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Summary

Monovalent-cation homeostasis, crucial for all living cells, is
ensured by the activity of various types of ion transport systems
located either in the plasma membrane or in the membranes of
organelles. A key prerequisite for the functioning of ion-
transporting proteins is their proper trafficking to the target
membrane. The cornichon family of COPII cargo receptors is
highly conserved in eukaryotic cells. By simultaneously binding
their cargoes and a COPII-coat subunit, cornichons promote the
incorporation of cargo proteins into the COPII vesicles and,
consequently, the efficient trafficking of cargoes via the secretory
pathway. In this review, we summarize current knowledge about
cornichon proteins (CNIH/Erv14), with an emphasis on yeast and
mammalian cornichons and their role in monovalent-cation
homeostasis. Saccharomyces cerevisiae cornichon Ervi4 serves
as a cargo receptor of a large portion of plasma-membrane
proteins, including several monovalent-cation transporters. By
promoting the proper targeting of at least three housekeeping
ion transport systems, Na*, K*/H* antiporter Nhal, K* importer
Trkl and K* channel Tok1, Erv14 appears to play a complex role
in the maintenance of alkali-metal-cation homeostasis. Despite
their connection to serious human diseases, the repertoire of
identified cargoes of mammalian cornichons is much more
limited. The majority of current information is about the structure
and functioning of CNIH2 and CNIH3 as auxiliary subunits of
AMPAR  multi-protein  complexes. Based on their unique
properties and easy genetic manipulation, we propose yeast cells
to be a useful tool for uncovering a broader spectrum of human
cornichons” cargoes.
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Introduction

Cells need to incessantly adapt to gradual or

sudden changes in cation concentrations in the
extracellular milieu to maintain intracellular conditions
that are suitable for their fitness (Fig. 1A). K', H", and
Na' are the most important monovalent cations, required
for all physiological processes [1]. From bacteria to
mammals, cells need to maintain a stable cytosolic pH of
7.0 (the H' concentration) and accumulate a high
concentration of K (Fig. 1A), as it is essential for many
physiological functions, including the regulation of cell
volume and intracellular pH, and the maintenance of
membrane potential [1]. Adequate K' content is also
a pivotal signal for cell division and a prerequisite for
resistance to various stresses [1,2]. A high intracellular
concentration of Na' is generally toxic [1]. However, the
electrochemical gradients of Na® and H' across the
membranes are a driving force for secondary active
transport systems. In mammals, Na' is the major cation in
extracellular space, and both Na' and K' are also

employed to generate membrane-potential changes in
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Fig. 1. Monovalent-cation homeostasis in eukaryotic cells. (A) Concentrations of K* and Na* in various representative organisms and
extracellular environments. All cells accumulate K*, keep low content of toxic Na*, and preserve neutral cytosolic pH [1,11-13].
(B) An overview of transport systems for monovalent cations in S. cerevisiae (* transport systems with orthologues in humans [14]).

excitable cells, such as neurons. The intracellular
concentrations of K, Na" and H" are strictly regulated
via the activity of a series of membrane proteins
— transporters and channels — mediating the fluxes of
these cations across the membranes. In the model
organism of eukaryotic cells, the yeast Saccharomyces
than

monovalent cations have been characterized in the plasma

cerevisiae, more ten transport systems for
membrane and in intracellular membranes (Fig. 1B, [3]).
Some are fungi-specific, but many yeast transporters have
orthologues in mammalian cells (Fig. 1B). Disturbances
in H', Na' and/or K' concentrations result in many
pathological conditions in humans, such as neuro-
degenerative diseases, metabolic disorders and malignant
transformations [4]. Hence, the investigation of
regulatory mechanisms that ensure cationic homeostasis
is receiving increasing attention in biomedical sciences.
Cation transporters are complex membrane
proteins with hydrophobic parts embedded in cellular
membranes, and in many cases, large hydrophilic regions
positioned on both sides of the membrane. The activity of

transporters is tightly regulated at several levels, e.g., the

of their
modifications. Moreover, the correct function of each

level expression and/or post-translational
membrane protein depends on its effective delivery into
the target membrane. In eukaryotic cells, approximately
one-third of nascent polypeptides undergo maturation
during proteosynthesis via their passing through the
secretory pathway [5]. An important group of proteins
that interact with maturing proteins and ensure their
passage through the secretory pathway are cargo
receptors that help to insert their interaction partners into
COPII vesicles, which are exported from the endoplasmic
reticulum (ER) to the Golgi apparatus (Fig. 2A). The goal
of this overview is to summarize current findings about
the structures and physiological roles of the cornichon
family of cargo receptors, with the emphasis on
S. cerevisiae Ervl4 protein and its mammalian
homologues CNIH1-4, and their particular importance for
the biogenesis of monovalent-cation transporters.
Characterizing the physiological functions of cargo
receptors from yeasts and humans and their importance
for the maintenance of monovalent-cation homeostasis is
one of the research

topics investigated in the
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Fig. 2. Basic properties of cornichons. (A) Scheme of functioning of cornichons as COPII cargo receptors. (B) AlphaFold [23] structural
model of Ervi4. Regions important for the functioning of the protein (see the text) are depicted in different colors. (C) Scheme of
topology of mammalian CNIH2/3 proteins. Positions of amino-acid residues homologous to Ervi4 regions highlighted in (B) are

depicted.

