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Abstract

Gene duplication leads to the formation of gene families, wherein purifying or neutral selec-
tion maintains the original gene function, while diversifying selection confers new functions
onto duplicated genes. The B56 gene family is highly conserved; it is encoded by one gene
in protists and fungi, and five genes in vertebrates. B56 regulates protein phosphatase 2A
(PP2A), an abundant heterotrimeric serine/threonine phosphatase that functions as a tumor
suppressor and consists of a scaffolding “A” and catalytic “C” subunit heterodimer bound to
a regulatory “B” subunit. Individual regulatory B56 subunits confer disparate functions onto
PP2A in various cell-cell signaling pathways. B56 proteins share a conserved central core
domain, but have divergent N- and C-termini which play a role in isoform specificity. We car-
ried out a nonsynonymous/synonymous substitution analysis to better understand the diver-
gence of vertebrate B56 genes. When five B56 paralogs from ten vertebrate species were
analyzed, the gene family displayed purifying selection; stronger purifying selection was
revealed when individual B56 isoforms were analyzed separately. The B56 core experi-
enced stronger purifying selection than the N- and C-termini, which correlates with the pres-
ence of several contacts between the core and the AC heterodimer. Indeed, the majority of
the contact points that we analyzed between B56 and the AC heterodimer experienced
strong purifying selection. B56 subfamilies showed distinct patterns of selection in their N-
and C-termini. The C-terminus of the B56-1 subfamily and the N-terminus of the B56-2 sub-
family exhibited strong purifying selection, suggesting that these termini carry out subfam-
ily-specific functions, while the opposite termini exhibited diversifying selection and likely
carry out isoform-specific functions. We also found reduced synonymous substitutions at
the N- and C-termini when grouping B56 genes by species but not by isoform, suggesting
species-specific codon bias may have a role in regulating B56 gene expression.
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Introduction

The roles of kinases in signal transduction cascades are intensely studied, but much less is
known about the counter-regulatory role of protein phosphatases. The human genome encodes
approximately 400 serine/threonine kinases, but only about 30 serine/threonine phosphatase
catalytic subunits [1]. Because of this, phosphatases were originally thought to have wide-rang-
ing, constitutive activities. However, rather than having numerous catalytic subunits, serine/
threonine phosphatases achieve diversity by forming distinct protein complexes. PP2A forms a
heterotrimer with a scaffolding A subunit, a catalytic C subunit, and one of at least three differ-
ent B regulatory subunit gene families (B55/PR55/B, B56/PR56/B', and B72/PR72/B") [2]. Due
to the combinatorial effects of the association of multiple subunits, and the inclusion of alterna-
tive splicing, PP2A may form as many as 200 different phosphatase complexes. B subunits are
much more diverse than the A and C subunits, therefore they are the major contributors to
PP2A substrate specificity and subcellular localization.

B56 proteins are highly conserved between species, sharing approximately 60% identity
between human and yeast. The five human B56 paralogs (B560., B56f3, B56y, B568, and B56¢)
share 66% to 81% identity. B56 genes encode proteins with a highly conserved core of about
400 amino acids and variable N- and C-termini ranging from approximately ten to one hun-
dred amino acids in humans. Even though B56 isoforms are highly conserved, they maintain
distinct cellular functions, as their N- and C-termini are thought to provide isoform specificity.
Alternative splicing occurs at the B56y locus to produce transcripts with either a B56y N-termi-
nal extension (B567v/y) or a B563-like N-terminal extension (B568/y) [3]. B56y/y and B5668/y
are likely to have distinct roles in the cell, since their N-termini originate from two different
B56 paralogs.

