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The bud emergence 46 (BEM46) protein from Neurospora crassa belongs to the a/b-hydrolase superfam-
ily. Recently, we have reported that the BEM46 protein is localized in the perinuclear ER and also forms
spots close by the plasma membrane. The protein appears to be required for cell type-specific polarity
formation in N. crassa. Furthermore, initial studies suggested that the BEM46 amino acid sequence is con-
served in eukaryotes and is considered to be one of the widespread conserved ‘‘known unknown’’ eukary-
otic genes. This warrants for a comprehensive phylogenetic analysis of this superfamily to unravel origin
and molecular evolution of these genes in different eukaryotes. Herein, we observe that all eukaryotes
have at least a single copy of a bem46 ortholog. Upon scanning of these proteins in various genomes,
we find that there are expansions leading into several paralogs in vertebrates. Usingcomparative genomic
analyses, we identified insertion/deletions (indels) in the conserved domain of BEM46 protein, which
allow to differentiate fungal classes such as ascomycetes from basidiomycetes. We also find that exonic
indels are able to differentiate BEM46 homologs of different eukaryotic lineage. Furthermore, we unravel
that BEM46 protein from N. crassa possess a novel endoplasmic-retention signal (PEKK) using GFP-fusion
tagging experiments. We propose that three residues namely a serine 188S, a histidine 292H and an
aspartic acid 262D are most critical residues, forming a catalytic triad in BEM46 protein from N. crassa.
We carried out a comprehensive study on bem46 genes from a molecular evolution perspective with com-
bination of functional analyses. The evolutionary history of BEM46 proteins is characterized by exonic
indels in lineage specific manner.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Bud emergence 46 (bem46) genes encode proteins belonging to
the BEM46 family within the a/b-hydrolase superfamily. This a/
b-hydrolase superfamily possesses a typical a/b-hydrolase domain,
which is characterized by a b-sheet core of five to eight strands
connected by a-helices to form a a/b/a sandwich [1,2]. Several
hydrolytic enzymes share the common a/b-hydrolase domain with
a wide array of catalytic functions with different phylogenetic his-
tory [2,3]. In fact, there are over 30,000 manually annotated mem-
bers of this domain in the ESTHER database [1]. However, the
functional characterization of BEM46 family members remains-
largely unknown with no information of their hydrolase activity
and substrate binding. The S. pombe bem46 gene was originally de-
scribed as a temperature-sensitive suppressor of S. cerevisiae bem1
and bud5 double mutant [4]. Mutations in bem1 and bud5 show
defects in cell polarization and establishment of non-random
budding patterns [5,6]. BUD5 is a GTP–GDP exchange factor
(GEF) for a BUD1 Ras-like small G protein and is necessary for
bud site selection [7]. BEM1 is a scaffold protein binding to
BUD1, the Cdc24p GEF for the Cdc42p Rho-like small G protein,
GTP-CDC42p, and to actin [5,8,9]. The bem46 homologous gene-
YNL320W in S. cerevisiae is not an essential single-copy gene
[10]. Likewise, a bem46 homolog WAV2 in Arabidopsis thaliana
was identified and it has no essential function [11]. Global analysis
of protein interactions in D. melanogaster indicate that there is a
low-confidence interaction between Drosophila BEM46 and
RAPSYNOID [12], which is a putative GEF for Ga protein and in-
volved in the control of asymmetric cell divisions [13]. In N. crassa,
BEM46 may play a role in a signal transduction pathway involved
in determining or maintaining cell type-specific polarity [14].
Hence members of the BEM46 family may modulate the function
of some morphogenic determinants, like GEF or actin, on the cell
surface. However, bem46 remains as one of the widespread
conserved ‘‘known unknown’’ eukaryotic genes, whose function re-
mains elusive [15,16]. Further studies are clearly required for a
better understanding of the function(s) of members belonging to
the BEM46 family.