Laboratory of Membrane Transport at the Institute of
Physiology CAS. It has
collaboration with the Laboratory of Prof. Omar Pantoja

arisen from a fruitful

from the Institute of Biotechnology at the National
Autonomous University of Mexico [6-10], within which
we also employed the yeast S. cerevisiae and its mutated
strains to investigate the interaction between the
cornichon CNIH1 and the Na" transporter HKT1;3 from
Oryza sativa 7).

Cargo-receptor function and structure of
cornichon proteins

The cornichon family of COPII cargo receptors
is highly conserved in eukaryotic organisms. The first
characterized member, Drosophila cornichon Cni, which
was reported to be necessary for the proper delivery of
the transforming growth factor o (TGFa) from the ER to
the oocyte surface during Drosophila oogenesis, gave the
name to the whole family of proteins [15,16]. The
absence of either the TGFa Gurken (Grk) or cornichon
Chni results in an altered shape of the fly’s eggs, which are
elongated (Gurken means “cucumbers” in German)
[16-18]. However, the most characterized cornichon is

is a 14 kDa,
138-amino-acid-residue-long protein that was originally
found in isolated ER-derived vesicles [19]. Ervl4 is
predicted to be an integral membrane protein that

the S. cerevisiae Ervl4 protein. It

localizes to the ER and Golgi apparatus [19]. By binding
both the cargo protein and also a COPII coat subunit,
Sec24 [20,21], Ervl4 promotes the incorporation of its
cargoes into COPII vesicles (Fig. 2A).

Previously, three transmembrane domains were
predicted in Ervl4 and, applying the “positive-inside
rule”, the N-terminus of the protein was expected to be
located in the cytoplasm and the C-terminus in the lumen
of the ER/Golgi apparatus [21,22]. Although some
further
predicted topology of Ervl4 [21], a more recent

experimental evidence has supported this
AlphaFold [23,24] model of Erv14 suggests a topology
with four transmembrane domains and both termini
located in the lumen of the ER (Fig. 2B). This model is in
full agreement with experimentally discovered structures
of mammalian homologues, cornichon proteins CNIH2
and CNIH3,
AMPA-type ionotropic glutamate receptors in the plasma
membrane [25-28]. In both CNIH2 and CNIH3, cryo-

electron microscopy revealed that the N- and C-termini

which act as auxiliary subunits of
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are located in the extracellular space (Fig. 2C). The first
transmembrane domain spans the membrane, and after
a short loop in the cytoplasm, the second a-helical
segment, which already starts in the cytoplasm, again
enters the membrane bilayer. There, the amino-acid chain
turns back, the third transmembrane domain crosses the
lipid bilayer and finally, after a cytoplasmic loop, the
fourth transmembrane domain once more fully spans the
membrane (Fig. 2C). Thus, the majority of mammalian
cornichons CNIH2 and CNIH3 seems to be buried in the
membrane, and only small portions of the proteins are
located in the cytoplasm [26,28].

Characteristics of S. cerevisiae cornichons

S. cerevisiae Ervl4 helps its binding partners to
be efficiently transported through the secretory pathway
(Fig. 2A). When Erv14 is not present in cells, its cargoes
are typically partially accumulated in the ER (Fig. 3,
[10,19,29]). The first known cargoes of Erv14, such as
AxI2, which is required for the axial budding pattern of
haploid cells, or Sma2, which plays a role in the formation
of prospore membrane during sporulation, were discovered
based on phenotypes of cells lacking the ERVI4 gene
[19,21,30]. Later, to study the cargo spectrum of individual
yeast cargo receptors more systematically, Herzig and
colleagues [29] developed a “PAIRS” (pairing analysis of
cargo receptors) approach. The methodology was based on
the crossing of strains with deletions of individual non-
essential genes encoding cargo receptors, such as Erv14,
with strains from the library of S. cerevisiae with GFP-
from post-ER
compartments). The newly created libraries of strains

tagged putative cargoes (proteins
lacking cargo receptors and simultaneously harboring
GFP-tagged putative cargoes were then inspected using
automated microscopy screening. The PAIRS approach
revealed that Erv14 serves as a cargo receptor of a large
proportion (18 of 57) of the tested plasma-membrane
proteins [29]. So far, approx. 40 diverse cargoes whose ER
exit is dependent on the presence of Ervl4 have been
identified. Ervl4’s cargoes are proteins with various
physiological functions; membrane transporters, including
several monovalent-cation transporters, flippases or
proteins involved in budding, sporulation and other
processes  belong them  (see  below,
[9,10,19,21,29,30]).

A paralogue of ERV14, ERV1S, is also present in

S. cerevisiae genome [19]. ErvlS is 142 amino-acid

among

residues long and shares 63 % identity with Ervl4.

