
Chapter 2 

86 

Conservation of Nogo-B across vertebrates.   
A)  Multiple alignment of vertebrate Nogo-B amino acid sequences. The RHD is underlined in 
brown, whereas conserved clusters of sequence similarity are marked by violet boxes. The 
degree of sequence similarity is highlighted using the cyan-to-red color code.  B)  Comparative 
analysis of the exon-intron boundary downstream of vertebrate Nogo-B-coding exons.  Nogo-B-
coding exon(s) are underlined in blue, introns are marked  by  black  boxes,  with  numbers  
indicating  the  intron  phase.  The degree of sequence similarity is highlighted using the cyan-to-
red color code. 

B 
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Figure S5 

Conservation of Nogo-C across vertebrates.   
A)  Multiple alignment of vertebrate Nogo-C amino acid sequences. The RHD is not shown, 
whereas conserved clusters of sequence similarity are marked by violet boxes. The degree of 
sequence similarity is highlighted using the cyan-to-red color code. B) Comparative analysis of 
the exon-intron boundary downstream of vertebrate Nogo-C-coding exons.  Nogo-C-coding  
exon(s)  are  underlined  in  blue,  introns  are  marked  by black  boxes,  with  numbers  
indicating  the  intron  phase.  The degree of sequence similarity is highlighted using the cyan-to-
red color code. 

A 

B 
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Figure S6 

 
Evolutionary relationships between lancelet and vertebrate rtn genes.  
Phylogenetic analysis of the lancelet and 67 vertebrate between RHD amino acid sequences, 
using tunicate and nematode sequences as outgroups. Full version of Fig 3A. 
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Figure S7 

 
Evolutionary  relationships  among  vertebrate  rtn  genes.   
Phylogenetic analysis of 67 vertebrate RHD amino acid sequences. Using the lancelet sequence 
as an outgroup allows correct placing of the RTN4 clade as the most basal. 
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Figure S8 
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Multiple alignment of lancelet and vertebrate NgR1 amino acid sequences.  
The degree of sequence similarity is highlighted using the cyan-to-red color code.
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Figure S9 

Multiple alignment of lancelet and vertebrate RTN4IP1 amino acid sequences.
The degree of sequence similarity is highlighted using the cyan-to-red color code. 
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Figure S10 

Lancelet and tunicate Nogo-B-like isoforms.   
A)  Multiple alignment of tunicate, lancelet and vertebrate Nogo-B amino acid sequences. The 
RHD is not shown, whereas conserved clusters of sequence similarity are marked by violet boxes. 
The degree of sequence similarity is highlighted using the cyan-to-red color code.  B)  
Comparative analysis of the exon-intron boundary downstream of Nogo-B-coding exons. Nogo-
B-coding exon(s) are underlined in blue, introns are marked  by  black  boxes,  with  numbers  
indicating  the  intron  phase.  The degree of sequence similarity is highlighted using the cyan-to-
red color code. 

A 

B
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Figure S11 



Chapter 2 

95 



Chapter 2 

96 



Chapter 2 

97 



Chapter 2 

98 



Chapter 2 

99 

Multiple  amino  acid  alignment  of  vertebrate  NSR  (taxon  names  in  blue)  and  
matching  domains of  NCAN (taxon names in black).  
The degree of sequence similarity is highlighted using the cyan-to-red color code, whereas 
conserved clusters of sequence similarity are marked by violet boxes. Ig-like V-set domains are 
underlined in blue, NCAN link domains in grey and mucin-like regions in pink. 

Figure S12 

 
Transposons  in  vertebrate  rtn4  (taxon  names  in  blue)  and  ncan  (taxon  names  in  
black) genes.  
Exons are drawn in scale and aligned in color-shaded columns as in Fig. 2. Grey boxes show 5’- 
and 3’-UTRs where this information was available.  Dotted lines in zebrafish rtn6 indicate the 
incomplete sequences in the database records. Vertical orange arrows indicate the positions of 
transposon Tn10 tetracycline resistance and repressor genes tetA and tetR (J01830). 
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Tables 

Table 1. Accesion numbers of RTN4/NgR/RTN4IP1 used in multiple protein 
alignments 

 NSR RTN4-B RTN4-C Rtn4/6 genes, GeneID NgR1 RTN4IP1 

Homo sapiens NP_065393 NP_722550 NP_008939 57142 NP_075380 NP_116119 

Pan troglodytes N/A N/A BAF62373 N/A XP_514992 XP_518662 

Pongo abelii N/A N/A NP_001126875 N/A N/A N/A 

Macaca fascicularis N/A N/A DAA01940 N/A Q9N0E3 N/A 

Macaca mulatta XP_001112090 N/A N/A N/A N/A N/A 

Mus musculus NP_918943 NP_918941 NP_077188 68585 NP_075358 NP_570962 

Rattus norvegicus NP_114019 CAB71028 AAF01564 N/A NP_446065 N/A 

Equus caballus N/A N/A N/A N/A XP_001488123 N/A 

Sus scrofa N/A N/A NP_001123435 N/A N/A N/A 

Ovis aries N/A N/A NP_001138650 N/A N/A N/A 

Canis lupus N/A N/A XP_531828 N/A N/A N/A 

Monodelphis domestica XP_001375268 XP_001375314 N/A N/A N/A N/A 

Ornithorhynchus anatinus XP_001510074 N/A N/A N/A N/A N/A 

Gallus gallus NP_989697 DAA05165 AAP47312 Subm in progress XP_415292 XP_419808 

Taeniopygia guttata XP_002197045 N/A N/A N/A XP_002187885 N/A 

Xenopus tropicalis AAI66217 DAA02073 DAA05164 Subm in progress N/A NP_001016074 

Xenopus laevis-RTN4.1 AAQ82646 AAQ82643 AAQ82641 N/A N/A N/A 

Xenopus laevis-RTN4.2 AAQ82639 AAQ82636 AAQ82633 N/A N/A N/A 

Carassius auratus N/A N/A AAP47329 N/A N/A N/A 

Danio rerio - RTN4 N/A NP_001073381 AAT64111 Rtn4-447816 NP_982345 NP_956646 

Danio rerio - RTN6 AAT64120 N/A N/A Rtn6-Subm in progress N/A N/A 

Oncorhynchus mykiss N/A NP_001118222 DAA04578 N/A N/A N/A 

Oryzias latipes N/A N/A Subm in progress N/A N/A N/A 

Salmo salar N/A N/A NP_001117191 N/A N/A N/A 

Takifugu rubripes Subm in progress AAT64100 N/A Subm in progress Subm in progress N/A 

Tetraodon nigroviridis CAG05082 N/A N/A Subm in progress N/A N/A 
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Table 2. Accession numbers of RTNs used for phylogenetic analyses 

RHD-Caenorhabditis elegans NP_506657 RHD2-Mus musculus NP_001020535 RHD1-Tetraodon nigroviridis CAG10554 

RHD-Ciona intestinalis NP_001122354 RHD2-Rattus norvegicus DAA01961 RHD1-Takifugu rubripes NP_001033315 

RHD-Branchiostoma floridae Subm in progress RHD2-Xenopus tropicalis NP_001107739 RHD5w-Ictalurus punctatus DAA04574 

RHD4-Homo sapeins NP_065393 RHD2-Xenopus laevis DAA05171 RHD1-Danio rerio NP_955946 

RHD4-Mus musculus NP_918943 RHD2-Salmo salar Subm in progress RHD5-Danio rerio AAT64113 

RHD4-Rattus norvegicus NP_114019 RHD2-Oncorhynchus mykiss DAA05176 RHD5p-Cyprinus carpio DAA05169 

RHD4-Gallus gallus NP_989697 RHD2-Takifugu rubripes AAT64096 RHD3-Homo sapiens NP_958832 

RHD4-Taeniopygia guttata XP_002197045 RHD2w-Ictalurus punctatus DAA05173 RHD3-Mus musculus NP_001003933 

RHD4-Xenopus tropicalis AAI66217 RHD2-Danio rerio NP_001025136 RHD3-Rattus norvegicus NP_001009953 

RHD4-Xenopus laevis-RTN4.1 AAQ82646 RHD8-Takifugu rubripes NP_001033317 RHD3-Xenopus tropicalis NP_001016762 

