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Introduction
Neuronal migration is an important part of brain development 
leading to the formation of heterogeneous functional regions 
in adults. There are many proteins that participate in the early 
development of the mammalian central nervous system and 
brain.1,2 In this study, we focus on reelin, a glycoprotein, 
which plays an important role in early brain development and 
also extends its functionality in regulating the structural plas-
ticity of neural networks in adulthood and aging.2,3 It plays 
an important role in the proper migration and layering of the 
Purkinje cells into embryonic cortical plate during the early 
stages of the cerebellum development.2 It was first discovered 
as a gene product absent in reeler mouse,4 where behavioral 
abnormalities were observed due to the malformations of the 
cerebral cortex.

The human reelin gene is mapped on to chromosome 
7q22 and is ∼450  kbp long. The reelin protein is composed 
of ∼3461 residues3 and is divided into three main regions 
with respect to its primary structure. The N-terminal signal 
peptide is followed by an F-spondin-like domain of ∼200 
amino acid residues.3 This region is further followed by an 
unknown region of ∼400 residues with no sequence similar-
ity to known domains.5,6 The third region is a series of reelin 
domain repeats of 300–350 residues each. Each reelin repeat is 
further divided into three regions: subrepeat A, an epidermal 

growth factor (EGF) domain, and subrepeat B. The subrepeat A  
of reelin shows weak but significant sequence similarity to 
subrepeat B.6

Reelin, the protein that is defective in reeler mice, is 
secreted by Cajal–Retzius cells in the cortical marginal zones 
and cerebellar granule cells. Reelin interacts with its lipopro-
tein receptors, namely apolipoprotein E receptor-2 (ApoER2) 
or very low-density lipoprotein receptor (VLDLR) on the tar-
get neurons.3 The binding of reelin to these receptors results in 
tyrosine phosphorylation3,7 of intracellular disabled-1 (DAB1), 
an adapter protein by the Src family kinases: Fyn and Src. 
Tyrosine-phosphorylated DAB1 associates with several adap-
tor proteins, playing distinct roles in neuronal positioning and 
appropriate morphogenesis of cortical and subcortical struc-
tures. The disruption of reelin, DAB1, or both ApoER2 and 
VLDLR leads to the formation of the reeler phenotype, indi-
cating that the interaction of these proteins plays an important 
role in the formation and plasticity of the neural networks (see 
D’Arcangelo’s study for a recent review8).

The role of reelin in the modulation of synaptic plasticity 
relates to its role in several brain disorders, including schizo-
phrenia, autism, and Alzheimer’s disease,7,9 in the case of 
humans and has become an important aspect of exploration in 
the recent past. An autosomal recessive form of lissencephaly 
is characterized with severe abnormalities of the cerebellum, 
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hippocampus, and brainstem maps to chromosome 7q22 and is 
associated with two independent mutations in the human gene 
encoding reelin (RELN). In both the mutations, the reelin 
gene is truncated at the carboxyl terminus.10 The importance 
of reelin repeats 5 and 6 has been documented earlier – where 
cerebellar hypoplasia patients contain reelin mutants with the 
deletion of repeats 5–8.10 The biological importance of reelin 
has prompted us to investigate the evolutionary profile and 
domain architecture of reelin by the phylogeny of human 
reelin with its homologues in other model organisms. Three-
dimensional (3D) modeling of the full-length human reelin 
gene has been possible using an integrated approach of homol-
ogy modeling and superposition of individual domains guided 
by known tomography data. The relatively conserved subre-
peat region of reelin repeats 5 and 6 is suggested to be at the 
dimeric interface of reelin.

Methodology
Sequence searches and similarity analysis. Reelin pro-

tein sequences were identified using sequence searches against 
the National Center for Biotechnology Information nonre-
dundant (nr) protein dataset11 using the Position-Specific 
Iterative Basic Local Alignment Search Tool12 with human 
reelin as the query sequence with an E-value cutoff of 0.0001 
and default parameter settings. The hits were filtered based 
on the presence of the reelin domain architecture. In order 
to detect the domain boundaries within the reelin sequence, 
CD-search13 was performed against the Conserved Domain 
Database14 for each of the query sequence.

