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Evolution of the mob Gene Family
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Abstract: Mob proteins from distantly related eukaryotic species share very high sequence similarity and they are charac-
teristic of a conserved Mob domain with around 180 amino-acid residues in length. However, the evolutionary relation-
ship of mob family genes has not been extensively investigated. Through a phylogenetic approach, we have conducted a
comprehensive evolutionary analysis of the mob gene family. Here we show that over 270 mob family members from pro-
tists to animals can be organized in four distinct groups. This classification is strongly supported by the analysis of mob
exon-intron structures. Moreover, the conservation and divergence patterns of different groups of Mob proteins have been
elucidated. Structural information and the identification of fixed amino acid substitutions provide evidence about the puta-
tive significance of specific residues in the structural integrity and/or molecular functions of Mob proteins. Thus, this
study reveals the evolutionary history of mob gene family and provides a basis for functional studies of Mob proteins.
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INTRODUCTION

The first member of the mob (Mps one binder) gene fam-
ily, mob1, was identified in budding yeast as a critical regu-
lator of mitosis [1]. In fission yeast, mobl is involved in
regulating processes such as cytokinesis [2]. These yeast
Mobl proteins bind to and stimulate the activities of Dbf2
and Sid2 protein kinases [3-5]. The other known Mob pro-
tein in yeast, Mob2, can similarly associate with and activate
the kinase activities of Dbf2-related protein (Cbkl) and
Sid2-related protein (Orb6) [6-8]. From these early studies,
we began to understand that Mob proteins are critical intra-
cellular signaling molecules and can function to regulate
catalytic activity of certain protein kinases.

In human cells, Mob1-related proteins have been identi-
fied and shown to positively regulate Dbf2 homologues,
NDR (nuclear Dbf2-related) protein kinases [9-11]. Simi-
larly, the Drosophila Mob family proteins have been found
to function as binding partners of fly Ndr family protein
kinases Warts (Wts)/Lats (Large tumor suppressor) and Tri-
cornered (Trc) [12, 13]. Moreover, the Drosophila mob1/mob
as tumor suppressor (mats) (CG13852) was discovered as a
growth inhibitor critical for cell proliferation and apoptotic
control, and a human mats ortholog can functionally replace
the fly mats gene to regulate tissue growth [12]. Studies on
plant species also demonstrated the presence of Mobl-like
genes and their putative function in cytokinesis [14-16].
Their cell cycle-regulated expression patterns and subcellular
localizations indicate these Mob-like proteins function in cell
proliferation and programmed cell death [16]. Therefore,
Mob proteins are functionally important in both single cell
and multi-cellular eukaryotes.
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Mob proteins share high sequence similarity and they are
characteristic of a conserved domain Mob1_phocein (pfam
03637) with around 180 amino acid residues in length (for
simplicity, here we will call it the Mob domain). Mob family
proteins are usually small and contain no other known struc-
tural motifs. The structural analyses of human, Xenopus
laevis and yeast Mob1 proteins have revealed a central four-
helix bundle stabilized by a zinc ion [17-19]. Moreover, they
have identified an evolutionarily conserved acidic surface by
which Mob proteins might interact with Ndr family protein
kinases through electrostatic interactions.

Considering their high sequence similarity across dis-
tantly related species, we aimed to carry out a comprehen-
sive evolutionary analysis to investigate the evolutionary
relationship among all mob genes. Toward this goal, we have
identified more than 270 mob family members from protists
to animals, and conducted phylogenetic analysis. The study
of the exon-intron structures elucidated the conservation and
divergence patterns of different groups of mob genes. Struc-
tural information and the identification of fixed amino acid
substitutions provided evidence about the putative signifi-
cance of certain structural features or specific residues in the
structural integrity and/or molecular functions of Mob pro-
teins. Thus, this study offers not only the knowledge about
the evolutionary history of mob gene family but also a basis
for the prediction of biological functions of Mob proteins in
eukaryotes.