RHD4-Xenopus laevis-RTN4.2 AAQ82639 RHD8-Oncorhynchus mykiss DAA05175 RHD3-Xenopus laevis AAS85780 

RHD4-Danio rerio NP_001073381 RHD8-Danio rerio AAT64133 RHD3-Tetraodon nigroviridis Subm in 
progress 

RHD4-Cyprinus carpio DAA04583 RHD1-Homo sapiens NP_996734 RHD3-Salmo salar ACI69537 

RHD4-Carassius auratus AAP47329 RHD1-Mus musculus NP_001007597 RHD7p-Salmo salar DAA05187 

RHD4-Takifugu rubripes NP_001032968 RHD1-Rattus norvegicus EDM03589 RHD3-Oncorhynchus mykiss NP_001153988 

RHD4-Oryzias latipes DAA05193 RHD1-Gallus gallus AAP47301 RHD7-Oncorhynchus mykiss DAA04577 

RHD4-Salmo salar NP_001117191 RHD1-Taeniopygia guttata XP_002200640 RHD3-Esox lucius ACO13331 

RHD4-Oncorhynchus mykiss NP_001118222 RHD1-Xenopus tropicalis NP_001078819 RHD11-Oncorhynchus mykiss DAA05174 

RHD10p-Salmo salar DAA05185 RHD1-Xenopus laevis NP_001089011 RHD3-Danio rerio NP_957366 

RHD10-Oncorhynchus mykiss DAA05178 RHD1-Ictalurus punctatus DAA04571 RHD3-Paralichthys olivaceus DAA04573 

RHD6-Danio rerio AAT64120 RHD1-Cyprinus carpio DAA04576 RHD3-Takifugu rubripes NP_001033031 

RHD6-Cyprinus carpio DAA04582 RHD1-Oryzias latipes DAA04581 RHD9-A1-Oncorhynchus mykiss DAA04579 

RHD2-Homo sapiens NP_996784 RHD1-Anoplopoma fimbria ACQ58869 RHD9-A2-Oncorhynchus mykiss DAA04580 

 

Table 3. Lancelet and tunicate sequences used in this study 

Branchiostoma floridae   Ciona intestinalis   

rtn gene Subm in progress gene NW_001955107 

RTN-B1 Subm in progress RTN4-B1 DAA01904 

RTN-B2 Subm in progress RTN4-B2 DAA01903 

RTN-C Subm in progress     

NgR1 XP_002606779     

RTN4IP1 XP_002599143     

 

Lancelet ESTs. BI380735, BW696558, BW697684, BW699712, BW702145, BW703161, BW703622, BW715286, 
BW716304, BW718368, BW720946, BW721987, BW722450, BW731757, BW732667, BW732821, BW746123, BW748859, 
BW751155, BW752060, BW752213, BW765434, BW768172, BW770336, BW771210, BW777419, BW779507, BW781193, 
BW781741, BW783758, BW784620, BW790338, BW792652, BW794409, BW794955, BW796189, BW798236, BW798802, 
BW800177, BW800919, BW803784, BW804498, BW806397, BW807267, BW807562, BW809487, BW816883, BW817009, 
BW820198, BW820779, BW822192, BW822971, BW825991, BW826694, BW828652, BW829532, BW829840, BW831788, 
BW841680, BW843005, BW843394, BW846273, BW846622, BW847742, BW849648, BW850654, BW855632, BW855865, 
BW856112, BW856928, BW858084, BW859193, BW860013, BW860651, BW861945, BW862362, BW863577, BW866594, 
BW866969, BW867958, BW870878, BW872387, BW872802, BW873767, BW874055, BW874431, BW874462, BW874671, 
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BW874851, BW875506, BW876099, BW876650, BW877515, BW878249, BW879089, BW880686, BW881181, BW882001, 
BW882356, BW883103, BW883391, BW883902, BW884073, BW884353, BW884667, BW884780, BW885977, BW886184, 
BW889426, BW890679, BW894347, BW894397, BW895069, BW899384, BW900728, BW901123, BW904056, BW904406, 
BW905524, BW907462, BW908480, BW913530, BW913766, BW914019, BW914855, BW916028, BW917147, BW917976, 
BW918613, BW919935, BW920363, BW921594, BW924688, BW925072, BW926096, BW929061, BW930596, BW932026, 
BW932333, BW932696, BW932720, BW932752, BW932970, BW933156, BW933823, BW934437, BW935003, BW935909, 
BW936760, BW938890, BW939726, BW940082, BW940839, BW941129, BW941651, BW941825, BW942111, BW942428, 
BW942541, BW943755, BW943967, BW947260, BW948531, BW951668, BW952607, BW952659, BW953701, CF917228, 
EB740680, FE540227, FE541239, FE543685, FE543686, FE543822, FE544552, FE544553, FE546956, FE546957, FE547028, 
FE547029, FE547135, FE547136, FE552896, FE552897, FE556240, FE556241, FE557766, FE561129, FE561130, FE564893, 
FE564894, FE574060, FE574061, FE575046, FE575255, FE575256, FE577954, FE577955, FE579951, FE579952, FE589309, 
FE589310, FE590058, FE590059, FE590574, FE590575, FE591234, FE591235, FE592089, FE592090 

Table 4. Ncan sequences used in this study 

  ncan genes NCAN 

Homo sapies 1463 NP_004377 

Macaca fascicularis  N/A AAV67378 

Macaca mulatta 720340  N/A 

Mus musculus 13004 NP_031815 

Rattus norvegicus 58982 NP_113841 

Canis lupus  N/A XP_541924 

Gallus gallus  N/A AAD24546 

Danio rerio 559024 XP_687413 

N/A – no information available 
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Abstract 

 

The ability to regenerate lesioned axons in the central nervous system (CNS) becomes 
restricted in the course of vertebrate evolution. One of the reasons implies the acquisition 
of neurite inhibitory properties by myelin-derived proteins such as MAG, OMGp and 
RTN4/Nogo. Even though these molecules do not share any structural similarities they 
are able to block axon growth and elongation in mammals via binding to the Nogo-66 
receptor (NgR1). Being first identified as a receptor for one of the inhibitory domains of 
RTN4, Nogo-66, this protein takes a central place in studies of axon growth inhibition in 
the CNS. Although, the tertiary structures of NgR1 and Nogo-66 have been solved and 
molecular mechanism of their interaction is extensively studied, the information about 
receptor-ligand complex formation is lacking. In the present study we have analyzed 
Nogo-66/NgR1 interaction combining coevolutionary and structure modeling approaches. 
Our results demonstrate that both proteins are already present in cephalochordates but 
began to coevolve only after fish-tetrapod split. Based on conservation analysis of primary 
and tertiary structures of these molecules and on published functional data we were able 
to reconstruct the receptor-ligand complex and to model Nogo-66/NgR1 interactions in 
mammals and fish. The obtained results are in accordance with the observation that 
Nogo-66/NgR1-induced signal transduction becomes inhibitory during/after the fish-
tetrapod transition which also correlates with the phylogenetic loss of the regenerative 
capacity in the CNS. The present work may not only suggest the molecular mechanism of 
NgR1 binding to its ligand Nogo-66 but also explain why upon interaction with NgR1 
highly homologous Nogo-66 peptides from fish and mammals can elicit different effects 
on neurite outgrowth.  
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Introduction 

In the adult mammalian and avian central nervous system (CNS) lesioned axons fail to 
regenerate and restore connections with their targets (Li and Raisman, 1995; Ramón y 
Cajal, 1928; Schwab and Bartholdi, 1996). In contrast, fish possess the ability to re-grow 
injured nerve fibers throughout life (Gaze, 1970; Stuermer et al., 1992).  This dramatic 
difference in regenerative potential of the CNS can be explained by changes in neuronal 
intrinsic properties and the glial cell environment which occurred during vertebrate 
evolution (Schweigreiter et al., 2006). Several molecules were shown to be expressed by 
glial cells and to be responsible for the inhibition of axon regeneration in the CNS of 
mammals (Caroni and Schwab, 1988a; Filbin, 2003; Silver and Miller, 2004). Among them 
one of the most potent and best characterized neurite outgrowth inhibitors is 
RTN4/Nogo, the fourth member of reticulon (rtn) superfamily (Chen et al., 2000; 
GrandPre et al., 2000; Prinjha et al., 2000). RTN4 was shown to contain two regions able 
to block axon regeneration. One of them is the Nogo-A-specific region (NSR) present 
only in the longest isoform RTN4-A/Nogo-A (Oertle et al., 2003c). The second inhibitory 
stretch is called Nogo-66 due to its length of 66 aa and is localized between 
transmembrane regions in the highly conserved reticulon homology domain (RHD) 
(GrandPre et al., 2000; Oertle et al., 2003b).  