B56 carries out essential functions in numerous cell-cell signaling pathways through its role
as a regulatory subunit of PP2A, and by and large these activities are isoform specific. For
example, B56 isoforms modulate canonical Wnt signaling; most B56 isoforms inhibit, whereas
B56¢ is required for, Wnt signaling [4-6]. Casein kinase I8 and Ig, both activators of Wnt sig-
naling, dissociate PP2A from a protein complex that inhibits Wnt signaling [7]. Although mul-
tiple B56 subunits modulate Wnt signaling, the position at which they act varies. B56¢ acts
upstream of disheveled, whereas B560 acts upstream, and B568/y acts downstream, of p-cate-
nin ([4-6] and J. M. Seeling, unpublished data). B560., but none of the other isoforms, pro-
motes the proteasomal-mediated degradation of Myc, thereby inhibiting Myc-dependent
transcription [8]. In addition to activating Wnt signaling, B56¢ also positively regulates Hedge-
hog signaling [9]. B56P and B568 induce neural cell differentiation through the activation of
nerve growth factor (NGF) signaling [10]. Loss-of-function studies showed that B565, but
none of the other isoforms, dephosphorylates CCAAT/enhancer binding protein 3 (C/EBPB)
and thereby promotes adipogenesis [11]. B56B dephosphorylates and thereby inactivates Akt, a
protein kinase central to multiple growth factor signaling pathways [12]. B56y has a direct role
as a tumor suppressor, as it inhibits cell spreading and metastasis by dephosphorylating paxil-
lin, and its loss of function cooperates with telomerase, Ras, and SV40 large T antigen to trans-
form human cells in culture [13, 14]. In addition, mouse knockouts show that B56y is required
for heart development [15].

Protein-coding sequences can be exposed to neutral, purifying, or diversifying selection.
Selective pressures may be dissimilar in distinct parts of a gene sequence, resulting in concur-
rent neutral, purifying, and/or diversifying selection at different positions within a gene. Gene
duplication plays a vital role in organismal complexity and the evolution of new gene function
[16]. Indeed, 15% of human genes likely resulted from gene duplication [17]. Diversifying
selection plays a key role in the early stages after gene duplication, and twenty to thirty percent
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of the time, one gene of a duplicate gene pair experiences either neutral divergence or diversify-
ing selection [18]. Subsequent to diversification, the majority of paralogs experience purifying
selection to maintain their newly acquired function [19].

Most duplicate genes are lost, however, genes involved in signal transduction pathways and/
or development often remain [20]. In signal transduction pathways, ligands and receptors usu-
ally evolve quickly, whereas regulatory proteins such as G proteins, kinases, and protein phos-
phatases generally evolve more slowly [21]. For example, the Gli gene family, which encodes a
transcription factor that regulates hedgehog signaling, exhibits neutral and purifying selection
in mammals [22].

We previously constructed phylogenetic trees to explore the evolution of the B56 gene fam-
ily in protists, plants, fungi, and animals [23]. The B56 gene was duplicated prior to the diver-
gence of diploblasts and triploblasts (species with two or three germ layers, respectively), and
likely twice more after the divergence of echinoderms from simple chordates. These duplica-
tions and subsequent gene losses gave rise to the five B56 loci currently found in vertebrates
lineages, which consist of three B56-1 subfamily genes (B560, B56p, and B56¢) and two B56-2
subfamily genes (B56y and B568). At least two vertebrate lineages have lost one of the five B56
paralogs; Xenopus lacks B568 and Aves lacks B56P [23]. Here we explored the nonsynonymous
and synonymous substitution rates within the B56 gene family of PP2A regulatory subunits to
gain a deeper understanding of the five B56 vertebrate genes that differentially regulate cell-cell
signaling pathways.

Methods
Selection and alignment of B56 gene homologs

Species with gene sequences for all five B56 paralogs (B560, B56f, B56y, B569, and B56¢), and
the B568/y splice variant, were selected from NCBI on the basis of high query coverage and
identity toward human B56 isoforms [24]. Each isoform, with the exception of B568/y, was
identified in ten vertebrate species: Danio rerio, Stegastes partitus, Alligator sinensis, Chrysemys
picta bellii, Mus musculus, Rattus novregicus, Ovies aries, Bos taurus, Felis catus, and Homo
sapiens. B568/y sequences were identified from each of the species listed above except A. sinen-
sis and C. p. bellii.

