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Aims and Objectives





Studies  on  the  evolution  of  the  synaptic  proteome have  clearly  shown  that

vertebrates  have  an  expanded  repertoire  of  genes  coding  for  proteins

expressed at the synapse. Based on this observation it has been proposed, and

proven to a certain degree (Nithianantharajah et al., 2013), that this increase in

synaptic proteome complexity has played a role in the expanded complexity

found in the nervous system or behavioral repertoire of vertebrates (Emes and

Grant,  2012;  Grant,  2016). Nevertheless,  systematic  phylogenetic  studies of

families of synaptic proteins within the metazoan kingdom have not been done.

Glutamate is the major excitatory neurotransmitter and plays a central role in

nervous system function and development. The main objective of this thesis is

to comprehensively investigate the animal evolution of glutamate receptors, and

their  auxiliary  proteins,  to  examine  if  the  numbers  and  types  of  these  key

nervous  system  proteins  has  increased  along  animal  evolution.  Our  initial

hypothesis is that vertebrates, which experienced two rounds of whole genome

duplication, will present more genes coding for both glutamate receptors and

auxiliary subunits than invertebrates.  

The specific objectives of this thesis are:

1. Assess the orthology between vertebrate and invertebrate proteins from

iGluR, mGluR and the four families that contain ARAS.

2. Reconstruct  the  evolutionary  history  of  these  protein  families  in  the

metazoan .

3. Infer functional and structural characteristics of protein sequences using

bioinformatic approaches.
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Methodology





To achieve  the  objectives  proposed  in  this  thesis,  methods  and  techniques

taken  from  different  fields,  such  as  bioinformatics,  molecular  biology  and

electrophysiology, have been used. In this section we describe thoroughly these

methods.

Bioinformatics

Selection of species to perform the phylogenetic analysis

In our work we aimed to study the evolutionary history of glutamate receptors

and AMPA receptor auxiliary subunits (ARAS) in the metazoan kingdom. Thus

we searched for proteins belonging to these protein families in species from the

major  metazoan  phyla.  These  are:  ctenophora,  porifera,  placozoa,  cnidaria,

ecdisozoa, lophotrochozoa, ambulacraria and chordata  (Laumer et al.,  2019;

Whelan et al., 2017) (Figure 7). We selected species with published genomes

available in public databases. When possible, we used slow-evolving species,

which are particularly amenable for phylogenetics. These species show a low

rate of molecular evolution and their genomes have not experienced many gene

duplications  and/or  looses  (Fernández  and  Gabaldón,  2020;  Putnam et  al.,

2007; Simakov et al., 2015, 2013). While we favoured the use of slow-evolving

species,  in  some cases they are not  available.  Porifers and the ctenophore

Mnemiopsis  leidyi  are not  considered as slow-evolving  (Fahey and Degnan,

2010;  Moroz et  al.,  2014;  Riesgo  et  al.,  2014;  Ryan  et  al.,  2013), and  the

placozoan  Trichoplax  adhaerens  has  been  suggested  to  be  a  fast-evolving

species (Srivastava et al., 2008).
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Figure 7. Cladogram showing the relationship of the metazoan phyla used in this thesis. 

Metazoan phylogeny is based on Whelan et al., 2017. Lineage name and a representative 

image of an organism belonging to each lineage are indicated at the top of each branch. Above 

the cladogram, there are indicated the phylum (bottom) and superphylum (middle) to which 

lineages from the clade bilateria (top) belong. The estimated divergence time in million years 

(Mya) between each lineage and vertebrates is indicated at the bottom-right part of the 

cladogram, the confidence interval is indicated in parenthesis (Kumar et al., 2017). Image credit:

Placozoa, author Oliver Voigt, licensed under CC BY-SA 3.0 Germany license; source 

https://commons.wikimedia.org/wiki/File:Trichoplax_mic.jpg; P. caudatus, author Shunkina 

Ksenia, licensed under CC BY 3.0 source 

https://commons.wikimedia.org/wiki/File:Priapulus_caudatus.jpg; S. kowalevskii, released under

GNU Free Documentation License, source 

https://commons.wikimedia.org/wiki/File:Eichelwurm.jpg; Cephalochordata, author Hans 

Hillewaert, licensed under CC BY-SA 4.0 International license, source 

https://commons.wikimedia.org/wiki/File:Branchiostoma_lanceolatum.jpg; C. intestinalis, author 

Eric A. Lazo-Wasem, available under CC0 1.0 universal, source 

https://commons.wikimedia.org/wiki/File:Ciona_intestinalis_(YPM_IZ_101854).jpeg.

Database search for homologous proteins

To search for proteins homologous to vertebrate glutamate receptors and ARAS

in other metazoan species we used the BLAST algorithm implemented in online
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public genomic databases (Altschul et al., 1990). This algorithm allows to find

similar  sequences  across  species  using  a  query sequence.  For  our  BLAST

searches we  always  used mouse proteins  belonging to  the  studied  families

(Church et al.,  2011).  The query sequence is  divided into words,  sequential

subsequences of a given length. We used the default word length implemented

in BLAST search, which is 3 amino acids for proteins and 11 nucleotides for

DNA. A final list of possible words that can be found in the database sequences

is built starting from the words obtained from the query sequence, the words

with a score higher than an arbitrarily selected threshold are added to the final

list.  This  score  is  calculated  using  a  substitution  matrix,  we  used  the

BLOSUM62  substitution  matrix  (Henikoff  and  Henikoff,  1992).  The  words

contained in the final list are used to seed the alignments between our query

sequence and database sequences. Each seed is expanded on both sides, and

in each step the score of the alignment is calculated using the same substitution

matrix, in our case BLOSUM62. The alignment stops when the score begins to

decrease. The highest score of each alignment is compared with a cutoff value

that is empirically calculated examining the distribution of the alignment scores

modelled  by  comparing  random  sequences.  Finally  alignments  with  scores

higher than this cutoff values are listed by the BLAST algorithm as hits for the

given query sequence (Neumann et al., 2014). A statistical significance value is

calculated for each hit.  This is the expect value  (e-value),  which told us the

number of hits with the same score or higher we should obtain by change in a

database of certain size (Kerfeld and Scott,  2011). We observed that hits with

an e-value above 0.05 usually do not belong to the protein families studied in

this thesis. Thus, we only selected proteins that correspond to hits with an e-

value  of  0.05  or  lower.  Two  modalities  of  BLAST  were  used  to  recover
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sequences  from  databases:  BLASTp  (Altschul  et  al.,  1997,  1990), which

searches in protein databases using a protein sequence as query, and tBLASTn

(Altschul  et  al.,  1990;  Gertz  et  al.,  2006),  which searches in  genomic  and

transcriptomic databases using a protein sequence as query.  Using this two

softwares allowed us to identify the maximum number of homologues in the

different species included in the analysis.

Protein selection for the phylogenetic analysis

Proteins recovered from public databases were used as queries to do a BLAST

search against the NCBI ‘non-redundant protein sequences’ database restricted

to vertebrate species only, a method called reciprocal BLAST (Tatusov et al.,

1997; Ward and Moreno-Hagelsieb, 2014). This search was done to ensure that

only  proteins  belonging  to  the  studied  families  were  included  in  the  final

analysis. Thus, proteins which returned as the first hit a glutamate receptor or a

member of an ARAS containing protein family when the reciprocal BLAST was

done,  were  retained  for  the  phylogenetic  analysis.  We  also  evaluated  the

presence  of  distinctive  functional  or  structural  features  characteristics  of

vertebrate members of studied families to avoid largely divergent or unrelated

sequences: ionotropic glutamate receptors  (iGluRs) sequences in which less

than four residues of the SYTANLAAF motif (Kuner et al., 2003; Wollmuth et al.,

2000), metabotropic glutamate receptors  (mGluRs) sequences lacking two or

more of the seven transmembrane regions and members of ARAS containing

protein families with less of 50% of sequence length were discarded for the final

analysis.
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Outgroup identification

Phylogenetic trees built in this thesis were rooted to reconstruct the evolutionary

history of protein families in metazoans. The outgroup is a set of sequences

which diverged before than any of the sequences that are part of our analysis,

the  later  known  as  the  ingroup  (Lyons-Weiler  et  al.,  2008). Thus,  outgroup

sequences have to be more distant to those analized than the most  distant

sequence included in the ingroup. Nevertheless, the outgroup needs to be close

enough to  the  ingroup to  do  not  introduce a  bias  in  the  multiple  sequence

alignment and the subsequent phylogenetic analysis  (Milinkovitch and Lyons-

Weiler,  1998). We selected as outgroups proteins of the same family from a

species  that  diverged  before  metazoans  (the  plant  Arabidopsis  thaliana)  or

proteins from a closely related family that appeared before the divergence of the

diverse metazoan lineages.

Multiple sequence alignments

To compare sequences of the protein families studied, we constructed multiple

sequence  alignments  (MSA).  MSA algorithms arrange  homologous  residues

from the  different  protein  sequences  introduced  at  the  same column,  being

mismatches  and  gaps  interpreted  as  point  mutations  and  insertion/deletion

events occurred in some of the sequences  (Needleman and Wunsch, 1970;

Smith  and  Waterman,  1981). This  allows  to  assess  the  similarity  degree

between different proteins, thus being the first step of a phylogenetic analysis.

We used the MUSCLE algorithm to construct our MSA (Edgar, 2004). MUSCLE

is a progressive method  (also known as tree method) which first construct a

phylogenetic tree by pairwise similarity comparison of the sequences.  Then,

similar sequences are aligned, starting from the leaves of the initial tree and
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progressively  going  to  the  internal  nodes.  We  used  MUSCLE  algorithm

incorporated in MEGAX software (Kumar et al., 2018) with default parameters.

MUSCLE construct the alignment in three stages (Edgar, 2004). In a first stage,

the algorithm estimates the distance between each pair of sequences using k-

mer counting. Each k-mer is a contiguous subsequence of a length  k,  more

related sequences tend to  have more k-mers  in  common than expected by

chance. Then an initial tree is calculated based on these distances using the

UPGMA method. A progressive alignment is constructed based on this initial

tree.  In  a  second  stage,  the  algorithm  improves  the  tree  from  which  the

alignment  is  constructed.  In  this  stage  the  pairwise  similarity  comparison is

measured with  the  fractional  similarity,  and a  new initial  tree  is  constructed

using this distance measure, again with the UPGMA method. Then the new tree

is compared with the tree from the first  stage, identifying which nodes have

changed  between  them.  A  new  progressive  alignment  is  made  for  these

changed nodes. The second stage can be iterated, we used a maximum of 16

iterations. In the third stage the alignment is refined. To do this, the algorithm

deletes an edge of the initial tree dividing the sequences into two subsets (i.e.

two alignments). Then these are aligned to each other, and a score is given to

the alignment. This is the sum-of-pairs (SP) score (Bacon and Anderson, 1986;

Wang and Jiang, 1994), which is the sum of the score of the pairwise alignment

computed from a substitution matrix plus gap penalties, which in our case were

-2.90  for  gap  open,  0.00  for  gap  extension  and  1.20  for  hydrophobicity

multiplier.  If  the  new alignment  have a  higher  score  than the  first  one  it  is

accepted. Then the process is re-started deleting an other edge of the initial

tree. This third stage was iterated 16 times as maximum.
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The alignments of  the different  protein  families were used as inputs for  the

construction  of  phylogenetic  trees.  We also  rendered  the  alignments  in  the

software Jalview v2.11.0 (Waterhouse et al., 2009) to identify the conservation

or divergence of residues, motifs and domains with an important functional or

structural role (Ahola et al., 2004; Capra and Singh, 2007). These features from

vertebrate  proteins  were  identified  using  the  published  bibliography and  3D

structures, and then compared with the other metazoan sequences. Residues

and  motifs  of  interest  were  highlighted  by  boxes  and  different  background

colours.  Jalview  software  also  shows  four  plots  bellow of  the  alignment  to

facilitate whole sequence comparison of each position (Clamp et al., 2004). The

conservation  plot  indicates  a  quantitative  numerical  index  reflecting  the

conservation of the physico-chemical properties of the residues for each column

of the alignment. This index can be 11 as maximum in conserved columns with

the  same  residue  in  each  sequence,  and  is  indicated  by  an  asterisk  (*).

Columns with  mutated  residues  that  but  having  the  same physico-chemical

properties have an index of 10, indicated by a + symbol. The quality plot is an

ad-hoc  measure  of  the  likelihood  of  observing  the  mutations  presents  in  a

column.  This  value  ranges  from 0  to  1.  The  consensus  plot  shows  up  the

percentage  of  the  most  abundant  residue  of  each  column.  Finally,  the

occupancy plot reflects the number of residues aligned in the column excluding

gaps.

Phylogenetic trees construction

The reconstruction of the evolutionary history of glutamate receptors and ARAS-

containing protein families in metazoans was based on their phylogenetic trees.

These  trees  show the  homology relation  between  sequences  as  bifurcating
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branches,  where  two  closely  related  sequences  (leaves)  or  groups  of

sequences (internal branches) arouse from the same node which represents

their last common ancestor (Kapli et al., 2020; Pavlopoulos et al., 2010). Before

calculating each phylogenetic tree, the best protein evolution model needs to be

established.  Evolution  models  are  probabilistic  models  based  on  explicit

assumptions of  the  instantaneous rate of  amino acid  replacement from one

sequence to another  (Thorne,  2000). We used the ProtTest v3.4.2 software to

decide  the  evolutionary model  introduced to  build  each tree  (Darriba  et  al.,

2011). Starting from an input alignment and a tree topology, which in our case

was  calculated  by  the  BIONJ  method  (Gascuel,  1997), ProtTest  algorithm

calculates  the  likelihood  under  each  candidate  model  and  estimates  model

parameters  (Abascal  et  al.,  2005). Then ProtTest offers three strategies, the

Akaike Information Criterion (AIC)  (Akaike,  1973), the corrected AIC  (Sugiura,

1978) and the Bayesian Information Criterion (BIC) (Schwarz, 1978), all based

in the relationship between likelihood and the number of parameters to rank

model fits. We choose the best model in the BIC rank.

The phylogenetic trees were built using two independent approaches, Bayesian

Inference (BI) with the software MrBayes v3.2.6/7  (Ronquist et al., 2012) and

Maximum Likelihood (ML) with the software IQ-TREE (Nguyen et al., 2015). BI

approach  is  based  on  the  Bayes  theorem  and  Markov  chain  Monte  Carlo

(MCMC)  methods  (Rannala  and  Yang,  1996;  Yang  and  Rannala,  1997).

MrBayes software searches for the tree with the highest posterior probability,

conditional on an alignment of protein sequences, calculated using the Bayes

theorem (Nascimento et al.,  2017). The likelihood of a tree is calculated under

the assumption that substitutions occur according to the protein evolution model
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introduced, and should be integrated for all combinations of branch lengths and

substitution parameters. A prior probability of the tree can be calculated by the

ratio  of  a  tree  over  all  possible  trees  for  the  number  of  sequences  in  the

alignment. The likelihood and the prior probability are then used to calculate the

posterior probability (Huelsenbeck and Ronquist, 2001). This probability and the

integration of likelihood can not be analytically evaluated. Thus, MrBayes uses

a MCMC algorithm to approximate the distribution of posterior probabilities. This

is a sampling algorithm, the process starts with a random tree, then a parameter

of  the  tree  is  changed  and  a  new  tree  is  proposed,  and  the  acceptance

probability  of  this  new tree  is  calculated  (Huelsenbeck and Ronquist,  2001;

Larget and Simon, 1999; Yang and Rannala, 1997). A random number between

0  and  1  is  generated,  and  if  the  acceptance  probability  is  higher  than  this

number  the  new tree  is  accepted  and  used  as  the  initial  tree  for  the  next

iteration of the algorithm. If the probability acceptance is lower, the new tree is

discarded  and  the  process  restart  with  the  initial  tree.  We  iterated  each

proposing-acceptance  process  a  maximum  of  10000000  times.  The  set  of

sequential  iterations is  known as a chain.  The proportion of  times a tree is

visited during the chain running is an approximation to its posterior probability

(Nascimento et  al.,  2017).  MrBayes have implemented a Metropolis-coupled

MCMC method to prevent to get stuck in a local maximum when calculating the

acceptance probability, thus avoiding to explore the whole sampling space of

phylogenetic  trees  (Altekar  et  al.,  2004). This  method  run  multiple  parallel

chains, being all but one 'heated'. The remaining chain its called the 'cold' chain.

Heated chains modify the calculation of the acceptance probability increasing it,

thus more sampling space can be visited by the chain. Periodically the cold

chain is swapped with one of the heated chains, thus if the cold chain is trapped
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on a local maximum it can explore other trees. The final results are based on

the cold chain only.  We used 8 chains,  being 7 heated and 1 cold,  for  our

analyses. As MrBayes software starts the analysis with a random tree, the in

firsts iterations of the MCMC algorithm the new tree of each iteration is always

accepted.  Thus,  initial  trees  are  less  visited  and  have  lower  posterior

probabilities, these are discarded for the final estimation as 'burnin' (Nascimento

et al., 2017; Rannala et al.,  2012). We discarded the first 25% of the trees as

burnin.  To  assess  that  MCMC  algorithm  have  explored  efficiently  the  tree

samples we have to analyse the convergence between different cold chains ran

in  parallel.  We performed  two  parallel  runs  for  our  analyses.  The  average

standard deviation of split frequencies (ASDSF) is calculated between the two

runs as a measure of convergence by comparing the split or clade frequencies

(Lakner et al., 2008). Both runs start from random trees, thus the ASDSF initially

is high and as runs converge to the same distribution it decrease. We also used

potential reduction scale factor (PSRF) to monitor convergence  (Gelman and

Rubin,  1992).  PSRF compares the variance between and within runs, when

both runs converge approaches to 1. The final rendered tree is the consensus

of the trees with highest posterior probabilities from both runs. We selected as

good trees those with an ASDSF of 0.015 or below and a PSRF between 1.002

and 1.000.

ML approach is an heuristic method that searches for the tree which maximizes

the likelihood. Starting from an initial tree its likelihood is calculated based on a

previously defined evolution model, then the tree topology and branch length

are changed. The likelihood of the new tree is calculated and compared to the

likelihood of the previous tree, and, if it is higher, the new tree is accepted and
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used to initiate the next iteration. This process is continued till no new trees with

a higher likelihood is found, then the tree with the maximum likelihood has been

found and the process stops (Felsenstein, 1981; Kishino et al., 1990; Posada

and Crandall, 2021). These kind of processes are called 'hill-climbing' (Guindon

and Gascuel,  2003). We used IQ-TREE software to find maximum likelihood

trees from studied protein families (Nguyen et al., 2015). As ML methods based

on hill-climbing processes are prone to get stuck in a local maximum, IQ-TREE

software  combines  this  process  with  a  stochastic  algorithm  and  a  broad

sampling of initial trees (Brauer et al., 2002; Vos, 2003). Thus, IQ-TREE starts

by generating a set of initial trees, in our case these were 100 initial trees, 99

constructed by a parsimony method and one with the BIONJ method (Minh et

al., 2020). The likelihood of each of these trees is calculated, and the 20 trees

with  the highest  likelihood are selected.  Then,  these trees are optimized by

changing their topology by a hill-climbing method known as nearest-neighbour

interchange (NNI). In this case several NNIs are applied simultaneously to each

initial tree and likelihood is calculated to obtain locally optimal trees. The five

trees with the highest likelihood value are selected as candidate trees for the

next  step. These candidate trees are subjected to a stochastic NNI process

which allow to scape from local optima. This process is repeated several times.

One of the candidate trees is randomly selected, and its topology is changed by

random NNI followed by a hill-climbing NNI to optimize the tree. The likelihood

of the new tree is calculated, if the likelihood value is higher than the highest

likelihood of the candidate trees, it means that a new best tree has been found,

and the new tree replaces the best tree in the candidate list, and the iteration

count is set to zero again. If the tree generated has a higher value than the

worst tree in the list, the new tree replaces the worst tree in the list and the
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iteration count increases one. Finally if the new tree has a lower likelihood than

the worst  tree  in  the  list,  the  new tree  is  discarded and the  iteration  count

increases one. This process is repeated until the iteration count reaches 100.

Thus, the maximum likelihood tree has been found  (Nguyen et al., 2015). To

assess the statistical  confidence to  each node of the ML tree,  we used the

ultrafast  bootstrap  approach  (Hoang  et  al.,  2018). The  bootstrap  method

consists  in  generating  replicates  by  resampling  the  data,  in  the  case  of

phylogenies it is done by removing a group of sequential amino acids from the

alignment and replacing them by an other group of amino acids from the same

alignment  (Efron,  1979;  Felsenstein,  1985). Then a  tree (bootstrap  tree)  for

every resampled alignment is built, and these trees are used to calculate the

statistical support of the nodes of the ML tree. The ultrafast bootstrap approach

integrated  in  the  IQ-TREE software  approximates  the  bootstrap  trees  while

calculating the final ML trees by using the resampling estimated log-likelihood

(RELL) equation  (Kishino et al., 1990; Minh et al.,  2013). Then the statistical

support of each node is drawn in the final ML tree.

Evolutionary history inference

Phylogenetic trees of protein families allowed us to infer the most likely (and

parsimonious)  evolutive  scenario  that  lead  to  the  current  distribution  of  the

protein families investigated in different animal phyla.  Protein families evolve

due to different processes: gene duplication (Gogarten and Olendzenski, 1999),

gene loss (Albalat and Cañestro, 2016) and gene divergence after a duplication

or speciation events (Chauve et al., 2008; Innan and Kondrashov, 2010) (Figure

8). The later leads to subfunctionalization and neofunctionalization processes,

which can change protein function and bring on evolutive innovation  (He and
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Figure 8. Schematic representation of the evolutionary history inference of a protein 

family. The figure shows an hypothetical phylogenetic tree of a protein family. Green arrows 

indicate orthologous proteins, red arrows indicate paralogous proteins. Green arrowheads show

nodes that represent ancestral genes present in the ancestor of species 1, 2 and 3 which 

diverged by speciation (A and B). The red arrowhead indicates a node that represent an 

ancestral gene present in the ancestor of species 1 and 2 which diverged by gene duplication 

(C). Then nodes D and E represent ancestral genes present in the ancestor of species 1 and 2 

which subsequently diverged by speciation.

Zhang, 2005). Thus, nodes on the tree can be interpreted as the last common

ancestor of  the homologous sequences that are found on the leaves, which

started  to  diverge  between  them  at  that  moment.  When  these  common

ancestral genes arouse during evolution can be inferred from the phyla where

the descendant sequences are found (Chauve et al., 2020, 2008). Homologous

proteins can be divided in two groups: orthologues, proteins that diverge by

speciation events, and paralogues, proteins that diverge by duplication events

in a given organism (Altenhoff et al., 2019; Gogarten and Olendzenski,  1999)

(Figure 8). If  paralogues are found in different species, the duplication event

that originated these proteins would have occurred in the ancestor of  these
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species.  Following  these  points  the  history  of  duplications  and  losses  in  a

protein  family  can  be  inferred  from the  phylogenetic  trees.  Moreover,  if  the

function  of  some  of  the  orthologues  or  paralogues  is  known,  we  can

hypothesize  if  sub/neofunctionalization  events  would  have  happened  after

duplication or speciation events (Innan and Kondrashov,  2010). We based our

evolutionary history inference on the well supported nodes of the IB and ML

trees. We considered a node well supported when: the posterior probability in

the IB tree is over 95%, the bootstrap value is over 70 and/or the same exact

node is found in both IB and ML trees.

3D structure prediction

We constructed 3D models for two newly identified iGluRs identified during this

thesis. The function of a protein is determined by its structure  (Mahley et al.,

2009; Zarembinski et al., 1998), thus computational 3D modelling of a protein

sequence  allows  to  predict  its  function,  interactions  and  ligand/substrate

specificity  (Fiser, 2004; Hvidsten et al.,  2009). We performed the modelling to

these  two  iGluRs  in  order  to  predict  their  functionality  as  ligand-gated  ion

channels and their ligand specificity (Evers et al.,  2003). We used a template-

based modelling approach performed with the RaptorX server  (Källberg et al.,

2012). Template-based modelling predicts  the  structure of  a  protein  using a

previously solved structure of an homologous protein by aligning both protein

sequences. Briefly, RaptorX uses a nonlinear alignment scoring function, based

on profile entropy-dependent  scoring, and conditional random fields to do the

protein threading, which is the method used by this software to do template-

based structure prediction. RaptorX also assesses alignment quality by using a

neural network. We predicted ligand specificity by modelling the ligand binding
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domain  using  the  SWISS-MODEL  software  (Biasini  et  al.,  2014). SWISS-

MODEL also uses a template-based approach to perform homology modelling

of  a  protein  sequence  and  predict  the  structure.  SWISS-MODEL assesses

alignment quality with the local composite scoring function QMEAN. 3D models

quality was independently assessed with the Molprobity software  (Williams et

al., 2018).

Gene expression

Animal collection and housing

In this thesis we used the cephalochordate Branchiostoma lanceolatum to test

the expression of genes belonging to the new glutamate receptor subfamilies

and classes identified. Cephalochordates was the first lineage to diverge from

the  phylum  chordata,  to  which  vertebrates  and  urochordates  also  belong,

approximately  637  Mya  ago  (Kumar  et  al.,  2017;  Rychel  et  al.,  2006).

Cephalochordates  conserved  the  prototypical  chordate  body  plan,  with  a

notochord, pharyngeal slits, a post-anal tail and a dorsal nerve tube (Ruppert,

2005; Rychel et al., 2006; Wicht and Lacalli, 2005). The animals used in our

studies were collected from their marine habitat and maintained in tanks under

natural conditions.

Glutamate  receptors  expression  in  the  central  nervous  system  of

Branchiostoma lanceolatum

The central nervous system of  B. lanceolatum is composed by a dorsal nerve

tube, the nerve chord (Lacalli, 1996; Wicht and Lacalli, 2005). Thus we tested

the mRNA expression of  glutamate receptors in the nerve chord to  infere if
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these proteins could have a role in the central nervous system as vertebrate

iGluRs  (Malenka  and  Bear,  2004;  Rudy  et  al.,  2015).  We  compared  the

expression of  B. lanceolatum glutamate receptors between nerve chord and

whole body animal in order to check if their amount in the nervous tissue is

higher than in the rest of the organism. We first surgically dissected the nerve

chord  of  previously  anesthetized  and  sacrificed  animals  using  a  magnifying

glass. Then we extracted the total RNA from pooled nerve chords and whole

animals.  The tissues were homogenized using TRI Reagent  (Sigma, T9424)

(Chomczynski  and  Sacchi,  1987) and  the  total  RNA was  precipitated  and

isolated  taking  advantage  of  its  insolubility  to  1-bromo-3-cloropropane  and

isopropanol  (Chomczynski and Mackey, 1995; Li et al.,  2020). We syntesized

cDNA from the total RNA extracted and used it to quantify the amount of mRNA

of our genes of interest using a quantitative polimerase chain reaction (qPCR)

(Overbergh et al.,  2003). We designed specific primers to amplify glutamate

receptor mRNAs and were validated using the BLASTn algorithm available in

the NCBI database website  (Altschul et al.,  1990). qPCR is a technique that

allows to study the expression levels of specific genes quantifying its relative or

total amount by detecting when a PCR reaches a fluorescence threshold (Ririe

et  al.,  1997). This  is  achieved  by adding  a  fluorescent  dye  that  only  emits

fluorescence when bound to a double stranded DNA to the reaction. We used

the SYBR Green Supermix (Biorad) as the fluorescent dye. Thus, in each cycle

of the amplification reaction more fluorescent dye is bound to double stranded

DNA and more fluorescence is detected by the fluorimeter. We quantified the

amount  of  glutamate  receptor  mRNAs  normalized  to  a  housekeeping  gene

mRNA  (Nailis  et  al.,  2006;  Pfaffl  et  al.,  2004), in our case the  Gapdh gene

(Barber et al.,  2005). Housekeeping genes are supposed to be constitutively
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expressed in all  tissues of an organism  (Dheda et al.,  2004; Eisenberg and

Levanon,  2013). Thus,  in  our  case,  the  relative  amount  of  the  a  glutamate

receptor mRNA to Gapdh mRNA is suitable to compare the expression between

the  nerve  chord  and  the  whole  body  animal.  The  relative  amount  can  be

obtained from the difference of cycle threshold (ΔCt), being the cycle threshold

of a gene the number of cycles required to reach the fluorescence threshold

value (Schefe et al., 2006). The efficiency of the reaction to the power of  ΔCt is

the quantification value. We performed three technical replicates to analyze the

expression of each gene. To statistically compare the relative amount  of each

gene  between  the  nerve  chord  and  the  whole  body  animal  we  used  the

Student's T-test, and to statistically compare the Cq of genes from the same

subfamily  or  class  we  used  Tuckey's  Post-Hoc  test  to  perform  a  one-way

ANOVA analysis.

Heterologous system expression and functional analysis

Oligomerization analysis of iGluRs from a newly identified subfamily

We tested the  functional  properties  of  two receptors from one of  the  newly

identified  subfamily  of  iGluRs,  the  GluE1  and  GluE7  from  Branciostoma

lanceolatum and  Branchiostoma  belcheri,  respectively.  We expressed  these

proteins  in  an  heterologous  expression  system  which  is  more  suitable  to

conduct the experiments than the original organism where these proteins are

expressed (Farrokhi et al., 2009). We used the human embryonic kidney (HEK)

293T cell line to express GluE1 and GluE7. HEK293 is a transformed cell line

that efficiently express genes under the control of some promoters such as the

CMV promoter in introduced plasmid vectors (Graham et al., 1977; Thomas and
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Smart,  2005). HEK293  cells  can  be  transiently  transfected  with  expression

plasmid using the cationic polymer polyethylenimine (PEI), we used this method

to introduce the plasmids in this thesis (Longo et al., 2013). The HEK293T line

is derived from HEK293 that expresses the SV40 T antigen, which allows the

replication  and  gene  expression  of  plasmids  containing  the  SV40  origin  of

replication/promoter (DuBridge et al., 1987; Lin et al., 2014). HEK293T cells can

grow  both  attached  to  the  substrate  and  in  suspension,  and  are  specially

suitable for the expression of membrane proteins such as iGluRs due to their

low expression levels of endogenous channels (Andréll and Tate, 2013; Ooi et

al.,  2016; Thomas and Smart,  2005). We synthesized codon-optimized  Grie1

and Grie7 genes for the expression on human cells  (Gustafsson et al.,  2004),

and incorporated these into pICherryNeo (Addgene, 52119) and pIRES2_EGFP

(Addgene, 6029-1) respectively, which both contain the CMV promoter and the

SV40 origin of replication/promoter. Each of our synthesized genes include an

immuno-tag, c-Myc tag for GluE1 and hemagglutinin (HA) tag for GluE7. These

are  short  sequences  that  act  as  epitopes  recognized  by specific  antibodies

(Kobilka, 1995; Pang et al., 2009). We also included the signal peptide from the

rat  GluA2,  which  allow  the  correct  location  on  the  membrane  of  these

Branchiostoma proteins expressed in a human system (Guan et al., 1992; Pang

et al., 2009). The plasmids also contain a fluorescent protein, mCherry or EGFP,

to  distinguish  the  transfected  cells  when  excited  with  a  specific  wavelength

(Mori et al., 2020; Pieprzyk et al., 2018).

In  mammals,  four  iGluR  subunits  have  to  oligomerize  in  order  to  form  a

functional ligand-gated ion channel. While AMPA, Kainate and Delta receptors

can form homotetramers, NMDA are obligated heterotetramers (Sobolevsky et
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al., 2009; Ulbrich and Isacoff, 2008). We tested the oligomerization state of the

novel GluE1 and GluE7 when expressed in the mammalian expression system

HEK293T  cells.  We  analyzed  these  proteins  by  polyacrylamide  gel

electrophoresis  (PAGE),  running  them on  a  native  gel  (Arndt  et  al.,  2012).

Proteins are extracted from cell membrane with mild non-ionic detergents which

do not disrupt protein structure and interactions (Seddon et al., 2004; Staus et

al., 2020), and native gels do not contain the strong detergent sodium dodecyl

sulfate (SDS), which disrupt the protein-protein contacts that allow the formation

of oligomers  (Staikos and Dondos,  2009). Thus, protein oligomers run in the

native gel according to their size or molecular weight (MW), which in our case is

approximately four times the MW of a single subunit  (Salussolia et al.,  2013).

When the proteins on the gel are transferred to a polyvinylidene fluoride (PVDF)

membrane, the protein of interest can be labeled with an specific antibody and

its MW found comparing to a standard MW ladder (Mahmood and Yang, 2012).

Subcellular location   of iGluRs from a newly identified subfamily

To act  as ligand-gated ion channels,  mammalian iGluRs are located on the

plasma membrane to bind extracellular agonists (Horak et al., 2014; Mah et al.,

2005). We proposed to prove the plasma membrane location of the novel GluE1

and GluE7 proteins. We analyzed protein location by fluorescence staining and

confocal microscopy. Expressed GluE1 and GluE7 contain an immuno-tag in

the predicted extracellular side of the protein. Thus, this can be detected by a

primary antibody without the need of permeabilize the cell,  avoiding to label

intracellular epitopes  (Hinners et al.,  1999). Then, with a secondary antibody

attached to a fluorescent dye the primary antibody can be detected, and using a

confocal laser-scanning microscope the dye is excited and emits fluorescence
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that allow to indirectly locate the protein. We performed a staining protocol with

an  in  vivo labeling  step.  The  primary  antibody  is  added  to  the  cell  culture

medium and incubated with the life cells  (Horak et al., 2008; Salussolia et al.,

2013). The cell  membrane do not allow the passage of huge molecules like

antibodies, and these only bind to extracellular epitopes. Then cells are fixed

and labeled with the secondary antibody. When visualized on the microscope,

only  cells  expressing  the  epitope  on  the  plasma  membrane  will  show  a

characteristic  surface  fluorescence.  Furthermore,  the  fluorescent  proteins

mCherry and EGFP expressed by the cells transfected with our plasmids show

a cytoplasmic pattern of fluorescence, allowing to to better distinguish surface

fluorescence signal (Chen et al., 2002; Shearin et al., 2014).

Electrophysiological characterization of novel iGluRs

As ligand-gated ion channels,  iGluRs allow the flow of cations through their

channel  domain changing the membrane potential  of  the cell  (Jatzke et  al.,

2002). We used whole-cell patch clamp to study currents elicited by GluE1 and

GluE7 when activated by their agonists. We used the voltage clamp variant,

where the membrane potential  (voltage) of the cell is set to a constant value,

allowing to measure the currents elicited by the cation flow through opened

channels expressed on the cell membrane (Hernández-Ochoa and Schneider,

2012). Using a glass microelectrode filled with an intracellular solution the cell

membrane  is  broken  in  order  to  connect  the  cytoplasm  with  this  solution,

leaving  the  system  isolated  from  the  extracellular  medium.  Using  this

microelectrode, the voltage is constantly measured and maintained at a given

value,  in  our  experiments  -60  mV.  The  currents  induced by the  cation  flow

through open membrane channels change the membrane potential,  then the
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microelectrode have to apply an equal current, which is recorded, to maintain

the voltage at a constant value (Hals et al., 1986; Leyrer-Jackson et al., 2019).

This technique allowed us to identify GluE1 and GluE7 agonists, as currents are

only induced when the agonist  is bound to the receptor.  Voltage clamp also

allows to study voltage-current relationship by setting the voltage to different

values, we increased from -80 mV to +80 mV (Yelhekar et al.,  2016). We also

controlled  the  agonist  application  to  study  recovery  from  desensitization

characteristic  of  this  receptors,  applying  two  pulses  of  agonist  spaced  by

different  times.  Thus,  voltage  clamp was  used  to  study electrophysiological

characteristics of GluE1 and GluE7.

Final remarks

This is a thorough description of the methods used in this thesis, with the basic

underlying  principles  of  the  different  techniques  and  approaches,  and  the

reasons why we used them in  our work.  A more detailed description of the

application of the methods to the experiments performed here can be found in

the 'Materials and methods' section in Chapter 1 and Chapter 2.
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Abstract

Glutamate receptors are divided  in two  unrelated  families: ionotropic (iGluR),

driving synaptic  transmission, and  metabotropic  (mGluR),  which  modulate

synaptic strength. The present  classification of  GluRs is based on vertebrate

proteins and has remained unchanged for over two decades. Here we report an

exhaustive  phylogenetic  study  of  GluRs  in  metazoans. Importantly,  we

demonstrate that  GluRs have  followed  different evolutionary  histories  in

separated animal lineages. Our analysis reveals that the present organization of

iGluRs into six classes does not capture the full complexity of their evolution.

Instead, we propose an organization into four subfamilies and ten classes, four

of which have never been previously described. Furthermore, we report a sister

class to mGluR classes I-III, class IV. We show that many unreported proteins

are expressed in  the  nervous system,  and that  new  Epsilon  receptors form

functional ligand-gated ion channels. We propose an updated classification of

glutamate receptors that includes our findings.
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Introduction

Glutamate  is  the  principal  excitatory  neurotransmitter  in  the  central  nervous

system  of  animals  (Danbolt,  2001;  Fonnum,  1984;  Pascual-Anaya  and

D’Aniello,  2006).  It  acts  on  two  families  of  structurally  unrelated  receptors:

ionotropic glutamate receptors (iGluRs), which are ligand-gated ion channels

and G-protein coupled receptors (GPCRs), known as metabotropic glutamate

receptors (mGluRs) (Conn and Pin, 1997; Sobolevsky et al., 2009). While fast

excitatory  neurotransmission  is  mediated  by  iGluRs,  metabotropic  receptors

modulate synaptic transmission strength. iGluRs are formed by four subunits,

which evolutionary can be traced back to bacteria  (Tikhonov and Magazanik,

2009).  The  current  classification  of  iGluR  subunits  includes  six  classes:  α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, Kainate

receptors,  N-methyl-D-aspartate  (NMDA)  receptors  (actually  comprising  3

classes: NMDA1-3) and Delta receptors (Traynelis et al., 2010). iGluR subunits

of  the  same  class  assemble  into  homo-  or  heterotetramers  (Karakas  and

Furukawa, 2014; Kumar et al., 2011) and their ligand selectivity is dictated by a

small number of residues located in the ligand-binding domain (Traynelis et al.,

2010).  Accordingly,  NMDA subunits  GluN1 and GluN3 as well  as the Delta

subunit GluD2 bind glycine and D-serine, while all subunits from the AMPA and

Kainate classes bind glutamate (Kristensen et al., 2016; Traynelis et al., 2010).

Metabotropic glutamate receptors are class C GPCRs and as such are formed

by  a  single  polypeptide.  mGluRs  also  appeared  before  the  emergence  of

metazoans,  being  present  in  unicellular  organisms  such  as  the  amoeba

Dictiostellum  discoideum  (Taniura  et  al., 2006).  mGluRs  are  presently

organized into three classes (I,  II  and III)  and all  their members respond to

glutamate (Conn and Pin, 1997; Pin et al., 2003). 
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While  the  phylogeny  of  the  two  families  of  GluRs  is  well  characterized  in

vertebrates, that of the entire animal kingdom is only poorly understood. The

few studies on iGluR evolution outside vertebrates concentrate on a few phyla,

leaving  many proteins unclassified  (Brockie et  al.,  2001;  Greer  et  al.,  2017;

Janovjak et al., 2011; Kenny and Dearden, 2013). Similarly, the vast majority of

mGluRs described so far fall  into the three classes described in vertebrates

(Dillon et al., 2015; Krishnan et al., 2013; Kucharski et al., 2007). Although, the

existence of  three insect  mGluRs that  cluster  apart  from classes I-III  led to

propose the existence of a fourth class  (Mitri  et al.,  2004). Here we present

what  to  our  knowledge  is  the  first  phylogenetic  study  of  ionotropic  and

metabotropic GluRs along the animal kingdom. We have favored the use of

more slow-evolving species for the construction of phylogenetic trees. These

species  are  particularly  amenable  to  phylogenetics  (Putnam  et  al.,  2007;

Simakov et al., 2015, 2013) as they arguably present lower rates of molecular

evolution than other organisms. Our work shows that metazoan evolution of

GluRs  is  much  more  complex  than  previously  thought.  iGluRs  present  an

overall organization into four subfamilies that were already present in the last

ancestor of all  metazoans. Vertebrate species only retain members of two of

these subfamilies. Furthermore, we identify many lineage-specific gains, losses

or expansions of GluR phylogenetic groups.  Finally, we present experimental

evidence  showing  that  unreported  GluRs  found  in  the  basally  divergent

chordate  Branchiostoma lanceolatum (amphioxus) are highly expressed in the

nervous system and that  members of  the unreported Epsilon subfamily,  the

most  phylogenetically  spread among unreported groups,  can form functional

ligand-gated ion channels.
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Results

Phylogenetics  of  metazoan ionotropic  glutamate receptors  reveals  four

subfamilies,  unreported  classes  and  lineage-specific  evolutionary

dynamics

We have performed a systematic phylogenetic study of iGluR evolution across

the animal kingdom. To increase the confidence on iGluRs evolutionary history,

phylogenetic  trees  have  been  generated  using  two  independent  methods

(Bayesian  inference and Maximum-likelihood (ML),  Figure  1  and Figure  1  -

figure  supplement  1).  Our  analysis  indicates  that  the  family  of  iGluRs

experienced  key  duplication  events  that  define  its  organization  into  four

previously unreported subfamilies, of which two contain the extensively studied

vertebrate  classes.  Assuming  ctenophores  as  the  sister  group  to  all  other

animals (Moroz et al., 2014; Ryan et al., 2013), our data suggests that the three

major duplication events leading to this four subfamilies occurred before the

divergence of current  animal  phyla (see Figure 2 for a summary scheme of

iGluRs evolution). The first of these duplications produced the separation of the

Lambda subfamily, the second lead to divergence of the NMDA subfamily and

the third to the split between Epsilon and AKDF subfamilies. 

The Lambda subfamily is the most phylogenetically restricted, as we could only

identify it in porifers. Thus, Lambda would have been lost in two occasions, in

the lineage of ctenophores and in a common ancestor of placozoans, cnidarians

and bilaterals. On the other hand, the Epsilon subfamily is the best represented

among non-bilaterians, being present in all non-bilaterian phyla investigated. 
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Figure 1. Bayesian phylogeny of metazoan ionotropic glutamate receptors.

Ionotropic glutamate receptor subfamilies are indicated in colored boxes at the right. Sequences

belonging to the same class are highlighted together by dashed lines and the class name is also

shown. Green circles highlight the three duplications occurred before the divergence of the 

ctenophore lineage that lead to these four subfamilies. Posterior probabilities are shown at tree 

nodes and protein names at the end of each branch. Tree branches are colored based on 

phylum, as indicated in the legend. For unreported phylogenetic groups, names of proteins 

predicted to bind glycine or glutamate are colored in yellow or orange, respectively. Protein 

names from non-vertebrate species are composed of four parts: i) ‘GluR#’, where # is a one 

letter code denoting class or subfamily (A, AMPA; K, Kainate; F, Phi; D, Delta; Akdf, AKDF; E, 

Epsilon; N, NMDA and L, Lambda); ii) a number, or range of numbers, denoting orthologous 

vertebrate protein(s), if any; iii) a Greek letter to identify non-vertebrate paralogs, if any and iv) a

three-letter species code. Sequences from cnidarians, placozoans and porifers orthologous to 

AMPA/Kainate/Phi/Delta proteins are given the name iGluAKDF. iGluRs from A. thaliana were 

used as an outgroup. All information on species and proteins used is given in Figure 1 – source 

data 2. Phylogenetic reconstruction was performed using Bayesian inference. The amino acid 

substitution model used was Vt+G+F, number of generations: 14269000, final standard 

deviation: 0.007016 and potential scale reduction factor (PSRF): 1.000. Scale bar denotes 

number of amino acid substitutions per site. Although the GluAkdf2_Tad protein localizes to the 

Delta class in this tree, we do not consider this molecule as a confident member of this class. 

This is because the statistical support provided by the Bayesian analysis is low and because the

Maximum-likelihood analysis (see Figure 1 – figure supplement 1) does not position this protein 

in the Delta branch.
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Including in porifers, although we could only identify one Epsilon  in sponges,

GluE_Ifa from the demosponge Ircinia fasciculata. Our data also indicates that

this subfamily has been lost in multiple occasions along metazoan evolution, as

we  could  not  find  it  in  the  protostome,  echinoderm  or  vertebrate  species

investigated.  Interestingly,  all  ctenophore iGluRs identified,  which have been

previously reported  (Alberstein et al., 2015), belong to the Epsilon subfamily.

Thus,  this  phylum  would  have  lost  NMDA,  Lambda  and  AKDF  proteins.

Contrarily,  ctenophores  would  have  experienced  an  important  expansion  of

Epsilon iGluRs, as we report 17 and 10 of these proteins in the two species with

genomic information available, M. leidyi and P. bachei, respectively.

Although we have not identified NMDA receptors in ctenophores, porifers and

placozoans our analysis indicates that this subfamily was already present in the

last common ancestor of metazoans. This is because the topology of the tree

shows that NMDAs appear in the phylogeny at the same level as the Epsilon

subfamily, which has representatives in all non-bilateral phyla.  According to our

data,  NMDA1s  on  the  one  hand  and  NMDA2s  and  NMDA3s  on  the  other

contain members of the cnidarian phylum. Although we have only been able to

identify one member more closely related to NMDA2 and NMDA3 than NMDA1

(GluN2/3_Nve)  its  position  in  the  phylogeny  is  very  well  supported  by  both

analyses performed. This indicates that a specific duplication occurred in the

ancestor of bilaterians originating NMDA2s and NMDA3s. Moreover, we have

also identified a cnidarian-specific NMDA class, that we have termed NMDA-

Cnidaria,  this  class  presents  representative  proteins  in  3  of  the  4  species

investigated.  Among bilaterals  we  have  observed conservation  of  all  NMDA

classes with the exception of NMDA2s in echinoderms, which are absent from
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the two species examined. Interestingly, studied cnidarian species substantially

expanded  their  NMDA  subfamily  repertoire,  with  at  least  six  members  in

Nematostella vectensis.

In  bilaterians the  AKDF subfamily  diversified  into  AMPA,  Kainate  and Delta

classes,  but  also  into  a  fourth  new  class  that  we  have  termed  Phi.  The

phylogenetic spread of these classes is quite variable, as AMPA and Kainate

are in  all  bilateral  phyla  investigated but  Delta  and Phi  are more restricted.

Deltas are almost completely absent from ecdysozoan species, as we could

only find a single member of this class in priapulids (P. caudatus) and none in

arthropods or nematodes. Similarly, Deltas are poorly represented in mollusks

and, with the available data, absent in annelids. Finally, we could only identify

Phi proteins in cephalochordates, hemichordates and echinoderms, indicating

that this class might be lost in the lineages of protostomes and olfactores (i.e.

vertebrates and urochordates). The AKDF subfamily also includes proteins from

the  non-bilateral  phyla  of  porifera,  placozoa  and  cnidarian.  The  exact

organization  of  these  proteins  into  classes  is  not  as  straightforward  as  for

bilateral proteins. The Bayes and ML analysis only agree in the position of 12

iGluRs from the sponge O. carmela, these would constitute the only clear class

in non-bilaterals, which we have termed AKDF-Oca.

Another  example  of  a  multiple  lineage-specific  event  that  occurred  during

animal  evolution  of  iGluRs can  be observed  in  the  evolution  of  AMPA and

Kainate proteins among protostomes. The general iGluRs phylogeny (Fig. 1)

suggests that ecdysozoan species have expanded their repertoire of Kainate
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subunits when compared with lophotrochozoans (e.g. mollusks, annelids), since

suggests that ecdysozoan species have expanded their repertoire of Kainate
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Figure 2. Schematic representation of iGluRs metazoan evolution.

a. Summary tree showing the evolution of iGluR subfamilies and classes in the metazoan 

lineages investigated. Each branch corresponds with one lineage. Phylogenetic subfamilies are 

represented by yellow boxes and classes by blue boxes. The four subfamilies present in the 

ancestor of all current metazoan lineages are shown at the base of the tree. Duplications of 

subfamilies in ancestors of current lineages are indicated. When a class or subfamily is lost in a 

lineage or in an ancestor, the corresponding box is crossed out with a red cross. Mollusca and 

annelida are lophotrochozoans and priapulida and arthropoda ecdysozoans. In priapulida 

NMDA2s and NMDA3s were not investigated. b. Table indicating the presence or absence of 

iGluR subfamilies and classes in the metazoan lineages investigated. When a phylogenetic 

group is present in a lineage it is indicated by a green tick and if it is absent by a red cross. The 

last column shows the total number of groups found in each phylum. The last row shows the 

number of phyla where each phylogenetic group is present. 

suggests that ecdysozoan species have expanded their repertoire of Kainate

subunits when compared with lophotrochozoans (e.g. mollusks, annelids), since

C. teleta and L. gigantea only presents one and two genes coding for Kainate

receptors,  respectively.  Contrarily,  we  found  more  AMPA  subunits  in

lophotrochozoans than in ecdysozoan species. To investigate whether the two

protostome lineages have alternatively expanded genes coding for AMPA or

Kainate subunits we conducted a phylogenetic analysis of these two classes

using eight species of ecdysozoans and seven of lophotrochozoans with well-

characterized genomes (Figure 3 and Figure 3 – figure supplement 1).

Nematodes were left out of the analysis as they lack Kainate receptors (Brockie

et  al.,  2001).  This  analysis  retrieved  40  lophotrochozoan  genes  coding  for

AMPA subunits but only 15 coding for Kainates. The opposite scenario was

observed in  the  genomes of  ecdysozoan  species,  with  10  and 40 proteins,

respectively. Yet, among ecdysozoans the priapulid P. caudatus has two AMPA

and two Kainate subunits,  indicating that the expansion of Kainate receptors
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might be exclusive to arthropods. Overall the AMPA:Kainate ratio resulted to be

around 1:4 in ecdysozoans and 4:1 in lophotrochozoans.
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Figure 3. Bayesian phylogeny of AMPA and Kainate classes in protostomes.

Ionotropic glutamate receptors classes are indicated at the right. Posterior probabilities are 

shown at tree nodes and protein names at the end of each branch. Tree branches are colored 

based on phylum, as indicated in the legend. Protein names from non-vertebrate species are 

composed of four parts: i) ‘GluR#’, where # is a one letter code denoting class (A for AMPA and 

K for Kainate); ii) a number, or range of numbers, denoting orthologous vertebrate protein(s), if 

any; iii) a Greek letter to identify non-vertebrate paralogues, if any and iv) a three-letter species 

code. GluN1s from chordates were used as an outgroup. All information on species and 

proteins used in this phylogeny is given in Figure 3 – source data 2. Phylogenetic reconstruction

was performed using Bayesian inference. The amino acid substitution model used was Vt+I+G, 

number of generations: 8868000, final standard deviation: 0.0072 and potential scale reduction 

factor (PSRF): 1.001. Scale bar denotes number of amino acid substitutions per site.

Sequence  conservation  and  ligand  specificity  of  unreported  iGluR

phylogenetic groups 

All proteins from unreported groups (i.e. subfamilies and classes) present well-

conserved sequences in iGluR domains, including transmembrane domains or

residues involved in  receptor  tetramerization (Figure 1 – figure supplement 2

and Figure 1 – source data 1). Three-dimensional (3D) models of two Epsilon

subunits from amphioxus (GluE1 and GluE7) indicate that their general fold is

well  preserved  (Figure  1  –  figure  supplement  3a).  The  only  noticeable

distinction in proteins from these groups is an insertion in the intracellular loop

between the first and second transmembrane domains in Epsilon proteins. This

insertion is particularly distinct in ctenophore iGluRs, having been termed as the

cysteine-rich loop (Alberstein et al., 2015) (Figure 1 – figure supplement 4). We

have also identified a sequence difference among Epsilon proteins. Ctenophore

iGluRs  have two cysteines that form a disulfide bond at loop 1 of the ligand

binding  domain  (Alberstein  et  al.,  2015), which  are also  present  in  NMDA

proteins. Nevertheless, this element is absent from the remaining members of

the Epsilon subfamily. 
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The ‘SYTANLAAF’ motif, essential for channel gating (Traynelis et al., 2010), is

also well conserved in most sequences, in particular the second, fourth and fifth

residues (Figure 1 – figure supplement 2). Nevertheless, all  members of the

Lambda subfamily and some proteins of the Phi class present lower levels of

conservation in this sequence. Whether these changes have a functional impact

is something that will require further investigation. The Q/R site (Q586, residue

numbering according to mature rat GluA2) and the acidic residue located four

positions downstream D/E590 (Figure 1 – figure supplement 4) are involved in

calcium  permeability  and  polyamine  block  of  AMPA  and  Kainate  receptors

(Bowie and Mayer, 1995; Kamboj et al., 1995; Koh et al., 1995). Of these two

positions the latter is much better conserved, especially outside ctenophores

and the Lambda subfamily. We have identified an acidic residue at position 590

in 84 out of 122 iGluRs from unreported groups, including cnidarian NMDAs.