MATERIALS AND METHODS
Extraction of Sequences

Mob protein sequences were obtained from the National
Center for Biotechnology Information (NCBI) website (http://
www.ncbinnih.gov) and used as queries for BLASTp and
tBLASTn searches against NCBI databases (http://www.
ncbi.nih.gov) and Ensembl databases (http://www.ensembl.
org/index.html). Some Mob proteins were identified by
searching genome sequences from organism-specific web-
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sites (Dictybase - http://dictygenome.org, the Giardia lam-
blia Genome Database - www.mbl.edu/Giardia, and Ciona
intestinalis Genome - http://genome.jgi-psf.org/Ciona). Only
sequences that have more than 50 percent coverage of query
lengths were kept. Truncated sequences and redundant se-
quences were eliminated. The final 73 sequences used for
this study are summarized in Supplementary Table S1 with
information on species, gene names and accession numbers.

Sequence Alignments

Initially, full-length protein sequences were aligned using
Multiple Alignment Mode in ClustalX1.83 with default pa-
rameter setting. We used MEGA3.1 to generate a prelimi-
nary neighbor-joining (NJ) tree for observing a classification
pattern of Mob family. Both N-terminus and C-terminus
were shown to have poor sequence conservation compared to
the Mob domain region. This is the only domain found in
Mob proteins and it comprises about 80 percent of the full
protein length. We used Mob domain sequences for further
phylogenetic analysis. We also did individual alignment for
each subgroup and profile alignments (ClustalX) for other
analyses, such as identification of conserved substitutions
and conservation mapping.

Phylogenetic Analysis

Multiple alignment results of Mob domain sequences were
subject to neighbor-joining and maximum parsimony
phylogeny reconstruction using MEGA3.1 and PHYLIP. NJ
tree was rooted with a Mob from Diplomonadida (Giardia lam-
bia) and constructed using p-distances with complete elimina-
tion of alignment gaps. One hundred forty-four amino acids of
the Mob domain were used. The reliability of the resulting NJ
and MP trees was tested by 1000 bootstrap resamplings.

Exon-Intron Structures

The exon-intron structures of mob genes from representa-
tive organisms were determined by mRNA-to-genomic
alignment using Spidey program (http://www.ncbi.nlm.nih.
gov/IEB/Research/Ostell/Spidey/spideyweb.cgi) or directly
obtained from Ensembl web pages.

Expression Analysis of Human MOB Genes

The expression data of H1 histone member 0 (H/_0) and
all human MOB genes were obtained from EST profiles of
UniGene in NCBI. Updated EST data was collected in
August of 2008 (Table S2).

RESULTS
mob Genes are Present Widely in Eukaryotes

Since the discovery of the first mob family member in
yeast [1], more than 270 mob genes have been found in a
variety of eukaryotes from the primitive protists to plants
and animals. Two mob genes, mobl and mob2, exist in sin-
gle cell eukaryotes such as budding yeast S. cerevisiae. Neu-
rospora has one more mob gene in addition to the mobI-like
and mob2-like genes. Protists such as Giardia have at least
three mob genes, which is comparable to the mob gene num-
ber in invertebrates D. melanogaster (four) and C. elegans
(four). Generally, vertebrates have more mob family mem-
bers. For example, there are seven mob genes in the human,
mouse, rat, zebrafish and fugu genomes, eight in frog and
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five in chicken genomes. Because mob genes are only found
in eukaryotes, the mob gene family appears to be an innova-
tion of eukaryotic organisms.

Evolutionary Relationships of mob Family Genes

Phylogenetic analysis identified four major groups of
mob genes (Fig. 1). Protists such as Giardia and Entamoeba
have mob genes in almost all groups, indicating that gene
duplications giving rise to major mob family members oc-
curred very early in evolution. Although each group has only
one mob gene from invertebrates, Group I and Group II have
at least two mob genes from most vertebrates. It suggests
that additional gene duplications have resulted in the differ-
ent mob genes repertoire of vertebrates.

Group I, also called Mats group [12], can be further di-
vided into two subgroups, Matsl (also named Mobkllb for
Mps one binder kinase activator-like 1b) and Mats2 (also
named Mobklla for Mps one binder kinase activator-like 1a)
(Fig. 1). Both of these two subgroups contain vertebrate mob
genes from fish to mammals except for the chicken matsi,
which appears to be lost in a lineage-specific manner. Fruit
flies and mosquito, however, only have one mob gene in this
group, which is supportive of additional gene duplication
event occurring in vertebrates after their divergence from
invertebrates. Interestingly, no mats gene is found in nema-
todes C. elegans and C. briggsae. This could be due to a
lineage-specific gene loss in nematodes.