In the current study, we analyzed the molecular evolution of
BEM46 family and we compiled BEM46 repository from selected
eukaryotic genomes. We demonstrate that BEM46 from different
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eukaryotic lineages show lineage-specific indels that can be used
as molecular marker for differentiating BEM46 in different lin-
eages. Using GFP-fusion tagging, we provide evidence that the
BEM46 protein (from N. crassa) has a novel and previously unchar-
acterized endoplasmic-retention signal (PEKK).
2. Materials and methods

We describ details of strains, DNA isolation, gel electrophoresis
and PCR amplification in supplementary section S1. We also describ
details of vector construction, transformation, transformant analy-
sis and microscopic methods in supplementary section S2. We ex-
tracted sequences using full-length N. crassa BEM46 via NCBI, JGI
and Ensembl [17] using BLAST suite [18]. We generated protein
alignments of BEM46 sequences with MUSCLE [19] and visualized
using GENEDOC [20]. We constructed Bayesian phylogenetic tree
in the MrBayes 3.2.1 [21]. We performed divergence analysis for
fungal BEM46 protein as described previously [22,23]. We created
the homology model of BEM46 protein from N. crassa using the
I-TASSER [24] and visualized it using YASARA [25]. We predicted
active site residues of BEM46 from N. crassa using COFACTOR
[26]. We provide details of data collection, sequence-structural
and phylogenetic analyses in supplementary section S3.
3. Results and discussion

3.1. All eukaryotic organisms possess at least one copy of bem46 gene

We have compiled a comprehensive repository of BEM46 from
representative eukaryotic organisms, as summarized by the Bayes-
ian phylogenetic tree (Fig. 1). The majority of eukaryotic organisms
have a single copy of BEM46 homolog, however, vertebrates have
several paralogs of BEM46 (originated by duplication events),
which separated in three different branches in this Bayesian phylo-
genetic tree (Fig. 1). Fungal BEM46 proteins are grouped into four
sub-branches namely ascomycetes, basidiomycetes, saccharomyce-
tes and methylotrophic yeasts. Interestingly, the parasitic fungus
Batrachochytrium dendrobatidis (infecting frogs) has two copies of
BEM46 and one copy is a close homolog of vertebrate BEM46
homologs (marked by arrow in Fig. 1). Possibly, this bem46 gene
originated from horizontal gene transfer.

We have not detected bem46 genes in bacterial genomes, how-
ever they possess other a/b-hydrolase superfamily members such
as lysophospholipase in Thioalkalivibrio sp. ALJ9 (Genbank acces-
sion id: WP_018173930.1). The members of a/b-hydrolase super-
family are one of the largest and most diverse protein families
known and these are comprised of proteases, lipases, esterases,
dehalogenases, peroxidases, and epoxide hydrolases with different
phylogenetic origin and catalytic function [2,3]. These members
have been extensively studied in last two decades after the first re-
port on a/b-hydrolases in 1992 [3]. Hence, we limited our study to
the BEM46 protein family. To evaluate the sequence features of
BEM46, we examined protein sequences in different eukaryotic
lineages and were able to illustrate several insertions/deletions (in-
dels) that might have played important roles in enhancing local
diversities within overall conserved BEM46 core domain as
described below. The existence of lineage-specific indels may also
explain the differences between Bem46 homologs within different
eukaryotic lineages.

3.2. Fungal BEM46 proteins have indels specific for fungal phyla

Using protein sequence analyses, we illustrate that there are
distinct differences in terms of indels for ascomycetes and basidi-
omycetes (Fig. 2). A large indel is found in the region between
87P-128I amino acids (according to BEM46 protein numbering
from N. crassa) as an insertion in basidomycetes but a deletion in
ascomycetes. Another two amino acid indels, located between
positions 205G-206D, are present in ascomycetes except yeast,
but absent in basidiomycetes except rusts. These indels were
mapped to BEM46 protein model structure to highlight their
respective locations. The large indel is localized in between the
b-sheet b2 to the helix a3, just before the a/b-hydrolase domain,
while the two amino acid indel between positions 205G-206D is
localized in the loop L10 in the a/b-hydrolase domain.