While the molecular mechanism of the NSR-mediated inhibition remains elusive, the 
Nogo-66 signaling pathway is much better understood. The identified Nogo-66 receptor 
(NgR/NgR1/RTN4R) was characterized as a member of the leucine-rich repeat (LRR) 
receptor superfamily (Fournier et al., 2001; GrandPre et al., 2002). It is a 
glycosylphosphatidylinositol (GPI)-anchored surface molecule containing 473 amino 
acids including the N-terminal signal sequence. Its protein core is represented by 8.5 
leucine rich repeats surrounded by N- and C-terminal capping modules (LRR-NT and -
CT, respectively) (Barton et al., 2003; He et al., 2003). Surprisingly, the other myelin-
associated inhibitors MAG and OMgp were also shown to cause neurite outgrowth 
inhibition via binding to NgR1, although they do not share any structural similarity with 
Nogo-66 (Domeniconi et al., 2002; Liu et al., 2002; Wang et al., 2002b).  

While the LRR domain of NgR1, including the capping regions, has been reported to be 
responsible  for  interaction with  all  three  inhibitory  myelin proteins, the C-terminal 
region is believed to be involved  in  signal  transduction  upon  binding  to p75 (Wang et 
al., 2002a; Wong et al., 2002). Depending on the type of neuron type p75 can be 
substituted by a structurally related member of TNF receptor family, TROY/Taj (Park et 
al., 2005; Shao et al., 2005). An additional modulator of this receptor complex is LINGO1, 
another neuronal LRR protein (Mi et al., 2004). Upon binding to myelin-associated 
inhibitors, the resulting trimeric complex induces activation of the downstream RhoA 
signaling pathway (Huber et al., 2003). Although the tertiary structure of the ligand-
binding region of NgR1 (the LRR core) has been solved and its molecular interactions 
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have been extensively studied over the last several years, no information is available 
about the formation of the receptor-ligand complex with any of its binding partners. 
Moreover, the question how NgR1 signaling acquires its inhibitory function in CNS axon 
regeneration during evolution remains unclear. Comparative studies of different 
vertebrate classes suggest that the Nogo-66/NgR1 induced signal transduction becomes 
inhibitory during/after the fish-tetrapod transition which also correlates with the 
phylogenetic loss of the regenerative capacity in the CNS (Abdesselem et al., 2009; 
Klinger et al., 2004).   

In the present study we focus on the coevolution of the Nogo-66 region and NgR1 as a 
receptor-ligand pair. We combine evolutionary and structural approaches to tackle the 
problem of Nogo-66/NgR1 complex formation. In light of the question which molecular 
determinant are responsible for the loss of axon regeneration in the CNS these data are of 
great interest for understanding the origin and evolution of neurite outgrowth inhibitors 
and their signaling pathways. 
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Materials and Methods 

Data 

All proteins are referred to by their NCBI/GenBank accession numbers (Table S1). The 
sequences used in the present study were retrieved from the online public databases NCBI    
(www.ncbi.nlm.nih.gov/).    ENSEMBL    (www.ensembl.org)    and    JGI 
(http://www.jgi.doe.gov/) using the BLAST algorithm (Altschul et al., 1997).  Searches 
were carried out using default values with the low complexity filter on.   

Generation of the multiple sequence alignments  

Sequences were aligned by Geneious (www.geneious.com) with the implementation of 
the MUSCLE algorithm (Edgar, 2004). The resulting alignments were edited manually. 
Alignment annotation was done in ALINE (Bond and Schuttelkopf, 2009). Secondary 
structure annotation of Nogo-66 alignment was done manually by comparing 6 
superimposed structures. Secondary structure annotation of NgR1 was performed based on 
Pfam and SMART feature data (pfam.sanger.ac.uk, smart.embl-heidelberg.de). 
Hydrophobicity profiling was carried out by BioEdit (Hall, 1999).  

Coevolutionary analysis 

The coevolution of the ligand-receptor pair was evaluated by comparison of protein 
distance matrices, the so-called tol-mirrortree method (Pazos and Valencia, 2001, 2008). 
Distance matrices   were   reconstructed   using   the   phylogenetic maximum  likelihood  
algorithm  (Guindon and Gascuel, 2003)  in  the  MEGA software package (Tamura et al., 
2007),  with  implementation  of  the  Dayhoff amino acid substitution model (Kosiol and 
Goldman, 2005). In order to exclude the phylogenetic background, the obtained distance 
matrices of NgR1 and Nogo-66 or RHD4 were corrected by incorporation of the 
information on the overall evolutionary histories of the species (Pazos et al., 2005). 
Therefore, distance matrix of recombination-activating protein 1 (RAG-1), one of the 
standard phylogenetic markers (Chiari et al., 2009), was generated in a similar manner. 
The adjustment of the ligand and receptor matrices was performed by subtracting from 
each value the distance between the corresponding species in the RAG-1 distance matrix. 
The coevolution degree was evaluated by calculating the Pearson correlation coefficient 
between the two corrected matrices. As this method has certain limitations and might 
generate false positive results, we combined the calculation of the linear correlation 
coefficient with the reconstruction of the linear functions and comparison with R-squared 
values. In order to evaluate the rates of independent evolutions of NgR1 and Nogo-
66/RHD4 we plotted their distance values against the corresponding data of the RAG1 
matrix, and calculated polynomial functions for each protein. Thus, trendlines can 
represent the rate changes in the evolution of the receptor and the ligand during 
vertebrate phylogeny in the best way. In order to roughly estimate the point where both 
proteins started to coevolve, the inclines of the polynomial functions were equalized. In 
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other words, this allows to trace the function regions close to linear regression where both 
curves colocalize. 

Conservation analysis, ab initio and homology modeling  

PDB files describing structures of human Nogo-60 (2G31, Li et al., 2006) and NgR1 
(1OZN, He et al., 2003) were retrieved from NCBI. Ab initio tertiary structure prediction 
of zebrafish Nogo-66 was performed by Robetta (Kim et al., 2004a). 5 structures were 
generated and manually superimposed together with the human Nogo-60 (2G31) using 
PyMol (DeLano Scientific, www.pymol.org). Electrostatic potential surface was calculated 
by PyMol. Homology modeling of zebrafish NgR1 was performed by 3 servers: EsyPred3D 
(Lambert et al., 2002), 3D-JIGSAW (Bates et al., 2001), HHpred (Soding et al., 2005). 
Obtained structures were superimposed together by PyMol with human NgR1 (1OZN) 
and edited manually. Conservation patterns were reconstructed by the ConSurf server via 
plotting the conserved or variable positions from multiple protein alignments onto NgR1 
and Nogo-66 3D models (Ashkenazy et al., 2010).  

Docking of Nogo-66 ligand and NgR1 was performed by PatchDock and verified by 
FireDock (Andrusier et al., 2007; Schneidman-Duhovny et al., 2005). Best hits were edited 
manually by PyMol. 
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Results 

NgR1 and Nogo-66 homologous sequences in lancelet 

We previously identified the homologues of NgR1 in actinopterygian genomes (Klinger et 
al., 2004). Based on the recent finding that the single rtn gene in Branchiostoma floridae 
is closer to rtn4 than to other members of this family (Shypitsyna et al., submitted), we 
screened the lancelet genome for the presence of NgR1 homologous sequences.  In 
addition, we performed genomic analysis of the closest invertebrates and other early 
chordates in order to investigate when this protein might appear during animal evolution. 
The combination of several techniques such as two-way BLAST and domain architecture 
prediction allowed us to identify only one sequence similar to NgR1 in lancelet. 
Thorough screening of tunicate and sea urchin databases did not reveal any positive hits. 
According to the modern view that urochordates are the sister group of vertebrates which 
underwent significant secondary gene loss, we can conclude that NgR1 was at first 
acquired by cephalochordates and then independently lost by tunicates (Holland et al., 
2008). This finding is in agreement with the rtn evolution in early chordates as lancelet 
rtn is closer to the vertebrate reticulon4 gene than its tunicate homologue (Shypitsyna et 
al., submitted).  