Group II contains three clusters of vertebrate mob genes
but only one homolog from fly and worm (Fig. 1). Two addi-
tional mob genes in vertebrates should have resulted from
two rounds of gene duplications in the common ancestor of
vertebrate lineages. In these three clusters of vertebrate mob
genes, however, one cluster does not have members from
zebrafish and Fugu. This implies a putative gene loss from
the fish lineages.

Group II1, different from Group I and Group II, has only
one mob gene from both invertebrates and vertebrates
(Fig. 1). Interestingly, two frog and one fugu mob genes
form an additional cluster with relatively long-branch
lengths. Since the probability of gene losses simultaneously
occurring in zebrafish, chicken and mammals is low, it is
likely that fugu and frog have had some lineage-specific
gene duplications. These additional frog and fugu genes
might have been subject to pseudogenization, which is sup-
ported by highly diverged protein sequences as inferred from
the long-branch lengths. Based on the observation of line-
age-specific gene losses and/or gene duplications and the
clustering of orthologs instead of paralogs, all these three
groups of mob genes seem to have experienced the birth-and
death model of evolution [20]. Finally, Group IV, which
contains single mob gene from each species, is considered to
be the closest one to outgroup mob genes (Fig. 1). All four
groups of mob genes diverged following the species tree,
which is indicative of divergent evolution rather than con-
certed evolution.

Exon-Intron Structures of mob Genes

To further reveal evolutionary relationships among mob
genes, we analyzed and compared exon-intron structures
within the coding region of mob genes from different groups
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Fig. (1). Phylogenetic relationships of Mob family proteins. This phylogenetic tree of Mob proteins is reconstructed using neighbor-
joining method with p-distances and rooted with a Mob from Diplomonadida (Giardia Lambia). One hundred forty four amino-acid sites are
used with complete elimination of alignment gaps. The reliability of tree topology is tested by bootstrap method with 1000 replications.
Bootstrap percentages higher than 50 are shown on interior branches. The scale bar shows 0.1 amino-acid substitution per site.
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(Fig. 2). For vertebrate mob genes, the numbers, positions
and phases of introns are generally conserved within the
same group with two exceptions. One is Group III zebrafish
mob, which has an additional intronl-2 and is lack of the
intron-1, and the other one is Group IV zebrafish mob,
whose last intron has a different position and phase from
other vertebrate orthologous mob genes. In the central region
of mob sequences, which corresponds to the Mob domain,
Group I, IT and III mob genes have similar exon-intron struc-
tures whereas Group IV mob genes are quite different and
share their own unique splicing pattern. The inter-group
comparison among Group I, IT and III shows a higher con-
servation level of intron properties in the Mob domains than
either amino-terminal or carboxyl-terminal regions.

Group I: Vertebrate mats genes have the same splicing
pattern which produces 6 exons, while Drosophila and mos-
quito only have three and two exons respectively. Intron2
(phase 2) and intron3 (phase 1) have been lost in invertebrate
lineages. Vertebrate mats genes have an additional intron+1
(phase 0) inserted in the C terminal region. Since this intron
is not present in any other mob genes, it might be due to ei-
ther a gain-of-intron in vertebrate mats, or, that the last in-
tron actually arose in the common ancestor of vertebrate and
invertebrate mats genes and then got lost in invertebrates. In
addition, intronl, 2 and 3 must have been existent before the
gene duplications that produced Group I and Group III mob
genes since they are all present in most members of these
two groups.

Group II: Different from Group I mob genes, inverte-
brate members of this group generally have more introns
(five for D. melanogaster and six for C. elegans) than verte-
brates (two) except for mosquito mob2 that only has one
intron. The two introns from vertebrate mob2 genes are the
conserved intron 3 and an intron+1 located further down-
stream. Both of these two introns are shared by C. elegans.
Immediately downstream to this intron+1, there exists
Lys/Arg as the first amino acid of the flanking exon. The fly
and mosquito mob2 genes, which are lack of this conserved
intron+1 in the corresponding positions, have Gln instead of
Lys/Arg in the corresponding site. Coincidently, in mats
genes presented in Fig. (2), Gln is shared by mats genes,
from which this conserved intron+1 is absent. This might be
explained by the gain-of-intron in Group II vertebrate and C.
elegans mob genes which was triggered by the amino acid
substitution from Gln to Lys / Arg. Alternatively, it could
have happened via intron loss in Group I mats and Group II
insect mob respectively, following the substitution from
Lys/Arg to Gln. In addition to these two introns shared with
vertebrates, C. elegan mob2 has four more introns, two of
which are conserved in fly mob2 (intron-1 and intronl). Sur-
prisingly, mosquito mob2 only has one intron (intron+1”).
This intron can be found in fly too and it might have been
produced exclusively in insects. All other upstream introns
have been lost in this species.

