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Abstract

Background: Drosophila Dscam1 is a cell-surface protein that plays important roles in neural development and
axon tiling of neurons. It is known that thousands of isoforms bind themselves through specific homophilic interactions,
a process which provides the basis for cellular self-recognition. Detailed biochemical studies of specific isoforms strongly
suggest that homophilic binding, i.e. the formation of homodimers by identical Dscam1 isomers, is of great importance
for the self-avoidance of neurons. Due to experimental limitations, it is currently impossible to measure the homophilic
binding affinities for all 19,000 potential isoforms.

Results: Here we reconstructed the DNA sequences of an ancestral Dscam form (which likely existed approximately
40 ~ 50 million years ago) using a comparative genomic approach. On the basis of this sequence, we established a
working model to predict the self-binding affinities of all isoforms in both the current and the ancestral genome, using
machine-learning methods. Detailed computational analysis was performed to compare the self-binding affinities of all
isoforms present in these two genomes. Our results revealed that 1) isoforms containing newly derived variable
domains exhibit higher self-binding affinities than those with conserved domains, and 2) current isoforms
display higher self-binding affinities than their counterparts in the ancient genome. As thousands of Dscam
isoforms are needed for the self-avoidance of the neuron, we propose that an increase in self-binding affinity
provides the basis for the successful evolution of the arthropod brain.

Conclusions: Our data presented here provide an excellent model for future experimental studies of the
binding behavior of Dscam isoforms. The results of our analysis indicate that evolution favored the rise of
novel variable domains thanks to their higher self-binding affinities, rather than selection merely on the basis
of simple expansion of isoform diversity, as that this particular selection process would have established the
powerful mechanisms required for neuronal self-avoidance. Thus, we reveal here a new molecular mechanism
for the successful evolution of arthropod brains.

Keywords: Dscam, Homophilic binding, Evolution of arthropods
Background
For proper axon guidance during neuronal development,
it is of critical importance that neurons can distinguish
self-connection from non-self connection. for example,
neurons must avoid fasciculating or connecting to them-
selves, in order to spread efficiently into a large area. It
has has previously been proposed that specific cell sur-
face molecules provide “labels” for different neurons to
* Correspondence: zhangxg@tsinghua.edu.cn; zhuyan@ibp.ac.cn
†Equal contributors
2Bioinformatics Division, TNLIST/Department of Automation, Tsinghua
University, Beijing 100084, China
1State Key Laboratory of Brain and Cognitive Science, Institute of Biophysics,
Chinese Academy of Sciences, 15 Datun Road, Beijing 100101, China
Full list of author information is available at the end of the article

© 2014 Wang et al.; licensee BioMed Central L
Commons Attribution License (http://creativec
reproduction in any medium, provided the or
Dedication waiver (http://creativecommons.or
unless otherwise stated.
distinguish self from non-self, thus allowing the forma-
tion of functional neuronal connections [1-6]. Given the
diverse types of neurons in the developing nervous sys-
tem and the number of genes expressed in the brain, the
self-recognition of a single neuron is likely to involve
multiple genes that encode cell surface molecules. Alter-
natively, neurons can rely on a large set of diverse mole-
cules derived from a single gene, such as Dscam1 (Down
syndrome cell adhesion molecule) in Drosophila [1,7].
The Dscam1 gene was shown previously to code for

thousands of protein isoforms, namely by way of alterna-
tive splicing. Three extracellular Ig domains of Dscam1
(Ig2, Ig3 and Ig7) are encoded by three variable exons
(exon4, exon 6 and exon 9), which are very similar in
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their amino acid sequences [3,4]. Each variable domain
is encoded by a corresponding cluster of multiple alter-
native exons. The numbers of alternative exons in the
clusters are 12 (exon 4), 48 (exon 6) and 33 (exon 9)
[3,4]. Only one exon from each cluster is used through
the stochastic expression process of alternative splicing,
to express thouthands of Dscam1 isoform at a time.
Therefore, exon combinations from 93 exons (12 + 48 +
33) can form potentially as many as 19,008 (12×48×33)
kinds of isoforms with domains with different binding
affinity [4,8]. Earlier biochemical in vitro studies suggest
that each Dscam1 isoform has extracellular domains that
prefer to bind to itself (self-binding or homophilic bind-
ing), while heterophilic binding (binding between differ-
ent isoforms) tends to be weak or below the detection
limit of the assays used [9]. Importantly, in vivo studies
with fly mutant forms with reduced Dscam1 expression
suggested that the diversity of the Dscam1 isoform
population, rather than the specific individual isoforms,
is critical for proper neuronal connectivity in vivo [1,7],
although allele-specific phenotypes raised from few iso-
forms were observed for a small number of specific
Dscam1 mutants [10].
Great diversity of Dscam1 isoforms have been ob-

served across all arthropods [11], and was found to be
highly conserved in genomes spanning at least 250 mil-
lion years of evolutionary distance. Thus, the question
arises as to how variable exon usage contributes to the
enormous diversity of Dscam1 isoforms in arthropods?
Several recent investigations have addressed this ques-
tion [12-14]. Comparative sequence analysis using fruit
fly, mosquito and honeybee revealed that although the
sequence diversity of Dscam1 is high, the underlying
mechanisms for generating thousands of isoforms ap-
pears to be shared among all three species [15]. The
main route to generate these exons was believed to be
through reiterative exon duplication and deletion [11,15].
A survey of 16 arthropod as well as non-arthropod ge-
nomes further suggested that these tandem exons are lim-
ited to arthropods only [16]. The largest study on this
topic so far was based on 2000 duplicated exons across 20
arthropods, revealed that the evolutionary occurrence of
newly-derived (ND) exons is continuing in the exon 6 and
9 clusters to this day [17]. Together, these reports suggest
that Dscam1 diversity plays a critical role in arthropod
biology, and more importantly, highlights its unique evo-
lutionary properties comparing to other cell surface mole-
cules and their families.
Although those studies shed light on how such com-