No cargo whose trafficking through the secretory pathway
would depend on the presence of Ervl5 was identified
using the PAIRS method [29]. However, Ervl5 could
cooperate with Erv14 in supporting the proper trafficking
of some cargoes, such as the ABC transporter Yorl [20].
When the packaging of Yorl to COPII vesicles was
studied in in vitro vesicle-formation assays, Ervl5 alone
was insufficient to compensate for the packaging defects
associated with the lack of Erv14. However, the deletion of
both ERVI4 and ERVI5 in cells resulted in a more
pronounced defect than in cells that only lacked Erv14
[20]. The lower importance of Erv15 for the trafficking of
various cargoes compared to Erv14 might be connected to
the differences in the expression levels of both proteins. In
agreement, when ERV15 was expressed under the control
of ERV14 promoter in ervi4A and ervi4A ervi5A cells, the
protein gained the ability to restore packaging of Yorl to
COPII vesicles [20].

The binding partners of Ervl4 do not seem to
share any amino-acid motif which would be responsible
for their recognition by Erv14 [29]. However, since the
transmembrane domains of integral membrane proteins
residing in post-Golgi compartments are longer [31], it was
suggested that Erv14 might recognize its cargoes based on
the length of their membrane-spanning segments [29].
Indeed, a
transmembrane domain of Mid2, a known Ervl4 cargo,

replacement of the only endogenous
with a chain of 14-26 leucines (with two-amino-acid
increments) showed that longer versions of Mid2 exit the
ER more efficiently and in an Ervl4-dependent manner.
Thus, these findings supported the idea that the length of
transmembrane domains is adetermining factor for
Erv14-dependent sorting [29].

Several amino-acid residues of Erv14 have been
identified to be important for its proper functioning. The
stretch of amino-acid residues 97-101 (IFRTL, Fig. 2B)
was found to be necessary for the efficient packaging of
Ervl4 into COPII vesicles the binding

of COPII-coat components in vitro. The mutations of

and for

amino-acid residues 97-IFRTL-101 to alanine residues also

resulted in defects in axial bud selection,
which is typical for ervi4A4 cells [19,21]. Thus, amino
acids 97-101 were suggested to play a role in the direct
binding of Ervl4 to COPII coat [21]. According to the
most recent structural prediction of Erv14 and analogously
to the topology of mammalian cornichons (Fig.?2), the
IFRTL motif is supposed to be located on the cytosolic
side of the membrane at the beginning of the fourth

a-helix of Ervl4,which is in full agreement with its
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Fig. 3. Role of Erv14 in the targeting of various yeast cation transporters. Deletion of £ERVI4 in S. cerevisiae results in retention of
housekeeping K* transporters Trk1, Tokl and Nhal in endoplasmic reticulum. On the other hand, the localization of Pmal, Trk2, Enal
and Vhcl is not affected in ervi4A cells. Nomarski (left) and fluorescence (right) micrographs of cells with or without Erv14 producing
seven GFP-tagged membrane transporters as indicated. Cells were grown to the early exponential phase. The image was prepared

using our results published in [9,10].

proposed role in binding the COPII complex. The
incorporation of Erv14 into ER-derived vesicles was also
affected by mutations of the DYPE (DY33-34, PE50-51)
site (Fig. 2B, [20]). These amino-acid residues are located
in the cytoplasmic short loop connecting the first and
second o-helix of Ervl4 (DY33-34) and in the second
transmembrane domain of the cargo receptor (PE50-51),
according to the most recent model of Erv14 (Fig. 2B).
On the other hand, mutations of three amino-acid
residues, F62, L63, and N74, which are predicted to be
located in the second or third transmembrane domain of

Ervl4, respectively (Fig.2B), only affected in vitro

packaging of the Ervl4 substrate Yorl into ER-derived
vesicles, while the packaging of Ervl4 itself remained
unchanged [20]. These results suggested that the FLN motif
might be involved in the binding of cargo proteins by Erv14.
Indeed, mutations F62A and L63A impaired the binding of
Ervl4 to at least some of its cargoes, as observed by the
yeast two-hybrid system and co-immunoprecipitation from
microsomal membranes [20].

In the C-terminal parts of fungal and plant
(but not animal) cornichons, a conserved acidic motif
containing at least three aspartic or glutamic amino acids
has been identified [8]. In S. cerevisiae Erv14, the motif
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is formed by amino-acid residues 133-137 (ESGDD,
Fig. 2B). The mutations of the acidic amino-acid
residues in the motif (E133A, DI36A and DI137A)
did not influence the localization of Ervl4 in the
ER/Golgi Ervl4 with
mutations did not fully support the proper trafficking of

apparatus. However, these
at least some of its cargoes to the plasma membrane, and
the yeast two-hybrid system, supported by co-immuno-
precipitation assays, suggested that the C-terminal
EDD motif is involved in the binding of cargo proteins
by Ervl4 [8]. S134 from the same Ervl4’s C-terminal
motif (Fig. 2B) was suggested to be phosphorylated [32].
The mutations of S134 to aspartate or to alanine
(mimicking the phosphorylated or dephosphorylated state
of Ervl4, respectively) resulted in changes in the ER
structure as observed by electron microscopy. While
Erv14’s cargo proteins were properly localized to the
plasma membrane in cells with Erv14-S134A, they were
partially accumulated in the ER of cells with Erv14-
S134D [32]. In contrast to the C-terminal acidic amino-
acid residues, S134 does not seem to be involved in the
interaction between Erv14 and its cargoes [32]. However,
the phosphor-mimetic mutation S134D caused both
an ER retention of Ervl4 and also affected its packaging
to COPII vesicles in vitro. Based on these results, it was
suggested that a cycle of phosphorylation and
dephosphorylation of serine at position 134 is important for
the proper functioning of Erv14 as a COPII cargo receptor

that ensures the exit of its cargoes from the ER [32].