Group III: Group III mob genes remain most of the three
conserved introns (intronl, 2, and 3). Intron-1 in this group
is in the similar but not the same position as intron-1 in
Group I. Zebrafish gained an additional intronl1-2 compared
to other vertebrates. Fly and mosquito both lost intron3,
which is, however, the only intron from vertebrates that is
present in C. elegans as well. Except for this intron, C. ele-
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gans mob3 has a very different exon-intron structure com-
pared to other group III members.

Group IV: mob genes in this group are unique in their
splicing patterns. They don’t have any of the three conserved
introns (intronl, 2, and 3) from other three groups. Verte-
brates of this group share mostly the same intron properties
except that zebrafish has a different intron7. Intronl, 3, 4, 5
and 6 are shared by either some or all of the three inverte-
brate species. Overall, vertebrates have more introns than
invertebrates in this group.

Based on the exon-intron structures of four groups of
mob genes, we can infer the mob family evolution pattern in
terms of gene duplications. The first gene duplication pro-
duced two mob genes. One evolved all the way to the con-
temporary Group IV mob. The other one duplicated again,
giving rise to Group III and the common ancestor of Group I
and Group II. Later on, another round of gene duplication
occurred which gave birth to Group I and Group II mob
genes. These three gene duplication events all should have
occurred before the divergence of vertebrates and inverte-
brates since fly, mosquito and nematode homologs are all
present in these four groups except that nematode mats is
suspected to be lost during evolution. Combined with the
phylogenetic tree, which shows that Giardia mob genes are
present in almost all groups (Fig. 1), we can even trace the
original three gene duplication events to the very early stage
of eukaryote evolution. mob genes from fungi are present in
Group IV, Group III and somewhere between Group I and II.
This pattern also supports the order in which these four Mob
groups have been established.

Both the sequence alignment and exon-intron structure
showed that the N-terminal regions of Mob proteins are quite
variable for the inter-group comparison but highly conserved
within individual groups. Therefore, these regions have di-
verged more rapidly than other regions after separation of
different groups. Since these regions appear to be unique to
specific group, it is indicative of strong positive selection
and suggests an important role of this region in group-
specific functions.

Structural Conservation of Mob Proteins

Stavridi et al. [17] resolved the X-ray crystal structure of
human Group I MOB1A/MATSI protein and this structure
has been used as a template in our analysis. Human MOB1A
protein folds into a four-helix bundle core structure, which is
stabilized by a Cys,His, zinc finger holding a zinc atom in
the middle. The removal of zinc using EDTA was shown to
lead to the aggregation of the protein and decreases of its
thermal stability [18]. On the surface of hMOBI1A protein,
one side is flat and rich in negative electrostatic potential.
Several studies have reported that Mob proteins can interact
with NDR family kinases and stimulate their kinase activity
[21]. The structural analysis of NDR family kinases has
identified at least two conserved basic regions, and this
acidic surface of hMOBIA protein appears to be functionally
important by binding with the conserved basic regions of
NDR family kinases [17].

