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DARPP-32 (dopamine and adenosine 3′,5′-monophosphate-regulated phosphoprotein of 32 kDa), which belongs to
PPP1R1 gene family, is known to act as an important integrator in dopamine-mediated neurotransmission via the
inhibition of protein phosphatase-1 (PP1). Besides its neuronal roles, this protein also behaves as a key player in
pathological and pharmacological aspects. Use of bioinformatics and phylogenetics approaches to further characterize
the molecular features of DARPP-32 can guide future works. Predicted phosphorylation sites on DARPP-32 show
conservation across vertebrates. Phylogenetics analysis indicates evolutionary strata of phosphorylation site acquisition at the C-terminus, suggesting functional expansion of DARPP-32, where more diverse signalling cues may
involve in regulating DARPP-32 in inhibiting PP1 activity. Moreover, both phylogenetics and synteny analyses
suggest de novo origination of PPP1R1 gene family via chromosomal rearrangement and exonization.
[Ung CY and Teoh TC 2014 The evolutionary strata of DARPP-32 tail implicates hierarchical functional expansion in higher vertebrates. J. Biosci.
39 493–504] DOI 10.1007/s12038-014-9438-8

1.

Introduction

Protein phosphorylation is one of the most important posttranslational events that regulate myriad of biological processes such as cell division, cell differentiation, metabolism
and modulation of signal transduction pathways (Ubersax
and Ferrell 2007). It is common that one protein usually
harbours many phosphorylation sites for a repertoire of
serine/threonine or tyrosine kinases within a cell where the
phosphorylation states for a given protein is combinatorial in
nature. Thus, maintenance and regulation of phosphorylation
states of proteome within a cell is crucial for its proper
biological functions (Olsen et al. 2010). The maintenance
of phosphorylation states is mainly mediated via the interplay between kinases and phosphatases. However, a mammalian genome encodes much fewer phosphatase genes than
kinase genes (Moorhead et al. 2007). This implicates that a
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phosphatase is much versatile than a kinase. A ubiquitously
expressed protein Ser/Thr phosphatase-1 (PP1) is one of
such important phosphatases that coupled myriad of biological processes involved phosphorylation. Regulating
the versatility of PP1 functions by a number of specific
inhibitors at right time and right place is thus crucial
(Bollen et al. 2010). One of such important PP1 inhibitor
that mediates wide dopaminergic signalling pathways in
the brain is DARPP-32.
DARPP-32 (dopamine and adenosine 3′,5′monophosphate-regulated phosphoprotein of 32 kDa), which
is also called PPP1R1B (protein phosphatase 1 regulatory
subunit 1B), is an important mediator of dopamine signalling
in the brain (Walaas et al. 1983). DARPP-32 is highly
expressed in dopaminoceptive brain regions (Ouimet et al.
1984) but is also detected at other peripheral organs such as
adrenal medulla, parathyroid cells, ciliary epithelium of the
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eyes, and kidney, albeit at lower levels (Hemmings and
Greengard 1986; Stone et al. 1986; Meister et al. 1989).
The expression of DARPP-32 in many of these organs was
shown to associate with dopamine signalling (Hemmings
and Greengard 1986).
The phosphorylation states of DARPP-32 are affected
by a number of neurotransmitters such as dopamine,
serotonin, glutamate, GABA, as well as antipsychotic
drugs and drugs of abuse, indicating its central role as
an integrator to diverse neurotransmission inputs
(Svenningsson et al. 2004, 2005). Also, reduced expression of DARPP-32 in the brain is associated to schizophrenic pathology (Albert et al. 2002). Upon activation
of dopamine D1 receptor (D1R), DARPP-32 is phosphorylated by cAMP-dependent protein kinase (PKA) at
threonine-34 (T34). Phosphorylation at T34 turns
DARPP-32 into a potent inhibitor for PP1 (Hemmings
et al. 1984). A short motif KKIQF at the N-terminal is a
conserved PP1 docking motif. X-ray crystallography
studies on other PP1 inhibitors had shown that this motif
interacts with the surface of PP1 on the back in relative
to the metal-containing active site at front (Goldberg
et al. 1995; Egloff et al. 1997). Once the PP1 docking
motif is docked to PP1, the phosphorylated T34 residue
of DARPP-32 will be approximately positioned to the
active site and inhibit dephosphorylation role of PP1
(Goldberg et al. 1995). Inhibition of PP1 by DARPP32 increased phosphorylated states of neurotransmitter
receptors and ion channels, thus enhancing the activities
of synaptic function and plasticity (Svenningsson et al.
2004; Stipanovich et al. 2008).
Beside its main role in dopamine signalling, other recent
studies also revealed wide functions of DARPP-32 such as
binding to tra2-beta1 in regulating alternative splicing events
(Benderska et al. 2010). Besides, DARPP-32 is also involved in a number of pathological cases. For instance, it
has been reported that the truncated form of DARPP-32
(t-DARPP-32), where amino acid residues encoded by exon
1 are missing, is highly expressed in cancers (Belkhiri et al.
2008, Vangamudi et al. 2010). Thus, deregulated or loss of
DARPP-32 activities can transform normal thyroid cells to
tumours. In addition, overexpression of DARPP-32 enhanced interactions between EGFR and ERBB3 and promoted tumour resistance to antitumour drug gefitinib via
increased phosphorylation of AKT (Zhu et al. 2011).
Although DARPP-32 is a key cellular regulator and is
also a potential drug target, there is no comprehensive comparative analysis for this protein across other vertebrates.
Furthermore, understanding DARPP-32 function from the
evolutionary perspective can shed light on knowing better
how this protein was originated and preserved throughout
evolution and how its PP1 inhibitory function was associated
to its current neuronal regulatory role.
J. Biosci. 39(3), June 2014