Multiple sequence alignment. Multiple sequence align-
ments were constructed using Clustal W15 in order to measure 
the sequence-level similarity of each repeat over evolutionary 
timescale across homologues. The alignments were refined 
manually by using Jalview16 where required. The signature of 
central EGF domain of reelin repeat can easily be identified by 
the presence of conserved cysteine (Cys) columns in the mul-
tiple sequence alignment. The alignments of individual repeats 
are represented by the color codes on the basis of conservation 
patterns (Supplementary Figs. 1–9).

Phylogenetic analysis. The phylogenetic trees were gen-
erated using the neighbor-joining method17 in MEGA 4.0.18  
The percentage of replicate trees in which the associated 
sequences cluster together in the bootstrap test (1000 replicates) 
were calculated, and branches with ,50% bootstrap cutoff were 
collapsed. The evolutionary distances were computed using 
the Poisson correction method and are in the units of number 
of amino acid substitutions per site. All positions containing 
alignment gaps and missing data were eliminated only in pair-
wise sequence comparisons (pairwise deletion option).

Modeling full-length human reelin gene. A unique and 
integrated approach was used to model the full-length reelin 
gene where the individual repeat pairs were modeled, fol-
lowed by the superposition of these pairs. Further segments 
of the protein were separately modeled, and the entire 

structure was put together in various steps as described in the 
following sections.

Modeling of the reelin repeats. Individual two-domain ree-
lin repeats, such as R1–R2, R2–R3, R3–R4, R4–R5, R5–R6, 
R6–R7, and R7–R8, were modeled using R5–R6 domain 
structures in 2E26 as the template using MODELLER,19 
generating 20 models for each repeat pair. Sequence identity 
of R5–R6 Protein Data Bank (PDB) entry with two ree-
lin repeats (2E26) with R1–R2, R2–R3, R3–R4, R4–R5, 
R5–R6, R6–R7, and R7–R8 reelin repeats is 35%, 35%, 34%, 
36%, 97%, 38%, and 35%, respectively. The best model of each 
of the repeat pairs, based on MODELLER energy, was then 
superposed based on their common domain. For example, for 
R1–R2 and R2–R3, the common domain is R2. The super-
posed coordinates of each of the repeat pairs of domains were 
saved in a similar manner, and the merged coordinates that 
have R1–R8 were renumbered and then used as template for 
modeling all the eight domains together. This helped in con-
necting the terminal residues of the repeats. The generated 
model was further energy-minimised in a cubic water box 
using OPLS force field using GROMACS.20

Modeling of F-spondin and unique region domains. The 
F-spondin and unique region were modeled separately using 
MODELLER with 2ZOT and 3 A7Q as the templates, respec-
tively, and docked using HADDOCK.22 This docked structure 
from HADDOCK with a Z-score of −1.1 was further used as a 
template to model the F-spondin–unique region together.

Combining the F-spondin and unique region with 
the reelin repeats R1–R8 using HADDOCK. The best 3D 
model corresponding to F-spondin and unique region was 
then docked with the model of R1–R2 domain using HAD-
DOCK with constraints on the terminal residue. A total of 
198 HADDOCK-suggested docked poses could be clustered 
into two major clusters, which represent 99% of the water-
refined models. The lowest scoring structure from cluster 1 
with the highest number of structures and a Z-score of −1.4 
was further considered for the generation of the model.

Building the entire structure. The best docked pose of reelin 
N-terminal fragment (containing F-spondin–unique region, 
R1–R2 domains, derived from HADDOCK) and the energy 
minimized structure of R1–R8 were then superposed based 
on their common domain, which is reelin repeat R1–R2. The 
superposed coordinates were used as template for a further 
MODELLER run to link the terminal residues of the unique 
region and the R1–R8 model. The final structure, including all 
the domains, F-spondin-unique region, and reelin repeats 1–8, 
was further energy-minimized using GROMACS20 in a water 
box with OPLS force field.22