To examine how structures of four groups of Mob pro-
teins are conserved compared to hMOBI, the program Con-
Surf was used to map amino acids of each group of Mob
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Fig. (2). Exon-intron structures of four groups of mob genes. Exon-intron structures of mob genes are analyzed using Spidey program or
directly obtained from Ensembl. Phase0 introns are indicated by open rectangles, phasel by dark rectangles and phase2 by gray ones. Three
kinds of arrow symbols (circle, triangle and rectangle) point to three categories of conserved splicing sites among intra- and inter-groups of
mob genes. These three categories of conserved introns are assigned as intronl, 2 and 3, respectively. The flanking introns are named accord-
ing to their relative positions with intronl, 2 and 3, such as minusl, 2 etc as going upstream and plus 1, 2 etc as going downstream. The
numberings of introns are indicated on top of their corresponding positions unless they have the same nominations as their immediate upper
sequences. The dashes with two slashes in the middle represent the unscaled sequence lengths at the ends; otherwise the lengths of all se-
quences are scaled based on the numbers of nucleotides in exons.
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proteins and colored amino acid residues according to their
conservation levels by using the structure of hMOBI as tem-
plate (Fig. 3). Overall, Mob proteins are highly conserved in
their amino acids sequences, among which Group I members
have the highest conservation level as expected (Fig. 3A).
Group II, although not as conserved as Group I, preserve
high sequence similarity in the C-terminal of H2, C-terminal
of HS, and four residues of the Cys,His, structure (Fig. 3B).
Group IIT and Group IV Mobs are both conserved in their
zinc finger regions and the flanking structural elements, in-
cluding N terminal of H4, C-terminal of H5 and some resi-
dues from H2 (Fig. 3C, D). Thus, comparison of all four
groups of Mob proteins uncovered the highly conserved zinc
finger structure and its closely positioned motifs, and also
some residues that are critical for stabilizing loop structures.

To identify residues that are highly conserved among
different groups, human, mouse, zebrafish and fly Mob pro-
teins were used to make alignments (Fig. 4). A total of seven
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residues are conserved in all four groups of vertebrate and
fly Mobs. Pro48 from L1 and Pro133 from L2 may play an
important role in stabilizing the loop structure and further
maintaining the folding of core four-helix bundle. Moreover,
the N-terminals of H2 and H4 helices have the conserved
Trp56, Alalll and Tyrl14, all of which are hydrophobic
residues. Trp56 is shown to have buried side chains [17].
Alalll and Tyrl14 are spatially close to zinc finger motif
and facing inward to the core of helix bundle, which may
contribute to the protein stability by hydrophobic interac-
tions. Two remaining conserved residues are Cys79 and
Cys84. These two cysteins, together with Hisl61 and
His166, coordinate a zinc atom. His161 and His 166 are also
highly conserved with the exception of zebrafish Mob4, in
which these two histidines are both replaced by isoleucines.
The ubiquitous presence of this Cys,His, zinc finger indi-
cates that it is critical structural feature for Mob family pro-
teins.

1 Group
v it

—
=

Fig. (3). Structural conservation of Mob proteins. Amino acids of Mob proteins are mapped according to their evolutionary conservation
onto the three-dimensional structure of human MOB1A using program Consurf. (A-D) Comparison of group I-IV Mob proteins. (E) Com-

parison of all groups of mob proteins.
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Fig. (4). Sequence alignment of vertebrate and fly mob proteins. Human, mouse, zebrafish and fly Mob proteins were used to make pro-
file alignments and the sequences cover residues 33 to 206 of human MOBI, in which the main motifs of the crystal structure of
hMOB1A/hMATSI protein were displayed (Stavridi et al. 2003). The sequences analyzed here cover the entire Mob domain. The protein
names follow the nomenclature described in Table 1. We use dots for conserved residues and dashes for alignment gaps. The numbers on top
of the alignment blocks reflect the actual amino acid positions of hMATS1. Asterisks are used to locate conserved residues for all aligned
sequences. The secondary structures of hMATS1 are shown as: green bar-helix, brown arrow-beta sheet, blue parenthesis-loop. The fixed
amino acid substitutions are highlighted by white fonts in black background (Group I vs Group II), red fonts in blue background (Groups /I
vs Group III), and orange fonts in gray background (Groups I /II/III vs Group IV). The properties of these substitutions are indicated on top
of the corresponding sites, R for radical substitution and C for conservative substitution. The amino acid substitutions encoded by S. cere-
visiae mobI mutant alleles (Luca and Winey 1998, Stavridi ez al. 2003) are positioned to the corresponding sites at the bottom of alignment
blocks. The numbers used for the mutants’ names are the actual residue positions of yeast Mobl1 protein. The letters flanking the left and
right sides of these numbers indicate the amino acids before and after mutations, respectively.
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Table 1. Summary of Human MOB Genes
Gene Names Used in this Paper Other Names Genomic Position | Protein Length (aa) | Gene ID
MATS1/MOBIA MOBKL1B, MOB1, MOB4B, C2orf6, MOBK1B 2pl13.1 216 55233
MATS2/MOBI1B MOBKLIA, MOB4A 4q13.3 216 92597
MOB2A MOBKL2A, MOBLAK 19p13.3 217 126308
MOB2B MOBKL2B, MOB3B 9p21.2 216 79817
MOB2C MOBKL2C, MOB3C 1p33 216 148932
MOB3 HCCA2, MOB2 11pl5.5 237 81532
MOB4 MOBKL3, 2C4D, MOB1, MOB3, PREI3 2q33.1 225 25843