Nucleotide sequences were converted into the corresponding amino acid sequences using
the “nt2aa” function of MATLAB 7.11.0.584 (R2010b) (MathWorks, Natick, MA). Alignments
were generated from these amino acid sequences using Clustal Omega by EMBL-EBI [25].
Clustal Omega was used as an alignment tool because of its ability to align full-length
sequences with large, non-conserved terminal ends [26]. These alignments were used as a
guide to insert the appropriate gaps in the original nucleotide sequences that corresponded to
the aligned protein sequences. The alignment of all B56 isoforms is shown in S1 Fig.

dN/dS Calculation

The nonsynonymous and synonymous substitution rates were estimated with the dN/dS func-
tion using the NG method of the Bioinformatics Toolbox in commercial software package
MATLAB 7.11 (R2010B) (MathWorks, Natick, MA, USA). The NG method takes into account
the number of synonymous and nonsynonymous substitutions and the number of potential
synonymous and nonsynonymous sites [27]. dS substitution rates above 1.2-1.5 are considered
saturated with synonymous substitutions, and may give rise to w values which are not reliable
indicators of selective pressure [28, 29]. However, overall profiles did not change markedly
when w ratios with dS substitution rates above 1.5 were excluded.

PLOS ONE | DOI:10.1371/journal.pone.0145529 December 21,2015 3/16



@’PLOS ‘ ONE

A Nonsynonymous/Synonymous Substitution Analysis of B56

As the dN/dS function eliminated all sequences at a given position if a gap was present in
one or more of the aligned sequences, less of the N- and C-termini were incorporated into
alignments that included a greater number of B56 paralogs. In the analysis of all of the B56 iso-
forms, 20 amino acids of the N-terminus were included (19% to 63% of the N-terminus,
depending on the isoform). 29 amino acids of the C-terminus were included (27% to 94% of
the C-terminus). With the B56-1 subfamily, 48 amino acids of the N-terminus were included,
or 72% to 91% of the N-terminus, over twice that included in the family-wide analysis. With
regard to the B56-2 subfamily, 30 amino acids of the N-terminus were included, or 28% to 94%
of the N-terminus, a 1.5 fold increase over the family-wide analysis. 105 amino acids of the C-
terminus were included, or 99 to 100% of the C-terminus, an almost four fold increase over the
family-wide analysis.

To determine the selective pressure experienced by B56 subdomains, dN, dS, and w values
were calculated using a 50 codon sliding window over the entire aligned length. dN, dS, and w
values were calculated for each gene pair, after which the values for each window were divided
by the number of possible pairs to get the average value for each window. The resulting aver-
aged dN, dS, and w values are shown at the first codon position of each 50 codon window. Due
to the window size, the last 49 amino acids of the C-termini were not plotted because the dN,
dS, or w values for the last 49 amino acids of the C-termini could not be calculated. In the single
amino acid analysis, undefined dN/dS ratios in which the denominator was zero did not gener-
ate a number that could be graphed. Therefore, less than four percent of the w ratios were
graphed.

Statistical Analysis

The Mann-Whitney Test was used in a pairwise test to determine whether the medians of the
dN, dS, and w values were significantly different [30]. Medians were used as the test statistic
because the data had variable sample size, contained significant outliers, and were not normal
(even after a log transformation). p values less than 0.05 were considered significant.

Results and Discussion
The vertebrate B56 gene family experienced purifying selective pressure

To better understand how five vertebrate B56 gene copies evolved into distinct genes with dif-
ferent functions, we analyzed the rate of nonsynonymous (dN) and synonymous (dS) substitu-
tions during the evolution of the B56 gene family in vertebrates. We limited our analyses to ten
species which possess all five B56 genes: Danio rerio, Stegastes partitus, Alligator sinensis,
Chrysemys picta bellii, Bos taurus, Ovis aries, Felis catus, Rattus norvegicus, Mus musculus, and
Homo sapiens. We initially examined the entire group of fifty vertebrate B56 genes. Because the
N- and C-termini were not highly conserved between B56 paralogs, sequence alignments intro-
duced more gaps in these domains than in the core domain (S1 Fig).