plex gene regulation evolved in arthropods, the precise
role of a preference for homophilic binding and its de-
velopment throughout evolution remains to be eluci-
dated. It is still unclear as to whether the Dscam1 exons
were duplicated randomly and retained indiscriminately,
until the isoform population reached a threshold level of
diversity. ND-exons might then have been further se-
lected based on properties such as the functional or ex-
pressional differences of different isoforms. For instance,
although Dscam1 is broadly expressed in the nervous
systems, there is evidence for R7 cells of the Drosophila
eye that suggests that not all isoforms are truly randomly
expressed, and some isoforms preferably express certain
exons of Ig7 [18].
Both in vitro and in vivo experiments for Drosophila

Dscam1 suggest that homophilic binding preference is
tightly correlated with its functions [1]. In this study, we
explored the connection between the evolution of alter-
native exons on the one hand, and the self-binding affin-
ities of the resulting isoforms on the other. By extracting
sequence features of isoforms using available biochem-
ical data, we established a model to predict with high
confidence the homophilic binding affinities of these iso-
forms. Additionally, an ancestor Dscam1 sequence was
constructed using genomic information from 12 Dros-
ophila species that was approximately 40–50 million year
old. Comparative analysis of the ancient and current
Dscam1 on their homophilic binding affinities revealed
that the current Dscam isoforms have higher homophilic
binding affinities than their ancestor. Furthermore, the
same conclusion was reached using data from another
phylogenetic reconstruction of the exon 6 and 9 clusters
[17], verifying the robustness of our analysis. Together,
these results highlight a coherent driving force underlying
the extensive exon diversification processes of Dscam in
Drosophila species.

Results
The homophilic binding affinity of Dscam1 isoforms can
be confidently predicted following sequence analysis
It was shown previously that alternative splicing of the
three variable exons (exon 4, 6 and 9) of Dscam1 can
generate as many as 19,008 ecto-domain isoforms, and
those isoforms assist neuronal cells to distinguish self
from non-self through homophilic binding [1,4,9]. Des-
pite such a large number of possible isoforms, the bind-
ing affinity between the Dscam1 proteins of the same
isoform is particularly high compared to different iso-
froms [19]. Previous studies on Dscam1 suggested that
the observed homophilic binding is mainly determined
by the primary protein sequences [19,20]. Thus, it should
be possible to analyze the sequence information of all pos-
sible isoforms to obtain their homophilic binding affinities
relative to heterophilic binding, which would be a time
and resource-consuming task if performed using experi-
mental approaches. Estimating the binding affinities of
every possible Dscam1 isoform may help to further inves-
tigate quantitatively the behavior of neurons expressing
combinations of various Dscam1 isoforms.
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We identified a total of 89 Dscam1 isoforms from pub-
lished biochemical studies, for which the self-binding af-
finities were measured experimentally, and then selected
the sequence features that correlated strongly with the
homophilic binding affinities of the isoforms (Additional
file 1: Table S4). Based on these sequence features and
the motif conservation information, the binding affinities
of Dscam1 isoforms were predicted using a Support
Vector Regression (SVR) model, coupled with feature
selection performed via ReliefF Attributes algorithm
(RA) (see Additional file 1: Methods and Supplementary
Material). To assess our models, we measured the Pearson
correlation coefficient (r) and Root Mean Square Error
(RMSE) from our predictions, which were performed on
separate datasets not used to train our models. The correl-
ation coefficient r indicates the level of correlation between
the binding affinity predicted by our models and the affinity
measured by biochemical experiments. The results are
shown in Table 1, where r and RMSE were obtained as the
average of a 10-fold cross-validation. Note that the predic-
tion of binding affinity in our model comes from the
combination of sequence features from the entire lg2, lg3
and lg7 domain, rather than individual variable domain, as
the synergistic binding of all these domains is likely higher
than the sum of the individual binding affinity of lg2-lg2,
lg3-lg3 and lg7-lg7.
The best prediction, r = 0.75 and RMSE = 0.115, was

achieved with a combination of using pseudo-amino
acids, sequence composition and exon labels (exon 4, 6
and 9) constituting 55 encoding features (Additional
file 1: Supplementary material and methods). Of these
parameters, 43 features were pseudo-amino acids, 11 were
composition and 1 was exon label. The ranked attributes
and their descriptions are presented in Additional file 1:
Table S4.
The Mean Absolute Error (MAE) on test data

unknown to the model with our best parameter combin-
ation was 0.09 (p < 0.0001, p was determined by re-
training the model and cross validating datasets with
shuffled affinity values). As the affinity values were
Table 1 Performance on independent test sets varies with dif

Features Pearson correlation
coefficient (r)

Ro
err

Composition alone 0.61 0.1

Composition & exon labels 0.65 0.1

Pseudo amino acid alone 0.74 0.1

Pseudo amino acid & exon labels 0.65 0.1

Composition & pseudo amino acid 0.66 0.1

Exon labels alone 0.40 0.1

All three types of features combined 0.75 0.1

Best correlation coefficient (r) and related root mean squared error (RMSE) for datas
cross-validations. The feature size indicates the number of features obtained by jux
(filtered).
normalized in the [0, 1] interval, this means the average
error was less than 10% on average, indicating that our
model can predicate self-binding affinities of Dscam1
isoforms with high confidence on cross-validated data.
Therefore, we re-trained the model on all available data,
and then applied it again to calculate the self-binding
profiles of all Dscam1 isoforms.