3.3. BEM46 protein from N. crassa possesses novel endoplasmic
reticulum (ER)-retention signal

We considered BEM46 protein from N. crassa as a standard
fungal BEM46, which is characterized by the presence of a signal
peptide at the N-terminus with hydrophobic residues and an endo-
plasmic reticulum (ER)-retention signal PEKK at the C-terminal end
(Fig. 3A). The ER-retention signal is designated by a prosite pattern
as [KRHQSA]-[DENQ]-E-L. The ER-retention signal for N. crassa
BEM46 does not fit into this typical pattern, however, it fits into re-
cently reported 35 newly defined ER-retention signals [27] by
using various permutation and combinations at these four posi-
tions. To examine if this putative motif serves as an authentic ER
retention signal, we performed a localization study with (Fig. 3B,
C) and without PEKK (Fig. 3D) at the C-terminal end using eGFP
as a tag. The native protein carrying the putative ER retention sig-
nal coupled with eGFP showed the previously described localiza-
tion to the perinuclear ER and in additional small spots near to
the plasma membrane [14]. In contrast, the eGFP tagged protein
without the PEKK sequence was not located to the ER any more,
but forms several small cytoplasmic spots (Fig. 3C). Our experi-
ment indicates that the PEKK motif is indeed an ER retention
signal.

3.4. Structural analysis of BEM46 protein reveals catalytic triad

We modeled the BEM46 protein from N. crassa using I-TASSER
[24]. It illustrates that BEM46 has a core a/b-hydrolase domain
with eight b-sheets (Fig. 4A). In addition, BEM46 has an extra re-
gion with two b-sheets and two a-helices in the N-terminal region.
To evaluate diversity within secondary structural elements, we
carried out divergence analysis of individual secondary structural
elements of different BEM46 proteins during fungal evolution.
Fig. 4B illustrates the divergence pattern of these elements among
different BEM46 proteins. We found that four loops L5, L11, L13
and L15 are particularly conserved. Normally, loops are conserved
in a typical a/b-hydrolase and they harbor active site for ligand
bindings. We computed putative binding site residues for three dif-
ferent ligands (Table 1) with C-score higher than �1.5, which re-
flects correct fold prediction whereas TM-score illustrates
structural similarity between the template and the predicted mod-
el, [24]. We found that loop L2 possess an important residue, a gly-
cine 117G, for two ligands namely acetic acid and glycerol.
Furthermore, amino acid positions between 186G-189L spanning
over b-sheet b6 and the loop L9 appear to be critical positions for
putative binding sites of fungal BEM46 protein as summarized in
Table 1. Among b-sheets, the b-sheet b7 is highly conserved and
it harbors a putative binding site residue (isoleucine 211I). The
loop L11 harbors an important residue, a phenyl alanine (216F).
Among a-helices, the helix a6 appears to be a critical one, as it pos-
sesses an important residue, leucine 222L, while the next loop L12
possesses another critical position (proline 228P). Additionally, a
potential binding site residue, valine 265 V, is also located near
the loop L15, and also a histidine (292H) is located in loop L17.
By combining these data, we propose that positions 117G, 188S,



Fig. 1. Bayesian phylogenetic analysis depicts BEM46-like proteins are conserved across different lineages of eukaryotic organisms. Fungal branches are shown by thicker
lines.
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189L are very critical as more than two ligands are binding to these
residues. On closer inspection, region 186G-189L harbors critical
residues that are important for ligand binding (Table 1).

