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INTRODUCTION

Since the discovery of the N-linked glycosylated RNAs (glycoRNAs) 
[1], the scientific community has focused its attention on the 
potential biomedical relevance of these molecular structures. 
From that moment, N-glycosylation became part of the select 
group of post-transcriptional modifications (phosphorylation, 
methylation, and acetylation) of RNA. As a novel epitranscriptomic 
modification, RNA glycosylation shows a relevant role in 
membrane localization and cell-cell communication [2]. One of the 
most interesting hypothetical functionality of glycoRNAs is their 
paper on neuron-microglia interaction after an ischemic stroke: 
The sialylated neuronal Y-RNAs are detected by the microglial 
Siglec-11 receptor producing an anti-inflammatory phenotype [2]. 
As it is well-known, sialic acids show multiple functions in tumor 
biology, such as immune evasion, proliferation and metastasis, 
promoting angiogenesis or resisting apoptosis and therapy [3]. 
GlycoRNAs may also be involved in those processes. These novel 
conjugates opened a new paradigm in biology, and at the same 
time, many incognita are still in the air. What do we know, and 
what do we ignore about the chemical structure of glycoRNAs?

The exhaustive work directed by Bertozzi showed relevant 
discoveries which helped to decipher the chemical nature of the 
link between RNA and carbohydrates [1]:

a) GlycoRNA production is contributed by the canonical N-glycan 
biosynthetic machinery: A dose-dependent loss of glycoRNA is 
caused by the inhibition of Oligosaccharyl Transferase (OST) with 
NGI-1. Furthermore, this result is also observed when the system 
is treated with kifunensine and swainsonine (α-mannosidases I 
and II inhibitors).

b) The resulting glycoRNAs show sensitivity to PNGase F, Endo 
F2 and Endo F3 hydrolases: Given the specificity of OST and 
PNGase F, the RNA- carbohydrate bond must be an amide bond-
containing linker.

c) Treating the glycoRNAs with Endo Hf, O-glycosidase, and 
StcE mucinase shows no effect: Confirming the exclusive 
N-glycosylation of the obtained glycoRNAs and the absence of 
high-mannose glycans.

d) Siglec receptors and anti-RNA antibodies recognize all surface 
glycoRNAs: The binding of Siglec 11 and 14 showed sensitivity to 
RNAse A, meaning that cell surface glycoRNAs could be direct 
Siglec receptor ligands. In conclusion, these glycoconjugates are 
sialic acid-capped and confirm the covalent conjugation between 
RNA and carbohydrates.

e) Observed sedimentation of glycoRNAs in the sucrose gradient 
suggests a relatively small molecular weight for the RNA-saccharide 
linker.
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f) Limitations: The selective metabolic labelling of sialic acids with 
Ac4ManNAz concludes with the possibility of other RNA-glycans 
conjugations. Furthermore, the precise chemical structure of the 
linkage is still unknown.

Extra biostatistical analysis of the experimental data by Cui et al. 
[4], also showed:

g) The positional sequence pattern and the RNA-binding protein-
related motifs are located following a non-random distribution: 
The sequence context of RNA glycosylation sites was used as 
a predictive tool for RNA glycosylation, building the base of 
the GlyinsRNA webserver [5]. Interestingly, the appearance 
of guanosine in the glycosylation site is enriched by +30%, 
while adenosine (-5%), uracil (-15%) and cytosine (-30%) show 
depletion.

Taking into account the listed data, in this work, we want to focus 
our attention on the chemical nature of the RNA-glycan linker 
and hypothesize its chemical structure based on the relevant 
evidence.

METHODOLGY

Molecular modelling

Computational details: The cluster models were constructed 
from the available PNGase F complex with di-N-acetylchitobiose 
(PDB ID 1PNF) [6]. The substrate, water molecules and the 
side-chain of the residues at 10 Å from the substrate formed the 
initial cluster model. The two water molecules occupying the 
glycosidase subsite -1 were deleted, and the Asn-[GlcNAc]

2
 model 

was built after manually attaching a β-oriented neutral asparagine 
(CH

3
-CH

2
-C=O-NH-) to the anomeric carbon of the sugar in 

the subsite +1. The cluster model was optimized using Gaussian 
16 electronic structure program [7], fixing all the atoms except 
hydrogens, water molecules and the substrate and described 
using the available Universal Force Field [8]. The same method 
was used to optimize the ncm5U-[GlcNAc]

2
 and sangivamycin-

[GlcNAc]
2
 cluster models.