Domain architecture analysis indicates that NgR1 in lancelet as well as vertebrate 
sequences contains the LRR core flanked by N- and C-terminal cystein-rich capping 
regions (Fig. 1, SFig. 1). However, the LRR portion of the protein is represented by 9.5 
repeats, whereas vertebrate sequences possess only 8.5 repeats. It is also not clear how 
lancelet NgR1 can be attached to the membrane: according to the sequence analysis it has 
a GPI-anchor signature similar to vertebrate homologues, but in the C-terminal region 
the protein also has an insertion which might be a transmembrane domain due to its 
hydrophobicity profile.  

 

Figure 1. Scheme of NgR1 domain organization in lancelet and vertebrates.  
The signal peptide (SP) is localized at the N-termini. Leucine-rich repeat (LRR) core contains 8.5 
modules in vertebrates and 9.5 modules in lancelet (light grey boxes) surrounded by capping 
domains LRR-NT and LRR-CT (black boxes). Black lines mark the insertion in lancelet protein which 
leads to the appearance of two repeats LRR6a and 6b. The position of the GPI-anchor is marked by 
violet box, whereas green box shows the location of a predicted transmembrane domain in lancelet 
sequence. Red frame marks the complete LRR core which is also known as a ligand-binding region 
(LBR).  
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Lancelet has a single rtn gene which according to its exon/intron organization and protein 
sequence analysis resembles vertebrate rtn4. We performed hydrophobicity profiling of 
its RHD in order to investigate whether this protein is similar to RTN4 not only on the 
sequence level, but also structurally. Indeed, the length of the transmembrane domains 
and the position of Nogo-66 are highly conserved among all analyzed chordate sequences 
(Fig. 2). This finding raises the questions whether lancelet NgR1 and Nogo-66 
homologues might bind to each other and whether the coevolution of these two 
molecules started already at the cephalochordate lineage or later. Therefore, we carried 
out the phylogenetic and conservation analysis of all available NgR1 and RTN4 RHD 
(RHD4) sequences.  

 

Figure 2. Hydrophobicity profile of RHD4.  
The plot depicts the hydrophobicity profile of each protein sequence calculated with a 13 aa 
window size by the Eisenberg method (Eisenberg et al., 1986). Each curve on the plot corresponds to 
one of the analyzed species (right panel). The scheme of the reticulon homology domain (below) is 
drawn in scale and represents the positions of Nogo-66 (green box) and transmembrane stretches 
(TM – light grey boxes) on the RHD according to hydrophobicity plot data.  

Coevolution of NgR1 and RTN4 proteins 

The coevolution rates of mammalian and avian Nogo-66/RHD4 and NgR1 proteins served 
as control (Fig. 3A, B). As these proteins were unambiguously shown to interact with 
each other and to perform the same function (Fournier et al., 2001), we assumed that they 
might have been evolving together. Our analysis confirmed this assuption: the obtained 
correlation coefficients are relatively high in comparison with similar studies (Pazos et al., 
2005). Interestingly, our analysis shows that the correlation rate of RHD4/NgR1 is higher 
than the score of Nogo-66/NgR1 coevolution. This difference can be explained, first, by 
experimental data suggesting that the C-terminus of RTN4 is also involved in binding to 
NgR1. And second, the right conformation of RHD and its attachment to the plasma 
membrane is likely to be important for the interaction of Nogo-66 with its receptor.  
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Figure 3. Comparison of Nogo-66 and NgR1 distances.  
Each graph represents the linear correlation between ligand and receptor distances, for each 
trendline equations and R-squared values were calculated in addition to Pearson correlation 
coefficients (red values). The coevolution of Nogo-66/NgR1 (A, C) or RHD4/NgR1 (B, D) was 
evaluated in vertebrates excluding (A, B) or including the fish lineage (C, D). 

However, when the coevolutionary rates of teleost fish were combined with tetrapod 
scores, we were not able to find any significant correlation (Fig. 3C, D). The same result 
was obtained by comparison of the phylogenetic trees of RHD4 and NgR1 (data not 
shown). Manual inspection of the distances between receptor and ligand sequences 
revealed that the fish RHD4 sequences are much more diverse than the relevant NgR1 
sequences whereas in tetrapods the opposite tendency is observed. It is possible to 
illustrate that by plotting the receptor or ligand distances against the evolutionary rates of 
the phylogenetic marker (Fig. 4). These data strongly suggest that RTN4 and NgR1 started 
to coevolve only in tetrapod species and not before. However, zebrafish Nogo-66 is able 
to bind zebrafish and rat NgR1 which indicates that interacting areas of ligand and 
receptor are likely to be conserved. Therefore, we performed conservation analysis of all 
available protein sequences of NgR1 and RTN4.  
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Conservation analysis of NgR1 and Nogo-66 and reconstruction of the receptor-
ligand complex 

The tertiary structure of NgR1 was solved by crystallography (PDB entries 1OZN and 
1P8T). We used the 1OZN model to project the evolutionary conserved scores of aa 
residues on the NgR1 protein structure (Fig. 5). The lancelet homologue was excluded 
because of the presence of the additional leucine-rich repeat. A similar approach was used 
in case of Nogo-66. As the available structure of this ligand does not include the last six 
hydrophobic amino acids, we performed ab initio prediction of rat and zebrafish peptides. 
This allowed us not only to reconstruct the complete Nogo-66 domain but also to 
compare the structures of fish and tetrapod peptides. Upon superimposition the model of 
zebrafish Nogo-66 appears to share the same secondary structure organization as a NMR-
solved human Nogo-60 (Li et al., 2006): three α-helices interrupted with loops (Fig. 6A). 

 

Figure 4. Comparative analysis of rates of NgR1 and RHD4 changes during evolution.  
NgR1 and Nogo-66 distances (black and red values, respectively) are plotted against the 
phylogenetic marker RAG-1 thereby showing changes in the speed of protein evolution. Trendlines 
are calculated as polynomial functions in order to better represent the rate of aa substitutions. When 
two proteins start to coevolve, the curves of their distances should be maximally close to the linear 
functions. The graph is schematically divided into two panels: blue – fish lineage, green – tetrapod 
lineage.  

The observed conservation patterns of NgR1 and Nogo-66 correlate with the functional 
data. As is depicted in figure 5, the concave interface of NgR1 is much more conserved 
than the convex area. This finding is in agreement with the results on deletion and point 
mutants as well as with a ribosome display assay (Lauren et al., 2007; Schimmele and 
Pluckthun, 2005). Moreover, the highest conservation scores mark the so-called acidic 
cavity D111-D114-D163 and other residues localized on the LRR3 and 5, which were 
already proposed as the necessary elements for Nogo-66/NgR1 binding (Lauren et al., 
2007; Li et al., 2008; Schimmele and Pluckthun, 2005).  In case of the ligand, the most 
conserved areas are represented by the first and the third alpha-helices and surrounding 
loops. It is possible to distinguish the structurally-relevant residues, for instance glycins in 
the loops, and amino acids important for protein-protein interactions. The detailed 
analysis of the interacting areas of the ligand and the receptor was performed by 
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combining data available from the functional experiments (Abdesselem et al., 2009; 
Lauren et al., 2007; Li et al., 2008; Schimmele and Pluckthun, 2005) and by assembling 
both structures into one complex.  