To further define the most essential residues, we predicted ac-
tive site residues for BEM46 protein of N. crassa, and found that
residues 188S, 262D and 292H are most influential residues for
putative active site of BEM46 (marked by bold letters in Table 2).
An E-score (higher than 1.0) indicate an excellent structural/func-
tional prediction [24]. Serine 188S appears to be highly important
residue in the BEM46 active site along with 262D and 292H. These
two independent methods hint for four most critical residue for li-
gand binding and for activity of BEM46 protein as a serine 188S,



Fig. 2. Major insertions/deletions (indels) segments in BEM46-like proteins from different fungi. Numbering designates amino acid numbering of BEM46 from N. crassa. 100,
90 and 70% (with allowed substitutions) conserved residues is marked in red, green and blue, respectively. (For interpretation of the reference to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 3. Cellular localization analysis of BEM46 protein. The BEM46 protein of N. crassa carries a PEKK motif at the C-terminal end, which acts as an ER retention signal. (A)
BEM46 protein from N. crassa is characterized by a signal peptide with patches of hydrophobic residues (red color) at N-terminus and an exceptional endoplasmic-reticulum
(ER) retention signal at the C-terminal end. Raykhel et al. reported 35 newly defined ER-retention signals [27]. (B) Intracellular localization of Bem46::eGFP in a
macroconidospore stained with the ER specific fluorescent marker ER TrackerTM Red. As previously reported [13] the Bem46::eGFP fusion construct colocalizes with the
perinuclear ER stained with the fluorescent marker ER TrackerTM Red. Confocal laser scanning microscopical images of ER TrackerTM Red (i) Bem46::eGFP (ii) and overlay of
both (iii). (C) Intracellular localization of the eGFP-tagged BEM46 protein with the PEKK motif. (D) Intracellular localization of the eGFP-tagged BEM46 protein without the
PEKK motif. The perinuclear localization (green circles marked by blue arrows) of the BEM46:eGFP protein disappears, when the PEKK motif at the C-terminal end is missing.
Confocal laser scanning microscopical images of young hyphae and macroconidia exhibiting (i) eGFP fluorescence, (ii) calculated bright field. (For interpretation of the
reference to color in this figure legend, the reader is referred to the web version of this article.)
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followed by a leucine 189L, a histidine 292H and an aspartic acid
262D. Upon comparing known canonical a/b-hydrolases, it is
prominent that catalytic triads of these a/b-hydrolases are com-
posed of a nucleophile (serine/cysteine/aspartic acid), an acid res-
idue and a conserved histidine and they must be localized in the
loops [2]. Three out of four proposed residues 188S, 262D and
292H fulfill these requirements for forming a catalytic triad of
BEM46 protein. Furthermore, these residues are structurally con-



Fig. 4. Structural analysis of fungal BEM46. (A) Homology model of BEM46 from N. crassa suggests that BEM46 is composed of an extra region with two b-sheets and two a-
helices in N-terminal region other than a typical a/b hydrolase with eight b-sheets. (B) Divergence analysis of different secondary structural elements in fungal BEM46
homologs. All values are significant (P < 2.2e-16, Kuskal–Wallis test).

Table 1
Prediction of putative binding sites of BEM46 from N. crassa based on known crystal structures as template with similar binding site. Predicted with I-TASSER software. Putative
active site residues conserved in more than one ranking are marked in bold.

Rank Cscore PDB Hit TM-score RMSD IDEN Cov. BS-score Ligands Predicted binding site residues in the model

1 0.45 3fyuC 0.786 2.34 0.181 0.866 1.30 Acetic acid (ACY) 117G, 188S, 189L, 216F, 292H
2 0.35 2z3wA 0.677 3.33 0.117 0.784 0.88 Glycerol (GOL) 117G, 188S, 189L, 222L, 228, 265 V
3 0.06 3dduA 0.692 3.49 0.130 0.819 0.85 Glycerol (GOL) 186G, 187Q, 189L, 211I, 256F