Role of cornichons in monovalent-cation
homeostasis of yeast and plant cells

Comparisons of several physiological para-
meters of S. cerevisiae cells with or without Ervl4
revealed that the lack of Erv14 decreases cell tolerance to
high NaCl, KCI
tetramethylammonium) concentrations, and

and cationic-drug (hygromycin B,
also the
ability of cells to cope with low-K " conditions. Moreover,
the deletion of ERVI4 influences cell volume and results
in a relative plasma-membrane hyperpolarization as well
as in a lower intracellular pH level [9,10]. Taken
together, these results suggested that Ervl4 plays
a complex role in the maintenance of monovalent-cation
homeostasis in yeast cells, most likely via assisting
several transporters in their trafficking through the
secretory pathway.

The first alkali-metal-cation transporter whose
proper plasma-membrane targeting was shown to be

Ervl4-dependent was the Na‘, K'/H™ antiporter Nhal
[9,29]. Nhal is a house-keeping protein whose cation-
export activity is driven by the electrochemical gradient
of H', which is generated by the H'-ATPase Pmal
(Fig. I1B). It mainly contributes to the tolerance of
S. cerevisiae cells to high external concentrations of Na"
and K" at low external pH levels [33,34]. In the absence
of the Erv14 cargo receptor, Nhal is partially stacked in
the ER of cells (Fig. 3), and the consequent decreased
Na“ or K' efflux via Nhal results in a lower ability of
ervi4A cells to cope with high amounts of NaCl and KCI
in the environment [9,29]. The physical interaction of
both proteins was proved by the yeast two-hybrid system
as well as co-immunoprecipitation assays [9].

Nhal is a large (985 amino-acid residues long)
polytopic membrane protein with a short N-terminus,
13 predicted transmembrane domains, and a long
hydrophilic highly disordered cytoplasmic C-terminus
that forms more than half of the entire protein (Fig. 4,
[23]). The majority of Nhal’s C-terminal portion is
neither necessary for the antiporter’s cation-translocation
function nor for its plasma-membrane localization.
However, an increasing amount of evidence shows the
importance of this large hydrophilic portion of the
antiporter in the regulation of Nhal’s activity [35-38].
Surprisingly, a truncated version of Nhal that is
shortened to 472 amino-acid residues and that lacks the
majority of its C-terminal part, Nhal-472 (Fig. 4), does
not require Ervl4 for its trafficking to the plasma
membrane via the secretory pathway, though it still binds
the cargo receptor [9].

Nhal
C-termini are the least conserved parts, both in terms of

In various yeast homologues, the
their sequence and length [35,39]. However, our recent
broad bioinformatic analysis of fungal Nhal homologues
that estimated the evolutionary conservation of the
amino-acid positions of 286 sequences [6] specified the
presence of seven approximately 15-30-amino-acid-
residue-long conserved regions in the C-termini (C1-C6
described previously [35], and a new one, NC3, Fig. 4).
The comparison of the localization and functioning of
Nhal versions gradually truncated from the end of the
C-terminus in cells with or without Erv14 showed that only
Nhal versions that possess the C5 conserved region in
their C-termini require Erv14 for their proper trafficking
through the secretory pathway (Fig. 4, [6]). Thus, besides
the long transmembrane domains [29], also a short
hydrophilic portion of a cargo protein can underlie its need
for Erv14’s assistance for its proper export from the ER.
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Fig. 4. Erv14 requirement of Na*, K*/H* antiporter Nhal. Only Nhal versions that possess the C5 C-terminal conserved domain (in red)
require Erv14 for their proper trafficking. Various C-terminally truncated versions of Nhal were prepared, and their localization and
functioning were studied in cells with or without Ervli4. The arrows in the topological model of Nhal point to the sites of C-terminal
truncations, and the numbers correspond to the lengths of the Nhal versions in amino-acid residues. The image was prepared using

our results published in [6,9].

Nhal was shown to form dimers, and this
dimerization seems to be important for the antiporter’s
cation-translocation activity [40]. The higher abundance
of Nhal dimers in both plasma and ER membranes of
cells with Erv14 when compared to ervi4A cells and also
the lack of evidence of oligomerization of the truncated
Nhal-472
apossible importance of Ervl4 for the formation of
Nhal dimers [9]. Whether the C-terminal region CS,
whose presence determines the antiporter’s requirement

Erv14-independent version  suggested

of Ervl4, plays a role in Nhal’s oligomerization, is not
currently known.