 

Figure 5. Conservation analysis of NgR1 protein sequences.  
A) Superimposition of ligand binding domains of human NgR1 (rainbow-colored) and three zebrafish 
NgR1 homology predicted models (black). The black color can be observed only in the regions 
where superimposed structures are not identical, for example, in the C-terminal capping module. 
The rainbow color code marks the N-terminus with blue and C terminus with red. B,C) Distribution of 
conserved and variable amino acids is shown on concave (B) and convex (C) surfaces of NgR1.  
Purple and pink patches correspond to residues of high conservation; white and blue represent 
residues of high variability. Coloring scheme is indicated below. The positions of repeat subdomains 
are indicated in the middle panel. Black frame in B marks LRR3-5, the most important area for 
binding to Nogo-66.  



Chapter 3 

114 

 

Figure 6. Conservation analysis of Nogo-66 protein sequences.  
A) Superimposition of five predicted zebrafish Nogo-66 models and human Nogo-60; human peptide 
is shown below in the same orientation as on the upper panel. All the depicted models share the 
same structure organization: three α-helices and four loops. B) Distribution of conserved and variable 
amino acids is shown on the Nogo-66 surface.  Purple and pink patches correspond to residues of 
high conservation; white and blue represent residues of high variability. Coloring scheme is indicated 
below. The orientation of the Nogo-66 structure is shown in the upper left corner. All the cartoon 
models are rainbow-colored starting with the N terminus in blue and ending with the C terminus in 
red. 
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Figure 7. Measurement of NgR1 acidic cavity and the corresponding positively-charged 
triangle on Nogo-66. 
Positive K50, R53 and R54 of Nogo66 (A) build a triangle with the very similar parameters as the acidic 
cavity D111-D114-D163 on the receptor surface (B). Small numbers indicate angles and atom 
distances. Based on the PDB entries 1OZN (NgR1) and 2G31 (Nogo-66). 

The reconstruction of the Nogo-66/NgR1 complex was done by several docking servers, 
but the final modeling was achieved and evaluated manually. We assumed that the acidic 
cavity of NgR1, previously already reported as the crucial element for binding Nogo-66, 
could be a basal determinant (starting point) for modeling protein-protein interactions. 
Therefore, we analyzed the Nogo-66 electrostatic surface in order to identify the area able 
to bind this acidic cavity. Only one positively-charged patch on Nogo-66 appears to be 
surface exposed (data not shown) and it is represented by a triangle K50-R53-R54 
localized on Helix3.  Comparison of the acidic cavity and this basic triangle shows that 
they possess very similar parameters and thereby can bind to each other via building salt 
bridges (Fig. 7). However, according to the experimental data the receptor interface 
necessary for Nogo-66 binding includes some other residues from LRR3-5 and 
surrounding repeats (Fig. 8A).  But after docking Helix3 on NgR1 concave interface, it 
becomes apparent that stoichiometrically Nogo-66 is not able to cover this entire area on 
NgR1 (Fig. 8B). Indeed, studies on receptor multimerization suggest that the Nogo-
66/NgR1 complex might be represented not by equimolar proportion of the receptor and 
the ligand (1Nogo-66:1NgR1), but two molecules of NgR1 should bind one molecule of 
Nogo-66 (Fournier et al., 2002a). Considering this notion, it is possible to dock the second 
receptor molecule on the other side of the ligand. This interaction requires the Helix2 of 
Nogo-66 and the conserved residues on LRR3-5 and 7 of NgR1. Functional data suggest 
that in mammals S25 and E31 are highly important for NgR1/Nogo-66 interaction 
(Lauren et al., 2007). But according to multiple protein alignment the Helix2 of Nogo-66 
is the least conserved region of the ligand and in fish these residues are substituted on 
K25 and A31, respectively.  Such a dramatic change in length and charge of these amino 
acids in fish as opposed to tetrapods in addition to their central location in the interaction 
area (Fig. 9) might explain the different responses of growing axons in the presence of 
zebrafish versus rat Nogo-66 as a substrate.  
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Figure 8. Reconstruction of interactions of NgR1 and Nogo-66. 
A) NgR1 surface with marked residues which were shown to bind Nogo-66: red – acidic cavity, light 
and dark purple – other important amino acids. B) Docking model of NgR1 and Nogo-66 (green): 
Helix3 of Nogo-66 interacts with NgR1 via salt bridges built by the NgR1 acidic cavity and the Nogo-
66 positively-charged triangle (blue); C) Putative interactions between Helix2 of Nogo-66 and NgR1.  



Chapter 3 

117 

 

 

Figure 9. Differential interaction of the mammalian (A) versus the fish (B) ligand with NgR1.
Due to the proposed model of Nogo-66/NgR1 binding Helix2 of the mammalian ligand (green 
residues) is able to recognize and successfully bind its receptor (blue residues), whereas the binding 
of fish Nogo-66 to NgR1 via Helix2 is significantly affected by two substitutions (yellow residues) which 
may lead to weaker or even loss of the interaction with the receptor.  

 

Figure 10. Modeling of Nogo-66/NgR1 complex interaction. 
The extracellular loop of Nogo-66 possesses a hairpin conformation which binds via Helix3 to one 
molecule of NgR1 and via Helix2 to another molecule of NgR1. For neurite outgrowth inhibition this 
complex also should contain LINGO1 and p75 or TROY. 



Chapter 3 

 118 

 

Discussion 

In the present study we have reconstructed the coevolutionary history of NgR1 and its 
ligand Nogo-66. Our analysis showed that despite the fact that NgR1 and RTN were 
present already in cephalochordates, these proteins began to coevolve only in the 
tetrapod lineage after the split from the fish group. Modeling of the full-length ligand 
structure and conservation analysis of both proteins allowed us to reconstruct the 
complex formation of Nogo-66/NgR1 (Fig. 10) which is in agreement with published data 
on fish and mammalian NgR1 signaling (Abdesselem et al., 2009; Lauren et al., 2007; Li et 
al., 2008; Schimmele and Pluckthun, 2005).  

The coevolutionary analysis is a valuable bioinformatic tool which allows to predict and 
investigate protein-protein interactions (Pazos and Valencia, 2008). Here, with the help 
of this method, we studied whether NgR1 and its ligand were coevolving during chordate 
phylogeny. Moreover, we expanded the application of this method to compare the 
phylogenetic rates of protein evolution. According to the obtained data, Nogo-66/RHD4 
and NgR1 began to coevolve in tetrapods as is clearly visualized by the plot where the 
polynomial fuctions show the changes in speed of protein evolution of these two 
molecules (Fig. 4). However, the absence of coevolution is likely to indicate that the 
tested proteins do not interact, which, in our case, might mean that in fish Nogo-66 might 
not bind to NgR1. However, experimental data unequivocally show that this is not true: 
zebrafish Nogo-66 can bind either fish or rat NgR1 with a similar affinity as its 
mammalian homologue. Therefore, it is possible to conclude that in the fish lineage 
Nogo-66 and NgR1 are able to bind each other but their interaction was significantly 
modified for another specific function which did not change in the course of tetrapod 
evolution. This notion correlates with the functional experiments suggesting that Nogo-
66/NgR1 signaling becomes inhibitory for the regenerating CNS axons in tetrapods, but 
not in fish (Abdesselem et al., 2009). In order to solve this question, the comparative 
analysis of the receptor-ligand complex formation in fish and mammals is necessary. 

The tertiary structure of human NgR1 was independently solved by two groups (Barton et 
al., 2003; He et al., 2003) and is now available in PDB database. As the identity between 
protein sequences of human and zebrafish NgR1 is high (∼60%) we performed the 
homology structure modeling of the fish receptor. According to the obtained data, fish 
NgR1 possesses the same conformation as its mammalian homologue. The concave 
interface of NgR1 appears to be evolutionary much more conserved than the convex 
interface. Moreover, it is possible to notice the remarkable similarity between the 
conservation pattern of the receptor surface and the data obtained with ribosome display 
assay and point mutants (Lauren et al., 2007; Schimmele and Pluckthun, 2005). Among 
the most conserved regions are LRR3-5 and the acidic cavity D111-D114-D163 which 
were determined as the crucial amino acid residues for Nogo-66 binding. 
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The available tertiary structure of human Nogo-60 does not include the last six amino 
acids (Li et al., 2006). Therefore, in order to obtain the full-length structure of Nogo-66 
we performed ab initio modeling of zebrafish and rat peptides. Interestingly, the 
predicted structures appeared to be highly similar to the NMR-solved model but in 
contrast to experimental data ab initio modeling suggested that two loops 2 and 3 are 
flexible instead of only one (loop3). This result was crucial for the reconstruction of the 
receptor-ligand complex, because in this case the ligand could be oriented with its N- and 
C-termini on the plasma membrane whereas the NMR model showed them looking into 
the opposite directions (Li et al., 2006).  