Yet,  only 1/3 of these proteins present a glutamine (Q) at position 586. This

includes most AKDFs and Epsilon proteins from non-ctenophores, contrarily,

none of the Phi subunits presents a Q586.

The key ligand binding residues involved in fixing the amino acid  backbone

(αamino and  αcarboxyl)  are Arg485 and an acidic residue at position 705

(Armstrong and Gouaux, 2000; Furukawa et al., 2005; Mayer, 2005; Naur et al.,

2007; Yao et al., 2008). These two positions are well conserved in 94 of the 122

proteins from unreported groups, suggesting that their endogenous ligand is an

amino acid (see Figure 1 – figure supplement 3b for a 3D representation of

ligand binding by GluE1 and Figure 1 – figure supplement 5 for an alignment of

iGluR residues involved in ligand binding). The residue changes found in the

remaining 28 proteins would render them unable to bind an amino acid (Figure
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1 – figure supplement 5). These proteins are particularly common among class

Phi proteins from amphioxus and in NMDA-Cnidaria.

Residues involved in ligand selectivity show higher variability. These are located

at  positions  653  and  655,  and  are  occupied  by  glycine  and  threonine  in

glutamate-binding proteins and by serine and a non-polar residue in glycine-

binding iGluRs. However, a recent study of ctenophore receptors has found that

position  653  can  be  occupied  by  serine  or  threonine  in  glutamate-binding

iGluRs, and by an arginine in glycine-binding subunits (Alberstein et al., 2015).

Based on this previous knowledge we have predicted the ligand specificities of

most previously unreported receptors. The preferred ligand could be confidently

predicted for 72 out of the 94 proteins with well-conserved residues involved in

fixing the amino acid backbone.

Interestingly,  all  unreported  groups  comprise  glycine-  and  glutamate-specific

iGluRs. Gly-specific receptors slightly outnumber those predicted to respond to

glutamate (overall ratio about 3:2). The Lambda subfamily would include three

proteins specific for glutamate and one for glycine, while seven remain with an

unknown selectivity. Of note, the protein predicted to bind glycine (GluL5_Oca)

displays an arginine at position 653, a feature which had only been reported in

ctenophores (Alberstein et al., 2015). This residue would form a salt bridge with

Glu423, which is key for glycine selectivity in ctenophores  (Alberstein et al.,

2015). Most Epsilon and AKDF proteins would preferably bind glycine, although

ctenophores present a similar number of Epsilon receptors predicted to respond

to glycine or glutamate (Figure 1) (Alberstein et al., 2015). In the Phi class we

also found a similar number of receptors binding glycine and glutamate. Finally,
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we  could  only  predict  binding  specificity  for  two  of  the  9  NMDA-Cnidaria

proteins, as they present many changes in the residues involved in either amino

acid backbone binding or side chain recognition.

Interestingly,  the 22 proteins for which we could not confidently predict  their

ligand selectivity (Figure 1 – figure supplement 5), present a limited number of

residues occupying position 653 and 655, suggesting constrained evolution. Of

these:  i)  9  present  residues  with  negative  polarity  at  both  positions,  being

candidates to bind glutamate, ii) 6 present a Gly653 and a non-polar residue at

position 655, and thus are candidates to bind glycine, iii) 5 proteins, all from the

Branchiostoma genus, present a tyrosine at position 653. A structural model of

one of these receptors, GluE7 (Figure 1 – figure supplement 3c), shows that a

Tyr653 aromatic side chain would occupy the ligand-binding pocket, strongly

suggesting that  amino acid  binding would be blocked.  Finally,  iv)  2  proteins

present a phenylalanine in either of the two positions and remain unclassified.

Epsilon  and  Phi  iGluR  proteins are  highly  expressed  in  the  nervous

system and traffic to the plasma membrane 

We used quantitative PCR (qPCR) to investigate gene expression levels of all

iGluR subunits identified in B. lanceolatum, including those from the Epsilon and

Phi groups. All 24 B. lanceolatum iGluR subunits identified in silico were found

expressed in amphioxus, with the exception of Grie5 (Figure 4a). Furthermore,

they all showed a significantly higher expression in the nerve cord as compared

to the whole body, suggesting tissue-enriched expression. While we observed

low expression levels for Epsilon genes coding for subunits with a tyrosine at

position 653 (Grie5-8), which according to the 3D model would block the ligand-
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binding pocket, the expression of Grif1-2, also presenting  the same tyrosine,

reach much higher levels, comparable to those of subunits from the Kainate,

Delta or NMDA classes. Thus, the presence of a tyrosine at position 653 does

not appear to be directly correlated with low expression levels.

Figure 4. Expression and functional analysis of amphioxus iGluRs

a. iGluRs mRNA expression (mean and standard deviation) in Branchiostoma lanceolatum. 

Bars show average relative expression of B. lanceolatum (amphioxus) iGluR genes as 

determined by qPCR. Filled bars represent whole body and open bars nerve cord expression 

levels. Note that all genes show significantly enriched expression in the nerve chord relative to 

the whole body, with the exception of Grie5 (Student’s t-test, n = 3). Expression level in the 

nerve chord is compared across genes of the same class. Statistics: pair comparisons were 
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done by Student’s t-test, n = 3, multiple comparisons were done by one-way ANOVA followed 

by Tukey’s Post-Hoc test, n = 3. Significance levels: ***P<0.001, **P<0.01 and *P<0.05; ns, not 

significant. i. AMPA class. ii. Kainate class. iii. Phi class. iv. Delta class. v. Epsilon class. vi. 

NMDA classes. b. Multiple sequence alignment of iGluRs transmembrane region M4 containing 

residues involved in tetramerization, these are indicated by a black frame. Higher amino acid 

conservation is represented by increasing intensity of blue background and by a bar chart at the

bottom. Sequences included are GluE1 and GluE7 from amphioxus and representatives of 

human iGluRs. c. Immunoblot of chimeric GluE1 and GluE7, containing the signal peptide from 

rat GluA2, expressed in HEK293T cells. Proteins were detected using the immuno-tags (c-Myc 

and HA, respectively) located after the rat signal peptide. Protein extracts from non-transfected 

cells were loaded as negative controls. d. Immunofluorescence of HEK293T cells expressing rat

GluA2 (top), cMyc-tagged GluE1 (middle) or HA-tagged GluE7 (bottom). Both non-

permeabilized and permeabilized conditions are shown. e. Immunoblot of tetrameric rat GluA2, 

GluE1 and GluE7 expressed in HEK293T cells. Amphioxus proteins were detected using the 

immuno-tags (c-Myc and HA, respectively) located at the N-terminus of each sequence. Protein 

extracts from non-transfected cells were loaded as negative controls.

Amphioxus genes coding for GluE1 and GluE7 were synthesized  in vitro and

transiently expressed in HEK293T cells for functional studies. Wild-type GluE1

and  GluE7,  which  are  not  predicted  to  have  a  canonical  signal  peptide  by

SignalP 4.1 

(Nielsen, 2017), expressed well but were not trafficked to the plasma membrane

(Figure  4 –  figure  supplement  1a-d),  even  though  residues  involved  in

tetramerization (Salussolia et al., 2013) are well conserved (Figure 4b). We thus

synthesized new variants of these genes with the signal peptide from rat GluA2

(Figure  4 –  figure  supplement  1cd).  These  constructs  also  expressed  well

(Figure  4c)  and  now were  efficiently trafficked to the plasma membrane,  as

indicated  by  the  staining  observed  in  non-permeabilized  cells (Figure  4d).

Furthermore,  analysis  of  receptor  oligomerization, performed  using  non-

denaturing  gel  electrophoresis  and  immunoblot, clearly  indicates that  both

proteins form homotetramers in vitro (Figure 4e). 
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Ligand specificity and electrophysiological properties of Epsilon proteins

from amphioxus

We  next  investigated  the  gating  properties  of  two  Epsilon  proteins from

amphioxus, GluE1 and GluE7. The presence of a serine and a tryptophan at

positions 653 and 704, respectively, suggested that GluE1 would bind glycine.

Indeed, neither glutamate nor aspartate elicited a response in our experimental

settings.  Instead,  glycine  application  was  able  to  elicit  an  inward  whole-cell

current  at  a  membrane  potential  of  -60  mV  (Figure  5a).  Interestingly,  the

chemically related amino acids alanine and D-serine only generated very low

responses, indicating a high selectivity of the GluE1 homotetramer for glycine. 

The Epsilon receptor  displayed  a  strong  inward  rectification,  even  in  the

absence of added polyamines in the intracellular solution (Figure  5b,c). This

behavior is characteristic of unedited AMPA and Kainate receptors displaying a

glutamine (Q)  and an acidic  residue at  positions  586 and 590,  respectively

(Bowie and Mayer,  1995; Kamboj et  al.,  1995; Koh et al.,  1995) and GluE1

presents a glutamine and an aspartic acid at these positions (Figure 1 – figure

supplement 4). Glycine-mediated currents showed a slow rate of recovery from

desensitization when compared with AMPA or Kainate mammalian receptors,

requiring  20-25 seconds until  a  complete  recovery  was  achieved and a  full

response  of  the  same  magnitude  could  be  recorded  (Figure  5d,e).  Similar

observations have been made with ctenophore receptors activated by glycine in

which the recovery from desensitization has an unusually long time constant of

81 seconds (Alberstein et al., 2015).

Finally,  functional studies on receptors formed by GluE7 did not retrieve any

positive  results.  None  of  the  following  amino  acids:  glutamate,  aspartate,
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asparagine, glycine, alanine or D-serine elicited a response in our experimental

system. We hypothesize that, as predicted by the 3D model, the presence of a

tyrosine at position 653 renders a homomeric form of this receptor unable to

function as an amino acid-gated ion channel.

Figure 5. Glycine activates an amphioxus homomeric Epsilon receptor 

a. Representative homomeric GluE1 (from B. lanceolatum) whole-cell currents evoked by a 

rapid pulse (500ms) of different amino acids (10 mM) in HEK293T cells. Left and right glycine-

mediated currents denote agonist application before and after alanine, D-serine and glutamate 

applications respectively for ruling out run-down of the currents. b. Representative GluE1 

responses to 10mM glycine at different membrane voltages (from -80 to +80 mV in 20 mV 

steps). Note that a strong inward rectification can be observed even in the absence of added 
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polyamines in the intracellular solution. Inset: currents at negative membrane voltages are 

shown. c. Current-voltage relationship for peak currents evoked by glycine (500ms, 10 mM) 

applied to whole HEK293T cells containing homomeric GluE1 subunits normalized for the 

current at -80 mV (n=3) fitted to a 5th order polynomial function. Error bars represent SEM. d. 

Homomeric GluE1 glycine-mediated currents recorded at different time intervals by using a 

paired pulse protocol. e. Rate of recovery of desensitization fitted to a single exponential of time 

constant 10.8 s (n=3-5). Plot shows the average ratio values (P2/P1) and SEM (error bars).

Phylogenetics  of  metazoan metabotropic  glutamate receptors reveals  a

sister group of classes I to III

 We next performed a phylogenetic study of metabotropic glutamate receptors

(Figure 6 and Figure 6 – figure supplement 1). This analysis has revealed that

the three historical mGluR classes (I to III) have a sister group. Following the

current nomenclature we have named this as class IV. The existence of this

class had already been proposed on the bases of three insect proteins (Mitri et

al., 2004). Yet, here we show that this class is actually present in all bilaterial

phyla, excluding vertebrates. Furthermore, we also show that class IV appeared

together  with  classes  I-III  before  radiation  of  bilateral  lineages.  We  have

identified clear orthologues to class I-IV in porifers, placozoans and cnidarians

but  not  in  ctenophores.  These  are  organized  into  four  classes,  two  from

cnidarians,  and one from placozoans and porifers (Figure 6).  We have also

identified non-bilaterian mGluRs that fall outside the above-mentioned classes.

Unfortunately,  the Bayesian and  ML phylogenies do not  agree on the exact

organization  of  these  early  divergent  mGluRs,  except  for  the  fact  that  they

diverge prior to bilaterian classes. For this reason we have left these sequences

unclassified. Whether these sequences belong to one, or even multiple classes

that would have been lost in bilateral organisms is something that will require

further investigation. 
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Although all class IV proteins show well conserved sequences overall (Figure 6

– figure supplement 2a, Figure 6 - figure supplement 3 and Figure 6 – source

data 1), two residues critical for glutamate binding, Arg78 and Lys409, are non-

conservatively replaced by non-polar or acidic residues in all class IV proteins

identified (Figure 6 – figure supplement 2a, residue numbering corresponds to
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Figure 6. Bayesian phylogeny of metazoan metabotropic glutamate receptors

Identified metabotropic glutamate receptor classes from bilateral and non-bilateral organisms 

are indicated by colored boxes at the right. Dashed boxes further highlight individual classes 

from bilateral organism. Posterior probabilities are shown at tree nodes and protein names at 

the end of each branch. Tree branches are colored based on phylum, as indicated in the 

legend. Protein names from non-vertebrate species are composed of four parts: i) ‘mGluR’, 

followed by a number, or range of numbers, denoting orthologous vertebrate protein(s), if any 

(for Class IV and group I-II-III-IV proteins, the name is followed by the name of the class/group); 

ii) a Greek letter to identify non-vertebrate paralogs, if any and iv) a three-letter species code. 

GABA-B receptors from vertebrates were used as an outgroup. All information on species and 

proteins used in this phylogeny is given in Figure 6 – source data 2. Phylogenetic reconstruction

was performed using Bayesian inference. The amino acid substitution model used was 

WAG+I+G+F, number of generations: 5327000, final standard deviation: 0.004788 and potential

scale reduction factor (PSRF): 1.001. Scale bar denotes number of amino acid substitutions per 

site.

human mGluR1). These changes are predicted to hamper glutamate binding

and, indeed, functional studies of class IV receptors from fruit fly indicated that it

does not respond to this amino acid  (Mitri et al., 2004).  All class IV proteins

would share this feature. On the other hand, residues involved in contacts with

the amino acid backbone are well conserved (Figure 6 – figure supplement 2a),

suggesting that these proteins might bind an amino acid other than glutamate.

Similarly,  mGluR  residues  from  most  non-bilaterian sequences involved  in

binding the amino acid backbone are highly conserved.  Among non-bilaterian

proteins  the  residues  involved  in  glutamate  binding  are  only  conserved  in

approximately half of the proteins from classes orthologous to I-II-III-IV. Finally,

we investigated mGluRs expression in amphioxus following the same procedure

described  for  iGluRs.  All  five  amphioxus  mGluRs  showed  an  enriched

expression  in  the  nerve cord,  including  the  two  class IV genes.  Noticeably,

these two genes showed significantly higher expression levels than orthologues

of vertebrate classes (Figure 6 – figure supplement 2b). 
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Discussion

We  have  performed  what  to  our  knowledge  is  the  most  comprehensive

phylogenetic study of  metazoan glutamate receptors.  This has revealed that

their  evolutionary  history  is  much  more  complex  than  what  is  currently

acknowledged, especially for the family of iGluRs. Our study has also revealed

the  existence  of  unreported  phylogenetic  groups  in  both ionotropic  and

metabotropic  glutamate  receptors.  Importantly, our  data  indicates  that  the

evolution  of  glutamate  receptors  has  not  occurred  in  an  unequivocal

incremental manner only in those clades with more elaborated neural systems,

but it has rather followed an scattered lineage-specific evolutionary history. This

means  that  certain  lineages  have  experienced  the  gain,  loss,  expansion  or

reduction of specific phylogenetic groups. 

Our phylogenetic analysis indicates that the family of iGluRs is actually divided

into four unreported subfamilies that we have termed Lambda, Epsilon, NMDA

and AKDF. Interestingly, this general organization was already present in the

last common ancestor of all metazoans and later duplications within NMDA and

AKDF subfamilies resulted in the formation of well-known iGluR classes. The

other two subfamilies are absent from the majority of model species used in

neuroscience research. The NMDA subfamily diversified into classes NMDA1-3

but also into the NMDA2/3 and NMDA-Cnidaria. Similarly, the AKDF subfamily

diversified  into  the  AMPA,  Kainate  and  Delta  classes,  but  also  into  the

previously  unreported  Phi  class. We  have  also  identified  and  AKDF  class

exclusive to porifers, represented by sequences form  O. carmela. Most well-

studied  iGluR classes  are  the  result  of  duplications  in  ancestors  of  current

bilateral species, >650 million years ago (mya) (Kumar et al., 2017), only class
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NMDA1 originated earlier, as cnidarians present members within this class. The

Epsilon  subfamily,  which  includes  all  iGluRs  from  ctenophores,  is  the  only

subfamily present in all non-bilateral phyla investigated, including sponges. It is

thus the subfamily presenting a larger phylogenetic spread, as it is also present

in  hemichordates  and  in  non-vertebrate  chordates.  On  the  other  hand,  the

unreported  Phi  class  shows  a  more  restricted  phylogenetic  spread,  as  it  is

present  only in three deuterostome phyla.  Moreover,  Lambda  proteins seem

restricted to Porifers, which constitutes an interesting evolutionary case due to

maintenance  of  a  glutamate  receptor  family  in  a  phylum  without  nervous

system.    

The phylogenetic analysis of metabotropic glutamate receptors has allowed us

to unambiguously establish the existence of a sister group to the well-known

classes I, II and III. Following the present nomenclature we have named this as

class IV. This class had been previously proposed based on the identification of

three insect mGluRs that did not cluster with members of known classes (Mitri

et  al.,  2004). Here we show that class IV is not  restricted to insects,  but is

actually  present  in  all  bilaterian  phyla  investigated,  with  the  exception  of

vertebrates where this class has been lost. Interestingly, as it occurs for most

well-known iGluR classes, mGluR classes I-IV appeared simultaneously in the

ancestor of  bilaterals.  Our phylogenetic analysis  also indicates that the non-

bilateral phyla of cnidarians, placozoans and porifers present clear orthologues

to classes I-IV, which are organized into four classes, while we failed to find any

in  the  early-branching  ctenophores.  Finally,  we  were  unable  to  confidently

classify  many  non-bilateral  mGluRs,  which  might  constitute  one  or  more

classes.
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We  have  identified  many  examples  of lineage-specific  evolutionary  events.

These would antagonize with a model in which species with less elaborated

nervous systems would present GluR families with lower complexity. The most

noticeable  examples are:  i)  the  absence  of  all  subfamilies but  Epsilon  in

analyzed  ctenophores,  ii)  the  loss  of  Delta  receptors  from  arthropods,

nematodes  and  annelid  species  investigated,  iii)  the  loss  of  the  Epsilon

subfamily in vertebrates, echinoderms and protostomes, iv) the loss of the Phi

class  in  vertebrates and  studied  protostomes,  v)  the  specific  expansion  of

Kainate receptors in arthropods, which contrasts with the expansion of AMPA

receptors in its sister lineages of mollusks and annelids, vi) the large expansion

of the Epsilon subfamily in ctenophores, placozoans and cephalochordates and,

finally vii) the loss of mGluR class IV in vertebrates. 

Along the same line, it is interesting to note that amphioxus (B. belcheri and B.

lanceolatum),  with  a  simple  nervous  system,  have  over  20  genes  encoding

iGluRs,  while  mammals have 18.  Other non-vertebrate species  also present

large numbers of iGluRs, including the 19 iGluRs identified  in the  sponge  O.

carmela or  the  17  present in  the  ctenophore  M.  leidyi,  to  mention  a  few.

Similarly, the cnidarian  A. digitifera and the ctenophore  M. leidyi have seven

mGluRs each, while the placozoan T. adhaerens presents eleven,  three more

than the eight mGluRs found in the human genome. The large number of GluRs

found  in  many  non-vertebrate  animals suggests  that  there  has  been  an

evolutionary trend to increase their number in many metazoan lineages. 

Our experimental results suggest that unreported receptors would play a role in

the  nervous  system,  as  Epsilon,  Phi  and mGluR class  IV  genes are  highly
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expressed in  the  nerve  cord  of  amphioxus.  Nevertheless,  whether  all  these

proteins are expressed at the synapse and act as neurotransmitter receptors is

an issue that will require further investigation. Their presence in other tissues,

such as sensory organs, cannot be ruled out. Those receptors showing more

divergent sequences, particularly in residues involved in ligand binding, might

respond  to  other  molecules.  For  instance,  they  could  behave  as

chemoreceptors, as it is the case of antennal receptors found in insects (Benton

et al., 2009; Croset et al., 2010).

Proteins from all unreported groups generally present a good conservation level

of the residues involved in binding the amino acid backbone, indicating that their

ligand would be an amino acid or a closely related molecule. Interestingly, we

could  identify  proteins  predicted  to  bind  either  glycine  or  glutamate  in  all

unreported  iGluR  subfamilies  and  classes.  If  our  functional  predictions  are

correct,  the  ability  to  recognize  one  or  the  other  amino  acid  would  have

emerged repeatedly in all unreported iGluR phylogenetic groups. Unexpectedly,

the nature of the residues conferring amino acid specificity indicates that only a

minority of proteins from unreported GluR groups would respond to glutamate.

Sequence analysis and structural considerations strongly suggest that class IV

mGluRs will  not bind glutamate and that among non-bilateral mGluRs only a

minority, belonging to classes orthologous to I-II-III-IV, are predicted to bind to

this neurotransmitter. Similarly, among unreported iGluR groups, the number of

proteins binding glycine outnumbers those binding glutamate. Interestingly, we

report a glycine-binding poriferan protein (GluL5_Oca) with a structural feature

that had only been reported in ctenophores (Alberstein et al., 2015). This is an

Arg653  that  through  establishing  a  salt  bridge  with  Glu423  confers  glycine
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specificity (Alberstein et al., 2015). We thus report that this structural element is

not  exclusive  to  ctenophores.  We  have  also  identified  iGluR  subunits  with

important changes in critical ligand binding residues, indicating that they might

have  evolved  new  biological  functions,  e.g.  response  to  other,  as  yet

unidentified small molecules. 

The  activation  of  Epsilon  receptors  by  glycine  has  been  experimentally

corroborated  by  electrophysiological  analysis  of  homotetrameric  receptors

composed by GluE7 from  M. leidy  (Alberstein et  al.,  2015) and GluE1 from

amphioxus (this study).  In our hands the amphioxus receptor showed a very

high selectivity for glycine, since ion currents could not be elicited by chemically

related amino acids such as serine or alanine. Glycine-binding Epsilon subunits

from phyla other than ctenophores present structural features similar to those

from  glycine-binding  iGluRs  in  vertebrates. The  greater  number  of  glycine

receptors  found  in  non-vertebrate  species  could  be  related  to  the  higher

abundance  of  this  amino  acid  in  their  nerve  cord  as  compared  with  the

mammalian brain (Pascual-Anaya and D’Aniello, 2006). 

Altogether, our phylogenetic analysis and experimental findings have uncovered

the complex evolution of glutamate receptors within the metazoan kingdom. Our

data indicates that the classification of iGluRs is not restricted to the six classes

currently  recognized.  Instead,  iGluRs  are  organized  into  four  subfamilies:

Lambda, Epsilon, NMDA and AKDF and ten classes with varying phylogenetic

spread. With the data available the NMDA subfamily is organized into classes

NMDA1,  NMDA 2,  NMDA3,  NMDA-Cnidaria  and  NMDA2/3,  while  subfamily

AKDF  contains  classes  AMPA,  Kainate,  Delta, Phi and  AKDF-Oca. Both

122



NMDA2/3  and  AKDF-Oca  are  represented  by  sequences  from  only  one

species,  further  sequencing  of  non-bilateral  species  will  be  required  to  fully

demonstrate  their  existence. Furthermore,  the  evolution  of  mGluRs  has

generated a sister group to classes I, II and III, class IV. We have also identified

classes of non-bilaterian mGluRs orthologous to I-II-III-IV. We propose that the

classification  of  these  two  families of  GluRs,  key  to  the  physiology  of  the

nervous system, has to be updated to include our findings.  
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Materials and methods

Key Resources Table 

Reagent
type
(species)
or
resource

Designation
Source  or
reference

Identifiers
Additional
informatio
n

cell  line
(Homo
sapiens)

HEK293T
American Type Culture
Collection

Cat#:  CRL-
3216
RRID:
CVCL_0063

 

transfected
construct
(synthesize)

pIRES2_EGFP Addgene
Cat. #: 6029-
1

 

transfected
construct
(synthesize)

pICherryNeo Addgene
Cat.  #:
52119

 

transfected
construct
(synthesize)

Grie1 in
pICherryNeo

Invitrogen  GeneArt
Gene Synthesis

  

transfected
construct
(synthesize)

Grie7 in
pIRES2_EGFP

Invitrogen  GeneArt
Gene Synthesis

  

biological
sample
(Branchiosto
ma
lanceolatum)

whole animal   

Collected  in
the  bay  of
Argelès-sur-
Mer,  France
(latitude  42º
32' 53" N and
longitude  3º
03' 27" E)

biological
sample
(Branchiosto
ma
lanceolatum)

nerve chord   

Collected  in
the  bay  of
Argelès-sur-
Mer,  France
(latitude  42º
32' 53" N and
longitude  3º
03' 27" E)

antibody Mouse anti-HA Covance

Cat.  #:
MMS-101P
RRID:
AB_291259

IF  (1:200),
WB (1:1000) 

antibody Rabbit anti-c-Myc Cell Signalling

Cat.  #:
2272S
RRID:
AB_1069210
0

IF  (1:100),
WB (1:1000) 

antibody
Mouse  anti-
GluA2

Millipore

Cat.  #:
MAB397
RRID:
AB_2113875

IF  (1:200),
WB (1:1000) 
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antibody
Alexa  Fluor  555
donkey  anti-
mouse IgG

Invitrogen

Cat.  #:  A-
31570
RRID:
AB_2536180

IF (1:1000)

antibody
Alexa  Fluor  647
goat  anti-rabbit
IgG

Life Technologies

Cat.  #:  A-
21245
RRID:
AB_2535813

IF (1:500)

antibody
Donkey  anti-
mouse

Li-cor

Cat.  #:  926-
32212
RRID:
AB_621847

WB (1:7500)

antibody
Donkey  anti-
rabbit

Li-cor

Cat.  #:  926-
68073
RRID:
AB_1095444
2

WB (1:7500)

recombinant
DNA reagent

    

sequence-
based reagent

Grie1 gene  from
B. Lanceolatum

   

sequence-
based reagent

Grie7 gene  from
B. Belcheri

   

sequence-
based reagent

Seqeucne
corresponding
with  rat Gria2
signal peptide 

   

chemical
compound,
drug

N-dodecyl-α-
maltopyranoside;
DDM

Anatrace
Cat.  #:
D310HA

2% w/v

software,
algorithm

pClamp10 Molecular Devices   

software,
algorithm

IgorPro Wavemetrics   

software,
algorithm

Neuromatic 
doi:
10.3389/fninf.2018.000
14

RRID:
SCR_00418
6

 

software,
algorithm

MrBayes 3.2.6
doi:
10.1093/sysbio/sys029

  

software,
algorithm

IQTree
doi:
10.1093/molbev/msu30
0

  

software,
algorithm

MolProbity
doi:
10.1107/S090744490
9042073

RRID:
SCR_0142
26

 

software,
algorithm

MIFit
GitHub
(https://github.com/mi
fit/)

  

software,
algorithm

FIJI
doi:
10.1038/nmeth.2019

RRID:
SCR_00228
5

 

other
CIPRES  Science
Gateway

doi:
10.1109/GCE.2010.567
6129

RRID:
SCR_00843
9

Free  on-line
super
computing
resource  for
evolutionary
research
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Identification of genes coding for members of glutamate receptor families

in metazoan genomes

Phylogenetic analysis were performed with sequences from at least two species

from  each  of  the  major  metazoan  phyla:  Porifera,  Ctenophora,  Placozoa,

Cnidaria,  Lophotrochozoa,  Ecdysozoa,  Hemichordata,  Chordata  and

Vertebrata,  with  the  exception  of  placozoans  for  which  only  one  species  is

available. When possible, we chose slowly evolving species. The complete lists

of species used for iGluR phylogenies are given in Figure 1 – source data 2.

Species used in the phylogeny of metabotropic glutamate receptors are listed in

Figure  6 – source data 2. Sponge sequences were taken from (Riesgo et al.,

2014), B. lanceolatum sequences were retrieved from unpublished genomic and

transcriptomic  databases (access was  kindly  provided by the Mediterranean

Amphioxus Genome Consortium),  A. digitifera and  P. flava sequences were

obtained from the Marine Genomics Unit (Shinzato et al., 2011; Simakov et al.,

2015) and P. bachei sequences from NeuroBase (Moroz et al., 2014).

GluR sequences were identified using homology-based searches in a two-tier

approach. Mouse glutamate receptors were used as search queries (iGluRs:

Gria1-4; Grik1-5; Grid1-2, Grin1, Grin2A-D and Grin3A-B; mGluRs: mGluR1-8).

In a first search GluR homologs were identified using the BLASTP tool (Altschul

et al., 1990) with default parameters. Subject sequences with an E-value below

0.05 were selected as candidate homologs. These were re-blasted against the

NCBI database of ‘non-redundant protein sequences’ using the same BLAST

tool. If the first hit obtained in the reciprocal BLAST was a glutamate receptor

the sequence was included in the phylogenetic analysis. In a second stage the

same mouse  sequences  were  used  to  perform TBLASTN searches  against
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genomic and, when available, transcriptomic databases. Subject sequences not

identified  in the first tear and having an E-value below 0.05 were selected as

candidate homologs. These were re-blasted using BLASTX against the NCBI

‘non-redundant protein sequences’ database. Finally, if the first hit of this search

was a glutamate receptor the sequence was also included in the phylogenetic

analysis.  Identified iGluR sequences in which less than four residues of  the

SYTANLAAF motif (Traynelis et al., 2010) were conserved were not considered

for the final phylogenetic analysis. mGluR sequences lacking two or more of the

seven transmembrane regions were also discarded. The complete reference

lists of all  iGluRs identified are given in files Figure 1 – source data 2. The

reference list of metabotropic glutamate receptors is presented in Figure  6 –

source data 2. The alignments used for the phylogenetic analysis of iGluRs,

mGluRs and AMPAs and Kainates from protostomes are also provided Figure 1

– source data 3, Figure 3 – source data 1 and Figure 6 – source data 3. 

Phylogenetic analyses

The  iGluR  tree  was  constructed  with  224 sequences  identified  in  26 non-

vertebrate species (Figure 1 – source data 2). The tree also included 18 iGluR

sequences from vertebrates and two iGluR proteins from A. thaliana, used as

an  outgroup  (Chiu  et  al.,  2002). The  phylogenetic  analysis  of  AMPA  and

Kainate  classes  in  protostomes was  inferred  using  110 sequences  from 15

protostome  species  (Figure  3  -  source  data  2)  and  37  sequences  from

deuterostomes,  of  which  4  GluN1 proteins  were  used  as  an  outgroup.  The

mGluR tree was constructed with 149 proteins from 29 non-vertebrate species,

38  mGluRs  from  vertebrate  species  and  10  sequences  from  vertebrate

metabotropic GABA receptors, used as an outgroup (Figure 6 – source data 2).
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Protein  sequences were  aligned with  the MUSCLE algorithm  (Edgar,  2004),

included in the software package MEGA6  (Tamura et al.,  2013) with  default

parameters. ProtTest v3.4.2 was used to establish the best evolutionary model

(Darriba et al., 2011). Trees were constructed using MrBayes v3.2.6 (Ronquist

et  al.,  2012) for Bayesian inference and IQ-TREE  (Nguyen et  al.,  2015) for

Maximum-likelihood  analysis.  For  Bayesian  inference  phylogenies  were

stopped when standard deviation was below 0.01 and its value was fluctuating

but  not  decreasing.  Markov  chain  Monte  Carlo  (MCMC)  was  used  to

approximate the posterior probability of the Bayesian trees. Bayesian analyses

included  two  independent  MCMC  runs,  each  using  eight parallel  chains

composed of  seven heated and one cold chain. Twenty-five % of initial trees

were discarded as burn-in. Convergence was assessed when potential scale

reduction  factor  (PSRF) value was  between 1.002 and 1.000.  In  Maximum-

likelihood  analysis  the  starting  tree  was  estimated  using  a  neighbor-joining

method  and  branch  support  was  obtained  after  1000  iterations  of  ultrafast

bootstrapping (Hoang et al., 2018). Gene/protein names were given based on

their  position  in  the  tree.  Phylogenetic  trees  were  rendered  using  FigTree

(http://tree.bio.ed.ac.uk/software/figtree/).  Phylogenetic  calculations  were

performed at the IBB - UAB heterogeneous computer cluster "Celler" and at the

CIPRES science gateway (RRID: SCR_008439) (Miller et al., 2010).

Collection and housing of animals

Branchiostoma lanceolatum adults were collected in the bay of Argelès-sur-Mer,

France  (latitude  42°  32’  53”  N  and  longitude  3°  03’  27”  E)  with  a  specific

permission delivered by the Prefect of Region Provence Alpes Côte d’Azur. B.
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lanceolatum is  not  a  protected  species.  Animals  were  kept  in  tanks  with

seawater at 17 ºC under natural photoperiod. 

RNA isolation, cDNA synthesis and quantitative gene expression (qPCR)

Adult  amphioxus  (B.  lanceolatum)  were  anesthetized  in  0.1%  diethyl

pyrocarbonate (DEPC; Sigma, D5758) PBS buffer. Animals were sacrificed by

cutting  the  most  anterior  part  of  the  body.  The  nerve  chord  was  surgically

extracted from the animal while submerged in DEPC-PBS using a  magnifying

glass. Individual nerve chords were snap frozen in liquid nitrogen and stored at

-80ºC until use. RNA was extracted from whole animals or from dissected nerve

chords. Ten nerve chords were used for each RNA extraction, so that biological

variability  between  individuals  could  be  normalized.  The  tissue  was

homogenized  in  1  mL  of  TRI  Reagent  (Sigma,  T9424)  using  a  Polytron

homogenizer.  Homogenates  were  transferred  into  an  Eppendorf  tube  and

incubated 5 min at room temperature (RT) before adding 100 µL of 1-bromo-3-

cloropropane. Tubes were vigorously mixed by vortexing for 10-15 s, incubated

15 min at  RT and centrifuged at  13000 rpm for  15 min at  4  ºC.  RNA was

precipitated from the aqueous phase with 500 µL of isopropanol and 20 µg of

glycogen. Tubes were frozen for 1 h at -80 ºC and then thawed, incubated at

RT for 10 min and centrifuged at 13000 rpm for 10 min at 4 ºC. The RNA pellet

was washed twice with 500 µL of 75% ethanol and air-dried.  

cDNA  was  synthesized  from  0.5  µg  of  total  RNA.  One  µL  of  Oligo(dT)15

(Promega), 1 µL of 10 mM dNTP mix (Biotools), RNA and DEPC distilled water

were mixed in a PCR tube to a final volume of 14 µL. This mix was incubated at

65ºC for 5 min in a T100 Thermal Cycler (BioRad). After cooling tubes on ice for
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1 min, we added 4 µL of First Strand 5x buffer, 1 µL of 0.1 M DTT and 1 µL of

SuperScript  III  (Invitrogen).  Tubes  were  placed  in  a  T100  Thermal  Cycler

(BioRad) with the following program: 60 min at 50 ºC, 15 min at 70 ºC. RNA

expression levels were determined using qPCR and the GAPDH gene used as

a reference. Primers used for qPCR analysis of iGluRs are in Figure 4 – figure

supplement 2 and those used for mGluR qPCR in Figure 6 – figure supplement

4. qPCR data for iGluRs and mGluRs is given in Figure 4 – source data 1 and

Figure 6 – source data 4, respectively.

cDNA from nerve  chord  and  whole  body samples  was  diluted  1:10  for  the

glutamate receptor gene reactions, and 1:100 for the reference gene reaction.

For each gene 2.5 µL of diluted cDNA were added to 5 μL of iTaq Universal

SYBR Green Supermix (Bio-Rad), along with 0.5 µL of each primer and 1.5 µL

of RNase free water. qPCR was run in a C1000 Touch thermocycler combined

with the optic module CFX96. Three technical replicates were performed for all

genes analyzed. Primer pairs were designed to detect the expression levels of

each glutamate receptor (Figure 4 – figure supplement 2 and Figure 6 – figure

supplement 4). B. belcheri glutamate receptor sequences were aligned with the

genomic sequence of B. lanceolatum, and high identity fragments were used to

design primers. All primers were 20-25 base pair long, had GC content over 40-

45% and a Tm between 60-65ºC. Primers were designed to obtain amplicons

between 140-270 base pairs. Values of normalized expression were statistically

analyzed  using  GraphPad  Prism5.  No  outliers  were  identified  and  no  data

points  were  excluded.  Comparisons  between  whole  body  and  nerve  chord

expression levels were done with Student’s T-Test for unpaired samples or the

Welch variant of the Student’s T-Test for samples with different variance. For
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multiple comparisons between the expression levels of genes belonging to the

same class one-way ANOVA analysis was performed using Tukey’s Post-Hoc

test.

Grie1 and Grie7 gene synthesis

Grie1and Grie7genes were selected for transient expression in the mammalian

cell  line  HEK293T.  We  prepared  two  constructs  for  each  gene.  We  first

introduced  an  immuno-tag  in  the  N-terminus  before  the  first  element  of

secondary structure. For Grie1 we used the c-Myc tag, which was placed after

residue 39, and for Grie7 we used the hemagglutinin (HA) tag introduced after

residue 10 of the wild-type sequence. The second set of constructs prepared

substituted the wild type N-terminal sequence for the signal peptide from rat

GluA2 while  maintaining the immuno-tags (Figure  4 – figure supplement  1).

Codon-optimized genes for expression in human cells were synthesized and

cloned  into  pICherryNeo  (Addgene,  52119)  and pIRES2_EGFP  (Addgene

6029-1) by the Invitrogen GeneArt Gene Synthesis service.

Cell line

All expression experiments were done with a mycoplasma-free HEK293T cell

line  kindly  provided  by  Prof.  F.  Ciruela  (Universitat  de  Barcelona)  and

purchased  from  the  American  Type  Culture  Collection  (ATCC,  CRL-3216,

RRID: CVCL_0063). The ATCC has confirmed the identity of HEK293T by STR

profiling  (STR  Profile;  CSF1PO:  11,12;  D13S317:  12,14;  D16S539:  9,13;

D5S818: 8,9; D7S820: 11; TH01: 7, 9.3; TPOX: 11; vWA: 16,19; Amelogenin:

X). After the purchase of the cell line, mycoplasma tests are performed in the
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laboratory  on  every  new  defrosted  aliquot.  The  kit  used  for  mycoplasma

detection is PlasmoTest (Invivogen, code: rep-pt1).

Expression of GluE1 and GluE7 in HEK293T cells and analysis of plasma

membrane trafficking 

HEK293T cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM)

supplemented  with  10%  FBS  and  1%  Antibotic-Antimycotic  (Gibco)  in  a

humidified incubator at 5% CO2 air and 37ºC. The day before transfection, cells

were plated onto poly-D-lysine coated coverslips in 6-well plates, to reach 60-

80% confluence. HEK293T cells were transiently transfected with the following

plasmids: empty pIRES2-EGFP, pIRES2-EGFP containing the Grie7_Bbe gene,

empty  pICherryNeo  and  pICherryNeo  containing  Grie1_Bla.  Cells  were

transfected using 3 g of polyethylenimine and 1 μg of plasmid DNA for each ml

of  non-supplemented  DMEM.  Cells  were  incubated  4-5  h  with  transfection

medium without  supplementation, which was then removed and replaced by

supplemented medium. Twenty-four hours after transfection the medium was

removed  and  cells  were  washed  3  times  with  PBS.  For  surface  receptor

staining,  cells  were  blocked  in  2%  BSA  in  PBS  for  10  min  at  37ºC,  and

incubated for 25 min at 37ºC with  primary antibodies against HA (Covance,

MMS-101P,  RRID:  AB_291259),  c-Myc  (Cell  Signalling,  2272S,  RRID:

AB_10692100)  or  GluA2  (Millipore,  MAB397,  RRID:  AB_2113875).  HA  and

GluA2  antibodies  were  diluted  1:200  and  c-Myc  1:100  in  DMEM  without

supplementation.  Cells  were  washed  3  times  with  PBS,  fixed  in  4%

paraformaldehyde (PFA) for 15 min at RT, rinsed in PBS and incubated 1 h at

37ºC with secondary antibodies Alexa Fluor 555 donkey anti-mouse IgG (H+L)

(A-31570, Invitrogen, RRID: AB_2536180) and Alexa Fluor 647 goat anti-rabbit

132



IgG  (H+L)  highly  cross-adsorbed  (Life  Technologies,  A-21245,  RRID:

AB_2535813), diluted 1:1000 and 1:500 in PBS, respectively. Finally, coverslips

were  washed and mounted onto slides with  Fluoroshield with  DAPI (Sigma-

Aldrich, F6057). For intracellular labeling cells were first fixed in 4% PFA for 15

min at RT, permeabilized with 0.2% Triton X-100 in PBS for 10 minutes, and

finally  blocked with  PBS containing  2% BSA and 0.2% Triton  X-100 for  20

minutes.  Primary  antibodies  against  HA  (Covance,  MMS-101P,  RRID:

AB_291259) and GluA2 (Millipore, MAB397, RRID: AB_2113875) were diluted

1:1000 and c-Myc (Cell Signalling, 2272S, RRID: AB_10692100) antibody was

prepared  at  1:100  in  PBS.  Incubation  lasted  25  min  at  37ºC.  Secondary

antibody incubations and coverslip mounting were done in the same way as for

non-permeabilized cells. Cells were examined using a confocal laser-scanning

microscope (Zeiss LSM 700) with a 63x oil objective.

Western blot and native gel electrophoresis 

HEK293T  cells  were  grown  in  6-well  plates  as  described  previously  and

transfected  with  plasmids  expressing  GluE1,  GluE7  or  GluA2.  Twenty-four

hours after transfection cells were rinsed with PBS and the content of 4 wells

was  resuspended  in  solubilization  buffer  (PBS  containing  2%  N-dodecyl-α-

maltopyranoside  (DDM;  D310HA,  Anatrace)  and  the  protease  inhibitors  mix

cOmplete™ EDTA-free Protease Inhibitor Cocktail, Roche). Cell lysates were

homogenized in a Dounce homogenizer in ice with 20 strokes and kept under

orbital  agitation  for  1  h  at  4  ºC.  Lysates  were  centrifuged  at  89000xg  in  a

Beckman  TLA120.2  rotor  for  40  min  at  4  ºC.  The  supernatant  containing

solubilized membrane  proteins  was  recovered in  a  new tube  and  stored at

-20ºC until used.
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For native gel electrophoresis proteins were resolved in a Mini-PROTEAN TGX

Gel  4-20% (Bio-Rad).  Samples were  mixed with  Native Sample Buffer  (Bio-

Rad)  and  run  along  with  HiMark  Pre-Stained  Protein  Standard  (Life

Technologies). Electrophoresis was performed in ice at a constant voltage of

100  V  for  180  min.  Gels  were  transferred  at  constant  current  (35  mA)  to

polyvinylidene fluoride (PVDF) membranes overnight (16-18 h) at 4 ºC. After

transfer, membranes were blocked for 1 h with Odyssey Blocking Buffer (Li-cor)

in  TBS,  and  incubated  overnight  at  4  ºC  with  primary  antibodies  anti-HA

(Covance, MMS-101P, RRID: AB_291259), anti-c-Myc (Cell Signaling, 2272S,

RRID: AB_10692100) or anti-GluA2 (Millipore, MAB397, RRID: AB_2113875)

diluted  1:1000  in  TTBS  (TBS  containing  0.05%  Tween-20).  After  three  15

minutes washes in TTBS, membranes were incubated with donkey anti-mouse

(Li-cor,  926-32212,  RRID:  AB_621847)  and  donkey  anti-rabbit  (Li-cor,  926-

68073,  RRID:  AB_10954442)  diluted  1:7500  in  TTBS  for  1  h.  Blots  were

analyzed in an Odyssey scanner (Li-cor).

For denaturing gel electrophoresis (SDS-PAGE) protein lysates were denatured

by adding loading sample buffer 10x (500 mM Tris-HCl pH 7.4, 20% SDS, 10%

β-mercaptoethanol, 10% glycerol and 0.04% bromophenol blue), and incubated

for 5 min at 95ºC. Protein lysates were loaded in a 10% SDS- polyacrylamide

gel and separated at a constant current (25 mA). Gels were transferred at a

constant voltage of 100 V for 90 min in ice. Membranes were blocked for 1h

with Odyssey Blocking Buffer in TBS, and incubated overnight at 4ºC with the

same  primary  antibodies  at  the  same  dilution  as  for  native  gels  in  TBS

containing 0.1% Tween 20. After three 15 min washes in TTBS, membranes
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were incubated with secondary antibodies as above. Blots were analyzed in an

Odyssey scanner.

3D modeling of GluE1 and GluE7

Models for full-length GluE1 and GluE7 were generated with RaptorX (Källberg

et al., 2012) based on deposited three-dimensional crystal structures of the full-

length  AMPA-subtype  ionotropic  glutamate  receptor  from  Rattus  norvegicus,

GluA2, bound to competitive antagonists (PDB codes 4U4G (Yelshanskaya et

al., 2014) and 3KG2  (Sobolevsky et al., 2009), respectively).  Models of their

respective ligand binding domains were generated with SWISS-MODEL (Biasini

et al., 2014) using the atomic-resolution crystal structure of the rat GluA2 LBD

bound to glutamate as template (PDB code 4YU0). Model quality was assessed

with  MolProbity  (http://molprobity.biochem.duke.edu/,  RRID:  SCR_014226).

MolProbity scores for all models are given in Figure 1 – figure supplement  6.

Models were  inspected with  MIFit  (https://github.com/mifit/)  and figures were

prepared with PyMOL (www.pymol.org).

Electrophysiology

Cells  were  visualized with  an inverted  epifluorescence microscope (AxioVert

A.1,  Zeiss)  and  were  constantly  perfused  at  22-25  °C  with  an  extracellular

solution containing (in mM): 145 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES

and 10 glucose (pH=7.42 with  NaOH; 305 mOsm/Kg).  Microelectrodes were

filled with an intracellular solution containing (in mM): 145 CsCl, 2.5 NaCl, 1 Cs-

EGTA, 4 MgATP, 10 HEPES (pH=7.2 with CsOH; 295 mOsm/Kg). Electrodes

were  fabricated  from  borosilicate  glass  (1.5  mm  o.d.,  1.16  i.d.,  Harvard

Apparatus)  pulled  with  a  P-97  horizontal  puller  (Sutter  Instruments)  and
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polished  with  a  forge  (MF-830,  Narishige)  to  a  final  resistance  of  2-4  MΩ.

Currents were recorded with an Axopatch 200B amplifier filtered at 1 KHz and

digitized at  5  KHz using  Digidata  1440A interface with  pClamp 10 software

(Molecular Devices Corporation).

Whole-cell macroscopic currents were recorded from isolated or coupled pairs

of  mCherry  or  EGFP  positive  HEK293T  cells.  Rapid  application  (<1ms

exchange) of agonists (500 ms pulses) at a membrane potential of -60 mV was

achieved  by means of  a  theta-barrel  tool  (1.5  mm o.d.;  Sutter  Instruments)

coupled to a piezoelectric translator (P-601.30; Physik Instrumente). One barrel

contained extracellular solution diluted to 96 % with H2O and the other barrel

contained 10 mM of  the amino acid  solution.  For  measuring current-voltage

relationships,  500  ms  agonist  jumps  were  applied  at  different  membrane

voltages (-80 mV to +80 mV in 20 mV steps) and peak currents were fitted to a

5th order polynomial  function. To study recovery from desensitization, a two-

pulse  protocol  (500  ms each)  was  used  in  which  a  first  pulse  was  applied

followed by a second pulse at different time intervals (from 2.5 s to 25 s). The

paired pulses were separated 30-60s to allow full recovery from desensitization.

To estimate the percentage of recovery, the magnitude of peak current at the

second pulse (P2) was compared with the first one (P1). Electrophysiological

recordings were analyzed using IGOR Pro (Wavemetrics Inc.) with NeuroMatic

(Jason Rothman, UCL, RRID: SCR_004186). 
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Figure 1 – figure supplement 1.  Maximum-likelihood phylogeny of metazoan ionotropic 

glutamate receptors.

Ionotropic glutamate receptor subfamilies are indicated in colored boxes at the right. Sequences

belonging to the same class are grouped together by dashed lines and the class name is also 

shown. Green circles highlight the three duplications occurred before the divergence of the 

ctenophore lineage that lead to these four subfamilies. Bootstrap values are shown at tree 

nodes and protein names at the end of each branch. Tree branches are colored based on 

phylum, as indicated in the legend. For unreported phylogenetic groups, names of proteins 

predicted to bind glycine or glutamate are colored in yellow or orange, respectively. Protein 

names from non-vertebrate species are composed of four parts: i) ‘GluR#’, where # is a one 

letter code denoting class or subfamily (A, AMPA; K, Kainate; F, Phi; D, Delta; Akdf; AKDF; E, 

Epsilon; N, NMDA and L, Lambda); ii) a number, or range of numbers, denoting orthologous 

vertebrate protein(s), if any; iii) a Greek letter to identify non-vertebrate paralogs, if any and iv) a

three-letter species code. Sequences from cnidarians, placozoans and porifers orthologous to 

AMPA/Kainate/Phi/Delta proteins are given the name iGluAKDF. iGluRs from A. thaliana were 

used as an outgroup. All information on species and proteins used in this phylogeny is given in 

Figure 1 – source data 2. Phylogenetic reconstruction was performed using Maximum-likelihood

inference. The amino acid substitution model used was Vt+G+F. Branch support was obtained 

after 1000 iterations of ultrafast bootstrapping (Hoang et al., 2018). Scale bar denotes number 

of amino acid substitutions per site.
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Figure 1 – figure supplement 2. Multiple protein alignment of transmembrane regions M1,

M3 and M4 from unreported iGluRs.

The alignment includes protein sequences from members of unreported phylogenetic groups 

(with the exception of Epsilon sequences from ctenophores, which have been described 

previously (Alberstein et al., 2015)). It also includes representative sequences of AMPA, 

Kainate, Delta and NMDA1-3 classes. Phylogenetic subfamily or class name is indicated in the 

left. Unclassified non-bilateral proteins from porifers, placozoans and cnidarians from the AKDF 

subfamily are labeled as AKDF*. iGluR residues are shadowed as follows: red for acid residues 

and light blue and basic ones. The highly conserved ‘SYTANLAAF’ motif (at M3) and the M4 

residues involved in tetramerization are highlighted by a black frame. Higher amino acid 
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conservation is represented by increasing intensity of blue background and by a bar chart at the

bottom. Residue numbers shown on top indicate the start and finish of each transmembrane 

helix. Protein numbering corresponds to mature rat GluA2 sequence. Figure was prepared with 

Jalview v2.10.4b1 (Waterhouse et al., 2009).