In a systematic study addressing the role of
Ervl4 in the proper intracellular trafficking of various
monovalent-cation transporting proteins, the localization
of six transporters, namely of plasma-membrane
H'-ATPase Pmal, Na', K'-efflux ATPase Enal,
K" importers Trkl and Trk2, K' channel Tokl and

vacuolar K', CI" co-transporter Vhcl, was compared in
cells with or without Ervl4 (Fig. 3, [10]). In agreement
with the decreased ability of ervi4A4 cells to grow in the
presence of low K, the main S. cerevisiae K" importer,
Trkl [41,42], was identified as a new cargo of Erv14. The
lack of Ervl4 results in a partial ER accumulation of
Trk1l (Fig. 3), and consequently in a lower import of
K" cations to cells. This phenomenon explains the
inhibition of the growth of erv/4A cells under conditions
when K’ is scarce [10]. In addition to Trkl, the
evolutionarily highly conserved voltage-gated K™ channel
Tok1 was also found to be partially mislocalized in cells
without Erv14 (Fig. 3). Tokl is an outwardly rectifying
channel that has been thoroughly described by
electrophysiological methods [43-45]. The only known
growth-related Tokl-specific phenotype is that TOKI
overexpression improves the growth of a strain that lacks
K" importers Trk1 and Trk2 under K'-limiting conditions
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[46]. This positive effect of the overproduction of Tokl
on the growth of trkIA trk2A cells at low K' was
diminished when Erv14 was not present in cells [10].
This finding provides evidence that Tokl’s role in
K" supply is dependent on the presence of the Ervl4
cargo receptor, which assists with the delivery of Tokl to
the plasma membrane. Besides the microscopy and
physiological evidence of the influence of the lack of
Erv14 on the localization and functioning of both plasma-
membrane K transporting proteins, the physical inte-
raction between Trkl or Tokl and Ervl4 was confirmed
in protein-protein interaction assays [10]. However, the
signal for Erv14 binding in the structures of Trk1 or Tokl
has not yet been elucidated.

The lack of Ervl4’s requirement of the Trk2
K" importer (Fig. 3) was somewhat surprising, as Trkl
and Trk2 share a high degree of identity, especially in the
transmembrane parts of the proteins. Thus, differences
between so-far unidentified structural features of both
K'importers may explain why the main yeast
K" importer Trk1 requires Erv14 for its exit from the ER,
while its paralogue, Trk2, is not an Ervl4 cargo. In
addition to Trk2, neither the main Na" and K' efflux
system that is inducible at high-salt concentrations,
ATPase Enal, nor the vacuolar K™-Cl' cotransporter
Vhel, were identified as Erv14 binding partners (Fig. 3,
[10]).

H'-ATPase Pmal to the plasma membrane does not

Interestingly, the targeting of the essential
require Ervl4 in vegetative yeast cells (Fig. 3, [10,30]).
However, during sporulation, the proper trafficking of
Pmal from the ER to the prospore membrane is strongly
dependent on the presence of Erv14 [30].

The number of genes encoding cornichon
proteins in plants is variable (e.g., two CNIH genes in
O. sativa, six in Cucurbita moschata or five in
Arabidopsis thaliana [7,47,48]). Due to the presence of
the C-terminal acidic motif that is involved in the binding
of cargoes, plant cornichons seem to be structurally more
related to fungal than to animal homologues [32].
Although much less is known about the functional
importance of cornichons in plant cells, the role of these
COPII cargo receptors in the proper trafficking of cation
transporters seems to be conserved even in plants.
Similarly to yeast Erv14, the rice (O. sativa) cornichon
OsCNIH1 localizes to both the ER and Golgi apparatus.
It was found to physically interact with OsHKTI;3,
a Golgi-apparatus Na' transporter from the vascular
tissue of roots and leaves [7,49]. Both proteins seem to
bind to each other in the membranes of the ER. The

ER/Golgi apparatus localization of CNIHI is also
preserved in pumpkin (C. moschata) [47]. The CmCNIH1
gene is upregulated under salt-stress conditions.
Moreover, the growth of seedlings of the pumpkin mutant
cmenihl is inhibited in the presence of salt stress, and the
mutants also exhibit higher Na“ and lower K levels in
shoots [47]. The key binding partner of CmCNIHI that
seems to underlie the importance of the CmCNIHI
cornichon in the ability of pumpkin to cope with the
presence of salt stress is CmHKTI;l, a Na'-selective
transporter, which can enhance plant salt tolerance [50].
In agreement with the role of CmCNIHI1 as a typical
COPII cargo receptor, CmCNIH1 contributes to the
proper plasma-membrane localization of CmHKT1;1, but
its presence does not impact ion-transport activity/
properties of the transporter [47]. Plant HKT transporters
belong to the same family as yeast Trk proteins, and share
a similar structure with them [51]. Thus, the involvement
of plant cornichons and S. cerevisiae Erv14 in the ER exit
of the same type of cation transporters suggests that the
mechanisms of specific cargo recognition are at least
partially conserved in both yeast and plant cornichons.
Interestingly, A. thaliana cornichons were identified as
cargo receptors that bind glutamate receptor-like (GLR)
channels [48] that are involved in Ca®" homeostasis. The
GLR channels are related to mammalian ionotropic
glutamate receptors, and even in mammalian cells, a type
of these transporters, AMPA receptors, are binding
partners of cornichon proteins (see below). These data
demonstrate structural and functional conservation of the

whole cornichon family.