Results and Discussion
Reelin homologues show conserved domain architec-

tures. A total of 170 homologues of the human reelin protein 
were identified in 104 organisms, using sensitive sequence 
search approaches (Supplementary Table  1). Most of the 
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reelin sequences that were identified belong to the phylum 
Chordata, although few homologues could be identified in 
Mollusca and Arthropoda. These sequences share a lengthy 
distribution ranging from 2985 to 3945 amino acids, with 
some of the members highlighting unusual domain architec-
tures when compared to the human reelin that is 3461 amino 
acids long. The human reelin, which is an extracellular gly-
coprotein, comprises an N-terminal region followed by eight 
unique reelin repeats.4 Each reelin repeat is composed of two 
related subrepeats, A and B, separated by an EGF-like motif. 
The C-terminal region of reelin contains a stretch of positively 
charged amino acids. This domain architecture was found to be 
mostly conserved across the homologues of the human reelin 
(see http://caps.ncbs.res.in/download/reelin/reelin_DA.xls).  
However, exceptionally, the reelin sequence from Myotis 
brandtii (long-living Brandt’s bat) shares a sequence identity 
of 96% with the human reelin but retains two additional other 
domains after the eight reelin repeats. These two domains 
belong to the sulfate transporter family (pfam00916) and sul-
fate transporter and anti-sigma factor antagonist domain of 
Sulfate-permease-like sulfate transporters (cd07042). Simi-
larly, reelin homologue from Crassostrea gigas (Pacific cupped 
oyster) is 3738 amino acids long and retains an additional ree-
lin domain between the reelin repeat 7 and reelin repeat 8 of 
the human reelin. The isoforms of human reelin, as a result of 
alternate splicing (Cra_b and Cra_c lacking the reelin repeat 8), 
are present in Cra_a (Fig. 1). These isoforms have been found 
to carry important functions, though they are truncated.23

Evolutionary analysis of reelin across various genomes 
suggests high conservation concurrent with taxonomic 
hierarchy. Phylogenetic trees were constructed using the 
neighbor-joining method using full-length sequences as 
well as the individual reelin repeats across the species. It was 
observed that reelin proteins were classified according to the 
class level of the taxonomy in the trees constructed using the 
full-length reelin proteins in Figure 2. This is also reflected 
in the phylogenies constructed using single reelin domain 

Figure 1. The graphical representation of the unusual domain architecture present in the reelin homologues: reelin repeats (blue), stas_transporter 
repeats (orange), reeler domain (gray), and unique region (green).

repeats. The phylogenies of individual domains are shown in 
Supplementary Figures  10–17. The cladogram suggests that 
the reelin proteins and the reelin repeats might have origi-
nated after the evolution of Arthropoda, as only one homo-
logue of reelin is present in this family. The closest to this 
was observed to be Actinopterygii followed by Amphibia, 
Aves, Reptilia, and then Mammalia, following the universally 
accepted evolution of species. Because this protein plays a 
major role in neurogenesis, the evolution of reelin protein can 
be correlated with the brain development with the evolution of 
higher organisms. The observed evolutionary distance is also 
reflected at the amino acid sequence of these proteins, as the 
identity of the proteins decrease with the increase in distance 
along with the evolution of these organisms.

30

Mammalia

Arthopoda

Actinopterygii
Amphiba

Reptiles and aves Sarcopterygii

Figure 2. Cladogram of full-length reelin protein sequences using 
the neighbor-joining method. The cladogram suggests that the reelin 
proteins and the reelin domains might have originated in the Arthropoda 
that has the longest branch length as observed in the phylogenetic 
trees constructed using the full-length reelin sequences.
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Evolutionary analysis of the reelin domains suggests 
that individual reelin domains are not due to simple domain 
duplication events. The similarity of the individual reelin 
repeats across these homologues is higher than the similarity 
of the domains within a species (Fig.  3). A combined mul-
tiple sequence alignment of the all eight reelin repeats, with 
their homologues from all the 167  species, was constructed 
to delineate if there are particular pairs of reelin repeats that 
are more closely related than the others. The phylogenetic tree 
derived from such an alignment shows distinct clusters for 
each of the reelin domains reaching the root of the tree. This 
polyploidy suggests that the individual reelin domains are not 
derived from simple domain duplications (Fig. 4), and each of 
these domains has evolved independently. This is interesting in 
terms of the functional importance of each of these individual 
repeats given the wide roles of these proteins in an organism.