The comparative analysis of Nogo-66/NgR1 complex formation in fish and mammals 
revealed the difference in the interaction of Helix2 and the concave interface of NgR1. 
The fish ligand has only two amino acids substituted in Helix 2 but this might be enough 
to prevent binding of Nogo-66 by this surface to NgR1. For example, the stacking 
interaction of H133-NgR1 and Y21-Nogo-66 can be broken because the long side chain of 
fish K25 makes the distance between receptor and ligand surfaces too long (Fig. 9).  
Therefore, the ability of fish Nogo-66 to bind either fish or mammalian receptor seems to 
be impaired whereas the interacting surfaces of the receptors are not changed which is in 
agreement with the experimental data (Abdesselem et al., 2009). This observation also 
explains the inhibitory effect of mammalian Nogo-66 on fish axons and its signaling 
resulting in phosphorylation of cofilin (Abdesselem et al., 2009; Hsieh et al., 2006).  

Taken together, the present work demonstrates when and how Nogo-66/NgR1 signaling 
acquired its inhibitory role in axon regeneration in the CNS during vertebrate evolution. 
Our data also suggest that the ability to regrow lesioned nerve fibers was lost in tetrapods. 
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Supplemental Data 

Table S1. Accession numbers 

Species RTN4 NgR1 RAG-1 
Homo sapiens NP_008939 NP_075380 NP_000439 
Pan troglodytes BAF62373 XP_514992 XP_521888 
Pongo abelii NP_001126875 - - 
Macaca fascicularis DAA01940 Q9N0E3 - 
Macaca mulatta XP_001112090 XP_001083078 XP_001084631 
Mus musculus NP_077188 NP_075358 NP_033045 
Rattus norvegicus NP_114019 NP_446065 NP_445920 
Bos taurus NP_001068606 - - 
Sus scrofa NP_001123435 XP_001927832 NP_001116656 
Ovis aries NP_001138650 - - 
Equus caballus - XP_001488123 - 
Canis lupus XP_531828 XP_543540 - 
Monodelphis domestica XP_001375268 XP_001375847 - 
Ornithorhynchus anatinus XP_001510074 - - 
Gallus gallus NP_989697 XP_415292 NP_001026359 
Taeniopygia gutatta XP_002197045 XP_002187885 XP_002199718 
Xenopus laevis – RTN4.1 AAQ82646 - - 
Xenopus laevis – RTN4.2 AAQ82639 - - 
Xenopus tropicalis AAI66217 - - 
Carassius auratus AAP47329 - - 
Cyprinus carpio DAA04583 - - 
Danio rerio NP_00107338 NP_982345 O13033 
Oncorhynchus anatinus NP_001118222 - - 
Salmo salar NP_001117191 - - 
Takifugu rubripes AAT64100 Submission in prog AAD20561 
Tetraodon nigroviridis CAG05082 - - 
Branchiostoma floridae Submission in prog XP_002606779 - 
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Figure S1 
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Multiple alignment of chordate NgR1 amino acid sequences.  
The degree of sequence similarity is highlighted using the cyan-to-red color code. Leucine-rich repeats are 
underlined in blue and violet, the capping modules – in purple. Black frame indicates GPI-anchor attachment 
site, whereas the putative transmembrane domain in lancelet sequence is underlined in orange.   
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Figure S2 
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Multiple alignment of chordate RHD4 amino acid sequences.  
The degree of sequence similarity is highlighted using the blue color code. The reticulon homology 
domain is underlined in blue, the transmembrane domains – in violet. Arrows and helices indicate the 
secondary structure elements of Nogo-66 region.    
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Concluding remarks and 
perspectives 
In the present study we have analyzed the evolution of RTN4/Nogo and its inhibitory 
domains as well as its functional role during axon regeneration in the fish central nervous 
system (CNS). In addition to standard experimental procedures evolutionary and 
structural techniques were used. Such a systematic approach allowed us to tackle the 
described question from the positions of theoretical and empirical sciences. In our case it 
had the advantage to combine the comparative functional data on axon regeneration in 
the fish and mammalian CNS and to suggest an explanation how RTN4 acquired its 
inhibitory properties in the course of vertebrate evolution. 

One of the most crucial unanswered questions concerning RTN4 is the identity of the 
receptor for the Nogo-A-specific region (NSR). According to the conservation analysis of 
all available and newly found NSRs, all sequences from fish to mammals share the motifs 
shown to bind and block integrins (Kim et al., 2000). This notion is in accordance with 
the recent publication that the NSR-mediated inhibition affects the function of certain 
integrin complexes (Hu and Strittmatter, 2008). This finding may also explain how 
mammalian NSR can elicit growth cone collapse in the experiments with fish RGC axons 
(Abdesselem et al., 2009; Diekmann et al., 2005). Hence, the direct binding of this domain 
via the tripeptide motif D-I/L-I/L/V to the integrins has to be tested. Providing that point 
mutagenesis and pull-down experiments confirm the predicted NSR-integrin binding, it 
will be required to further clarify whether this interaction may cause axon growth 
inhibition in the fish CNS. We cannot exclude the possibility that the fish RTN6 
containing NSR may negatively influence axon regeneration due to the presence of the 
same four integrin-binding motifs as in its mammalian homologues. Therefore, we will 
have to study the spatiotemporal expression pattern of rtn6 during zebrafish development 
and axon regeneration in the optic nerve and to test whether this molecule could 
function as a guidance cue.   

In our evolutionary study we have uncovered the relation of the NSR with the CSPG 
neurocan, a component of the glial scar with inhibitory properties (Asher et al., 2000; 
Morgenstern et al., 2002). In order to further investigate the evolutionary and functional 
connection of these two proteins we will have to perform the genomic analysis of other 
vertebrate groups. Our data suggest that domain shuffling which resulted in the insertion 
of neurocan-like DNA sequence in the rtn4 gene could have happened only after the 
second round of whole genome duplication. However, it is still not clear which vertebrate 
lineage was the first to possess the quadruplicated genome (Kuraku, 2008; Kuraku et al., 
2009).  Therefore, the characterization of reticulon and lectican genes in hagfish, 
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lampreys and cartilaginous fish is necessary to carry out in order to confirm the proposed 
distant homology of NSR-NCAN and resolve when this domain shuffling have taken a 
place in the course of evolution. Interestingly, our data indicate that the timing of the 
NSR origin is coincides with the acquisition of myelin by vertebrates (Zalc et al., 2008). 
Evolutionary analysis of proteins involved in structural organization or formation of 
myelin suggest that these molecules were not originated de novo during the whole 
genome duplication events but existed before and just obtained new functions (Gould et 
al., 2008). This raises the question whether neurite outgrowth inhibitors also evolved in a 
similar way.   

In the present project we also analyzed Nogo-66, the second inhibitory region of RTN4, 
and its interaction with the relevant receptor NgR1. Our functional data show that this 
zebrafish peptide is not able to mediate axon growth inhibition either in mammals or in 
fish. However, it still remains unclear which function fish Nogo-66 plays in the CNS in 
adult animals and during embryogenesis. According to the structural analysis of NgR1, 
the ligand-binding domain of the receptor is highly conserved among vertebrates which 
may explain the inhibitory effect of rat Nogo-66 on the growth of zebrafish RGC axons 
(Abdesselem et al., 2009). Based on the proposed model of Nogo-66/NgR1 physical 
interaction and complex formation the receptor interfaces involved in ligand binding 
have remained unchanged during evolution. In contrast, Nogo-66 seems to have adapted 
its second interaction area for NgR1 binding exclusively in the tetrapod lineage. The 
analysis of the protein-protein interaction strongly suggests that the fish ligand, as 
opposed to the mammalian peptide, is not able to bind the receptor via Helix2 which also 
may explain the ligand-specific mechanism of NgR1-mediated signaling (Abdesselem et 
al., 2009). In order to confirm the suggested model, it is necessary to characterize 
functionally how substitutions S25K and E31A may affect the binding of Nogo-66 to its 
receptor. Another important question to clarify is whether the formation of the complex 
capable of mediating neurite outgrowth inhibition requires one molecule of Nogo-66 and 
two NgR1 molecules. Since the ligand-induced dimerization has emerged as a universal 
mechanism of activation of certain receptors, such as neurotophins (Vilar et al., 2009), it 
is possible that Nogo-66 peptides from fish and mammals may differentially affect the 
multimerization of NgR1 and subseqeuntly modify the localization of the receptor-ligand 
complex at the plasma membrane or the interaction with the co-receptors. Therefore, 
biochemical characterization of Nogo-66/NgR1 complex formation in combination with 
the analysis of the intracellular signaling is needed.  