Figure 1 – figure supplement 3. Three-dimensional model of Epsilon class members.

a. Three-dimensional model of the full-length GluE1 from B. lanceolatum. Secondary structure 

elements are shown with rainbow color-coding from N- to C-terminus (β-strands, arrows; α-

helices, coils). The major amino-terminal, ligand-binding and transmembrane domains (ATD, 

LBD and TMD, respectively) are indicated. b, c. Stereo plots of ligand-binding pockets (LBP) in 

Epsilon family members from amphioxus. Close-ups of the ligand binding site in (b) GluE1 from 

B. lanceolatum and (c) GluE7 from B. belcheri. Residues are shown as sticks, color-coded 

(carbon, magenta or orange, respectively; oxygen, red; and nitrogen, blue). b. Bound glycine is 

color coded with carbon atoms in white; its Van-der-Waals shell is represented by a dotted 

surface. Hydrogen bonds between bound glycine and Arg485 are indicated as white dotted 

lines. For simplicity, only a few residues have been labeled. Note that glycine is perfectly 

accommodated inside the GluE1 LBP. This is restricted by the side chains of Pro655 and 

Trp704 (these side chains would collide with a bound glutamate, explaining the preference for 

the less bulky glycine), but also by that of a serine at position 653. c. A putatively bound 

glutamic acid has been modeled in the LBP of GluE7. This is shown by a dotted surface 

representing its Van-der-Waals shell and solid spheres for its carbon, nitrogen and oxygen 

atoms. Note that GluE7 presents a bulky tyrosine at position 653 instead of the serine found in 

GluE1. The side chain from Tyr653 would essentially occupy the ligand-binding pocket of 

GluE7, leaving no space for any ligand. These structural features are fully in line with the results

of electrophysiological experiments.
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Figure 1- figure supplement 4. Multiple protein alignment of the M1-M2 intracellular loop 

and the Q/R and +4 sites.

The alignment includes all protein sequences from unreported phylogenetic groups and 

representative sequences of AMPA, Kainate, Delta and NMDA receptor subunits. Unclassified 

non-bilateral proteins from porifers, placozoans and cnidarians from the AKDF subfamily are 

labeled as AKDF*. iGluR residues are shadowed as follows: yellow for cysteines and red and 

light blue for acid and basic residues, respectively. The characteristic insertion in the M1-M2 

intracellular loop presented by Epsilon subunits is highlighted by a black frame. The Q/R (Q586)

and the Q/R+4 sites, involved in calcium permeability and polyamines block of some AMPA and 

Kainate receptors, are indicated by a black frame. Protein numbering corresponds to mature rat 

GluA2 sequence. Higher amino acid conservation is represented by increasing intensity of blue 

background and by a bar chart at the bottom. Figure was prepared with Jalview v2.10.4b1 

(Waterhouse et al., 2009).
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Figure 1 – figure supplement 5. Multiple protein alignment of iGluR residues involved in 

ligand-binding.

Protein sequences shown belong to unreported phylogenetic groups (with the exception of 

Epsilons from ctenophores, which have been described previously (Alberstein et al., 2015)). 

Representative sequences for AMPA, Kainate, Delta and NMDA classes are also shown. 

Unclassified non-bilateral proteins from porifers, placozoans and cnidarians from the AKDF 

subfamily are labeled as AKDF*. Residue numbering is shown on top and corresponds to 

mature rat GluA2 sequence. Residues involved in agonist binding are highlighted by a black 

frame. Of these, residue 450 is involved in Van-der-Waals interactions with the α-carbon, 

residues 485 and 654 engage in electrostatic interactions with the α-carboxyl group, residues 

478, 480 and 705 form interactions with the α amino group and residues 653, 655 and 704 

contact the amino acid side chain. iGluR residues are shadowed as follows: red for acid 

residues and light blue for basic ones. Higher amino acid conservation is represented by 

increasing intensity of blue background and by a bar chart at the bottom. Agonist selectivity is 

indicated at the right. Overall prediction is based on sequence similarity with vertebrate proteins,

but in particular considers the following sequences: (1) similarity with the M. leidyi GluE13_Mle 

sequence (gene reference ML05909A), (2) similarity with H. sapiens GluN3A sequence, (3) 

similarity with H. sapiens GluN1 sequence (4) similarity with AMPA receptor subunits sequence 

and (5) similarity with M. leidyi GluE7_Mle (gene reference ML032222a). Protein sequences 

with changes predicted to abolish binding to the α amino (No α-NH2) or α carboxyl (No α- 

COOH) group are also indicated. For some sequences a reliable prediction cannot be made, 

these are labeled as ‘Unknown’. Figure was prepared with Jalview v2.10.4b1 (Waterhouse et 

al., 2009). 
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Figure 1 – source data 1. Conservation of protein domains in ionotropic glutamate 

receptors from unreported classes.

For each protein from the unreported classes and groups the following information is provided: 

Protein length in amino acids as predicted from the genomic sequence; Position of the signal 
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peptide cleavage site as predicted by SignalP4.1 with the default parameters or allowing for 

long signal peptides; length of the amino-terminal domain (ATD), length of the ligand-binding 

domain (LBD), length of the transmembrane domain (TMD) and length of the carboxy-terminal 

domain (CTD). All this information is provided for representative human proteins from classes 

AMPA, Kainate, Delta and NMDAs.

Figure 1 – source data 2. Reference table 1. Species used in the phylogenetic analysis of 

iGluR receptors. A three-letter code used in gene and protein names and a common name for 

each species is also provided.
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Figure 1 – source data 2. Reference table 2. Gene and protein names of all molecules used in 

the phylogenetic analysis of iGluRs. A gene identifier and the database where the gene was 

identified are also provided. Figure 1 – source data 2. Reference table 3. Summary table with 

the number of proteins found in each class per species.

Figure  1  –  source  data  2.  Reference  tables  of  species  and  proteins  used  in  the

phylogenetic analysis of iGluRs. 
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Alignment can be found at: https://elifesciences.org/articles/35774/figures#fig1sdata3

Figure  1  –  source  data  3.  Aligned  protein  sequences  used  to  construct  ionotropic

glutamate receptor phylogenies.

Figure 1 – figure source data 3. Table with MolProbity scores of generated 3D models. 

Summary of MolProbity results for the 3D model of full-length GluE1_Bla. The model comprises 

residues Met1 to Lys910 and was generated by RaptorX using PDB entry 3kg2 as template 
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(automatically selected), and further refined with ModRefiner. The tables presented indicate 

model quality before and after refinement, respectively. Note the improvement of the model 

upon refinement, as indicated by the clashscore, Ramachandran, and overall MolProbity values.

*Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 100th 

percentile is the best among structures of comparable resolution; 0th percentile is the worst. For 

clashscore the comparative set of structures was selected in 2004, for MolProbity score in 2006.
^MolProbity score combines the clashscore, rotamer, and Ramachandran evaluations into a 

single score, normalized to be on the same scale as X-ray resolution.
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Figure 3 – figure supplement 1. Maximum-likelihood phylogeny of AMPA and Kainate 

classes in protostomes.

Ionotropic glutamate receptors classes are indicated at the right. Bootstrap values are shown at 

tree nodes and protein names at the end of each branch. Tree branches are colored based on 

phylum, as indicated in the legend. Protein names from non-vertebrate species are composed 

of four parts: i) ‘GluR#’, where # is a one letter code denoting class (A for AMPA and K for 

Kainate); ii) a number, or range of numbers, denoting orthologous vertebrate proteins(s), if any; 
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iii) a Greek letter to identify non-vertebrate paralogues, if any and iv) a three-letter species code.

GluN1s from chordates were used as outgroup. All information on species and proteins used in 

this phylogeny is given in Figure 3 – source data 2. Phylogenetic reconstruction was performed 

using Maximum-likelihood inference. Amino acid substitution model: Vt+I+G. Branch support 

was obtained after 1000 iterations of ultrafast bootstrapping (Hoang et al., 2018). Scale bar 

denotes number of amino acid substitutions per site.

Alignment can be found at: https://elifesciences.org/articles/35774/figures#fig3sdata1

Figure 3 – source data 1. Aligned protein sequences used to construct AMPA and Kainate

class phylogenies in protostomes.

Figure 3 – source data 2. Reference table 1. Species used in this phylogenetic analysis. A 

three-letter code used in gene and protein names and a common name for each species is also 

provided.
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Figure 3 – source data 2. Reference table 2. Gene and protein names of all molecules used in

this phylogenetic analysis. A gene identifier and the database where the gene was identified are 

also provided.

Figure 3 – source data 2. Reference table 3. Summary table with the number of proteins 

found in each class per species.
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Figure  3  –  source  data  2.  Reference  tables  of  species  and  proteins  used  in  the

phylogenetic analysis of AMPA and Kainate classes in protostomes. 

Figure 4 – figure supplement 1. Wild-type GluE1 and GluE7 expression in HEK293T cells 

and genetic strategy used to add a signal peptide.

a. Immunofluorescence of non-permeabilized HEK293T cells transfected with an empty pIRES 

vector, which expresses EGFP (top), or a pIRES vector with the sequence from cMyc-tagged 

GluE1 (middle) or HA-tagged GluE7 (bottom). Left images show EGFP signal and right images 

show fluorescence corresponding to cMyc and HA. The lack of cMyc and Ha signal in non-

permeabilized cells indicates that the protein is not trafficked to the plasma membrane. b. 

Immunofluorescence of permeabilized HEK293T cells transfected with an empty pIRES vector, 

which expresses EGFP (top), or a pIRES vector with the sequence from cMyc-tagged GluE1 

(middle) or HA-tagged GluE7 (bottom). Left images show EGFP signal and right images show 

fluorescence corresponding to cMyc and HA. c. Immunoblot of a total extract of HEK293T cells 

expressing the wild-type form (without the signal peptide from rat GluA2) of the GluE1 protein 

during 48 hours. Extracts from transfected cells with an empty vector are used as negative 

controls. d. Immunoblot of a total extract of HEK293T cells expressing during 48 hours the wild-

type form of the GluE7 protein (without the signal peptide from rat GluA2). Extracts from 

transfected cells with an empty vector are used as negative control. e. Above, N-terminal wild-

type protein sequence of GluE1 from B. lanceolatum. Red shading indicates the sequence 

replaced by the rat GluA2 signal peptide and the c-Myc-tag. Below, modified sequence used for 

gene synthesis. The new sequence included the rat GluA2 signal peptide (in green) and the c-

Myc-tag (in blue). A four residues spacer was inserted between them. f. Above, N-terminal wild-

type protein sequence of GluE7 from B. belcheri. Red shading indicates the sequence replaced 

by the rat GluA2 signal peptide and HA-tag. Below, modified sequence used for gene synthesis.
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The new sequence included the rat GluA2 signal peptide (in green) and the hemagglutinin tag 

(in yellow). A four residues spacer was inserted between them.
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Figure  4  –  figure  supplement  2.  List  of  primers  used  in  qPCR  experiments.  Primer

sequences are included.

165



Figure 4 – source data 1. qPCR values used to generate Figure 4a.
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Figure 6 – figure supplement 1. Maximum-likelihood phylogeny of metazoan 

metabotropic glutamate receptors.

Identified metabotropic glutamate receptor classes from bilateral and non-bilateral organisms 

are indicated by colored boxes at the right. Dashed boxes further highlight individual classes 

from bilateral organism. Bootstrap values are shown at tree nodes and protein names at the end

of each branch. Tree branches are colored based on phylum, as indicated in the legend. Protein

names from non-vertebrate species are composed of four parts: i) ‘mGluR’, followed by a 
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number, or range of numbers, denoting orthologous vertebrate protein(s), if any (for Class IV 

and group I-II-III-IV proteins, the name is followed by the name of the class/group); ii) a Greek 

letter to identify non-vertebrate paralogs, if any and iv) a three-letter species code. GABA-B 

receptors from vertebrates were used as outgroup. All information about species and proteins 

used in this phylogeny is given in Figure 6 – source data 2. Phylogenetic reconstruction was 

performed using Maximum-likelihood inference. The amino acid substitution model used was: 

WAG+I+G+F. Branch support was obtained after 1000 iterations of ultrafast bootstrapping 

(Hoang et al., 2018). Scale bar denotes number of amino acid substitutions per site.
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Figure 6 – figure supplement 2. Multiple protein alignment of mGluR residues involved in 

ligand binding and expression levels of B. lanceolatum mGluR genes.

a. Multiple alignment of mGluR residues involved in ligand binding. Representative class I-III 

chordate proteins and all class IV sequences identified are included (with the only exception of 

mGluRClassIVβ_Ame as it is incomplete). Also, representative sequences from non-bilaterian 

groups of mGluRs are shown. Bilateral classes, non-bilateral classes orthologous to I-II-III-IV 

and unclassified proteins are labeled in the left. Class name is also indicated Residue numbers 

are indicated on top and correspond to human mGluR1. Residues involved in agonist binding 

are highlighted by a black frame, these are: residues 165 and 168 that perform electrostatic 

interactions with the α-carboxyl group, residues 208, 236 and 318 that bind the α-amino group 

and residues 78 and 409 that contact the amino acid side chain. Acid residues are colored in 

red and basic residues in light blue. Higher amino acid conservation is represented by 

increasing intensity of blue background and by a bar chart at the bottom. Figure was prepared 

with Jalview v2.10.4b1 (Waterhouse et al., 2009). b. Bars show average (and standard 

deviation) relative expression of Branchiostoma lanceolatum (amphioxus) mGluR genes as 

determined by qPCR. Filled bars represent whole body and open bars nerve cord expression 

levels. All genes show significantly enriched expression in the nerve chord relative to the whole 

body (Student’s t-test, n = 3). Expression level in the nerve chord is compared across all genes. 

Note that class IV genes show the highest expression. Statistics: one-way ANOVA followed by 

Tukey’s Post-Hoc test, n = 3. Significance levels: ***P<0.001, **P<0.01 and *P<0.05; ns, not 

significant.
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Figure 6 – figure supplement 3. Multiple protein alignment of mGluR transmembrane 

regions.

The alignment includes all protein sequences from class IV together with vertebrate and 

amphioxus representative sequences of class I-III. Representative sequences from non-

bilaterian groups are also shown. Bilateral classes, non-bilateral classes orthologous to I-II-III-IV

and unclassified proteins are labeled in the left. Class name is also indicated. Residue numbers 

are shown on top and correspond to human mGluR1. Higher amino acid conservation is 

represented by increasing intensity of blue background and by a bar chart at the bottom. Figure 

was prepared with Jalview v2.10.4b1 (Waterhouse et al., 2009).
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Figure  6  –  figure  supplement  4.  List  of  primers  used  in  qPCR  experiments.  Primer

sequences are included.

173



174



Figure 6 – source data 1. Conservation of protein domains in metabotropic glutamate 

receptors from unreported classes.

For each protein from unreported classes and groups the following information is provided: 

Protein length in amino acids as predicted from the genomic sequence; Position of the signal 

peptide cleavage site as predicted by SignalP4.1 with the default parameters or allowing for 

long signal peptides; length venus fly-trap domain (VFD), length of the cysteine-rich domain 

(CRD) and length of the seven transmembrane domains (TM1-TM7). All this information is 

provided for representative human proteins from classes I, II and III.
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Figure 6 – source data 2. Reference table 1. Species used in the phylogenetic analysis of 

mGluR receptors. A three-letter code used in gene and protein names and a common name for 

each species is also provided.
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Figure 6 – source data 2. Reference table 2. Gene and protein names of all molecules used in 

the phylogenetic analysis of mGluRs. A gene identifier and the database where the gene was 

identified are also provided. 
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Figure 6 – source data 2. Reference table 3. Summary table with the number of proteins 

found in each class per species.

Figure  6  –  source  data  2.  Reference  tables  of  species  and  proteins  used  in  the

phylogenetic analysis of mGluRs.

Alignment can be found at: https://elifesciences.org/articles/35774/figures#fig6sdata3

Figure 6 – source data 3.  Aligned protein sequences used to construct metabotropic

glutamate receptor phylogenies.
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Figure 6 – source data 4. qPCR values used to generate Figure 6 – figure supplement 2b.
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Abstract

In  mammalian  synapses  the  function  of  ionotropic  glutamate  receptors  is

critically modulated by auxiliary subunits. Most of these specifically regulate the

synaptic  localization  and  electrophysiological  properties  of  AMPA-type

glutamate  receptors  (AMPAR).  Here,  we  comprehensively  investigated  the

animal evolution of the protein families that contain AMPAR auxiliary subunits

(ARAS). We observed that, on average, vertebrates have 4 times more ARAS

than other animal  species. We also demonstrated that  ARAS belong to four

unrelated protein families: CACNG-GSG1, Cornichon, Shisa and Dispanin C.

Our study demonstrates that, despite the ancient origin of these four protein

families,  the  majority  of  ARAS  emerged  during  vertebrate  evolution  by

independent but convergent processes of neo/subfunctionalization that resulted

in  the  multiple  ARAS  found  in  present  vertebrate  genomes.  Importantly,

although AMPARs appeared and diversified in the ancestor of bilateral animals,

the ARAS expansion did not occur until much later, in early vertebrate evolution.

We propose  that  the  surge  in  ARAS,  and  consequent  increase  in  AMPAR

functionalities, contributed to the increased complexity of vertebrate brains and

cognitive functions. 
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Introduction

Ionotropic glutamate receptors are key to the physiology of the nervous system,

as they mediate fast  excitatory neurotransmission  (Sobolevsky et  al.,  2009).

Previously  we  reported  that  the  evolution  of  the  proteins  that  form  these

tetrameric  receptors  has  been  much  more  sophisticated  than  previously

acknowledged  (Ramos-Vicente et al.,  2018). We found that beyond the well-

known AMPA, Kainate, NMDA and Delta classes, there are four other classes

exclusive to invertebrate species. Because of this, species with simple nervous

systems, such as the sea anemone  N. vectensis,  have a similar number of

ionotropic glutamate receptor subunits as animals with complex brains, such as

mammals  (Ramos-Vicente et al.,  2018). We argued that the high diversity of

neuronal  types  (Hodge et al.,  2019) or the wide array of glutamate receptor

functionalities (Traynelis et al., 2010) found in vertebrates is unlikely to be the

result  of  an  increased  repertoire  of  genes  coding  for  them.  Notably,  the

subcellular traffic and function of ionotropic glutamate receptors is controlled by

their auxiliary subunits  (Jackson and Nicoll,  2011). These proteins add a new

layer of complexity to glutamatergic transmission and might have contributed to

an expanded functionality of these receptors in animals with complex brains. In

mammals sixteen proteins have been identified as ionotropic glutamate receptor

auxiliary subunits. Of these, fourteen modulate AMPA type glutamate receptors

(AMPAR) (Haering et al., 2014), they are referred to as AMPA receptor auxiliary

subunits  (ARAS).  Only  one  auxiliary  subunit  has  been  reported  for  NMDA

receptors, Neto1 (Ng et al.,  2009), which also regulates Kainate receptors, as

does Neto2 (Tang et al., 2011; Zhang et al., 2009). Currently known mammalian

ARAS  belong  to  five  protein  families:  CACNG,  GSG1,  both  within  the

superfamily of claudins, Cornichon, Shisa and Dispanin C. 
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Genes belonging to the same family are defined as paralogues, these originate

from gene or genome duplication events (Gogarten and Olendzenski, 1999). In

vertebrates many paralogues resulted from the two rounds of whole genome

duplication (2R) occurred at the base of this lineage, approximately 450 million

years  ago  (Kumar  et  al.,  2017). After  duplication,  the  two  new  genes  can

experience processes of neofunctionalization or subfunctionalization. In the first

scenario one of the new genes retains all functions performed by the ancestral

gene, while the second acquires new ones  (He and Zhang, 2005; Hopkins et

al.,  2019). Alternatively,  genes  subfunctionalize  when  the  multiple  functions

carried  out  by  the  ancestral  gene  are  realized  separately  by  descendant

paralogues  (He  and  Zhang,  2005;  Lambert  et  al.,  2015). Establishing  if

paralogues have undergone a process of neo or subfunctionalization requires a

precise understanding of all functions carried out by the ancestral gene and the

descending paralogues. When this knowledge is not available it is not possible

to  determine  which  one  of  these  two  process  took  place  (Innan  and

Kondrashov, 2010), in these occasions the term neo/subfunctionalization can be

used (He and Zhang, 2005). 

Known invertebrate ARAS belong to the CACNG or Cornichon families. These

have been described in C. elegans (Brockie et al., 2013; Wang et al., 2008) and

the  fruit  fly  (Bökel  et  al.,  2006;  Walker  et  al.,  2006). The  first  ARAS to  be

reported was CACNG2, also called stargazin, as it is mutated in stargazer mice

(Letts et al., 1998). Although this protein is phylogenetically related to CACNG1,

an  auxiliary  subunit  of  voltage-dependent  calcium  channels  (VDCC),  it

specifically interacts with AMPAR (Chen et al., 2000; Hashimoto et al.,  1999).

Subsequently, six other CACNGs have been discovered in mammals, CACNG3
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to 8 (Burgess et al., 2001; Klugbauer et al., 2000). Apart from CACNG6, which

also acts as a VDCC auxiliary subunit (Chu et al., 2001; Hansen et al.,  2004),

all  other CACNGs function as AMPA receptor auxiliary subunits  (Kato et al.,

2007; Soto et al., 2009; Tomita et al.,  2003), these are usually referred to as

TARPs (Transmembrane  AMPA-receptor  Regulatory  Proteins)  (Tomita  et  al.,

2003). Phylogenetic analysis of mammalian TARPs identifies that they are more

related to each other than to auxiliary subunits of VDCCs  (Chu et al.,  2001;

Tomita et al., 2003), being divided in two types (Deng et al., 2006; Tomita, 2010;

Tomita et al., 2003) that differentially modulate AMPAR (Kato et al., 2007; Soto

et al.,  2009). The most recently identified ARAS is GSG1L  (Schwenk et al.,

2012; Shanks et al., 2012). In vertebrate genomes GSG1L has two paralogues,

GSG1, which interacts with the polymerase TPAP, and GSG1L2  (Choi et al.,

2008; Shanks et al., 2012), of unknown biological function. These proteins also

belong  to  the  superfamily  of  Claudins,  as  CACNGs.  Despite  its  structural

similarity  with  TARPs,  GSG1L  modulates  AMPAR  in  a  different  way,

downregulating its traffic to the plasma membrane and accelerating deactivation

and desensitization  (Gu et al., 2016; Mao et al.,  2017). The remaining ARAS

have  been  identified  in  three  other  protein  families,  Cornichon,  Shisa  and

Dispanin C. In all cases these families contain ARAS and proteins with different

biological functions. Among Cornichons, CNIH2 and CNIH3 modulate AMPAR

function,  but  CNIH1  and  CNIH4  regulate  the  traffic  of  TGFα  and  GPCRs,

respectively  (Castro  et  al.,  2007;  Coombs  et  al.,  2012;  Kato  et  al.,  2010;

Sauvageau et al., 2014; Shi et al.,  2010). Four members of the Shisa family,

Shisa6  to  9  and  originally  referred  to  as  CKAMPs (Farrow  et  al.,  2018;

Khodosevich et  al.,  2014;  Klaassen et al.,  2016; von Engelhardt,  2019;  von

Engelhardt  et  al.,  2010), interact  with  AMPAR,  yet  Shisa2  and  Shisa3  are
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involved in the traffic of FGF (Hedge and Mason, 2008) and WNT (Chen et al.,

2014) receptors  respectively  and  Shisa5  participates  in  the  p53/TP53-

dependent apoptosis pathway  (Bourdon et al.,  2002). Finally,  SynDIG1, from

the  Dispanin  C  family,  has  also  been  identified  as  an  ARAS  (Díaz,  2010;

Kalashnikova  et  al.,  2010), this  protein  has  two  paralogues  in  vertebrates,

SynDIG1L and TMEM91, with poorly understood functions.

The evolutionary origin of ARAS is well established for Cornichons, which have

been identified in the ancestor of eukaryotes and are present in a large range of

species, including plants and yeasts  (Powers and Barlowe, 1998; Wudick et al.,

2018). The claudin superfamily, to which CACNG and GSG1 proteins belong,

present  homologues  in  the  basal  metazoan  phylum  of  porifera  (Fahey  and

Degnan, 2010; Leys and Riesgo, 2012), placing its origin prior to the divergence

of  these  organisms.  While  CACNGs  homologues  have  been  reported  in

different bilaterian species, including vertebrates, and the fruit fly or C. elegans

(Walker  et  al.,  2006;  Wang  et  al., 2008), it  is  still  unknown  when  GSG1s

appeared during  evolution.  In  addition,  some Shisa  homologues  have  been

described in porifera and Dispanin C homologues have been identified in brown

algae (Pei and Grishin, 2012; Sällman Almén et al., 2012). Here we present a

comprehensive study of the animal evolution of all protein families that include

AMPAR auxiliary subunits.  Our  work  shows that  Cornichons,  present  in  the

ancestor  of  all  metazoans,  would be the most  ancient  of  all  ARAS. TARPs,

which  appeared  together  with  AMPARs  in  the  ancestor  of  bilaterians,  also

function  as  ARAS  in  invertebrate  organisms.  Nevertheless,  most  ARAS,

including Shisas, GSG1L and SynDIG1 would have been recruited to modulate

AMPAR function early in vertebrate evolution, suggesting that during this period

190



there  was  an  evolutionary  pressure  that  favoured  an  expansion  of  the

functionality of AMPAR. 
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Results

TARPs are ancient AMPAR auxiliary subunits widespread in bilaterians

Among protein families including AMPA receptor auxiliary subunits,  CACNGs

and GSG1s belong to the superfamily of claudins (Adato et al., 2002; Price et

al., 2005; Shanks et al., 2012). We thus incorporated GSG1s into the phylogeny

of CACNGs to investigate if they are part of the same family within the claudin

superfamily.  We found that  GSG1 proteins confidently fell  within the ingroup

(Figure 1 and Supplementary figure 1). Thus CACNGs and GSG1s are more

evolutionary  related  to  each  other  than  they  are  to  the  rest  of  the  claudin

superfamily,  belonging  to  the  same family,  which  we  have  named CACNG-

GSG1. We only found CACNG-GSG1 sequences in bilaterian species (Table 1),

indicating  that  this  family  appeared  in  a  common  ancestor  of  bilaterians.

Phylogenetic  analysis  identified  four  subfamilies  among  CACNG-GSG1s:

TARPs,  GSG1s,  VDCCs  and  a  protostome-specific  subfamily.  As  these  are

widely  represented  among  bilaterian  phyla  we  propose  that  the  ancestral

CACNG-GSG1  experienced  three  duplication  events  before  the  split  of

bilaterians (Supplementary figure 2A). Nevertheless, only the TARPs subfamily

is  conserved  in  all  bilaterians  investigated.  The  other  families  were  lost  in

certain  lineages.  For  instance:  i)  the  GSG1  subfamily  is  only  present  in

deuterostomes; ii) molluscs would have lost the Protostome-specific subfamily

and  iii)  the  VDCC-subunit  subfamily  was  independently  lost  by

cephalochordates, echinodermates, and ecdysozoans.

Among the phyla studied, vertebrates present the highest number of CACNG-

GSG1s (11 proteins, Table 1), of these 7 are ARAS. Although Capitella teleta,

an  annelid,  has  8  members  in  this  family,  of  which  six  would  be  TARPs
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Figure 1. Bayesian inference phylogenetic tree of CACNG-GSG1 protein family.

The subfamilies in which the CACNG-GSG1 protein family is divided are highlighted by dashed 

line boxes. The name of each subfamily is presented at the right of the corresponding box. 

Posterior probabilities are shown at tree nodes and protein names at the end of branches. Tree 
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branches are coloured based on phylum, as indicated in the legend. The closest relatives to 

vertebrate CACNG in the Claudin superfamily were used as outgroup. The Type I and Type II 

TARPs are indicated. If known, the function of vertebrate GSG1 subfamily sequences was also 

included. Scale bar denotes number of amino acid substitutions per site. The amino-acid 

substitution model used was Vt+G+F, the analysis ran for 10000000, the final standard deviation

was 0,012330 and the final potential scale reduction factor (PSRF) was 1.000.

according to the phylogenies, most invertebrates investigated generally have

less CACNG-GSG1s. All mammalian proteins within the branch of TARPs are

known AMPAR regulatory proteins (Kato et al., 2008, 2007; Tomita et al., 2003).

Due to their position in the trees we propose that invertebrate orthologues to

vertebrate  TARPs  and  their  bilaterian  ancestor  would  interact  and  regulate

AMPARs.  However,  with  the  exception  of  cephalochordate  sequences,

invertebrate TARPs are more divergent than their vertebrate counterparts, as

indicated by their longer branches. It is thus plausible that the ability to interact

with AMPARs has been altered in this species. Functionally, vertebrate TARPs

are classified into Type I and Type II  (Kato et al.,  2008, 2007; Tomita et al.,

2003). This  classification  is  mirrored  by  the  phylogenies,  as  vertebrate

sequences form two monophyletic groups, one for each type. While invertebrate

proteins cannot be unambiguously related to Type I or Type II TARPs, as the

statistics metrics generated by the Bayesian (Figure 1) and Maximum-likelihood

(Supplementary figure 1) phylogenies are not high enough, the trees suggest

that the majority of them belong to Type II and that Type I would have been lost

in  non-vertebrates.  Among  GSG1s,  vertebrate  GSG1Ls  are  the  only  ones

known to act as ARAS (Schwenk et al., 2012; Shanks et al., 2012). Yet, our tree

indicates that all GSG1 paralogues arouse from recent duplications at the base

of the vertebrate phylum, suggesting that the emergence of ARAS in this family

occurred by neo/subfunctionalization early in vertebrate evolution.  
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Sequence analysis reveals common motifs in CACNG-GSG1s 

We  next  constructed  multiple  sequence  alignments  to  investigate  primary

sequence  features  among  CACNG-GSG1s  (Figure  2A and  Supplementary

figure 3). We found a highly conserved motif of 7 residues in all CACNG-SGS1s

(consensus  sequence:  Y(174)SYGWSF,  residue  numbering  corresponds  to

human  CACNG2).  The  last  5  residues  of  this  motif  present  the  highest

conservation, being S179 the most conserved position. We also investigated

which  proteins  from  this  family  would  present  PDZ  binding  motifs,  as

mammalian TARPs (Jackson and Nicoll, 2011) present Class 1 PDZ motifs. This

short  C-terminal  sequences  contribute  to  the  anchoring  of  TARPs  at  the

postsynaptic membrane (Dakoji et al., 2003; Kim and Sheng,  2004). All TARP

subfamily sequences except two, TARP_Pfl and TARPα_Pca, are predicted to

have a PDZ binding motif;  most  of  these being Class 1 motifs.  TARP_Spu,

TARP_Apl, TARPβ_Lgi and TRAPβ_Aca are predicted to have changed this into

Class  2  motifs.  Similarly,  most  GSG1  subfamily  proteins  also  have  a  PDZ

binding motif, except GSG1s from hemichordates. (Figure 2B). These motifs are

present  in  GSG1  proteins  that  act  as  ARAS  but  also  in  those  with  other

functions.  Interestingly,  this  subfamily  presents  three  types  of  PDZ  motifs.

Vertebrate  GSG1s  are  predicted  to  have  Class  3  motifs,  although  their

cephalochordate orthologues would have Class 1 motifs. Mammalian GSG1L2

would also present Class 1 motifs although Danio rerio orthologues present a

Class 3 motif. Finally, mammalian GSG1Ls, which are the only members of the

family known to interact with AMPAR, present a PDZ motif class termed Trp-1

(Ernst  et  al.,  2014). This  motif  results  from  an  insertion  of  7  amino  acids

exclusive to the mammalian lineage. Other vertebrate species present a Class 3

PDZ motif (Supplementary figure 4).
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Figure 2. Multiple sequence alignment of the TM3, TM4 and PDZ binding motif of CACNG-

GSG1 proteins.

The sequence alignment includes sequences from the four subfamilies in the CACNG-GSG1 

protein family. From vertebrate species, only Homo sapiens and Danio rerio sequences were 
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included. In the TARPs subfamily, only representative sequences from invertebrate species are 

shown. A complete alignment of TARPs sequences can be seen in Supplementary figure 3. The 

name of the subfamilies is indicated at the left of sequence names. A. Alignment of the TM3 and

TM4 of CACNG-GSG1s proteins, which are implicated in the interaction with AMPAR. The 

extension of the transmembrane segments and the extracellular loop is marked on the top of the

alignment. Residues involved in the highly conserved YSYGWSF motif are highlighted by a red 

box. The conservation of each position of the alignment is represented by an intensity gradient 

of the background, higher conservation corresponding to more intense blue, and by a bar chart 

at the bottom. Also the quality chart (a measure of the probability of seeing mutation in an 

alignment position), the consensus sequence and the occupancy chart are shown in the bottom.

Residue numbers shown on top indicate the start and finish of each transmembrane helix. 

Protein numbering corresponds to human CACNG2 sequence. B. The last eight residues of 

proteins containing a PDZ binding motif is shown. If no PDZ binding motif is found it is labelled 

as No PDZ. The class of each PDZ binding motif is also displayed. Figure was prepared with 

Jalview v2.11.0.

A process of subfunctionalization would have led to vertebrate Cornichon

ARAS

We next investigated the phylogeny of Cornichon proteins. Noticeably, we found

cornichon sequences in all species investigated, covering all metazoan phyla

(Table 1). Our phylogenetic analysis indicates that this family is divided in two

subfamilies:  CNIH1/2/3  and  CNIH4  (Figure  3  and  Supplementary  figure  5).

Furthermore, it also shows that the ancestor of all metazoans already presented

the two genes that  later  gave rise to  these two subfamilies (Supplementary

figure  2B).  Interestingly,  both  cornichon  subfamilies  are  highly  conserved,

having  experienced few duplication  or  deletion  events  throughout  metazoan

evolution. Nevertheless, while the CNIH1/2/3 subfamily is found in all metazoan

phyla  studied,  ctenophores  and  echinoderms  apparently  lost  the  CNIH4

subfamily.  From all  species studied, vertebrates have the highest number of

Cornichon proteins, presenting four. Among invertebrates,  B. lanceolatum,  B.

floridae, C. gigas and A. californica are the species with more Cornichons, with

three coding genes in their genomes.
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Figure 3. Bayesian inference phylogenetic tree of Cornichon protein family.

The two subfamilies in which the Cornichon family is divided are highlighted by dashed line 

boxes. The name of each subfamily is presented at the right of the box. Posterior probabilities 

are shown at tree nodes and protein names at the end of each branch. Tree branches are 

coloured based on phylum, as indicated in the legend. Cornichon proteins from Arabidopsis 

thaliana were used as outgroup. When known the function of vertebrate sequences is indicated.

Scale bar denotes number of amino acid substitutions per site. The amino-acid substitution 

model used was Lg+G, the analysis ran for 10000000, the final standard deviation was 
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0,004018 and the final potential scale reduction factor (PSRF) was 1.000.

The vertebrate CNIH4 protein interacts with GPCRs, promoting their traffic to

the  cell  surface  (Sauvageau  et  al.,  2014). The  high  conservation  of  this

subfamily  allows  us  to  hypothesize  that  all  its  members  will  act  in  GPCR

trafficking  to  the  cell  surface,  like  their  vertebrate  counterparts.  Instead,

vertebrate members of the CNIH1/2/3 subfamily have different functions. While

CNIH1 is involved in the maturation of TGFα (Bökel et al., 2006), both CNIH2

and  CNIH3  function  as  ARAS  (Schwenk  et  al.,  2012). These  three  genes

appeared by duplication in the vertebrate ancestor, thus, the phylogeny alone

does not allow us to hypothesize about the function of the ancestral gene. Yet,

both the fruit fly and C. elegans present a single orthologue of CNIH1/2/3 each

(Bökel et al., 2006; Brockie et al., 2013). Interestingly, the fly protein has been

found  to  participate  in  the  maturation  of  TGFα  (Bökel  et  al.,  2006), as

mammalian CNIH1s, while the C. elegans orthologue, cni-1, acts as an ARAS.

To the best of our knowledge the role of the fly protein as ARAS has not been

investigated, neither the role of cni-1 has been studied in the context of TFGα

maturation.  Nevertheless,  we  propose  that  the  invertebrate  orthologue  of

CNIH1, 2 and 3 performs both functions and that in the vertebrate lineage this

gene duplicated and subfunctionalized so that CNIH1 retained the role as a

factor for TFGα maturation and CNIH2 and 3 retained the ARAS function.

The  phylogeny  of  the  Shisa  family  shows  independent  expansions  in

deuterostome species

Shisa proteins were only found among bilaterian species, although not in all of

them. Species such as  Ciona intestinalis,  an urochordate,  or  L.  gigantea,  a

mollusc,  have  lost  this  family  (Table  1).  The  phylogenies  revealed  that  this
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family is organized in two subfamilies. The ancestral Shisa gene would have

appeared in bilaterians and duplicated before their diversification to generate

these two subfamilies (Supplementary figure 2C). Based on the proteins they

contain,  we  have  termed  them  Shisa1/L1  and  ShisaL2  (Figure  4  and

Supplementary figure 6). The Shisa1/L1 subfamily is better conserved, as it has

only  been  lost  in  echinoderms,  instead,  the  ShisaL2  is  only  found  in

deuterostome species, having been lost in the ancestor of protostomes. While

the  Shisa1/L1  greatly  expanded  in  vertebrates,  the  ShisaL2  expanded  in

cephalochordates and hemichordates. Protostome species with Shisas show a

low number of sequences compared to chordates and S. kowalevskii, having 1

or 2 genes per species. The ML phylogeny shows how the Shisa1/L1 subfamily

might be further divided in two classes: one comprising vertebrate Shisa4 and

Shisa5 with invertebrate sequences and a second including vertebrate Shisas:

L1, 2, 3, and 6 to 9 (Supplementary figure 6). Nevertheless, the tree constructed

with the BI method presents a different topology for the Shisa1/L1 subfamily

(Figure 4),  this  does not  allow us to  fully conclude that  there would be two

classes within the Shisa1/L1 subfamily,  one being specific to vertebrates, as

what we found for Type I TARPs. 

Vertebrate  proteins  from  the  Shisa1/L1  perform  very  different  biological

functions. Shisa5 is involved in p53-induced apoptosis, Shisa2 in FGF receptor

traffic, Shisa3 in WNT receptor function and Shisas 6 to 9 are ARAS. Due to itsp

osition  in  both  phylogenies  and  its  grouping  with  invertebrate  Shisas  we

propose that  Shisa5 would be phylogenetically closer to the ancestral  Shisa

than the other paralogues and that the ancestral gene would also be involved in

apoptosis. In this scenario the emergence of ARAS in this subfamily would be
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Figure 4. Bayesian inference phylogenetic tree of Shisa protein family.

The two subfamilies in which the Shisa family is divided are highlighted by dashed line boxes. 

The name of each subfamily is presented at the right of the box. Posterior probabilities are 

shown at tree nodes and protein names at the end of each branch. Tree branches are coloured 
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based on phylum, as indicated in the legend. The closely related vertebrate proteins VOPP and 

WBP1 were used as outgroup. The function of vertebrate sequences, if known, is indicated. 

Scale bar denotes number of amino acid substitutions per site. The amino-acid substitution 

model used was Vt+I+G+F, the analysis ran for 10000000, the final standard deviation was 

0,005589 and the final potential scale reduction factor (PSRF) was 1.000.

the result of a neofunctionalization events occurring during vertebrate evolution

in the branch of Shisa 6 to 9.  

The Dispanin C family is poorly conserved among metazoans

SynDIG1, a member of the Dispanin C family, has recently been reported as an

AMPAR  auxiliary  subunit  (Díaz  et  al.,  2002). Our  phylogenies  indicate  that

members  of  this  family  can  be  traced  to  the  early-diverging  phylum  of

Ctenophores (Figure 5 and Supplementary figure 7). Yet, this family has been

lost in multiple lineages and species during metazoan evolution (Table 1). Only

half of the 26 species investigated present at least one member of the Dispanin

C family. Our trees indicate that in metazoans this family is also divided in two

subfamilies,  which  we  have  named  Dispanin  C1  and  Dispanin  C2.  The  L.

gigantea DispaninC1/2_Lgi does not belong to any subfamily, since we didn't

find other proteins in the same tree branch we did not define a new subfamily

for  it.  The  ctenophore  sequence  DispaninC_Mle  is  the  first  to  diverge,  not

belonging to any subfamily, thus we propose that the ancestor of all metazoans

had a single gene coding for Dispanin C and after the split of ctenophores it

duplicated,  giving  rise  to  the  two  subfamilies  (Supplementary  figure  2D).

Virtually nothing is  known about the two vertebrate paralogues of  SynDIG1,

SynDIG1L and TMEM91, although SynDIG1L has been found down-regulated

in mouse models of Huntington’s Disease (de Chaldée et al., 2006). Due to the

lack of functional information in other vertebrate or invertebrate Dispanin Cs it
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not  possible  to  establish  when  SynDIG1  function  as  ARAS  arouse  during

evolution.

Figure 5. Bayesian inference phylogenetic tree of Dispanin C family.

The two subfamilies in which the Dispanin C  family is divided are highlighted by dashed line

boxes. The name of each subfamily is presented at the right of the box. Posterior probabilities

are shown at tree nodes and protein names at the end of each branch. Tree branches are

coloured based on phylum, as indicated in the legend. The vertebrate proteins PRRT2 from the

Dispanin B family were used as outgroup. The function of vertebrate sequences, if known, is

also indicated. Scale bar denotes number of amino acid substitutions per site. The amino-acid

substitution  model  used  was  Vt+I+G+F,  the  analysis  ran  for  10000000,  the  final  standard

deviation was 0,003312 and the final potential scale reduction factor (PSRF) was 1.000.
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Discussion

Evolutionary  studies  have  demonstrated  that  the  synaptic  proteome  has

importantly increased in vertebrates  (Emes and Grant,  2012), expanding the

molecular  tools  available  to  synaptic  physiology  (Bayés  et  al.,  2012,  2011;

Emes et al.,  2008) and multiplying synaptic  molecular  types  (Cizeron et al.,

2020;  Zhu et  al.,  2018). The two rounds of  whole  genome duplication  (2R)

occurred at the base of the vertebrate lineage (Kasahara, 2007) were the major

driving force behind this expansion, as genes expressed at the synapse were

retained at high frequencies after these duplication events (Bayés et al., 2017).

The result of this increased complexity in the vertebrate synaptic proteome has

been  associated  with  the  higher  cognitive  functions  found  in  mammals

(Nithianantharajah  et  al.,  2013). Nevertheless,  there  are  exceptions  to  this

general model of synaptic proteome evolution. This is the case of glutamate

receptors, key nervous system proteins driving excitatory synaptic transmission.

These proteins have undergone a highly sophisticated evolutionary pattern in

animals,  with  many  lineage-specific  gains,  losses  and  expansions  of  entire

classes of these receptors. This process has resulted in a similar number of

glutamate receptors being present in most animal species, regardless of the

complexity  of  their  nervous  system  (Ramos-Vicente  et  al.,  2018). Here  we

present how the neo/subfunctionalization of unrelated proteins into ARAS has

resulted in a different evolutionary strategy to increase the synaptic proteome in

vertebrates.

Mammalian  ARAS were  thought  to  belong to  five  protein  families,  CACNG,

GSG1, Cornichon, Sisha and Dispanin C. CACNGs and GSG1s are known to

belong to the superfamily of claudins  (Chen and Gouaux, 2019), a large group
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of proteins that presents over 40 members in mammals and that includes three

families, one of them being that of CACNGs (Maher et al., 2011). Nevertheless,

the exact position of GSG1s within claudins was unknown. Our phylogenetic

analysis indicates that GSG1s actually belong to the CACNG family of claudins.

We thus refer to this family as CACNG-GSG1. Therefore, ARAS are organised

into four evolutionary unrelated protein families. In contrast to what we reported

for  the  family  of  ionotropic  glutamate  receptors,  which  diversified  into  12

phylogenetic  groups,  including  four  sub-families  and  ten  classes  (Ramos-

Vicente et al., 2018), the animal evolution of the families containing ARAS has

not been particularly complex. Cornichon, Sisha and Dispanin C families can be

divided in just two phylogenetic groups (sub-families) and the CACNG-GSG1

family in four. Nevertheless, all  these families have increased their members

along animal evolution, and vertebrates have especially increased their number

of ARAS. This is particularly true for the CACNG-GSG1s and Shisa families,

which  include  11  and  10  proteins  respectively  in  the  vertebrate  species

investigated,  of  which  7  and  4  are  ARAS.  Altogether  vertebrates  generally

present 14 ARAS while, based in our study, invertebrate bilaterals would have

less, between 1 and 7, and non bilaterals even less, 1 or 2. Sequences from

invertebrate bilaterals only fall confidently in two subfamilies of ARAS, that of

TARPs,  within  the  CACNG-GSG1  family,  and  that  of  CNIH1/2/3  among

Cornichons.  Furthermore,  non-bilaterals  would  only  present  proteins

phylogenetically  related  to  the  ARAS  subfamily  of  CNIH1/2/3  Cornichons.

Additionally, a number of invertebrates, including the basal sponge O. carmela,

could have retained one Dispanin C1 phylogenetically close to the mammalian

ARAS  SynDIG1,  although  the  phylogenies  are  not  fully  conclusive  in  this

regard. The loss of the Shisa and Dispanin C families in multiple invertebrate
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species,  and  even  in  entire  phyla,  suggests  a  less  relevant  role  of  these

proteins  in  invertebrates  as  compared  with  vertebrates,  which  present  high

conservation levels in both families.  Furthermore, our analysis  suggests that

ARAS from the Shisa family are only present in vertebrates, postulating them as

an innovation of this lineage.

As ARAS belong to four unrelated protein families that include proteins with

other functions, we aimed at using our phylogenetic study to propose when in

evolution  did  these  proteins  acquire  their  function  as  AMPAR  modulators,

although functional information would be required to completely establish their

function. Our data indicates that all  proteins identified in the TARP subfamily

might function as ARAS, which would mean that the TARP subfamily would be

the only one in which their proteins are solely dedicated to modulating AMPAR

function.  On  the  other  hand,  we  found  a  possible  example  of  vertebrate

neofunctionalization  of  ARAS in  the  subfamily of  GSG1Ls.  As its  vertebrate

paralogue GSG1 is involved in trafficking of TPAP. Identifying the function of

non-vertebrate GSG1s would be required to establish more conclusively this

event of neofunctionalization. Vertebrates have two Cornichons acting as ARAS

(CNIH2 and 3), emerging from a vertebrate specific duplication. Their closest

paralogue is CNIH1, which is involved in TGFα maturation. Interestingly, the fly

sole orthologue to CNIH1, 2 and 3 is known to participate in the maturation of

TGFα (Bökel et al.,  2006), while the unique orthologue of these proteins in C.

elegans has a well  proven role as an ARAS  (Brockie et al.,  2013). We thus

propose that invertebrate orthologues of CNIH1/2/3 perform both functions and

that  vertebrate  paralogues  underwent  a  process  of  subfunctionalization  by

which CNIH1 retained the TGFα maturation function and the ancestor of CNIH2
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and 3 retained the ARAS role. Within the Shisa family all known ARAS (Shisa6

to 9) are in the Shisa1/L1 subfamily, yet this phylogenetic group also contains

proteins  performing  other  functions,  as  Shisa5  participates  in  p53-induced

apoptosis  (Bourdon et al., 2002) and Shisa2 and 3, the closest paralogues to

Shisas6-9 with known function, are involved in FGF (Hedge and Mason, 2008)

and WNT (Chen et al., 2014) receptors trafficking respectively. In opposition to

what  we  found  in  the  CACNG-GSG1 and  Cornichon  subfamilies  containing

ARAS,  the  Shisa1/L1  subfamily  includes  very  few  sequences  from  non-

vertebrates.  Thereby,  TARPs and CNIH1/2/3  subfamilies  present  31  and 23

sequences  from  invertebrate  species  respectively,  while  the  Shisa1/L1

subfamily includes only 8 sequences from invertebrates. Importantly, all these 8

sequences fall in the branch of Shisa5, which is not an ARAS.  Thus, due to the

topology of the phylogenetic trees we propose that Shisa6 to  9 would have

experienced  a  process  of  neo/subfunctionalization  early  in  the  vertebrate

lineage to become ARAS. Finally, the phylogenetic evolution of the Dispanin C

family would also suggest a neo/subfunctionalization process in the vertebrate

lineage resulting in members of the C1 subfamily becoming ARAS. Although as

before, research on vertebrate and invertebrate orthologues of SynDIG1 will be

required to fully validate this hypothesis. The fact that large scale proteomics

experiments of synaptic preparations  (Bayés et al.,  2012, 2011; Emes et al.,

2008) and repositories  of  synaptic  proteins  (Koopmans et  al.,  2019) do  not

identify SynDIG1L or TMEM91 suggests that they are unlikely to function as

ARAS, thus supporting the hypothesis of a neo/subfunctionalization process of

ARAS in this family. 

In summary, this study reveals that the large set of ARAS found in vertebrates is
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absent from other species. Interestingly,  the surge in ARAS happened much

later than the emergence of AMPARs  (Ramos-Vicente et al., 2018). The class

of AMPA receptors appears and diversifies in the ancestor of bilateral species,

around 800 million years ago (mya), while the increase in ARAS occurs early in

vertebrate evolution, approximately 400 mya (Kumar et al., 2017). Our analysis

suggests that this increase is due to an expansion of proteins belonging to the

TARPs subfamily,  the neofunctionalization of a group of Shisa1/L1 subfamily

proteins  and  parallel  processes  of  neo/subfunctionalization  occurring  in  the

Cornichon and Dispanin C families. All these resulted in the recruitment of a

large number of ARAS early in vertebrate evolution, which suggests that these

proteins might have importantly contributed to the development of the complex

nervous systems found in these animals. The parallel recruitment of unrelated

proteins  to  perform synaptic  functions represents  another  strategy by which

evolution has favoured an increased complexity in the synaptic proteome.
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Materials and Methods

Identification  of  genes  coding  for  AMPA receptor  auxiliary  subunits  in

metazoan genomes

Phylogenetic analysis was performed as described previously (Ramos-Vicente

et  al.,  2018). We searched  sequences  in  31  species  belonging  to  different

metazoan  phyla:  Porifera,  Ctenophora,  Placozoa,  Cnidaria,  Lophotrochozoa,

Ecdysozoa, Hemichordata, Chordata and Vertebrata. The same species were

used  to  construct  the  four  phylogenies.  We  used  slowly  evolving  species

whenever  possible.  All  sequences were  retrieved  from public  databases.  A.

digitifera and P. flava sequences were obtained from the Marine Genomics Unit

(Mao et al., 2018; Simakov et al.,  2015). A complete list of species included in

the analysis and the corresponding database where sequence search was done

can be found in Supplementary Table 1.

Sequences from protein families of interest were identified by homology-based

searches with reciprocal identifications. Mouse proteins were used as search

queries, when different isoforms were present we used the longest amino-acid

sequence.  We searched  for  homologues  using  the  BLASTP and  TBLASTN

tools (Altschul et al., 1990) with default parameters. Subject sequences with an

E-value below 0.05 were selected as candidate homologues. These sequences

were  re-blasted  against  mammal  proteins  in  the  NCBI  database  of  ‘non-

redundant  protein  sequences’  using  the  BLASTP  and  BLASTX  tools

respectively. Identified homologues which have a protein length that is less than

the fifty % of the query protein were discarded.
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Phylogenetic analyses

The CACNG-GSG1 tree was constructed using a total of 114 sequences, from

which fifteen are used as the outgroup (Supplementary file 1). The Cornichons

tree  include  70  sequences,  five  are  Cornichons  proteins  from  Arabidopsis

thaliana used as the outgroup (Supplementary file 2). The Shisa tree include 98

sequences, eight of  which are used as the outgroup (Supplementary file 3).

Finally, the Dispanin C tree include 41 sequences, four of them were used as

the outgroup (Supplementary file 4).

Protein sequences were aligned with the MUSCLE algorithm [61], included in

the software package MEGAX  (Kumar et al.,  2018) with default  parameters.

ProtTest v3.4.2 was used to establish the best evolutionary model  (Darriba et

al., 2011). Trees were constructed using MrBayes v3.2.7 (Ronquist et al., 2012)

for  Bayesian  inference  and  IQ-TREE  (Nguyen  et  al.,  2015) for  Maximum-

likelihood analysis. For Bayesian inference phylogenies were ran for 10000000

generations. Markov chain Monte Carlo (MCMC) was used to approximate the

posterior  probability  of  the  Bayesian  trees.  Bayesian  analyses  included  two

independent MCMC runs, each using eight parallel chains composed of seven

heated and one cold chain. Twenty-five % of initial  trees were discarded as

burn-in.  Convergence  was  assessed  when  potential  scale  reduction  factor

(PSRF) value was between 1.002 and 1.000. In Maximum-likelihood analysis

the starting tree was estimated using a neighbour-joining method and branch

support was obtained after 1000 iterations of ultrafast bootstrapping (Hoang et

al.,  2018). Gene/protein names were given based on their position in the tree.

Phylogenetic  trees  were  rendered  using  FigTree

(http://tree.bio.ed.ac.uk/software/figtree/).  Phylogenetic  calculations  were
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performed at the CIPRES science gateway (Miller et al., 2010).