B56 family and subfamilies. Each of the resultant dN/dS (w) ratios was less than one
when the entire gene was analyzed, signifying purifying selection (Fig 1 and S2 Fig). In fact,
most w ratios were less than 0.3, indicating strong purifying selection. However, one gene pair
within the B56-2 subfamily, the B56y and B565 genes from S. partitus, exhibited close to neu-
tral selection. This was due to the pair’s low dS substitution rate, as their dN substitution rate
was similar to other gene pairs in this analysis. This low dS rate suggests that synonymous
changes may be selected against due to codon bias in the B56-2 subfamily in S. partitus. Synon-
ymous substitutions have been shown to alter gene expression through several mechanisms,
e.g., its effects on cis regulatory elements, mRNA secondary structure, and/or rates of transla-
tion [31].
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Fig 1. While the B56 Core Experienced Purifying Selection, the N- and C-Termini Experienced Diversifying Selection in Analyses Consisting of
Multiple Paralogs. A log-log plot depicting the dN/dS values for the B56 gene family. “all” included B56a, B56f3, B56y, B560, and B56¢; the B56-1 subfamily
included B56a, B563, and B56¢, whereas the B56-2 subfamily included B56y and B568. For each grouping, the values for the N-terminus are depicted by
green triangles, the core are represented by blue squares, the C-terminus are depicted by red triangles, and the values for the entire gene are represented by
black circles. The black line corresponds to dN/dS = 1 and reflects neutrality. The dashed blue line corresponds to dN/dS = 3 and the dashed red line
corresponds to dN/dS = 0.3.

doi:10.1371/journal.pone.0145529.g001

To better understand B56 subfamily evolution, we determined w separately for the B56-1
and B56-2 subfamilies. Both subfamilies displayed strong purifying selection, as all w ratios
were less than one (Fig 1). The B56-1 and B56-2 subfamilies experienced stronger purifying
selection than the entire B56 family, as would be expected if the B56-1 and B56-2 subfamilies
experienced distinct forces of purifying selection (S2 Fig, S1 and S2 Tables). The synonymous
substitution rate was lower in the B56-1 subfamily than the B56-2 subfamily or when all para-
logs were analyzed together (S2 Fig, S1 and S2 Tables). This suggests that synonymous changes
in the B56-1 subfamily may be selected against due to codon bias.

Individual B56 isoforms. To specifically examine selection occurring within individual
isoforms, each of the five vertebrate B56 isoforms was examined separately. These analyses
included the B565/y splice variant from each of the species listed previously except A. sinensis
and C. p. bellii, where sequences of sufficient length could not be identified. Each of the iso-
forms displayed strong purifying selection (Fig 2). B56¢ displayed an order of magnitude lower
o ratio than the other isoforms, suggesting that it experienced very strong purifying selection,
or that it arose more recently (Fig 2 and S2 Fig). B56f displayed the weakest purifying selection,
and the other B56 isoforms exhibited intermediate levels of purifying selection (S2 Fig). Impor-
tantly, the w ratios from the analyses of all B56 isoforms were higher than those of individual
isoforms, suggesting that the individual isoforms have undergone distinct paths of purifying
selection (Figs 1 and 2, S2 Fig).

The w plot of B56¢ possessed an outlier, the S. partitus and D. rerio pairing, with an approxi-
mately five fold higher w ratio than the other gene pairs (Fig 2). This species pair also possessed
high dN and dS substitution rates for B56c, B567, and B5668/y. This may reflect reduced purify-
ing selection of B56¢ and the other isoforms in fish, due to elevated rates of substitution in fish
versus mammals (and presumably other vertebrates) [32].

The N- and C-termini experienced differential selection

It has long been hypothesized that the core, which consists primarily of a-helices and intercon-
necting loops, interacts with the A and C subunits of the heterotrimer, while the N- and
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Fig 2. While the B56 Core Experienced Strong Purifying Selection, the N- and C-Termini Experienced Weak Purifying or Diversifying Selection
When B56 Isoforms Were Analyzed Independently. A log-log plot depicting the dN/dS values for each individual B56 isoform (B56a, B563, B56y, B56d/y,
B560, and B56¢). The values for the N-terminus are depicted by green triangular frames, the core values are represented by blue square frames, the C-
terminus values are depicted by red triangular frames, and the values for the entire gene for each isoform are represented by black circular frames. The black
line corresponds to dN/dS = 1 and reflects neutrality. The dashed blue line corresponds to dN/dS = 3, and the dashed red line corresponds to dN/dS = 0.3.

doi:10.1371/journal.pone.0145529.g002

C-termini bind the substrate and determine subcellular localization. As the core and the N-
and C-termini are proposed to have distinct functions, it is likely that they may have experi-
enced different selective pressures. We therefore analyzed dN and dS substitution rates for the
core and the N- and C-terminal domains separately (S3 Table).

