
Biochemical and Biophysical Research Communications 453 (2014) 761–766
Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Molecular cloning and characterization of a tyrosine phosphatase
from Monosiga brevicollis
http://dx.doi.org/10.1016/j.bbrc.2014.10.019
0006-291X/� 2014 Elsevier Inc. All rights reserved.

⇑ Corresponding author at: Department of Pathology, University of Oklahoma
Health Sciences Center, Oklahoma City, OK 73104, USA.

E-mail address: joe-zhao@ouhsc.edu (Z.J. Zhao).
Benjamin F. Zhao a,b, Zhizhuang Joe Zhao a,⇑
a Department of Pathology, University of Oklahoma Health Sciences Center, Oklahoma City, OK, USA
b Oklahoma School of Science and Mathematics, Oklahoma City, OK 73104, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Received 2 October 2014
Available online 13 October 2014

Keywords:
Tyrosine phosphatase
SHP
SH2 domain
RNA splicing
Enzyme kinetics
Monosiga brevicollis
Protein tyrosine phosphorylation is thought to be a unique feature of multicellular animals. Interestingly,
the genome of the unicellular protist Monosiga brevicollis reveals a surprisingly high number and diversity
of protein tyrosine kinases, protein tyrosine phosphatases (PTPs), and phosphotyrosine-binding domains.
Our study focuses on a hypothetical SH2 domain-containing PTP (SHP), which interestingly has a pre-
dicted structure that is distinct from SHPs found in animals. In this study, we isolated cDNA of the
enzyme and discovered that its actual sequence was different from the predicted sequence as a result
of non-consensus RNA splicing. Contrary to the predicted structure with one SH2 domain and a disrupted
phosphatase domain, Monosiga brevicollis SHP (MbSHP) contains two SH2 domains and an intact PTP
domain, closely resembling SHP enzymes found in animals. We further expressed the full-length and
SH2 domain-truncated forms of the enzyme in Escherichia coli cells and characterized their enzymatic
activities. The double-SH2 domain-truncated form of the enzyme effectively dephosphorylated a com-
mon PTP substrate with a specific activity among the highest in characterized PTPs, while the full-length
and the N-terminal SH2 domain-truncated forms of the enzyme showed much lower activity with altered
pH dependency and responses to ionic strength and common PTP inhibitors. This indicates that SH2
domains suppress the catalytic activity. SHP represents a highly conserved ancient PTP, and studying
MbSHP should provide a better understanding about the evolution of tyrosine phosphorylation.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Protein tyrosine phosphorylation has a crucial role in cell prolif-
eration, differentiation, and transformation [1]. This process is con-
trolled by the coordinate action of protein tyrosine kinases and
protein tyrosine phosphatases (PTPs). PTPs have diverse structural
features and physiological functions [2,3]. They contain one or two
conserved catalytic domains linked to various domains or seg-
ments. One subfamily of these enzymes contains two SH2 domains
in the N-terminus followed by a single catalytic domain [4]. SH2
domains interact with specific tyrosine-phosphorylated structure
motifs thereby playing a targeting or regulatory role. In the human
genome there are two such enzymes, namely, SHP-1 (PTPN6) and
SHP-2 (PTPN11). Both enzymes have been extensively studied,
and they are known to play a crucial role in signal transduction
and have major pathological implications [5–7].
Signaling through tyrosine phosphorylation has long been
considered a hallmark of intercellular communication, unique to
multicellular animals. However, genomic analyses of the unicellu-
lar choanoflagellate Monosiga brevicollis has revealed that the
organism contains a remarkable count of 128 tyrosine kinases,
39 PTPs, and 123 phosphotyrosine-binding SH2 proteins, all higher
than those seen in any metazoan [8–10]. Choanoflagellates are a
group of small unicellular protists which consists of over one
hundred species. They are phagotrophs and are thought to be the
closest living relatives of animals as they resemble the feeding cells
of sponges. The recent identification of intricate tyrosine phos-
phorylation signaling components in the genome of M. brevicollis
provides further supports to this notion. M. brevicollis thus provide
a unique system to study the evolution of tyrosine phosphorylation
and related signaling circuitries. While many M. brevicollis PTPs
should be isolated and characterized, one particular member of
these PTPs, namely, MbSHP, attracted our attention. Unlike other
SHP members, the predicted sequence of MbSHP contains a single
SH2 domain followed by PTP domain with a 12 amino acid insert
disrupting the so-called PTP signature motif (Genbank accession
XM_001747931). In this study, we isolated MbSHP cDNA and
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found the actual sequence differ from the prediction and revealed
that there is non-consensus RNA splicing in the MbSHP gene. We
further expressed the enzyme and characterized its PTP activity.
2. Materials and methods