2.
2.1

Methods

Sequence collection for PPP1R1 genes

Human DARPP-32 amino acid sequence
(ENSP00000377813) obtained from the ENSEMBL (http://
asia.ensembl.org/index.html) was used as query sequence
for BLASTP search for vertebrate and invertebrate genomes
available in the ENSEMBL. The best BLAST hits were
reciprocally BLAST to human genome to ensure the hits
were DARPP-32 homologs. Human paralogs for DARPP32, PPP1R1A (ENSP00000257905) and PPP1R1C
(ENSP00000280295) were also obtained from ENSEMBL
and were similarly BLAST to other vertebrate and invertebrate genomes to retrieve their respective homologous sequences. The paralogous sequences collected were also
examined by using ‘Paralogues’ option provided by
ENSEMBL. A total of 103 sequences of PPP1R1 protein
sequences from 39 vertebrate species were collected
(supplementary table S1 and supplementary data S1).
2.2

Multiple sequence alignment

We used MAFFT (http://mafft.cbrc.jp/alignment/software/),
which is a rapid alignment algorithm based on fast Fourier
transform (Katoh et al. 2002) using FFT-NS-i (slow; iterative refinement method) as an alignment option. We also
used ClustalW (Chenna et al. 2003) implemented in MEGA
5.1 (Tamura et al. 2011) as another option for multiple
sequence alignment. The multiple aligned results generated
from both MAFFT (supplementary data S2) and ClustalW
(supplementary data S3) were manually inspected using key
phosphorylation residues such as T34, T75, and S102 as well
as PP1 docking motif as phylogenetics keys to judge the
quality of multiple sequence alignment results. We found
that MAFFT generates better alignment results across 39
vertebrate species and thus results from MAFFT were used
for our subsequent phylogenetics analyses.
2.3

Construction of species and gene trees

Species tree for the selected 39 vertebrate species was generated using the Common Tree from NCBI Taxonomy
Browser (http://www.ncbi.nlm.nih.gov/Taxonomy/
CommonTree/wwwcmt.cgi). The generated species tree is
given in supplementary figure S1. The input protein sequences were arranged according to their respective taxonomic order. The ordered multiple alignment sequences
generated from MAFFT were then submitted to MEGA 5.1
to reconstruct gene tree using maximum likelihood method.
Jones-Taylor-Thornton (JTT) model was used as substitution
matrix with Gamma distributed rates among sites. Nearest-
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neighbour-interchange (NNI) was used as heuristic method
for maximum likelihood and a total of 100 steps of Bootstrap
were implemented.
2.4