B56 family and subfamilies. When all of the B56 paralogs, the B56-1 subfamily, or the
B56-2 subfamily were analyzed, the core exhibited stronger purifying selection than the whole
gene, (Fig 1 and S3 Fig, S4 and S5 Tables). In addition, the core experienced stronger purifying
selection in the subfamilies versus the entire gene family. The reduced w ratios in both subfami-
lies as compared to the family-wide analysis suggest that significant purifying selection of the
core occurred after the duplication that produced the B56-1 and B56-2 subfamily progenitors.
Although the core makes contacts with the A and C subunits, portions of it are also thought to
interact with substrates, and subfamily-specific substrate-binding sites may account for the
reduced purifying selection in the family-wide analysis. In addition, the B56-2 core experienced
stronger purifying selection than B56-1. B56-1 and B56-2 had similar dS values, so this is less
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likely due to the two B56-2 genes being products of a more recent duplication event than to
constraints on B56-2 amino acid substitutions.

The N- and C-termini contrast with the core, showing weaker purifying selection. When all
of the B56 sequences were analyzed, a significant number of gene pairs displayed w ratios equal
to or greater than one, indicating neutral or divergent selection, respectively (Fig 1). However,
many o ratios were less than one and therefore in the purifying range. The N-terminus pos-
sessed more gene pairs with strong diversifying selection than the C-terminus. The average dN
substitution rates of the N- and C-termini were approximately five times greater than that of
the core (S3-S5 Figs and S4-S9 Tables).

The pattern of selection varied between the N- and C-termini in the B56-1 and B56-2 sub-
families (Fig 1). The B56-1 subfamily displayed stronger purifying selection at its N-terminus
as compared to its C-terminus, whereas the C-terminus of the B56-2 subfamily displayed
stronger purifying selection than its N-terminus. The termini likely bind to molecules that
differentially interact with the individual isoforms, e.g., their substrates. This suggests that
subfamily-specific protein partners interact with the N-termini in the B56-1 subfamily and
the C-termini in the B56-2 subfamily. On the other hand, specificity within the subfamilies
was likely encoded by the C-termini in the B56-1 subfamily and the N-termini in the B56-2
subfamily, with these domains providing binding sites for paralog-specific protein partners.
This finding correlates with the existence of a B56-2 mixed-isoform splice variant of the
B56y locus, B568/y [3, 23]. This N-terminal alternative splicing is likely to lead to a gene
product possessing a function distinct from B56y, whereas an alternative splicing of the C-
terminus would not. The presence of the B563/y splice variant may have allowed the loss of
the B566 gene in Xenopus, as it would likely possess functions more similar to B568 than
B56Y.

Individual B56 isoforms. Within each B56 isoform, the strong purifying selection of the
core was tempered by the weak purifying or slight diversifying selection of the N- and C-ter-
mini to yield moderately strong purifying selection of the entire gene (Fig 2). Analyses of the
larger B56 groups showed diversifying selection in the termini, as the termini were likely to
have been hot spots for amino acid substitutions that define the individual B56 isoforms. The
N- and C-termini showed relatively similar selective pressures in each of the B56 isoforms.
However, the N-termini of B56c and the C-termini of B56p had w ratios closer to neutral, or
greater than one in the case of B56B. The weak purifying or slight diversifying selection in the
N-termini of B560 and the C-termini of B56 suggests that these domains were not as
restricted in their amino acid substitutions as other domains of the protein or as the N- and C-
termini of B56y, B568, B568/y, or B56¢. This also suggests that B560. and B56f possess more
varied functions, or that they interact with proteins that are not as highly conserved as the pro-
teins interacting with B56y, B563, B563/y, or B56¢ in the species analyzed. B56f possessed the
highest w ratios for every domain except for the N-terminus, while B56¢ possessed the lowest
w ratios of any other isoform (S2-S5 Figs). The strong purifying selection of B56e may be due
to the fact that it is the only isoform known to be required for Wnt signaling, while most other
isoforms inhibit Wnt signaling [4-6].