It is also important to mention, that in the present work we have established a new 
bioinformatic method for coevolutionary studies. Have being tested in our analysis of 
Nogo-66/NgR1 interaction, this approach appears to be suitable not only for the 
evaluation when the coevolution of two proteins has begun during evolution, but also to 
suggest whether neospecialization/change of function of the studied interaction took 
place.  
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Taken together, we have reconstructed in the present work the evolution of the RTN4 as 
a neurite outgrowth inhibitor and suggested how on a molecular level this protein 
acquired its inhibitory properties. The obtained data open new perspectives in structural 
and functional analysis of the two inhibitory domains of RTN4 which might also 
significantly improve our knowledge how the potential to regenerate lesioned axons in 
the CNS was lost during vertebrate evolution. 
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Summary 
 

In contrast to fish, mammals are unable to regenerate lesioned fiber tracts in the central 
nervous system (CNS). Two major factors are postulated to be responsible: intrinsic 
neuronal properties and the glial cell environment. Upon injury several types of 
molecules produced by glial cells elicit inhibitory effect on neurite outgrowth. One of 
these, oligodendrocyte-derived RTN4/Nogo was demonstrated to act as a potent inhibitor 
of axon regeneration and to block neurite extension via two domains: the Nogo-A-
specific region and Nogo-66 located in N- and C-terminal parts of the protein, 
respectively. 

The present work focuses on the evolution of RTN4/Nogo and its inhibitory domains in 
chordates as well as their functional characterization in fish. In order to comprehend the 
origin of the Nogo-A-specific region (NSR) all available genomes of chordates were 
analyzed. Our data indicate that the common ancestor of fish and tetrapods had an NSR-
coding rtn4 gene, which underwent duplication and divergent evolution in bony fish. 
Thus, in the zebrafish, the NSR was lost in rtn4 but retained in its duplicate rtn6, whereas 
in the pufferfish, the NSR was retained in rtn4 and the entire rtn6 gene was deleted. 
Distant homology screening in combination with protein architecture analysis reveals the 
relation of this region to CSPG neurocan on the levels of domain organization and 
sequence similarity, such as shared presence of the putative integrin-binding motifs. 
Therefore, Nogo-A most likely originated from the insertion of a neurocan DNA sequence 
into an ancestral rtn4 gene. Notably, the proposed timing of this event coincides with the 
acquisition of jaws and myelin by vertebrates. These results not only shed light on the 
evolution of Nogo-A, but may facilitate the identification of its molecular receptor(s). 

Although the NSRs in fish and mammals share only 18% identity on the primary 
structure level, zebrafish Nogo-66 is 66% identical and more than 80% similar to its rat 
homologue. This notion raises the question whether the fish peptide is able to exert 
neurite outgrowth inhibition. Surprisingly, in the “outgrowth, collapse and contact 
assays” zebrafish Nogo-66 appeared to be growth-permissive for fish and mammalian 
neurons, quite in contrast to its rat Nogo-66 homologue which inhibits growth. Upon 
binding to their common receptor NgR1, the rat peptide in contrast to zebrafish Nogo-66 
elicits phosphorylation of the downstream effector cofilin which leads to actin filament 
disassembly. These data are in agreement with the apparent absence of neurite outgrowth 
inhibitors in fish CNS. However, it is not clear how so similar peptides can exert different 
responses. Thus, we have analyzed Nogo-66/NgR1 interaction combining coevolutionary 
and structure modeling approaches. Our results demonstrate that both proteins are 
already present in cephalochordates but began to coevolve only after fish-tetrapod split. 
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Based on conservation analysis of primary and tertiary structures of these molecules and 
on published functional data we were able to reconstruct the receptor-ligand complex 
and model Nogo-66/NgR1 interactions in mammals and fish. The obtained results are in 
agreement with the previous notion that Nogo-66/NgR1-induced signal transduction 
becomes inhibitory during/after the fish-tetrapod transition.  

These extensive analyses of evolution of both inhibitory domains of RTN4/Nogo may help 
to understand why the ability to regenerate lesioned axons in the CNS became restricted 
during vertebrate evolution. Moreover, the combination of structural and functional 
approaches can provide the necessary information which molecular changes during RTN4 
evolution are responsible for the acquisition of its inhibitory properties. 
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Zusammenfassung 
Im Gegensatz zu Fischen sind Säugetiere nicht in der Lage geschädigte Nervenbahnen des 
Zentralnervensystems (ZNS) zu regenerieren. Zwei Hauptfaktoren werden hierfür als 
Ursachen postuliert: Intrinsische neuronale Eigenschaften und das biochemische Umfeld 
der Gliazellen. Diese produzieren nach einer Nervenverletzung verschiedenste Klassen 
von Molekülen, die eine inhibitorische Wirkung auf das Neuritenwachstum haben. Ein 
solches Molekül ist das von Oligodendrozyten produzierte RTN4/Nogo. Es konnte gezeigt 
werden, dass es sich hierbei um einen wirkungsvollen Inhibitor der Axonregeneration 
handelt, der außerdem in der Lage ist die Verlängerung von Neuriten zu blockieren. 
Zwei Domänen spielen dabei eine besondere Rolle: Die Nogo-A-spezifische Region (NSR) 
und Nogo-66, welches jeweils am N- und C-Terminus des Proteins gelegen ist.   

Diese Arbeit konzentriert sich im Besonderen auf die evolutive Entwicklung von 
RTN4/Nogo und seiner inhibitorischen Domänen in Chordaten, sowie ihrer funktionellen 
Charakterisierung in Fischen. Um den Ursprung der Nogo-A-spezifischen Region  
nachzuvollziehen, wurden alle zugänglichen Chordatengenome analysiert. Unsere Daten 
deuten darauf hin, dass der gemeinsame Vorfahre von Fischen und Tetrapoden bereits ein 
NSR-kodierendes Gen hatte, welches in Knochenfischen verdoppelt wurde und eine 
divergente Evolution durchlaufen hat. 

So ist zu erklären, dass in Zebrafischen die NSR in rtn4  fehlt, aber in  rtn6, dem Duplicat 
von rtn4, erhalten geblieben ist. Im Tetraodon und Fugu hingegen ist die NSR in rtn4 
erhalten geblieben, und das gesamte rtn6 Gen deletiert. Eine Analyse der Homologien, 
zusammen mit Untersuchungen der Proteinarchitektur führte zu der Entdeckung, dass 
diese Region mit Chondroitinsulfat-Proteoglycan (CSPG), speziell Neurocan verwandt ist. 
Dies ergibt sich sowohl aus einer ähnlicher Domänenorganisation als auch aus 
sequenzieller Ähnlichkeit, wie zum Beispiel das Vorhandensein eines gemeinsamen 
Integrin Bindemotivs. Daraus folgt, dass Nogo-A wahrscheinlich aus der Insertion einer 
Neurocan DNA Sequenz in das ursprüngliche rtn4 Gen entstanden ist. Zeitlich korreliert 
dies mit der Entwicklung von Kiefer und Myelin in Vertebraten. Diese Ergebnisse 
erklären nicht nur die Evolution von Nogo-A, sondern könnten Hinweise für die 
Identifikation des noch unbekannten NSR Rezeptors liefern.                 