The predicted binding profiles for Dscam1 isoforms are
consistent with the experimental data
The binding profiles predicted by our model were con-
sistent with the values measured experimentally. Firstly,
there is a highly significant correlation between the mea-
sured binding data and the predicted homophilic bind-
ing strength (Pearson’s r = 0.86, p ≅ 0 and Spearman’s r =
0.81, p = 3.03e-22, Additional file 2: Table S3). Secondly,
biochemical studies chose the isoforms containing exons
4.7, 6.27 and 9.25 as a general example, have shown that
the contributions of the variable exons is not equal
(Figure 1A), revealing that the isoforms of x.27.25 had
the highest average self-binding affinities, while 7.x.25
isoforms showed lower affinities, with 7.27.x exhibiting
the lowest self-binding affinities [19]. Our calculation
on the Dscam1 isoform population generated a ranking
of contributions of the different exons to self-binding
affinity: exon 4 > exon 6 > exon 9. Therefore, the model
predicted the order of self-binding affinity of the above
case as x.27.25 > 7.x.25 > 7.27.x, matching well with
previously published biochemical studies [19]. Further-
more, the overall predicted binding affinity for the iso-
form 7.27.25 (carrying exon 4.7, 6.27 and 9.25) was
found to be 28.4, which is in agreement with experi-
mental data published earlier (average value is 30.9
from three experiments) [19]. In addition, the earlier
experiments on the variable domain binding specificity
based on two different contexts also indicated that the
binding domain of exon 4 has the highest binding fold
over the assay background, and that exon 9 has the
lowest binding affinity [19], which is precisely the order
we obtained by prediction (Figure 1B). Furthermore, of
ferent features

ot mean square
or (RMSE)

Initial feature size Filtered feature size

37 40 35

32 43 25

31 120 105

31 123 80

19 160 55

40 3 3

15 163 55

ets based on the 3 types of features alone and their combinations with 10 fold
taposing the different descriptors (initial) and the one after RA algorithm



0 20 40 60

0
.0

0
0

.0
5

0
.1

0
0

.1
5

Experimental measured binding ability

D
e

n
si

ty

x.27.25
7.x.25
7.27.x

0 20 40 60

0
.0

0
0

.1
0

0
.2

0

Predicted binding ability

D
e

n
si

ty

x.27.25
7.x.25
7.27.x

A

B

Figure 1 Profiles of the self-binding affinities of Dscam1isoforms. A: Binding affinities of the 89 isoforms experimentally measured by Wojtowicz
et al. (2007); B: Predicted binding affinities for all possible 19,000 isoforms.
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the 10 isoforms with the highest self-binding affinities, all
contain exon 4.4, and eight contain either exon 9.20 or
9.25. This strongly suggests that the distribution of iso-
forms with high affinity to self is non-random among the
duplicated exons present in the Drosophila genome.

Reconstruction of the Drosophila ancestor dscam1
sequence reveals that isoforms carrying ND-exons have
higher self-binding affinities
The complex structure of Dscam1 gene may have evolved
along two possible evolutionary pathways: 1) changing the
number of alternative exons by exon duplication and dele-
tion; 2) changing the composition of individual exons by
point mutations (including substitution, insertion and de-
letion). The first path generates ND-exons without clear
orthologs, while in the second pathway exons persist
throughout evolution (“conserved exons”), preserving
identifiable ancient orthologs.
Whilst the evolutionary process of exon duplication is

primarily responsible for the generation of the vast num-
ber of alternative exons of Dscam1, the actual driving
force responsible for this extensive duplication remains
unknown [15]. As self-binding is an integral part of the
control processes involved in cellular recognition during
neuronal development, we hypothesized that the Dscam
protein evolved in such way in order to improve the
homophilic binding affinity of its isoforms. Testing this
hypothesis requires a comparison between the current
and the ancient forms of the Dscam1 protein. To this end,
we first reconstructed a phylogenetic tree for Dscam1, and
based on the alignment of the protein sequences of 12
Drosophila species, we then rebuilt the ancestral genomic
sequence of Dscam1 originating from approximately 40–
50 million years ago [21]. We compared the predicted
self-binding affinities of different isoforms based on the in-
formation derived from both the ancestral and current
genomes.
The reconstructed ancestral sequence of Dscam1 con-

tains 62,075 nucleotides (213 bp longer than the current
Dscam1 sequence), resulting in a total of 10,920 ancestor
isoforms. The GC content of the ancestral and current
Dscam1 sequences were found to be similar (45%). How-
ever, we found several differences related to their exon
variants. Notably, no orthologs were found in the an-
cestral genome for several current exons, including
exon 4 (4.10, 4.11), exon 6 (6.10, 6.20, 6.29, 6.30, 6.40),
and exon 9 (9.5, 9.10, 9.13, 9.17, 9.20, 9.24, 9.30).
Therefore, those exons would have been generated
more recently, probably within the past 40 ~ 50 million
years, by exon duplication, while the other exons
would already have existed, and would have continued
to evolve by point mutations. Here we define “new”
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isoforms as recently evolved variable domains (through
exon duplication) and “ancient” isoforms as those con-
taining conserved domains (evolved by point mutations).
We set out to investigate as to whether the recently