Mammalian cornichon proteins and their
role as auxiliary subunits of ionotropic
AMPA receptors

Vertebrate genomes contain four CNIH genes
encoding cornichon proteins [52]. The lengths of human
cornichons, CNIH1-4, vary from 139-160 amino-acid
residues (Fig. 5A). The multiple sequence alignments show
the highest percentage identity between CNIH2 and
CNIH3 (almost 82 %). Moreover, these two proteins share
an additional unique sequence in the second
transmembrane domain that is absent in CNIH1 or CNIH4
(Fig. 5A). CNIH4 appears to be quite distant from the other
human cornichons (it shares approximately 32 to 37 %
identity with CNIH1, -2 or -3) and at the same time it
is the most similar (= 44 % identity) to the yeast Ervl4 of
all human CNIH proteins. Phylogenetic analyses of
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metazoan cornichons indicate that vertebrate CNIH1/2/3
and CNIH4 belong to different cornichon subfamilies;
CNIH], -2 and -3 genes probably appeared by duplication
of an ancestor gene [52]. According to an analysis of

evolutionary relationships among cornichons from

various yeast, plant and animal species, vertebrate CNIH4
proteins belong to the same group of cornichons as
S. cerevisiae Erv14 [47].

A
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CNIH2 55
CNIH3 55
CNIH4 44
Ervld 44
CNIHL .......04 NP 94
CNIHZ NIERICCLLRE 110
CNIH3 NIERICFLLRE 110
CNIH4 ......... NE 8 90
Bxvld ..uvisaaas NI 87
T™MD4
CNIH1 CEKLEEMLLIFF YL!rME By 144
CNIH2 e L L L P E ey Ly e F..... 160
CNIH3 H FFEYL! ! Bcn w 160
CNIH4 H FFUYLYH L D..... 139
Ervld H M 5 R I ESGDDF 1338
- .
B
CNIH2 GluA1 GluA2 GluA2 GluA1
TMD3 ! Qq&v NTD
LBD
out
TMD4
TMD
CNIH2
TARP+8
cytoplasm
TMDA1 TARP+8

Fig. 5. Mammalian cornichon proteins. (A) Multiple sequence alignment of human cornichons and yeast Ervi4 was created using
ClustalO [70] and visualized with ESPript 3.0 tool [71]. Green lines highlight transmembrane domains of CNIH2, green dots depict
amino-acid residues identified to be important for the functioning of CNIH2/3 as indicated in the text. Grey lines highlight functionally
important motifs identified in Ervi4 (see Fig. 2 and the text). (B) Structure of GIluA1/A2 AMPA receptor in complex with pairs of CNIH2
and TARP-y8 auxiliary subunits (PDB model 70CA [28]). The proteins forming the AMPAR complex are visualized using different colors.
NTD — N-terminal domains, LBD — ligand binding domains, TMD — transmembrane domains of GIuA subunits. The second TARP-y8 (in
grey) is behind the complex. A detail of CNIH2 and the interaction interface with GIuA subunits (left). Amino-acid residues that are in
contact with GluAs are highlighted. The putative COPII-binding site (122-IMNADIL-128) is shown with a dashed-line oval.

The first experimental evidence of human
cornichons was for the CNIHI1 protein [53]. In HeLa
cells, CNIHI -colocalized with both ER and Golgi
apparatus markers, in agreement with its predicted
function as a COPII cargo receptor. Analogous to the
results obtained in Drosophila, CNIH1 was shown to be
involved in the trafficking and also maturation of TGFa
[53]. CNIH4 is known to be involved in the ER exit of

G-protein coupled receptors [54]. However, the majority
of current available information about mammalian
cornichons concerns the proteins CNIH2 and CNIH3.
Proteomic and biochemical analyses of protein
complexes from rat brains identified for the first time
CNIH2 and CNIH3 as binding partners and new auxiliary
subunits of pore-forming GluA subunits of AMPA

(a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid)
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glutamate-gated ionotropic receptors (AMPARs) [55].
AMPARs, which have characteristic fast kinetics, are
concentrated at the postsynaptic membrane of excitatory
synapses. In the central nervous system, AMPARs play
akey role in excitatory synaptic transmission [56]. The
core of AMPARs is formed of GluAl-4 subunits
(Fig. 5B). They consist of a
localized C-terminal domain, transmembrane domains

cytoplasmically-

(three membrane-spanning segments and a helix loop)
that form the ion channel, a ligand-binding domain, and
finally an N-terminal domain, which is the most distant
from the membrane [57]. AMPARs are homo- or
While the trans-
membrane-domain part of the complex is tetrameric, both

heterotetramers of GIluA subunits.

ligand-binding domains and N-terminal domains form
[57].
an AMPA receptor then determines its basic properties,

dimers The particular GluA composition of
including cation (Na', K', Ca*) permeation [58].
AMPARs additionally form multi-protein complexes
with up to four various auxiliary subunits:
transmembrane AMPAR regulatory proteins (TARPs),
GSG11 (Fig. 5B).

transmembrane proteins that bind to GluA tetramers at

cornichons, or They are all
two distinct pairs of sites. The variable composition of
the entire multi-protein complex adds more functional
and also spatiotemporal diversity to AMPARs [57,58].