Protein Nomenclature

Proteins from non-vertebrate species were systematically named following this

nomenclature: (i) the name of the subfamily which they belong, or family if the

sequence is  not  assigned to  a  subfamily,  (ii)  a  Greek letter  to  identify non-

vertebrate paralogues, if any and (iii) a three-letter species code.

Prediction of PDZ motifs classes

The software Eukaryotic Linear Motif (ELM) (Kumar et al., 2020) was used to

identify if the C-terminus of proteins presented a PDZ binding motif and if so, to

what class did it belong.
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Table 1. Number of proteins found in the four families known to include AMPA receptor

auxiliary subunits (ARAS).  The number of ARAS is given in brackets. Proteins from  Homo

sapiens are experimentally confirmed as ARAS. Invertebrate proteins are defined as candidate

ARAS based exclusively in the phylogenies.

Phylum Species
CACNG-

GSG1
CNIH Shisa Dispanin C

M
et

az
o

a

B
il

at
er

ia

Vertebrata H. sapiens 11 (7) 4 (2) 10 (4) 3 (1)

Chordata

C. intestinalis 0 2 (1) 0 0
B. lanceolatum 3 (1) 3 (1) 6 (0) 1 (1)
B. Belcheri 3 (2) 2 (1) 6 (0) 7 (1)
B. floridae 6 (4) 3 (2) 8 (0) 3 (0)

Hemichordata
S. kowalevskii 3 (2) 2 (1) 16 (0) 1 (1)
P. flava 3 (1) 1 (0) 4 (0) 0

Echinodermata
A. planci 2 (1) 1 (1) 2 (0) 0
S. purpuratus 1 (1) 1 (1) 1 (0) 2 (0)

Mollusca
L. gigantea 3 (3) 2 (1) 0 2 (0)
C. gigas 3 (3) 3 (1) 0 1 (1)
A. californica 4 (3) 3 (2) 1 (0) 0

Annellida C. teleta 8 (6) 2 (1) 2 (0) 1 (0)

Arthropoda
A. mellifera 2 (1) 1 (1) 0 0
S. maritima 1 (1) 1 (0) 1 (0) 0

Priapullida P. caudatus 3 (2) 2 (1) 0 0

N
o

n
-B

ila
te

ri
a

Cnidaria

N. vectensis 0 2 (1) 0 0
A. digitifera 0 2 (1) 0 0
O. faveolata 0 2 (1) 0 0
H. magnipapillata 0 1 (1) 0 1 (0)

Placozoa T. adhaerens 0 2 (1) 0 0

Porifera

O. carmela 0 2 (1) 0 2 (1)
S. cilliatum 0 1 (0) 0 0
L. complicata 0 2 (1) 0 1 (0)
A. queenslandica 0 2 (1) 0 0

Ctenophora M. leidyi 0 1 (1) 0 1 (0)
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Supplementary Figure 1. Maximum likelihood phylogenetic tree of CACNG-GSG1 protein 

family.

The subfamilies in which the CACNG-GSG1 protein family is divided are highlighted by dashed 

line boxes. The name of each subfamily is presented at the right of the box. Bootstrap values 

are shown at tree nodes and protein names at the end of each branch. Tree branches are 
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coloured based on phylum, as indicated in the legend. The closest relatives to vertebrate 

CACNG-GSG1 in the Claudin superfamily were used as outgroup. If known, the function of 

vertebrate GSG1 subfamily sequences was marked on the right of sequence name. Scale bar 

denotes number of amino acid substitutions per site. The amino-acid substitution model used 

was Vt+G+F, branch support was obtained after 1000 iterations of ultrafast bootstrapping.

Supplementary Figure 2. Schemes of the evolution of the three protein families and the 

Dispanin C subfamily.
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Schematic trees showing the evolution of (A) CACNG-GSG1, (B) Cornichon, (C) Sisha and (D) 

Dispanin C families. Each branch corresponds with one lineage. Phylogenetic subfamilies, and 

classes in the case of Dispanin C tree, are represented by blue boxes. The ancestral SynDIG1 

gene is represented by a black box. When a subfamily or class is lost in a lineage or in an 

ancestor, the corresponding box is crossed out by a red cross. Mollusca and annelida are 

lophotrochozoans and priapulida and arthropoda ecdysozoans.
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Supplementary Figure 3. Multiple sequence alignment of the TARP subfamily.

Sequence alignment presenting sequences from the TARP subfamily of CACNG-GSG1s. A. 

Alignment of the TM3 and TM4, which are implicated in the interaction with AMPAR. The 

extension of the transmembrane segments and the extracellular loop is marked on the top of the

alignment. The conservation of each position of the alignment is represented by an intensity 

gradient of the background, higher conservation corresponding to more intense blue, and by a 

bar chart at the bottom. Also the quality chart (a measure of the probability of seeing mutation in

an alignment position), the consensus sequence and the occupancy chart are shown in the 

bottom. Protein numbering corresponds to human CACNG2 sequence. B. The last eight 

residues of proteins containing a PDZ binding motif are shown. If no PDZ binding motif is found,

it is labelled as No PDZ. The class of each PDZ binding motif is shown at the left of the amino-

acid sequence. Figure was prepared with Jalview v2.11.0.

Supplementary Figure 4. Multiple sequence alignment of the C-terminal amino acids of 

members of the GSG1 subfamily. 
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We used the software ELM to predict the class of PDZ binding motifs present at each C-

terminus of GSG1s, if any. These are indicated. Note the insertion of 7 residues (WVLGHWV) 

found at the end of mammalian sequences only and highlighted by a red frame. Mammalian 

species are: Homo sapiens (Hsa), Mus musculus (Mus); Macaca mulatta (Mmul), Xenopus 

tropicalis (Xtr), Lynx canadensis (Lca) and Rhinolophus ferrumequinum, bat (Rfe). Figure was 

prepared with Jalview v2.11.0.

228



Supplementary Figure 5. Maximum likelihood phylogenetic tree of Cornichon protein 

family.

The two subfamilies in which the Cornichon family is divided are highlighted by dashed line 

boxes. The name of each subfamily is presented at the right of the box. Bootstrap values are 

shown at tree nodes and protein names at the end of each branch. Tree branches are coloured 

based on phylum, as indicated in the legend. Cornichon proteins from Arabidopsis thaliana were

used as outgroup. The function of vertebrate sequences is indicated. Scale bar denotes number

of amino acid substitutions per site. The amino-acid substitution model used was Lg+G, branch 

support was obtained after 1000 iterations of ultrafast bootstrapping.
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Supplementary Figure 6. Maximum likelihood phylogenetic tree of Shisa protein family.

The two subfamilies in which the Shisa family is divided are highlighted by dashed line boxes. 

The name of each subfamily is presented at the right of the box. Posterior probabilities are 
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shown at tree nodes and protein names at the end of each branch. Tree branches are coloured 

based on phylum, as indicated in the legend. The closely related vertebrate proteins VOPP and 

WBP1 were used as the outgroup. The function of vertebrate sequences, if known, is 

indicatede. Scale bar denotes number of amino acid substitutions per site. The amino-acid 

substitution model used was Vt+I+G+F, branch support was obtained after 1000 iterations of 

ultrafast bootstrapping.

Supplementary Figure 7. Maximum likelihood phylogenetic tree of Dispanin C subfamily.

The two subfamilies in which the Dispanin C family is divided are highlighted by dashed line 

boxes. The name of each subfamily is presented at the right of the corresponding box. Posterior

probabilities are shown at tree nodes and protein names at the end of each branch. Tree 

branches are coloured based on phylum, as indicated in the legend. The vertebrate proteins 

PRRT2 from the Dispanin B family were used as outgroup. The function of vertebrate 

sequences, if known, is indicated. Scale bar denotes number of amino acid substitutions per 
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site. The amino-acid substitution model used was Vt+I+G+F, branch support was obtained after 

1000 iterations of ultrafast bootstrapping.
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Supplementary Table 1. Reference Table 1. Gene and protein names of all molecules used in 

the phylogenetic analysis of CACNG-GSG1s
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Supplementary Table 1. Reference Table 1. Gene and protein names of all molecules used 

in the phylogenetic analysis of Cornichons
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Supplementary Table 1. Reference Table 1. Gene and protein names of all molecules used 

in the phylogenetic analysis of  Shisas.
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Supplementary Table 1. Reference Table 1. Gene and protein names of all molecules used 

in the phylogenetic analysis of Dispanin Cs.

Supplementary Table 1. Reference Table for Protein names and Gene reference codes.

Reference Tables including the public repositories where proteins used in the phylogenies were 

obtained from. Reference codes from these repositories identifying each gene/protein are 

provided together with the names used in the figures.
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Alignment can be found at: https://doi.org/10.6084/m9.figshare.13110322.v1

Supplementary  File  1.  Multiple  sequence  alignment  of  CACNG-GSG1  protein  family.

Alignment  of  CACNG-GSG1  proteins  used  to  construct  the  phylogenies  in  Figure  1  and

Supplementary Figure 1.

Alignment can be found at: https://doi.org/10.6084/m9.figshare.13110319.v1

Supplementary File 2. Multiple sequence alignment of Cornichon protein family. Alignment

of Cornichon proteins used to construct the phylogenies in Figure 3 and Supplementary Figure

5.

Alignment can be found at: https://doi.org/10.6084/m9.figshare.13110328.v1

Supplementary File 3. Multiple sequence alignment of Shisa protein family.  Alignment of

Shisa proteins used to construct the phylogenies in Figure 4 and Supplementary Figure 6. 

Alignment can be found at: https://doi.org/10.6084/m9.figshare.13110313.v1

Supplementary  File  4.  Multiple  sequence  alignment  of  Dispanin  C  protein  family.

Alignment  of  Dispanin  C  proteins  used  to  construct  the  phylogenies  in  Figure  5  and

Supplementary Figure 7.
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Discussion





In this thesis we have established the phylogeny in the metazoan phylum of

some protein families basic for the function of glutamatergic neurotransmission.

These  are  ionotropic  glutamate  receptors  (iGluRs),  metabotropic  glutamate

receptors  (mGluRs),  and  four  families  of  AMPA receptor  auxiliary  subunits

(ARAS).  The objective was to  define the number and diversity of  glutamate

receptors  and  auxiliary  subunits  in  organism  with  different  nervous  system

complexities and in this way determine their importance in the evolution of this

complexity (Emes et al., 2008; Emes and Grant, 2012; Grant, 2016). We have

shown that the number of glutamate receptors, both iGluRs and mGluRs, does

not correlate with more elaborated nervous systems, as organisms with simpler

or even without nervous systems can present a similar, or even higher, set of

glutamate  receptors  than  vertebrates,  metazoans  with  the  most  elaborated

nervous  systems  (Ramos-Vicente  et  al.,  2018). Nevertheless  we  found  that

vertebrates  present  a  larger  and  more  diverse  set  of  ARAS.  These  were

acquired  during vertebrate evolution through neo- and subfunctionalization of

members of functionally unrelated protein families (Ramos-Vicente and Bayés,

2020). Thus,  for  the  evolution  of  complex  nervous  systems  the  ability  to

modulate  glutamatergic  neurotransmission  in  multiple  ways  (Kenny  and

Dearden, 2013; Ramos-Vicente and Bayés, 2020; Thomas and Hayashi, 2013),

a function performed by ARAS, might have been more important than a large

repertoire  of  glutamate receptors  (Liebeskind et  al.,  2015;  Moroz and Kohn,

2015; Ramos-Vicente et al., 2018; Sakarya et al., 2007). 

The  reconstruction  of  iGluRs  phylogeny,  including  sequences  from  diverse

species  spanning  different  phyla  of  the  metazoan  phylum,  showed  that

sequences previously classified as orphan or ancestral (Alberstein et al., 2015;
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Greer et al., 2017) cluster together forming new phylogenetic groups of iGluR

subunits (Ramos-Vicente et al., 2018). Our work has established that metazoan

iGluRs would be organized in four subfamilies, which we have named Lambda,

NMDA, Epsilon and AKDF. Three of them, NMDA, Epsilon and AKDF, contain

proteins  from  basal  metazoans  (ctenophores,  sponges  and  cnidarians)  to

invertebrate  chordates  (the  phylum  to  which  vertebrates  belong),  and  two,

NMDA and AKDF subfamilies, also contain the known vertebrate subunits. This

new  classification  establishes  that  AMPA,  Kainate  and  Delta  receptors,

previously considered as  the main groups of  iGluRs,  together  with  NMDAs,

belong to one of these 4 subfamilies, the AKDF. In this subfamily we have also

reported a sister class to AMPA, Kainate and Delta, refereed to as Class Phi.

Nevertheless, similar studies have not been able to recapitulate its existence

(Stroebel  and  Paoletti,  2020), further  research  including  sequences  from  a

larger  number  of  species  and  phyla  might  help  establishing  or  refuting  its

existence. The class Phi was lost during vertebrate evolution and can thus only

be found in invertebrates. The other vertebrate subunits, GluN1, GluN2A to D

and GluN3A and B belong to the NMDA subfamily, together with a cnidarian

specific group of subunits (Ramos-Vicente et al., 2018). 

The four subfamilies in which iGluRs are organized are evolutionary ancient. A

recent study has shown that at least three of them,  Lambda, NMDA, and an

ancestor of Epsilon-AKDF, appeared before the emergence of metazoans, as

some unicellular  opistokonts  (a clade  of  eukaryotic  organisms that  includes

fungi,  metazoans  and  closely  related  unicellular  eukaryotes  such  as

choanoflagellates  (Torruella  et  al.,  2012)) present  homologue  sequences  to

them (Tikhonenkov et al., 2020). Here we show how the four subfamilies were
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already present in the ancestor of all metazoans. Then, during evolution each

metazoan lineage experienced independent expansions and looses of different

groups that lead to the current set of iGluR subunits found in modern genomes.

Organisms such as cephalochordates or the sponge Oscarella carmela have a

higher set of iGluRs than vertebrates (Ramos-Vicente et al., 2018). The fact that

these organisms have a simpler nervous system than vertebrates, or even lack

a nervous system at all, suggests that an increase in the set of neurotransmitter

receptors  does  not  strictly  correlated  with  an  increase  of  nervous  system

complexity (Emes et al., 2008; Liebeskind et al., 2015; Moroz and Kohn, 2015;

Ryan et al., 2013).

Interestingly,  our phylogenetic and bioinformatic study reveals differences on

ligand specificities in subunits belonging to the same subfamily (Ramos-Vicente

et al., 2018). In this new classification the four subfamilies in which metazoan

iGluRs are divided would contain members with different affinities for diverse

amino acids. We report subunits predicted to bind glycine and glutamate in all

subfamilies.  This  evidence puts  into  question  the  previous idea that  glycine

binding iGluRs are more ancestral than those that binding glutamate. Thus, the

specificity for glutamate of AMPA and Kainate receptors has been related to a

more modern  origin  acting  as  specialized receptors  mediating  glutamatergic

transmission  (Alberstein  et  al.,  2015;  Stroebel  and  Paoletti,  2020).

Nevertheless,  the  inclusion  of  AMPA  and  Kainate  receptors  in  a  bigger

subfamily, together with Delta, Phi and other invertebrate iGluRs, which present

predicted affinities for glycine or glutamate, indicates that the ability to recognize

different  ligands has been conserved during the evolution of each subfamily

(Ramos-Vicente  et  al.,  2018).  Furthermore,  it  also  makes  impossible  to
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presently establish  if the specificity for glycine appeared first in evolution or if it

was the other way around. The residues that form the binding pocket in the LBD

are generally highly conserved in all iGluRs. Among these, residues involved in

the contact with the backbone of the amino acid are more conserved, while the

residues implicated in the contact with the lateral chain of the ligand are more

variable, defining the affinity of the receptor for different amino acids (Alberstein

et al., 2015; Ramos-Vicente et al., 2018). The distribution of glycine-binding and

glutamate-binding subunits through the phylogenetic tree of iGluRs suggests

that during evolution of different lineages the affinity of receptors would varied

by changes in the residues that form the binding pocket of the LBD (Ramos-

Vicente et al., 2018).

We  performed  functional  studies  on  two  cephalochordate  Epsilon  subunits,

GluE1  from Branchiontoma  lanceolatum  and  GluE7  from  Branchiostoma

belcheri,  by heterologous expression in HEK293 cells  (Ramos-Vicente et al.,

2018). GluE1 is the most expressed Epsilon subunit in the nervous system of B.

lanceolatum, and sequence alignment and 3D modeling allowed us to predict

glycine binding to this subunit. GluE7 was predicted to have a tyrosine residue

(Tyr653) occupying the binding site, that would prevent the binding of agonists

to this subunit. Nevertheless, this subunit is enriched in the nervous system of

these organisms, suggesting that it still plays a role unrelated to neurotransmiter

signaling  in  this  tissue.  Both  GluE1  and  GluE7  are  located  at  the  plasma

membrane  of  HEK293  cells  and  are  able  to  tetramerize.  Electrophysiology

experiments reveled that receptors formed by GluE1 subunits are specifically

activated  by  glycine.  These  receptors  show  similar  electrophysiological

characteristics to previously characterized Epsilon receptors from ctenophores,

246



such  as  inward  rectification  at  positive  membrane  potentials  and  a  large

recovery time after desensitization  (Alberstein et al., 2015; Ramos-Vicente et

al., 2018).

The metazoan phylogeny of mGluRs showed that in bilateral species there are

four mGluR classes that appeared together by gene duplication in the ancestor

of all bilaterians (Ramos-Vicente et al., 2018). These four classes, referred to as

Class I to IV, include the three well studies vertebrate classes (I to III) and also a

previously unreported bilaterian class that includes known insect mGluRs that

do not belong to classes I to III. We could not find any representatives of Class

IV mGluRs in vertebrate species, concluding that it was lost in this lineage. On

the  other  hand,  mGluRs  from  non-bilateral  phyla,  that  is  from  cnidarians,

placozoans, porifera and ctenophora diverged before. Sequences from these

species  form  classes  orthologous  to  I-II-III-IV.  These  classes  are  formed

exclusively  by  sequences  from species  of  the  same  lineage,  thus  probably

being  originated  by  specific  expansions.  Altogether,  the  evolution  of  mGluR

classes in metazoans differs considerably from the evolution of iGluRs: while

the four iGluR subfamilies where present before the emergence of metazoans,

mGluR classes found in vertebrates appeared later in evolution, in the ancestor

of  bilaterians  (Ramos-Vicente  et  al.,  2018;  Tikhonenkov  et  al.,  2020).

Interestingly, as in the case of iGluRs, organisms with simple nervous systems

or  even  without  it  such  as  the  cnidarians  Hydra  magnipapillata  and

Nematostella  vectensis,  the  sponges  Sycon  cilliatum and  Leucosolenia

complicata,  and  the  placozoan  Trichoplax  adhaerens, have  a  higher  set  of

mGluRs compared to vertebrates (Ramos-Vicente et al., 2018). This argues in

favor of the hypothesis that the increase in neurotransmitter receptor number is
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not correlated with more complex nervous systems  (Liebeskind et  al.,  2015;

Moroz and Kohn, 2015; Sakarya et al., 2007). In bilaterian animals, mGluRs

experienced  few duplications  or  looses,  being  their  number  low and  highly

conserved  among  phyla  with  diverse  nervous  system complexities  (Ramos-

Vicente et al.,  2018). Only vertebrates show an increase in mGluR number,

mainly due to the retention of the four class III proteins that arouse from the 2R

event (Bayés et al., 2017; Ramos-Vicente et al., 2018). These receptors mainly

modulate  synaptic  release  of  glutamate  from  the  presynaptic  terminal,

regulating synaptic transmission strength (Higgs et al., 2002). The expansion in

class  III  mGluRs  could  allowed  to  increase  the  ability  to  regulate  synaptic

signaling. This is in agreement with the hypothesis that higher regulation might

be important for the development of more elaborated nervous systems (Grant,

2018, 2009; Kenny and Dearden, 2013; Thomas and Hayashi, 2013).

We also studied the expression of iGluRs and mGluRs in the nervous system of

the  cephalochordate  Branchiostoma  lanceolatum (the  european  amphioxus)

(Ramos-Vicente  et  al.,  2018). Cephalochordates  belongs  to  the  phylum

chordata, along with urochordates and vertebrates (Rychel et al., 2006). These

organisms diverged approximately 637 Mya ago  (Kumar et al., 2017), before

the  split  of  urochordates  and  vertebrates,  and  conserve  the  prototypical

chordate body plan, with a notochord, pharyngeal slits, a post-anal tail and a

dorsal neural tube (Ruppert, 2005; Rychel et al., 2006; Wicht and Lacalli, 2005).

This  conservation  is  also  observed  in  the  genome  of  the  cephalochordate

amphioxus, which present few gene duplications and looses, and conserved

synteny with vertebrates (Louis et al., 2012; Putnam et al., 2008). Quantitative

PCR experiments revealed that  all  24 iGluR subunit  coding genes,  with  the
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exception of Grie5 from the epsilon subfamily, and the five mGluR coding genes

identified in the the previous bioinformatic analysis are expressed in the adult B.

lanceolatum (Ramos-Vicente et al., 2018). Moreover, all expressed genes show

an  enriched  expression  in  the  nervous  system  of  this  organism.  Thus,  B.

lanceolatum present a higher set of iGluRs and a similar set of mGluRs in its

nervous  system  compared  to  vertebrates.  Amphioxus  have  a  more  simple

nervous  system  compared  to  vertebrates,  as  is  evidenced  by  comparative

neuroanatomy (Lacalli, 1996; Wicht and Lacalli, 2005). Our results suggest that

the expansion of glutamate receptors expressed in nerve cells could not be the

major driver in the evolution of nervous system complexity  (Liebeskind et al.,

2015;  Moroz  and  Kohn,  2015;  Ramos-Vicente  et  al.,  2018;  Sakarya  et  al.,

2007). Nervertheless, the expression in amphioxus of these receptors at protein

level and location the synapse have to be demonstrated.

Finally,  in  this  thesis  we  also  studied  four  protein  families  containing  AMPA

receptor auxiliary subunits (Ramos-Vicente and Bayés, 2020). The phylogenies

performed  have  revealed  that  the  diverse  set  of  ARAS found  in  vertebrate

synapses arouse from neo and subfunctionalization events in four independent

protein families, these processes occurred after the 2R event  (He and Zhang,

2005; Ramos-Vicente and Bayés, 2020). Our phylogenetic studies showed that

Cornichons are the most ancient ARAS, while TARPs would have appeared

together with AMPA receptors in the bilaterian ancestor  (Ramos-Vicente and

Bayés, 2020). Thus, in invertebrate bilaterians Cornichons and TARPs could act

as auxiliary subunits,  as it  has been experimentally proven in the nematode

Caenorhabditis elegans (Cornichons and TARPs) and the arthropod Drosophila

melanogaster (TARPs)  (Brockie et al., 2013; Walker et al., 2006; Wang et al.,
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2008). In vertebrates, a subfunctionalization event in the Cornichon CNIH1/2/3

subfamily allowed for the specialization of CNIH2 and 3 into ARAS, while CNIH1

took over the most likely role of the ancestral gene, which is to traffic TGFα to

the secretory pathway (Castro et al., 2007; Ramos-Vicente and Bayés, 2020).

The increase in Cornichon ARAS in vertebrates has not importantly contributed

the  the  overall  load  of  vertebrate  ARAS,  since  invertebrates  have  1  and

vertebrates  2  (Ramos-Vicente  and  Bayés,  2020). Similarly,  the  family  of

Dispanin C would include only one ARAS in both invertebrates and vertebrates.

Although the function of two out of its three members is unknown. On the other

hand,  we  have  demonstrated  that  the  expansion  of  TARPs  and  the

neofuctionalization  of  four  Shisa  proteins  into  ARAS  are  the  events  that

importantly increased the  number  of  auxiliary  subunits  accompanying AMPA

receptors in vertebrates (Ramos-Vicente and Bayés, 2020). The recruitment of

all these diverse proteins as ARAS allowed to further increase the variability of

glutamatergic postsynaptic responses (Bissen et al., 2019; Khodosevich et al.,

2014). The increased modulation in the responses to neurotransmitter release

added  a  new  layer  of  complexity  to  glutamatergic  transmission,  potentially

enabling the development of more complex neuronal circuitries and elaborated

behaviours  (Grant,  2016;  Kenny  and  Dearden,  2013;  Ramos-Vicente  and

Bayés, 2020; Thomas and Hayashi, 2013).

Overall,  the work  presented in  this  thesis  demonstrates that  the diversity of

glutamate  receptors  in  metazoans  is  much  larger  than  what  we  find  in

vertebrate organisms. Our work has allowed us to updated the classification of

both iGluR and mGluR protein families. Our phylogenetic studies highlight the

fact that organisms with simpler nervous systems do not possess fewer sets of
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glutamate receptors than organisms with complex ones, but rather present a

similar  number  of  genes encoding for  these proteins  (Ramos-Vicente  et  al.,

2018). The study of four ARAS containing families showed that while most of

these have an ancient evolutionary origin, they have not developed the degree

of phylogenetic diversity found in glutamate receptors. Nevertheless, we have

shown  how  vertebrates  increased  the  number  of  ARAS  by  neo  and

subfunctionalization processes occurred on these protein families. Our findings

support  the  hypothesis  that  an  increase  in  the  modulation  of  glutamatergic

neurotransmission  might  have  contributed  to  the  development  of  complex

nervous systems in vertebrate organisms (Ramos-Vicente and Bayés, 2020). In

the future, the test of this hypothesis with other neurotransmitter receptors and

important synaptic proteins could shed light to the process of nervous system

evolution and function.
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Conclusions





The conclusions of this thesis are:

1. The content of glutamate receptors is similar in species with and without

nervous system.

2. The content  of  glutamate receptors is  similar  in species with different

degrees of nervous system complexity.

3. Phylogenetic  studies  of  metazoan  iGluRs  has  resulted  in  a  new

classification  for  this  family.  iGluRs  are  organized  in  4  subfamilies:

Lambda, Epsilon, AKDF and NMDA. 

4. These subfamilies are evolutionary ancient, being present in the ancestor

of all metazoans. 

5. Various  metazoan  lineages  experienced  independent  expansions  of

different iGluR subfamilies or phylogenetic groups.

6. Ligand binding specificity changed continuously during iGluR evolution,

making it difficult to assess the ancestral ligand of these receptors.

7. The Epsilon subunits GluE1 and GluE7 from Branchiostoma lanceolatum

are  able  to  homotetramerize  and  reach  the  plasma membrane  when

expressed in an heterologous expression system.

8. Receptors formed by GluE1 subunits from B. lanceolatum are activated

by glycine when expressed in a heterologous system, and present similar

electrophysiological properties to ctenophore Epsilon receptors.

9. There are four classes of mGluRs in bilaterians, not three. Class IV was

lost in the vertebrate lineage. 

10.Non-bilaterian metazoans present their own classes of mGluRs, which

arouse by lineage specific expansions of ancestral genes.

11. Bilaterian  mGluRs  experienced  no  or  little  expansions,  only  Class  III

mGluRs has expanded, as a result of the 2R event.
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12.Both iGluR and mGluR coding genes, with the exception of  grie5, are

expressed  at  mRNA  level  in  the  adult  amphioxus  Branchiostoma

lanceolatum,  and  all  present  an  enriched  expression  in  the  nervous

system.

13.Protein  families  containing  ARAS  appeared  at  different  times  during

metazoan evolution.  Cornichon and Dispanin  C families  were  already

present in the ancestor of all metazoans, while CACNG-GSG1 and Shisa

families appeared in the ancestor of bilaterians.

14.Vertebrates present a higher set of ARAS than invertebrates.

15.The  increase  of  ARAS  in  vertebrates  is  mainly  due  to  the

neofunctionalization  of  four  Shisa  proteins  (Shisa6  to  9)  and  the

expansion of TARPs subfamily of CACNG-GSG1 protein family.
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Annexes





In these annexes we present the published articles that arouse from the work

done during the time of the doctorate. These aricles were published in peer

reviewed journals with impact factor, and they include: two articles where the

results  obtained from the studies perfomed are shown, an article where the

phylogenetic methods developed are used, and an article where the sequence

database generated is used to construct sequence alignment.

Annex I

In  the  article  'Ramos-Vicente  et  al.,  2018.  Metazoan evolution  of  glutamate

receptors  reveals  unreported  phylogenetic  groups  and  divergent  lineage-

specific events',  published in eLife, which has an impact factor of  7.080, we

present  the  results  obtained in  a  first  stage of  the  doctorate.  We show the

phylogenies  of  ionotropic  and  metabotropic  glutamate  receptors  including

metazoan  species  from  a  wide  range  of  lineages.  Thus,  we  update  their

classification to  take into  account  the whole diversity of  glutamate receptors

found in metazoans. We also studied the expression of glutamate receptors in

the  nervous  system  of  the  basal  chordate  Branchiostoma  lanceolatum and

performed electrophysiological experiments with two iGluR subunits from this

organism. This allowed us to infer the evolutionary history of these receptors in

the metazoan kingdom and hypothesize their role in the evolution of nervous

system complexity.
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Abstract Glutamate receptors are divided in two unrelated families: ionotropic (iGluR), driving

synaptic transmission, and metabotropic (mGluR), which modulate synaptic strength. The present

classification of GluRs is based on vertebrate proteins and has remained unchanged for over two

decades. Here we report an exhaustive phylogenetic study of GluRs in metazoans. Importantly, we

demonstrate that GluRs have followed different evolutionary histories in separated animal lineages.

Our analysis reveals that the present organization of iGluRs into six classes does not capture the

full complexity of their evolution. Instead, we propose an organization into four subfamilies and ten

classes, four of which have never been previously described. Furthermore, we report a sister class

to mGluR classes I-III, class IV. We show that many unreported proteins are expressed in the

nervous system, and that new Epsilon receptors form functional ligand-gated ion channels. We

propose an updated classification of glutamate receptors that includes our findings.

DOI: https://doi.org/10.7554/eLife.35774.001

Introduction
Glutamate is the principal excitatory neurotransmitter in the central nervous system of animals (Fon-

num, 1984; Danbolt, 2001; Pascual-Anaya and D’Aniello, 2006). It acts on two families of structur-

ally unrelated receptors: ionotropic glutamate receptors (iGluRs), which are ligand-gated ion

channels and G-protein coupled receptors (GPCRs), known as metabotropic glutamate receptors

(mGluRs) (Sobolevsky et al., 2009; Conn and Pin, 1997). While fast excitatory neurotransmission is

mediated by iGluRs, metabotropic receptors modulate synaptic transmission strength. iGluRs are

formed by four subunits, which can be traced back to bacteria (Tikhonov and Magazanik, 2009).
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The current classification of iGluR subunits includes six classes: a-amino-3-hydroxy-5-methyl-4-isoxa-

zolepropionic acid (AMPA) receptors, Kainate receptors, N-methyl-D-aspartate (NMDA) receptors

(actually comprising three classes: NMDA1-3) and Delta receptors (Traynelis et al., 2010). iGluR

subunits of the same class assemble into homo- or heterotetramers (Karakas and Furukawa, 2014;

Kumar et al., 2011) and their ligand selectivity is dictated by a small number of residues located in

the ligand-binding domain (Traynelis et al., 2010). Accordingly, NMDA subunits GluN1 and GluN3

as well as the Delta subunit GluD2 bind glycine and D-serine, while all subunits from the AMPA and

Kainate classes bind glutamate (Traynelis et al., 2010; Kristensen et al., 2016). Metabotropic gluta-

mate receptors are class C GPCRs and as such are formed by a single polypeptide. mGluRs also

appeared before the emergence of metazoans, being present in unicellular organisms such as the

amoeba Dictyostellium discoideum (Taniura et al., 2006). mGluRs are presently organized into three

classes (I, II and III) and all their members respond to glutamate (Conn and Pin, 1997; Pin et al.,

2003).

While the phylogeny of the two families of GluRs is well characterized in vertebrates, that of the

entire animal kingdom is only poorly understood. The few studies on iGluR evolution outside verte-

brates concentrate on a few phyla, leaving many proteins unclassified (Greer et al., 2017;

Brockie et al., 2001; Janovjak et al., 2011; Kenny and Dearden, 2013). Similarly, the vast majority

of mGluRs described so far fall into the three classes described in vertebrates (Krishnan et al.,

2013; Kucharski et al., 2007; Dillon et al., 2006). Although, the existence of three insect mGluRs

that cluster apart from classes I-III led to propose the existence of a fourth class (Mitri et al., 2004).

Here we present what to our knowledge is the most comprehensive phylogenetic study of ionotropic

and metabotropic GluRs along the animal kingdom. We have favored the use of more slow-evolving

species for the construction of phylogenetic trees. These species are particularly amenable to phylo-

genetics (Simakov et al., 2013; Simakov et al., 2015; Putnam et al., 2007) as they arguably

eLife digest Nerve cells or neurons communicate with each other by releasing specific

molecules in the gap between them, the synapses. The sending neuron passes on messages through

packets of chemicals called neurotransmitters, which are picked up by the receiving cell with the

help of receptors on its surface. Neurons use different neurotransmitters to send different messages,

but one of the most common ones is glutamate.

There are two families of glutamate receptors: ionotropic receptors, which can open or close ion

channels in response to neurotransmitters and control the transmission of a signal, and

metabotropic receptors, which are linked to a specific protein and control the strength of signal.

Our understanding of these two receptor families comes from animals with backbones, known as

vertebrates. But the receptors themselves are ancient. We can trace the first family back as far as

bacteria and the second back to single-celled organisms like amoebas. Vertebrates have six classes

of ionotropic and three classes of metabotropic glutamate receptor. But other multi-celled animals

also have these receptors, so this picture may not be complete.

Here, Ramos-Vicente et al. mapped all major lineages of animals to reveal the evolutionary

history of these receptors to find out if the receptor families became more complicated as brain

power increased. The results showed that the glutamate receptors found in vertebrates are only a

fraction of all the types that exist. In fact, before present-day animal groups emerged, the part of

the genome that holds the ionotropic receptor genes duplicated three times. This formed four

receptor subfamilies, and our ancestors had all of them. Across the animal kingdom, there are ten,

not six, classes of ionotropic receptors and there is an extra class of metabotropic receptors. But

only two subfamilies of ionotropic and three out of four metabotropic receptor classes are still

present in vertebrates today.

The current classification of glutamate receptors centers around vertebrates, ignoring other

animals. But this new data could change that. A better knowledge of these new receptors could aid

neuroscientists in better understanding the nervous system. And, using this technique to study other

families of proteins could reveal more missing links in evolution.

DOI: https://doi.org/10.7554/eLife.35774.002
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present lower rates of molecular evolution than other organisms. Our work shows that metazoan

evolution of GluRs is much more complex than previously thought. iGluRs present an overall organi-

zation into four subfamilies that were already present in the last ancestor of all metazoans. Verte-

brate species only retain members of two of these subfamilies. Furthermore, we identify many

lineage-specific gains, losses or expansions of GluR phylogenetic groups. Finally, we present experi-

mental evidence showing that unreported GluRs found in the basally divergent chordate Branchios-

toma lanceolatum (amphioxus) are highly expressed in the nervous system and that members of the

unreported Epsilon subfamily, the most phylogenetically spread among unreported groups, can

form functional ligand-gated ion channels.

Results

Phylogenetics of metazoan ionotropic glutamate receptors reveals four
subfamilies, unreported classes and lineage-specific evolutionary
dynamics
We have performed a systematic phylogenetic study of iGluR evolution across the animal kingdom.

To increase the confidence on iGluRs evolutionary history phylogenetic trees have been generated

using two independent methods (Bayesian inference and Maximum-likelihood (ML), Figure 1 and

Figure 1—figure supplement 1). Our analysis indicates that the family of iGluRs experienced key

duplication events that define its present organization into four previously unreported subfamilies,

of which two contain the extensively studied vertebrate classes. Assuming ctenophores as the sister

group to all other animals (Moroz et al., 2014; Ryan et al., 2013), our data suggest that the three

major duplication events leading to this four subfamilies occurred before the divergence of current

animal phyla (see Figure 2 for a summary scheme of iGluRs evolution). The first of these duplications

produced the separation of the Lambda subfamily, the second lead to divergence of the NMDA sub-

family and the third to the split between Epsilon and AKDF subfamilies.

The Lambda subfamily is the most phylogenetically restricted, as we could only identify it in pori-

fers. Thus, Lambda would have been lost in two occasions, in the lineage of ctenophores and in a

common ancestor of placozoans, cnidarians and bilaterals. On the other hand, the Epsilon subfamily

is the best represented among non-bilaterians, being present in all non-bilaterian phyla investigated.

Including in porifers, although we could only identify one Epsilon in sponges, GluE_Ifa from the

demosponge Ircinia fasciculata. Our data also indicate that this subfamily has been lost in multiple

occasions along metazoan evolution, as we could not find it in the protostome, echinoderm or verte-

brate species investigated. Interestingly, all ctenophore iGluRs identified, which have been previ-

ously reported (Alberstein et al., 2015), belong to the Epsilon subfamily. Thus, this phylum would

have lost NMDA, Lambda and AKDF proteins. Contrarily, ctenophores would have experienced an

important expansion of Epsilon iGluRs, as we report 17 and 10 of these proteins in the two species

with genomic information available, M. leidyi and P. bachei, respectively.

Although we have not identified NMDA receptors in ctenophores, porifers and placozoans our

analysis indicates that this subfamily was already present in the last common ancestor of metazoans.

This is because the topology of the tree shows that NMDAs appear in the phylogeny at the same

level as the Epsilon subfamily, which has representatives in all non-bilateral phyla. According to our

data, NMDA1s on the one hand and NMDA2s and NMDA3s on the other contain members of the

cnidarian phylum. Although we have only been able to identify one member more closely related to

NMDA2 and NMDA3 than NMDA1 (GluN2/3_Nve), its position in the phylogeny is very well sup-

ported by both analyses performed. This indicates that a specific duplication occurred in the ances-

tor of bilaterians originating NMDA2s and NMDA3s. Moreover, we have also identified a cnidarian-

specific NMDA class, that we have termed NMDA-Cnidaria, this class presents representative pro-

teins in 3 of the four species investigated. Among bilaterals we have observed conservation of all

NMDA classes with the exception of NMDA2s in echinoderms, which are absent from the two spe-

cies examined. Interestingly, studied cnidarian species substantially expanded their NMDA subfamily

repertoire, with at least six members in Nematostella vectensis.

In bilaterians the AKDF subfamily diversified into the known AMPA, Kainate and Delta classes,

but also into a fourth new class that we have termed Phi. The phylogenetic spread of these classes is

quite variable, as AMPA and Kainate are in all bilateral phyla investigated but Delta and Phi are
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Figure 1. Bayesian phylogeny of metazoan ionotropic glutamate receptors. Ionotropic glutamate receptor

subfamilies are indicated in colored boxes at the right. Sequences belonging to the same class are highlighted

together by dashed lines and the class name is also shown. Green circles highlight the three duplications occurred

before the divergence of the ctenophore lineage that lead to these four subfamilies. Posterior probabilities are

Figure 1 continued on next page
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more restricted. Deltas are almost completely absent from ecdysozoan species, as we could only

find a single member of this class in priapulids (P. caudatus) and none in arthropods or nematodes.

Similarly, Deltas are poorly represented in mollusks and, with the available data, absent in annelids.

Finally, we could only identify Phi proteins in cephalochordates, hemichordates and echinoderms,

indicating that this class might be lost in the lineages of protostomes and olfactores (i.e. vertebrates

and urochordates). The AKDF subfamily also includes proteins from the non-bilateral phyla of pori-

fera, placozoa and cnidarian. The exact organization of these proteins into classes is not as straight-

forward as for bilateral proteins. The Bayesian and ML analysis only agree in the position of 12

iGluRs from the sponge O. carmela, these would constitute the only clear class in non-bilaterals,

which we have termed AKDF-Oca.

Another example of a multiple lineage-specific event that occurred during animal evolution of

iGluRs can be observed in the evolution of AMPA and Kainate proteins among protostomes. The

general iGluRs phylogeny (Figure 1) suggests that ecdysozoan species have expanded their reper-

toire of Kainate subunits when compared with lophotrochozoans (e.g. mollusks, annelids), since C.

teleta and L. gigantea only presents one and two genes coding for Kainate receptors, respectively.

Contrarily, we found more AMPA subunits in lophotrochozoans than in ecdysozoan species. To

investigate whether the two protostome lineages have alternatively expanded genes coding for

AMPA or Kainate subunits we conducted a phylogenetic analysis of these two classes using eight

species of ecdysozoans and seven of lophotrochozoans with well-characterized genomes (Figure 3

Figure 1 continued

shown at tree nodes and protein names at the end of each branch. Tree branches are colored based on phylum,

as indicated in the legend. For unreported phylogenetic groups, names of proteins predicted to bind glycine or

glutamate are highlighted in yellow or orange, respectively. Protein names from non-vertebrate species are

composed of four parts: (i) ‘GluR#’, where # is a code denoting class or subfamily (A, AMPA; K, Kainate; F, Phi; D,

Delta; Akdf, AKDF; E, Epsilon; N, NMDA and L, Lambda); (ii) a number, or range of numbers, denoting

orthologous vertebrate protein(s), if any; (iii) a Greek letter to identify non-vertebrate paralogs, if any and (iv) a

three-letter species code. iGluRs from A. thaliana were used as an outgroup. All information on species and

proteins used is given in Figure 1—source data 2. Phylogenetic reconstruction was performed using Bayesian

inference. The amino acid substitution model used was Vt + G + F, number of generations: 14269000, final

standard deviation: 0.007016 and potential scale reduction factor (PSRF): 1.000. Scale bar denotes number of

amino acid substitutions per site. Although the GluAkdf2_Tad protein localizes to the Delta class in this tree, we

do not consider this molecule as a confident member of this class. This is because the statistical support provided

by the Bayesian analysis is low and because the Maximum-likelihood analysis (see Figure 1—figure supplement

1) does not position this protein in the Delta branch.

DOI: https://doi.org/10.7554/eLife.35774.003

The following source data and figure supplements are available for figure 1:

Source data 1. Conservation of protein domains in ionotropic glutamate receptors from unreported groups.

DOI: https://doi.org/10.7554/eLife.35774.009

Source data 2. Reference table of species and proteins used in the phylogenetic analysis of iGluRs.

DOI: https://doi.org/10.7554/eLife.35774.010

Source data 3. Aligned protein sequences used to construct ionotropic glutamate receptor phylogenies.

DOI: https://doi.org/10.7554/eLife.35774.011

Source data 4. Table with MolProbity scores of 3D models.

DOI: https://doi.org/10.7554/eLife.35774.012

Figure supplement 1. Maximum-likelihood phylogeny of metazoan ionotropic glutamate receptors.

DOI: https://doi.org/10.7554/eLife.35774.004

Figure supplement 2. Multiple protein alignment of transmembrane regions M1, M3 and M4 from unreported

iGluRs.

DOI: https://doi.org/10.7554/eLife.35774.005

Figure supplement 3. Three-dimensional models of Epsilon class members.

DOI: https://doi.org/10.7554/eLife.35774.006

Figure supplement 4. Multiple protein alignment of the M1-M2 intracellular loop and the Q/R and +4 sites.

DOI: https://doi.org/10.7554/eLife.35774.007

Figure supplement 5. Multiple protein alignment of iGluR residues involved in ligand-binding.

DOI: https://doi.org/10.7554/eLife.35774.008
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Figure 2. Schematic representation of iGluRs metazoan evolution. (a) Summary tree showing the evolution of iGluR subfamilies and classes in the

metazoan lineages investigated. Each branch corresponds with one lineage. Phylogenetic subfamilies are represented by yellow boxes and classes by

blue boxes. The four subfamilies present in the ancestor of all current metazoan lineages are shown at the base of the tree. Duplications of subfamilies

in ancestors of current lineages are indicated. When a class or subfamily is lost in a lineage or in an ancestor, the corresponding box is crossed out with
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and Figure 3—figure supplement 1). Nematodes were left out of the analysis as they lack Kainate

receptors (Brockie et al., 2001). This analysis retrieved 40 lophotrochozoan genes coding for AMPA

subunits but only 15 coding for Kainates. The opposite scenario was observed in the genomes of

ecdysozoan species, with 10 AMAP and 40 Kainate proteins,. Yet, among ecdysozoans the priapulid

P. caudatus has two AMPA and two Kainate subunits, indicating that the expansion of Kainate recep-

tors might be exclusive to arthropods. Overall the AMPA:Kainate ratio resulted to be around 1:4 in

ecdysozoans and 4:1 in lophotrochozoans.

Sequence conservation and ligand specificity of unreported iGluR
phylogenetic groups
All proteins from unreported groups (i.e. subfamilies and classes) present well-conserved sequences

in iGluR domains, including transmembrane domains or residues involved in receptor tetramerization

(Figure 1—figure supplement 2 and Figure 1—source data 1). Three-dimensional (3D) models of

two Epsilon subunits from amphioxus (GluE1 and GluE7) indicate that their general fold is well pre-

served (Figure 1—figure supplement 3a). The only noticeable distinction in proteins from these

groups is an insertion in the intracellular loop between the first and second transmembrane domains

in Epsilon proteins. This insertion is particularly distinct in ctenophore iGluRs, having been termed as

the cysteine-rich loop (Alberstein et al., 2015) (Figure 1—figure supplement 4). We have also iden-

tified a sequence difference among Epsilon proteins. Ctenophore iGluRs have two cysteines that

form a disulfide bond at loop 1 of the ligand binding domain (Alberstein et al., 2015), which are

also present in NMDA proteins. Nevertheless, this element is absent from the remaining members of

the Epsilon subfamily.

The ‘SYTANLAAF’ motif, essential for channel gating (Traynelis et al., 2010), is also well con-

served in most sequences, in particular the second, fourth and fifth residues (Figure 1—figure sup-

plement 2). Nevertheless, all members of the Lambda subfamily and some proteins of the Phi class

present lower levels of conservation in this sequence. Whether these changes have a functional

impact is something that will require further investigation. The Q/R site (Q586, residue numbering

according to mature rat GluA2) and the acidic residue located four positions downstream D/E590

(Figure 1—figure supplement 4) are involved in calcium permeability and polyamine block of

AMPA and Kainate receptors (Bowie and Mayer, 1995; Koh et al., 1995; Kamboj et al., 1995). Of

these two positions the latter is much better conserved, especially outside ctenophores and the

Lambda subfamily. We have identified an acidic residue at position 590 in 84 out of 122 iGluRs from

unreported groups, including cnidarian NMDAs. Yet, only 1/3 of these proteins present a glutamine

(Q) at position 586. This includes most AKDFs and Epsilon proteins from non-ctenophores, contrarily,

none of the Phi subunits presents a Q586.

The key ligand binding residues involved in fixing the amino acid backbone (a�amino and

a�carboxyl) are Arg485 and an acidic residue at position 705 (Naur et al., 2007; Armstrong and

Gouaux, 2000; Mayer, 2005; Furukawa et al., 2005; Yao et al., 2008). These two positions are

well conserved in 94 of the 122 proteins from unreported groups, suggesting that their endogenous

ligand is an amino acid (see Figure 1—figure supplement 3b for a 3D representation of ligand bind-

ing by GluE1 and Figure 1—figure supplement 5 for an alignment of iGluR residues involved in

ligand binding). The residue changes found in the remaining 28 proteins would render them unable

to bind an amino acid (Figure 1—figure supplement 5). This is are particularly common among class

Phi proteins from amphioxus and in NMDA-Cnidaria.

Figure 2 continued

a red cross. Mollusca and annelida are lophotrochozoans and priapulida and arthropoda ecdysozoans. In priapulida NMDA2s and NMDA3s were not

investigated. (b) Table indicating the presence or absence of iGluR subfamilies and classes in the metazoan lineages investigated. When a phylogenetic

group is present in a lineage it is indicated by a green tick and if it is absent by a red cross. The last column shows the total number of groups found in

each phylum. The last row shows the number of phyla where each phylogenetic group is present.

Image credit: Placozoa, author Oliver Voigt, licensed under CC BY-SA 3.0 Germany license; source https://commons.wikimedia.org/wiki/File:Trichoplax_mic.jpg; P caudatus, author Shunkina Ksenia,

licensed under CC BY 3.0 source https://commons.wikimedia.org/wiki/File:Priapulus_caudatus.jpg; Hemichordata, released under GNU Free Documentation License, source https://commons.wikimedia.

org/wiki/File:Eichelwurm.jpg; Cephalochordata, author Hans Hillewaert, licensed CC BY-SA 4.0 International license, source https://commons.wikimedia.org/wiki/File:Branchiostoma_lanceolatum.jpg.

DOI: https://doi.org/10.7554/eLife.35774.013
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Figure 3. Bayesian phylogeny of AMPA and Kainate classes in protostomes. Ionotropic glutamate receptors classes are indicated at the right. Posterior

probabilities are shown at tree nodes and protein names at the end of each branch. Tree branches are colored based on phylum, as indicated in the

legend. Protein names from non-vertebrate species are composed of four parts: (i) ‘GluR#’, where # is a one letter code denoting class (A for AMPA

and K for Kainate); (ii) a number, or range of numbers, denoting orthologous vertebrate protein(s), if any; (iii) a Greek letter to identify non-vertebrate
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Residues involved in ligand selectivity show higher variability. These are located at positions 653

and 655, and are occupied by glycine and threonine in glutamate-binding proteins and by serine

and a non-polar residue in glycine-binding iGluRs. However, a recent study of ctenophore receptors

has found that position 653 can be occupied by serine or threonine in glutamate-binding iGluRs, and

by an arginine in glycine-binding subunits (Alberstein et al., 2015). Based on this previous knowl-

edge we have predicted the ligand specificities of most previously unreported receptors. The pre-

ferred ligand could be confidently predicted for 72 out of the 94 proteins with well-conserved

residues involved in fixing the amino acid backbone.

Interestingly, all unreported groups comprise glycine- and glutamate-specific iGluRs. Gly-specific

receptors slightly outnumber those predicted to respond to glutamate (overall ratio about 3:2). The

Lambda subfamily would include three proteins specific for glutamate and one for glycine, while

seven remain with an unknown selectivity. Of note, the protein predicted to bind glycine (Glu-

L5_Oca) displays an arginine at position 653, a feature which had only been reported in ctenophores

(Alberstein et al., 2015). This residue would form a salt bridge with Glu423, which is key for glycine

selectivity in ctenophores (Alberstein et al., 2015). Most Epsilon and AKDF proteins would prefera-

bly bind glycine, although ctenophores present a similar number of Epsilon receptors predicted to

respond to glycine or glutamate (Figure 1) (Alberstein et al., 2015). In the Phi class we also found a

similar number of receptors binding glycine and glutamate. Finally, we could only predict binding

specificity for two of the 9 NMDA-Cnidaria proteins, as they present many changes in the residues

involved in either amino acid backbone binding or side chain recognition.

Interestingly, the 22 proteins for which we could not confidently predict their ligand selectivity

(Figure 1—figure supplement 5), present a limited number of residues occupying position 653 and

655, suggesting constrained evolution. Of these: (i) nine present residues with negative polarity at

both positions, being candidates to bind glutamate, (ii) six present a Gly653 and a non-polar residue

at position 655, and thus are candidates to bind glycine, (iii) five proteins, all from the Branchiostoma

genus, present a tyrosine at position 653. A structural model of one of these receptors, GluE7 (Fig-

ure 1—figure supplement 3c), shows that a Tyr653 aromatic side chain would occupy the ligand-

binding pocket, strongly suggesting that amino acid binding would be blocked. Finally, (iv) two pro-

teins present a phenylalanine in either of the two positions and remain unclassified.

Epsilon and Phi iGluR proteins are highly expressed in the nervous
system and traffic to the plasma membrane
We used quantitative PCR (qPCR) to investigate gene expression levels of all iGluR subunits identi-

fied in B. lanceolatum, including those from the Epsilon and Phi groups. All 24 B. lanceolatum iGluR

subunits identified in silico were found expressed in amphioxus, with the exception of Grie5

(Figure 4a). Furthermore, they all showed a significantly higher expression in the nerve cord as com-

pared to the whole body, suggesting tissue-enriched expression. While we observed low expression

levels for Epsilon genes coding for subunits with a tyrosine at position 653 (Grie5-8), which according

to the 3D model would block the ligand-binding pocket, the expression of Grif1-2, also presenting

the same tyrosine, reach much higher levels, comparable to those of subunits from the Kainate,

Figure 3 continued

paralogues, if any and (iv) a three-letter species code. GluN1s from chordates were used as an outgroup. All information on species and proteins used

in this phylogeny is given in Figure 3—source data 2. Phylogenetic reconstruction was performed using Bayesian inference. The amino acid

substitution model used was Vt + I + G, number of generations: 8868000, final standard deviation: 0.0072 and potential scale reduction factor (PSRF):

1.001. Scale bar denotes number of amino acid substitutions per site.

DOI: https://doi.org/10.7554/eLife.35774.014

The following source data and figure supplement are available for figure 3:

Source data 1. Aligned protein sequences used to construct AMPA and Kainate class phylogenies in protostomes.