2.1. Materials

M. brevicollis (stain Mx 1, ATCC� PRA-258™) was obtained from
American Type Culture Collection (ATCC). Para-nitrophenol phos-
phate (pNPP), sodium vanadate, and hydrogen peroxide were from
Sigma–Aldrich. A stock solution of pervanadate was made by incu-
bating 0.1 M sodium vanadate and 0.2 M hydrogen peroxide at
room temperature for 20 min before use [11].
2.2. Cell culture and isolation of DNA and RNA

M. brevicollis cells were obtained from ATCC with feeder bacte-
rium Flavobacterium sp. included. The cells were cultured at 25 �C
with Wards cereal grass medium made in filtered natural sea water
(collected from the Gulf of Mexico). The culture was maintained at
a density of 1–5 million cells/ml. The cells were collected by centri-
fugation at 2000g for 20 min at 4 �C after one hour sitting of culture
suspensions on ice. Genomic DNAs were purified from the cell pel-
lets by using the phenol/chloroform method after proteinase K
digestion of whole cell lysates. Total RNAs were isolated by using
the Trizol reagent (Invitrogen), and single-strand cDNAs were syn-
thesized with random primers by using the QuantiTect reverse
transcription kit from Qiagen.
2.3. PCR amplification and DNA sequencing

Initially, two PCR primers, namely, MbSHP5 (50-GGTC
AAATGTCCGGCCCAGACAG) and MbSHP3C (50-TGAAACGACACAG
GCGAAAATCCAC), were synthesized to amplify the coding region
of MbSHP based on the predicted cDNA sequence (Genbank acces-
sion XM_001747931). Following sequencing analyses of initial PCR
products and M. brevicollis genomic sequence in the database, a
new primer named mbSHP5f (50-CGTGGAATGACCTTTAGGTACTGA-
CAC) derived from further 50-upstream was synthesized and used
to amplify the full-length form of MbSHP cDNA and the genomic
MbSHP DNA together with primer MbSHP3. PCR was performed
with high fidelity Phusion DNA polymerase with genomic DNA
and single-strand cDNA as templates. PCR products were gel-puri-
fied and subjected to DNA sequencing analyses by using an ABI
3730 capillary sequencer at the core facility of University of Okla-
homa Health Sciences Center. DNA sequencings were performed
from both forward and reserve directions.
2.4. Molecular cloning and expression of MbSHP

For expression of the full-length and two SH2 domain-trun-
cated forms of MbSHP in Escherichia coli cells, cDNA fragments cor-
responding to specific regions of MbSHP were amplified by PCR
with PCR primers containing convenient restriction enzyme sites
and cloned into the pGex-2T vectors. The sequences of inserts in
the plasmids were verified by DNA sequencing. For expression of
recombinant proteins, E. coli cells were induced by 50 lM isopro-
pyl b-D-1-thiogalactopyranoside (IPTG) overnight at 25 �C. Cells
were extracted by sonication, and cell extracts were purified by
using glutathione-Sepharose 4B beads (GE Healthcare) according
to standard protocols.
2.5. PTP activity assays

PTP activities were measured by using pNPP as a substrate at
room temperature as previously described [12–14]. The assays
were performed in a 50 mM acetate, MES, or Tris buffer (pH 4–9)
supplemented with 1.0 mM EDTA and 2.0 mM dithiothreitol. The
reactions usually ran for 10 min before termination by 0.2 M
NaOH. Absorbance at 405 nM was measured with a spectropho-
tometer, and a molar extinction coefficient of 18,600 M�1cm�1

was used for calculation of concentrations. One unit of activity is
defined as 1 nmol of phosphate released per minute.
3. Results