Synteny analysis

Synteny analysis for DARPP-32-containing chromosomal
block was performed using ENSEMBL genome browser
(http://asia.ensembl.org/index.html). The chromosomal loci
for DARPP-32 and its neighbor genes were recorded among
39 vertebrates surveyed and outgroups such as chordate and
invertebrates whichever relevant. The results are provided in
supplementary data S4.
2.5

Prediction of phosphorylation sites

GPS v2.1.2 (http://gps.biocuckoo.org/), which utilizes groupbased prediction method (Zhou et al. 2004; Xue et al. 2005),
was used to predict potential phosphorylation sites on human
DARPP-32. Both Ser/Thr and tyrosine kinases were included
and high threshold was selected. The resulting predicted phosphorylation sites and the respective kinases are given in supplementary table S2.
2.6

Template-based secondary structure prediction

We used YASARA (Krieger et al. 2002) for template-based
secondary structure prediction which was achieved by running PSI-BLAST to create a target sequence profile and
feeding it to the PSI-Pred secondary structure prediction
algorithm (Jones 1999). DARPP-32 protein sequences for
39 vertebrate species whenever available were submitted to
YASARA for secondary structure prediction.
3.
3.1

Results and discussion

Phylogenetics and synteny analyses suggests plausible
origin of PPP1R1 gene family

We collected amino acid sequences of DARPP-32 together with its paralogs PPP1R1A and PPP1R1C from
diverse vertebrates and conducted phylogenetics analysis
for these proteins. We used reported key residues such
as T34 and motifs such as PP1 docking motif as phylogenetics keys to examine the alignment quality generated from several multiple alignment methods. We found
that in our case, MAFFT produced alignment result
correctly captured the conservation profiles of the phylogenetics keys used (supplementary data S2). Hence,
alignment result from MAFFT was used for subsequent
alignment analysis and reconstruction of gene tree.
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We did not find any members of PPP1R1 gene outside
vertebrates. Our sequence search against ENSEMBL database indicated that all vertebrates possess at least one member of PPP1R1 gene (supplementary data S1). Earlier work
reported that no homologous sequence of DARPP-32 was
found in jawless fish such as lamprey and invertebrates
(Hemmings et al. 1992). Yger and Girault (2011) proposed
that the proto-PPP1R1 gene might arise in early vertebrate
evolution, possibly during divergent of Gnathostomes that
encompassed both bony and cartilaginous fish. Our sequence
alignment result reveals conservation at the N-terminal regions for all members of PPP1R1 genes but differ at
C-terminal regions. Reconstructed gene tree using maximum
likelihood method as shown in figure 1 suggests closer
sequence similarity between PPP1R1A and PPP1R1C. This
is also consistent with earlier analysis albeit smaller sequence coverage (Yger and Girault 2011).
Synteny analysis revealed conservation of blocks of chromosome across different species. Besides chromosomal
block conservation, results from synteny analysis also can
shed light on detecting chromosomal rearrangement as well
as stabilization of gene order at the genome scale. Our
synteny analysis result (figure 2) suggests stable syntenic
chromosomal block containing DARPP-32 gene among eutherians and a marsupial opossum. A number of genes adjacent to DARPP-32 such as STARD3, NEUROD2, CDK12,
MED1, ERBB2, FBXL20, and PNMT can be used as
‘syntenic markers’ to trace chromosomal rearrangement
event that accompanied stabilization of ‘DARPP-32
syntenic blocks’. No DARPP-32 gene is detected outside
vertebrates such as worms (Caenorhabditis elegans), insects (Drosophila melanogaster), and chordates (Ciona
savignyi). However, some of the ‘syntenic markers’ for
DARPP-32 such as CDK12, STARD3, FBXL20, ERBB2,
and PNMT show synteny in these organisms, suggesting
common origin of these syntenic blocks in DARPP-32containing vertebrates.
Based on our gene tree together with phylogenetics results
from previous studies (Hemmings et al. 1992; Yger and
Girault 2011), we propose that the proto-PPP1R1 gene was
originated after the Cambrian period around 542 million
years ago (MYA) (figure 3) after first round (1R) and second
round (2R) of whole genome duplications of common ancestor for vertebrates (Van de Peer et al. 2009). Our synteny
results as shown in invertebrates (figure 2) suggests genome
rearrangement events may have important consequence to
the origin of proto-PPP1R1 gene. As STARD3 (StAR-related
lipid transfer domain protein 3), which is a late endosomal
integral membrane protein involved in cholesterol transport
(Alpy and Tomasetto 2006), is always adjacent to DARPP32 gene in all vertebrates surveyed (figure 2), and because
DARPP-32 seems to be more primitive than PPP1R1A and
J. Biosci. 39(3), June 2014
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Figure 1. Gene tree of DARPP-32 and its paralogs across 39 vertebrate species generated from maximum likelihood method. DARPP-32,
PPP1R1A, and PPP1R1C are shaded with green, purple, and blue respectively. Homologs possessing conserved C-terminal regions in
respect to human and other higher vertebrate clades are shaded with their respective darker colours.