Disentangling the glycoRNA structural puzzle

One of the main pieces of evidence is that the formation of the 
RNA-glycan bond is catalyzed by OST, and its cleavage is catalyzed 
by the PNGase F enzyme. OST is an enzymatic complex whose 
substrate recognition depends on a substrate consensus sequence 
(-Asn-X-Thr/Ser-) [9]. The Peptide-N4-(N-acetyl-β-D-glucosaminyl) 
asparagine amidase F (PNGase F) converts the asparagine residue 
to an aspartic acid making this enzyme specific for cleaving amide 
groups [6]. Thus, before the formation of the amide group, the 
reactants of OST are a primary amide (X-Asn-CONH

2
) and a 

carbohydrate. As for glycosylated proteins, the common reactant 
in this equation is the glycan, so we should base our hypothesis 
on finding a nucleobase functionalized with an amide group.

Taking into account that the formation of glycoRNAs uses the 
same machinery as the N-glycosylation process in proteins, one 
can speculate on the idea that the nucleobase modification process 
also follows an already well-known biochemical pathway. But, 
there is a main difference between protein and RNA glycosylation: 
The number of molecules that can become glycosylated, one case 
for proteins (Asn) and four for RNA (A, C, G and U). One may 
assume that each nucleobase is functionalized differently or, at 
least, pyrimidine nucleobases will be differentiated from purine 
bases.

RESULTS

To find a possible modification pathway starting from each of 
the four canonical RNA nucleobases and resulting in an amide-
functionalized derivative, we checked the last version of the 
MODOMICS database [10]. After intensive literature research, 
we found three main amide derivatives (Figure 1): 7-amido-
7-deazaguanine (ADG, guanine derivative), sangivamycin 
(adenosine derivative) and 5-carbamoylmethyluridine (ncm5U, 
uracil derivative). All the derivatives provide a linker with a 
relatively small molecular mass. Despite the absence of amide-
functionalized cytosine, this nucleobase can be converted in 
uracil by a tRNA-specific cytidine deaminase (CDAT8) [11]. GTP 
is converted in ADG employing GCHI, QueD, QueE and QueC 
(enzymatic pathway) [12]. While ncm5U is the amide-derivative 
of the cm5U, which acts as the reactant of the ALKBH8 tRNA 
methyltransferase [13]. The enzymatic pathway connecting U 
 cm5U  ncm5U remains unknown. Besides sangivamycin 
is an adenosine derivative, the known enzymatic pathway 
resulting in the derivative starts in guanosine. GTP is converted 
to sangivamycin through three synthetic processes: ToyD, ToyB, 
ToyC, and ToyM perform the deazapurine synthesis, following 
the purine salvage is catalyzed by ToyH, ToyE, ToyG, ToyF, and 
ToyI, and finally, the side-chain modification from toyocamycin 
to sangivamycin is done by ToyJ, ToyK and ToyL [14].

Assuming that these three derivatives are synthetically available 
for an organism, the final glycoRNA product of the OSL should 
be a proper reactant for the PNGase F. Fortunately, a crystal 
structure of this enzyme in complex with di-N-acetylchitobiose 
(product complex) where the substrate is located in the sugar 
subsites +1 and +2 [6]. Using molecular modelling, we were 
able to reconstruct a cluster model of the N-asparagine-di-N-
acetylchitobiose complex (reactant complex, Figure 2A), and we 
built two more complexes by substituting the asparagine with the 
ncm5U (Figure 2B) and sangivamycin (Figure 2C). Both Asn and 
ncm5U contain a flexible CH

2
 group connecting the amide group 

with the rest of the chain, and they fit similarly in the glycosidase 
subsite -1. For sangivamycin (same for ADG), the amide group is 
directly connected to the nucleobase ring and slightly affects the 
orientation of the amide in the subsite -1. Taking into account 
that our protein model is rigid, the author assumes that a slight 
readjustment of the catalytic residues would be enough to 
facilitate the hydrolytic reaction.

Hypotheses

After the points discussed previously, the author listed the 
following hypotheses regarding the chemical nature of the RNA-
glycan linker:

a) Each RNA nucleobase (A, C, G and U) goes through a different 
enzymatic N-glycosylation pathway.

b) The linker for A and G positions (purine bases) is a direct 
secondary amide connection between the anomeric carbon of a 
GlcNAc moiety and the C

7
 atom of the corresponding modified 

nucleobase (N7 is changed by carbon, Figure 3-up).

c) The linker for U and C positions (pyrimidine bases) connects 
the C

5
 atom of a uracil base with a CH

2
 group connected to the 

secondary amide connection, and the nitrogen of the amide is 
connected to the anomeric carbon of a GlcNAc moiety (Figure 
3-down). 
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Figure 1: Amide-containing RNA nucleobase derivatives.

Figure 2: Atomistic representation of (A) the cluster model of the PNGase F-Asn-[GlcNAc]
2
 complex, Superposition of the PNGase F-Asn-[GlcNAc]

2
 

with (B) the ncm5U-[GlcNAc]
2
 and (C) the sangivamycin-[GlcNAc]

2
 models, Glu206 and Asp60 are catalytic residues, Hydrogens are not shown 

for the sake of clarity.
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