generated isoforms (by exon duplication) display en-
hanced self-binding affinities relative to the ancient iso-
forms (Additional file 2: Table S3). We found that all of
the isoforms carrying recently duplicated exons have sig-
nificantly higher predicted self-binding affinities than
those with ancient exon orthologs (the conserved iso-
forms). The mean self-binding affinity is 34.4 ± 0.1 for
the new isoforms containing recently appeared exons
in exon 4, 6 or 9, with a mean self-binding affinity of
33.4 ± 0.1 for the conserved isoforms (p = 8.8e-14, Wil-
coxon rank-sum test with continuity correction). Further-
more, the isoforms containing a recently duplicated exon 4
or exon 9 have greater self-binding affinities than the
isoforms containing corresponding ancient exon 4 or
exon 9 (mean binding affinities of new vs. conserved
isoforms: exon 4:35.7 ± 0.1 vs. 33.4 ± 0.08, p < 2.2e-16;
exon 9: 34.2 ± 0.1 vs. 33.7 ± 0.08, p = 0.003, Wilcoxon
rank sum test, Figure 2A). Together, these results sug-
gest that recent exon duplications strongly correlate with
improved self-binding affinities of the resultant Dscam1
isoforms.
We next tested whether these results could be repro-

duced by using an independent dataset. The evolution-
ary history of all of the exons 4, 6 and 9 clusters in 20
arthropods had been independently reconstructed previ-
ously [17], and it was reported that nine forms of exon 6
(6.1, 6.30, 6.31, 6.33, 6.34, 6.35, 6.38, 6.47, 6.48) and thir-
teen of exon 9 (9.1-9.11, 9.32, 9.33) originated approxi-
mately 450 million years ago. Using this data set, we
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Figure 2 Comparison of self-binding affinities of isoforms containing
of isoforms containing exons originating from ancient exon 4 or 9 (conserv
(isoforms containing recently acquired exon 4 or 9). Isoforms containing rec
isoforms; B: Distributions of self-binding affinities of the ancient and current is
those of ancient isoforms.
found a similar trend to that observed in the dataset de-
scribed above, namely that all isoforms carrying the re-
cently duplicated exons 6 or 9 display significantly higher
self-binding affinities compared to those carrying con-
served forms of exon 6 or 9 (mean binding affinities of
new vs. conserved isoforms: exon 6: 33.9 ± 0.07 vs. 33.5 ±
0.2, p = 0.015; exon 9:34.0 ± 0.09 vs. 33.5 ± 0.1, p = 0.003,
Wilcoxon rank sum test). Moreover, the isoforms contain-
ing both of the recently duplicated exons 6 and 9 have
higher self-binding affinities than the isoforms with an-
cient exons 6 as well as ancient exon 9 (34.1 ± 0.1 for
both recent exons, and 33.2 ± 0.2 for both ancient exons,
p = 0.002, Wilcoxon rank sum test). Taken together, these
results indicate that Dscam1 isoforms containing evolu-
tionarily newer exons tend have higher homophilic bind-
ing affinities than ancient forms.

Ancestral dscam proteins display lower self-binding
affinities than recent forms
After investigating the self-binding affinities of Dscam iso-
forms containing exons that have emerged 40–50 million
years ago, we analyzed the self-binding profiles of the
more conserved isoforms whose exons evolved by point
mutations, and for which current-ancestor orthologs exist.
The mean self-binding affinities of all ancestor isoforms
was shown to be 29.1 ± 0.03, which is significantly lower
than that of the current isoforms derived from those
ancestor isoforms, which was shown to be 33.4 ± 0.09
(p < 2.2e-16 in pair-wise Wilcoxon signed rank test,
Figure 2B). These results indicate that the self-binding
affinities have increased considerably in this particular
isoform population during the last 40 ~ 50 million years of
evolution.
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ed isoforms) and those containing exons without such ancient origins
ently gained exons display higher self-binding affinities than conserved
oforms. The self-binding affinities of current isoforms are higher than
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Upon further analysis of each pair of the current-
ancestor orthologs it was revealed that there is a strong
and significant correlation of self-binding affinities be-
tween the ancestor and current isoforms: isoforms with
higher binding affinity in the past also have higher self-
binding affinity at present (r = 0.73, p ≅ 0, Spearman cor-
relation method, Figure 3). This suggests that any point
mutations that might have rendered self-binding to be of
lower affinities were either suppressed or eliminated dur-
ing evolution.
The fact that higher homophilic binding affinity was ob-

served in the current and newly evolved isoforms appears
to contradict a neutral evolutionary model of Dscam evo-
lution. If evolving towards a more diverse population were
the only selective pressure, and homophilic binding affin-
ity played no role in the evolution of Dscam isoforms,
what would happen? A neutral evolutionary model would
suggests that, assuming the mean binding affinity of all
the isoforms is X in the ancestor Dscam isoforms 40–50
million years ago, the mean binding affinity should be un-
changed in both the isoforms containing newly duplicated
Figure 3 Correlation of self-binding affinities of current isoforms with
grouped together: in the figure. The number of isoforms at each data poin
dotted purple line indicates a positive correlation of self-binding affinities b
exons and the conserved isoforms (both are X), and there
would be no differences between them and their ancestral
isoforms. Our data suggest that this is not the case for
Dscam1 evolution. Thus, this neutral evolutionary model
is rejected.