Sequence features of reelin repeats reveal higher 
sequence conservation of subrepeat B. The individual reelin 
domains share high sequence similarity across their homo-
logues compared to the sequence identity between the 
repeats. Although this prevails, it was observed that there 
are certain residues that are conserved across all the domains 
R1–R8, and this conservation suggests that these residues are 
ideally important for the structural organization of the repeats 
(Supplementary Fig. 1). Such highly conserved residues were 
mapped to the secondary structure regions of the reelin repeats 
(Fig. 5). Also, interestingly, it was observed that residues in the 
subrepeat B of the reelin repeats are more highly conserved 
compared to the residues in the subrepeat A. The presence of 
certain conservation of motifs was observed in each of these 
repeats (Table  1), and interestingly, WXXD motif and the 
RXXQ motifs located at the terminal end of the repeats were 
found conserved in both the repeats.

Apart from these universally conserved residues, the 
residues that are conserved within each repeat could impart 

a specific function to that reelin domain. In order to iden-
tify these residues, an alignment was generated for each of 
these repeats across the homologues. The sequence logo rep-
resentation of these alignments is provided in Supplementary 
Figures 2–9. It was observed that a number of charged and 

Column 1 Repeat 1 Repeat 2 Repeat 3 Repeat 4 Repeat 5 Repeat 6 Repeat 7 Repeat 8

Repeat 1  86.1  38.7  36.9  37.6  38.1  38.3  37.6  37.7  

Repeat 2  38.7  86.1  38.5  38.8  39.3  39.7  38.4  38.4  

Repeat 3  36.9  38.5  84.1  37  37.5  37.9  36.5  36.9  

Repeat 4  37.6  38.8  37  83.5  37.8  38.2  36.8  36.9  

Repeat 5  38.1  39.3  37.5  37.8  86.8  38.7  37.3  37.4  

Repeat 6  38.3  39.7  37.9  38.2  38.7  86.5  37.8  37.8  

Repeat 7  37.6  38.4  36.5  36.8  37.3  37.8  84.3  36.4  

Repeat 8  37.7  38.4  36.9  36.9  37.4  37.8  36.4  87.9  

Figure 3. Percentage identity matrix. Matrix representing the average percentage identity across and between the reelin repeats from 167 species. It is 
seen that the sequence identity across the diagonal that represents the identity between the same repeat is higher than the identity among the different 
repeats.

Reelin domain 2

Sequence from daphnia (arthropoda)

0.1

Reelin domain 4

Reelin domain 1

Reelin domain 3

Reelin domain 8

Reelin domain 7

Reelin domain 5

Reelin domain 6

Figure 4. Cladogram of reelin domains (R1–R8) using the neighbor-
joining method. The individual domains are clustered together and are 
colored differently. The cladogram suggests that the reelin domains 
have evolved independently.
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aromatic residues are conserved in a class-specific manner 
on the surface of these proteins, suggesting their importance 
in complex formation and ligand interaction (Supplemen
tary Fig. 18).

Model of the full-length reelin domains could lead 
to prediction of dimer interface. Structures of three reelin 
repeats have been determined using X-ray crystallography till 
date. The crystal structure of reelin repeat 3, which is the first 
ever structure of a reelin domain, was resolved at a resolu-
tion of 2.05 Å.7 The structure indicated that the three subdo-
mains (ie, subrepeat A, EGF, and subrepeat B) are arranged 
in a horseshoe-like manner, making intimate contact with one 
another. Subsequently, the structure of R5 and R6 domains 
together has also been determined by the similar group reveal-
ing identical subdomain arrangement. Considering that the 
R3–R6 fragment of the reelin protein represents the function-
ally active unit within the reelin protein, the authors further 
examined the electron tomographic images of the R3–R6 
fragment, and it was observed that the fragment exhibits an 
elongated rod-like structure. Based on this available informa-
tion, a possible model for the full-length protein of the human 
reelin has been attempted. Individual repeat pairs (ie, R1–R2, 
R2–R3, R3–R4, R4–R5, R5–R6, R6–R7, R7–R8) were mod-
eled using the crystal structure of R5–R6 domains of the 