PPP1R1C (figure 1) (Yger and Girault 2011), we postulate
that proto-PPP1R1 gene may had been arisen via
exonization event in adjacent to STARD3 during Ordovician
period around 510 MYA. The proto-PPP1R1 gene was
retained probably due to its acquired PP1 docking motif that
conferred PP1 inhibitory role. This was followed by duplication of proto-PPP1R1 gene into proto-DARPP-32 and
proto-PPP1R1A/C genes and the inhibitory roles of PP1 by
PPP1R1 gene family were expanded hereafter. Since all
vertebrates carry at least one PPP1R1 gene family, the
expansion of PP1 inhibitory function to DARPP-32,
J. Biosci. 39(3), June 2014

PPP1R1A, and PPP1R1C must had been preceded the split
of fish and land vertebrates (figure 3).

3.2

Gain of phosphorylation sites in higher vertebrates
suggests extended repertoire of kinase-regulated
functions of DARPP-32

Since DARPP-32 is a phosphorylation-dependent inhibitor
of PP1, there are a number of kinases known to phosphorylate DARPP-32 under different circumstances. For instance,
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Figure 2. Synteny analysis for DARPP-32-containing chromosomal block. No DARPP-32 (PPP1R1B) and other PPP1R1 genes are
found in chordate and invertebrates. The marsupial opossum and other eutherians up to primates show conserved synteny for DARPP-32
adjacent genes with the same gene order. This conserved synteny block also can be observed even in fish such as zebrafish, tilapia, tetradon
and the amphibia xenopus, although there are chromosomal rearrangements in these species. Turkey seems had undergone extensive
chromosomal rearrangements where the DARPP-32-containing chromosomal block is fragmented to other chromosomes. DARPP-32 is
always associated with STARD3 gene in all vertebrates surveyed whereas NEUROD2 gene is associated to DARPP-32 in tetradon and all
mammals. Conserved synteny for DARPP-32-containing chromosomal blocks and DARPP-32 adjacent genes in outgroups such as
invertebrate hints the evolutionary origin of DARPP-32.

Cdk5 phosphorylates DARPP-32 on T75. The phosphorylated T75 inhibits phosphorylation at T34 by PKA, rescuing
the inhibitory function of DARPP-32 on PP1 (Bibb et al.
1999). On the other hand, phosphorylation by CK2 increases
the action of PKA on T34. Also, phosphorylation by CK1 on
S137 decreases dephosphorylation of T34 by calcineurin and
hence enhances the inhibitory role of DARPP-32 on PP1
(Fernandez et al. 2006). Thus, phosphorylations of DARPP32 by PKA, CK1, and CK2 have antagonistic effects on PP1,
while phosphorylation by Cdk5 has agonistic effect. It appears that DARPP-32 acts as a switch on PP1 function via a
number of phosphorylation states.
We used group-based prediction system (GPS) (Zhou et al.
2004; Xue et al. 2005) to predict potential phosphorylation

sites and also their respective kinases on human
DARPP-32 where a total of 26 predicted phosphorylation sites are provided in supplementary table S2. We
reason that there must be some degree of conservation
for a given site if a predicted phosphorylation site is a
bona fide site to a given kinase. Figure 4 summarizes
the molecular features of human DARPP-32 and predicted phosphorylation sites and their respective kinases by
GPS. Result from multiple sequence alignment suggests
the predicted phosphorylation sites (T34, S45, T75,
S102, and S137) are well conserved among vertebrates
(figure 5), with gained and loss of certain sites in some
species. Besides, eight additional putative phosphorylation sites (S12, S42, S46, Y74, S78, S92 (mouse),
J. Biosci. 39(3), June 2014
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Figure 3. Proposed model for the origin of PPP1R1 gene family inferred from gene tree and synteny analyses. The proto-PPP1R1 gene
was originated de novo from genome rearrangements followed by exonization events around the end of the Cambrian and the beginning of
the Ordovivian period. The proto-PPP1R1 gene may acquire its PP1 inhibitory role by chance and was selected by evolution. Further
duplication of the proto-PPP1R1 gene gave rise to all three paralogous genes, PPP1R1A, DARPP-32, and PPP1R1C detected in extant
vertebrates resulting in expansion and diversification of PP1 inhibitory regulations. The paleontological time given is obtained from Van de
Peer et al. (2009).