 Obwohl die Sequenzen der NSR in Fischen und Mammaliern nur zu 18% gleich sind, ist 
Nogo-66 von Zebrafischen zu 66% identisch und zu 80% ähnlich zu dessen Homolog in 
der Ratte. Dadurch ergab sich die Frage, ob das Fischpeptid in der Lage ist das Wachstum 
von Neuriten zu inhibieren. Überraschenderweise haben Experimente zu Wachstum, 
Zerfall und Kontakt von Neuriten gezeigt, dass das Zebrafisch Nogo-66 im Gegensatz zu 
seinem Rattenhomolog nicht wachstumsinhibierend wirkt.                       
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Im Gegensatz zum Fisch-Nogo-66, führt die Bindung des Rattenpeptids an den 
gemeinsamen Rezeptor NgR1 zu einer Phosphorylierung des Effektorproteins Cofilin, 
was dann zu einer Aktindepolymerisation führt. Diese Daten stimmen mit der Tatsache 
überein, dass Inhibitoren des Neuritenwachsums im Sehsystem der Fische fehlen. Unklar 
bleibt, wie zwei sehr ähnliche Peptide zwei so unterschiedliche Reaktionen hervorrufen 
können. Daher haben wir die Interaktion von Nogo-66 mit NgR1 mittels Co-evolutions- 
und Strukturmodellierung untersucht. Unsere Ergebnisse zeigen, dass beide Proteine 
bereits in Cephalochordaten vorhanden sind, jedoch die Co-Evolution erst nach der 
Abspaltung von Fischen und Tetrapoden begann. Durch die Analyse der Primär- und 
Tertiärstrukturen von Nogo-66 und NgR1 und publizierten Daten zu ihrer Funktion, 
konnten wir den Rezeptor-Liganden-Komplex rekonstruieren und ein Modell für die 
Nogo-66/NgR1-Interaktion in Säugertieren und Fischen modellieren. Die Ergebnisse 
lassen sich mit der oben genannten Beobachtung vereinen, dass die Nogo-66/NgR1-
induzierte Signaltransduktion erst während/nach der Abspaltung von Fischen und 
Tetrapoden inhibitorisch wurde.            

Diese weitreichenden Analysen zur Evolution der beiden inhibitorischen Domänen von 
RTN4/Nogo könnten helfen zu verstehen, warum die Fähigkeit verletzte Axone zu 
regenerieren im Laufe der Vertebratenevolution verloren ging. Des Weiteren können die 
Untersuchungen zur Struktur und Funktion wichtige Hinweise dazu liefern, welche 
molekularen Veränderungen in RNT4 im Laufe der Evolution für den Erwerb der 
inhibitorischen Eigenschaften  verantwortlich waren.   
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Abbreviations 
µl microliter 
µm micrometer 
aa amino acid 
AB antibody 
ACAN aggrecan 
aLRT approximate likelihood-ratio test 
AP50 clathrin coat assembly protein 50 kDa 
ATF3 activating transcription factor 3 
BCAN brevican 
Bcl2 B-cell lymphoma 2 
BLAST basic local alignment search tool 
Br brain 
BSA bovine serum albumin 
CAP23 cytoskeleton-associated protein 23 
cDNA complementary deoxyribonucleic acid 
CHL1 cell adhesion molecule with homology to L1 
CNS  central nervous system 
CRR complement regulatory repeat 
CSPG chondroitin sulphate proteoglycan 
C-terminus carboxy terminus 
DAPI 4',6-diamidino-2-phenylindole 
DRG dorsal root ganglion 
DSPG dermatan sulphate proteoglycan 
ECM extracellular matrix 
EGF epidermal growth factor 
EGFP enhanced green fluorescent protein 
EPHB2 ephrin B2 
ER endoplasmic reticulum 
Erk extracellular signal-regulated kinase 
EST expressed sequence tag 
FAK focal adhesion kinase 
FCS fetal calf serum 
Fig. Figure 
G globular 
GAG glycosaminoglycan 
GAP43 growth-associated protein 43 
GAPDH glyceraldehyde 3-phosphate dehydrogenase 
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GFAP glial fibrillary acidic protein 
GPI glycosylphosphatidylinositol 
GST glutathione S-transferase 
GTP guanosine triphosphate 
GTPase guanosine triphosphatase 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HHM Hidden Markov model 
HHpred homology detection & structure prediction by HMM-HMM comparison 
HRP horseradish peroxidase 
HSPG herapan sulphate proteoglycan 
Ig immunoglobulin 
isl-1 insulin gene enhancer protein  
ITIM immunoreceptor tyrosine-based inhibitory motif 
JGI the Joint Genome Institute 
KSPG keratan sulphate proteoglycan 
LBR ligand-binding region 
LILRB2 human leukocyte immunoglobulin-like receptor B2 
LINGO1 leucine rich repeat and Ig domain containing 1 
L-MAG large isoform of the myelin-associated glycoprotein 
LOMETS local meta-threading server 
LRR leucine-rich repeat 
LRR-CT leucine-rich repeat C-terminal 
LRR-NT leucine-rich repeat N-terminal 
mAB monoclonal antibody 
MAG  myelin-associated glycoprotein 
MEGA molecular evolutionary genetics analysis 
MEM minimum essential medium 
mg milligramm 
ml milliliter 
mM millimolar (mmol/l) 
mRNA messenger ribonucleic acid 
MTIF2 mitochondrial translation initiation factor 2 
MUSCLE multiple sequence comparison by log-expectation 
NCAM  neural cell adhesion molecule 
NCAN neurocan 
NCBI the National Center for Biotechnology Information 
ng nanogramm 
NgR/NgR1/RTN4R Nogo-66 receptor 1/reticulon 4 receptor 
NgRH1a Nogo-66 receptor homologue 1a 
NgRH2 Nogo-66 receptor homologue 2 
NMR nuclear magnetic resonance 
Nogo-66 66 amino acid long loop in the reticulon homology domain of the Nogo 
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proteins 
NON normal optic nerve 
NRT normal retina 
nsp1 neuroendocrine-specific protein 1 
NSR Nogo-A-specific region 
N-terminus amino terminus 
O/N optic nerve 
OMgp oligodendrocyte myelin glycoprotein 
pAB polyclonal antibody 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
PDB protein data bank 
PFA paraformaldehyde 
Pfam database of protein families 
PI-PLC phosphatidylinositolphospholipase C 
PirB paired immunoglobulin-like receptor B 
PNS peripheral nervous system 
PSI-BLAST position-specific iterated basic local alignment search tool 
RAG-1 recombination-activating protein 1 
RGC retinal ganglion cell 
RHD reticulon homology domain 
RhoA Ras homolog gene family, member A 
RNA ribonucleic acid 
ROCK Rho-associated, coiled-coil containing protein kinase  
RON regenerating optic nerve 
RPS27A ribosomal protein S27a 
RRT regenerating retina 
RT room temperature 
RTN reticulon 
RTN4IP1 reticulon 4-interacting protein 1 
RTNL reticulon-like 
RT-PCR reverse transcriptase PCR 
SCG10 superior cervical ganglion-10 protein 
SEM standard error of the mean 
SEMA3 semaphorin 3 
Siglec sialic acid binding immunoglobulin-like lectin 
S-MAG small isoform of the myelin-associated glycoprotein 
SMART simple modular architecture research tool 
SP signal peptide 
Stat3 signal transducer and activator of transcription 3 
TBS-T Tris buffer saline with tween 
TFA Tierforschungsanlage 
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TGF transforming growth factor 
TM transmembrane  
TNFR tumor necrosis factor receptor 
Tris tris(hydroxymethyl)aminomethane 
trm transmembrane  
UniProt the Universal Protein Resourse 
UTR  untranslated region 
VCAN versican 
WB western blot 
ZF  zebrafish 
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Amino Acids 

Alanine Ala A 
Arginine Arg R 
Asparagine Asn N 
Aspartic acid Asp D 
Cysteine Cys C 
Glutamine Gln Q 
Glutamic acid Glu E 
Glycine Gly G 
Histidine His H 
Isoleucine Ile I 
Leucine Leu L 
Lysine Lys K 
Methionine Met M 
Phenylalanine Phe F 
Proline Pro P 
Serine Ser S 
Threonine Thr T 
Tryptophane Trp W 
Tyrosine Tyr Y 
Valine Val V 
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