Divergence of Mob Proteins

Structural diversification would allow functional diver-
gence of Mob proteins. Group I and group II have 22 fixed
substitutions, most of which are located in helix regions (19
out of 22) (Fig. 4). Radical substitutions in helices are dis-
tributed in H2, H5 and H7 with the numbers of 3, 4 and 2 for
each. Based on the phylogeny relationships of mob genes,
which indicate that Groups I and II were produced following
Group IV and Group III, His60 was suspected to have been
replaced by Asn in the common ancestral sequence of Mobl,
Mob2 and Mob3 and then after the duplication that gener-
ated Mob1 and Mob2, the relaxed functional constraints on
one of the two duplicates (Mob2 in this case) made the
backward mutation (N->H) possible. The neighboring resi-
due Thr61 might have been subject to the similar evolution
course, where Mob1l and most Mob3 share Thr while Mob2
and Mob4 contain conservative residues, Val and Leu, re-
spectively. The third radical substitution (Q67R), however, is
different from the previous two in that Mob2 and Mob3 are
now sharing the conservative positively charged amino ac-
ids, Arg and His, but Mobl and Mob4 have Gln and Glu
instead. The substitution of TI50K from H5 happened in the
same way as Q67R, where Mobl/Mob4 has Thr/Ser but
Mob2 and Mob3 share Lys. H1641 and Q165H are next to
each other and these two sites function to position HS and
H6 together in a perpendicular direction. The interaction
between these two residues might be required to maintain
this particular angle. Based on the fact that these two sites
always carry the opposite electrostatic charges and even if
radical substitutions occurred, they occurred in a compensa-
tory way (I->H, H->Q), the electrostatic interaction between
them is very likely to be critical for the structural integrity.
The A160V substitution, although it is radical, might not
have dramatic effect since both Ala and Val are neutral and
only differ in their volume. The last two radical changes in
helices are located in the middle region of H7 and both of
them come together with the flanking conservative F-to-Y
substitution. The only radical substitution (C109L) in non-
helix region is located N terminally to H4. Since Cys is gen-
erally conserved in Groups I, IIT and IV, the presence of Leu
in Group II is supposed to have arisen in a group-specific
way and might be critical for Group II specificity.

Between Groups I/II and Group III, there are totally
seven fixed amino acid substitutions in the Mob domain and
five of them are radical changes (Fig. 4). Among these five

changes, two are located in the non-helix regions, which
might be critical for group-specific functions. P106K,
E176H and L201T could be due to substitutions specifically
occurring in Group III since the rest three groups share the
same amino acids. P139E, however, might be the result of
two independent substitutions in Groups I/II (P) and Group
III (E) from their ancestral gene, or Glu is the ancestral resi-
due and Pro has derived from it. The last radical change is
V598 from H2. This region has four continuous radical sub-
stitutions (site 58-61), which cover all three categories. It
may indicate the importance of this region in the functional
differentiation of different groups of Mob proteins. For two
conservative substitutions (L118V, R157H), both occur in
helix regions and may have less effect.

The comparison between Groups I/II/III and Group IV
identifies four radical substitutions and eight conservative
ones (Fig. 4). The radical changes are mainly limited to non-
helix regions (3 out of 4). The only radical substitution on
helix is A58Y from H2. This residue Ala was replaced by Ile
in one of the yeast conditional mobl mutants (mob1-95) [1].
Thus, this Ala might be critical for some specific function
shared by Groups I, IT and III but not by Group IV. The rest
three radical changes are located C terminally to the two beta
strands (W97C, D99A) and N terminally to HS (F140E).
Phe140 was thought to be involved in structural interaction,
which together with Phel132 and Phel44 form hydrophobic
interactions with each other and also with conserved Ilel151
from H5 [17].