Y116, and S198) predicted by GPS (supplementary
table S2) are also listed in PhosphoSitePlus (http://
www.phosphosite.org). The molecular features at the
N-terminus including PP1 docking motif and the critical
phosphorylation site T34 are conserved in all PPP1R1
family. Predicted together with known kinases on
DARPP-32 shown in figure 4 implicates broad biological roles played by DARPP-32 such as cell cycle (ATR,
AUR-B, CDK2/5/6 as kinases), metabolism (mTOR and
GSK3A as kinases), cell-cell adhesion and cytoskeleton
formation (FAK and ROCK1 as kinases), immunity
(JNK, p38 as kinases), and growth factor-induced signal
transductions (FGFR1, TYK2, ERK, MAP2K1/2,
MAP3K11 as kinases).
J. Biosci. 39(3), June 2014

It had been found that the activity of extracellular signalregulated kinase (ERK) that is critical for long-term synaptic
plasticity in the brain is also regulated by DARPP-32
(Valjent et al. 2005). Our phosphorylation site prediction
also suggests that DARPP-32 can be a substrate for kinases
such as MAP2K1, MAP2K2, MAP3K11, as well as ERK in
the MAPK cascade. Indeed, DARPP-32 is necessary to
maintain the activation of MAPK kinase (MEK)/ERK
signalling. Conversely, DARPP-32 is depleted by
MEK/ERK activation, leading to increased PP1 activity
and consequently decreased MEK/MAPK signalling.
This auto-regulatory loop represses DARPP-32 levels
so that the activation of MEK is regulated through
DARPP-32 (Chocarro-Calvo et al. 2012).

Evolution of DARPP-32

499

Figure 4. Molecular features of human DARPP-32 and predicted phosphorylation sites and their respective kinases by GPS. Known
kinases to their phosphorylation sites are indicated in red.

3.3 Conservation at regions with predicted transient
secondary structures suggests their potential roles
in potential protein-kinase interactions
Both fluorescence and NMR spectroscopy analyses revealed
that DARPP-32 has little secondary structure in free solution
(Neyroz et al. 1993; Dancheck et al. 2008) suggesting the
intrinsically disordered feature of this protein. However,
there are regions showing propensities for α-helical content.
Residues 22-29 at the N-terminal to the PKA phosphorylation site at T34, and between residues 92-109 which spans
the CK2 phosphorylation site at S102 and the nuclear export

signal sequence show some degrees of α-helical structure
(Dancheck et al. 2008; Marsh et al. 2010). Furthermore, the
central region from residues 80-115 can exist as a compact
core (Dancheck et al. 2008). Since these regions are also
highly conserved at least in mammals, the transient nature of
these regions in adopting an α-helical conformation may
play an important role in kinase-substrate recognition.
However, how the structural features determined from
NMR studies also applicable to other vertebrates remain
unclear. Here we utilized template-based secondary prediction to DARPP-32 across vertebrate lineages. Our prediction
results agreed with NMR observation where residues 22–30
J. Biosci. 39(3), June 2014
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Figure 5. Conservative features of human DARPP-32 across vertebrate clades. Multiple alignment result from MAFFT was used to
analyse the conservation features. Modes of conservation are depicted with different colour codes where equivalent phosphorylation sites
are given in their respective boxes. Aspartic acid residues (D) which mimic the phosphorylation effect and equivalent residues (S or T)
detected at some conservative phosphorylation sites are also illustrated. PP1: PP1 docking motif; NES: nuclear export signal motif; Acidic:
acidic-rich motif.