DOI: https://doi.org/10.7554/eLife.35774.016

Source data 2. Reference table of species and proteins used in the phylogenetic analysis of AMPA and Kainate classes in protostomes.

DOI: https://doi.org/10.7554/eLife.35774.017

Figure supplement 1. Maximum-likelihood phylogeny of AMPA and Kainate classes in protostomes.

DOI: https://doi.org/10.7554/eLife.35774.015
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Figure 4. Expression and functional analysis of amphioxus iGluRs. (a) iGluRs mRNA expression (mean and standard deviation) in Branchiostoma

lanceolatum. Bars show average relative expression of B. lanceolatum (amphioxus) iGluR genes as determined by qPCR. Filled bars represent whole

body and open bars nerve cord expression levels. Note that all genes show significantly enriched expression in the nerve chord relative to the whole

body, with the exception of Grie5 (Student’s t-test, n = 3). Expression level in the nerve chord is compared across genes of the same class. Statistics:

pair comparisons were done by Student’s t-test, n = 3, multiple comparisons were done by one-way ANOVA followed by Tukey’s Post-Hoc test, n = 3.

Significance levels: ***p < 0.001, **p < 0.01 and *p < 0.05; ns, not significant. (i) AMPA class. (ii) Kainate class. (iii) Phi class. (iv) Delta class. (v) Epsilon

subfamily. (vi) NMDA classes. (b) Multiple sequence alignment of iGluRs transmembrane region M4 containing residues involved in tetramerization,

these are indicated by a black frame. Higher amino acid conservation is represented by increasing intensity of blue background and by a bar chart at

the bottom. Sequences included are GluE1 and GluE7 from amphioxus and representatives of human iGluRs. (c) Immunoblot of chimeric GluE1 and

GluE7, containing the signal peptide from rat GluA2, expressed in HEK293T cells. Proteins were detected using the immuno-tags (c-Myc and HA,

respectively) located after the rat signal peptide. Protein extracts from non-transfected cells were loaded as negative controls. (d) Immunofluorescence

Figure 4 continued on next page

Ramos-Vicente et al. eLife 2018;7:e35774. DOI: https://doi.org/10.7554/eLife.35774 10 of 36

Research article Evolutionary Biology Neuroscience

275

https://doi.org/10.7554/eLife.35774


Delta or NMDA classes. Thus, the presence of a tyrosine at position 653 does not appear to be

directly correlated with low expression levels.

Amphioxus genes coding for GluE1 and GluE7 were synthesized in vitro and transiently expressed

in HEK293T cells for functional studies. Wild-type GluE1 and GluE7, which are not predicted to have

a canonical signal peptide by SignalP 4.1 (Nielsen, 2017), expressed well but were not trafficked to

the plasma membrane (Figure 4—figure supplement 1a–d), even though residues involved in tetra-

merization (Salussolia et al., 2013) are well conserved (Figure 4b). We thus synthesized new variants

of these genes with the signal peptide from rat GluA2 (Figure 1—figure supplement 1cd). These

constructs also expressed well (Figure 4c) and now were efficiently trafficked to the plasma mem-

brane, as indicated by the staining observed in non-permeabilized cells (Figure 4d). Furthermore,

analysis of receptor oligomerization, performed using non-denaturing gel electrophoresis and immu-

noblot, clearly indicates that both proteins form homotetramers in vitro (Figure 4e).

Ligand specificity and electrophysiological properties of Epsilon
proteins from amphioxus
We next investigated the gating properties of two Epsilon proteins from amphioxus, GluE1 and

GluE7. The presence of a serine and a tryptophan at positions 653 and 704, respectively, suggested

that GluE1 would bind glycine. Indeed, neither glutamate nor aspartate elicited a response in our

experimental settings. Instead, glycine application was able to elicit an inward whole-cell current at a

membrane potential of �60 mV (Figure 5a). Interestingly, the chemically related amino acids alanine

and D-serine only generated very low responses, indicating a high selectivity of the GluE1 homote-

tramer for glycine.

The Epsilon receptor displayed a strong inward rectification, even in the absence of added poly-

amines in the intracellular solution (Figure 5b,c). This behavior is characteristic of unedited AMPA

and Kainate receptors displaying a glutamine (Q) and an acidic residue at positions 586 and 590,

respectively (Bowie and Mayer, 1995; Koh et al., 1995; Kamboj et al., 1995) and GluE1 presents a

glutamine and an aspartic acid at these positions (Figure 1—figure supplement 4). Glycine-medi-

ated currents showed a slow rate of recovery from desensitization when compared with AMPA or

Kainate mammalian receptors, requiring 20–25 seconds until a complete recovery was achieved and

a full response of the same magnitude could be recorded (Figure 5d,e). Similar observations have

been made with ctenophore receptors activated by glycine in which the recovery from desensitiza-

tion has an unusually long time constant of 81 seconds (Alberstein et al., 2015).

Finally, functional studies on receptors formed by GluE7 did not retrieve any positive results.

None of the following amino acids: glutamate, aspartate, asparagine, glycine, alanine or D-serine eli-

cited a response in our experimental system. We hypothesize that, as predicted by the 3D model,

the presence of a tyrosine at position 653 renders a homomeric form of this receptor unable to func-

tion as an amino acid-gated ion channel.

Figure 4 continued

of HEK293T cells expressing rat GluA2 (top), cMyc-tagged GluE1 (middle) or HA-tagged GluE7 (bottom). Both non-permeabilized and permeabilized

conditions are shown. (e) Immunoblot of tetrameric rat GluA2, GluE1 and GluE7 expressed in HEK293T cells. Amphioxus proteins were detected using

the immuno-tags (c-Myc and HA, respectively) located at the N-terminus of each sequence. Protein extracts from non-transfected cells were loaded as

negative controls.

DOI: https://doi.org/10.7554/eLife.35774.018

The following source data and figure supplements are available for figure 4:

Source data 1. qPCR values used to generate Figure 4a.

DOI: https://doi.org/10.7554/eLife.35774.021

Figure supplement 1. Wild-type GluE1 and GluE7 expression in HEK293T cells and genetic strategy used to add a signal peptide.

DOI: https://doi.org/10.7554/eLife.35774.019

Figure supplement 2. List of primers used in qPCR experiments.

DOI: https://doi.org/10.7554/eLife.35774.020
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Phylogenetics of metazoan metabotropic glutamate receptors reveals a
sister group of classes I to III
We next performed a phylogenetic study of metabotropic glutamate receptors (Figure 6 and Fig-

ure 6—figure supplement 1). This analysis has revealed that the three historical mGluR classes (I to

III) have a sister group. Following the current nomenclature we have named this as class IV. The exis-

tence of this class had already been proposed on the bases of three insect proteins (Mitri et al.,

2004). Yet, here we show that this class is actually present in all bilateral phyla, excluding verte-

brates. Furthermore, we also show that class IV appeared together with classes I-III before radiation

of bilateral lineages. We have identified clear orthologues to class I-IV in porifers, placozoans and
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Figure 5. Glycine activates an amphioxus homomeric Epsilon receptor. (a) Representative homomeric GluE1 (from B. lanceolatum) whole-cell currents

evoked by a rapid pulse (500 ms) of different amino acids (10 mM) in HEK293T cells. Left and right glycine-mediated currents denote agonist

application before and after alanine, D-serine and glutamate applications respectively for ruling out run-down of the currents. (b) Representative GluE1

responses to 10 mM glycine at different membrane voltages (from �80 to +80 mV in 20 mV steps). Note that a strong inward rectification can be

observed even in the absence of added polyamines in the intracellular solution. Inset: currents at negative membrane voltages are shown. (c) Current-

voltage relationship for peak currents evoked by glycine (500 ms, 10 mM) applied to whole HEK293T cells containing homomeric GluE1 subunits

normalized for the current at �80 mV (n = 3) fitted to a 5th order polynomial function. Error bars represent SEM. (d) Homomeric GluE1 glycine-mediated

currents recorded at different time intervals by using a paired pulse protocol. (e) Rate of recovery of desensitization fitted to a single exponential of

time constant 10.8 s (n = 3–5). Plot shows the average ratio values (P2/P1) and SEM (error bars).

DOI: https://doi.org/10.7554/eLife.35774.022
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Figure 6. Bayesian phylogeny of metazoan metabotropic glutamate receptors. Identified metabotropic glutamate receptor classes from bilateral and

non-bilateral organisms are indicated by colored boxes at the right. Dashed boxes further highlight individual classes from bilateral organism. Posterior

probabilities are shown at tree nodes and protein names at the end of each branch. Tree branches are colored based on phylum, as indicated in the

legend. Protein names from non-vertebrate species are composed of four parts: (i) ‘mGluR’, followed by a number, or range of numbers, denoting

Figure 6 continued on next page
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cnidarians but not in ctenophores. These are organized into four classes, two from cnidarians, and

one from placozoans and porifers (Figure 6). We have also identified non-bilaterian mGluRs that fall

outside the above-mentioned classes. Unfortunately, the Bayesian and ML phylogenies do not agree

on the exact organization of these early divergent mGluRs, except for the fact that they diverge

prior to bilaterian classes. For this reason we have left these sequences unclassified. Whether these

sequences belong to one, or even multiple classes that would have been lost in bilateral organisms

is something that will require further investigation.

Although all class IV proteins show well conserved sequences overall (Figure 6—figure supple-

ment 2a, Figure 6—figure supplement 3 and Figure 6—source data 1), two residues critical for

glutamate binding, Arg78 and Lys409, are non-conservatively replaced by non-polar or acidic resi-

dues in all class IV proteins identified (Figure 6—figure supplement 2a, residue numbering corre-

sponds to human mGluR1). These changes are predicted to hamper glutamate binding and, indeed,

functional studies of a class IV receptor from fruit fly indicated that it does not respond to this amino

acid (Mitri et al., 2004). All class IV proteins would share this feature. On the other hand, residues

involved in contacts with the amino acid backbone are well conserved (Figure 6—figure supple-

ment 2a), suggesting that these proteins might bind an amino acid other than glutamate. Similarly,

mGluR residues from most non-bilaterian sequences involved in binding the amino acid backbone

are highly conserved. Among non-bilaterian proteins the residues involved in glutamate binding are

only conserved in approximately half of the proteins from classes orthologous to I-II-III-IV. Finally, we

investigated mGluRs expression in amphioxus following the same procedure described for iGluRs.

All five amphioxus mGluRs showed an enriched expression in the nerve cord, including the two class

IV genes. Noticeably, these two genes showed significantly higher expression levels than ortho-

logues of vertebrate classes (Figure 6—figure supplement 2b).

Discussion
We have performed what to our knowledge is the most comprehensive phylogenetic study of meta-

zoan glutamate receptors. This has revealed that their evolutionary history is much more complex

than what is currently acknowledged, especially for the family of iGluRs. Our study has also revealed

the existence of unreported phylogenetic groups in both ionotropic and metabotropic glutamate

Figure 6 continued

orthologous vertebrate protein(s), if any (for Class IV and group I-II-III-IV proteins, the name is followed by the name of the class/group); (ii) a Greek

letter to identify non-vertebrate paralogs, if any and (iv) a three-letter species code. GABA-B receptors from vertebrates were used as an outgroup. All

information on species and proteins used in this phylogeny is given in Figure 6—source data 2. Phylogenetic reconstruction was performed using

Bayesian inference. The amino acid substitution model used was WAG + I + G + F, number of generations: 5327000, final standard deviation: 0.004788

and potential scale reduction factor (PSRF): 1.001. Scale bar denotes number of amino acid substitutions per site.

DOI: https://doi.org/10.7554/eLife.35774.023

The following source data and figure supplements are available for figure 6:

Source data 1. Conservation of protein domains in metabotropic glutamate receptors from unreported classes.

DOI: https://doi.org/10.7554/eLife.35774.028

Source data 2. Reference table of species and proteins used in the phylogenetic analysis of mGluRs.

DOI: https://doi.org/10.7554/eLife.35774.029

Source data 3. Aligned protein sequences used to construct metabotropic glutamate receptor phylogenies.

DOI: https://doi.org/10.7554/eLife.35774.030

Source data 4. qPCR values used to generate Figure 6—figure supplement 2b.

DOI: https://doi.org/10.7554/eLife.35774.031

Figure supplement 1. Maximum-likelihood phylogeny of metazoan metabotropic glutamate receptors.

DOI: https://doi.org/10.7554/eLife.35774.024

Figure supplement 2. Multiple protein alignment of mGluR residues involved in ligand binding and expression levels of B.lanceolatum mGluR genes.

DOI: https://doi.org/10.7554/eLife.35774.025

Figure supplement 3. Multiple protein alignment of mGluR transmembrane regions.

DOI: https://doi.org/10.7554/eLife.35774.026

Figure supplement 4. List of primers used in qPCR experiments.

DOI: https://doi.org/10.7554/eLife.35774.027
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receptors. Importantly, our data indicate that the evolution of glutamate receptors has not occurred

in an unequivocal incremental manner only in those clades with more elaborated neural systems, but

it has rather followed an scattered lineage-specific evolutionary history. This means that certain line-

ages have experienced the gain, loss, expansion or reduction of specific phylogenetic groups.

Our phylogenetic analysis indicates that the family of iGluRs is actually divided into four unre-

ported subfamilies that we have termed Lambda, Epsilon, NMDA and AKDF. Interestingly, this gen-

eral organization was already present in the last common ancestor of all metazoans and later

duplications within NMDA and AKDF subfamilies resulted in the formation of well-known iGluR clas-

ses. The other two subfamilies are absent from the majority of model species used in neuroscience

research. The NMDA subfamily diversified into classes NMDA1-3 but also into the NMDA2/3 and

NMDA-Cnidaria. Similarly, the AKDF subfamily diversified into the AMPA, Kainate and Delta classes,

but also into the previously unreported Phi class. We have also identified and AKDF class exclusive

to porifers, represented by sequences form O. carmela. Most well-studied iGluR classes are the

result of duplications in ancestors of current bilateral species, >650 million years ago (mya)

(Kumar et al., 2017), only class NMDA1 originated earlier, as cnidarians present members within

this class. The Epsilon subfamily, which includes all iGluRs from ctenophores, is the only subfamily

present in all non-bilateral phyla investigated, including sponges. It is thus the subfamily presenting

a larger phylogenetic spread, as it is also present in hemichordates and in non-vertebrate chordates.

On the other hand, the unreported Phi class shows a more restricted phylogenetic spread, as it is

present only in three deuterostome phyla. Moreover, Lambda proteins seem restricted to Porifers,

which constitutes an interesting evolutionary case due to maintenance of a glutamate receptor family

in a phylum without nervous system.

The phylogenetic analysis of metabotropic glutamate receptors has allowed us to unambiguously

establish the existence of a sister group to the well-known classes I, II and III. Following the present

nomenclature we have named this as class IV. This class had been previously proposed based on the

identification of three insect mGluRs that did not cluster with members of known classes

(Mitri et al., 2004). Here we show that class IV is not restricted to insects, but is actually present in

all bilaterian phyla investigated, with the exception of vertebrates where this class has been lost.

Interestingly, as it occurs for most well-known iGluR classes, mGluR classes I-IV appeared simulta-

neously in the ancestor of bilaterals. Our phylogenetic analysis also indicates that the non-bilateral

phyla of cnidarians, placozoans and porifers present clear orthologues to classes I-IV, which are orga-

nized into four classes, while we failed to find any in the early-branching ctenophores. Finally, we

were unable to confidently classify many non-bilateral mGluRs, which might constitute one or more

classes.

We have identified many examples of lineage-specific evolutionary events. These would antago-

nize with a model in which species with less elaborated nervous systems would present GluR families

with lower complexity. The most noticeable examples are: (i) the absence of all subfamilies but Epsi-

lon in analyzed ctenophores, (ii) the loss of Delta receptors from arthropods, nematodes and annelid

species investigated, (iii) the loss of the Epsilon subfamily in vertebrates, echinoderms and proto-

stomes, (iv) the loss of the Phi class in vertebrates and studied protostomes, (v) the specific expan-

sion of Kainate receptors in arthropods, which contrasts with the expansion of AMPA receptors in its

sister lineages of mollusks and annelids, (vi) the large expansion of the Epsilon subfamily in cteno-

phores, placozoans and cephalochordates and, finally (vii) the loss of mGluR class IV in vertebrates.

Along the same line, it is interesting to note that amphioxus (B. belcheri and B. lanceolatum), with

a simple nervous system, have over 20 genes encoding iGluRs, while mammals have 18. Other non-

vertebrate species also present large numbers of iGluRs, including the 19 iGluRs identified in the

sponge O. carmela or the 17 present in the ctenophore M. leidyi, to mention a few. Similarly, the

cnidarian A. digitifera and the ctenophore M. leidyi have seven mGluRs each, while the placozoan T.

adhaerens presents eleven, three more than the eight mGluRs found in the human genome. The

large number of GluRs found in many non-vertebrate animals suggests that there has been an evolu-

tionary trend to increase their number in many metazoan lineages.

Our experimental results suggest that unreported receptors would play a role in the nervous sys-

tem, as Epsilon, Phi and mGluR class IV genes are highly expressed in the nerve cord of amphioxus.

Nevertheless, whether all these proteins are expressed at the synapse and act as neurotransmitter

receptors is an issue that will require further investigation. Their presence in other tissues, such as

sensory organs, cannot be ruled out. Those receptors showing more divergent sequences,
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particularly in residues involved in ligand binding, might respond to other molecules. For instance,

they could behave as chemoreceptors, as it is the case of antennal receptors found in insects

(Croset et al., 2010; Benton et al., 2009).

Proteins from all unreported groups generally present a good conservation of residues involved

in binding the amino acid backbone, indicating that their ligand would be an amino acid or a closely

related molecule. Interestingly, we could identify proteins predicted to bind either glycine or gluta-

mate in all unreported iGluR subfamilies and classes. If our functional predictions are correct, the

ability to recognize one or the other amino acid would have emerged repeatedly in all unreported

iGluR phylogenetic groups. Unexpectedly, the nature of the residues conferring amino acid specific-

ity indicates that only a minority of proteins from unreported GluR groups would respond to gluta-

mate. Sequence analysis and structural considerations strongly suggest that class IV mGluRs will not

bind glutamate and that among non-bilateral mGluRs only a minority, belonging to classes ortholo-

gous to I-II-III-IV, are predicted to bind to this neurotransmitter. Similarly, among unreported iGluR

groups, the number of proteins binding glycine outnumbers those binding glutamate. Interestingly,

we report a glycine-binding poriferan protein (GluL5_Oca) with a structural feature that had only

been reported in ctenophores (Alberstein et al., 2015). This is an Arg653 that through establishing

a salt bridge with Glu423 confers glycine specificity (Alberstein et al., 2015). We thus report that

this structural element is not exclusive to ctenophores. We have also identified iGluR subunits with

important changes in critical ligand binding residues, indicating that they might have evolved new

biological functions, for example, response to other, as yet unidentified small molecules.

The activation of Epsilon receptors by glycine has been experimentally corroborated by electro-

physiological analysis of homotetrameric receptors composed by GluE7 from M. leidy

(Alberstein et al., 2015) and GluE1 from amphioxus (this study). In our hands the amphioxus recep-

tor showed a very high selectivity for glycine, since ion currents could not be elicited by chemically

related amino acids such as serine or alanine. Glycine-binding Epsilon subunits from phyla other than

ctenophores present structural features similar to those from glycine-binding iGluRs in vertebrates.

The greater number of glycine receptors found in non-vertebrate species could be related to the

higher abundance of this amino acid in their nerve cord as compared with the mammalian brain

(Pascual-Anaya and D’Aniello, 2006).

Altogether, our phylogenetic analysis and experimental findings have uncovered the complex

evolution of glutamate receptors within the metazoan kingdom. Our data indicate that the classifica-

tion of iGluRs is not restricted to the six classes currently recognized. Instead, iGluRs are organized

into four subfamilies: Lambda, Epsilon, NMDA and AKDF and ten classes with varying phylogenetic

spread. With the data available, the NMDA subfamily is organized into classes NMDA1, NMDA 2,

NMDA3, NMDA-Cnidaria and NMDA2/3, while subfamily AKDF contains classes AMPA, Kainate,

Delta, Phi and AKDF-Oca. Both NMDA2/3 and AKDF-Oca are represented by sequences from only

one species, further sequencing of non-bilateral species will be required to fully demonstrate their

existence. Furthermore, the evolution of mGluRs has generated a sister group to classes I, II and III,

class IV. We have also identified classes of non-bilaterian mGluRs orthologous to I-II-III-IV. We pro-

pose that the classification of these two families of GluRs, key to the physiology of the nervous sys-

tem, has to be updated to include our findings.

Materials and methods

Key resources table

Reagent type
(species) or
resource Designation

Source or
reference Identifiers

Additional
information

Cell line
(Homo sapiens)

HEK293T American Type
Culture
Collection

Cat#: CRL-3216
RRID: CVCL_0063

Transfected
construct
(synthesize)

pIRES2_EGFP Addgene Cat. #: 6029–1

Continued on next page
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Continued

Reagent type
(species) or
resource Designation

Source or
reference Identifiers

Additional
information

Transfected
construct
(synthesize)

pICherryNeo Addgene Cat. #: 52119

Transfected
construct
(synthesize)

Grie1 in
pICherryNeo

Invitrogen
GeneArt Gene
Synthesis

Transfected
construct
(synthesize)

Grie7 in
pIRES2_EGFP

Invitrogen
GeneArt Gene
Synthesis

Biological
sample
(Branchiostoma
lanceolatum)

whole animal Collected in the
bay of
Argelès-
sur-Mer,
France (latitude
42˚ 32’ 53’ N
and longitude
3˚ 03’ 27’ E)

Biological
sample
(Branchiostoma
lanceolatum)

nerve chord Collected in the
bay of
Argelès-sur-
Mer, France
(latitude 42˚ 32’
53’ N and
longitude
3˚ 03’ 27’ E)

Antibody Mouse
anti-HA

Covance Cat. #:
MMS-101P
RRID: AB_
291259

IF (1:200),
WB (1:1000)

Antibody Rabbit
anti-c-Myc

Cell
Signalling

Cat. #: 2272S
RRID: AB
_10692100

IF (1:100),
WB (1:1000)

Antibody Mouse
anti-GluA2

Millipore Cat. #:
MAB397
RRID: AB_
2113875

IF (1:200),
WB (1:1000)

Antibody Alexa Fluor
555 donkey anti-
mouse IgG

Invitrogen Cat. #: A-31570
RRID: AB_2536180

IF (1:1000)

Antibody Alexa Fluor
647 goat anti
-rabbit IgG

Life Technologies Cat. #: A-21245
RRID: AB_2535813

IF (1:500)

Antibody Donkey
anti-mouse

Li-cor Cat. #:
926–32212
RRID: AB
_621847

WB (1:7500)

Antibody Donkey
anti-rabbit

Li-cor Cat. #:
926–68073
RRID: AB_
10954442

WB (1:7500)

Recombinant
DNA reagent

Sequence-
based reagent

Grie1 gene from
B. Lanceolatum

Sequence-
based
reagent

Grie7
gene from
B. Belcheri

Continued on next page
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Continued

Reagent type
(species) or
resource Designation

Source or
reference Identifiers

Additional
information

Sequence-based
reagent

Seqeucne
corresponding
with
rat Gria2 signal
peptide

Chemical
compound,
drug

N-dodecyl-a-
maltopyr
anoside;
DDM

Anatrace Cat. #:
D310HA

2% w/v

Software,
algorithm

pClamp10 Molecular
Devices

Software,
algorithm

IgorPro Wavemetrics

Software,
algorithm

Neuromatic doi: 10.3389/
fninf.2018.
00014

RRID: SCR_
004186

Software,
algorithm

MrBayes 3.2.6 doi: 10.1093/
sysbio/sys029

Software,
algorithm

IQTree doi: 10.1093/
molbev/msu300

Software,
algorithm

MolProbity doi: 10.1107/
S09074
44909042073

RRID:
SCR_014226

Software,
algorithm

MIFit GitHub
(Smith, 2010)

Software,
algorithm

FIJI doi: 10.1038/
nmeth.2019

RRID:
SCR_002285

Other CIPRES
Science
Gateway

doi: 10.1109/GCE
.2010.5676129

RRID:
SCR_008439

Free on-line
super computing
resource for
evolutionary
research

Identification of genes coding for members of glutamate receptor
families in metazoan genomes
Phylogenetic analysis were performed with sequences from at least two species from each of the

following metazoan phyla: Porifera, Ctenophora, Placozoa, Cnidaria, Lophotrochozoa, Ecdysozoa,

Hemichordata, Chordata and Vertebrata, with the exception of placozoans for which only one spe-

cies is available. When possible, we chose slowly evolving species. The complete lists of species

used for iGluR phylogenies are given in Figure 1—source data 2. Species used in the phylogeny of

metabotropic glutamate receptors are listed in Figure 6—source data 2. Sponge sequences were

taken from (Riesgo et al., 2014), B. lanceolatum sequences were retrieved from unpublished geno-

mic and transcriptomic databases (access was kindly provided by the Mediterranean Amphioxus

Genome Consortium), A. digitifera and P. flava sequences were obtained from the Marine Genomics

Unit (Simakov et al., 2015; Shinzato et al., 2011) and P. bachei sequences from NeuroBase

(Moroz et al., 2014).

GluR sequences were identified using homology-based searches in a two-tier approach. Mouse

glutamate receptors were used as search queries (iGluRs: Gria1-4; Grik1-5; Grid1-2, Grin1, Grin2A-D

and Grin-3A-B; mGluRs: mGluR1-8). In a first search GluR homologs were identified using the

BLASTP tool (Altschul et al., 1990) with default parameters. Subject sequences with an E-value

below 0.05 were selected as candidate homologs. These were re-blasted against the NCBI database

of ‘non-redundant protein sequences’ using the same BLAST tool. If the first hit obtained in the

reciprocal BLAST was a glutamate receptor the sequence was included in the phylogenetic analysis.

In a second stage the same mouse sequences were used to perform TBLASTN searches against
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genomic and, when available, transcriptomic databases. Subject sequences not identified in the first

tear and having an E-value below 0.05 were selected as candidate homologs. These were re-blasted

using BLASTX against the NCBI ‘non-redundant protein sequences’ database. Finally, if the first hit

of this search was a glutamate receptor the sequence was also included in the phylogenetic analysis.

Identified iGluR sequences in which less than four residues of the SYTANLAAF motif

(Traynelis et al., 2010) were conserved were not considered for the final phylogenetic analysis.

mGluR sequences lacking two or more of the seven transmembrane regions were also discarded.

The complete reference lists of all iGluRs used in the final phylogeny are given in files Figure 1—

source data 2. The reference list of metabotropic glutamate receptors is presented in Figure 6—

source data 2. The alignments used for the phylogenetic analysis of iGluRs, mGluRs and AMPAs

and Kainates from protostomes are provided in Figure 1—source data 3, Figure 3—source data 1

and Figure 6—source data 3.

Phylogenetic analyses
The iGluR tree was constructed with 224 sequences identified in 26 non-vertebrate species (Fig-

ure 1—source data 2). The tree also included 18 iGluR sequences from vertebrates and two iGluR

proteins from A. thaliana, used as an outgroup (Chiu et al., 2002). The phylogenetic analysis of

AMPA and Kainate classes in protostomes was inferred using 110 sequences from 15 protostome

species (Figure 3—source data 2) and 37 sequences from deuterostomes, of which 4 GluN1 pro-

teins were used as an outgroup. The mGluR tree was constructed with 149 proteins from 29 non-ver-

tebrate species, 38 mGluRs from vertebrate species and 10 sequences from vertebrate

metabotropic GABA receptors, used as an outgroup (Figure 6—source data 2).

Protein sequences were aligned with the MUSCLE algorithm (Edgar, 2004), included in the soft-

ware package MEGA6 (Tamura et al., 2013) with default parameters. ProtTest v3.4.2 was used to

establish the best evolutionary model (Darriba et al., 2011). Trees were constructed using MrBayes

v3.2.6 (Ronquist et al., 2012) for Bayesian inference and IQ-TREE (Nguyen et al., 2015) for Maxi-

mum-likelihood analysis. For Bayesian inference phylogenies were stopped when standard deviation

was below 0.01 and its value was fluctuating but not decreasing. Markov chain Monte Carlo (MCMC)

was used to approximate the posterior probability of the Bayesian trees. Bayesian analyses included

two independent MCMC runs, each using four parallel chains composed of three heated and one

cold chain. Twenty-five % of initial trees were discarded as burn-in. Convergence was assessed when

potential scale reduction factor (PSRF) value was between 1.002 and 1.000. In Maximum-likelihood

analysis the starting tree was estimated using a neighbor-joining method and branch support was

obtained after 1000 iterations of ultrafast bootstrapping (Hoang et al., 2018). Gene/protein names

were given based on their position in the tree. Phylogenetic trees were rendered using FigTree

(http://tree.bio.ed.ac.uk/software/figtree/). Phylogenetic calculations were performed at the IBB -

UAB heterogeneous computer cluster ‘Celler’ and at the CIPRES science gateway (RRID: SCR_

008439) (Miller et al., 2010).

Collection and housing of animals
Branchiostoma lanceolatum adults were collected in the bay of Argelès-sur-Mer, France (latitude 42˚
32’ 53’ N and longitude 3˚ 03’ 27’ E) with a specific permission delivered by the Prefect of Region

Provence Alpes Côte d’Azur. B. lanceolatum is not a protected species. Animals were kept in tanks

with seawater at 17˚C under natural photoperiod.

RNA isolation, cDNA synthesis and quantitative gene expression
(qPCR)
Adult amphioxus (B. lanceolatum) were anesthetized in 0.1% diethyl pyrocarbonate (DEPC; Sigma,

D5758) PBS buffer. Animals were sacrificed by cutting the most anterior part of the body. The nerve

chord was surgically extracted from the animal while submerged in DEPC-PBS using a magnifying

glass. Individual nerve chords were snap frozen in liquid nitrogen and stored at �80˚C until use.

RNA was extracted from whole animals or from dissected nerve chords. Ten nerve chords were used

for each RNA extraction, so that biological variability between individuals could be normalized. The

tissue was homogenized in 1 mL of TRI Reagent (Sigma, T9424) using a Polytron homogenizer.

Homogenates were transferred into an Eppendorf tube and incubated 5 min at room temperature
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(RT) before adding 100 mL of 1-bromo-3-cloropropane. Tubes were vigorously mixed by vortexing

for 10–15 s, incubated 15 min at RT and centrifuged at 13000 rpm for 15 min at 4˚C. RNA was pre-

cipitated from the aqueous phase with 500 mL of isopropanol and 20 mg of glycogen. Tubes were

frozen for 1 hr at �80˚C and then thawed, incubated at RT for 10 min and centrifuged at 13000 rpm

for 10 min at 4˚C. The RNA pellet was washed twice with 500 mL of 75% ethanol and air-dried.

cDNA was synthesized from 0.5 mg of total RNA. One mL of Oligo(dT)15 (Promega), 1 mL of 10 mM

dNTP mix (Biotools), RNA and DEPC distilled water were mixed in a PCR tube to a final volume of

14 mL. This mix was incubated at 65˚C for 5 min in a T100 Thermal Cycler (BioRad). After cooling

tubes on ice for 1 min, we added 4 mL of First Strand 5x buffer, 1 mL of 0.1 M DTT and 1 mL of Super-

Script III (Invitrogen). Tubes were placed in a T100 Thermal Cycler (BioRad) with the following pro-

gram: 60 min at 50˚C, 15 min at 70˚C. RNA expression levels were determined using qPCR and the

GAPDH gene used as a reference. Primers used for qPCR analysis of iGluRs are in Figure 4—figure

supplement 2 and those used for mGluR qPCR in Figure 6—figure supplement 4. qPCR data for

iGluRs and mGluRs are given in Figure 4—source data 1 and Figure 6—source data 4,

respectively.

cDNA from nerve chord and whole body samples was diluted 1:10 for the glutamate receptor

gene reactions, and 1:100 for the reference gene reaction. For each gene 2.5 mL of diluted cDNA

were added to 5 mL of iTaq Universal SYBR Green Supermix (Bio-Rad), along with 0.5 mL of each

primer and 1.5 mL of RNase free water. qPCR was run in a C1000 Touch thermocycler combined with

the optic module CFX96. Three technical replicates were performed for all genes analyzed. Primer

pairs were designed to detect the expression levels of each glutamate receptor (Figure 4—figure

supplement 2 and Figure 6—figure supplement 4). B. belcheri glutamate receptor sequences were

aligned with the genomic sequence of B. lanceolatum, and high identity fragments were used to

design primers. All primers were 20–25 base pair long, had GC content over 40–45% and a Tm

between 60–65˚C. Primers were designed to obtain amplicons between 140–270 base pairs. Values

of normalized expression were statistically analyzed using GraphPad Prism5. No outliers were identi-

fied and no data points were excluded. Comparisons between whole body and nerve chord expres-

sion levels were done with Student’s T-Test for unpaired samples or the Welch variant of the

Student’s T-Test for samples with different variance. For multiple comparisons between the expres-

sion levels of genes belonging to the same class one-way ANOVA analysis was performed using

Tukey’s Post-Hoc test.

Grie1 and Grie7 gene synthesis
Grie1 and Grie7 genes were selected for transient expression in the mammalian cell line HEK293T.

We prepared two constructs for each gene. We first introduced an immuno-tag in the N-terminus

before the first element of secondary structure. For Grie1 we used the c-Myc tag, which was placed

after residue 39, and for Grie7 we used the hemagglutinin (HA) tag introduced after residue 10 of

the wild-type sequence. The second set of constructs prepared substituted the wild type N-terminal

sequence for the signal peptide from rat GluA2 while maintaining the immuno-tags (Figure 4—fig-

ure supplement 1). Codon-optimized genes for expression in human cells were synthesized and

cloned into pICherryNeo (Addgene, 52119) and pIRES2_EGFP (Addgene 6029–1) by the Invitrogen

GeneArt Gene Synthesis service.

Cell line
All expression experiments were done with a mycoplasma-free HEK293T cell line kindly provided by

Prof. F. Ciruela (Universitat de Barcelona) and purchased from the American Type Culture Collection

(ATCC, CRL-3216, RRID: CVCL_0063). The ATCC has confirmed the identity of HEK293T by STR pro-

filing (STR Profile; CSF1PO: 11,12; D13S317: 12,14; D16S539: 9,13; D5S818: 8,9; D7S820: 11; TH01:

7, 9.3; TPOX: 11; vWA: 16,19; Amelogenin: X). After the purchase of the cell line, mycoplasma tests

are performed in the laboratory on every new defrosted aliquot. The kit used for mycoplasma detec-

tion is PlasmoTest (Invivogen, code: rep-pt1).
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Expression of GluE1 and GluE7 in HEK293T cells and analysis of plasma
membrane trafficking
HEK293T cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with

10% FBS and 1% Antibotic-Antimycotic (Gibco) in a humidified incubator at 5% CO2 air and 37˚C.
The day before transfection, cells were plated onto poly-D-lysine coated coverslips in 6-well plates,

to reach 60–80% confluence. HEK293T cells were transiently transfected with the following plasmids:

empty pIRES2-EGFP, pIRES2-EGFP containing the Grie7_Bbe gene, empty pICherryNeo and pICher-

ryNeo containing Grie1_Bla. Cells were transfected using 3 mg of polyethylenimine and 1 mg of plas-

mid DNA for each ml of non-supplemented DMEM. Cells were incubated 4–5 hr with transfection

medium without supplementation, which was then removed and replaced by supplemented

medium. Twenty-four hours after transfection the medium was removed and cells were washed 3

times with PBS. For surface receptor staining, cells were blocked in 2% BSA in PBS for 10 min at

37˚C, and incubated for 25 min at 37˚C with primary antibodies against HA (Covance, MMS-101P,

RRID: AB_291259), c-Myc (Cell Signalling, 2272S, RRID: AB_10692100) or GluA2 (Millipore, MAB397,

RRID: AB_2113875). HA and GluA2 antibodies were diluted 1:200 and c-Myc 1:100 in DMEM with-

out supplementation. Cells were washed 3 times with PBS, fixed in 4% paraformaldehyde (PFA) for

15 min at RT, rinsed in PBS and incubated 1 hr at 37˚C with secondary antibodies Alexa Fluor 555

donkey anti-mouse IgG (H + L) (A-31570, Invitrogen, RRID: AB_2536180) and Alexa Fluor 647 goat

anti-rabbit IgG (H + L) highly cross-adsorbed (Life Technologies, A-21245, RRID: AB_2535813),

diluted 1:1000 and 1:500 in PBS, respectively. Finally, coverslips were washed and mounted onto

slides with Fluoroshield with DAPI (Sigma-Aldrich, F6057). For intracellular labeling cells were first

fixed in 4% PFA for 15 min at RT, permeabilized with 0.2% Triton X-100 in PBS for 10 min, and finally

blocked with PBS containing 2% BSA and 0.2% Triton X-100 for 20 min. Primary antibodies against

HA (Covance, MMS-101P, RRID: AB_291259) and GluA2 (Millipore, MAB397, RRID: AB_2113875)

were diluted 1:1000 and c-Myc (Cell Signalling, 2272S, RRID: AB_10692100) antibody was prepared

at 1:100 in PBS. Incubation lasted 25 min at 37˚C. Secondary antibody incubations and coverslip

mounting were done in the same way as for non-permeabilized cells. Cells were examined using a

confocal laser-scanning microscope (Zeiss LSM 700) with a 63x oil objective.

Western blot and native gel electrophoresis
HEK293T cells were grown in 6-well plates as described previously and transfected with plasmids

expressing amphioxus GluE1, GluE7 or GluA2. Twenty-four hours after transfection cells were rinsed

with PBS and the content of 4 wells was resuspended in solubilization buffer (PBS containing 2%

N-dodecyl-a-maltopyranoside (DDM; D310HA, Anatrace) and the protease inhibitors mix cOmplete

EDTA-free Protease Inhibitor Cocktail, Roche). Cell lysates were homogenized in a Dounce homoge-

nizer in ice with 20 strokes and kept under orbital agitation for 1 hr at 4˚C. Lysates were centrifuged

at 89000xg in a Beckman TLA120.2 rotor for 40 min at 4˚C. The supernatant containing solubilized

membrane proteins was recovered in a new tube and stored at �20˚C until used.

For native gel electrophoresis proteins were resolved in a Mini-PROTEAN TGX Gel 4–20% (Bio-

Rad). Samples were mixed with Native Sample Buffer (Bio-Rad) and run along with HiMark Pre-

Stained Protein Standard (Life Technologies). Electrophoresis was performed in ice at a constant

voltage of 100 V for 180 min. Gels were transferred at constant current (35 mA) to polyvinylidene

fluoride (PVDF) membranes overnight (16–18 hr) at 4˚C. After transfer, membranes were blocked for

1 hr with Odyssey Blocking Buffer (Li-cor) in TBS, and incubated overnight at 4˚C with primary anti-

bodies anti-HA (Covance, MMS-101P, RRID: AB_291259), anti-c-Myc (Cell Signaling, 2272S, RRID:

AB_10692100) or anti-GluA2 (Millipore, MAB397, RRID: AB_2113875) diluted 1:1000 in TTBS (TBS

containing 0.05% Tween-20). After three 15 min washes in TTBS, membranes were incubated with

donkey anti-mouse (Li-cor, 926–32212, RRID: AB_621847) and donkey anti-rabbit (Li-cor, 926–68073,

RRID: AB_10954442) diluted 1:7500 in TTBS for 1 hr. Blots were analyzed in an Odyssey scanner (Li-

cor).

For denaturing gel electrophoresis (SDS-PAGE) protein lysates were denatured by adding loading

sample buffer 10x (500 mM Tris-HCl pH 7.4, 20% SDS, 10% b-mercaptoethanol, 10% glycerol and

0.04% bromophenol blue), and incubated for 5 min at 95˚C. Protein lysates were loaded in a 10%

SDS- polyacrylamide gel and separated at a constant current (25 mA). Gels were transferred at a

constant voltage of 100 V for 90 min in ice. Membranes were blocked for 1 hr with Odyssey Blocking
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Buffer in TBS, and incubated overnight at 4˚C with the same primary antibodies at the same dilution

as for native gels in TBS containing 0.1% Tween 20. After three 15 min washes in TTBS, membranes

were incubated with secondary antibodies as above. Blots were analyzed in an Odyssey scanner.

3D modeling of GluE1 and GluE7
Models for full-length GluE1 and GluE7 were generated with RaptorX (Källberg et al., 2012) based

on deposited three-dimensional crystal structures of the full-length AMPA-subtype ionotropic gluta-

mate receptor from Rattus norvegicus, GluA2, bound to competitive antagonists (PDB codes 4U4G

(Yelshanskaya et al., 2014) and 3KG2 (Sobolevsky et al., 2009), respectively). Models of their

respective ligand binding domains were generated with SWISS-MODEL (Biasini et al., 2014) using

the atomic-resolution crystal structure of the rat GluA2 LBD bound to glutamate as template (PDB

code 4YU0). Model quality was assessed with MolProbity (http://molprobity.biochem.duke.edu/,

RRID: SCR_014226). MolProbity scores for all models are given in Figure 1—source data 4. Models

were inspected with MIFit (Smith, 2010) and figures were prepared with PyMOL (www.pymol.org).

Electrophysiology
Cells were visualized with an inverted epifluorescence microscope (AxioVert A.1, Zeiss) and were

constantly perfused at 22–25˚C with an extracellular solution containing (in mM): 145 NaCl, 2.5 KCl,

2 CaCl2, 1 MgCl2, 10 HEPES and 10 glucose (pH = 7.42 with NaOH; 305 mOsm/Kg). Microelectro-

des were filled with an intracellular solution containing (in mM): 145 CsCl, 2.5 NaCl, 1 Cs-EGTA, 4

MgATP, 10 HEPES (pH = 7.2 with CsOH; 295 mOsm/Kg). Electrodes were fabricated from borosili-

cate glass (1.5 mm o.d., 1.16 i.d., Harvard Apparatus) pulled with a P-97 horizontal puller (Sutter

Instruments) and polished with a forge (MF-830, Narishige) to a final resistance of 2–4 MW. Currents

were recorded with an Axopatch 200B amplifier filtered at 1 KHz and digitized at 5 KHz using Digi-

data 1440A interface with pClamp 10 software (Molecular Devices Corporation).

Whole-cell macroscopic currents were recorded from isolated or coupled pairs of mCherry or

EGFP positive HEK293T cells. Rapid application (<1 ms exchange) of agonists (500 ms pulses) at a

membrane potential of �60 mV was achieved by means of a theta-barrel tool (1.5 mm o.d.; Sutter

Instruments) coupled to a piezoelectric translator (P-601.30; Physik Instrumente). One barrel con-

tained extracellular solution diluted to 96% with H2O and the other barrel contained 10 mM of the

amino acid solution. For measuring current-voltage relationships, 500 ms agonist jumps were applied

at different membrane voltages (�80 mV to +80 mV in 20 mV steps) and peak currents were fitted

to a 5th order polynomial function. To study recovery from desensitization, a two-pulse protocol (500

ms each) was used in which a first pulse was applied followed by a second pulse at different time

intervals (from 2.5 s to 25 s). The paired pulses were separated 30–60 s to allow full recovery from

desensitization. To estimate the percentage of recovery, the magnitude of peak current at the sec-

ond pulse (P2) was compared with the first one (P1). Electrophysiological recordings were analyzed

using IGOR Pro (Wavemetrics Inc.) with NeuroMatic (Jason Rothman, UCL, RRID: SCR_004186).
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editing; Àlex Bayés, Conceptualization, Formal analysis, Supervision, Funding acquisition, Methodol-

ogy, Writing—original draft, Project administration, Writing—review and editing

Author ORCIDs

David Ramos-Vicente http://orcid.org/0000-0002-2730-0850

David Soto http://orcid.org/0000-0001-7995-3805
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böök F, Humphrey
GW, Idris MM,
Kiyama T, Liang S,
Mellott D, Mu X,
Murray G, Olinski
RP, Raible F, Rowe
M, Taylor JS,
Tessmar-Raible K,
Wang D, Wilson
KH, Yaguchi S,
Gaasterland T, Ga-
lindo BE, Gunar-
atne HJ, Juliano C,
Kinukawa M, Moy
GW, Neill AT, No-
mura M, Raisch M,
Reade A, Roux MM,
Song JL, Su YH,
Townley IK, Voro-
nina E, Wong JL,
Amore G, Branno
M, Brown ER, Ca-
valieri V, Duboc V,
Duloquin L, Flytza-
nis C, Gache C,
Lapraz F, Lepage T,
Locascio A, Marti-
nez P, Matassi G,
Matranga V, Range
R, Rizzo F, Röttin-
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Annex II

In  the  article  'Ramos-Vicente  and  Bayés,  2020.  AMPA  receptor  auxiliary

subunits emerged during early vertebrate evolution by neo/subfunctionalization

of unrelated proteins', published in Open Biology, which has an impact factor of

4.930, we present the results obtained in a first stage of the doctorate. After the

study of the evolution of glutamate receptors, we performed the phylogenies of

four protein families which contain members that function as AMPA receptor

auxiliary  subunits  (ARAS).  We  performed  phylogenies  of  CACNG-GSG1,

Cornichon, Shisa and Dispanin C families, and we subclassified each one into

subfamilies based on their phylogenetic trees. Our analyses suggest that the

high  variety  of  ARAS  found  in  vertebrates  arouse  from  neo  and

subfunctionalization  events.  These  events  occurred  after  the  two  rounds  of

whole genome duplications that take place in the ancestor of vertebrates. We

propose that the recruitment of new proteins to regulate glutamatergic synaptic

transmission could be correlated with the evolution of more complex nervous

systems.
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In mammalian synapses, the function of ionotropic glutamate receptors is
critically modulated by auxiliary subunits. Most of these specifically regulate
the synaptic localization and electrophysiological properties of AMPA-type
glutamate receptors (AMPARs). Here, we comprehensively investigated the
animal evolution of the protein families that contain AMPAR auxiliary sub-
units (ARASs). We observed that, on average, vertebrates have four times
more ARASs than other animal species. We also demonstrated that ARASs
belong to four unrelated protein families: CACNG-GSG1, cornichon, shisa
and Dispanin C. Our study demonstrates that, despite the ancient origin
of these four protein families, the majority of ARASs emerged during
vertebrate evolution by independent but convergent processes of neo/
subfunctionalization that resulted in the multiple ARASs found in present
vertebrate genomes. Importantly, although AMPARs appeared and diversi-
fied in the ancestor of bilateral animals, the ARAS expansion did not occur
until much later, in early vertebrate evolution. We propose that the surge in
ARASs and consequent increase in AMPAR functionalities, contributed to
the increased complexity of vertebrate brains and cognitive functions.

1. Introduction
Ionotropic glutamate receptors are key to the physiology of the nervous system,
as they mediate fast excitatory neurotransmission [1]. Previously, we reported
that the evolution of the proteins that form these tetrameric receptors has
been much more sophisticated than previously acknowledged [2]. We found
that beyond the well-known AMPA, Kainate, NMDA and Delta classes, there
are four other classes exclusive to invertebrate species. Because of this, species
with simple nervous systems, such as the sea anemone N. vectensis, have a simi-
lar number of ionotropic glutamate receptor subunits to animals with complex
brains, such as mammals [2]. We argued that the high diversity of neuronal
types [3] or the wide array of glutamate receptor functionalities [4] found in
vertebrates is unlikely to be the result of an increased repertoire of genes
coding for them. Notably, the subcellular traffic and function of ionotropic
glutamate receptors is controlled by their auxiliary subunits [5]. These proteins
add a new layer of complexity to glutamatergic transmission and might have
contributed to an expanded functionality of these receptors in animals with
complex brains. In mammals, sixteen proteins have been identified as ionotro-
pic glutamate receptor auxiliary subunits. Of these, fourteen modulate AMPA-
type glutamate receptors (AMPARs) [6], and they are referred to as AMPA
receptor auxiliary subunits (ARASs). Only one auxiliary subunit has been
reported for NMDA receptors, Neto1 [7], which also regulates Kainate recep-
tors, as does Neto2 [8,9]. Currently known mammalian ARASs belong to five

© 2020 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
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protein families: CACNG and GSG1 (both within the
superfamily of claudins), cornichon, shisa and Dispanin C.

Genes belonging to the same family are defined as paralo-
gues; these originate from gene or genome duplication events
[10]. In vertebrates, many paralogues resulted from the two
rounds of whole-genome duplication (2R) occurred at the
base of this lineage, approximately 400 Ma [11]. After
duplication, the two new genes can experience processes of
neofunctionalization or subfunctionalization. In the first scen-
ario, one of the new genes retains all functions performed by
the ancestral gene, while the second acquires new ones
[12,13]. Alternatively, genes subfunctionalize when the mul-
tiple functions carried out by the ancestral gene are realized
separately by descendent paralogues [13,14]. Establishing if
paralogues have undergone a process of neo or subfunctionali-
zation requires a precise understanding of all functions carried
out by the ancestral gene and thedescendingparalogues.When
this knowledge is not available, it is not possible to determine
which one of these two processes took place [15]; in these
occasions, the term neo/subfunctionalization can be used [13].

Known invertebrate ARAS belong to the CACNG or
cornichon families. These have been described in C. elegans
[16,17] and the fruit fly [18,19]. The first ARAS to be reported
was CACNG2, also called stargazin, as it is mutated in
stargazer mice [20]. Although this protein is phylogenetically
related to CACNG1, an auxiliary subunit of voltage-
dependent calcium channels (VDCC), it specifically interacts
with AMPAR [21,22]. Subsequently, six other CACNGs have
been discovered in mammals (CACNG3 to CACNG8 [23,24]).
Apart from CACNG6, which also acts as a VDCC auxiliary
subunit [25,26], all other CACNGs function as AMPA recep-
tor auxiliary subunits [27–29]; these are usually referred to as
TARPs (transmembrane AMPA receptor regulatory proteins)
[27]. Phylogenetic analysis of mammalian TARPs identifies
that they are more related to each other than to auxiliary sub-
units of VDCCs [25,27], being divided in two types [27,30,31]
that differentially modulate AMPAR [28,29]. The most
recently identified ARAS is GSG1L [32,33]. In vertebrate gen-
omes, GSG1L has two paralogues: GSG1, which interacts
with the polymerase TPAP, and GSG1L2 [32,34], of unknown
biological function. These proteins also belong to the super-
family of claudins, like CACNGs. Despite its structural
similarity with TARPs, GSG1L modulates AMPAR in a differ-
ent way, downregulating its traffic to the plasma membrane
and accelerating deactivation and desensitization [35,36]. The
remaining ARASs have been identified in three other protein
families: cornichon, shisa and Dispanin C. In all cases, these
families contain ARAS and proteins with different biological
functions. Among cornichons, CNIH2 and CNIH3 modulate
AMPAR function, but CNIH1 and CNIH4 regulate the traffic
of TGFα and GPCRs, respectively [37–41]. Four members of
the shisa family, Shisa6 to Shisa9 (originally referred to as
CKAMPs [42–46]), interact with AMPAR, yet Shisa2 and
Shisa3 are involved in the traffic of FGF [47] and WNT [48]
receptors, respectively, and Shisa5 participates in the p53/
TP53-dependent apoptosis pathway [49]. Finally, SynDIG1,
from the Dispanin C family, has also been identified as an
ARAS [50,51], this protein has two paralogues in vertebrates,
SynDIG1L and TMEM91, with poorly understood functions.