Discussion
Both in vivo and in vitro studies of Dscam have revealed
that highly specific homophilic binding, which may arise
from high binding affinities, is a general property of
these cell surface proteins, and that this property is cru-
cial for its proper physiological function [1,4,20]. How-
ever, it is not feasible to assess experimentally the
binding characteristics of all the possible isoforms. Simi-
larily, structure prediction and modeling of all Dscam1
isoforms for which crystal structures are available would
be tremendously labor-intensive and time-consuming.
Thus, to extract the principle relationship between bio-
chemical binding data and sequence features, we used
machine-learning methods to develop a computational
model to predict Dscam1 self-binding affinities with high
those of their ancestral forms. 10920 Dscam1 isoforms were
t is presented in pseudo-color as indicated by the color bar below. The
etween time points.
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confidence. The self-binding affinities of all isoforms in
Drosophila genome and those of an ancestral genome,
which diverged 40 million years ago, were calculated,
and detailed computational comparisons were made to
examine a) the binding affinities of the isoforms carrying
recently generated exons and ancient exons, and b) the
self-binding affinities of those current isoforms that are
orthologs of ancient isoforms. Both comparisons re-
vealed that the self-binding affinity of Dscam1 became
significantly enhanced over evolutionary time scales,
suggesting that the Dscam1 protein evolved to improve
the its self-binding affinities, by sequence mutation and/
or exon duplication (see Figure 4 for an evolutionary
model of Dscam1).
A fascinating feature of Dscam1 is its enormous iso-

form diversity, which was shown experimentally to be
crucial for proper neural development and functioning
immune responses in arthropods. Our results presented
here suggest that diversity generated simply by exon du-
plication and sequence mutation may not be adequate,
and that a neutral evolutionary model based solely on
isoform diversity cannot explain this phenomenon. Even
the molecular diversity (large number of isoforms) and
biochemical diversity (isoform specific self-binding) to-
gether are likely not sufficient. It appears that out of the
pool of possible Dscam1 isoforms that existed in the
past, the evolutionary process selected only those iso-
forms that displayed enhanced self-binding affinities
(Figure 4). Therefore, diverse isoforms are distinguished
from each other not just by composition, but also by
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Figure 4 A schematic model depicting the evolution of Dscam1 in art
mutation. Over time, all isoforms containing old and ND-exons were under se
contributing to higher homophilic binding affinities were retained throu
their increasingly specialized and progressively enhanced
interactions.
We also noticed that the binding affinity we studied

here does not equal to binding specificity, and both of
them may play important roles in the evolution of
Dscam. One may argue that a small improvement in the
self-binding affinity would be not sufficient for generat-
ing visible benefit in the current Drosophila genome. As
the discrimination between self and non-self neurons
needs thousands of Dscam isoforms, even a small
change in the self-binding affinity of each Dscam iso-
form would lead to significant differences at the popula-
tion level of these isoforms, likely causing adequate
biological effects as a consequence. Lastly, because of ac-
cumulation effects, it would be reasonable to suggest
that the 15% increase in self-binding affinity in each iso-
form when compared to its own ancient isoforms might
be crucial for the insect brain to avoid mistakes in the
self-recognition process.
Our computational predictions of the self-binding af-

finities of all possible Dscam1 isoforms demonstrated
the potential machine learning methods have for the
rapid extraction of key molecular features, as well as for
the systematic prediction of biological effects, which is
crucial for the accurate large-scale analysis of complex
molecular and cellular systems. Because so far, only a
small fraction of Dscam1 isoforms has been measured
experimentally, the experimental datasets available for our
analysis were relatively small. However, the high correl-
ation between measured binding affinities and predicted
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binding affinities illustrated the power of using such
methods of support vector machines on small sample sizes.
Profiling the homophilic binding characteristics of just 50%
of Dscam1 isoforms would require almost 10,000 experi-
mental measurements, even more if duplications were to
be included, a scale that would require facilities for robotic
liquid handling of cell transfections as well as automatic
binding assays. It needs to be stressed that careful acquisi-
tion of experimental data is vital for obtaining accurate and
meaningful modeling results. In this context, we recently
became aware of a high-throughput domain docking
method, which has the potential of simulating self-binding
affinities [3]. However, this method requires detailed struc-
tural information for each protein, and thus is far more
time-consuming when compared to computational model-
ing. So far, there is no indication as to whether other
methods will become available soon for large-scale evolu-
tionary studies like the one discussed here.
It is well-established that homophilic binding of Dscam1

isoforms is crucial for proper functioning in a physio-
logical setting. Therefore, evolutionary selection towards
higher affinities towards self is likely to be crucial.
Through random processes such as exon duplication
and sequence mutation, newly evolved Dscam1 iso-
forms would have acquired higher self-binding affin-
ities over old isoforms. Selective pressure would then
have acted upon these newer Dscam1 isoforms to re-
tain those with higher affinities for self. We speculate
that strong self-interactions would provide higher
signal-to-noise ratios for cell-cell recognition, which
might be just one event among many simultaneous
molecular interactions on the cell surface. Such en-
hanced contrast for meaningful cell-to-cell signaling
might ensure that neurons in the developing brain
recognize and connect only to appropriate cell part-
ners, in a correct manner. As Dscam1 is also critical
during the launch of innate immune responses in in-
sects, self-binding may also play a role in the proper
functioning of the immune system.
As one of the most complex molecules in the genome

of arthropods, Dscam1 has been studied in great detail
using biochemical, genetic and structure modeling ap-
proaches. Our comparative profiling of the self-binding
affinities of the vast number of Dscam1 isoforms at dif-
ferent time points throughout evolution demonstrates
that an evolutionary approach is a powerful and comple-
mentary tool to gain novel insights into the mechanistic
details of a complex biological system.