(PRQVEMIRR) of human DARPP-32 adopt an α-helical
structure (table 1). In addition, several sites such as residues
79-93 (LKAVQRIAESHLQSI), 103-110 (EEEDELGE) and
128-147 (DEEEEEEEDSQAEVLKVIRQ) are also predicted capable to adopt α-helical structures. These regions cover the central region from residues 80–115,
where NMR study suggests its capability of forming a
compact core (Dancheck et al. 2008). As shown in
table 1, regions predicted to adopt a transient secondary
structure are conserved across vertebrates, especially residues 22–30 that are highly conserved among vertebrates. This suggests that although DARPP-32 is an
intrinsically disordered protein, there are still some regions showing high propensity to adopt transient secondary structures that may be crucial for molecular
recognition in protein–protein interactions.
J. Biosci. 39(3), June 2014

3.4 Heterogeneity of DARPP-32 C-terminus tail
implicates functional expansion via stratified evolution
Early phylogenetic distribution of DARPP-32 using immunoblotting revealed that DARPP-32 was present in all mammalian species tested, with low levels detected in other peripheral
tissues such as choroid plexus, parathyroid cells, adrenal chromaffin cells, posterior pituitary gland, pineal gland, and superior cervical sympathetic ganglion (Hemmings and Greengard
1986). The same study also showed that DARPP-32 was
identified in dopaminoceptive brain regions in amniote vertebrates such as birds and reptiles but none was identified in the
dopaminoceptive brain regions in anamniote vertebrates such
as fish and amphibian. This suggests that DARPP-32 might
had acquired its role in regulating PP1 activities in the brain
from reptiles and onward.
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Table 1. Regions of DARPP-32 predicted to adopt an α-helical structure by YASARA

Predicted motifs with preferred α-helical structure

Species
Human
Chimpanzee
Gorilla
Orangutan
Gibbon
Macaque
Marmoset
Mouse Lemur
Bushbaby
Mouse
Rat
Squirrel
Guinea Pig
Rabbit
Dolphin
Pig
Cow
Dog
Panda
Microbat
Megabat
Horse
Elephant
Tasmanian devil
Opossum
Turkey
Xenopus
Coelacanth
Medaka
Stickleback
Fugu
Tetraodon
Tilapia
Tilapia
Zebrafish