A number of mutations in the yeast mobl genes have
been molecularly characterized, most of which are located in
H2 helix, especially in its N-terminal, and also L1 loop
(STAVRIDI et al. 2003). The other ones are scattered on H4,
C-terminal of H5 and N-terminal of H7. Also some are resid-
ing in the non-helix region that connects H2 and H3. The
mutations of E151K (mobl-77), Q167R (mobl-55) and
Y 193H (mob1-55) can cause late mitotic arrest and cytokine-
sis defects although these residues are only conserved in
Group I and/or Group II Mobs but not in Group III ones. It
suggests that Mob1 might have distinct function from Group
IIT Mobs or have acquired new mechanism that makes these
residues essential for Mobl but not for Mob3. The other
mobl alleles mostly have mutations occurring in conserva-
tive residues shared by Mobl and Mob3, indicating their
significant role in the common features of Group I and
Group IIT Mobs.



Evolution of mob Genes

Human mob Genes are Generally Expressed in Most Tis-
sues and During Development

At present time, very little is known about the functions
of most mob family genes. Analysis of mob gene expression
would help understand how mob genes might be functionally
required in different tissues during development. For this
reason, we have focused on human MOB genes to elucidate
their expression profiles since abundant Expression Se-
quence Tag (EST) data is available from UniGene database
in NCBI. Overall expression of AMATS1 during development
is the highest among all AMOB genes and is almost compa-
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rable to that of control gene, H/ histone member 0 (HI_0)
(Fig. 5A). Human MOB genes are generally expressed
throughout development except that some members show
zero EST in neonate, infant or juvenile stage (Fig. SA). Con-
sidering that there are only 5x10* or less total ESTs from
each of these three stages, the failure to detect MOB-related
ESTs might not accurately reflect expression of the MOB
genes.

To analyze human MOB expression in different tissues,
only the tissues that have more than 10° of total ESTs were
used. Generally, all AMOB genes are expressed in most tis-
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Fig. (5). Expression levels of human MOB genes in different tissues. The transcript levels of human MOB genes were obtained from EST
profiles of UniGene in NCBI. Y axis represents the number of transcripts per million (TPM). X axis shows the control gene (H1 histone
member 0) and all seven human MOB genes. Tissues and developmental stages are assigned with different colors. (A) Breakdown by devel-
opmental stages displays the expression levels of H/ 0 and human MOB genes in embryoid body, blastocyst, fetus, neonate, infant, juvenile
and adult stages. Numbers of ESTs from neonate and infant are below 5x10*. There are more than 5x10* ESTs analyzed for other stages (Ta-
ble S2). (B) Breakdown by tissues represents expression levels of A/ 0 and human MOB genes in 18 representative tissues. There are at

least 10° ESTs analyzed for each of the 18 tissues (Table S2).
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sues at levels lower than HI 0 gene (Fig. 5B). Among the
seven hMOB genes, hMATS1 has the highest average expres-
sion. hMOB2A has outstanding expression in blood, which is
five times higher than its average level. All other AMOB
genes, however, are mostly expressed within two times of
their average levels. Expression of hMATS2, hMOB2B and
hMOB4 in kidney and expression of AMATS2, hMOB2C and
hMOB3 in pancreas are more than twice higher than their
average levels. Moreover, placenta, eye and prostate show
more than twice higher expression levels for AMOB2B,
hMOB2C and hMOB3, respectively. Interestingly, some tis-
sues show no expression for some of the AMOB genes, such
as hMATS?2 in intestine and testis, AMOB2B and hMOB3 in
muscle, as well as AMOB2A4 and hMOB2C in ovary. Thus,
while AMOB genes are generally expressed in most tissues,
some of them appear to be preferentially expressed in certain
tissues.