Conclusions
The mechanisms behind the great diversity of arthropod
Dscam1 forms containing new variable domains consist-
ently emerging is not just a challenging question in neuro-
biology, but is equally important for our understanding of
evolutionary processes in general. The extensive diversity,
in combination with the observed specific homophilic in-
teractions of Dscam1 isoforms provides an unique oppor-
tunity for biologists not only to trace the process of its
evolution, but also to understand the driving forces behind
the evolution of a specific gene at the molecular level. In
this study we demonstrated that those Dscam1 isoforms
generally evolved to gain higher hemophilic binding affin-
ity during the evolution of arthropod.

Methods
Genomic sequences and homophilic binding data of
dscam1 proteins
Genomic sequence data and annotations for the Dscam1
protein were obtained from the NCBI gene database.
Variable domain sequences were translated into peptide
sequences using a self-written Perl script, and manually
confirmed by comparing with the literature [4]. All 93
exons (12 exons for variable Ig2 domain, 48 exons for
variable Ig3 domain and 33 exons for variable Ig7 do-
main) were utilized for calculating relevant features of
the model (see Feature Encoding). Experimental data for
Dscam1 isoforms, consisting of 89 Dscam1 samples of
known self-binding affinities, were obtained from previ-
ously published reports [19]. To obtain a high-quality
model, only data from those experiments that tested
variable domain binding specificities were included. For
isoforms that were measured multiple times in these ex-
periments, the binding affinity was averaged before use
in our model, to prevent biased prediction in our model
due to duplication. Although there were some variations
in the repeated binding values, due to experimental
shortcomings, most of values obtained previously fell
into the same range as the affinity values we used for the
modeling (9.6-58). All isoforms and corresponding affin-
ities used are listed in the Additional file 1: Table S1.

Calculation of the phylogenetic relationship of Dscam1
protein and the ancestor sequences
The multiple sequence alignment of Dscam1 genes was ob-
tained for 12 Drosophila genomes from the UCSC Genome
Browser database [22]. The phylogenetic relationship of
Dscam1 homologs was calculated using Mrbayes software
[23], and the ancestor sequences of 12 Drosophila species
(D.melanogaster, D.simulans, D.sechellia, D.yakuba, D.erecta,
D.ananassae, D.pseudoobscura, D.persimilis, D.willistoni,
D.virilis, D.mojavensis, and D.grimsh, see also http://rana.lbl.
gov/drosophila/pseudoobscura.html) were calculated using a
maximum-likelihood method within the Ancestors 1.0 soft-
ware package, using default parameters [24].

Feature set selection and regression method
We took a regression approach to build a model based
on various feature sets. The Support Vector Regression

http://rana.lbl.gov/drosophila/pseudoobscura.html
http://rana.lbl.gov/drosophila/pseudoobscura.html
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(SVR) method was chosen because of its generalization
affinity based on a small number of training samples.
Detailed information is provided in the Additional file 1:
Table S5.
Briefly, three types of features were extracted: sequence

composition, pseudo-amino acids and exon labels. Only
the sequences from variable exons (exon 4, 6 and 9) were
used, as they provide critical information for the variance
of self-binding affinity of Dscam1. In order to identify the
best feature combination for our model, the above fea-
tures were analyzed in a number of combinations.
Composition-based features lead to good correlation

(r = 0.61 and RMSE =0.137) with 35 features selected,
and therefore only 5 of the initial 40 features were ruled
out by the ReliefF Attribute (RA) algorithm. Compared
to composition features, pseudo-amino acid features ap-
peared to be better suited for describing the Dscam1
self-binding properties: they generated a better correl-
ation (r = 0.74 and RMSE = 0.131) with 105 selected fea-
tures (out of 120). In contrast, the model solely based on
exon labels exhibited a lower correlation (r = 0.4) and
higher RMSE (~0.14).
Combining exon labels with the composition features,

we noticed a slight increase in the performance over
composition alone: r = 0.65 and RMSE = 0.132, with 25
features. Combining exon labels with the pseudo-amino
acid features did not improve the general performance
of the model (r = 0.65), although the number of selected
features was fewer (80 out of 123). Combining compos-
ition and pseudo amino acid features, we obtained r =
0.66 and RMSE = 0.119, and the number of selected fea-
tures was greatly reduced (55 out of 160). However, the
best prediction (r = 0.75 and RMSE = 0.115, 55 features)
was achieved when all three types of features were
combined.
Both composition features and pseudo amino acid fea-

tures mainly reflect the local properties of a protein. Pre-
vious studies indicated that the self-binding of Dscam1
isoform is modular, which means that each of the three
variable Igs from one protein binds independently to its
counterpart (the identical Ig) on the opposing molecule:
Ig2 binds to Ig2, Ig3 to Ig3, and Ig7 to Ig7. This unique
binding pattern implicates that the local features within
each exon are likely to provide relevant information for
self-binding and therefore yield better predictions, while
global properties across binding domains, such as exon
label features, which describe the higher order organization
of different exons, are unlikely to contribute significant
information for modular binding. Therefore, our model
is inherently consistent with those earlier experimental
findings, and was thus able to identify biologically
meaningful features.
With the selected features as the input and the affinity