22-30 (PRQVEMIRR); 79-93 (LKAVQRIAESHLQSI); 103-110 (EEEDELGE); 128-147
(DEEEEEEEDSQAEVLKVIRQ)
22-30 (PRQVEMIRR); 79-92 (LKAVQRIAESHLQS); 129-146 (EEEEEEDSQAEVLKVIRQ)
22-30 (PRQVEMIRR); 90-104 (LKAVQRIAESHLQSI); 114-121 (EEEDELGE); 139-158
(DEEEEEEEDSQAEVLKVIRQ)
22-30 (PRQVEMIRR); 79-93 (LKAVQRIAESHLQSI); 104-109 (EEDELG); 128-148
(DEEEEEEEDSQAEVLKVIRQS)
22-30 (PRQVEMIRR); 79-93 (LKAVQRIAESHLQSI); 104-109 (EEDELG); 128-148
(DEEEEEEEDSQAEVLKVIRQS)
22-30 (PRQVEMIRR); 79-93 (LKAVQRIAESHLQSI); 104-109 (EEDELG); 128-148
(DEEEEEEEDSQAEVLKVIRQS)
22-30 (PRQVEMIRR); 79-92 (LKAVQRIAESHLQS); 106-109 (DELG); 129-148
(EEEEEEEDSQAEVLKVIRQS)
22-29 (PQVEMIRR); 78-91 (LKAVQRIAESHLQS); 128-142 (EEEEEEEDSQAEILK)
22-30 (PRQVEMIRR); 79-93 (LKAVQRIAESHLQSI); 103-109 (EEEDELG); 128-143
(DEEEEEEEDSQAEILK)
22-30 (PRQVEMIRR); 81-88 (AVQHLQTI); 123-136 (EEDEEEDSQAEVLK)
22-30 (PRQVEMIRR); 79-92 (LKAVQRIAESHLQT); 103-109 (EEEDELG); 129-143
(EEEDEEEDSQAEVLK)
22-31 (PRQVEMIRRR); 84-88 (HLQTI); 98-108 (EEEDELGELRE); 123-140
(EDEEEEEDSQAEVLKSIR); 173-180 (EDQLEDAA)
22-30 (PRQVEMIRR); 79-93 (LKAVQRIAESHLQTI); 101-111 (EDSQAEVLKAI)
No preferred α-helical regions
22-30 (PRQVEMIRR); 89-104 (LKAVQRIAESHLQSIS); 136-151 (DEEEEEDEDSQAEILK)
53-68 (LKAVQRIAESHLQSIS); 77-86 (EEEDELGELR); 103-117 (EEEEEEEDSQAEVLK)
22-30 (PRQVEMIRR); 79-93 (LKAVQRIAESHLQSI); 105-109 (EDELG); 122-141
(EEEEEEDEEEEEDSQAEVLK)
22-30 (PRQVEMIRR); 79-92 (LKAVQRIAESHLQS); 102-110 (SEEEDELGE); 131-144
(DEEEEEDSQAEVLK); 179-185 (KEQVED)
13-19 (LPYQIRR); 68-83 (LKAVQRIAESHLQSIS); 92-98 (EEEDELG); 118-133
(EEEEEEEDSQAEVLK)
No preferred α-helical regions
22-31 (PRQVEMIRRR); 90-103 (LKAVQRIAESHLQS); 139-152 (EEEEEEDSQAEVLK)
51-67 (LKAVQRIAESHLQSIS); 76-81 (EEEDEL); 97-117
(EEEEDDEEEEEEEDSQAEVLK)
62-78 (SLKAVQRIAESHLQSIS); 87-97 (EEEDELGELRA); 106-128
(EEEEEEEEEDEEEDSQAEVLKSS)
22-30 (PRQVEMIRR); 79-91 (LKAVQRIAESHLQ); 120-142
(EEEEEEEEEEEEDDSSQAEIIK); 180-188 (EEKEEAVQ)
22-31 (PRQVEMIRRR); 79-92 (LKAVQRIAESHLQS)
No preferred α-helical regions
22-31 (PRAVEMIRRR); 77-90 (SLKAVQRIVQSHLQ); 130-134 (EAECS); 149-155
(LENLMHQ); 176-181 (EEQVAC)
22-30 (PRAVEMIRR); 78-92 (SLKAVQRIVQAHLQS)
No preferred α-helical regions
22-30 (PLQVEMIRR), 78-91 (SLKAVQRMALAHLA); 135-144 (KEEAEEREEE)
22-30 (PRQVEMIRR); 79-93 (LKAVQKMAEAHMQNL); 115-120 (ATEVQA)
No preferred α-helical regions
33-41 (PRQVEMIRR); 90-103 (LKAVQKMAEAHMQK); 168-175 (DEEEEDMK)
27-35 (PRQVEMIRR); 85-97 (LKAVQKMAQAHLS); 112-140
(EEEEQHDEERQQKASEESKAQRDQRGLLD); 152-159 (EDAKEREE)
33-41 (PRQVEMIRR); 90-103 (LKAVQQMAEAQMQK); 157-185
(EEEEEEEEEEEEDEEKEEEEADDMAREES)

The conserved regions across a number of vertebrate species are coloured according to their respective region on DARPP-32.
J. Biosci. 39(3), June 2014
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Figure 6. Evolutionary strata of DARPP-32 tail inferred from multiple alignment and conservation of DARPP-32 molecular features
including phosphorylation sites. The C-termini of fish are dissimilar to those in higher vertebrates such as primates. Primordial C-terminus
with up to ~100 residues in total protein length is detected in coelacanth, amphibian, and bird. This is followed by extension of eutherianlike C-terminus up to 180 residues in total length detected in marsupial opossum. Full extended acidic domains are detected from
Tasmanian devil and elephant where full molecular features of human-like C-terminus are observed in vertebrates from horse onwards.
There are gain and loss of human-like phosphorylation sites on some species where full set of human-like phosphorylation sites were
eventually appeared in primates. Some species such as elephant, horse, and rabbit independently lost their PP1 docking motifs yet retain
T34 sites. Microbat has large truncation at N-terminus encompassing many conserved critical residues including T34 and T75, probably due
to change of lifestyle that disused DARPP-32.