mouse reelin (PDB ID: 2E26) as the template. These models 
of individual repeat pairs were validated using Ramachandran 
map, Verify3D,24 and ProSA25 (Supplementary Table 2). These 
repeats were further superimposed on the common repeat 
present in each pair to connect all the reelin repeats (see Meth-
odology for details). The N-terminal region of the protein that 
holds the F-spondin and unique region was modeled using 
the ab initio method, and these domains were concatenated 
with the reelin repeats using the successive steps of rigid-body 
superposition (Supplementary Fig. 19). The resultant structure 
was further minimized in a water box. A total of 85% of the 
residues of any of the two-domain models and indeed that of 
the template structure were within fully allowed regions of 
the Ramachandran map. The final model (as shown in Fig. 6) 
was verified using Ramachandran map, which showed that 
75% of the residues were present in fully allowed regions and 
(and 95.6% after including the partially allowed regions), sug-
gesting that the arrived structure is a reasonably good model 
(Supplementary Fig. 20).

R5 and R6 domains are involved in dimer formation. 
It is known that functional reelin exists as a multimer formed 
by interchain disulfide bond(s) as well as through noncova-
lent interactions. The role of Cys 2101 in the R5–R6 domains 
in the dimerization of the reelin protein has been described 
earlier.26 The available full-length reelin model has helped in 
the identification of a putative dimer interface based on this 
information (Supplementary Table 3). A putative dimer inter-
face, as predicted by CPORT,27 on the modeled protein of 
these domains is shown in Figure  7A. The conservation of 
these residues was analyzed using the alignments generated in 
this study, and it was interestingly noted that many of the pre-
dicted dimer interface residues are indeed conserved among 
the vertebrate sequences (Fig. 7B). This could suggest that the 
dimerization of reelin sequences is more specific to the verte-
brate species. Additionally, it was also observed that several of 
the putative conserved interface residues are mapped to sub-
repeat B and, in particular, the beta-sheet that is almost per-
pendicular to the jellyroll fold. An electrostatic map of the two 
domains is further represented in Figure 7C. The availability 
of full-length reelin model has enabled us to realize residues 

Figure 5. Conserved residues across all reelin domains: the conserved 
residues across all the reelin domains (R1–R8) are represented in red.

Table 1. Motifs conserved across all the reelin domains (R1–R8) in 
subrepeat A and subreapeat B.

Subrepeat A Subrepeat B

WXXD WXXD

RXXQ RXXQP
WXR PXXA

SXXXGXXW

LXF

Figure 6. Model of the full-length reelin protein: reelin repeats are 
represented in orange, F-spondin domain in green, and unique region 
in purple.
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that will line all along the putative dimer interface for the first 
time. However, dimer modeling by introducing an interchain 
disulfide, reported at Cys 1201, was not feasible in a paral-
lel orientation. This suggests that there could be slight con-
formational change to present these Cys residues at the time 
of dimer formation. This study will also enable docking its 
known interactors, such as ApoER2 and VLDLR, perhaps 
involving domains R3 and R4 or R7 and R8, as R5–R6 is 
implicated in dimer formation. More questions remain to be 
answered, such as how reelin binding promotes receptor clus-
tering and if there could be additional receptors for reelin.

Conclusion
The reelin protein, with its unique domain architecture con-
sisting of eight reelin repeats, stands out as an exceptional 
model for evolutionary studies, as it is well conserved across 
the species, including humans. Sequence similarity shows that 
each repeat has an average 88% identity to its corresponding 
repeat in other species and an average 33% identity with other 

repeats within the protein sequence. Such sequence similarity 
values and phylogenetic trends suggest that individual reelin 
domains are not tandem repeats but retain specific functional 
roles. This is further confirmed by the biomedical importance 
of deletion mutants. Phylogenetic analysis shows that the ree-
lin proteins and the reelin domains might have originated in 
Arthropoda and retain its consistent presence in mammals. 
We present 3D model of the full-length human reelin and 
suggest key residues at the putative dimer interface region. 
Although full-length reelin is known to exist as a disulfide-
linker dimer, proteolytically cleaved reelin is known to exist 
as a multimer. The availability of 3D model of the full-length 
reelin provides avenues for further studies in these directions.
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Supplementary Material
Supplementary Table 1. List of the reelin homologues.
Supplementary Table 2. Structure validation and qual-

ity of the models. Ramachandran plot, Verify 3D, and ProSA 
scores of individual modeled reelin domain pairs.