The evolutionary origin of ARASs is well established for
cornichons, which have been identified in the ancestor of
eukaryotes and are present in a large range of species, includ-
ing plants and yeasts [52,53]. The claudin superfamily, towhich

CACNGandGSG1 proteins belong, present homologues in the
basal metazoan phylum of porifera [54,55], placing its origin
prior to the divergence of these organisms. While CACNG
homologues have been reported in different bilaterian species,
including vertebrates and the fruit fly or C. elegans [17,19], it is
still unknown when GSG1s appeared during evolution. In
addition, some shisa homologues have been described in por-
ifera and Dispanin C homologues have been identified in
brown algae [56,57]. Here, we present a comprehensive study
of the animal evolution of all protein families that include
AMPAR auxiliary subunits. Our work shows that cornichons,
present in the ancestor of all metazoans, would be the most
ancient of all ARAS. TARPs, which appeared together with
AMPARs in the ancestor of bilaterians, also function as
ARASs in invertebrate organisms. Nevertheless, most
ARASs, including shisas, GSG1L and SynDIG1, would have
been recruited to modulate AMPAR function early in ver-
tebrate evolution, suggesting that during this period there
was an evolutionary pressure that favoured an expansion of
the functionality of AMPARs.

2. Materials and methods
2.1. Identification of genes coding for AMPA receptor

auxiliary subunits in metazoan genomes
Phylogenetic analysis was performed as described previously
[2]. We searched sequences in 31 species belonging to different
metazoan phyla: Porifera, Ctenophora, Placozoa, Cnidaria,
Lophotrochozoa, Ecdysozoa, Hemichordata, Chordata and
Vertebrata. The same species were used to construct all phylo-
genies. We used slowly evolving species whenever possible.
All sequences were retrieved from public databases.
A. digitifera and P. flava sequences were obtained from the
Marine Genomics Unit [58,59]. A complete list of species
included in the analysis and the corresponding database
where sequence search was done can be found in electronic
supplementary material, table S1.

Sequences from protein families of interest were identified
by homology-based searches with reciprocal identifications.
Mouse proteinswere used as search queries, when different iso-
forms were present we used the longest amino acid sequence.
We searched for homologues using the BLASTP and TBLASTN
tools [60] with default parameters. Subject sequences with an
E-value below 0.05 were selected as candidate homologues.
These sequences were re-blasted against mammal proteins in
the NCBI database of ‘non-redundant protein sequences’
using the BLASTP and BLASTX tools, respectively. Identified
homologues which have a protein length that is less than 50%
of the query protein were discarded.

2.2. Phylogenetic analyses
The CACNG-GSG1 tree was constructed using a total of
114 sequences, from which fifteen are used as the outgroup
(electronic supplementary material, file S1). The cornichon
tree includes 70 sequences, of which five are cornichons from
Arabidopsis thalianaused as the outgroup (electronic supplemen-
tarymaterial, file S2). The shisa tree includes 98 sequences, eight
of which are used as the outgroup (electronic supplementary
material, file S3). Finally, the Dispanin C tree includes 41

royalsocietypublishing.org/journal/rsob
Open

Biol.10:200234

2

304



sequences, four of which were used as the outgroup (electronic
supplementary material, file S4).

Protein sequences were aligned with the MUSCLE algor-
ithm [61], included in the software package MEGAX [62] with
default parameters. ProtTest v3.4.2 was used to establish the
best evolutionary model [63]. Trees were constructed using
MrBayes v3.2.7 [64] for Bayesian inference and IQ-TREE [65]
for maximum-likelihood analysis. For Bayesian inference
phylogenies were run for 10 000 000 generations. Markov
chain Monte Carlo (MCMC) was used to approximate the
posterior probability of the Bayesian trees. Bayesian analyses
included two independent MCMC runs, each using four paral-
lel chains composed of three heated and one cold chain.
Twenty-five per cent of initial trees were discarded as burn-in.
Convergence was assessed when the potential scale reduction
factor (PSRF) value was between 1.002 and 1.000. In
maximum-likelihood analysis the starting tree was estimated
using a neighbour-joining method and branch support
was obtained after 1000 iterations of ultrafast bootstrapping
[66]. Gene/protein names were given based on their position
in the tree. Phylogenetic trees were rendered using FigTree
(http://tree.bio.ed.ac.uk/software/figtree/). Phylogenetic
calculationswereperformedat theCIPRESsciencegateway [67].

2.3. Protein nomenclature
Proteins from non-vertebrate species were systematically
named following this nomenclature: (i) the name of the subfam-
ily which they belong, or family if the sequence is not assigned
to a subfamily; (ii) a Greek letter to identify non-vertebrate
paralogues, if any; and (iii) a three-letter species code.

2.4. Prediction of PDZ motifs classes
The software Eukaryotic Linear Motif (ELM) [68] was used
to identify if the C-terminus of proteins presented a PDZ
binding motif and, if so, to what class it belonged.

3. Results
3.1. TARPs are ancient AMPAR auxiliary subunits

widespread in bilaterians
Among protein families including AMPA receptor auxiliary
subunits, CACNGs and GSG1s belong to the superfamily of
claudins [32,69,70]. We thus incorporated GSG1s into the phy-
logeny of CACNGs to investigate if they are part of the same
family within the claudin superfamily. We found that GSG1
proteins confidently fell within the ingroup (figure 1; electronic
supplementarymaterial, figure S1). Thus CACNGs andGSG1s
are more evolutionarily related to each other than they are to
the rest of the claudin superfamily, belonging to the same
family, which we have named CACNG-GSG1. We only
found CACNG-GSG1 sequences in bilaterian species
(table 1), indicating that this family appeared in a common
ancestor of bilaterians. Phylogenetic analysis identified four
subfamilies among CACNG-GSG1s: TARPs, GSG1s, VDCCs
and a protostome-specific subfamily. As these are widely rep-
resented among bilaterian phyla, we propose that the ancestral
CACNG-GSG1 experienced three duplication events before the
split of bilaterians (electronic supplementary material, figure
S2A). Nevertheless, only the TARP subfamily is conserved in

all bilaterians investigated. The other families were lost in cer-
tain lineages. For instance: (i) the GSG1 subfamily is only
present in deuterostomes; (ii) molluscs would have lost the
protostome-specific subfamily; and (iii) the VDCC-subunit
subfamily was independently lost by cephalochordates,
echinodermates and ecdysozoans.

Among the phyla studied, vertebrates present the highest
number of CACNG-GSG1s (11 proteins; table 1), of which 7
are ARAS. AlthoughCapitella teleta, an annelid, has eightmem-
bers in this family, of which six would be TARPs according to
the phylogenies, most invertebrates investigated generally
have fewer CACNG-GSG1s. All mammalian proteins within
the branch of TARPs are known AMPAR regulatory proteins
[27,28,71]. Due to their position in the trees we propose that
invertebrate orthologues to vertebrate TARPs and their bilater-
ian ancestor would interact and regulate AMPARs. However,
with the exception of cephalochordate sequences, invertebrate
TARPs are more divergent than their vertebrate counterparts,
as indicated by their longer branches. It is thus plausible that
the ability to interact with AMPARs has been altered in this
species. Functionally, vertebrate TARPs are classified into
Type I and Type II [27,28,71]. This classification is mirrored
by the phylogenies, as vertebrate sequences form two mono-
phyletic groups, one for each type. While invertebrate
proteins cannot be unambiguously related to Type I or Type
II TARPs, as the statistics metrics generated by the Bayesian
(figure 1) and maximum-likelihood (electronic supplementary
material, figure S1) phylogenies are not high enough, the trees
suggest that the majority of them belong to Type II and that
Type I would have been lost in non-vertebrates. Among
GSG1s, vertebrate GSG1Ls are the only ones known to act as
ARASs [32,33]. Yet, our tree indicates that all GSG1 paralogues
arouse from recent duplications at the base of the vertebrate
phylum, suggesting that the emergence of ARAS in this
family occurred by neo/subfunctionalization early in
vertebrate evolution.

3.2. Sequence analysis reveals common motifs in
CACNG-GSG1s

We next constructed multiple sequence alignments to investi-
gate primary sequence features among CACNG-GSG1s
(figure 2a; electronic supplementary material, figure S3). We
found a highly conserved motif of 7 residues in all
CACNG-SGS1s (consensus sequence: Y(174)SYGWSF, resi-
due numbering corresponds to human CACNG2). The last
five residues of this motif present the highest conservation,
S179 being the most conserved position. We also investigated
which proteins from this family would present PDZ binding
motifs, as mammalian TARPs [5] present Class 1 PDZ motifs.
These short C-terminal sequences contribute to the anchoring
of TARPs at the postsynaptic membrane [72,73]. All TARP
subfamily sequences except two, TARP_Pfl and TARPα_Pca,
are predicted to have a PDZ binding motif; most of these
being Class 1 motifs. TARP_Spu, TARP_Apl, TARPβ_Lgi
and TRAPβ_Aca are predicted to have changed this into
Class 2 motifs. Similarly, most GSG1 subfamily proteins
also have a PDZ binding motif, except GSG1s from hemichor-
dates (figure 2b). These motifs are present in GSG1 proteins
that act as ARAS but also in those with other functions. Inter-
estingly, this subfamily presents three types of PDZ motifs.
Vertebrate GSG1s are predicted to have Class 3 motifs,
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although their cephalochordate orthologues would have Class
1 motifs. Mammalian GSG1L2 would also present Class 1
motifs although Danio rerio orthologues present a Class 3
motif. Finally, mammalian GSG1Ls, which are the only mem-
bers of the family known to interact with AMPARs, present a
PDZ motif class termed Trp-1 [74]. This motif results from an
insertion of 7 amino acids exclusive to the mammalian lineage.
Other vertebrate species present a Class 3 PDZmotif (electronic
supplementary material, figure S4).

3.3. A process of subfunctionalization would have led
to vertebrate cornichon ARAS

We next investigated the phylogeny of cornichon proteins.
Noticeably, we found cornichon sequences in all species
investigated, covering all metazoan phyla (table 1). Our phylo-
genetic analysis indicates that this family is divided into two
subfamilies: CNIH1/2/3 and CNIH4 (figure 3; electronic sup-
plementary material, figure S5). Furthermore, it also shows
that the ancestor of all metazoans already presented the two
genes that later gave rise to these two subfamilies (electronic sup-
plementary material, figure S2B). Interestingly, both cornichon

subfamilies are highly conserved, having experienced fewdupli-
cation or deletion events throughout metazoan evolution.
Nevertheless, while the CNIH1/2/3 subfamily is found in all
metazoan phyla studied, ctenophores and echinoderms appar-
ently lost the CNIH4 subfamily. From all species studied,
vertebrates have the highest number of cornichon proteins, pre-
senting four. Among invertebrates, B. lanceolatum, B. floridae,
C. gigas and A. californica are the species with more cornichons,
with three coding genes in their genomes.

The vertebrate CNIH4 protein interacts with GPCRs,
promoting their traffic to the cell surface [41]. The high conser-
vation of this subfamily allows us to hypothesize that all its
members will act in GPCR trafficking to the cell surface, like
their vertebrate counterparts. Instead, vertebrate members of
the CNIH1/2/3 subfamily have different functions. While
CNIH1 is involved in the maturation of TGFα [18], both
CNIH2 and CNIH3 function as ARASs [33]. These three
genes appeared by duplication in the vertebrate ancestor;
thus, the phylogeny alone does not allow us to hypothesize
about the function of the ancestral gene. Yet both the fruit fly
and C. elegans present a single cornichon orthologue each
[16,18]. Interestingly, the fly protein has been found to partici-
pate in the maturation of TGFα [18], as mammalian CNIH1s,

Table 1. Number of proteins found in the four families known to include AMPA receptor auxiliary subunits (ARASs). The number of ARASs is given in brackets.
Proteins from Homo sapiens are experimentally confirmed as ARAS. Invertebrate proteins are defined as candidate ARASs based exclusively in the phylogenies.

phylum species CACNG-GSG1 CNIH Shisa Dispanin C

Metazoa Bilateria Vertebrata H. sapiens 11 (7) 4 (2) 10 (4) 3 (1)

Chordata C. intestinalis 0 2 (1) 0 0

B. lanceolatum 3 (1) 3 (1) 6 (0) 1 (1)

B. belcheri 3 (2) 2 (1) 6 (0) 7 (1)

B. floridae 6 (4) 3 (2) 8 (0) 3 (0)

Hemichordata S. kowalevskii 3 (2) 2 (1) 16 (0) 1 (1)

P. flava 3 (1) 1 (0) 4 (0) 0

Echinodermata A. planci 2 (1) 1 (1) 2 (0) 0

S. purpuratus 1 (1) 1 (1) 1 (0) 2 (0)

Mollusca L. gigantea 3 (3) 2 (1) 0 2 (0)

C. gigas 3 (3) 3 (1) 0 1 (1)

A. californica 4 (3) 3 (2) 1 (0) 0

Annellida C. teleta 8 (6) 2 (1) 2 (0) 1 (0)

Arthropoda A. mellifera 2 (1) 1 (1) 0 0

S. maritima 1 (1) 1 (0) 1 (0) 0

Priapullida P. caudatus 3 (2) 2 (1) 0 0

non-Bilateria Cnidaria N. vectensis 0 2 (1) 0 0

A. digitifera 0 2 (1) 0 0

O. faveolata 0 2 (1) 0 0

H. magnipapillata 0 1 (1) 0 1 (0)

Placozoa T. adhaerens 0 2 (1) 0 0

Porifera O. carmela 0 2 (1) 0 2 (1)

S. cilliatum 0 1 (0) 0 0

L. complicata 0 2 (1) 0 1 (0)

A. queenslandica 0 2 (1) 0 0

Ctenophora M. leidyi 0 1 (1) 0 1 (0)
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while the C. elegans orthologue, cni-1, acts as an ARAS. To the
best of our knowledge the role of the fly protein as ARAS has
not been investigated, nor has the role of cni-1 been studied
in the context of TFGα maturation. Nevertheless, we propose
that the invertebrate orthologue of CNIH1, 2 and 3 performs
both functions and that in the vertebrate lineage this gene
was duplicated and subfunctionalized so that CNIH1 retained
the role as a factor for TFGα maturation, and the ancestor of
CNIH2 and 3 retained the ARAS function.

3.4. The phylogeny of the shisa family shows
independent expansions in deuterostome species

Shisa proteins were only found among bilaterian species,
although not in all of them. Species such as Ciona intestinalis,
an urochordate, or L. gigantea, a mollusc, have lost this family
(table 1). The phylogenies revealed that this family is orga-
nized in two subfamilies. The ancestral shisa gene would
have appeared in bilaterians and duplicated before their
diversification to generate these two subfamilies (electronic

supplementary material, figure S2C). Based on the proteins
they contain, we have termed them Shisa1/L1 and ShisaL2
(figure 4; electronic supplementary material, figure S6). The
Shisa1/L1 subfamily is better conserved, as it has only been
lost in echinoderms; instead, the ShisaL2 is only found in
deuterostome species, having been lost in the ancestor of pro-
tostomes. While the Shisa1/L1 greatly expanded in
vertebrates, the ShisaL2 expanded in cephalochordates and
hemichordates. Protostome species with shisas show a low
number of sequences compared to chordates and S. kowalevs-
kii, having 1 or 2 genes per species. The ML phylogeny shows
how the Shisa1/L1 subfamily might be further divided in
two classes: one comprising vertebrate Shisa4 and Shisa5
with invertebrate sequences and a second including ver-
tebrate shisas: L1, 2, 3 and 6 to 9 (electronic supplementary
material, figure S6). Nevertheless, the tree constructed with
the BI method presents a different topology for the Shisa1/
L1 subfamily (figure 4); this does not allow us to fully con-
clude that there would be two classes within the Shisa1/L1
subfamily, one being specific to vertebrates, as we found for
Type I TARPs.
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Vertebrate proteins from the Shisa1/L1 perform very differ-
ent biological functions. Shisa5 is involved in p53-induced
apoptosis, Shisa2 in FGF receptor traffic, Shisa3 in WNT recep-
tor function and Shisas 6 to 9 are ARASs. Due to its position in
both phylogenies and its grouping with invertebrate shisas, we
propose that Shisa5 would be phylogenetically closer to the
ancestral shisa than the other paralogues and that the ancestral
gene would also be involved in apoptosis. In this scenario the
emergence of ARAS in this subfamily would be the result of
neofunctionalization events occurring during vertebrate evol-
ution in the branch of Shisa6 to Shisa9.

3.5. The Dispanin C family is poorly conserved among
metazoans

SynDIG1, a member of the Dispanin C family, has recently
been reported as an AMPAR auxiliary subunit [75]. Our phy-
logenies indicate that members of this family can be traced to
the early-diverging phylum of Ctenophores (figure 5; elec-
tronic supplementary material, figure S7). Yet, this family has
been lost in multiple lineages and species during metazoan
evolution (table 1). Only half of the 26 species investigated pre-
sent at least one member of the Dispanin C family. Our trees
indicate that in metazoans this family is also divided into
two subfamilies, which we have named Dispanin C1 and Dis-
paninC2. The L. giganteaDispaninC1/2_Lgi does not belong to
any subfamily, since we didn’t find other proteins in the same
tree branch we did not define a new subfamily for it. The cte-
nophore sequence DispaninC_Mle is the first to diverge, not
belonging to any subfamily; thus we propose that the ancestor
of all metazoans had a single gene coding for Dispanin C and
after the split of ctenophores it duplicated, giving rise to the
two subfamilies (electronic supplementary material, figure
S2D). Virtually nothing is known about the two vertebrate
paralogues of SynDIG1, SynDIG1L and TMEM91, although
SynDIG1L has been found downregulated in mouse models
ofHuntington’s disease [57]. Due to the lackof functional infor-
mation in other vertebrate or invertebrate Dispanin Cs it not
possible to establish when SynDIG1 function as ARAS arose
during evolution.

4. Discussion
Evolutionary studies have demonstrated that the synaptic pro-
teome has importantly increased in vertebrates [76], expanding
the molecular tools available to synaptic physiology [77–79]
and multiplying synaptic molecular types [80,81]. The two
rounds of whole-genome duplication (2R) that occurred at
the base of the vertebrate lineage [82] were the major driving
force behind this expansion, as genes expressed at the synapse
were retained at high frequencies after these duplication events
[83]. The result of this increased complexity in the vertebrate
synaptic proteome has been associated with the higher cogni-
tive functions found in mammals [84]. Nevertheless, there are
exceptions to this general model of synaptic proteome evol-
ution. This is the case of glutamate receptors, key nervous
system proteins driving the excitatory synaptic transmission.
These proteins have undergone a highly sophisticated evol-
utionary pattern in animals, with many lineage-specific
gains, losses and expansions of entire classes of these receptors.
This process has resulted in a similar number of glutamate
receptors being present in most animal species, regardless of

the complexity of their nervous system [2]. Here, we present
how the neo/subfunctionalization of unrelated proteins into
ARASs has resulted in a different evolutionary strategy to
increase the synaptic proteome in vertebrates.

Mammalian ARASs were thought to belong to five protein
families: CACNG, GSG1, cornichon, sisha and Dispanin
C. CACNGs and GSG1s are known to belong to the superfam-
ily of claudins [85], a large group of proteins that presents over
40 members in mammals and that includes three families, one
of them being that of CACNGs [86]. Nevertheless, the exact
position of GSG1s within claudins was unknown. Our phylo-
genetic analysis indicates that GSG1s actually belong to the
CACNG family of claudins. We thus refer to this family as
CACNG-GSG1. Therefore, ARASs are organized into four evo-
lutionarily unrelated protein families. In contrast withwhat we
reported for the family of ionotropic glutamate receptors,
which diversified into 12 phylogenetic groups, including four
subfamilies and ten classes [2], the animal evolution of the
families containing ARAS has not been particularly complex.
cornichon, sisha and Dispanin C families can be divided into
just two phylogenetic groups (subfamilies) and the CACNG-
GSG1 family in four. Nevertheless, all these families have
increased their members along animal evolution, and ver-
tebrates have especially increased their number of ARAS.
This is particularly true for the CACNG-GSG1 and shisa
families, which include 11 and 10 proteins, respectively, in
the vertebrate species investigated, of which 7 and 4 are
ARASs. Altogether vertebrates generally present 14 ARASs,
while, based on our study, invertebrate bilaterals would have
fewer, between 1 and 7, and non-bilaterals even fewer, 1 or
2. Sequences from invertebrate bilaterals only fall confidently
in two subfamilies with experimentally identified ARAS: that
of TARPs within the CACNG-GSG1 family, and that of
CNIH1/2/3 among cornichons. Furthermore, non-bilaterals
would only present proteins phylogenetically related to the
ARAS subfamily of CNIH1/2/3 cornichons. Additionally, a
number of invertebrates, including the basal spongeO. carmela,
could have retained one Dispanin C1 phylogenetically close to
themammalian ARAS SynDIG1, although the phylogenies are
not fully conclusive in this regard. The loss of the shisa andDis-
panin C families in multiple invertebrate species, and even in
entire phyla, suggests a less relevant role of these proteins in
invertebrates as compared with vertebrates, which present
high conservation levels in both families. Furthermore, our
analysis suggests that ARAS from the shisa family are only
present in vertebrates, postulating them as an innovation of
this lineage.

As ARASs belong to four unrelated protein families that
include proteins with other functions, we aimed at using
our phylogenetic study to propose when in evolution these
proteins acquired their function as AMPAR modulators,
although functional information would be required to com-
pletely establish their role. Our data indicate that all
proteins identified in the TARP subfamily might function as
ARASs, which would mean that the TARP subfamily
would be the only one in which their proteins are solely dedi-
cated to modulating AMPAR function. On the other hand, we
found a possible example of vertebrate neofunctionalization
of ARASs in the subfamily of GSG1Ls, as its vertebrate para-
logue GSG1 is involved in trafficking of TPAP. Identifying the
function of non-vertebrate GSG1s would be required to estab-
lish more conclusively this event of neofunctionalization.
Vertebrates have two cornichons acting as ARASs (CNIH2
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and 3), emerging from a vertebrate-specific duplication. Their
closest paralogue is CNIH1, which is involved in TGFα matu-
ration. Interestingly, the fly sole orthologue to CNIH1, 2 and 3
is known to participate in the maturation of TGFα [18], while
the unique orthologue of these proteins in C. elegans has a
well-proven role as an ARAS [16]. We thus propose that
invertebrate orthologues of CNIH1/2/3 perform both func-
tions and that vertebrate paralogues underwent a process of
subfunctionalization by which CNIH1 retained the TGFα
maturation function and the ancestor of CNIH2 and 3
retained the ARAS role. Within the shisa family all known
ARASs (Shisa6 to 9) are in the Shisa1/L1 subfamily, yet this
phylogenetic group also contains proteins performing other
functions, as Shisa5 participates in p53-induced apoptosis
[49] and Shisa2 and 3, the closest paralogues to Shisas6–9
with known function, are involved in FGF [47] and WNT
[48] receptor trafficking, respectively. In opposition to what

we found in the CACNG-GSG1 and cornichon subfamilies
containing ARAS, the Shisa1/L1 subfamily includes very
few sequences from non-vertebrates. Thereby, TARPs and
CNIH1/2/3 subfamilies present 31 and 23 sequences from
invertebrate species, respectively, while the Shisa1/L1 sub-
family includes only eight. Importantly, all these eight
sequences fall in the branch of Shisa5, which is not an
ARAS. Thus, due to the topology of the phylogenetic trees
we propose that Shisa6 to 9 would have experienced a pro-
cess of neo/subfunctionalization early in the vertebrate
lineage to become ARASs. Finally, the phylogenetic evolution
of the Dispanin C family would also suggest a neo/subfunc-
tionalization process in the vertebrate lineage resulting in
members of the C1 subfamily becoming ARASs, although,
as before, research on vertebrate and invertebrate orthologues
of SynDIG1 will be required to fully validate this hypothesis.
The fact that large-scale proteomics experiments of synaptic
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preparations [77–79] and repositories of synaptic proteins [87]
do not identify SynDIG1L or TMEM91 suggests that they are
unlikely to function as ARASs, thus supporting the hypoth-
esis of a neo/subfunctionalization process of ARASs in this
family.

In summary, this study reveals that the large set of ARASs
found in vertebrates is absent from other species. Interest-
ingly, the surge in ARASs happened much later than the
emergence of AMPARs [2]. The class of AMPA receptors
appears and diversifies in the ancestor of bilateral species,
around 800 Ma, while the increase in ARAS occurs early in
vertebrate evolution, approximately 400 Ma [11]. Our analy-
sis suggests that this increase is due to an expansion of
proteins belonging to the TARP subfamily, the neofunctiona-
lization of a group of Shisa1/L1 subfamily proteins and
parallel processes of neo/subfunctionalization occurring in
the cornichon and Dispanin C families. All these resulted in
the recruitment of a large number of ARASs early in

vertebrate evolution, which suggests that these proteins
might have importantly contributed to the development of
the complex nervous systems found in these animals. The
parallel recruitment of unrelated proteins to perform synaptic
functions represents another strategy by which evolution has
favoured an increased complexity in the synaptic proteome.
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Annex III

In  the  article  'Ji  et  al.,  2018.  Characterization  of  the  TLR  Family  in

Branchiostoma  lanceolatum and Discovery of a Novel TLR22-Like Involved in

dsRNA Recognition in Amphioxus', published in Frontiers in Immunology, with

an impact factor of 6.429, the pipeline developed to perform the phylogenetic

analysis is applied to an other protein family. Here, the phylogeny of the Toll-like

receptor (TLR) protein family in the deuterostome superphylum is constructed to

classify novel TLRs from the basal chordate Branchiostoma lanceolatum based

on  their  orthology  with  vertebrate  TLRs.  This  phylogenetic  analysis

complements gene expression and functional data that allow to stablish the role

of a novel B. lanceolatum TLR and clarify its evolutionary relationship with those

proteins of vertebrates. All these results contribute to our understanding of the

immune response evolution in the chordate phylum.
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Toll-like receptors (TLRs) are important for raising innate immune responses in both

invertebrates and vertebrates. Amphioxus belongs to an ancient chordate lineage

which shares key features with vertebrates. The genomic research on TLR genes in

Branchiostoma floridae and Branchiostoma belcheri reveals the expansion of TLRs in

amphioxus. However, the repertoire of TLRs in Branchiostoma lanceolatum has not

been studied and the functionality of amphioxus TLRs has not been reported. We have

identified from transcriptomic data 30 new putative TLRs inB. lanceolatum and all of them

are transcribed in adult amphioxus. Phylogenetic analysis showed that the repertoire

of TLRs consists of both non-vertebrate and vertebrate-like TLRs. It also indicated a

lineage-specific expansion in orthologous clusters of the vertebrate TLR11 family. We

did not detect any representatives of the vertebrate TLR1, TLR3, TLR4, TLR5 and TLR7

families. To gain insight into these TLRs, we studied in depth a particular TLR highly

similar to a B. belcheri gene annotated as bbtTLR1. The phylogenetic analysis of this

novel BlTLR showed that it clusters with the vertebrate TLR11 family and it might be more

related to TLR13 subfamily according to similar domain architecture. Transient and stable

expression in HEK293 cells showed that the BlTLR localizes on the plasma membrane,

but it did not respond to the most common mammalian TLR ligands. However, when the

ectodomain of BlTLR is fused to the TIR domain of human TLR2, the chimeric protein

could indeed induce NF-κB transactivation in response to the viral ligand Poly I:C, also

indicating that in amphioxus, specific accessory proteins are needed for downstream

activation. Based on the phylogenetic, subcellular localization and functional analysis,

we propose that the novel BlTLR might be classified as an antiviral receptor sharing at

least partly the functions performed by vertebrate TLR22. TLR22 is thought to be viral
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teleost-specific TLR but here we demonstrate that teleosts and amphioxus TLR22-like

probably shared a common ancestor. Additional functional studies with other lancelet

TLR genes will enrich our understanding of the immune response in amphioxus and will

provide a unique perspective on the evolution of the immune system.

Keywords: toll-like receptor, TLR, evolution, amphioxus, Poly I:C, TLR22

INTRODUCTION

There are two types of immunity in vertebrates. One is the
innate immunity, which is genetically programmed to detect
invariant features of invading microbes. The other is the adaptive
immunity, which employs antigen receptors that are not encoded
in the germ line but are generated de novo (1). The innate
immune system is the first line of defense against infectious
diseases (2). Immediately after infection, the innate response
is activated to combat pathogens and synthesize inflammatory
mediators and cytokines (3). However, the primary challenge of
the innate immune system is how to discriminate a countless
number of pathogens using a restricted number of receptors (2).
As a response, a variety of receptors can recognize conserved
motifs on pathogens (4). These conserved motifs are known as
Pathogen-Associated Molecular Patterns (PAMPs) (5) and their
recognition partners, are called Pattern Recognition Receptors
(PRRs) (6).

Toll-like receptors (TLRs), among the most extensively
studied PRRs, are type-I transmembrane proteins consisting
of an ectodomain, a transmembrane (TM) domain and an
intracellular Toll/interleukin-1 receptor (TIR) domain (7). The
ectodomain, which functions as a PAMPs recognition domain,
is arranged in tandem leucine-rich repeat (LRR), from one to
many depending on the receptor type. The LRR contains a
segment of 11 conserved residues with the consensus sequence
LxxLxLxxNxL, where x can be any amino acid, L is a hydrophobic
residue (leucine, valine, isoleucine, or phenylalanine) and N can
be asparagine or cysteine (8). The TIR domain is present in the
cytosol and is required for downstream signal transduction (9).
Upon PAMP recognition, TLRs recruit TIR-domain containing
adaptor proteins such as MyD88, TRIF, TIRAP/MAL, or TRAM,
which initiate signal transduction pathways that culminate in
the activation of NF-κB, IRFs, or MAP kinases regulating the
expression of cytokines, chemokines, or type I interferons (IFN),
which finally protect the host against infections (10).

TLRs are expressed in innate immune cells such as dendritic
cells and macrophages as well as non-immune cells like fibroblast
and epithelial cells (10). TLRs are largely divided into two
subfamilies based on their subcellular localizations: cell surface
or intracellular. Ten and twelve functional TLRs have been
identified in humans and mice, respectively. Human TLR1,
TLR2, TLR4, TLR5 and TLR6 are expressed on the cell surface
and recognize mainly microbial membrane components such as
lipids, lipoproteins and proteins. Human TLR3, TLR7, TLR8,
TLR9 and murine TLR11, TLR12, TLR13, which are expressed in
intracellular vesicles such as those in the endoplasmic reticulum
(ER), endosomes, lysosomes and endolysosomes, and recognize

nucleic acids (9, 11–13). Recently, the sequencing of the genome
in five bony fish species has allowed the discovery of at least 16
TLR types in teleosts (14).

There are two structural types of TLRs according to the TLR
ectodomain structure: sccTLRs and mccTLRs. The sccTLRs are
characterized by the presence of a single cysteine cluster on the
C-terminal end of LRRs (a CF motif), which is juxtaposed to
the plasma membrane. Most TLRs found in deuterostomes have
this domain organization. The mccTLRs are characterized by an
ectodomain with two or more CF motifs and another cysteine
cluster on the N-terminal side of the LRRs (NF motif). They are
systematically found in protostomes but have also been identified
in the invertebrate deuterostome S. purpuratus and the cnidarian
N. vectensis (15). Both sccTLR and mccTLR share a common
TLR structure: LRR+TM+TIR. According to the ectodomain
architecture and phylogenetic criteria, vertebrate TLRs can be
classified into six families: 1, 3, 4, 5, 7 and 11. TLR1 family
includes TLR1/2/6/10/14/18/24/25 as well as TLR27; TLR3, 4
and 5 families only include TLR3, 4 and 5 itself; TLR7 family
includes TLR7/8/9; TLR11 family includes two subfamilies: 11
(TLR11/12/16/19/20/26) and 13 (TLR13/21/22/23) (16, 17).

A variety of TLRs are capable of recognizing viruses. Among
human TLRs, the envelope proteins from viruses are mainly
recognized by TLR2 and TLR6. Viral nucleic acids are recognized
by TLR3 (ssRNA or dsDNA), TLR7 (ssRNA), TLR8 (ssRNA),
and TLR9 (dsDNA or CpG motifs) (18). In teleosts, it has been
reported that Poly I:C could be recognized by different TLRs.
Teleost TLR13 was firstly reported in Miiuy croaker (Miichthys
miiuy) which showed cytoplasmic localization in HeLa cells.
It could respond to both Vibrio anguillarum and Poly I:C
injection in vivo and Poly I:C stimulation in leukocytes (19).
In fugu (Takifugu rubripes), TLR3 localizes in the endoplasmic
reticulum and recognizes relatively short dsRNA, whereas TLR22
recognizes long dsRNA on the cell surface (20). Grass carp
(Ctenopharyngodon idella) TLR22 is expressed in many tissues
and is highly abundant in the gills. Infection of grass carp with
grass carp reovirus (GCRV), a dsRNA virus, induces a rapid up-
regulation of TLR22 gene expression in the spleen (21). Japanese
flounder (Paralichthys olivaceus) TLR22 is mainly expressed in
peripheral blood leukocytes (PBL) and could be induced by both
peptidoglycan and Poly I:C (22), whereas TLR3 gene expression
in PBLs increased upon stimulation with Poly I:C and CpG ODN
1668 (23). Both TLR3 and TLR22 gene transcription had also
been studied in large yellow croaker. Basal gene transcription
was high in several immune organs and could be up-regulated
after injection of Poly I:C in the anterior kidney (TLR22), spleen
(TLR3 and 22), liver (TLR3) and blood (TLR3) (23). In the
common carp (Cyprinus carpio L.), TLR22 was transcripted in

Frontiers in Immunology | www.frontiersin.org 2 November 2018 | Volume 9 | Article 2525318

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Ji et al. Toll-Like Receptor in B. lanceolatum

almost all the tissues. When fish was challenged with Poly I:C
or Aeromonas hydrophila, the transcription of this TLR was
up-regulated in a variety of tissues (24). Overall, TLRs with
immune function have been found from cnidarians to mammals
which imply a conserved evolution. TLR3 is found both in
mammals and teleost whereas TLR22 is present in many fish
species and Xenopus, but absent from birds and other terrestrial
animals (25). The origin of the TLRs involved in dsRNA virus
recognition is still under study. The current hypothesis is that
specific fish TLR duplication results from the fish specific Whole
Genome Duplication (WGD) (26–28), but here we show that, in
amphioxus, exists an ortholog of the TLR11 subfamily possessing
TLR22 functional similarities, pointing out that a TLR22-like
function was present in the ancestor of chordates.

Amphioxus belongs to an ancient chordate lineage which
shares key anatomical and developmental features with
vertebrates and tunicates (also known as urochordates) (29). All
chordates have a similarly organized genome though amphioxus
has relatively little duplication (30). Thus amphioxus, with
its phylogenetic position diverging at the base of chordates
and its genomic simplicity, is a good non-vertebrate model to
understand the evolution of vertebrates (31). Branchiostoma
lanceolatum (Mediterranean amphioxus) has been extensively
studied together with other amphioxus species such as
Branchiostoma belcheri (Asian amphioxus), Branchiostoma
japonicum (Asian amphioxus) and Branchiostoma floridae
(Florida amphioxus) (32). To date, genomic data have revealed
that B. floridae has 48 TLRs (33). However, only one full-length
TLR, annotated as bbtTLR1, was functionally characterized in B.
belcheri tsingtauense until now. The experimental data supports
the immunological function of this TLR that together with
MyD88 is involved in the activation of NF-κB signaling pathway
(34). Further studies of TLRs in amphioxus are required to better
understand the ancestors and functional evolution of vertebrate
TLRs.

In this study, we investigated the total number of TLR genes in
B. lanceolatum and studied their phylogenetic and evolutionary
relationships with vertebrate and invertebrate TLRs. We also
examined the total number of TLR genes in B. floridae and
B. belcheri according to our definition of a true TLR. We
studied the basal gene expression of all the TLRs in adult
amphioxus (B. lanceolatum). Moreover, we cloned the full length
of a novel TLR in B. lanceolatum and we further investigated
its subcellular localization and PAMP binding specificity using
NF-κB luciferase assay in a mammalian expression system.
Exhaustive phylogenetic analysis combined with functional data
has allowed us to explore the evolution and function of this novel
TLR compared with vertebrate TLRs.

MATERIALS AND METHODS

Sequence Analysis: Phylogeny and
Bioinformatics
To characterize the TLR repertoire of B. lanceolatum,
we performed a search using the BbtTLR1 sequence
(GenBank: DQ400125.2) and an unpublished transcriptome of

B. lanceolatum derived from several adult tissues and embryonic
stages. The transcriptome data were obtained from an exhaustive
collection of 52 RNA-Seq datasets using the Illumina technology.
From 15 embryonic stages, one pre-metamorphosis stage and 9
adult organs, a total of 4.2 billion Illumina reads with a volume
of 871 Gbp were obtained. These embryonic stages are eggs,
32 cells, blastula, 7, 8, 10, 11, 15, 18, 21, 24, 27, 36, 50, and
60 hpf. The adult tissues are neural tube, gut, hepatic tissue,
gills, epidermis, muscle, female and male gonads, and cirri. For
the transcriptome assembly, Tophat2 was used mapping each
strand-specific RNA-seq sample against the recently assembled
B. lanceolatum genome. Gene models were built using Cufflinks
and each annotation merged using Cuffmerge to produce a single
collection of transcripts. The transcriptome was translated into
predicted proteins using the TransDecoder suite v3.0.1. From
the PFAM database v30.0, we downloaded the hidden Markov
models profile collection (Pfam-A.hmm.gz) and extracted the
two profiles for the protein domains that we were looking for,
the TIR and the LRR domains. HMMER 3.1b was then used
with the hmmsearch mode to identify the predicted proteins
with these domains. Finally, a manually curated annotation
was performed. Specific primers for each B. lanceolatum TLR
were designed using NCBI primer designing tool (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/) and are shown in
Supplementary Table 1.

To study the phylogenetic relationship of B. lanceolatum
and vertebrate TLRs, we performed the maximum-likelihood
analysis. Drosophila melanogaster Toll sequences and vertebrate
TLR protein sequences were obtained from the National
Center for Biotechnology Information (NCBI, https://www.
ncbi.nlm.nih.gov/) and UniProt (http://www.uniprot.org/)
(Supplementary Table 2). TLR sequences of Lytechinus
variegatus (35) and Saccoglossus kowalevskii (36) were obtained
from online repositories and a search similar to the one
carried on in B. lanceolatum (Supplementary Data 1). In all
the phylogenetic analysis, we only included the sequences
that have a complete TIR domain. For full-length protein,
sequences were aligned with MAFFT (37) choosing L-
INS-i method which optimizes alignments for sequences
containing hypervariable regions flanked by one alignable
domain. For TIR domain, sequences were aligned with
MAFFT choosing G-INS-i method which allows to align the
entire region with a global conservation. The alignment was
trimmed using TrimAL (38) with “Automated 1” mode. The
phylogenetic reconstruction was done using IQ-TREE (39) and
its built-in ModelFinder software (40). Branch support was
calculated running 1,000 replicates of the SH-like approximate
likelihood ratio test (SH-aLRT) (41) and ultrafast bootstrap
(42).

The TLR sequences of B. floridae and B. belcheriwere obtained
from the databases of JGI (http://genome.jgi.doe.gov/Brafl1/
Brafl1.home.html) and LanceletDB (http://genome.bucm.edu.
cn/lancelet/index.php), respectively. The open reading frame was
identified through sequence translation with ExPASy software
(http://web.expasy.org/translate/). Transmembrane regions were
predicted using TMHMM server v2.0 (http://www.cbs.dtu.
dk/services/TMHMM/). The number of LRR domains was
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predicted using LRRfinder software (http://www.lrrfinder.com/
lrrfinder.php). Full-length protein domain was predicted by
the Simple Modular Architecture Research Tool (SMART)
(http://smart.embl-heidelberg.de/). The single cysteine cluster
TLRs (sccTLRs) and multiple cysteine cluster TLRs (mccTLRs)
were characterized according to Leulier and Lemaitre (15).
The first annotated sequence was selected according to the
blastp software in NCBI. The molecular weight of BlTLR was
calculated with ProtParam (http://web.expasy.org/protparam/).
The sequence of BlTLR was examined for the presence of
a signal peptide using SignalP (http://www.cbs.dtu.dk/services/
SignalP/). N-linked glycosylation site was predicted with
NetNGly 1.0 server (http://www.cbs.dtu.dk/services/NetNGlyc/).
Multiple sequence alignment of BlTLR and fish TLR22 was
performed by Clustal Omega (https://www.ebi.ac.uk/Tools/msa/
clustalo/).

The phylogenetic analysis of three Branchiostoma species
(B. floridae, B. belcheri and B. lanceolatum) TLRs was performed
using TIR domain sequences. The TIR domain sequences of
vertebrates, S. kowalevskii and D. melanogaster were included.
All the TIR domain sequences were identified from the full-
length protein using SMART software. Prior to the analysis,
sequences were aligned with MAFFT choosing G-INS-i method.
The alignment was trimmed using TrimAL with “Automated 1”
mode. The phylogenetic analysis was done using IQ-TREE and
its built-in ModelFinder software. Branch support was calculated
running 1,000 replicates of the SH-like approximate likelihood
ratio test and ultrafast bootstrap.

The phylogenetic analysis of BlTLR and BbtTLR1 was
performed with the full-length protein using IQ-TREE software.
The D. melanogaster Toll and the vertebrate TLR sequences
were included in the analysis. The sequences were aligned with
MAFFT choosing L-INS-i method. The alignment was trimmed
using TrimAL with “Automated 1” mode. In the analysis, branch
support was calculated running 1,000 replicates of the SH-like
approximate likelihood ratio test and ultrafast bootstrap.

Animals
Branchiostoma lanceolatum adults were collected in the bay of
Argelès-sur-Mer, France (latitude 42◦ 32′ 53′′ N and longitude
3◦ 03′ 27′′ E) with a specific permission delivered by the Prefect
of Region Provence Alpes Côte d’Azur. B. lanceolatum is not a
protected species. Amphioxus were kept in the laboratory in 60-
l glass tanks with ∼50-l seawater and 5 cm height of sand on the
bottom.Water temperature wasmaintained around 17◦C and the
salinity ranged between 40 and 45 PSU. The photoperiod was set
to 14 h light/10 h dark. The animals were not fed with extra food
during the experiment.

RNA Isolation, cDNA Synthesis and
RT-PCR
Total RNA was extracted from the whole animal using
TRI reagent (Sigma-Aldrich) according to the manufacturer’s
protocol. The homogenization was performed with a Polytron
homogenizer (Kinemetica). The quality of the RNA was assessed
with a Bioanalyzer (Agilent Technologies) and the concentration
was measured with a Nanodrop (Thermo scientific). The RNA

was purified using an RNeasy micro kit (Qiagen) and DNAse
treated according to manufacturer’s instructions and stored at
−80◦C. The first-strand cDNA was synthesized with SuperScript
III first-strand synthesis system (Thermo Fisher Scientific). RT-
PCR reactions were performed with primers specific for each
TLR under following conditions: initial denaturation at 94◦C for
5min, followed by 35 cycles of denaturation at 94◦C for 45 s,
annealing at 60◦C for 45 s, and extension at 72◦C for 50 s, and
a final extension at 72◦C, 7min. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a reference gene. PCR
products were separated in 1% agarose gel electrophoresis and
stained with GelGreen Nucleic Acid Gel Stain (Biotium). Agarose
gel imaging was performed with a GelDoc XR system (Bio-Rad).
Six of the PCR products were purified and sequenced.

Full-Length cDNA Cloning of BLTLR
A DNA BLAST search of NCBI database was conducted using
BbtTLR1 sequence from B. belcheri (GenBank: DQ400125.2). We
obtained a sequence (GenBank: AF391294.1) from B. floridae
showing 82% identity. In addition, a DNA BLAST search using
bbtTLR1 was performed in the genome scaffold of B. lanceolatum
and we identified a short sequence (ContigAmph29716) showing
83% identity. The forward primer (Table 1) was designed based
on the conserved region between bbtTLR1 B. belcheri and B.
floridae sequence. The reverse primer (Table 1) was designed
based on the ContigAmph29716 sequence.We cloned a fragment
of around 2,000 bp by PCR using the cDNA prepared from the
whole animal. The 5′-end was obtained by 5′ RACE (Invitrogen)
using gene specific primers (Table 1). A fragment of∼600 bp was
obtained. The 3′-end was obtained by 3′ RACE (Invitrogen) using
gene specific primer (Table 1). A fragment of ∼1,000 bp was
obtained. Finally, a PCR amplification was carried out to obtain
the full-length sequence with Expand high fidelity PCR system
(Roche) using the full-length primers (Table 1) designed in the
non-coding regions from both 5′ to 3′-ends. All the fragments
were separated by electrophoresis and cloned into the pGEM-T
Easy Vector (Promega). Sequencing was carried out using T7 and
SP6 primers (Servei de Genòmica i Bioinformàtica, IBB-UAB).

TABLE 1 | Primers used for cloning and RT-qPCR.

Category Primer Sequence (5′-3′) Product

size (bp)

Fragment Forward GGGACGATCCAGTCACGCTG 2,190

Reverse GACACCAACGGCTGCGCAG

5′RACE Reverse1 GAGTGAAGAACAGTGA 684

Reverse2 GTCATTCCCTCCAAGGTTCAAAGAAGTC

3′RACE Forward CGAAGACAGGCGATGGGTT 1,119

Full-length Forward AGAGAGAGAAAACTGCCAGCC 3,077

Reverse TTTCTGTCTCGACGGTCCTT

RT-qPCR Forward TCACACGCTTTCTACGGCTT 122

Reverse AGGCTTAGGTCCAGTACGGT

GAPDH Forward CCCCACTGGCCAAGGTCATCA 154

Reverse GCTGGGATGATATTCTGGTGGGC
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LPS and Poly I:C Treatment in vivo
Adult amphioxi were treated with either 10µg/ml bacterial
lipopolysaccharide (LPS) from Escherichia coli O111:B4 strain
(Sigma-Aldrich) or 10µg/ml Poly I:C, a synthetic analog of
dsRNA viruses (Invivogen) by bath immersion. The stocks of
LPS and Poly I:C solution were prepared in PBS (Sigma-Aldrich)
and diluted to the indicated working concentrations with sterile
seawater. Seawater sterilization was performed with 0.22µm
sterile filter. PBS prepared in seawater (1% v/v) was used as a
control. Three, 6, 12 and 24 h after immersion, 3 animals from
each group were sampled separately. The animals were frozen in
liquid nitrogen immediately and stored in−80◦Cuntil use. Total
RNA was prepared from the whole animal and the first-strand
cDNA was synthesized for RT-qPCR analysis.

RT-qPCR Analysis
RT-qPCR was carried out to analyze the relative transcription
level of BlTLR after LPS and Poly I:C treatments. The analysis
was performed in the CFX384 Touch Real-Time PCR Detection
System (Bio-Rad) using the iTaq universal SYBR green supermix
kit (Bio-Rad) following the manufacturer’s protocol. The RT-
qPCR primers (Table 1) were designed to detect the transcription
level of BlTLR. GAPDH gene was used as a reference gene.
10−1 and 10−2-fold cDNA dilutions were used for BlTLR
and GAPDH gene expression analysis, respectively. Each PCR
mixture consisted of 5 µl of SYBR green supermix, 0.5µM of
primers, 2.5 µl of diluted cDNA, and 1.5 µl sigma water in a
final volume of 10 µl. All samples were run in triplicate using
the following steps: initial denaturation at 95◦C for 3min, 39
cycles of 95◦C for 10 s and 60◦C for 30 s, and finally, 95◦C
for 10 s, increase every 0.5◦C for 5 s from 65 to 95◦C. The
relative transcription levels were calculated using the 2−11CT

method (43). All the data were analyzed using GraphPad software
and significant differences were analyzed by one-way analysis
of variance (ANOVA) using the value of 1Ct (normalize each
technical repeat’s gene-specific Ct value by subtracting from it the
reference gene Ct value) (44).

Plasmids
To study the subcellular localization of BlTLR in HEK293 cell,
the coding sequence was cloned into pIRES2-EGFP vector (BD
Biosciences Clontech, 6029-1) with two HA-tags (YPYDVPDYA)
at 3′ end (named BlTLRHA) using XhoI and EcoRI as restriction
sites. For testing the specific ligand binding of BlTLR, the
ectodomain and transmembrane domain (amino acids 1-774)
of BlTLR fused with human TLR2 cytoplasmic region (amino
acids 611-784; NCBI: NP_001305716.1) was cloned into pIRES2-
EGFP vector (named chimeric BlTLR) between SacII and EcoRI
restriction sites. The eukaryotic expression vector pIRES2-EGFP
was purchased from BD Biosciences. The NF-κB-dependent
luciferase reporter vector (pNFκB) and the Renilla luciferase
vector (pRenilla) were provided by Dr. José Miguel Lizcano.
All the plasmids were confirmed by sequencing and agarose
gel electrophoresis digested with the corresponding restriction
enzymes. All the plasmids were purified at large scale using
NucleoBond Maxi endotoxin-free plasmid isolation kit (Fisher
Scientific) and stored at−20◦C until use.

Cell Culture, Transient Transfection and
Stable Cell Lines
HEK293 cells were grown in complete medium: DMEM (Life
Technologies, 31885) supplemented with 10% (v/v) FBS (Gibco)
and 1% (v/v) penicillin and streptomycin (Gibco) at 37◦C and 5%
CO2. Plasmids were transiently transfected in HEK293 cells using
linear polyethylenimine (PEI, CliniScience) at a ratio of 3:1 (µg
PEI: µg plasmid). HEK293 cell lines stably expressing BlTLRHA
and chimeric BlTLR were generated by Geneticin selection
(Invitrogen, G418). In brief, 24 h after transient transfection,
the culture medium was substituted with selective medium
containing 1 mg/ml G418. Selective medium was refreshed every
2–3 days until the G418-resistant foci could be identified and
all non-transfected cells (control) were dead (around 2 weeks).
The colonies were picked and expanded in selective culture
medium containing 1 mg/ml G418 for the following 2 weeks.
Then, HEK293 stable cell lines were isolated via GFP-positive cell
sorting (FACSJazz) in order to enrich the stable cell line. Finally,
the HEK293 stable cells lines were cultured in DMEM complete
medium at 37◦C and 5% CO2.

Flow Cytometry
To assess the transient transfection efficiency of plasmid
BlTLRHA in HEK293 cells, flow cytometry was performed using
a FACS Canto (Becton Dickinson, USA). In brief, HEK293 cells
were seeded on 6-wells plate (Thermo Scientific) at 50% density.
The cells were transfected with empty vector (pIRES2-EGFP) and
BlTLRHAplasmid using PEI as described above. Non-transfected
cells were used as negative control. Cells were detached using
TrypLE (Gibco) and re-suspended in PBS for cytometry analysis
at 24, 48 and 72 h after transfection. The cytometer was set to
detect the GFP signal and a total 10,000 events were recorded.
The raw data were analyzed with Flowing software (Finland) and
GraphPad software. Flow cytometry was also used to assess the
percentage of transfected cells when setting up the stable cells
lines BlTLRHA and chimeric BlTLR.