As is typical for cornichon-family proteins,
CNIH2 and CNIH3 enhance the plasma-membrane
localization and also promote the tetramerization,
intracellular trafficking and maturation of AMPAR GluA
subunits [55,59-64]. Thus, both cornichons seem to work
as ordinary COPII cargo receptors and to promote the ER
exit of AMPARs. However, and very differently from
what was found so far for yeast or plant cornichons, when
CNIH2 or CNIH3 become auxiliary subunits of
an AMPA receptor, they do not recycle back to the ER,
but together with the entire AMPAR protein complex,
they are delivered to the plasma membrane and become
plasma-membrane proteins [60-62,65,66].

Recently, the first experimental evidence of
acornichon  structure came from cryo-electron
microscopy analysis of rat GluA2 AMPAR subunits in
complex with mouse CNIH3 at a stoichiometry of 4:4
[26]. In the protein complex which was obtained upon
heterologous expression in human embryonic kidney
(HEK) cells the interaction interface is formed by the first
and fourth transmembrane domains of adjacent GluA2
subunits and the first and second transmembrane domains

of CNIH3. Three phenylalanines (F3, F5 and F8) from

the N-terminal part of CNIH3 make contacts with the
transmembrane domains of GluA2 subunits [26]. These
amino-acid residues are conserved in CNIHI1, 2 and
3 proteins, but absent in CNIH4 (Fig. 5A). Their
importance for the interaction between GIluA and
cornichons was also confirmed in structural analyses of
either rat GluA1/A2 AMPARs in complex with CNIH2
and TARP-y8 after their production in HEK cells, or in
native hippocampal mouse AMPARs in complex with
the same auxiliary subunits [27,28]. In both studies,
CNIH2 and TARP-y8 proteins were present in AMPAR
complexes in two diagonally located pairs with CNIH2
being in contact with the first transmembrane domain of
GluA2 and the fourth transmembrane domain of GluAl
(Fig. 5B). In addition to the phenylalanine residues from
the N-terminal part of CNIH2, which are located near the
extracellular boundary of the TMD pore of the receptor
(Fig. 5B), other amino-acid residues from the opposite
side of the membrane were shown to make contacts with
GluA subunits, namely K66, V69 and S73 located in the
second transmembrane domain of CNIH2 and F22
together with W26 from the first transmembrane domain
of the cornichon (Fig. 5B, [27,28]). Moreover, the
analyses of the interface of CNIH2/3-AMPAR interaction
also suggest the involvement of lipids in the formation of
interactions between AMPARSs and cornichons [26-28].
Being auxiliary subunits of AMPAR protein
complexes, cornichons not only promote the trafficking
of the complex to the cell surface, but there is also
substantial evidence of the ability of CNIH2 and CNIH3
to modulate the gating of the receptor. Depending on
the protein composition of the entire receptor
complex, CNIH2 and CNIH3 were shown to influence
AMPAR functioning by e.g. slowing its deactivation
and desensitization kinetics or blocking its TARP-y8-
mediated resensitization [25,55,63,65-68]. In early stages
of ontogeny, there is an excess amount of AMPAR-free
CNIH2/3 in rat brains. These cornichon molecules most
probably function as typical COPII cargo receptors.
However the amount of CNIH2/3 bound into AMPAR
complexes increases with the progress of development.
Thus the importance of cornichons as AMPAR auxiliary
subunits seems to be higher later in the brain
development [69]. Based on the topology of cornichons
(Fig. 2C, 5B), their modulatory effects must be mediated
by the intramembrane and cytoplasmic interactions
between GluA and CNIH proteins. The activation of
an AMPA receptor results in global structural changes to

the whole protein complex, as shown by structural studies
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of the GluA1/A2 receptor in complex with CNIH2 and
TARP-y8 [28]. The two pairs of auxiliary subunits
undergo counter-rotations, and the structural change to
CNIH2 was suggested to stabilize the active state of the
channel [28].

The ability of CNIH2 and CNIH3 to modulate
AMPAR functioning seems to be dependent on the
amino-acid region that is specific for these cornichons
and that forms the cytoplasmically localized beginning of
the second o-helix in these proteins (Figs 2C, 5). Using
high-resolution mass spectrometry, all four human
cornichons were identified as being interacting partners
of GluA2 in the human brain [62]. Moreover, rat CNIHI
with rat GluA2 when both
proteins are expressed in HEK cells [62]. However,
although CNIH1 can physically bind the AMPAR
complex, it is not efficient at modulating its gating
properties [62,65]. Interestingly, insertion of the
CNIH2/3 specific region into the sequence of CNIHI1
results in a more pronounced modulatory efficiency of
this cornichon [28]. On the other hand, the deletion of the
entire CNIH2/3 specific region or especially amino-acid

co-immunoprecipitates

residues from the second half of this region resulted in
CNIH3 with a reduced ability to both bind and modulate
the functioning of the AMPA receptor [62]. The
conserved amino-acid residue P70 in the second a-helical
structure of CNIH2 appears to be connected to the
structural flexibility of the CNIH2/3 specific region,
which tilts toward the pore of the channel upon AMPAR
activation [28].