DISCUSSION
The mob Gene Family Has Four Distinct Groups

Up to date, there are more than 270 mob genes identified
from eukaryotes. Through a molecular evolutionary ap-
proach, we have elucidated evolutionary relationships among
these mob genes. It is clear that there are four distinct groups
of mob genes (Groups I-IV), which should have evolved
before the divergence of vertebrate and invertebrate animals.
A similar conclusion was reached in a previous evolutionary
analysis done with 192 mob genes [22]. Like other gene
families, gene duplication provided a mechanism for gener-
ating new family members. Because protists have mob genes
in almost all groups, the first three gene duplication events
should have occurred at a very early stage of eukaryotic evo-
lution. As mob gene is only found in eukaryotes, the mob
genes should have arisen after the divergence of prokaryotes
and eukaryotes and the mob gene family appears to be an
innovation of eukaryotic organisms.

Conserved Features of Mob Proteins

Mob proteins appear to share the following three major
structural features. The first feature is that Mob has an atypi-
cal Cyc,-His, motif responsible for zinc binding [17]. This is
a general property of all Mob proteins probably with an ex-
ception of zebrafish Mob4 (Fig. 4). The second feature is
that there is a flat surface on one side of Mob protein rich in
acidic residues. This structure is presumably critical for
Mobl to interact with its partner such as NDR family protein
kinases. The third feature is that generally Mob proteins are
small in size. In addition to the Mob domain, there are no
other obvious domains in Mob proteins. While it is common
for a protein domain to be linked with other domains in a
protein to increase structural and functional complexity, it is
not clear why Mob proteins are restricted to increase their
size and not allowed to combine with other protein domains.
As Mob protein can associate with other proteins such as
Ndr kinase, it is possible that there is a space constriction for
Mob to fit into a protein complex, which prevents Mob from
altering its overall size.

Since mob genes are so highly conserved, they are ex-
pected to play important roles in establishing and maintain-
ing key features of eukaryotes during evolution. In one case,
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genetic analysis has shown that Drosophila mats gene plays
an essential role in cell proliferation and apoptotic control
during tissue growth and a human MATS gene can function-
ally replace fly mats [12]. At the molecular level, Mats func-
tions as a binding partner and coactivator of Wts/Lats protein
kinase [12]. Since the Drosophila Mats protein has been
shown to function as a growth inhibitor to control tissue
growth during development, we speculate that loss of MATS
function might promote tumorigenesis of human cancers.
Furthermore, activation of Ndr family kinases by Mob has
been demonstrated in wide variety of species from yeast to
humans [reviewed in 21]. Importantly, yeast Mob2 also
binds NDR family protein kinases, Cbk1 and Orb6, to con-
trol polarized cell growth [reviewed in 21]. Therefore, this
conserved function for Mob as kinase coactivator can be at
least traced back to the time when the first mob gene duplica-
tion occurred. Investigation of whether Group IV Mob can
function as a kinase activator would help investigate the pos-
sibility of this molecular feature being innovated at the very
beginning of mob gene evolution.

Functional Diversification of Mob Proteins

Structural alterations make it possible for functional di-
versification. To characterize structural differences among
four groups of Mob proteins, both radical and conservative
substitutions between different groups have been examined.
As summarized in Table 2, both types of substitutions can
occur in helix as well as non-helix regions (Fig. 4). Moreo-
ver, substitutions occurred throughout Mob protein from the
amino to carboxyl termini. In one example, Thr74 is a con-
served residue among Group I/II/III Mob proteins with the
exception of zebrafish Mob3, but it is replaced by a Lys in
Group IV (Fig. 4). This residue was shown to be phosphory-
lated by MST2 protein kinase and important for MOBI to
activate NDR1 protein kinase [23]. Through this mechanism,
MST2 protein kinase functions as an upstream regulator of
Group I/II/III but not Group IV Mob proteins. As we begin
to understand the importance of phosphorylation for Mob
regulation [23-25], conserved sequence changes would allow
Mob proteins of various groups to be differently regulated by
phosphorylation and other protein modification mechanisms.

Table2. The Number of Fixed Substitutions Between Groups

of Representative mob Proteins

Region Radical Conservative
a-Helix 9 10
TvsII

Non-helix 1 2

o, -Helix 3 2
I &I vsIII

Non-helix 2 0

o, -Helix 1 5
I&II & I vs IV
Non-helix 3 3
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ABBREVIATIONS

EST =  Expressed Sequence Tag

Lats =  Large tumor suppressor

Mats = Mob as tumor suppressor

Mob = Mps one binder

MST =  Mammalian Sterile20-like protein kinase

NDR = Nuclear Dbf2-related protein kinase

Wits = Warts
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