3.1. Molecular cloning of MbSHP and identification of non-consensus
RNA splicing in the MbSHP gene

As described above, the genome of M. brevicollis contains a
peculiar hypothetical PTP which has a single SH2 domain and a
catalytic domain with an unusual insert disrupting the PTP signa-
ture motif; this is not seen in any other organisms. We thought it
is important to isolate the enzyme and to characterize its enzy-
matic activity. For this purpose, we amplified the single-strand
cDNA of M. brevicollis cells by using PCR primers covering the pre-
dicted coding sequencing of MbSHP cDNA. Interestingly, instead of
the anticipated 1216 bp product encoding the predicted MbSHP
protein, we obtained a single 1243 bp PCR product which codes
for a polypeptide with a 21 amino acid insertion in the end of
the SH2 domain and a deletion of the 12 amino acid insert in the
PTP signature motif. This essentially disapproved the predicted
MbSHP sequence as the experimental data revealed a translated
protein product more similar to SHPs found in animals except that
it has only one SH2 domain. We thus carefully reanalyzed the
genomic DNA sequence in the database and found there were
non-consensus RNA splicing sites (see below) and DNA segments
encoding an additional SH2 domain in the MbSHP gene. We thus
derived a new 50 primer from upstream sequence and used it to
amplify the genomic DNA and single-strand cDNA together with
the original 30 PCR primer. The complete sequences of resultant
genomic and cDNA products are shown in Fig. 1. The PCR product
amplified from genomic DNA was 3298 bp long, and its sequence
matched that in the Genbank database except for a G-to-T substi-
tution in the middle of intron 3. The PCR product from cDNA was
1610 bp with a sequence encoding a 513 amino acid protein con-
taining two SH2 domains and a PTP domain. Alignment of the
genomic and cDNA sequences revealed 16 exons in the MbSHP
gene. All the exon/intron junctions follow the GT–AG rule except
for two non-consensus GC splice donor sites which were not con-
sidered in the original prediction of MbSHP cDNA. One of the non-
consensus splicing sites alters the sequence encoding the PTP sig-
nature motif, and other affects the C-terminal SH2 domain. We
thus obtained a complete cDNA sequence of MbSHP in M. brevicol-
lis. The sequenced has been submitted to the GenBank and was
assigned an accession number of KM609288.
3.2. Sequence comparison of MbSHP with other SHPs

A BLAST search of protein databases demonstrated that MbSHP
resembles the structure of SHPs found in all animals. It share 31%,
51%, and 52% overall sequence identities with SHPs found in Cae-
norhabditis elegans, Drosophila melanogaster, and zebra fish,
respectively. When compared with human SHP-1 and SHP-2, it
display 50% and 52% sequence identities, respectively. A detailed
structural comparison MbSHP and human SHP-2 is shown in
Fig. 2. The N-terminal SH2 domain appears to be mostly con-



Fig. 1. Genomic DNA sequence, exons, introns, and translated product of the MbSHP gene. DNA sequences were determined by Sanger sequencing of PCR products. The
genomic sequence matches that in the Genbank database except for a G-to-T substitution indicated in a square. Exons (highlighted in gray) are assigned based on the cDNA
sequence. All the introns follow the GT–AG rule except for the two non-consensus GC splice donor sites which are double-underlined and bold-faced. The translation and
termination sites and the PTP signature motif are bold-faced. The DNA sequences corresponding to the 50 and 30 PCR primers are underlined.
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served with a 67% identity, while the C-terminal SH2 domains are
57% identical. The PTP domains share a 52% sequence identity
with the amino acid residues in the PTP signature motif region
essentially unchanged. Note that the major sequence diversity is
found in the C-terminus. MbSHP has a short C-terminal segment
missing the two conserved tyrosine phosphorylation sites which
bind GRB2 in SHP-1 and SHP-2 [5]. Overall, SHP appears to be
highly conserved during evolution.



Fig. 2. Schematic structure comparison of MbSHP with human SHP-2. Two SH2 domains and the catalytic PTP domain are shown in blocks. Amino acid sequence identities
and positions of domains are indicated. The amino acid sequences of MbSHP and human SHP-2 in the conserved PTP signature motif (bold-faced) are also compared.
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3.3. Expression and PTP activity assays of full-length and SH2 domain-
truncated forms of MbSHP

To analyze the PTP activity of MbSHP, we expressed the full-
length and two SH2 domain-truncated enzymes as GST fusion pro-
teins in E. coli cells. A schematic presentation of these recombinant
enzymes is shown in Fig. 3A. The recombinant proteins were
highly expressed in E. coli cells and were found in the soluble cell
extracts. By passing the cell extracts through glutathione-Sephar-
ose columns, the recombinant proteins were purified to near
homogeneity with over 95% purity (Fig. 3B). PTP activities of the
purified enzymes were determined by using a routinely used PTP
substrate, pNPP. As shown in Fig. 3C, D2SH2-MbSHP exhibited
robust pNPP dephosphorylation ability while DNSH2-MbSHP and
full-length MbSHP showed a lower but clear activity. This indicates
that MbSHP acts as a typical PTP.
Fig. 3. Expression, purification, and PTP activity assays of truncated and full-length form
forms of MbSHP expressed as GST fusion proteins in E. coli cells. GST is attached to N-te
crude E. coli cell extracts (lane 1) and purified MbSHP proteins (lane 2) on a 10% SDS–po
full-length and SH2 domain-truncated forms of MbSHP. Activity assays were performed
1 mM EDTA, and 2 mM dithiothreitol. Error bars denote standard deviation (n P 3).
3.4. Characterization of full-length and SH2 domain-truncated forms
of MbSHP