of self-binding as output, a ten-fold cross validation
procedure was applied to tune the regression parameters
so to minimize residual errors. The ReliefF Attribute
(RA) algorithm [25] was used to rank the features ac-
cording to their relevance as calculated by the cross val-
idation. Every train fold had the RA algorithm applied
independently, with no influence from its test fold data.
Note that this procedure excluded the test sets were
from the model training. The parameters for model tun-
ing were the value of γ (the parameter of the RBF ker-
nel) and the number of features. In the final model,
those parameter combinations were used that provided
the best RMSE on the 10 fold cross-validation. All the
tested combinations of γ and filtered feature numbers
are listed in the Additional file 1: Table S2. Both RA fea-
ture selection and SVR were implemented using the
WEKA software package [26].

Scripts and statistics
The scripts used to process the sequences were written in
Perl, and all statistical tests were conducted in R. Wilcoxon
rank sum test was used to determine whether two datasets
possess significantly different mean values. Pearson or
Spearman methods were used to calculation the correl-
ation reported (Specified in the Results section).

Additional files

Additional file 1: Supplementary Materials and Methods section
and supplementary Tables and Figures.

Additional file 2: Supplementary table S3.

Competing interests
The authors declare that no competing interests exist.

Authors’ contributions
GZW and YZ conceived the project and designed the analysis. SM, QY, XZ
conceived the predictive model for Dscam Homophilic binding affinity. GZW,
SM and XM conducted the model and performed the data analysis. GZW,
SM, XZ and YZ wrote the manuscript. All authors read and approved the
final version of the manuscript.

Acknowledgments
We thank the members of Y. Zhu’s group for helpful discussions, and thank
Genevieve Konopka and Wesley Runnels for the critical reading of the
manuscript. This work is supported in part by the National Basic Research
Program of China (2012CB316504 and 2012CB825504), Hi-Tech R&D Program
of China (2012AA020401), NSFC grants (91232720, 91010016 and 31070925),
Bureau of International Cooperation of the Chinese Academy of Sciences
(GJHZ201302) and 100-Talents Program of the Chinese Academy of Sciences.
Simone Marini and Qiang Yang thank the support of Hong Kong University
of Science and Technology and Hong Kong RGC project 621010.

Author details
1State Key Laboratory of Brain and Cognitive Science, Institute of Biophysics,
Chinese Academy of Sciences, 15 Datun Road, Beijing 100101, China.
2Bioinformatics Division, TNLIST/Department of Automation, Tsinghua
University, Beijing 100084, China. 3Department of Computer Science and
Engineering, Hong Kong University of Science and Technology, Clearwater
Bay, Kowloon, Hong Kong, China. 4School of Life Sciences, Tsinghua
University, Beijing 100084, China. 5Current address: Department of
Neuroscience, The University of Texas at Southwestern Medical Center,

http://www.biomedcentral.com/content/supplementary/s12862-014-0186-z-s1.doc
http://www.biomedcentral.com/content/supplementary/s12862-014-0186-z-s2.xls


Wang et al. BMC Evolutionary Biology 2014, 14:186 Page 10 of 10
http://www.biomedcentral.com/1471-2148/14/186
Dallas, TX, USA. 6Department of Electrical, Computer and Biomedical
Engineering, University of Pavia, via Ferrata 1, 27100 Pavia, Italy.

Received: 14 August 2013 Accepted: 7 August 2014
Published: 27 August 2014

References
1. Zipursky SL, Sanes JR: Chemoaffinity revisited: dscams, protocadherins,

and neural circuit assembly. Cell 2010, 143(3):343–353.
2. Schmucker D: Molecular diversity of Dscam: recognition of molecular

identity in neuronal wiring. Nat Rev Neurosci 2007, 8(12):915–920.
3. Sawaya MR, Wojtowicz WM, Andre I, Qian B, Wu W, Baker D, Eisenberg D,

Zipursky SL: A double S shape provides the structural basis for the
extraordinary binding specificity of Dscam isoforms. Cell 2008, 134
(6):1007–1018.

4. Schmucker D, Clemens JC, Shu H, Worby CA, Xiao J, Muda M, Dixon JE,
Zipursky SL: Drosophila Dscam is an axon guidance receptor exhibiting
extraordinary molecular diversity. Cell 2000, 101(6):671–684.

5. Matthews BJ, Kim ME, Flanagan JJ, Hattori D, Clemens JC, Zipursky SL,
Grueber WB: Dendrite self-avoidance is controlled by Dscam. Cell 2007,
129(3):593–604.

6. Hughes ME, Bortnick R, Tsubouchi A, Baumer P, Kondo M, Uemura T,
Schmucker D: Homophilic Dscam interactions control complex dendrite
morphogenesis. Neuron 2007, 54(3):417–427.

7. Millard SS, Zipursky SL: Dscam-mediated repulsion controls tiling and
self-avoidance. Curr Opin Neurobiol 2008, 18(1):84–89.

8. Meijers R, Puettmann-Holgado R, Skiniotis G, Liu JH, Walz T, Wang JH,
Schmucker D: Structural basis of Dscam isoform specificity. Nature 2007,
449(7161):487–491.

9. Hattori D, Chen Y, Matthews BJ, Salwinski L, Sabatti C, Grueber WB,
Zipursky SL: Robust discrimination between self and non-self neurites
requires thousands of Dscam1 isoforms. Nature 2009, 461(7264):644–648.

