilar-Calvo, P.; Xiao, X.; Bett, C.; Erana, H.; Soldau, K.; Castilla, J.; Nilsson, K.P.; Surewicz, W.K.; Sigurdson, C.J.
Post-translational modifications in PrP expand the conformational diversity of prions in vivo. Sci. Rep. 2017, 7, 43295.

34. Angers, R.C.; Kang, H.E.; Napier, D.; Browning, S.; Seward, T.; Mathiason, C.; Balachandran, A.; McKenzie, D.;
Castilla, J.; Soto, C.; et al. Prion strain mutation determined by prion protein conformational compatibility and primary
structure. Science 2010, 328, 1154–1158.

35. Nakic, N.; Tran, T.H.; Novokmet, M.; Andreoletti, O.; Lauc, G.; Legname, G. Site-specific analysis of N-glycans from
different sheep prion strains. PLoS Pathog. 2021, 17, e1009232.

36. Sevillano, A.M.; Aguilar-Calvo, P.; Kurt, T.D.; Lawrence, J.A.; Soldau, K.; Nam, T.H.; Schumann, T.; Pizzo, D.P.;
Nystrom, S.; Choudhury, B.; et al. Prion protein glycans reduce intracerebral fibril formation and spongiosis in prion
disease. J. Clin. Investig. 2020, 130, 1350–1362.

37. Corsaro, A.; Thellung, S.; Villa, V.; Nizzari, M.; Florio, T. Role of prion protein aggregation in neurotoxicity. Int. J. Mol.
Sci. 2012, 13, 8648–8669.

38. Poggiolini, I.; Saverioni, D.; Parchi, P. Prion protein misfolding, strains, and neurotoxicity: An update from studies on
Mammalian prions. Int. J. Cell Biol. 2013, 2013, 910314.

39. Salamat, M.K.; Dron, M.; Chapuis, J.; Langevin, C.; Laude, H. Prion propagation in cells expressing PrP glycosylation
mutants. J. Virol. 2011, 85, 3077–3085.

40. Cancellotti, E.; Mahal, S.P.; Somerville, R.; Diack, A.; Brown, D.; Piccardo, P.; Weissmann, C.; Manson, J.C. Post-
translational changes to PrP alter transmissible spongiform encephalopathy strain properties. EMBO J. 2013, 32, 756–
769.

41. Yi, C.W.; Wang, L.Q.; Huang, J.J.; Pan, K.; Chen, J.; Liang, Y. Glycosylation Significantly Inhibits the Aggregation of
Human Prion Protein and Decreases Its Cytotoxicity. Sci. Rep. 2018, 8, 12603.

42. Schilling, K.M.; Jorwal, P.; Ubilla-Rodriguez, N.C.; Assafa, T.E.; Gatdula, J.R.P.; Vultaggio, J.S.; Harris, D.A.; Millhauser,
G.L. N-glycosylation is a potent regulator of prion protein neurotoxicity. J. Biol. Chem. 2023, 299, 105101.

43. DeArmond, S.J.; Sanchez, H.; Yehiely, F.; Qiu, Y.; Ninchak-Casey, A.; Daggett, V.; Camerino, A.P.; Cayetano, J.;
Rogers, M.; Groth, D.; et al. Selective neuronal targeting in prion disease. Neuron 1997, 19, 1337–1348.

44. Aguilar-Calvo, P.; Sevillano, A.M.; Bapat, J.; Soldau, K.; Sandoval, D.R.; Altmeppen, H.C.; Linsenmeier, L.; Pizzo, D.P.;
Geschwind, M.D.; Sanchez, H.; et al. Shortening heparan sulfate chains prolongs survival and reduces parenchymal
plaques in prion disease caused by mobile, ADAM10-cleaved prions. Acta Neuropathol. 2020, 139, 527–546.

45. Giachin, G.; Biljan, I.; Ilc, G.; Plavec, J.; Legname, G. Probing early misfolding events in prion protein mutants by NMR
spectroscopy. Molecules 2013, 18, 9451–9476.

46. Riek, R.; Hornemann, S.; Wider, G.; Glockshuber, R.; Wuthrich, K. NMR characterization of the full-length recombinant
murine prion protein, mPrP(23-231). FEBS Lett. 1997, 413, 282–288.

47. Zuegg, J.; Gready, J.E. Molecular dynamics simulation of human prion protein including both N-linked oligosaccharides
and the GPI anchor. Glycobiology 2000, 10, 959–974.

48. Schilling, K.M.; Tao, L.; Wu, B.; Kiblen, J.T.M.; Ubilla-Rodriguez, N.C.; Pushie, M.J.; Britt, R.D.; Roseman, G.P.; Harris,
D.A.; Millhauser, G.L. Both N-Terminal and C-Terminal Histidine Residues of the Prion Protein Are Essential for Copper
Coordination and Neuroprotective Self-Regulation. J. Mol. Biol. 2020, 432, 4408–4425.