Evolutionary conservation of the cornichon
family’s functioning

Cornichon COPII cargo receptors are highly
conserved in fungi, plants and animals. Several pieces
of evidence also suggest that even the way in which
they recognize their cargoes and other interaction
partners might be conserved among cornichons from
various groups of organisms: (i) S. cerevisiae Ervl4
promotes the ER exit of rice cation transporter
OsHKTI;3 in yeast cells, (ii) O. sativa OsCNIH]1 and A4.
thaliana AtCNIHI1, -3 and -4 promote the proper
trafficking of Erv14’s cargoes in yeast cells without
Ervl4, and (iii) human cornichon CNIHI1 is able to
rescue the non-axial budding phenotype of yeast ervi4A4
cells [7,8,48,53].

Erv14’s amino-acid residues 97-IFRTL-101 are
supposed to be involved in the binding of COPII-coat

components [21]. Although at the level of primary
structure, this motif is not fully conserved in mammalian
cornichons (Fig. 5A, 122-IMNADIL-128 in CNIH2), at
the structural level, it seems to be located at the
cytoplasmic beginning of the fourth a-helical structure in
(Figs 2, 5).
Moreover, the localization of this motif being on the
opposite side of CNIH2/3 to that of the binding interface
with AMPAR GIluA subunits (Fig. 5B) is in agreement
with the accessibility of the motif for interaction with
COPII coat. The DYPE (DY33-34, PE50-51) site of
Ervl4 was also suggested to play a role in the
incorporation of Ervl4 into COPII vesicles [20]. While
the first two amino-acid residues of this motif (DF37-38
in CNIH2/3) are located in proximity to the above-

both yeast and mammalian cornichons

discussed putative COPII binding site in mammalian
cornichon CNIH2, at the cytoplasmic end of the first
transmembrane domain (Figs 2,5), residues corres-
ponding to the second part of the putative motif (PE70-71
in CNIH2/3) seem to have a different function in CNIH2.
The conserved proline (P70, Fig. 5A) should be
responsible for the structural flexibility of the specific
CNIH2/3 region that is important for the gating
modulation of the AMPAR channel [28]. Amino-acid
residues F82 and L83 of CNIH2 and CNIH3, which
correspond to the phenylalanine and leucine from the
Erv14’s FLN site (FL62-63) that are likely involved in
the binding of cargo proteins by Erv14 [20], are located
in the second transmembrane domain of mammalian
cornichons (Figs 2, 5). Interestingly, this transmembrane
domain indeed forms the interaction interface between
cornichons and AMPA receptors (Fig. 5B, [25-28]).
Although FL82-83 are not directly in contact with
AMPAR GluA subunits, it might suggest that both yeast
and mammalian cornichons involve similar regions in
their interaction with cargoes.

Cornichons in medicine

The proper functioning of cornichon-family
proteins is of high importance for human health.
Abnormal vesicle-mediated transport plays a key role in
cancer development [72]. Importantly, there is growing
evidence of cornichons being prognostic markers and also
putative therapeutic targets in various types of cancer.
The gene encoding CNIHI1, which plays a role in the
trafficking and maturation of TGFa [53], was found to be
highly expressed in lung-adenocarcinoma tissues, and
knockdown of the CNIH! gene inhibited the growth and
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migration of cancer cells in in vitro experiments [73].
CNIH4, so far known as a cargo receptor of G-protein
[54],
risk and

coupled receptors has been associated with

an increased changes in the immune
microenvironment in several types of cancer (e.g. colon
cancer, head and squamous carcinoma, hepatocellular
carcinoma, glioma, cervical, ovarian and gastric cancer)
[74-81]. In vitro, the downregulation of CNIH4 inhibited
cell proliferation and migration and increased drug
sensitivity in cancer cell lines [74,76,79,81]. The growth
of glioma cells was also slower in mice after
CNIH4 silencing [79]. In cervical cancer cells, the
CNIH4-mediated reduction in ferroptosis is connected to
the expression of the gene encoding the cystine/glutamate
SLC7A11.
relationship between both genes/proteins remains to be
elucidated [77].

As for neurological disorders, CNIHI, -2 and
-3 were found to be significantly upregulated in the
with
schizophrenia [82]. A de novo deletion of a 1 Mbp region

transporter However, the functional

dorsolateral ~ prefrontal cortex of patients
that also contained the gene encoding CNIH2 has been
associated with intellectual disability [83], and moreover,
CNIH4 was identified as the target gene of an Alzheimer-
site  [84].

morphisms of the CNIH3 gene were also implicated to be

disease risk-associated CpG The poly-
involved in the pathophysiology of opioid dependence,
with some SNPs having a robust protective effect [85].
Last, but not least, AMPAR auxiliary subunits, including
CNIH2 and CNIH3, may serve as potential therapeutic
targets for controlling AMPAR functioning in individual

regions of the brain [57].

Conclusions

As COPII cargo receptors, cornichons play
arole in the proper targeting of a variety of proteins,
including several cation transport systems. Monovalent-
cation transporters of eukaryotic cells have a fundamental
importance for the fitness of both single cells and
multicellular organisms. In addition, their malfunctioning
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