The dS substitution rates of B568 were approximately two-fold higher than the other para-
logs. Differential dS substitution rates for B568 were maintained when the whole sequence, the
core, or the N-terminus were analyzed, but not the C-terminus (S2-S5 Figs; S2, S5, S7 and S9
Tables). The majority of B56 isoforms may contain regulatory elements of gene expression that
fall in the coding region and are manifested in codon bias and therefore low dS rates. However,
B568’s high dS rates suggest that its gene expression may be regulated by mechanisms that are
independent of codon bias.
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Selective pressure experienced by B56 subdomains

The three dimensional structure of B56y was determined while complexed with the PP2A AC
heterodimer, as well as alone [33-35]. The core domain forms eight pseudo-HEAT repeats,
each of which consists of two antiparallel o-helices of four to nineteen amino acids. The a-heli-
cal pairs are separated by five to twenty-eight amino acids, while the individual pseudo-HEAT
repeats are separated by one to eleven amino acids. In these X-ray crystallography studies, the
N- and C-termini were either not present in the protein that was crystallized, or were not visi-
ble in the resultant crystalline structure due to their flexible nature. The reduced purifying
selection that we have shown in the termini is likely due to this flexibility. This analysis was car-
ried out with the expectation that subdomains involved in interactions with the A and C sub-
units would be shared by all paralogs and therefore would have experienced strong purifying
selection. However, subdomains determining paralog specificity, i.e., substrate specificity and/
or subcellular localization, would have experienced weak purifying or diversifying selection. To
define the selective pressures felt by discrete regions within the B56 gene family at a finer reso-
lution, a sliding window analysis was used to examine dN substitution rates, dS substitution
rates, and w ratios.

B56 family and subfamilies. dS substitution rates were between one and two throughout
most of these analyses (Fig 3). When all B56 sequences were analyzed together, both the N-
and C-termini provided an exception to the moderate dS substitution rates, as their dS values
dropped dramatically to approximately 0.2 at the N-terminus and 0.25 at the C-terminus. In
examining the B56-1 and B56-2 subfamilies, it appeared that the low dS substitution rate at the
N-terminus of all B56 sequences was due to the low dS substitution rate at the N-terminus of
B56-2, which had a dS substitution rate of 0.15. On the other hand, the low dS substitution rate
at the C-terminus appeared to be due primarily to the 0.3 dS substitution rate at the C-terminus
of B56-1. The low dS substitution rates at the termini were likely due to the effects that synony-
mous substitutions can have on gene expression [31]. Specifically, intragenic variation in syn-
onymous codon usage can affect the rate of translation and therefore the dynamics of protein
folding, especially for proteins containing a-helical domains [36]. The B56-2 subfamily had
lower w ratios than the B56-1 subfamily, especially in subdomains in the central core domain,

all B56-1

0 200 400 600 0 200 400 600 0 200 400 600

Fig 3. A Sliding Window Analysis for the Broader B56 Family, or the B56-1 and B56-2 Subfamilies, Revealed Selective Pressures at a Finer Level. A
fifty amino acid sliding window was employed to determine dN (red), dS (green), and dN/dS (blue) values for the entire gene family (all: B56a, B563, B56y,
B56%, and B56¢), or the B56 subfamilies (B56-1 and B56-2). Dashed lines demarcate the core domain. The data were superimposed on a pictorial
representation of the structure of the B56 conserved core domain with each number above a lightly hued bar denoting a pseudo-HEAT repeat and the darker
bars within those representing a-helices.

doi:10.1371/journal.pone.0145529.9003
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signifying that specific subdomains experienced stronger purifying selection than the corre-
sponding regions in B56-1.