49. Evans, E.G.B.; Pushie, M.J.; Markham, K.A.; Lee, H.-W.; Millhauser, G.L. Interaction between Prion Protein’s Copper-
Bound Octarepeat Domain and a Charged C-Terminal Pocket Suggests a Mechanism for N-Terminal Regulation.
Structure 2016, 24, 1057–1067.

50. Spevacek, A.R.; Evans, E.G.B.; Miller, J.L.; Meyer, H.C.; Pelton, J.G.; Millhauser, G.L. Zinc Drives a Tertiary Fold in the
Prion Protein with Familial Disease Mutation Sites at the Interface. Structure 2013, 21, 236–246.

51. Marzec, M.; Eletto, D.; Argon, Y. GRP94: An HSP90-like protein specialized for protein folding and quality control in the
endoplasmic reticulum. Biochim. Biophys. Acta 2012, 1823, 774–787.

52. Ansa-Addo, E.A.; Thaxton, J.; Hong, F.; Wu, B.X.; Zhang, Y.; Fugle, C.W.; Metelli, A.; Riesenberg, B.; Williams, K.;
Gewirth, D.T.; et al. Clients and Oncogenic Roles of Molecular Chaperone gp96/grp94. Curr. Top. Med. Chem. 2016,
16, 2765–2778.

53. Eletto, D.; Dersh, D.; Argon, Y. GRP94 in ER quality control and stress responses. Semin. Cell Dev. Biol. 2010, 21,
479–485.

54. Lee, A.S. Glucose-regulated proteins in cancer: Molecular mechanisms and therapeutic potential. Nat. Rev. Cancer
2014, 14, 263–276.



55. Wiersma, V.R.; Michalak, M.; Abdullah, T.M.; Bremer, E.; Eggleton, P. Mechanisms of Translocation of ER Chaperones
to the Cell Surface and Immunomodulatory Roles in Cancer and Autoimmunity. Front. Oncol. 2015, 5, 7.

56. Altmeyer, A.; Maki, R.G.; Feldweg, A.M.; Heike, M.; Protopopov, V.P.; Masur, S.K.; Srivastava, P.K. Tumor-specific cell
surface expression of the-KDEL containing, endoplasmic reticular heat shock protein gp96. Int. J. Cancer 1996, 69,
340–349.

57. Booth, C.; Koch, G.L. Perturbation of cellular calcium induces secretion of luminal ER proteins. Cell 1989, 59, 729–737.

58. Martins, M.; Custodio, R.; Camejo, A.; Almeida, M.T.; Cabanes, D.; Sousa, S. Listeria monocytogenes triggers the cell
surface expression of Gp96 protein and interacts with its N terminus to support cellular infection. J. Biol. Chem. 2012,
287, 43083–43093.

59. Rothan, H.A.; Zhong, Y.; Sanborn, M.A.; Teoh, T.C.; Ruan, J.; Yusof, R.; Hang, J.; Henderson, M.J.; Fang, S. Small
molecule grp94 inhibitors block dengue and Zika virus replication. Antiviral Res. 2019, 171, 104590.

60. Sumitomo, T.; Nakata, M.; Nagase, S.; Takahara, Y.; Honda-Ogawa, M.; Mori, Y.; Akamatsu, Y.; Yamaguchi, M.;
Okamoto, S.; Kawabata, S. GP96 Drives Exacerbation of Secondary Bacterial Pneumonia following Influenza A Virus
Infection. mBio 2021, 12, e0326920.

61. Liu, B.; Dai, J.; Zheng, H.; Stoilova, D.; Sun, S.; Li, Z. Cell surface expression of an endoplasmic reticulum resident
heat shock protein gp96 triggers MyD88-dependent systemic autoimmune diseases. Proc. Natl. Acad. Sci. USA 2003,
100, 15824–15829.

62. Li, X.; Sun, L.; Hou, J.; Gui, M.; Ying, J.; Zhao, H.; Lv, N.; Meng, S. Cell membrane gp96 facilitates HER2 dimerization
and serves as a novel target in breast cancer. Int. J. Cancer 2015, 137, 512–524.

63. Patel, P.D.; Yan, P.; Seidler, P.M.; Patel, H.J.; Sun, W.; Yang, C.; Que, N.S.; Taldone, T.; Finotti, P.; Stephani, R.A.; et al.
Paralog-selective Hsp90 inhibitors define tumor-specific regulation of HER2. Nat. Chem. Biol. 2013, 9, 677–684.

64. Yan, P.; Patel, H.J.; Sharma, S.; Corben, A.; Wang, T.; Panchal, P.; Yang, C.; Sun, W.; Araujo, T.L.; Rodina, A.; et al.
Molecular Stressors Engender Protein Connectivity Dysfunction through Aberrant N-Glycosylation of a Chaperone. Cell
Rep. 2020, 31, 107840.

