
followed by precipitation with streptavidin beads. As we previously 
reported (Miller et al., 2024; Pindwarawala et al., 2024), WT mGluR6 
was present on the surface almost exclusively in a complex glycosylated 
form (band C). In contrast, both dimer bands of the Δ24–137 and 
Δ24–189 mutants, corresponding to core and complex glycosylated 
forms, were found at the surface, in roughly equal amounts (Fig. 4A, B, 
C, G). Na/K ATPase, an endogenous plasma membrane protein, served 
as a positive control for labeling of cell surface proteins, while α-tubulin, 
a strictly intracellular protein, was a negative control. The absence of 
tubulin in the bead lanes shows that the biotinylation reagent did not 
permeate the cell membrane, and that it was adequately quenched 
before cell lysis. To confirm the glycosylation status of mutants at the 
plasma membrane, biotinylated proteins were eluted from the beads and 
treated with glycosidase enzymes (Fig. 4H, I). Our results demonstrate 
that the large deletions did not prevent Golgi trafficking and complex 
glycosylation, but that this was no longer a requirement to reach the 
plasma membrane. Trafficking through both conventional and Golgi 
bypass pathways could lead to the increased surface expression of these 
mutants.

Although the biotinylation experiments revealed a clear difference in 
the behavior of the Δ24–137 and Δ24–189 mutants compared to WT, 
they did not reflect the large increases in surface protein demonstrated 
in Figs. 1 and 2. The total amount of biotinylated mGluR6 recovered on 
streptavidin beads was quite variable, and the mutants were not 
significantly different from WT (Figs. 4, S3). The explanation for this 
discrepancy is unknown, but could involve instability of mutants during 
cell lysis and binding; saturation of binding sites on beads; differential 
capacity of beads due to steric hindrance of proteins with different 
conformations; or differential labeling of lysines in deleted regions.

3.5. Small deletions in the LBD restrict mGluR6 to Golgi bypass 
trafficking

To determine whether any of the mutants with smaller overlapping 
deletions within the 24–154 region share the ability of Δ24–137 and 

Δ24–189 to bypass the Golgi, glycosidase assays were performed 
(Fig. 3B, D). Surprisingly, each of the smaller deletions appeared to 
abolish complex glycosylation, as only Endo H sensitive species were 
detected (Fig. 3B, D, E). The absence of complex glycosylation suggests 
that, unlike Δ24–137 and Δ24–189, which use both conventional and 
unconventional secretory pathways, the smaller deletions restrict traf
ficking exclusively to an unconventional pathway. These mutants had 
surface expression levels indistinguishable from WT (Fig. 1), demon
strating that complex glycosylation is not a requirement for surface 
expression in this cell line. Surface biotinylation confirmed that these 
mutants were present at the surface only in core glycosylated form 
(Fig. 4D–G). The similar phenotype of all six small deletions suggests a 
sensitive structural feature in the LBD that plays an important role in 
regulation of Golgi sorting.

3.6. All LBD deletions abolish glutamate-induced G-protein activation

We previously reported that the two large deletion mutants Δ24–137 
and Δ24–189, as well as three of the smaller deletion mutants, abolished 
G-protein activation in response to glutamate (Agosto et al., 2021). To 
test the full set of small deletion mutants, we co-expressed untagged 
mGluR6 with chimeric Gαqo, which allows activation of mGluR6 to be 
measured using a Ca2+ mobilization assay (Kang et al., 2014; Agosto 
et al., 2021). Cells were treated with 300 μM L-glutamate, which is ex
pected to be a near saturating concentration (Conn and Pin, 1997; 
Agosto et al., 2021) (Fig. 5). While glutamate elicited a robust response 
from WT mGluR6, all of the deletion mutants failed to produce a 
response and were indistinguishable from empty vector controls, pre
sumably due to disruption of the orthosteric ligand binding site. To rule 
out the possibility that transfection with mGluR6 mutants depletes ER 
Ca2+ or compromises downstream effectors of the Gq Ca2+ mobilization 
pathway, parallel transfected samples were treated with ATP to activate 
endogenous purinergic P2Y receptors. A similar ATP response was 
observed for all samples.
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4. Discussion

In this study, we demonstrate that deletions in the extracellular LBD 
of mGluR6 affect Golgi sorting, leading to plasma membrane insertion of 
immature core glycosylated protein. Consistent with our previous work 
(Agosto et al., 2021), we found that deletion of large N-terminal regions 
in the LBD – 114 or 166 aa following the signal sequence – led to dra
matic increases in surface expression of both mouse and human mGluR6. 
These deletions also led to dysregulation of trafficking and 

glycosylation, such that both complex and core N-linked glycosylated 
forms were observed at the plasma membrane. We were unable to 
recapitulate the increased surface expression phenotype with any of six 
overlapping smaller deletions, ranging in size from 26 to 53 aa (Fig. 1). 
However, the smaller deletions all exhibited trafficking defects that 
appeared to be more severe than those conferred by the large deletions, 
with normal surface expression but no complex glycosylation detected, 
suggesting exclusive use of an unconventional trafficking pathway.