Western Blot Analysis
HEK293 cells were transiently transfected with empty vector
(pIRES2-EGFP) and BlTLRHA plasmid as described above. Cells
were lysed in 200 µl cell lysis buffer (250mM sacarose, 150mM
Tris, 5mM EDTA, 125mM DTT, 5% SDS, 2.5% bromophenol
blue and 7.5% β-mercaptoethanol in water) and detached on
ice using a cell scraper (BD Falcon) at 24, 48 and 72 h after
transfection. The lysed cells were subjected to sonication for 10 s
and centrifugation. After heating at 100◦C for 5min, the cell
extracts were loaded into 10% SDS-PAGE and then transferred to
PVDF membranes (EMD Millipore) using a Mini-protean Tetra
(Bio-Rad). After 1 h blocking in 5% (w/v) BSA (Sigma-Aldrich)
in TBST (50mM Tris, 150mM NaCl and 0.1% Tween 20),
membranes were incubated with 1µg/µl mouse anti-HA primary
antibody (Covance, MMS-101P) overnight at 4◦C, followed by
incubation with a secondary HRP-conjugated antibody for 1 h
at room temperature (RT). Proteins were visualized with a
GelDoc system (Bio-Rad) by adding the SuperSignal West Pico
chemiluminescent substrate (Thermo Fisher Scientific).
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Immunofluorescence and Confocal
Microscopy
HEK293 cells were seeded (50% density) on 24 × 24mm cover
glasses (Labbox) coated with Poly-D-lysine hydrobromide
(Sigma-Aldrich). The BlTLRHA plasmid was transiently
transfected as described above. Cells were washed 3 times with
DMEM at 48 h after transfection. For non-permeabilization, cells
were blocked with 2% BSA in DMEM for 10min at 37◦C, and
then incubated with mouse anti-HA primary antibody (1/500
diluted in DMEM) for 1 h at 37◦C. Cells were washed 3 times
with DMEM and fixed with 4% paraformaldehyde (PFA, Sigma-
Aldrich) for 15min at RT. After PBS washing, for transient
transfection, fixed cells were incubated with anti-mouse Alexa
Fluor 555 secondary antibody (Invitrogen) at 1:1,000 dilution
for 2 h at RT; for stable transfection, cells were incubated with
5µg/ml wheat germ agglutinin (WGA) conjugated with Alexa
Fluor 647 for 10min at RT before applying the secondary
antibody at 1:1,000 dilution for 2 h at RT. For permeabilization,
cells were washed with DMEM for 3 times and fixed with 4%
PFA for 15min at RT. After 3 washes with PBS, for transient
transfection, cells were permeabilized with 0.2% Triton X-100
(Sigma-Aldrich) for 15min at RT; for stable transfection, cells
were incubated with 5µg/ml WGA for 10min at RT and then
permeabilized with 0.1% Tween (Sigma-Aldrich) for 10min at
RT or the freeze and thaw method according to Mardones and
González (45). After that, cells were blocked with 2% BSA in PBS
for 1 h at RT, incubated with mouse anti-HA primary antibody
(1/1,000 dilution) overnight at 4◦C, followed by incubation with
secondary anti-mouse AlexaFluor 555 antibody (Invitrogen)
at 1:1,000 dilution for 2 h at RT. For both methods, cover
glasses with cells were placed on SuperFrost Plus slides (Thermo
scientific) covered with Fluoroshield with DAPI mounting
medium (Sigma-Aldrich). Confocal imaging was performed
using a Leica SP5 confocal microscope with a 63 × oil objective.
The images were analyzed with Fiji software (46).

Ligand Stimulation and NF-κB Luciferase
Reporter Assay
Human TLR1-9 agonist kit (tlrl-kit1hw) and murine TLR13
agonist (tlrl-orn19) were purchased from Invivogen. HEK293
stable cell lines were used to minimize the deviation among
different experiments. The stable cell lines were transfected
with 0.5µg/ml pNFκB and 0.05µg/ml pRenilla (0.5ml per
well) using PEI. Renilla was used as internal control to
normalize the differences in the reporter due to different
transfection efficiencies. Twenty-four hours after transfection,
cells were treated with indicated concentrations of ligands
(Supplementary Table 3) for 16 h. As a positive control, 20 ng/ml
human TNFα (Sigma-Aldrich) was used. The experiment was
performed in triplicate. Luciferase activity assay was performed
with the Dual-luciferase reporter assay system (Promega) using
the Victor3 (PerkinElmer) according to the manufacturer’s
instructions. Briefly, after removing the growth medium from
the well, cells were washed with PBS (2X). One hundred µl of
passive lysis buffer (PLB) were added to each well. Then, the NF-
κB-dependent firefly luciferase reporter was measured by adding

100 µl of luciferase assay reagent II (LAR II). After quantifying
the firefly luminescence, the reaction was quenched. The Renilla
luciferase reaction was initiated by adding 100 µl Stop & Glo
Reagent to the same well and the Renilla luminescent signal
was detected. The luciferase activity was expressed as the ratio
of NF-κB-dependent firefly luciferase activity divided by Renilla
luciferase activity.

RESULTS

The TLR Family in B. lanceolatum
A search for TIR and LRR domains was performed and
proteins with both domains were selected as candidates. Then,
these candidates were manually curated and a list of putative
TLRs was obtained (Supplementary Data 2). Despite there
are TLR-related molecules lacking extracellular LRR domains
reported in some species of Hydra and coral (15), we only
considered those sequences with at least one LRR domain,
one TM domain and one TIR domain to obtain our final
list of true TLR candidates. Using this rule, we obtained
30 TLRs. In order to understand the evolution of TLR of
B. lanceolatum, we performed a phylogenetic analysis with
representative vertebrate and invertebrate TLR sequences. Other
authors had used either the full-length protein or the TIR
domain to study the TLR evolution (32, 46–48). Therefore, we
used full-length protein to perform the phylogenetic analysis
when the sequences were complete, or TIR domain when
there were incomplete or truncated sequences. The phylogenetic
analysis of B. floridae, B. belcheri and B. lanceolatum using TIR
domain sequences showed that there are two major clusters
of TLRs (mccTLRs and sccTLRs) in Branchiostoma. However,
we obtained a single clade with almost all the Branchiostoma
sequences, clustered with vertebrate TLR3, 5 and 7 families
(Supplementary Figure 1). This approach did not allow the
identification of inter-taxa relationships between vertebrate and
Branchiostoma TLR families. Roach et al. predicted that a strong
selective pressure for specific PAMPs recognition maintains a
largely unchanged repertoire of TLR recognition in vertebrates
(16). Thus, we did phylogenetic analysis using the highly
refined full-length TLR sequences of B. lanceolatum to better
understand the evolutionary relationships with vertebrate TLRs.
The phylogenetic analysis showed that the vertebrate TLRs were
grouped into six clusters (TLR1, TLR3, TLR4, TLR5, TLR7
and TLR11 families) with high branch support within their
own clusters confirming the reliability of the tree (Figure 1
and Supplementary Figure 2). Twenty B. lanceolatum sequences
formed a strongly supported clade distinct from the mccTLR
sequences and grouped with the TLR11 family. One TLR
(Bl19922) is not clustered with any TLRs, probably because it is
an N-terminal truncated sequence. Moreover, six B. lanceolatum
TLRs, which were identified as mccTLR (invertebrate type) were
clustered separately from the main vertebrate branch (Figure 1
and Supplementary Table 4).

The transcription of the 30 TLRs in B. lanceolatum was
confirmed by RT-PCR analysis in adult animals. Each primer pair
was designed based on the nucleotide sequences reconstructed
from transcript sequences of B. lanceolatum. We found gene
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FIGURE 1 | Phylogenetic analysis of B. lanceolatum TLRs. The phylogenetic tree was constructed using maximum-likelihood (IQ-TREE) with the full-length protein

sequences. TLR sequences of B. lanceolatum, S. kowalevskii, L. variegatus, representative vertebrates and D. melanogaster Toll were used. Three TLR sequences

(Bl10262, Bl22164 and Bl08928c) with incomplete TIR domain were removed from the analysis. Sequences were aligned with MAFFT choosing L-INS-i method and

the alignments were trimmed using TrimAL with “Automated 1” mode. The best evolutionary model was established by ModelFinder according to BIC. The branch

labels (numbers) are SH-aLRT support (%)/ultrafast bootstrap support (%) at the tree nodes. The tree was generated in FigTree. Dm Toll, Bl mccTLRs, Bl sccTLRs, Sk

TLR, Lv TLR and 6 vertebrate TLR families (highlighted in different colors) are shown. TLR22 clade is shown with a red background. The detailed tree with all node

supports can be found in Supplementary Figure 2.

transcription in basal conditions for all the 30 TLRs. The
TLRs with gene ID of BlTLR, Bl48785, Bl18798b, Bl08928b and
Bl30396 showed a weak transcription while others were strongly
expressed (Figure 2). Five of the genes were sequenced using
specific primers confirming the identity of these genes (data not
shown).

To better understand the Branchiostoma TLR evolution, we
compared the domain structure of B. lanceolatum, B. belcheri
and B. floridae. Therefore, we identified a total number of
30 TLRs in B. lanceolatum, 22 TLRs in B. floridae and 37
TLRs in B. belcheri (Supplementary Tables 4–6) according to
the common TLR pattern. We also discriminated sccTLR and
mccTLR in these three species according to the domain structure
and phylogenetic analysis (Supplementary Figure 1). There are 3
mccTLRs in B. floridae, 5 mccTLRs in B. belcheri and 6 mccTLRs
in B. lanceolatum. In addition, the mccTLRs found in the three
Branchiostoma species consistently blast with invertebrate type
TLRs (Supplementary Tables 4–6). We also studied the number
of LRR from each TLR using LRRfinder software. The results
showed that the LRR number of TLRs in the three species ranges
from 1 to 25.

Identification and Characterization of a
Novel BlTLR
We focused on the amphioxus TLR11 family described in
section The TLR Family in B. lanceolatum and specifically in
a B. lanceolatum TLR sequence (BlTLR) because it was highly
similar to the published bbtTLR1 (GenBank: DQ400125.2). This
B. belcheri gene was annotated as TLR1 based on phylogenetic
and functional data (34). Nonetheless, our phylogenetic analysis
pointed out that BlTLR was a clear TLR11 family member.
TLR11 family includes several teleost specific members (e.g.,
TLR19 or TLR22) that are not present in mammalian genomes
and it is of great interest to know whether they are present
in a more basal organism. To begin, we cloned the full-length
of this novel BlTLR (GenBank: MG437061) and its 5′ and 3′-
UTRs were obtained based on three orthologous found in the
Branchiostoma genus. The length of the novel BlTLR cDNA
is 3,772 bp, containing a 227 bp long 5′UTR, a 2,913 bp
ORF (which encodes a putative 970 amino acid-long protein),
and a 616 bp long 3′UTR with a putative polyadenylation
signal (AATAAA) 17 nucleotides upstream of the poly(A) tail
(Supplementary Figure 3). SMART domain analysis predicted
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FIGURE 2 | Expression of TLR genes in B. lanceolatum. The cDNA used in all amplifications was prepared from whole animals. RT-PCR reactions were accomplished

using equal number of cycles, the PCR products were loaded equally on two 1% agarose gels and GAPDH was used as a reference gene. Images were taken with

the same exposure time using a Geldoc.

that the BlTLR protein has the following domains: a C-terminal
TIR domain (from residue 800 to 947), a transmembrane (TM)
domain (from residue 752 to 774), a N-terminal signal peptide
(first 27 residues), 21 tandem extracellular leucine-rich repeats
(LRRs), a leucine rich repeat C-terminal domain (LRRCT) and
a LRR N-terminal domain (LRRNT). The domain diagram
of BlTLR was made with IBS software (49) and shown in
Supplementary Figure 4. The LRRs are flanked by one LRRCT
and one LRRNT domain. The BlTLR has only one LRRCT like
most of the TLRs found in deuterostomes (sccTLRs). The highly
conserved consensus sequence (LxxLxLxxNxL) of each LRR was
identified with the LRRfinder (Supplementary Figures 3, 4). Ten
potential N-linked glycosylation sites were predicted by NetNGly
1.0: N101-N114-N154-N163-N276-N375-N393-N522-N573-N632. The
deduced molecular weight of BlTLR protein is 111.3 kDa and
the full-length protein showed 78.8% identity with the bbtTLR1
of B. belcheri. Three conserved boxes were identified in TIR
domain of BlTLR (Supplementary Figure 3). Box 1 and 2 are
involved in binding downstream signaling molecules while box 3
is involved in the localization of the receptor through interactions
with cytoskeletal elements (50). Importantly, a key residue in box
2 (Proline 681 in human TLR2 sequence) involved in MyD88
signaling was substituted by Ala in the BlTLR sequence (51).

Expression Analysis of BLTLR After LPS
and Poly I:C Treatment
We performed RT-qPCR to investigate the expression profile of
the BlTLR in response to PAMP administration. This approach
is often used to identify which family a putative TLR belongs to.
Two representative PAMPs of bacterial and viral infection (LPS
and Poly I:C, respectively) were used to challenge amphioxus in
vivo. Amphioxi were immersed in 10µg/ml LPS or 10µg/ml Poly
I:C to mimic the natural infection route. The gene transcription
of BlTLR was analyzed by RT-qPCR in a time course at 3, 6,
12 and 24 h post-immersion (Figure 3). However, no significant
differences in gene expression were observed in any of the LPS

FIGURE 3 | Expression of BlTLR gene after LPS or Poly I:C treatment.

Animals previously immersed in 10µg/ml LPS or 10µg/ml Poly I:C, were

collected at 3, 6, 12 and 24 h. The untreated animals were used as a control

and assigned a value of 1 in the histogram. GAPDH was used as a reference

gene. The bars indicate mean expression of 3 individual animals ± S.D.

Significant differences of mean values were analyzed according to one-way

ANOVA followed by Tukey’s test.

or Poly I:C-treated groups, indicating that 10µg/ml LPS or Poly
I:C administered by immersion within this time frame could not
significantly induce up- or down-regulation of the BlTLR gene in
adult amphioxus.

Subcellular Localization of BlTLR in
HEK293 Cells
We used HEK293 cells because these cells could be efficiently
transfected and they have been extensively used for the
study of TLR subcellular localization. Cells were transiently
transfected with empty vector and the vector expressing the
full-length BlTLR. Flow cytometry analysis showed that cells
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were successfully transfected at 24, 48 and 72 h and the
transfection efficiency at 48 and 72 h (both around 60%) was
higher than at 24 h (around 30%) post-transfection (Figure 4A).
Western blot analysis confirmed that the BlTLR protein was
properly expressed in HEK293 cells, and it was not degraded
by intracellular proteases. The BlTLR protein was detected at
24, 48 and 72 h post-transfection (Figure 4B). The transcription
levels were much higher at 48 and 72 h than at 24 h which
agrees with the cytometry results. The molecular weight
of BlTLR protein was around 135 kDa which is slightly
bigger than the theoretical one (111.27 kDa). This may be
due to post-translational modifications such as glycosylation,
phosphorylation, ubiquitination, ubiquitin-like modifications or
S-nitrosylation among others.

To explore the subcellular localization of BlTLR, we
overexpressed the HA-tagged BlTLR in HEK293 cells and
we visualized the localization using immunofluorescence and
confocal microscopy. We did not observe the HA-tagged BlTLR
in both transient and stable transfected cells when the cells were
not permeabilized (Figures 5B,D). Non-transfected cells were
used as a control (Figure 5A). This result indicates that, first,
BlTLR might be an intracellular protein; second, BlTLR might
localize on the plasma membrane but could not be detected in
non-permeabilized cells due to the HA-tag location at the C-
terminal. To further understand the localization of BlTLR, we
performed the assay with a plasma membrane marker (WGA)
and different permeabilization methods. Interestingly, when
the cells were permeabilized using different permeabilization
methods (from weak to strong), we found that BlTLR was mainly
localized on the plasma membrane in both transient and stable
transfected cells (Figures 5C,E,F).

BlTLR Could Respond to Poly I:C in
HEK293 Cells
Mammalian TLRs can transactivate the transcription factor NF-
κB in response to ligand binding. Usually, each TLR has a
restricted PAMPs preference (Supplementary Table 3) and the

NF-κB reporter assay allows functional discrimination between
TLRs. To shed light on the role of novel BlTLR in PAMPs
recognition, a HEK293 cell line stably expressing BlTLR was
generated. However, the BlTLR stable cells could not activate the
NF-κB promoter stimulated by any of the tested PAMPs (data
not shown). To further study the receptor activity, we design
a chimeric receptor fusing the ectodomain of BlTLR with the
TIR domain of human TLR2 and we generated a stable cell
line. This approach has been used before to ensure a correct
downstream signaling avoiding the differences in the set of
adaptors and accessory proteins between vertebrates and non-
vertebrates (34, 52). The chimeric BlTLR stable cells responded
to Poly I:C (LMW and HMW) which usually binds to TLR3
or TLR22. Conversely, other ligands, including Pam2CSK4 for
TLR1/2, HKLM for TLR2, LPS for TLR4, flagellin for TLR5, FSL-
1 for TLR2/6, imiquimod for TLR7, ssRNA for TLR8, ODN2006
for TLR9, ORN Sa19 for TLR13 (mouse) failed to induce NF-κB
transactivation (Figure 6). Human recombinant TNFα was used
as a positive control since it is a well-known NF-κB activator.
In order to confirm that the up-regulation of luciferase activity
is due to the Poly I:C recognition by the chimeric BlTLR but
not by endogenous TLRs, we performed the luciferase assay
using chimeric BlTLR stable cells and HEK293 cells without
chimeric BlTLR. The NF-κB luciferase activity was up-regulated
in chimeric BlTLR stable cells with respect to HEK293 cells
treated with Poly I:C (LMW and HMW; Figure 6).

Our results showed that the novel BlTLR localized at
the plasma membrane and responded to Poly I:C. These
characteristics are only compatible with TLR22, thus we
postulated that the novel receptor is a TLR22-like receptor.
The alignment of BlTLR with 12 teleost TLR22 sequences
showed that BlTLR had 27.8–30.8% of identity with fish TLR22
(Supplementary Table 7).

To further explore the phylogenetic relationship of BlTLR,
BbtTLR1 and vertebrate TLRs, phylogenetic trees were
constructed based on full-length protein sequence using
maximum-likelihood analysis (Supplementary Figure 5). As

FIGURE 4 | BlTLR expression in HEK293 cells. (A) HEK293 cells transfected with an empty vector (pIRES2-EGFP) and a vector expressing BlTLR were analyzed at

24, 48 and 72 h post-transfection by flow cytometry. Non-transfected cells (NC) were used as a control. Transfection efficiency was evaluated as the percentage of

GFP positive cells. (B) Non-transfected cells, cells transfected with the empty vector and the vector expressing BlTLR with HA tag were analyzed at 24, 48 and 72 h

post-transfection by western blot. Protein molecular weight standards (Niborlab) are shown on the right side.
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FIGURE 5 | Subcellular localization of BlTLR in HEK293 cells. Confocal images showing HEK293 cells transiently transfected (A–C) or stably transfected (D–F) with

BlTLR. (A) Not transfected cells; (B) Cells transfected with BlTLR and non-permeabilized; (C) Cells transfected with BlTLR and permeabilized with 0.2% Triton X-100.

(D) BlTLR stable cells not permeabilized; (E) BlTLR stable cells permeabilized using freeze and thaw protocol; (F) BlTLR stable cells permeabilized with 0.1%

Tween-20. Nuclei are stained with DAPI (in blue). Transfected cells were GFP labeled (in green). BlTLR was detected with anti-HA antibody and AF555-conjugated

anti-mouse IgG (in red). Plasma membrane was stained with WGA AF647 conjugated (in purple). Figures were analyzed with Fiji software.
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FIGURE 6 | HEK293 cells expressing chimeric BlTLR induce the activation of NF-κB in response to Poly I:C. HEK293 chimeric BlTLR stable cells were treated with 11

different ligands (gray columns). Non-transfected HEK293 cells were treated with five potential ligands (black columns). Non-treated cells (NC) and cells treated with

human TNFα (20 ng/ml) were used as negative and positive controls, respectively. The luciferase activity was expressed as the ratio of NF-κB-dependent firefly

luciferase activity divided by Renilla luciferase activity. Bars represented mean ± S.D. Significant differences of mean values were analyzed according to one-way

ANOVA followed by Tukey’s test. *P < 0.05; **P < 0.01; ****P < 0.0001.

expected, D. melanogaster Tolls clustered independently and
all the vertebrate TLRs clustered into six clades. Furthermore,
BlTLR clustered in the same TLR11 family clade together with
BbtTLR1. The SH-aLRT support (%) and ultrafast bootstrap
support (%) are 94.6 and 94 (Supplementary Figure 5). This
result indicates that BlTLR is very likely to be a member of
TLR11 family and could be identified as TLR11, 12, 13, 19,
20, 21 22, or 23. Overall, all the results strongly support the
identification of the novel receptor that carries the TLR22
function (BlTLR22-like).

DISCUSSION

TLRs play crucial roles in the innate immune system by
recognizing PAMPs from pathogens in vertebrates. In addition,
TLRs have multiple functions ranging from developmental
signaling to cell adhesion in protostomes (48). The study
of TLRs may help to understand the role of TLR-mediated
responses which could increase our range of strategies to treat
infectious diseases and manipulate immune responses by drug
intervention (53). From the evolutionary point of view, TLRs
are conserved across invertebrates to vertebrates and absent
from non-animal phyla (plants and fungi). However, there are
vast structural and functional divergences in TLRs between
invertebrates and vertebrates (15). In vertebrates, humans and
mice have 10 and 12 TLRs, respectively and at least 16 TLRs
have been identified in teleost; in urochordates, Ciona intestinalis
has only two TLRs (54) whereas Ciona savignyi has between

8 and 20 (16); but in cephalochordates, B. floridae has an
expansion of 48 TLRs according to Huang et al. (33). This
expansion of TLRs in invertebrate deuterostomes remains to be
understood by a comprehensive and thorough study of TLRs
evolution. Amphioxus is a good model to study the invertebrate-
chordate to vertebrate transition and the evolution of vertebrates.
Therefore, studying TLR functions in such organism could
improve our understanding of the ancestral innate immune
system of vertebrates.

In this study, we identified 30 TLRs in B. lanceolatum, 22
TLRs in B. floridae and 37 TLRs in B. belcheri according to
the basic TLR structure: “LRR+TM+TIR.” Differences in the
total number of B. floridae TLRs between Huang et al. and our
data probably reflects discrepancies in the consensus of what is
the basic structure of TLRs. Our stringent rule includes only
those putative receptors with a TIR domain, a transmembrane
domain and at least one LRR domain, known as true TLRs
(15). Our available transcriptomic data maybe do not include
all the possible TLRs. Probably the total number of TLRs in
the 3 species of lancelet should be similar. Among them, we
identified 6 mccTLRs in B. lanceolatum, 3 mccTLRs in B. floridae
and 5 mccTLRs in B. belcheri. This finding is different from
the observation by Huang et al. concerning amphioxus TLR
family: it has a high rate of domain combination acquisition
and therefore a high number of TLRs (prediction of 36 sccTLRs
and 12 mccTLRs) (33). Importantly, Bányai and Patthy provided
evidence to dispute that the rate of protein innovation is
exceptionally high in lancelets. They surmised these high rates are
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likely due to gene prediction errors (55). This might be the reason
why there are less TLRs found in our study than the genomic
prediction. Interestingly, if we remove 3 mccTLR sequences in
B. floridae from our list, the total number of TLRs would be the
same as reported by Tassia et al. which identified 19 TLRs (56).
Moreover, the RT-PCR analysis showed that all the 30 TLRs of
B. lanceolatum were truly expressed in adult animals. Our work
shows that amphioxus and vertebrates share a conserved TLR
framework in terms of protein structure. On the other hand,
amphioxus TLRs maintain some features of invertebrates, such
as the mccTLRs which are mainly found in protostomes (15).
The function of remaining TLRs in PAMPs recognition remains
unclear and needs further investigation.

We cloned the full-length sequence of BlTLR22-like from
Mediterranean amphioxus (B. lanceolatum). The full-length
protein showed the highest identity (78.8%) with bbtTLR1 of
B. belcheri that was annotated by the authors as a TLR1 based
on the expression analysis after PAMPs injection in vivo (34)
but the authors did not study the subcellular localization or the
direct ligand specificity. The domain analysis of BlTLR22-like
protein sequence showed that it has a complete vertebrate-like
ectodomain including a LRRCT, 21 LRRs and a LRRNT. The
ectodomain forms a horseshoe structure to bind the specific
PAMPs including the LRRCT that is responsible for dimerization
which is necessary for complete ligand binding (57–59). The
full-length protein sequences of BlTLR22 are highly similar
to the TLR22 of many fish species, suggesting that they may
have similar ligand recognition, intracellular signal transduction
pathway mechanisms and localization.

In mammals, TLRs can be divided into two main groups
according to localization: on the cell surface or in intracellular
compartments (60). Among human TLRs, the ones located
at the plasma membrane (TLR1, 2, 4, 5 and 6) recognize
microbial pathogenic components of the cell wall, while the
others (TLR3, 7, 8 and 9) located intracellularly in endosomes
or lysosome recognizing nucleic acids (4). However, the above
ligand recognition pattern in non-mammalian organisms may
be not always as in mammals. For instance, mouse TLR13
recognizes a conserved 23S ribosomal RNA (rRNA) from bacteria
in the endolysosomal compartment (11). In teleost, TLR13 of
M. croaker could respond to Poly I:C both in vivo and in
vitro and is localized in the cytoplasm of HeLa cells (19). Fugu
TLR22 recognizes long-sized dsRNA on the cell surface whereas
TLR3 resides in the endoplasmic reticulum and recognizes
relatively short-sized dsRNA (20). TLR22 of grass carp (C.
idella) recognizes Poly I:C stimulation in CIK (C. idella kidney)
cell line and is localized on the cell membrane (21). In our
study, immunofluorescence and confocal microscopy showed
that BlTLR22-like is mainly localized on the plasma membrane.

In mammals, TLRs can recognize specific PAMPs with
high levels of sensitivity (61). To test B1TLR22-like ligand
specificity, we performed different assays with commercially
available mammalian TLRs ligands, using NF-κB activity as a
reporter. We could not observe significant differences of NF-
κB activation in HEK293 cells expressing BlTLR22-like. There
are different possible explanations but apart from problems with
protein expression levels, intracellular degradation or incorrect

trafficking, the twomost likely reasons could be: (1) BlTLR22-like
could not directly recognize PAMPs and the recognition process
might require the assistance of other proteins that are specific
for amphioxus and are not present in a mammalian system. For
instance, D. melanogaster Tolls do not bind any PAMPs directly
(62) and mammalian TLR4 cannot recognize LPS without the
assistance of MD2 and CD14 (63) or; (2) BlTLR22-like has
a TIR domain that interacts with a species specific adaptor
protein not present in mammalian cells. This hypothesis could
be supported by the fact that P681 (human TLR2), extremely
important to activate MyD88 signaling pathways in mammals
(51), was not present in BlTLR22-like neither in BbtTLR1
(Supplementary Figure 3). Thus, we could hypothesize that the
absence of this Pro in the TLR22 sequence (Ala in BlTLR22-
like) explains why the TIR domain of BlTLR22-like cannot
activate MyD88 dependent signaling pathway in HEK293 unless
we combine the ectodomain of TLR22 with the human TLR2
TIR domain. To test this hypothesis, we designed a chimeric
protein containing the ectodomain and transmembrane domain
of BlTLR22-like fused to the human TLR2 TIR domain and
we tested whether it could respond to ligand stimulation when
stably transfected in HEK293 cells. Indeed, the cells expressing
chimeric BlTLR22-like activated significantly the NF-κB reporter
in response to both LMW and HMW Poly I:C. The magnitude
of the stimulation is similar to other published data. For
instance, Ji et al. characterized the activation of IFN and NF-
κB pathways by a teleost TLR19, and they found similar fold
changes (around 2-fold change) as in our data (2.12 ± 0.1-
fold change Poly I:C HMW and 1.95 ± 0.09-fold change Poly
I:C LMW) (64). Other authors also have obtained similar fold-
changes in the NF-κB reporter assay (65, 66). On the other
hand, Voogdt et al. showed an extremely high activation of
the NF-κB signaling pathway after flagellin stimulation but the
main difference with our approach is that they used cells stably
expressing NF-κB reporter (67). Poly I:C is a specific ligand
of vertebrate TLR3 including many fish species (20, 23, 65,
68), of M. croaker TLR13 (19) and of different fish TLR22
(20–22, 24, 69).

The phylogenetic analysis of BlTLR22-like protein sequence
and representative vertebrate TLR protein sequences revealed
that BlTLR22-like clusters with the vertebrate TLR11 family.
Interestingly, the phylogenetic analysis of B. floridae TIR domain
and vertebrate TLRs has indicated that 33 variable-type TLRs
show a paraphyletic relationship with the vertebrate TLR11
lineage (33). The TLR11 family is represented in humans only
by a pseudogene and the major divisions of the TLR11 family
are clearly very ancient (16). Moreover, BlTLR22-like has a single
domain structure of the ectodomain which should be classified
into TLR13 subfamily (Supplementary Table 8) according to the
ectodomain architecture analysis of vertebrate TLRs (17). Taken
together with its plasma membrane localization and functional
analysis, we could further confirm the annotation of this TLR
as an ortholog of vertebrate TLR11s, carrying a TLR22-like
function and probably share a common ancestor with the fish
specific TLR22. Overall, we provide evidence suggesting that
TLR22 function may be an ancient and evolutionarily conserved
antiviral response which emerged in Chordates.
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Supplementary Figure 1 | Phylogenetic analysis of B. floridae, B. belcheri and
B. lanceolatum TLRs. The phylogenetic tree was constructed by

maximum-likelihood method (IQ-TREE) using TIR domain sequences of

B. floridae, B. belcheri, B. lanceolatum, S. kowalevskii and representative

vertebrate TLRs. D. melanogaster Toll sequence was used as an outgroup to root

the tree. Sequences were aligned by MAFFT with G-INS-i method and the best

evolutionary model was established by ModelFinder according to BIC. Branch

support was calculated running 1,000 replicates of the SH-aLRT and ultrafast

bootstrap and they are represented as percentages at the tree nodes. The tree

was generated in FigTree. Outgroup, mccTLRs and six vertebrate TLR families (by

colors) were shown in the figure. BlTLR is indicated by a red arrow.

Supplementary Figure 2 | Complete phylogenetic analysis of B. lanceolatum
TLRs. The phylogenetic tree was constructed by IQ-TREE using full-length protein

sequences. This tree is a more detailed version of the tree shown in Figure 1. All

the values of SH-aLRT support and ultrafast bootstrap support are shown at the

tree nodes. Outgroup, mccTLRs and 6 vertebrate TLR families (highlighted in

different colors) are shown. The red arrow indicates BlTLR. Additional information

about the sequences can be found in Supplementary Table 2, Supplementary

Datas 1, 2.

Supplementary Figure 3 | Nucleotide and deduced amino acid sequences of

BlTLR. Predicted transcription start site (TSS) is marked with a curved arrow. TATA

box is boxed with a rectangle. The putative STAT5 and APIB transcription factor

binding sites have a thick underline. The start codon (ATG), the stop codon (TAA)

and the polyadenylation signal sequence (AATAAA) are in bold. The predicted

signal peptide and the transmembrane region are underlined. The potential

N-linked glycosylation sites are underlined and in bold. LRRCT domain predicted

by LRRfinder is double underlined. The TIR domain predicted by SMART is

underlined and highlighted in gray. The consensus sequence of LRR domain

predicted by LRRfinder is highlighted in gray. The three consensus sequences of

Toll/interleukin-1 receptor homology domain were boxed and underlined in gray:

box 1(FDAFISY), box 2 (GYKLC—RD—PG) and box3 (a conserved W surrounded

by basic residues).

Supplementary Figure 4 | Predicted domain architecture of BlTLR protein. The

domain structure was predicted using the SMART program. Signal peptide (SP),

leucine-rich repeat N-terminal domain (LRRNT), leucine-rich repeat (LRR), leucine

rich repeat C-terminal domain (LRRCT), Transmembrane domain (TM) and

Toll/interleukin-1 receptor (TIR) domain are indicated in figure. Figure was prepared

with IBS software.

Supplementary Figure 5 | Phylogenetic analysis of BlTLR. The phylogenetic tree

was constructed by maximum-likelihood method (IQ-TREE) using full-length

protein sequences. BlTLR, BbtTLR1 and representative vertebrate TLR

sequences were used in the analysis. D. melanogaster Toll was used as an

outgroup to root the tree. Sequences were aligned with MAFFT choosing L-INS-i

method and the alignments were trimmed using TrimAL with “Automated 1”

mode. The best evolutionary model was established by ModelFinder according to

BIC. One-thousand replicates of the SH-aLRT support and ultrafast bootstrap

support are represented as percentages at the tree nodes. The tree was

generated in FigTree. Outgroup and six vertebrate TLR families (by colors) are

shown in figure. BlTLR is indicated by a red arrow.

Supplementary Table 1 | Primers used for RT-PCR analysis.

Supplementary Table 2 | Vertebrate and invertebrate protein sequences used in

the phylogenetic analysis.

Supplementary Table 3 | TLR ligands used in this study.

Supplementary Table 4 | TLRs in B. lanceolatum.

Supplementary Table 5 | TLRs in B. floridae.

Supplementary Table 6 | TLRs in B. belcheri.

Supplementary Table 7 | Protein sequence identity of BlTLR and fish TLR22.

Supplementary Table 8 | Ectodomain architecture of vertebrate TLRs and BlTLR.

Supplementary Data 1 | TLR sequences of L. variegatus and S. kowalevskii used
in the phylogenetic analysis. The TIR domain of each TLR is highlighted in yellow.

Supplementary Data 2 | Identified DNA and putative protein sequences of TLRs

in B. lanceolatum. The TIR domain of each TLR is highlighted in yellow.
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Annex IV

In the article 'Soto et al., 2019 L-Serine dietary supplementation is associated

with  clinical  improvement  of  loss-of-functionGRIN2B-related  pediatric

encephalopathy', published in Science Signaling, with an impact factor of 6.481,

the large database of invertebrate iGluR sequences created is used to construct

a sequence alignment and compare the conservation of a residue in different

metazoan species. Here, the GluN2 subunits of diverse bilaterian species are

aligned to see the conservation of the residue proline 553 (P553). This residue

has found to  be  mutated (P553T)  in  the  GluN2B in  a  patient  with  Rett-like

syndrome  with  severe  encephalopathy,  and  in  this  article  the

electrophysiological,  functional  and  structural  effects  of  this  mutation  are

evaluated.  The  high  conservation  degree  of  this  residue  in  the  sequence

alignment suggests that changes at this position are negatively selected, being

P553  preserved  during  bilaterian  evolution.  This  observation  points  to  an

important  role  of  this  residue  in  the  function  and  structure.  The

electrophysiological and functional experiments corroborate the negative effects

of this mutation on the normal activity of receptor containing GluN2B subunit.

Moreover, in this article it is shown how the NMDA receptor agonist D-serine is

able to restore the normal function of receptors containing the mutated subunit.

The  use  of  L-serine  as  a  dietary  supplement is  proposed  as  a  precision

therapeutic strategy to treat the effects of this mutation.
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L-Serine dietary supplementation is associated with
clinical improvement of loss-of-function
GRIN2B-related pediatric encephalopathy
David Soto1,2,3*, Mireia Olivella4*, Cristina Grau5*, Judith Armstrong6, Clara Alcon1,7,
Xavier Gasull1,2,3, Ana Santos-Gómez5, Sílvia Locubiche5, Macarena Gómez de Salazar5,
Roberto García-Díaz1,2,3,8, Esther Gratacòs-Batlle1,2,3, David Ramos-Vicente9,10,
Emeline Chu-Van11, Benoit Colsch11, Víctor Fernández-Dueñas5, Francisco Ciruela5, Àlex Bayés9,10,
Carlos Sindreu1,7, Anna López-Sala12, Àngels García-Cazorla6,12†, Xavier Altafaj5†

Autosomal dominant mutations in GRIN2B are associated with severe encephalopathy, but little is known about
the pathophysiological outcomes and any potential therapeutic interventions. Genetic studies have described
the association between de novo mutations of genes encoding the subunits of the N-methyl-D-aspartate recep-
tor (NMDAR) and severe neurological conditions. Here, we evaluated a missense mutation in GRIN2B, causing a
proline-to-threonine switch (P553T) in the GluN2B subunit of NMDAR, which was found in a 5-year-old patient
with Rett-like syndrome with severe encephalopathy. Structural molecular modeling predicted a reduced pore
size of themutant GluN2B-containing NMDARs. Electrophysiological recordings in a HEK-293T cell line expressing
the mutated subunit confirmed this prediction and showed an associated reduced glutamate affinity. Moreover,
GluN2B(P553T)-expressing primary murine hippocampal neurons showed decreased spine density, concomitant
with reduced NMDA-evoked currents and impaired NMDAR-dependent insertion of the AMPA receptor subunit
GluA1 at stimulated synapses. Furthermore, the naturally occurring coagonist D-serine restored function to
GluN2B(P553T)-containing NMDARs. L-Serine dietary supplementation of the patient was hence initiated, result-
ing in the increased abundance of D-serine in the plasma and brain. The patient has shown notable improvements
in motor and cognitive performance and communication after 11 and 17 months of L-serine dietary supplemen-
tation. Our data suggest that L-serine supplementation might ameliorate GRIN2B-related severe encephalopathy
and other neurological conditions caused by glutamatergic signaling deficiency.

INTRODUCTION
Rett syndrome (RTT; Online Mendelian Inheritance in Man,
OMIM: 312750) is a neurodevelopmental disorder affecting 1 in
10,000 live female births (1, 2). Clinical manifestations include
microcephaly, loss of achieved psychomotor abilities, intellectual
disability (ID), and autistic behaviors (3). Whereas most cases of
typical RTT harbor loss-of-function mutations in the X-linked
gene encoding methyl-CpG–binding protein 2 (MECP2) (4), muta-
tions in genes encoding cyclin-dependent kinase–like 5 (CDKL5)
and Forkhead box G1 (FOXG1) have also been identified (5).
Rett-like syndrome mostly affects patients exhibiting symptoms that
are similar to those seen in patients with RTT; however, the genetic

and molecular etiologies of this rare disease are different from those
associated with RTT.

A growing number of genetic and functional studies are unravel-
ing the complex scenario and molecular players involved in neuro-
developmental disorders and, in particular, in Rett-like syndrome.
It has been shown that the dysregulation of synaptic proteins can
lead to neurodevelopmental disorder (6–8). Genes encoding for the
N-methyl-D-aspartate receptor (NMDAR) could play critical roles
in the dysfunction of glutamatergic transmission associated with
RTT. Functionally, NMDARs play critical roles in neurogenesis, sy-
naptogenesis, and synaptic plasticity processes. Early in development,
NMDAR subunit GluN2B expression is particularly high (9). Accord-
ingly, it has been proposed that GRIN2B gene disturbance might
markedly compromise critical steps of neuronal, synaptic, and brain
circuitry development (10). Moreover, discrete de novo mutations of
GRIN2B gene have been associated with neurodevelopmental disorders
(11–13) such as early infantile epileptic encephalopathy-27 (EIEE27;
OMIM: 616139) (14) and autosomal dominant mental retardation
(MRD6; OMIM: 613970) (15–17).

In this study, we investigated the effects of a de novo missense
mutation in the GRIN2B gene in a patient with Rett-like syndrome
and severe encephalopathy. Functional studies showed that channel
gating is altered in mutant NMDARs markedly reducing NMDAR-
mediated currents. Dietary supplementation with L-serine—the pre-
cursor of D-serine, an endogenousNMDARcoagonist (18, 19)—during
17 months was associated with ameliorated intellectual, communica-
tion, andmotor deficits in the patient. These results support the patho-
genicity of GRIN2B mutation and suggest that enhancing NMDAR
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activity using L-serine dietary supplemen-
tation can have therapeutic benefits in
certain neurodevelopmental disorders as-
sociated with NMDAR hypofunctionality.

RESULTS
Patient clinical symptomatology
and genetic studies
The patient was a girl born after an un-
eventful pregnancy and with no family
history of neurodevelopmental disorders.
Shewas referred to our clinic at 1 year old,
and the primary clinical examination
showed a psychomotor delay with severe
hypotonia (with the presence of osteoten-
dinous reflexes and devoid of pyramidal
signs) and an inability to hold up her head
and to sit upright. Behaviorally, she had
an overall “absence,” as manifested by a
poor visual contact, an impairment in so-
cial interaction, and no interest in the en-
vironment. Along with these alterations,
the patient showed high irritability with
sleep disturbances. Considering these
symptoms, together with the presence of
“hand-washing” stereotypies, the girl was
tentatively diagnosed with RTT rather
than Rett-like phenotype. Cytogenetic
analysis, brain magnetic resonance imag-
ing, and neurometabolic analysis did not
show abnormalities. At 2.5 years old, she
was less irritable and had developed the
capacity to hold up her head. Behaviorally,
she had slightly improved social interac-
tion, and 1 year later, her sleeping pattern
was ameliorated. At that age (3.5 years old),
an electroencephalogram (EEG) indicated
the presence of epileptiform alterations of
brain activity, she was treated with valproic
acid, and later, the treatment was changed
to levetiracetam to prevent changes in ir-
ritability.At 5 years and10months old, the
patient’s adaptive behavior was assessed by
the Vineland test, with scores indicative of
a mental age below 1 year old (Fig. 5C).

As noted, the patient was tentatively
diagnosed with RTT-like phenotype. Be-
cause no mutations of RTT candidate
genes (MECP2,CDKL5, andFOXG1)were
detected, whole-exome sequencing was
performed (20). After genetic data filtering
against parental variants and then against
a pool of controls, we identified a de novo
heterozygousmissensemutation inGRIN2B gene coding for theGluN2B
subunit of NMDARs, resulting in an amino acid substitution of a pro-
line (Pro) residue by a threonine (Thr) at GluN2B subunit residue 553
(Fig. 1A).

Molecular modeling of mutant
(GluN1)2-[GluN2B(P553T)]2 receptor
To identify the structural changes induced by GluN2B(P553T) mu-
tation, molecular models of wild-type and mutant receptors were

Fig. 1. Identification of GRIN2B(P553T) mutation associated with the case study and predicted structural
consequences. (A) Left: Familial pedigree of the GRIN2B(P553T) case study. Right: Chromatograms of GRIN2B
(c.1657C > A) mutated nucleotide (indicated by an arrow) using forward and reverse oligonucleotides. (B) Structure
of heterotetrameric (GluN1)2-(GluN2B)2 NMDAR [Protein Data Bank (PDB) ID: 4PE5], according to Karakas and Furukawa
(61), showing the N-terminal domain (NTD), the ligand-binding domain (LBD), and the transmembrane domain (TMD;
containing the mutated amino acid P553T). Bottom: Magnification of the transmembrane domain, showing the
topological position of Pro553 residue at the beginning of the M1 (P553; green) of the transmembrane domain, facing
Phe653 residue (F653; light blue) atM3 (blue). (C) Top: Transmembrane domain structural molecularmodel of wild-type
(GluN1)2-(GluN2B)2 receptor (from the extracellular domain). Inset: Magnification of residues Pro553(M1)-F653(M3)
proximity. Bottom: Transmembrane domain structural molecular model of mutant (GluN1)2-[GluN2B(P553T)]2 receptor
(from the extracellular domain). Inset: Magnification of residues Pro553(M1)-F653(M3) distance. (D) GluN2B protein
sequence alignment around residue Pro553. Representative sequences from a larger alignment containing 147 proteins
from12metazoan species spanning sevenphyla are shown. Displayedprotein sequences are from the following species:
Homo sapiens GluN2B (UniProt ref. Q13224),Mus musculus GluN2B (UniProt ref. Q01097), Danio rerio GluN2Bb (Ensembl
ref. ENSDARG00000030376), Branchiostoma belcheri 254360R.t1 (from the database B.belcheri_v18h27.r3_ref_protein
included in LanceletDB Genome browser; Sun Yat-sen University), Saccoglossus kowalevskii Sakowv30010297m
(Metazome database), and Strigamia maritima SmarNMDAR2b, Apis melifera GB48097, Capitela teleta CapteT179505,
and Lottia gigantea LotgiT137890 (all from Ensembl Metazoa).
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generated by homology modeling (using crystal structures of NMDAR
at closed state) and molecular dynamics simulation. The Pro553 residue
in GluN2B is located at the beginning of the transmembrane helix 1
(M1; Fig. 1B). This model suggested a role for Pro553 in breaking M1
and bending it toward M3 (Fig. 1C, top), thereby enabling the inter-
action of Pro553 with Phe653 (M3) of theGluN2B subunits. In addition,
according to this model, the residue Pro557 (M1) is also bendingM1 to
M3 through its Pro kink, allowing the interaction with Phe654

(M3) of the GluN1 subunit. This model predicted that the P553T
mutation would prevent M1 bending, disruptingM1-M3 interaction
(Fig. 1C, bottom), which in turn would bring M3 closer to the center
of the pore and consequently induce a more closed channel confor-
mation, altering the gating properties of the mutant receptor.

On the basis of this structural model, we investigated the evolu-
tionary conservation of the GluN2B Pro553 residue and its predicted
interacting residue Phe653. We found that the Pro553 motif was highly
conserved across species (Fig. 1D). The GluN2B Phe653 and GluN1
Phe654 residues are within the SYTANLAAF motif (fig. S4), the most
highly conserved motif among mammalian ionotropic glutamate re-
ceptors (iGluRs) (21, 22). Multiple sequence alignments of 147 meta-
zoan iGluRs showed a high conservation of these residues (the Pro553

and Phe653 residues were detected in 144 and 131 iGluR protein–
encoding gene sequences, respectively; fig. S4), supporting a poten-
tially critical role of the Pro553 residue in GluN2B in NMDAR channel
activity.

Heteromerization and trafficking of GluN1-GluN2B(P553T)
receptors
To assess the effects of GluN2B(P553T) on the oligomerization and
trafficking of NMDARs, we cotransfected human embryonic kid-
ney (HEK) 293T cells with GluN1 and hemagglutinin (HA)–tagged
GluN2A, together with either green fluorescent protein (GFP)–tagged
wild-type GluN2B (GFP-GluN2Bwt) or the P553T mutant [GFP-
GluN2B(P553T)]. Biochemical analysis showed that the protein
abundance of GluN2B(P553T) was similar to that of GluN2Bwt in
these cells (fig. S1A). Further, coimmunoprecipitation experiments
showed the presence ofGluN1 andHA-GluN2A subunits in anti-GFP
pulldown complexes, indicating that the mutant GluN2B(P553T)
subunit interacted—in similar abundance as GluN2Bwt—with GluN1
and/or GluN2A subunits (fig. S1B). Immunofluorescence analysis
showed that the missense mutation on Pro553 does not abolish the
trafficking of GluN1-GluN2B(P553T) to the surface of COS-7–
transfected cells (fig. S1C), as previously reported for anotherGRIN2B
missense variant affecting the same amino acid position,GluN2B(P553L)
(23). In primary cortical murine neurons, the dendritic surface:
intracellular abundance ratio of transfected GluN2B(P553T) was
normal at days in vitro 7 (DIV7) and DIV11, with a slight decrease
in DIV16 (fig. S1D).

Biophysical assessment of GluN2B(P553T)
subunit–containing NMDARs
We performed patch-clamp experiments to evaluate the biophysical
properties of GluN2B(P553T)-containing NMDARs in transfected
HEK-293T cells. After a fast glutamate (1 mM) and glycine (50 mM)
application, NMDAR-mediated current amplitudes were significantly
reduced inHEK-293T cells expressingGluN1-GluN2B(P553T) recep-
tors Fig. 2, A to C), whereas voltage-dependent channel blockade by
extracellular Mg2+ was spared (Fig. 2, D to F). Because the P553Tmu-
tation is located in the vicinity of the agonist binding site and the chan-

nel pore in GluN2B, we explored the possible effects of the mutation
on channel kinetics. Electrophysiological recordings showed a signif-
icantly faster deactivation rate in mutant receptors (Fig. 2, G and H)
and a faster desensitization thereof, quantified upon 5-s duration
jumps (Fig. 2, I and J). Moreover, in agreement with aforementioned
modeling predictions, nonstationary fluctuation analysis (NSFA) (24)
showed a reduction of the single-channel conductance in mutant re-
ceptors (Fig. 2, K to M) and a reduced open probability (Fig. 2N). To-
gether with the biochemical data indicating normal expression and
oligomerization, we concluded thatGluN1-GluN2B(P553T) receptors
are intrinsically hypofunctional.

Because GluN2B subunits can assemble into both (GluN1)2-
(GluN2B)2 heterodimers and (GluN1)2-GluN2A-GluN2B heterotri-
mers (25), we explored whether the GluN2B(P553T) mutation may
also impair heterotrimeric receptors in HEK-293T cells (26). NMDA
current amplitudeswere not significantly reduced inGluN2B(P553T)-
containing heterotrimers, although their deactivation and desensitization
rates were increased similar to those of GluN1-GluN2B(P553T)
heterodimers (fig. S2, A and B). However, administration of 100 mM
D-serine potentiated GluN1-GluN2A-GluN2B(P553T) heterotrimers
more strongly than wild-type heterotrimers (fig. S2, A to C). Likewise,
the desensitization and deactivation kinetics of triheteromeric mutants
were increased compared with controls (fig. S2, D to H), recapitulating
some of the effects observed in themutant (GluN1)2-[GluN2B(P553T)]2
diheterodimers.

Evaluation of D-serine effect in GluN1-GluN2B(P553T)
receptors
Next, we sought to enhance the activity of mutant NMDARs using
D-serine, an endogenous NMDAR coagonist. In agreement with a
previous report (19), D-serine administration dose-dependently in-
creased NMDAR-mediated currents in HEK-293T cells (Fig. 3, A
and B). The relative increase mediated by D-serine was stronger in
HEK-293T cells expressing GluN1-GluN2B(P553T) than in cells
expressing GluN1-GluN2Bwt (Fig. 3, A and B). Although not reaching
GluN1-GluN2Bwt–mediated current density, hypofunctional GluN1-
GluN2B(P553T) receptor–mediated currentswere significantly increased
in D-serine coapplication (Fig. 3C). Further, a similar increase was ob-
served in the presence of a high dose of glycine (100 mM), as well as with
a stronger potentiation in GluN1-GluN2B(P553T)–expressing cells
compared with GluN1-GluN2Bwt–expressing HEK-293T cells (Fig. 3,
D to E). The differential potency of D-serine and glycine might result
from a reduced affinity for GluN1-GluN2B(P553T), leading to the
enhanced potentiation and faster deactivation/desensitization rates
at higher concentrations. Alternatively, because glutamate binding
increases the dissociation rate of glycine/D-serine coagonist with
NMDARs (27), these changes in D-serine potency might be explained
by altered glutamate affinity. Concentration-response experiments
showed no changes in D-serine median effective concentration (EC50;
Fig. 3F), whereas glutamate EC50 increased by sevenfold in GluN1-
GluN2B(P553T) receptors (Fig. 3G).

Evaluation of GluN2B(P553T) variant neuronal outcomes
To evaluate the neuronal impact of GluN2B(P553T), we overex-
pressed GluN2B(P553T) in primary hippocampal neurons andmea-
sured morphological parameters, synaptic plasticity processes, and
NMDAR-mediated synaptic currents. Sholl analysis of dendrites
labeled with GFP-GluN2B(P553T) or GFP-GluN2Bwt indicated sim-
ilar distributions of the subunit across the dendritic arbor (Fig. 4A).
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Fig. 2. Biophysical characterization of (GluN1)2-
(GluN2B(P533T))2channel properties. (A) Representa-
tive whole-cell currents evoked by rapid application
of 1 mM glutamate + 50 mM glycine (0.5-s duration;
−60 mV) in HEK-293T cells expressing GluN1-GluN2B
(black trace) or GluN1-GluN2B(P533T) (red trace) recep-
tors. n = 19 and 21 cells from six and five experiments,
respectively. (B) Average of raw peak currents from HEK-
293T cells expressing GluN2B and GluN2B(P533T). n = 19
and 21 cells from six and five experiments, respectively.
***P < 0.001 by Mann-Whitney U test. (C) Normalized
peak currents (in pA/pF) in HEK-293T cells expressing
GluN1-GluN2B and GluN1-GluN2B(P533T), with values
from a representative experiment superimposed. Data are
from six and five experiments, respectively. ****P < 0.0001
by Mann-Whitney U test. (D) Traces recorded at −60 mV in
an HEK-293T cell expressing GluN1-GluN2B(P533T)
with Mg2+ block of the NMDAR. Data are represent-
ative of five and seven cells from three independent
cultures. (E) Percentage of current blocked at −60 mV
by Mg2+ (1 mM) for GluN2Bwt- and GluN2B(P533T)-
containing NMDARs. Single-value experiments are de-
noted as open circles for each condition. n = 5 and 7 cells,
respectively, from three independent experiments per
condition. n.s. (not significant) by Mann-Whitney U test.
wt, wild-type. (F) Current-voltage relationship for GluN2B-
and GluN2B(P533T)-containing NMDARs. n = 3 and
4, respectively, from two independent experiments.
(G) Representative peak-scaled responses to 1 mM glu-
tamate + 50 mM glycine (0.5-s agonists application;
−60 mV) for GluN1-GluN2B (black trace) and GluN1-
GluN2B(P553T) (red trace). n = 16 and 17 cells from
six and five experiments, respectively. (H) Average de-
activation time constant (tw; fitted to a double expo-
nential) fitted from tail currents for GluN1-GluN2B and
GluN1-GluN2B(P553T). Values from a representative
experiment are shown as open circles for each condi-
tion. n = 16 and 17 cells from six and five independent
experiments per condition, respectively. ****P < 0.0001
and n.s. by Mann-Whitney U test. (I) Representative peak-
scaled responses to 1 mM glutamate + 50 mM glycine
(long jumps of 5-s duration; −60 mV) in HEK-293T cells
expressing GluN1-GluN2B or GluN1-GluN2B(P553T),
for the comparison of desensitization rates. n = 14
cells from three independent experiments. (J) De-
sensitization weighted time constant (tw) for GluN2Bwt
and GluN2B(P553T). Values from a representative exper-
iment are shown as open circles for each condition. n =
14 from three independent experiments. **P < 0.01 by
Mann-Whitney U test. (K and L) Whole-cell currents ac-
tivated by rapid application of 1 mM glutamate + 50 mM
glycine (0.5 s; −60 mV) from HEK-293T cells expressing
GluN1-GluN2Bwt (K) or GluN1-GluN2B(P553T) (L). Gray
traces represent single responses, and black lines are
the average of 69 (wild-type) or 33 (P553T) responses.
Insets: Current variance versus mean current plot cal-
culated from the deactivating tail current. (M and N) Bar
graph showing single-channel conductance values (M)
and peak open probability (N) in GluN1-GluN2Bwt– and
GluN1-GluN2B(P553T)–containing NMDARs expressed in
HEK-293T cells. n = 12 and 9 cells, respectively, from four
independent experiments. *P < 0.05 by Mann-Whitney
U test. Single cells are shown as open circles superimposed
to bar graph.