65. Chavany, C.; Mimnaugh, E.; Miller, P.; Bitton, R.; Nguyen, P.; Trepel, J.; Whitesell, L.; Schnur, R.; Moyer, J.; Neckers, L.
p185erbB2 binds to GRP94 in vivo. Dissociation of the p185erbB2/GRP94 heterocomplex by benzoquinone
ansamycins precedes depletion of p185erbB2. J. Biol. Chem. 1996, 271, 4974–4977.

66. Chaumonnot, K.; Masson, S.; Sikner, H.; Bouchard, A.; Baverel, V.; Bellaye, P.S.; Collin, B.; Garrido, C.; Kohli, E. The
HSP GRP94 interacts with macrophage intracellular complement C3 and impacts M2 profile during ER stress. Cell
Death Dis. 2021, 12, 114.

67. Ratna, A.; Lim, A.; Li, Z.; Argemi, J.; Bataller, R.; Chiosis, G.; Mandrekar, P. Myeloid Endoplasmic Reticulum Resident
Chaperone GP96 Facilitates Inflammation and Steatosis in Alcohol-Associated Liver Disease. Hepatol. Commun. 2021,
5, 1165–1182.

68. Pagetta, A.; Tramentozzi, E.; Tibaldi, E.; Cendron, L.; Zanotti, G.; Brunati, A.M.; Vitadello, M.; Gorza, L.; Finotti, P.
Structural insights into complexes of glucose-regulated Protein94 (Grp94) with human immunoglobulin G. relevance for
Grp94-IgG complexes that form in vivo in pathological conditions. PLoS ONE 2014, 9, e86198.

69. Cherepanova, N.A.; Venev, S.V.; Leszyk, J.D.; Shaffer, S.A.; Gilmore, R. Quantitative glycoproteomics reveals new
classes of STT3A- and STT3B-dependent N-glycosylation sites. J. Cell Biol. 2019, 218, 2782–2796.

70. Wearsch, P.A.; Nicchitta, C.V. Purification and partial molecular characterization of GRP94, an ER resident chaperone.
Protein Expr. Purif. 1996, 7, 114–121.

71. Wen, P.; Chen, J.; Zuo, C.; Gao, X.; Fujita, M.; Yang, G. Proteome and Glycoproteome Analyses Reveal the Protein N-
Linked Glycosylation Specificity of STT3A and STT3B. Cells 2022, 11, 2775.

72. Gottschalk, N.; Kimmig, R.; Lang, S.; Singh, M.; Brandau, S. Anti-epidermal growth factor receptor (EGFR) antibodies
overcome resistance of ovarian cancer cells to targeted therapy and natural cytotoxicity. Int. J. Mol. Sci. 2012, 13,
12000–12016.

73. Sun, S.; Zhang, H. Large-Scale Measurement of Absolute Protein Glycosylation Stoichiometry. Anal. Chem. 2015, 87,
6479–6482.

74. Castelli, M.; Yan, P.; Rodina, A.; Digwal, C.S.; Panchal, P.; Chiosis, G.; Moroni, E.; Colombo, G. How aberrant N-
glycosylation can alter protein functionality and ligand binding: An atomistic view. Structure 2023, 31, 987–1004.e8.

75. Bouchard, A.; Sikner, H.; Baverel, V.; Garnier, A.R.; Monterrat, M.; Moreau, M.; Limagne, E.; Garrido, C.; Kohli, E.;
Collin, B.; et al. The GRP94 Inhibitor PU-WS13 Decreases M2-like Macrophages in Murine TNBC Tumors: A
Pharmaco-Imaging Study with (99m)Tc-Tilmanocept SPECT. Cells 2021, 10, 3393.



76. Rodina, A.; Xu, C.; Digwal, C.S.; Joshi, S.; Patel, Y.; Santhaseela, A.R.; Bay, S.; Merugu, S.; Alam, A.; Yan, P.; et al.
Systems-level analyses of protein-protein interaction network dysfunctions via epichaperomics identify cancer-specific
mechanisms of stress adaptation. Nat. Commun. 2023, 14, 3742.

77. Chiosis, G.; Digwal, C.S.; Trepel, J.B.; Neckers, L. Structural and functional complexity of HSP90 in cellular
homeostasis and disease. Nat. Rev. Mol. Cell Biol. 2023, 24, 797–815.

78. Rodina, A.; Wang, T.; Yan, P.; Gomes, E.D.; Dunphy, M.P.; Pillarsetty, N.; Koren, J.; Gerecitano, J.F.; Taldone, T.; Zong,
H.; et al. The epichaperome is an integrated chaperome network that facilitates tumour survival. Nature 2016, 538,
397–401.

Retrieved from https://encyclopedia.pub/entry/history/show/125912