Cscore is the confidence score of predicted binding site. Cscore values range in between [0–1]; where a higher score indicates a more reliable ligand-binding site prediction.
BS-score is a measure of local similarity (sequence and structure) between template binding site and predicted binding site in the query structure. Based on large scale
benchmarking analysis, we have observed that a BS-score > 1.1 reflects a very good local match between the predicted and template binding site.
TM-score is a measure of global structural similarity between query and template protein.
RMSD is the RMSD between residues that are structurally aligned by TM-align.
IDEN is the percentage sequence identity in the structurally aligned region.
Cov. represents the coverage of global structural alignment and is equal to the number of structurally aligned residues divided by length of the query protein.
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Table 2
Prediction of putative active site residues of BEM46 from N. crassa in comparison of top 5 enzyme homologs in protein databank (PDB) using COFACTOR software [35]. Putative
active site residues conserved in more than one ranking are marked in bold.

Ranking EC-score PDB Hit TM-score RMSD IDEN Cov. EC Number Predicted active site residues

1 1.365 2jbwD 0.597 2.34 0.141 0.750 3.7.1.- 188S, 292H
2 1.210 1yr2A 0.591 3.32 0.106 0.800 3.4.21.26 191G, 262D
3 1.188 1thtA 0.539 3.08 0.143 0.722 2.3.1.- 188S, 292H
4 1.109 1l7aA 0.692 2.35 0.161 0.872 3.1.1.72 3.1.1.41 125R
5 1.087 3ga7A 0.550 3.21 0.111 0.734 3.1.1.- 262D, 292H

EC-score is a confidence score for the Enzyme Classification (EC) Number prediction and it is used for ranking purpose. E-score (higher than 1.0) is indicatively of excellent
structural/functional prediction [33].
PDB Hit is known enzyme structure in Protein databank
TM-score is a measure of global structural similarity between query and template protein.
RMSD is the RMSD between models and the PDB structure in the structurally aligned regions by TM-align.
IDEN is percentage sequence identity in the structurally aligned region.
Cov. represents the coverage of the alignment and is equal to the number of structurally aligned residues divided by length of model.
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served in same positions as of the residues in the catalytic triad
among several canonical a/b-hydrolases. A catalytic triad is
defined by residues which share surface in the three dimensional
space. To illustrate that we mapped surface area of these three
residues (188S, 262D and 292H) as illustrated in Fig. S1 and it re-
veals that their combined surface area is interacting as required
for any other catalytic triad. This triad is conserved across all
known alpha/beta-hydrolases, which is also true with BEM46 as
illustrated for insect BEM46 proteins aligned with BEM46 from N.
crassa (Fig. S2).

3.5. BEM46 homologs share indels in other eukaryotic lineages

BEM46-like proteins from insects have only one amino acid
indel at the position 80 (Fig. S2). Furthermore, these BEM46 homo-
logs have an extension at the C-terminal end.

BEM46-like proteins from plant genomes have five indels
(Fig. S3) namely one amino acid indel at the position 80, two amino
acids indel between positions 205–206, eight to twelve amino
acids indel between positions 232–233, two to three amino acids
indel between positions 282–283 and two amino acids indel
between positions 300–301.

Vertebrates possess several paralogs of fungal BEM46 protein,
which are evolved by gene duplication events. These proteins have
been termed as abhydrolase domain containing (ABHD) proteins,
due to vertebrate-specific duplication events. Most prominent
and close members to these ABHD proteins to fungal BEM46 are
ABHD12 and ABHD13. These proteins are characterized by indels
in comparison to BEM46 from N. crassa as summarized in Fig. S4.
It is noteworthy that loss of function mutations in ABHD12 cause
polyneuropathy, hearing loss, ataxia, retinitis pigmentosa, and cat-
aract (PHARC) [28]. The ABHD12 has unique insertions in its core
domain that are marked by red bars in Fig. S4. Mammalian ABHD
proteins have important roles in lipid metabolism, lipid signal
transduction, and metabolic disease, characterized via global pro-
filing of dynamic protein palmitoylation [29,30]. However, annota-
tions and computational characterizations of ABHD proteins are
urgently required [29]. Our analysis shed first light into this
direction.