S C I ENCE S I GNAL ING | R E S EARCH ART I C L E

Soto et al., Sci. Signal. 12, eaaw0936 (2019) 18 June 2019 4 of 15

 on D
ecem

ber 2, 2020
http://stke.sciencem

ag.org/
D

ow
nloaded from

 

336

http://stke.sciencemag.org/


Nevertheless, spine density was signifi-
cantly reduced in neurons expressing
GluN2B(P553T), resulting fromadecrease
in the different spine subtypes (Fig. 4A).
Further, immunofluorescence analysis of the GluA1 AMPA receptor
(AMPAR) subunit, which is overexpressed in RTT murine models
(28), revealed a significant increase in GluA1 in DIV11 neurons over-
expressing GluN2B(P553T) (fig. S3). Overall, these morphological and
molecular changes indicated deficient spine development in hippocam-
pal neurons expressing GluN2B(P553T).

Patch-clamp recordings revealed a decrease in the amplitude of spon-
taneous excitatory postsynaptic currents (EPSCs)mediated byNMDARs
in neurons overexpressing mutant GluN2B(P553T) compared with
GluN2Bwt (Fig. 4B, top traces and left bar graph), directly demonstrat-
ing an effect of this mutation in synaptic NMDARs. Because D-serine

administration enhanced the activity of GluN2B(P553T)-containing
NMDARs in heterologous cells (see above), we assessed its effect in
primary neurons. The addition of 100 mM D-serine similarly increased
EPSCs frequency in GluN2Bwt- and GluN2B(P553T)-overexpressing
neurons (measured as a shortening of the interevent interval; Fig. 4B,
bottom traces and right bar graph). In contrast to heterologous cell lines
data, 100 mM D-serine addition did not increase EPSC amplitudes (Fig.
4B, left bar graph), perhaps due to the recruitment of new synapses or
increased desensitization at higher frequencies, thus masking a putative
effect on EPSCamplitudes. The rate of recovery fromdesensitization for
NMDARs is quite slow, spanning several seconds (29).

Fig. 3. D-Serinecoapplicationeffectonwild-type
andmutant (GluN1)2-[GluN2B(P533T)]2NMDARs.
(A) Representative traces evoked by physiologi-
cal concentrations of 1 mM glutamate + 1 mM
glycine (0.5 s; −60 mV) from GluN1-GluN2Bwt–
or GluN1-GluN2B(P553T)–expressing HEK-293T
cells, either in the absence (black traces) or in
the presence (red traces) of D-serine at different
concentrations. n ≥ 6 cells from at least two
independent experiments. (B) Average peak cur-
rent evoked in transfected HEK-293T cells by ap-
plication of 1 mM glutamate + 1 mM glycine in the
presence of different D-Ser concentrations (gray
bars) normalized to that of 1 mM glutamate +
1 mM glycine without D-Ser (white bars). Numbers
inside the bars denote the recordings for each
condition, from at least two independent experi-
ments. *P < 0.05 and **P < 0.01 by Mann-Whitney
U test. (C) Raw peak current responses from data
shown in (B), indicating the percentage increase in
current due to 100 mM D-Ser. n = 10 cells from at
least two experiments. (D) Representative record-
ings in HEK-293T cells expressing GluN1-GluN2Bwt
or GluN1-GluN2B(P553T) receptors evoked by
physiological applications (5 s; −60 mV) of 1 mM
glutamate + 1 or 100 mM glycine. n = 8 cells per
condition from five independent experiments.
(E) Bar graph representing peak current poten-
tiation induced by high glycine concentration
(100 mM versus 1 mM) with coapplication of
1 mM glutamate. n = 8 from five independent
experiments for each condition. *P < 0.05 and n.s.
by Student’s t test. (F) D-Serine concentration-
response curves recorded in GluN1-GluN2Bwt
and GluN1-GluN2B(P553T) NMDARs expressed
in HEK-293T cells, constructed from responses to
1 mM glutamate + the specified D-serine con-
centration in the absence of glycine. n = 5 cells
per construct from two independent experi-
ments. (G) Glutamate concentration-response
curves recorded in GluN1-GluN2Bwt and GluN1-
GluN2B(P553T) NMDARs expressed in HEK-293T
cells. The dose-response curve was constructed
from responses to 1 mM D-serine plus the speci-
fied glutamate concentration in the absence of
glycine. n = 5 and 7 cells, respectively, from two
independent experiments.
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Assessment of the effect of high-dose D-serine in
GluN2B(P553T)-expressing neurons
Sustained activation of synaptic NMDARsmodifies postsynaptic bio-
chemical content (synaptic recruitment of AMPARs), induces mor-
phological changes (synapse enlargement), and elicits LTP (30–32).
Therefore, we assessed the ability of GluN2B(P553T)-expressing neu-

rons to support this form of synaptic plasticity. Transfected primary
hippocampal cultures were treated either with 200 mM glycine (“Gly-
cLTP”) or simultaneously with 200 mM glycine and 100 mM D-serine
(“Gly + D-Ser cLTP”). The analysis of dendritic spines density showed a
slight significant increase in Gly-cLTP condition (Fig. 4A). Coapplica-
tion of 100 mM D-serine resulted in a more significant increase in spine

Fig. 4. Synaptic outcomes and D-serine effects on Gly-induced chemical long-term potentiation (Gly-cLTP) in GluN2B(P553T)-expressing primary hippocampal
neurons. (A) Top left: Representative images of murine primary hippocampal neurons transfected with GFP-GluN2Bwt or GFP-GluN2B(P553T). Insets: Immunodecoration
to visualize spines, indicated by yellow arrowheads. Top right: Immunofluorescence detection of GFP-GluN2B to analyze dendritic arborization by Sholl analysis. n = 16 to
18 neurons per condition from three independent experiments; F = 0.71, P = 0.884 by repeated measures two-way analysis of variance (ANOVA) and Bonferroni post hoc
test. Bottom: Quantification of spine density andmorphology in basal neurons and neurons treated with glycine alone or glycine and 100 mΜ D-Ser. n = 27 to 48 dendrites
per condition from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and n.s. by Student’s t test or Mann-Whitney U test for parametric or nonparametric
analyses, respectively. (B) Representative traces from spontaneous activity–dependent NMDAR-mediated EPSCs recordings from GluN2Bwt- or GFP-GluN2B(P553T)–
transfected murine hippocampal neuronal cultures, recorded at −70 mV in the presence of 50 mM NBQX (2,3-dihydroxy-6-nitro-7-sulfamoylbenzo[f]quinoxaline 6-nitro-
7-sulfamoylbenzo[f]quinoxaline-2,3-dione) and 10 mM picrotoxin and in the absence of tetrodotoxin, both under basal conditions (top traces) or after 100 mM D-serine
application (bottom traces). Graphs show mean amplitudes (left) and mean time of interevent intervals (right) of the EPSCs recorded. n = 8 and 6 neurons, respectively,
from three independent experiments. **P < 0.01 and #P < 0.05 by Mann-Whitney U test. (C) Representative images and immunofluorescence analysis of surface abun-
dance of the AMPAR subunit GluA1 (red) in murine primary hippocampal neurons (green) at DIV16 that had been transiently transfected at DIV11 with GFP-GluN2Bwt or
with GFP-GluN2B(P553T) assessed under basal conditions, after Gly-cLTP, and after simultaneous Gly-cLTP induction and 100 mM D-serine application (Gly + D-Ser cLTP).
A.U., arbitrary units. Data are presented relative to the basal condition as means ± SEM from n = 30 to 40 spines per dendrite from 14 to 40 dendrites and three to seven
neurons per condition, obtained from three independent experiments. **P < 0.01 and ***P < 0.001 by Student’s t test.
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density in GluN2B(P553T)-expressing neurons, with a number of
stubby, mushroom, and thin-shape spines similar to neurons express-
ing GluN2Bwt under basal conditions (Fig. 4A). Immunofluorescence
analysis showed that Gly-cLTP significantly increased surface GluA1
abundance at spine-like structures in GluN2Bwt-transfected neurons
(Fig. 4C, left images and bar graph). In contrast, GluA1 surface abun-
dance was not significantly increased in GluN2B(P553T)-expressing
neurons (Fig. 4C). These defects were rescued by simultaneous admin-
istration of glycine and D-serine (Fig. 4C), indicating that D-serine can
also facilitate amajor potentiation ofNMDAR-dependent plasticity in
the context of GluN2B(P553T) mutation.

Evaluation of biochemical and clinical effects of L-serine
dietary supplementation in pediatric patient with
GluN2B(P553T) variant
The partial restoration of mutant NMDAR function by D-serine
prompted us to translate the therapeutic strategy to the clinical prac-
tice. Because D-serine use was still under investigation at the begin-
ning of the study, the patient was supplemented with L-serine, an

approved nutraceutical amino acid acting as the endogenous D-serine
precursor. We hypothesized that L-serine supplement might increase
serine racemase substrate in the brain (33, 34), raising D-serine brain
levels that might potentiate hypofunctional NMDARs. At 5 years and
10 months of age, the patient was administered L-serine (500 mg/kg
per day) and continued to date (17 months at the time of writing this
report). Ultraperformance liquid chromatography–tandem mass
spectrometry (UPLC-MS/MS) analysis showed that L-serine treat-
ment was associated with a 4.4-fold increase in the abundance of
D-serine in the patient’s plasma (Fig. 5A), whereas D-enantiomers
of branched-chain amino acids (valine, isoleucine, and leucine) and
plasma amino acids with a potential NMDAR modulatory role (such
as glycine, taurine, and cysteine) showed no notable alterations (Fig.
5A). Furthermore, considering that L-serine is involved in sphingo-
lipid biosynthesis, an untargeted UPLC-MS lipidomic analysis was
conducted and revealed a strong alteration of the sphingolipidomic
profile of the patient, which was not altered by L-serine dietary supple-
mentation (table S1). Because D-serine racemase is strongly expressed
in neurons (33), we reasoned that the increased D-serine plasma levels

Fig. 5. Biochemical and behavioral assessment of GRIN2B(P553T) patient after L-serine dietary supplementation. (A) Top: Analysis of amino acid plasma con-
centration of D-L-serine, D-L-valine, D-L-isoleucine, D-L-leucine, glycine, taurine, and cysteine. Plasma samples analyzed correspond to the patient before and after L-serine
treatment (light red and dark red dots, respectively) and the mean of controls (black lines; whiskers representation of mean-min-max values). Bottom: Chromato-
graphic profiles of D-serine and L-serine enantiomers in plasma samples from the control individual (gray trace), the patient before treatment (light red trace), and
the patient with L-serine dietary supplementation (dark red trace). (B) Top: Overlapping chromatographic profiles of D-serine and L-serine enantiomers (left and
right, respectively) in CSF from a control (gray trace) and from the patient with GRIN2B(P553T) mutation, after L-serine dietary supplementation (red trace). Bottom:
Serine enantiomers concentration analysis in CSF of controls (gray dots; whiskers representation of mean-min-max values; gray traces in the chromatogram) and
the patient with L-serine dietary supplement (red dots and traces). (C) Clinical manifestations of the patient harboring a de novo GRIN2B(P553T) mutation, before
and after 17 months of L-serine dietary supplementation.
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most probably reflect increased D-serine abundance in the brain of the
patient. UPLC-MS analysis showed highly increased D-serine levels in
cerebrospinal fluid (CSF) of the treated patient (Fig. 5B).

Together with the biochemical profiling, a neuropsychological as-
sessment was performed. Before treatment, the patient (5 years and
10months old) had few communication skills, poor eye contact, did not
pay attention to the activities of the parents, teachers, and schoolmates,
did not have verbal language (any words or sounds), did not show the
use of symbolic play, and could not move from the prone position to
the sitting position, although she could then sit without support. The
Vineland standard score (SS) test before treatment were 42 for com-
munication, 36 for daily living skills, 49 for socialization, and 31 for
motor skills (mean SS of 100 with an SD of 15), with an overall SS of 38.

After 11 months of L-serine dietary supplementation, although the
EEG was still aberrant, the behavior of the patient was notably improved,
as shownby theVinelandAdaptive Behavior Scale (VABS). TheVineland
SSs were 42 for communication, 34 for daily living skills, 51 for socializa-
tion, and 38 for motor skills. This midterm assessment showed that her
motor skillswere strongly improved; shewas able to stand fromsitting and
started towalkwith external help. Behaviorally, the patient started to com-
municate with gestures (such as by extending her hands to be held), and
her display of facial expressions increased. She started to react by turning
her head when called by her name, had improved visual contact, and
started to smile proactively. Overall, the clinical assessment indicated an
attenuation of both motor and cognitive impairments.

After 17 months of treatment, the patient remarkably improved
communication, social, and motor skills (Fig. 5C). The Vineland SSs
(motor assessment cannot be performed beyond 7 years old) after
L-serine treatment in the patient were 48 for communication, 48 for
daily living skills, and 50 for socialization. Behaviorally, she was then
interested in faces and had a persistent eye contact, followed the activ-
ities of surrounding humans with interest, was able to stretch her arms
out to be held, turn her head when called, laugh at funny situations,
and was generally (by outward assessments) happier. She could then
also imitate toys and animal sounds, creep on the floor, and move from
a prone to a sitting position, as well as from a sitting to standing posi-
tionwith support. She had also improved her sleeping pattern, was able
to sit down without help, and notably could walk using an orthopedic
walker. An EEG showed epileptiform alterations, but clinical seizures
were not present. Despite pharmacological interventions to target
them specifically (valproate first and levetiracetam later), the epilepti-
form alterations detected in the EEG were still present; thus, these
treatments were stopped. Nonetheless, overall, the clinical assessments
indicated an improvement in cognitive, communicative, and motor
impairments associated with L-serine dietary supplementation.

DISCUSSION
NMDARs are critical players of glutamatergic neurotransmission and
are fundamental actors in neuritogenesis, synaptogenesis, and syn-
aptic plasticity processes. Currently, upon the development of next-
generation sequencing, there is a growing body of data implicating
de novomutations of iGluRs (7, 8) inmental and behavioral disorders.
Several mutations in subunits of the NMDAR have been related to
neurodevelopmental diseases (11–13). However, these data require
functional validation to unveil whether these mutations are really patho-
genic. In the present study, we identified a GRIN2B(P553T) mis-
sense de novo mutation of the GluN2B subunit of the NMDAR in
a patient with Rett-like syndrome with severe encephalopathy. This

mutation resulted in the exchange of a highly evolutionary conserved
Pro into a Thr. A mutation affecting the same amino acid position
GluN2B(P553L) was previously described in a patient from a cohort
of individuals with ID (16). This patient exhibited phenotypic altera-
tions similar to those of the case in the present study, including severe
ID, hypotonia, and no speech. The phenotypic similarity between
these two cases provides a strong evidence for a pathogenic role of
GluN2B(Pro553) mutations under these neurodevelopmental conditions.

Electrophysiological studies confirmed the in silico structural studies
predicting the hypofunctionality of mutant NMDARs. In addition to a
reduction of the channel conductance and peak open probability, we
found a significant increase in both the desensitization and the de-
activation rates of GluN1-GluN2B(P553T) receptors. Whether the
P553Tmutation located far from the binding site is altering deactivation
kinetics, an intrinsic property of the receptor, is an incognita, but
electrophysiological concentration-response experiments indicate a
decreased glutamate binding affinity of mutant NMDARs, triggering
a decreased receptor efficacy that seems to be physiologically rele-
vant. NMDAR function is largely determined by the high amount
of Ca2+ influx, which is mostly dependent on channel kinetics, par-
ticularly the rates of desensitization and deactivation. Thus, we can
speculate that kinetics changes detected on GluN2B(P533T) mutant
receptors might be limiting Ca2+ influx, which in turn would alter
Ca2+-mediated signaling pathways and synaptic plasticity.

Overall, these changes markedly reduce NMDAR-mediated cur-
rents and might be underlying the severe phenotype of the patient.
GluN2B subunits are highly expressed at embryonic and initial post-
natal stages, playing a critical role in neurodevelopmental processes
(35). Consequently, the hypofunctionality of this major subtype of
NMDARs might certainly affect neuritogenesis and synaptogenesis,
leading to altered synaptic transmission. This hypothesis is supported
by the morphological and biochemical findings, showing a significant
decrease in spine density together with increased levels of GluA1 sub-
unit of AMPARs. Pozzo-Miller’s group (28, 36) has reported similar
synaptic outcomes in patients with RTT and in primary murine neuro-
nal cultures deficient or harboring mutations ofMeCP2. Therefore, our
data suggest that NMDAR-induced alterations of glutamatergic synapses
might be involved in the pathophysiology of classical RTT condition.

In agreement with the proposed functional impact of de novomuta-
tions of GluN2B subunit, previous studies have associated de novomu-
tations of GRIN2B with severe phenotypic alterations (6, 14, 15, 37).
Lemke and collaborators (13, 38) described the functional consequences
of GRIN2B mutations in patients with West syndrome and in indi-
viduals with IDwith focal epilepsy. In the latter study, the patient with
ID and focal epilepsy had a missense mutation in the extracellular
glutamate–binding domain. De novo GRIN2B mutations lead to a
gain of function, either significantly reducingMg2+ block and increas-
ing Ca2+ permeability (N615I and V618Gmutations, affecting theM2
domain in the pore of the channel) or increasing the apparent gluta-
mate binding affinity (R540H mutation, within the extracellular S1
domain). These gain-of-function mutations point out the important
role of facilitated NMDAR signaling in epileptogenesis, with further
therapeutic strategies consisting on the selective blockade of mutant
leak/hyperactive channels. In contrast, loss-of-function mutations
might be causing a hypoglutamatergic function that could be potentially
rescued by increasing NMDAR activity with a therapeutic purpose.

The glutamatergic synapse is an extremely sophisticated system
where a plethora of molecular actors reside and interact to finely
tune neurotransmission. However, under pathological conditions,
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the dysregulation of critical players might compromise glutamatergic
neurotransmission, resulting on an enhancement or a reduction of
glutamate signaling (8). In the present work, in silico and in vitro
experiments concluded that GluN2B(P553T)-containing NMDARs
are hypofunctional. Thus, we envisioned that enhancing NMDAR
activity might recover normal glutamatergic neurotransmission and
attenuate clinical manifestations. To this end, we evaluated the effect
of D-serine, a coagonist of the GluN1 subunit, coapplied with physio-
logical glycine concentrations (39). Our findings indicate an enhance-
ment of mutant GluN1-GluN2B receptor activity, suggesting that the
structural changes induced by the mutation are not transduced to
GluN1 ligand-binding domain. The ability of D-serine to activate wild-
type GluN1-GluN2B receptors (shown in this work) and all NMDAR
subtypes (40, 41) should have a general effect on glutamatergic function.
Because L-serine is a nutraceutical serine enantiomer already used in
pediatric care, the patient was treated with L-serine dietary supplemen-
tation. This dietary supplement resulted in increased D-serine concen-
tration in the patient’s plasma, concomitant with strongly increased
D-serine amounts in the CSF, in agreement with a previous report (42).
Because L-serine is the substrate of serine racemase in the brain (34), our
data support the hypothesis that L-serine supplement increases
L-serine availability in the brain, which in turn promotes L-serine con-
version to D-serine in the brain (43), likely potentiating hypofunctional
NMDARs. The beneficial effect of D-serine in healthy individuals has
been described in a clinical trial (44). In that work, Heresco-Levy and
colleagues showed the procognitive effects of D-serine throughNMDAR
function and, as we propose in the present study, intended the develop-
ment of NMDAR glycine site strategies for treating synaptopathies. In
agreement with this, D-serine deficits have been associated with aging in
rats, with functional rescue observed after exogenous D-serine adminis-
tration (45, 46). In addition, serine deficiency disorders also provoke
neurological phenotypes (psychomotor retardation, microcephaly,
and seizures in newborns and children) that can be safely treated by
serine oral replenishment (47). Together, these works and ours indicate
that, independent of the molecular etiology (whether serine racemase
deficit or NMDAR hypofunctionality), serine-potentiated NMDAR ac-
tivity can partially rescue hypoglutamatergic function. In addition to
the beneficial effect of L-serine–mediated increase in D-serine levels,
the effect of some other L-serine metabolites and the neurodevelop-
mental factors might be considered. Regarding the former, our bio-
chemical studies have shown that additional L-serine–derived amino
acids and sphingolipids that potentially modulate the NMDAR were
not modified by L-serine dietary supplementation. Regarding the
neurodevelopmental aspects, the improved patient’s condition might
also be influenced by the developmental changes in GluN2 subunit
expression, increasing the GluN2A:GluN2B ratio during development
(9). Our findings indicate that mutant heterotrimeric NMDARs are
less affected than heterodimeric mutant receptors. Therefore, in addi-
tion to the NMDAR-potentiating effect of L-serine treatment, GluN2
subunits, the developmental switch might also contribute to improve
the clinical symptoms of the patient to some extent.

In summary, our data represent a proof-of-concept study to iden-
tify the pathogenicity of de novo mutations of NMDARs and the de-
velopment of precision therapeutic strategies. The methodological
pipeline developed along this study might be further implemented
to functionally stratify de novo iGluR mutations associated with syn-
aptic dysfunctions and to define therapeutic strategies.Moreover, they
support the use of L-serine as a dietary supplement for the enhance-
ment of glutamatergic neurotransmission and/or excitatory or inhib-

itory neurotransmitter imbalance that are associated with a large
spectrum of neurological disorders.

MATERIALS AND METHODS
Patient neurodevelopmental and adaptive behavior
assessments before and after dietary L-serine supplement
The study was approved by the appropriate informed consent of the
patient’s parents. The VABS-II (48) semistructured interview, allow-
ing the assessment of four domains of adaptive behavior (communi-
cation, daily living skills, socialization, andmotor skills), was conducted
by a trained neuropsychologist before (at 5 years 10 months old)
and after 11 and 17 months of L-serine supplementation (at 6 years
and 9 months old and 7 years and 3 months old, respectively). Ini-
tially, L-serine dose started at 250 mg/kg per day (for 4 weeks), and
upon the confirmation of a lack of side effects, the dose was increased
to 500 mg/kg per day (divided into three dietary supplements of
L-serine powder, mixed with food and/or drinks) and maintained
along the extent of the trial.

Whole-exome sequencing
Coding regions were captured using the TruSeq DNA Sample Prep-
aration and Exome Enrichment Kit (Illumina, San Diego, CA, USA),
and paired-end 100 × 2 sequences were sequenced with the Illumina
HiScanSQ system at National Center for Genomic Analysis in
Barcelona (Catalonia, Spain). The overall coverage statistics for
the trio are 381.451, 433.847, and 31.635 for the patient, the mother,
and the father, respectively.

Bioinformatic pipeline
Sequence reads were aligned to the Genome Reference Consortium
Human Genome Build 37 (GRCh37) hg19 using the Burrows-
Wheeler Aligner (49). Properly mapped reads were filtered with
SAMtools (1, 2), which was also used for sorting and indexing map-
ping files. Genome Analysis Toolkit (GATK) (3) was used to realign
the reads around known indels and for base quality score recalibra-
tion. Once a satisfactory alignment was achieved, identification of
single-nucleotide variants (SNVs) and indels was performed using
GATK standard multisample variant calling protocol, including vari-
ant recalibration (4). For the final exome sequencing analysis report,
the Annotate Variation (ANNOVAR) (5) tool was used to provide
additional variant information to ease the final selection of candidates.
In particular, minor allele frequency (MAF), obtained from dbSNP
(Single-Nucleotide PolymorphismDatabase) (50, 51) and 1000Genomes
Project (6–8), was provided to help to select previously undescribed
variants in healthy population.

De novo SNVs and small insertion or deletion events
To identify de novo SNVs and small insertion and/or deletion events,
the patient’s variants were filtered first against parental variants and
then against a pool of controlsmade up by all healthy parents included
in the study. SIFT (52) and PolyPhen-2 (Polymorphism Phenotyping
v2) (53) damage scores were computed to predict putative impact over
protein structures. The successive application of quality control filters
and the prioritization by the parameters with potential functional
impact was used to construct a list of candidate genes (and variants)
ranked by its uniqueness in the cases (or very low frequency in the
control population, as derived from the MAFs) and the putative
potential impact.
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Sanger sequencing
The variants were validated by Sanger sequencing using BigDye
Terminator v3.1 Cycle Sequencing Kit (Life Technologies, Grand Island,
NY,USA) in anAppliedBiosystems 3730/DNAAnalyzer (Applied Bio-
systems, Life Technologies, Grand Island, NY, USA) using the following
set of primers: 5′-TACAATCTAACCTAGGCCCTGG-3′ (forward) and
5′-TGGATATGCTAGGGAAAATGCAG-3′ (reverse). The raw data were
analyzed with CodonCode Aligner software (CodonCode Corporation,
Centerville, MA, USA).

In silico prediction of mutation impact
The following four in silico prediction tools of functional muta-
tion impact were used: SIFT, PolyPhen-2, Protein Variation Effect
Analyzer (PROVEAN) (54), and MutationTaster2 (55). SIFT is a
sequence homology–based tool that predicts variants as neutral or
deleterious using normalized probability scores. Variants at position
with a normalized probability score less than 0.05 are predicted to be
deleterious, and a score greater than 0.05 is predicted to be neutral
(56). PolyPhen-2 uses a combination of sequence and structure-
based attributes and naive Bayesian classifier for the identification
of an amino acid substitution and the effect of mutation. The output
results of probably damaging and possibly damaging were classified as
deleterious (≥0.5) and the benign level being classified as tolerated
(≤0.5). PROVEAN uses a region-based delta alignment score, which
measures the impact of an amino acid variation not only based on the
amino acid residue at the position of interest but also on the quality of
sequence alignment derived from theneighborhood flanking sequences.
Variants with a PROVEAN score lower than −2.5 are predicted to be
deleterious (57). MutationTaster2 also uses a Bayes classifier to generate
predictions but includes all publicly available single-nucleotide poly-
morphisms and indels from the 1000 Genomes Project, as well as
known disease variants from ClinVar (58) and the Human Gene Mu-
tation Database (HGMD) (59). Alterations foundmore than four times
in the homozygous state in 1000 Genomes or in HapMap (60) were
automatically regarded as neutral. Variants marked as pathogenic in
ClinVar were automatically predicted to be potentially disease causing.

Molecular modeling of wild-type and mutant
(GluN1)2-(GluN2B)2 receptors
An initial homology model was constructed for the transmem-
brane domain of human (GluN1)2-(GluN2B)2 receptor using the
coordinates of the crystal structure of rat receptor (PDB ID: 4PE5)
(61). MODELLER v16 (62) was used to model the lacking residues of
the loop connectingM1 andM3. The side-chain conformations for those
residues were positioned according to SCWRL (63). The backbone
conformation from residues 551 to 556 was modeled with MODELLER
v16 software (62). Protein complexes were embedded in a model mem-
brane containing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) lipids, water molecules, and 0.15 M NaCl in a rectangular
box (64). The initial system was energy-minimized and then subjected
to molecular dynamics equilibration (25 ns). Subsequently, the system
was subjected to a production stage, extending 250 ns. All the simula-
tions were performed with GROMACS 4.5 simulation package (65).

Phylogenetic analysis of GluN2B(P553)-containing domain
Genes coding for iGluRs subunits from different species belonging to
the phylum metazoan were identified using the BLASTP tool and
human iGluRs as queries. Subject sequences with an E value below
0.05 were selected as possible homologs. These were reblasted against

the National Center for Biotechnology Information “nonredundant
protein sequences (nr)” database to establish their correspondence
with glutamate receptors. These searches were performed against
the Ensembl Metazoa database (http://metazoa.ensembl.org/index.
html) for L. gigantea, C. teleta, S. maritima, A. melifera, Nematostella
vectensis, Mnemiopsis leidyi, and Trichoplax adhaerens; Metazome
database (https://metazome.jgi.doe.gov/pz/portal.html) for S. kowalevskii;
and alternative polyadenylation sites database (APAsdb) (http://genome.
bucm.edu.cn/utr/) for B. belcheri. Sequences from porifera species were
taken from Riesgo’s group database (66). All vertebrate sequences were
obtained from the EnsemblMetazoa database. A final set of 147 iGluR
sequences from 12 metazoan species spanning seven phyla was used
in the phylogenetic analysis. Sequence multiple alignment was made
using MUSCLE tool (67) included in the MEGA6 software (68). The
alignment was made with coding DNA sequences, using “codons” option,
which allows maintaining nucleotide triplets coding for amino acids.
UsingMEGA6,we established thatGTR+ I +G (general time reversible
with gamma rates and a proportion of invariant sites) was the best
evolutionary model to use in the phylogenetic tree. The phylogenetic
tree was constructed using the Bayesian inference method, with
MrBayes 3.2 software (69). Arabidopsis thaliana iGluR sequences were
obtained from the TAIR (The Arabidopsis Information Resource)
database (www.arabidopsis.org/) and used as an external group of
the tree. Two simultaneous treeswere analyzed, and 3,630,000 iterations
were run until both trees converged.

Plasmids
The expression plasmids for rat GluN1 and GFP-GluN2B were
provided by S. Vicini (Georgetown University Medical Center,
Washington, USA) (70). The plasmids used for the analysis of tri-
heteromeric NMDARs were provided by P. Paoletti (École Normale
Supérieure Paris, France, EU). Nucleotide change (the mutation of
GluN2B serine at amino acid position 553 to a Thr residue)was achieved
by oligonucleotide-directed mutagenesis, using the QuikChange site–
directed mutagenesis kit according to the manufacturer’s instructions
(Stratagene). The plasmid generated by site-directed mutagenesis was
verified by DNA sequencing.

Coimmunoprecipitation experiments
For immunoprecipitation of heterologously expressed GluN1, HA-
GluN2A, and GFP-GluN2B (wild-type or mutant), transfected HEK-
293T cells were washed in cold phosphate-buffered saline (PBS) and
subsequently solubilized in radioimmunoprecipitation assay buffer
supplemented with protease and phosphatase inhibitor cocktail
(PPIC), for further immunoprecipitation with anti-GFP. The
homogenates were clarified by centrifugation at 4°C for 10 min at
16,000g. After preclearing the soluble lysates for 1 hour at 4°C with
equilibrated protein G Sepharose, they were incubated overnight at
4°C with 10 mg of an anti-GFP mouse monoclonal antibody (Ab)
(1:200; catalog no. 9777966, Clontech). Nonspecific mouse immuno-
globulin G (catalog no. I5381, Sigma-Aldrich) was used as a control
for specificity. The immunocomplexes were incubated with protein G
Sepharose for 2 hours at 4°C, and the beads were then washed twice
with lysis buffer and oncewith PBS. The bound proteinswere eluted in
Laemmli’s buffer and analyzed by Western blot.

Western blot analysis
For protein extraction, cells were washed once with PBS and scraped off
the plate in 400 ml of lysis buffer [50mMHepes (pH7.4), 150mMNaCl,
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2mMEDTA,1%NP-40, andPPIC].After 10minof incubationat 4°C, the
cell debris was pelleted at 15,000g, the solubilized proteins were collected,
and the protein concentrationwas determined using a bicinchoninic acid
assay (BCA). Proteins were separated by 8% SDS–polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes (Amersham),
which were then blocked with 10% skimmed milk in 10 mM tris-HCl
(pH 7.5)/100 mMNaCl [tris-buffered saline (TBS)] plus 0.1% Tween 20
(TBS-T). The membranes were probed overnight at 4°C with the primary
Ab of interest (diluted in TBS-T + 5% skimmed milk) directed against
GluN1 (1:500; catalog no. 05-432, Millipore), HA epitope (catalog no.
MMS-101R-500, Covance Inc.), and GFP (Clontech). Ab binding
was detected with an anti-mouse or anti-rabbit Ab coupled to horse-
radish peroxidase (Dako) for 1 hour at room temperature (RT), and
the immunocomplexes were visualized by chemiluminescence (ECL de-
tection system, Pierce), following the manufacturer’s instructions. Im-
munosignals were analyzed densitometrically with ImageJ software
[National Institutes of Health (NIH), USA].

Cell culture and transfection
HEK-293T and COS-7 cell lines were obtained from the American
Type Culture Collection andmaintained at 37°C in Dulbecco’s mod-
ified Eagle’s medium, supplemented with 10% fetal calf serum and
antibiotics [penicillin (100 U/ml) and streptomycin (100 mg/ml)].
Furthermore, D-2-amino-5-phosphonopentanoic acid (Abcam) was
added to the medium (final concentrations of 200 or 500 mM for
HEK-293T and COS-7 cells, respectively) to avoid excitotoxicity.
Transient transfection ofHEK-293T cells was achieved by the calcium
phosphatemethod (Clontech), and cell extracts were obtained 48 hours
after transfection. COS-7 cells were transfected with Lipofectamine
2000 (Invitrogen), following the manufacturer’s instructions, and cells
were fixed 24 hours after, for further immunofluorescence analysis.

To prepare dissociatedmouse hippocampal neuron cultures,mouse
embryos (embryonic day 18) were obtained from pregnant CD1
females, the hippocampi were isolated and maintained in cold Hank’s
balanced salt solution (HBSS; Gibco) supplemented with 0.45% glu-
cose (HBSS-glucose). After carefully removing the meninges, the
hippocampi were digested mildly with trypsin for 17 min at 37°C and
dissociated. The cells were washed three times in HBSS and resus-
pended in Neurobasal medium supplemented with 2mMGlutaMAX
(Gibco) before filtering in 70-mm mesh filters (BD Falcon). The cells
were then plated onto glass coverslips (5 × 104 cells/cm2) coated with
poly-L-lysine (0.1mg/ml; Sigma-Aldrich), and 2 hours after seeding, the
plating medium was substituted by complete growth medium, consist-
ing on Neurobasal medium supplemented with 2% B27 (Invitrogen)
and 2 mM GlutaMAX, and the coverslips were incubated at 37°C in
a humidified 5% CO2 atmosphere. Every 3 to 4 days, half of the con-
ditioned medium was removed and replaced by fresh growth medium.
Primary cultures were transfected with 0.8 mg of DNA (Lipofectamine
2000, Invitrogen) on DIV4, DIV7, or DIV11 for further surface expres-
sion analysis of GFP-GluN2B constructs and endogenous GluA1. All
the experimental procedures were carried out according to European
Union guidelines (Directive 2010/63/EU) and following protocols that
were approved by the Ethics Committee of the Bellvitge Biomedical
Research Institute (IDIBELL).

Immunofluorescence analysis of surface NMDARs
The surface-to-total expression of NMDARs in COS-7 cells was per-
formed as previously described (71). Briefly, cells were washed twice
with PBS before they were fixed with 4% paraformaldehyde (PFA).

Surface expression of GFP-GluN2B constructs was detected using
an Ab against GFP (1:1000; catalog no. A11122, Life Technologies)
that recognizes the extracellular epitope of heterologously expressed
receptors and that was visualized with an Alexa Fluor 555–conjugated
goat anti-rabbit Ab (1:500; catalog no. A-31851, Thermo Fisher Scien-
tific). The total pool of receptors was detected by the fluorescent signal
emitted by the GFP-GluN2B construct.

To analyze the surface expression of the transfected NMDARs in
primary hippocampal neuronal cultures, cells were washed twice with
PBS and fixedwith 4%PFA inPBS containing 4% sucrose. The surface
expression of GFP-GluN2B constructs was detected by incubating
with anti-GFP (1:1000; catalog no. A11122, Life Technologies) during
1 hour at RT and visualized with an Alexa Fluor 488–conjugated goat
anti-rabbit Ab (1:500; catalog no. A-11078, Thermo Fisher Scientific).
The intracellular pool of receptors was identified by permeabilizing
cells with 0.1% Triton X-100 and labeling them with a rabbit anti-
GFP–Alexa Fluor 555–conjugated Ab (1:2000; catalog no. A-31851,
Thermo Fisher Scientific).

Fluorescence was visualized with a Leica TCS SL spectral confocal
microscope (Leica Microsystems, Wetzlar, Germany) using a Plan-
Apochromat 63×/1.4–numerical aperture immersion oil objective
(Leica Microsystems) and a pinhole aperture of 114.54 or 202 mm
(for surface receptors). To excite the different fluorophores, the confocal
system is equipped with excitation laser beams at 488 and 546 nm.
In each experiment, the fluorescence intensity was measured in 10 to
15 dendrites from at least two to three pyramidal neurons (or in 10 to
15COS-7 cells) per condition. Fluorescencewas quantified usingAdobe
Photoshop CS5 software (Adobe Systems Inc.), and the results are rep-
resented as the means ± SEM of the ratio of surface:intracellular
(primary cell culture) or surface:total (COS-7 cells) GluN2B immuno-
fluorescence signal, analyzing at least three independent experiments.

Morphological analysis of dendritic arborization and spines
GFP-GluN2Bwt– and GFP-GluN2B(P553T)–transfected neurons
were immunolabeled, and Z-stack images were acquired. The result-
ingmaximumprojectionswere analyzed using “Sholl analysis” ImageJ
plugin (72). Dendrites were manually traced with Neuron Studio soft-
ware (http://research.mssm.edu/cnic/tools-ns.html). Dendritic spines
from tertiary neurites were counted and classified into morphological
categories (thin, mushroom, and stubby), using Neuron Studio soft-
ware automatic analysis, followed by manual revision to discard arti-
facts and/or spines counts redundancy.

Chemical LTP–induced recruitment of AMPARs in the cell
surface and synaptic morphology changes
Gly-cLTP assaywas performed atDIV14onprimary hippocampal neu-
rons transiently transfected at DIV11 with either GFP-GluN2Bwt +
GFP (4:1 ratio) or GFP-GluN2B(P553T) + GFP (4:1 ratio), adapting
the protocols previously described (31, 32). Briefly, basal conditions
(nonstimulated neurons) consisted in the incubation of primary cul-
tures with Krebs-Ringer solution supplemented with 1 mMMg2+ and
1 mMtetrodotoxin. ForGly-cLTP induction, cellswere brieflywashed in
20 mMbicucculine (BIC) + 20 mM strychnine and then incubated for
5 min in Krebs-Ringer solution supplemented with 20 mMBIC + 1 mM
strychnine and 200 mM Gly (100 mM D-serine supplement, for Gly +
D-Ser condition). The solutions were replaced by a medium supple-
mented with 20 mM BIC, 20 mM strychnine, and 1 mM Mg2+. After
20 min of incubation at 37°C (GluA1 surface recruitment studies) or
35min of incubation at 37°C (dendritic spines analysis), cells were fixed
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with ice-cold 4% PFA in PBS containing 4% sucrose. For immunofluores-
cence analysis of GluA1 surface recruitment, neurons were incubated at
RT for 30minwith anti-GluA1Ab (1:200; catalog no.MAB2263, Milli-
pore) and incubated with Alexa Fluor 555–conjugated goat anti-mouse
Ab (1:500; catalog no. A31570, Molecular Probes). After permeabilization/
blocking, cells were incubated with rabbit anti-GFP (1:1000; catalog
no.A11122, LifeTechnologies) and thenwithAlexa Fluor 488–conjugated
goat anti-rabbit Ab (1:500; catalog no. A-11078, Thermo Fisher Scien-
tific), and washed and mounted for confocal microscopy analysis.
Secondary dendritic processes expressing the GFP-GluN2B constructs
were analyzed by quantifying the fluorescence intensity of GluA1 puncta
with ImageJ software (NIH), and tertiary dendritic processes were in-
cluded for spines density and morphology analysis.

Electrophysiological recordings of diheteromeric and
triheteromeric NMDAR-mediated whole-cell currents
in HEK-293T cells
Electrophysiological recordings were obtained 18 to 24 hours after
transfection, perfusing the cells continuously at RTwith an extracellular
physiological bath solution: 140 mMNaCl, 5 mMKCl, 1 mMCaCl2,
10 mM glucose, and 10 mMHepes, adjusted to pH 7.42 with NaOH.
Glutamate (1 mM; Sigma-Aldrich), in the presence of glycine (1, 50,
or 100 mMdepending the experiment type; Tocris) and D-serine (0 to
300 mM) was applied for 0.5 s by piezoelectric translation (P-601.30;
Physik Instrumente) of a theta-barrel application tool made from
borosilicate glass (1.5 mm outside diameter; Sutter Instruments), and
the activated currents were recorded in the whole-cell configuration
at a holding potential of −60 mV, acquired at 5 kHz and filtered at
2 kHz bymeans of Axopatch 200B amplifier, Digidata 1440A interface,
and pClamp10 software (Molecular Devices Corporation). Electrodes
with open-tip resistances of 2 to 4 megohms were made from boro-
silicate glass (1.5mmoutside diameter, 0.86mmoutside diameter; Har-
vard Apparatus), pulled with a PC-10 vertical puller (Narishige), and
filledwith intracellular pipette solution containing 140mMCsCl, 5mM
EGTA, 4 mMNa2ATP, 0.1 mMNa3GTP, and 10 mMHepes, adjusted
to pH 7.25 with CsOH. Glutamate and glycine-evoked currents were
expressed as current density (in pA/pF; maximum current divided
by input capacitance as measured from the amplifier settings) to avoid
differences due to surface area in the recorded cells.

The kinetics of deactivation and desensitization of the NMDAR
responses were determined by fitting the glutamate/glycine-evoked
responses at Vm − 60 mV to a double-exponential function to deter-
mine the weighted time constant (tw,des)

tw;des ¼ tf
Af

Af þ As

� �
þ ts

As

Af þ As

� �

where Af and tf are the amplitude and time constant of the fast compo-
nent of desensitization, respectively, and As and ts are the amplitude and
time constant of the slow component of desensitization, respectively.

To infer single-channel conductance values from macroscopic de-
activating currents, we used NSFA as previously described (24). The
single-channel current (i) was calculated by plotting the ensemble var-
iance against mean current (Ī) and fitting with Sigworth parabolic
function (73)

s2 ¼ s2B þ iI � I
2

N

 ! !

where s2B is the background variance and N is the total number of
channels contributing to the response. The weighted-mean single-
channel conductancewas determined from the single-channel current
and the holding potential of −60 mV.

NMDAR agonists dose-response experiments
To determine the affinity for D-serine or glutamate in GluN2B- and
GluN2B(P553T)-transfected cells, concentration-response curves
were constructed from whole-cell currents elicited by rapid jumps
of 0.5-s duration at different concentrations of the coagonist D-serine
(10−9 to 10−4 M) in the presence of 1 mM glutamate or at different
concentrations of the agonist glutamate (10−8 to 10−2 M) in the pres-
ence of 1 mM D-serine. Concentration-response curves were fitted in-
dividually for every cell using the Hill equation

I ¼ Imax

1þ EC50
½A�

� �nH
where Imax is themaximumcurrent, [A] is the concentration of D-serine,
nH is the slope (Hill) coefficient, and EC50 is the concentration of
D-serine or glutamate that produces a half-maximum response. Each
data point was then normalized to the maximum response obtained
in the fit. The average of the normalized values with their SEM were
plotted together and fitted again with the Hill equation. The mini-
mum and maximum values were constrained to asymptote 0 and 1,
respectively.

Electrophysiological recordings of NMDA EPSCs in
hippocampal neurons
Spontaneous activity–dependent NMDAR-mediated EPSCs were
recorded in cultures of hippocampal neurons (DIV16). Whole-cell
recordings were obtained from transfected neurons (at DIV12) with
GluN2B-GFP or GluN2B(P553T). Extracellular solution contained
140 mM NaCl, 3.5 mM KCl, 2 mM CaCl2, 20 mM glucose, and
10 mMHepes, (Mg2+-free) adjusted to pH 7.42withNaOH. To isolate
NMDAR component, 50 mM NBQX and 100 mM picrotoxin were
added to block AMPAR and g-aminobutyric acid type A receptor–
mediated PSCs, respectively. Intracellular pipette solution contained
116 mM K-gluconate, 6 mM KCl, 8 mM NaCl, 0.2 mM EGTA, 2 mM
MgATP, 0.3 mM Na3GTP, and 10 mM Hepes, adjusted to pH 7.25
with KOH. QX-314 (2.5 mM) was included into the pipette solution
to block action potential firing. EPSCs were acquired at 5 kHz and
filtered at 2 kHz as described for cell lines at a holding potential of
−70 mV. EPSCs were measured in 5-min periods in the presence of
NBQX (baseline) and NBQX + D-serine (100 mM), as indicated. After
D-serine treatment, 2-amino-5-phosphonopentanoic acid (50 mM)
was added to validate that EPSCs recorded were NMDAR-mediated.
pClamp10/Clampfit10.6 (Molecular Devices) was used to record, de-
tect, and analyze the amplitude, interevent interval, and charge trans-
fer (as area under the curve, in pA*ms) from single EPSCs.

Quantitative analysis of total and stereoselective amino
acids in human samples
Amino acid analysis was performed on an ACQUITY UPLCH-class
instrument (Waters Co., Milford, MA, USA) with a reversed-phase
C-18 column using water and acetonitrile, 0.1% formic acid as mo-
bile phases (run time, 9 min). The detection was performed with a
Xevo TQD triple-quadrupole mass spectrometer (Waters Co., Milford,
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MA, USA) using positive electrospray ionization in the multiple reac-
tion monitoring mode. For the quantification of L– and D–amino acids
enantiomers of humanbiological fluids (plasma andCSF), aUPLC-MS/
MS–basedmethod was performed, usingN-(4-nitrophenoxycarbonyl)-
L-phenylalanine 2-methoxyethyl ester [(S)-NIFEmethod], as previously
reported (74). Briefly, EDTA-anticoagulated plasma and CSF samples
were collected from control age-matched individuals (normal diet) and
from the patient (before and after L-serine dietary supplementation, for
plasma analysis; after L-serine supplement, for CSF analysis), as previ-
ously described (75). All samples were stored at −80°C until use. Plasma
and CSF samples were mixed with internal standard solution. After
10 min of incubation at 4°C, ice-cold acetonitrile was added, and the
mixture was incubated for >15min on ice. Precipitates were removed
by centrifugation, and the supernatant was evaporated to dryness
under a stream of nitrogen, using a heating block set to 40°C. The
residue was dissolved in water, followed by the addition of sodium
tetraborate and (S)-NIFE solution in acetonitrile. After 10 min of in-
cubation at RT, the reaction was terminated by hydrogen chloride
addition. The derivatized and filtrated samples were immediately
separated on a 100 mm by 2.1 mmACQUITY 1.7-mmBEH C18 col-
umn, using an ACQUITY UPLC system coupled to a Xevo tandem
MS (Waters Co., Milford, MA, USA).

Untargeted sphingolipidomic studies in human samples
Plasma samples were processed and analyzed as previously described
(76). Briefly, total lipid extract was obtained from 100 ml of plasma,
using modified Bligh and Dyer extraction (77). Plasma total lipid
extracts were separated on an Dionex UltiMate 3000 UPLC system
(Thermo Fisher Scientific, San Jose, CA, USA) using a kinetex C8

150×2.1mm, 2.6-mmcolumn (Phenomenex, Sydney,NSW,Australia).
After injection of the samples (10 ml), the column effluent was directly
introduced into the heated electrospray ionization source of an Orbi-
trap Fusion mass spectrometer (Thermo Fisher Scientific, San Jose,
CA, USA), and analysis was performed in positive ionization mode.
The relative quantification of lipid species was obtained from the area
of their corresponding individual chromatographic peaks.

Statistical analysis
Comparison between experimental groups was evaluated using InStat
software (GraphPad Software Inc.), applying a one-way ANOVA,
followed by a Bonferroni post hoc test for multiple comparisons or
a repeated measures two-way ANOVA for Sholl analysis. For single
comparisons, either Student’s t test (for parametric data) or Mann-
WhitneyU test (for nonparametric data) was used. Data are presented
as means ± SEM from at least three independent experiments.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/12/586/eaaw0936/DC1
Fig. S1. Protein interactions and cellular trafficking of GluN2Bwt- and GluN2B(P553T)-containing
NMDARs.
Fig. S2. Altered biophysical properties of heterotrimeric GluN1-GluN2A-GluN2B(P553T) NMDARs.
Fig. S3. GluN2B(P553T) mutation alters GluA1 abundance in hippocampal neurons.
Fig. S4. Alignment of eumetazoan iGluRs showing the residues conservation of Pro553 and Phe653.
Table S1. Untargeted analysis of plasma sphingolipid profile in the GRIN2B(P553T) patient
before and after L-serine dietary supplementation.
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	Alignment can be found at: https://elifesciences.org/articles/35774/figures#fig3sdata1
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	a. Immunofluorescence of non-permeabilized HEK293T cells transfected with an empty pIRES vector, which expresses EGFP (top), or a pIRES vector with the sequence from cMyc-tagged GluE1 (middle) or HA-tagged GluE7 (bottom). Left images show EGFP signal and right images show fluorescence corresponding to cMyc and HA. The lack of cMyc and Ha signal in non-permeabilized cells indicates that the protein is not trafficked to the plasma membrane. b. Immunofluorescence of permeabilized HEK293T cells transfected with an empty pIRES vector, which expresses EGFP (top), or a pIRES vector with the sequence from cMyc-tagged GluE1 (middle) or HA-tagged GluE7 (bottom). Left images show EGFP signal and right images show fluorescence corresponding to cMyc and HA. c. Immunoblot of a total extract of HEK293T cells expressing the wild-type form (without the signal peptide from rat GluA2) of the GluE1 protein during 48 hours. Extracts from transfected cells with an empty vector are used as negative controls. d. Immunoblot of a total extract of HEK293T cells expressing during 48 hours the wild-type form of the GluE7 protein (without the signal peptide from rat GluA2). Extracts from transfected cells with an empty vector are used as negative control. e. Above, N-terminal wild-type protein sequence of GluE1 from B. lanceolatum. Red shading indicates the sequence replaced by the rat GluA2 signal peptide and the c-Myc-tag. Below, modified sequence used for gene synthesis. The new sequence included the rat GluA2 signal peptide (in green) and the c-Myc-tag (in blue). A four residues spacer was inserted between them. f. Above, N-terminal wild-type protein sequence of GluE7 from B. belcheri. Red shading indicates the sequence replaced by the rat GluA2 signal peptide and HA-tag. Below, modified sequence used for gene synthesis. The new sequence included the rat GluA2 signal peptide (in green) and the hemagglutinin tag (in yellow). A four residues spacer was inserted between them.
	Figure 4 – figure supplement 2. List of primers used in qPCR experiments. Primer sequences are included.
	Figure 4 – source data 1. qPCR values used to generate Figure 4a.
	Identified metabotropic glutamate receptor classes from bilateral and non-bilateral organisms are indicated by colored boxes at the right. Dashed boxes further highlight individual classes from bilateral organism. Bootstrap values are shown at tree nodes and protein names at the end of each branch. Tree branches are colored based on phylum, as indicated in the legend. Protein names from non-vertebrate species are composed of four parts: i) ‘mGluR’, followed by a number, or range of numbers, denoting orthologous vertebrate protein(s), if any (for Class IV and group I-II-III-IV proteins, the name is followed by the name of the class/group); ii) a Greek letter to identify non-vertebrate paralogs, if any and iv) a three-letter species code. GABA-B receptors from vertebrates were used as outgroup. All information about species and proteins used in this phylogeny is given in Figure 6 – source data 2. Phylogenetic reconstruction was performed using Maximum-likelihood inference. The amino acid substitution model used was: WAG+I+G+F. Branch support was obtained after 1000 iterations of ultrafast bootstrapping (Hoang et al., 2018). Scale bar denotes number of amino acid substitutions per site.
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