The phenotype of the six mutants with smaller deletions is 
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reminiscent of CSNB mutants with missense mutations in the LBD. 
Previously, we found that seven missense CSNB mutations abolished 
complex glycosylation and caused plasma membrane insertion of core- 
glycosylated mGluR6 in HEK cells (Pindwarawala et al., 2024). The 
homologous positions of these mutations in the structure of mGluR4 (Lin 
et al., 2021) are located in the upper lobe of the LBD, and are mostly 
either within or near the deleted regions in this study (Fig. 6). Inter
estingly, the CSNB mutations located in other regions (the lower lobe of 
the LBD, the CRD, or the TMD), had different phenotypes 

(Pindwarawala et al., 2024). The nearly identical phenotype of different 
point mutations and small deletions dispersed throughout the upper 
lobe of the LBD are consistent with a critical role for this region in 
directing mGluR6 trafficking to the Golgi, and suggests that disruption 
of the structure of this domain, rather than a specific new interaction, is 
responsible for loss of conventional Golgi trafficking.

Current evidence suggests that there are multiple distinct mecha
nisms of Golgi bypass, involving ER-Golgi intermediate compartments, 
endosomes, ER tubular bodies, and even COPII vesicles (Gee et al., 2018; 
Lin, 2025). Little is known about mechanisms targeting proteins to these 
pathways. In some cases, cellular or ER stress can induce unconventional 
secretory trafficking (Gee et al., 2018). However, numerous proteins 
have been reported to use Golgi bypass routes in normal conditions, 
particularly in neurons (Bowen et al., 2017; Hanus et al., 2016; Lin, 
2025). For example, the photoreceptor outer segment protein periph
erin/rds, like some other ciliary proteins, employs a Golgi bypass 
pathway, and the cytoplasmic tail was identified as the determinant of 
unconventional trafficking (Tian et al., 2014; Witzgall, 2018).

In the case of mGluR6, the location of the Golgi bypass determinants 
in the LBD suggests that interactions in the lumen of the ER regulate 
sorting to the conventional pathway. One likely ER lumen interaction is 
homodimerization of mGluR6 extracellular domains. The observation 
that WT mGluR6 present at the plasma membrane in HEK cells is pri
marily complex-glycosylated protein that migrates as an SDS-resistant 
dimer, with a minor population of core-glycosylated protein that mi
grates as a monomer, whereas very little complex-glycosylated mono
mer is detected (Miller et al., 2024; Pindwarawala et al., 2024) (see 
Fig. 4), is consistent with a role for dimer formation in Golgi sorting. All 
of the mutants tested here, as well as previously tested CSNB mutants, do 
exhibit SDS-resistant dimers in western blots (see Fig. 3) (Pindwarawala 
et al., 2024). However, formation of the SDS-resistant dimer species 
appears to be mediated by the transmembrane domain (Miller et al., 
2024). Although no structures of mGluR6 have been reported, available 
structures of other mGluRs indicate that they can flexibly form dimer 
interfaces in transmembrane and/or extracellular domains, depending 
on activation state (Koehl et al., 2019; Lin et al., 2021; Du et al., 2021; 
Fang et al., 2022; Nasrallah et al., 2021). We speculate that in the ER 
membrane, mGluR6 can form dimer interfaces at both transmembrane 
and extracellular domains, and that disruption of the LBD dimer inter
face in the ER lumen may disrupt sorting to the Golgi. According to this 
model, both small deletions and CSNB mutations in the LBD upper lobe 
could cause misfolding that disrupts the LBD dimer interface. Conceiv
ably, removal of additional misfolded or disordered regions interfering 
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with dimer formation could explain the partial rescue of Golgi sorting 
observed with the larger deletions.

The mechanism of the enhanced plasma membrane localization of 
Δ24–137 and Δ24–189 remains unknown. The ability of these mutants 
to use both conventional and unconventional secretion pathways, 
demonstrated by the plasma membrane insertion of both core and 
complex glycosylated forms, could account for increased protein flux to 
the plasma membrane. In principle, the deletions could also impair 
internalization, leading to greater accumulation of protein at the plasma 
membrane over time. Internalization and/or recycling of mGluR6 have 
not been previously reported. However, other group III mGluRs were 
shown to internalize by different mechanisms. mGluR7 and mGluR8 
exhibit glutamate induced and β-arrestin mediated internalization 
(Abreu et al., 2021; Lee et al., 2023). In contrast, internalization of 
mGluR4 was not ligand-induced, but has been observed constitutively or 
in the presence of protein kinase C activation (Mathiesen and Ramirez, 
2006; Abreu et al., 2021). We found that both WT and mutant mGluR6 
undergo significant internalization in normal growth conditions (see 
Fig. 2). While we cannot rule out the possibility that differences in 
internalization rate contribute to the increased levels of surface protein, 
the results suggest that the mutants with large deletions have enhanced 
forward trafficking.

Secretory trafficking and targeting of synaptic proteins in BCs are 
poorly understood. The results in this study contribute to the evidence 
that the trafficking and glycosylation of mGluR6 are easily disrupted by 
changes in the LBD, and suggest the presence of an ER lumen interaction 
that regulates sorting to the conventional pathway. All of the experi
ments in this study were performed with heterologous cells, and addi
tional work will be required to determine the relevance of our findings 
for mGluR6 in retinal BCs. Golgi trafficking appears to be important for 
mGluR6 function in BCs, since complex N-linked glycosylation is 
required for the crucial interaction with presynaptic ELFN1 in photo
receptors, and mutating all four N-linked glycosylation sites in mGluR6 
led to severe mislocalization in BCs (Miller et al., 2024). How and where 
mGluR6 is sorted to the Golgi in BCs is unknown. The extracellular 
domains of group III mGluRs are fairly well conserved, including all of 
the positions mutated in CSNB variants found to impart glycosylation 
defects (Pindwarawala et al., 2024). Determining whether trafficking of 
other group III mGluRs is similarly affected by alterations to the LBD, 
and how this affects ELFN1 and ELFN2 binding, is an important future 
direction.
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