Supplementary Table  3. List of residues in the putative 
dimer interface predicted by CPORT web sever. The conserved 
residues are highlighted in bold. The residue numbering is accord-
ing to the PDB of R5 and R6 domains, and UniProt residue 
numbering is according to the full-length human reelin gene.

Supplementary Figure  1. Sequence logo of the align-
ment with the reelin domains (R1–R8).

Supplementary Figure 2. Sequence logo of reelin protein 
repeat 1. The subrepeat A and subrepeat B of first repeat are 
shown here from 170 sequences. Five Cys columns in between 
the two subrepeats of reelin can be used to recognise the EGF 
motif domain.

Supplementary Figure 3. Sequence logo of reelin protein 
repeat 2. The subrepeat A and subrepeat B of second repeat are 
shown here from 170 sequences. Five Cys columns in between 
the two subrepeats of reelin can be used to recognise the EGF 
motif domain.

Supplementary Figure 4. Sequence logo of reelin protein 
repeat 3. The subrepeat A and subrepeat B of third repeat are 
shown here from 170 sequences. Five Cys columns in between 

Figure 7. Putative dimer interface and its electrostatic map. (A) The 
predicted dimer interface of the R5 and R6 domains using CPORT: the 
active residues involved in the interaction are represented in red color and 
the passive residues in green color. Cysteine involved in disulfide formation 
is represented in yellow. (B) Representation of the electrostatic map of 
the domains predicted using Adaptive Poisson-Boltzmann Solver (APBS). 
(C) Representation of the conservation of the predicted interface residues.
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the two subrepeats of reelin can be used to recognise the EGF 
motif domain.

Supplementary Figure 5. Sequence logo of reelin protein 
repeat 4. The subrepeat A and subrepeat B of fourth repeat are 
shown here from 170 sequences. Five Cys columns in between 
the two subrepeats of reelin can be used to recognise the EGF 
motif domain.

Supplementary Figure 6. Sequence logo of reelin protein 
repeat 5. The subrepeat A and subrepeat B of fifth repeat are 
shown here from 170 sequences. Five Cys columns in between 
the two subrepeats of reelin can be used to recognise the EGF 
motif domain.

Supplementary Figure 7. Sequence logo of reelin protein 
repeat 6. The subrepeat A and subrepeat B of sixth repeat are 
shown here from 170 sequences. Five Cys columns in between 
the two subrepeats of reelin can be used to recognise the EGF 
motif domain.

Supplementary Figure 8. Sequence logo of reelin pro-
tein repeat 7. The subrepeat A and subrepeat B of seventh 
repeat are shown here from 170 sequences. Five Cys columns 
in between the two subrepeats of reelin can be used to recog-
nise the EGF motif domain.

Supplementary Figure 9. Sequence logo of reelin protein 
repeat 8. The subrepeat A and subrepeat B of eighth repeat are 
shown here from 170 sequences. Five Cys columns in between 
the two subrepeats of reelin can be used to recognise the EGF 
motif domain.

Supplementary Figure  10. Phylogeny of reelin first 
repeat using the neighbor-joining algorithm.

Supplementary Figure  11. Phylogeny of reelin second 
repeat using the neighbor-joining algorithm.

Supplementary Figure  12. Phylogeny of reelin third 
repeat using the neighbor-joining algorithm.

Supplementary Figure  13. Phylogeny of reelin fourth 
repeat using the neighbor-joining algorithm.

Supplementary Figure  14. Phylogeny of reelin fifth 
repeat using the neighbor-joining algorithm.

Supplementary Figure  15. Phylogeny of reelin sixth 
repeat using the neighbor-joining algorithm.

Supplementary Figure 16. Phylogeny of reelin seventh 
repeat using the neighbor-joining algorithm.

Supplementary Figure  17. Phylogeny of reelin eighth 
repeat using the neighbor-joining algorithm.

Supplementary Figure 18. Conserved residues of indi-
vidual domains mapped to the structure. The conserved resi-
dues are represented in gray.

Supplementary Figure 19. Root-meet-square deviation 
values of superposition of domain pairs for the construction of 
the full-length reelin proteins.

Supplementary Figure 20. Ramachandran plot for the 
modeled full-length reelin protein. Blue squares represent 
nonglycine (non-Gly) residues in allowed regions, red squares 
represent non-Gly residues in disallowed regions, and blue 
triangles represent Gly residues.
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