Individual B56 isoforms. The dramatic drops in the dS substitution rates at the N- and C-
termini were not observed in the B56 paralog analyses, indicating that the depressions detected
in the entire B56 family may be due to species-specific codon bias (Fig 4). Indeed, dS substitu-
tion rates were reduced at the N- and C-termini in species-specific analyses of the B56 paralogs
(Fig 5) Codon bias has been detected in vertebrates; it is often gene-specific, and tends to be
observed in highly expressed genes [37, 38]. This suggests that B56 genes undergo species-spe-
cific regulation of their gene expression. The increased dS substitution rates of B568, as men-
tioned earlier, were also apparent. The most significant deviation of dS substitution rates
occurred in an approximately 100 amino acid region in the N-terminal half of the B56¢ core
(amino acids 25-150 of the core), where it dropped down to an average of approximately 0.3.
Similar depressions in dS substitution rates in the N-terminal end of the core were also present
in B560., B56y, and B563/v, although they were not as deep or as extensive as that in B56e.
Overall, these reductions in synonymous substitutions were most likely due to the effects that
intragenic synonymous changes can have on gene expression [36].

No regions of strong purifying selection were shared by all B56 paralogs. B56y, B568/y, and
B56¢e displayed w ratio depressions, indicating strong purifying selection, in pseudo-HEAT

200 300 400 100 200 300 400 500 600

Fig 4. A Sliding Window Analysis of Individual B56 Isoforms Revealed Selective Pressures at a Finer Level. A fifty amino acid sliding window was
employed to determine dN (red), dS (green), and dN/dS (blue) values for each individual B56 isoform (B56a, B563, B56y, B568/y, B568, and B56¢). Dashed
lines demarcate the core domain. The data were superimposed on a pictorial representation of the structure of the B56 conserved core domain with each
number above a lightly hued bar denoting a pseudo-HEAT repeat and the darker bars within those representing a-helices.

doi:10.1371/journal.pone.0145529.9004
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Danio rerio Stegastes partitus Alligator sinensis Chrysemys picta bellii
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———dN/dS
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Bos taurus Felis catus Rattus novregicus

Mus musculus
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Fig 5. A Species-Specific Sliding Window Analysis of B56 Isoforms Revealed Species-Specific Codon Bias. A fifty amino acid sliding window was
employed to determine dN (red), dS (green), and dN/dS (blue) values for five B56 paralogs (B56a, B56, B56y, B560, and B56¢) in each of ten species
(Danio rerio, Stegastes partitus, Alligator sinensis, Chrysemys picta bellii, Mus musculus, Rattus novregicus, Ovies aries, Bos taurus, Felis catus, and Homo
sapiens). Dashed lines demarcate the core domain. The data were superimposed on a pictorial representation of the structure of the B56 conserved core
domain with each number above a lightly hued bar denoting a pseudo-HEAT repeat and the darker bars within those representing a-helices.

doi:10.1371/journal.pone.0145529.9005

repeats one and seven; B56f, B568, and B56¢ in repeat two; B568 and B56¢ in repeat three;
B56y and B568/y in repeats four and five; all paralogs but B56f in repeat six; and B560. and
B56Y in repeat eight. None of the regions of purifying selection were present in all paralogs, and
the depressions did not segregate with the subfamilies. This suggests that prior to duplication,
the ancestral B56 gene had multiple conserved regions that were subject either to subfamily-
specific relaxation of selection or subfamily-specific selection for novel functions [16]. Alterna-
tively, the regions of purifying selection could have arisen independently in the paralogs, or
these regions could have been copied from one paralog to another through gene conversion.

Selective pressure on individual amino acids

To further delineate regions of purifying and diversifying selection in the B56 gene family, we
analyzed w ratios of individual amino acids. Whether all B56 genes, the two subfamilies, or
individual isoforms were analyzed, a preponderance of three distinct w ratios resulted: 0, 0.65,
and 1.9, indicating strong purifying selection, moderate purifying selection, and diversifying
selection, respectively (Figs 6 and 7). The congregation of w ratios at 0.65 and 1.9 suggests that
the residues within each of these two groups may be coevolving with one another. A study of