One of the notable sequence features of DARPP-32 in
higher vertebrates is the presence of a highly acidic region
spanning 24 glutamic or aspartic acid residues in a total of
approximately 32-residual motif. Although this acidic motif
covers the phosphorylation site by CK2 at S102 (S97 for
mouse) and a nuclear export signal sequence in regulating its
nucleo-cytoplasmic localization, the exact role of this acidic
motif is still unclear.
Our predicted phosphorylation sites on human DARPP32 show heterogeneity and stratified hierarchy at the Cterminus (figure 5), indicating that these variable phosphorylation sites evolved at different stages during vertebrate
evolution. Our alignment result suggests acquisition of primordial eutherian-like C-terminus that later evolved into a
more specific function in regulating PP1 activities in the
J. Biosci. 39(3), June 2014

brain in coelacanth, amphibians, and birds, although it is
still not clear whether these primordial C-termini have a
direct role in modulating neuronal function in these species.
Acquisition of eutherian or mammal-like C-termini with
expanded phosphorylation sites implicated broader regulatory role of DARPP-32 in modulating PP1 activity in response
to more diverse biological cues.

3.5

Change of lifestyle during evolution may result in loss
of DARPP-32 N-terminus

Phylogenetics analysis of DARPP-32 in wide vertebrate
lineages enables us to identify some anomalous cases in a
few species. All of the vertebrate species surveyed in this

Evolution of DARPP-32
study, except the microbat, possess T34 residues. The
N-terminus of DARPP-32 in microbat is largely truncated
(figure 5), and yet DARPP-32 in megabat is intact. Since
DARPP-32 plays a key role in dopaminergic signalling and
rewarding stimuli in the brain, we postulate that the truncated isoform of DARPP-32 (t-DARPP-32) N-terminus in
microbat is due to change of lifestyle. Microbat lives in dark
habitat and uses echolocation to sense its spatial location and
to spot its preys such as insects. In contrast, megabat is a fruit
bat that does not use echolocation but has large eyes to
visually orient itself in forest and inside the cave. Furthermore, the sense of smell of megabat is excellent. These raise
the possibility that change of lifestyle habit and the disuse of
visual and smell senses had resulted in t-DARPP-32 in
microbat, and renders it inactive in inhibiting PP1 function.
t-DARPP-32 expression has been linked to β-catenin/TCF
signalling, underscoring a novel function of t-DARPP-32 in
cells (Vangamudi et al. 2011). Other novel functions of this
truncated form of DARPP-32 remain unknown. We also
observed short truncation of DARPP-32 N-termini in elephant, horse, and rabbit. Nonetheless, the T35 and other
known phosphorylation sites in rabbit (Aitken et al. 1982)
and T34 in elephant and horse for the activation of DARPP32 are still intact, while what appear to be short N-termini
truncations in DARPP-32 for these vertebrates may instead
represent incompleteness of the relevant datasets.
Overall, our phylogenetics analysis reveals stratified evolution of phosphorylation site acquisition at the C-termini of
DARPP-32 across vertebrates (figure 5). The well-conserved
structurally and catalytically important residues in eukaryotic lineages for PP1 are correlated with their regulator-driven
functional diversification (Ceulemans et al. 2002). Here, we
propose overall evolutionary scheme for DARPP-32
(figure 6). Fish have very dissimilar C-termini to those in
higher vertebrates. However, primordial C-terminus with up
to ~100 residues in total protein length is detected in coelacanth, amphibian, and bird followed by extension of
eutherian-like C-terminus up to 180 residues in total length
in marsupial opossum. Full extended acidic domains are
detected in Tasmanian devil and elephant to primates whereas full molecular features of human-like C-terminus are
observed from horse to primates. There are gain and loss of
human-like phosphorylation sites on some species where full
set of human-like phosphorylation sites were eventually
gained in primates. Some species such as elephant, horse,
and rabbit lost their N-termini encompassing PP1 docking
motif and yet still retain T34 site independently. Microbat is
the only species we observed to exhibit deletion at
N-terminus encompassing many conserved critical residues
including T34 and T75, probably due to change of lifestyle
leading to loss of PP1 inhibitory function. Gain of humanlike phosphorylation site at the C-termini of DARPP-32 in
higher vertebrates implicates expanded complexity of its
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regulation on PP1 activity in coupled to more diverse cellular cues.
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