3.6. Evolutionary history of BEM46 proteins are characterized by
exonic indels

The findings here reveal a clear phylogenetic history of bem46
genes. BEM46 homologs are conserved in all eukaryotic organisms
from fungi to human (Fig. 1). We demonstrated that the con-
served BEM46 proteins are characterized by indels that discrimi-
nate these homologs in different lineages. Indels are generally
considered as rare genomic characters and they serve a phyloge-
netic marker during evolution [31]. The phylogeny of eukaryotes
is always under state of flux [32]. An influx of mutations governs
the evolution of genes/genomes and these mutations undergo a
stochastic process of neutral fixation via application of multiple
selective pressures that can control the neutral fixation dynamics
[32,33]. Characterization of both the mutational and fixation
events assists in understanding the evolutionary processes. Indels
are structural genomic changes, which play instrumental roles in
applications that try to reveal genomic loci that are evolving un-
der selection by virtue of either slowly or rapidly evolving se-
quences. In these analyses, it is essential that the mutational
input at the genomic regions under study is not abnormally high
or low [33–36]. Otherwise, the artifacts of the mutational dynam-
ics predominate over inferred selection and it will be not a true
indication for a functional constraint on the sequence. Genetic
changes are introduced into genomes through three methods such
as point mutations, insertions and deletions. The dynamics of each
of these mechanisms are influenced by the genomic fragments
under consideration and also by the presence of various factors
acting in trans.

Prior to availability of genome sequences, evolutionary studies
were primarily focused on either replacements of entire genes or
fragments of genomic regions or point mutations. Loss or gains
of genetic contents have direct immediate functional implications
and can be scanned over long evolutionary times. Small structural
changes such as 1–50 bps indels are intermediate in scale and are
less frequent than single base substitutions. However, they can ac-
count for comparable base pairs of change. For instance, previously
it was reported that 3.2% and 0.8% of the base pair changes be-
tween the fly species and in the primate species, respectively, were
affected by indels. In contrast, only 1.8% and 1.5% of the base pairs
were affected by point mutations in flies and primates, respectively
[37]. Therefore, short indels are as sensitive as primary sequences
and serve as significant factor in the mutational input that feeds
into the evolutionary process, a fact that underlines the importance
of characterizing the mechanisms that induce or suppress their
activity. Earlier works were focused on human indels at disease
loci [38–41] or on indels detected between relatively distant spe-
cies [42–44]. These led to the suggestion that such events are cor-
related with specific sequence contexts. More recent works
characterized extensive collections of indels in the human-chimp
lineages [45,46], or human-mice lineages [37] and vertebrate-spe-
cific contexts of gene superfamily evolution [44]. These data
further motivate a comprehensive approach to the description of
their sequence contexts. Likewise, indels were also described in
various studies in basal organisms such as for phylogenetic posi-
tion of trichomonads [47] and also fungal genome analyses such
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as during P-type ATPase gene family evolution [48] and during
understanding of the anamorphic fungus Rhizoctonia species com-
plex [49].

Generally, exonic indels require more complex mutational
mechanisms and are more constrained than single base substitu-
tions. In this work, we illustrate how indels play important roles
in bringing diversity in homologous protein coding regions of
bem46 genes in various eukaryotic lineages, which could be impli-
cated on functional level. However, attention is needed for further
functional characterization in different eukaryotic lineages, which
is yet in its infancy.

To the best of our knowledge, this is the first comprehensive
study on bem46 genes demonstrating BEM46 proteins being con-
served from fungi to human, and BEM46 homologues being charac-
terized by exonic indels that differentiate lineage of a particular
BEM46 homolog. We defined the active site of fungal BEM46 using
sequence and structural comparisons.
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