PLOS ONE | DOI:10.1371/journal.pone.0145529 December 21,2015 10/16
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Fig 6. A Nonsynonymous/Synonymous Analysis of the B56 Gene Family, and B56-1 and B56-2 Subfamilies, at the Single Amino Acid Level. dN/dS
values were calculated for each amino acid, and the average was plotted with 95% confidence interval brackets for each position in which w was not
undefined. Sample sets included the entire gene family (all: B56a, B563, B56y, B560, and B56¢), and the B56 subfamilies (B56-1 and B56-2). Dashed lines
demarcate the core domain. The data were superimposed on a pictorial representation of the structure of the B56 conserved core domain with each number
above a lightly hued bar denoting a pseudo-HEAT repeat and the darker bars within those representing a-helices. Amino acid positions in which dN/dS
calculations generated an undefined number (dS equal to zero) that therefore could not be graphed are denoted by red circles if dN equaled zero, or green
squares if dN was any number but zero.

doi:10.1371/journal.pone.0145529.9006
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Fig 7. A Nonsynonymous/Synonymous Analysis of Individual B56 Paralogs at the Single Amino Acid Level. dN/dS values were calculated for each
amino acid, and the average was plotted with 95% confidence interval brackets for each position in which w was not undefined. Each B56 isoform (B56q,
B56pB, B56y, B568/y, B565, and B56¢) was analyzed. Dashed lines demarcate the core domain. The data were superimposed on a pictorial representation of
the structure of the B56 conserved core domain with each number above a lightly hued bar denoting a pseudo-HEAT repeat and the darker bars within those
representing a-helices. Amino acid positions in which dN/dS calculations generated an undefined number (dS equal to zero) that therefore could not be
graphed are denoted by red circles if dN equaled zero, or green squares if dN was any number but zero.

doi:10.1371/journal.pone.0145529.9007
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Rubisco found that half of all residues coevolved and that the coevolving amino acids were in
groups of two to sixteen residues that were localized near one another in the three dimensional
structure of the protein [39]. Future studies will analyze the possibility of coevolving amino
acids in B56.

As mentioned previously, B56’s pseudo-HEAT repeats consist of two antiparallel a-helices
surrounding an intra-repeat loop; the pseudo-HEAT repeats are connected to one another
through inter-repeat loops. Several contact points between B56y and the PP2A AC heterodi-
mer, primarily in the intra-repeat loops, have been identified [33, 34]. Because of the high con-
servation within the B56 gene family, analogous interactions are likely to occur with each B56
paralog. We found that four out of five contact points with calculable w ratios, i.e., their dS sub-
stitution rates were not zero, had an w ratio of zero (Fig 7). All but one of these was in an intra-
repeat loop. These sites included PP2A A interaction sites K217 in B56c and K273 in B56¢,
and PP2A C interaction sites V288 in B56B, H415 in B568, and K273 in B56¢. This indicated
that B56 contact points with the PP2A AC heterodimer experienced intense purifying selec-
tion. However, amino acid 369 in B56f, which is in a position known to interact with PP2A C,
had an w ratio of 1.89, signifying diversifying selection. We have shown, however, that B56p
experienced the weakest purifying selection of any of the paralogs (Fig 2).

Conclusions

The B56 gene family has experienced purifying selection, however, individual paralogs experi-
enced even stronger purifying selection, suggesting that the individual isoforms have under-
gone distinct paths of purifying selection. In addition, the B56 core experienced stronger
purifying selection than the N- and C-termini. Within the B56-1 subfamily, the N-terminus
experienced purifying selection, while the C-terminus experienced diversifying selection. This
pattern was reversed in B56-2. This suggests that the N-termini carry out subfamily-specific
functions and that the C-termini carry out isoform-specific functions in B56-1, with the oppo-
site patterning in B56-2. In addition, species-specific reductions in synonymous substitutions
at the N- and C-termini suggest that species-specific codon bias may play a role in regulating
B56 expression. As B56 isoforms can have opposing roles in signaling pathways, understanding
the basis of this antagonism may help to clarify their disparate functions. The divergence of the
B56 gene family in vertebrates is likely to have provided a mechanism to finely regulate diverse
cell-cell signaling pathways.

Supporting Information

S1 Fig. Sequence Alignment of all B56 Isoforms. B560, B56f3, B56y, B568/y, B566, and B56e
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