10. Chen BE, Kondo M, Garnier A, Watson FL, Puettmann-Holgado R, Lamar DR,
Schmucker D: The molecular diversity of Dscam is functionally required
for neuronal wiring specificity in Drosophila. Cell 2006, 125(3):607–620.

11. Alam R, Schultz CR, Golembieski WA, Poisson LM, Rempel SA: PTEN
suppresses SPARC-induced pMAPKAPK2 and inhibits SPARC-induced
Ser78 HSP27 phosphorylation in glioma. Neuro Oncol 2013, 15(4):451–461.

12. Wang X, Li G, Yang Y, Wang W, Zhang W, Pan H, Zhang P, Yue Y, Lin H, Liu B,
Bi J, Shi F, Mao J, Meng Y, Zhan L, Jin Y: An RNA architectural locus control
region involved in Dscam mutually exclusive splicing. Nat Commun 2012,
3:1255.

13. Armitage SA, Freiburg RY, Kurtz J, Bravo IG: The evolution of Dscam genes
across the arthropods. BMC Evol Biol 2012, 12:53.

14. May GE, Olson S, McManus CJ, Graveley BR: Competing RNA secondary
structures are required for mutually exclusive splicing of the Dscam
exon 6 cluster. RNA 2011, 17(2):222–229.

15. Graveley BR, Kaur A, Gunning D, Zipursky SL, Rowen L, Clemens JC: The
organization and evolution of the dipteran and hymenopteran Down
syndrome cell adhesion molecule (Dscam) genes. RNA 2004, 10(10):1499–1506.

16. Crayton ME 3rd, Powell BC, Vision TJ, Giddings MC: Tracking the evolution of
alternatively spliced exons within the Dscam family. BMC Evol Biol 2006, 6:16.

17. Lee C, Kim N, Roy M, Graveley BR: Massive expansions of Dscam splicing
diversity via staggered homologous recombination during arthropod
evolution. RNA 2010, 16(1):91–105.

18. Neves G, Zucker J, Daly M, Chess A: Stochastic yet biased expression of multiple
Dscam splice variants by individual cells. Nat Genet 2004, 36(3):240–246.

19. Wojtowicz WM, Wu W, Andre I, Qian B, Baker D, Zipursky SL: A vast
repertoire of Dscam binding specificities arises from modular
interactions of variable Ig domains. Cell 2007, 130(6):1134–1145.

20. Hattori D, Millard SS, Wojtowicz WM, Zipursky SL: Dscam-mediated cell
recognition regulates neural circuit formation. Annu Rev Cell Dev Biol
2008, 24:597–620.

21. Richards S, Liu Y, Bettencourt BR, Hradecky P, Letovsky S, Nielsen R,
Thornton K, Hubisz MJ, Chen R, Meisel RP, Couronne O, Hua S, Smith MA,
Zhang P, Liu J, Bussemaker HJ, van Batenburg MF, Howells SL, Scherer SE,
Sodergren E, Matthews BB, Crosby MA, Schroeder AJ, Ortiz-Barrientos D,
Rives CM, Metzker ML, Muzny DM, Scott G, Steffen D, Wheeler DA, et al:
Comparative genome sequencing of Drosophila pseudoobscura:
chromosomal, gene, and cis-element evolution. Genome Res 2005,
15(1):1–18.
22. Kuhn RM, Karolchik D, Zweig AS, Wang T, Smith KE, Rosenbloom KR, Rhead
B, Raney BJ, Pohl A, Pheasant M, Meyer L, Hsu F, Hinrichs AS, Harte RA,
Giardine B, Fujita P, Diekhans M, Dreszer T, Clawson H, Barber GP,
Haussler D, Kent WJ: The UCSC Genome Browser Database: update
2009. Nucleic Acids Res 2009, 37(Database issue):D755–D761.

23. Ronquist F, Huelsenbeck JP: MrBayes 3: Bayesian phylogenetic inference
under mixed models. Bioinformatics 2003, 19(12):1572–1574.

24. Diallo AB, Makarenkov V, Blanchette M: Ancestors 1.0: a web server for
ancestral sequence reconstruction. Bioinformatics 2010, 26(1):130–131.

25. Robnik S, Kononenko I: Theoretical and Empirical Analysis of ReliefF and
RReliefF. Mach Learn 2003, 53(1–2):23–69.

26. Hall M, Frank E, Holmes G, Pfahringer B, Reutemann P, Witten IH: The WEKA
data mining software: an update. SIGKDD Explor Newsl 2009, 11(1):1931–0145.

doi:10.1186/s12862-014-0186-z
Cite this article as: Wang et al.: Improvement of Dscam homophilic
binding affinity throughout Drosophila evolution. BMC Evolutionary
Biology 2014 14:186.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	The homophilic binding affinity of Dscam1 isoforms can be confidently predicted following sequence analysis
	The predicted binding profiles for Dscam1 isoforms are consistent with the experimental data
	Reconstruction of the Drosophila ancestor dscam1 sequence reveals that isoforms carrying ND-exons have higher self-binding affinities
	Ancestral dscam proteins display lower self-binding affinities than recent forms

	Discussion
	Conclusions
	Methods
	Genomic sequences and homophilic binding data of dscam1 proteins
	Calculation of the phylogenetic relationship of Dscam1 protein and the ancestor sequences
	Feature set selection and regression method
	Scripts and statistics

	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References