As observed with other PTPs, the activity of MbSHP is affected
by changes in pH (Fig. 4A). Full-length MbSHP has a clear prefer-
ence for acidic pH with an optimum around 5.5. This was also
found for both full-length and SH2 domain-truncated forms of
SHP-1 and SHP-2 [12–14]. In contrast, the two SH2 domain-trun-
cated forms of MbSHP displayed an optimal pH at 6.5. We further
performed activity assays with different concentrations of pNPP
under optimal pH. As shown in Fig. 4B, all three forms of MbSHP
obey the Michaelis–Menten kinetics. D2SH2-MbSHP showed
km = 1.8 mM and Vmax = 60 nomle/min/lg. This Vmax value corre-
sponds to a turnover number of 60 times per second which is
among the highest in characterized PTPs [12–15]. On the other
hand, DNSH2-MbSHP and full-length MbSHP displayed much
s of MbSHP. (A) Schematic presentation of full-length and SH2 domain-truncated
rminus, and amino acid residue numbers of MbSHP are indicated. (B) Separation of
lyacrylamide gel stained with Coomassie blue. (C) Comparison of the PTP activity of
with 10 mM pNPP as substrate in a buffer containing 50 mM MES-NaOH (pH 6.0),



Fig. 4. Enzymatic characterization of full-length and SH2 domain-truncated forms of MbSHP. (A) pH dependency. PTP activities were measured by using 10 mM pNPP in a
50 mM Tris–acetate buffer at indicated pH. (B) Substrate saturation curves. PTP activity assays were performed with various concentrations of pNPP in 50 mM MES-NaOH
buffer at optimal pH (pH 5.5 for MbSHP, pH 6.5 for DNSH2-MbSHP and D2SH2-MbSHP). Non-linear regression analyses with the Michaelis–Menten equation produced the
curves and yielded the indicated km and Vmax values which were consistent with the data obtained by linear regression analyses of Lineweaver–Burk plots. (C) Effectors of
MbSHP. PTP activity was performed with 10 mM pNPP at optimal pH as described above. Error bars denote standard deviation (n = 3).
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lower specific activity with km values of 7.7 and 2.3 mM and Vmax

values of 12 and 6.7 nomle/min/lg, respectively. The lower activity
observed with full-length MbSHP in comparison with D2SH2-
MbSHP is somewhat expected as the same phenomenon has been
demonstrated with both human SHP-1 and SHP-2 [12–14]. In fact,
crystal structures of these two human enzymes revealed that the
N-terminal SH2 domain interacts with the catalytic domain and
partly blocks the substrate entrance [16,17]. In this study, we also
characterized N-terminal SH2 domain-truncated DNSH2-MbSHP
which remained poorly active with a low Vmax value and a high
km value. How the C-terminal SH2 domain suppresses the catalytic
activity is to be defined. Since it affected the pH dependency of the
enzyme (see Fig. 4A), the C-terminal SH2 domain may suppress the
catalytic activity in a different way from the N-terminal SH2
domain.

Like other PTPs, the phosphatase activity of MbSHP can be
inhibited by common PTP inhibitor sodium vanadate and pervana-
date (Fig. 4C). In fact, the two SH2 domain-truncated forms of
MbSHP nearly lost all PTP activities in the presence of 200 lM van-
adate or 40 lM pervanadate. Interestingly, however, the full-
length enzyme was relatively resistant, with more than 30%
remaining activity at 1 mM vanadate or 200 lM pervanadate. This
may be attributed to the blockage of the catalytic center by the N-
terminal SH2 domain. Similar phenomenon has been seen with
human SHP1 and SHP2 [13,14]. The effects of ionic strength on
MbSHP activity are also noteworthy. While human SHP-1 and
SHP-2 (both full-length and SH2 domain-truncated forms) are
inhibited by increases in ionic strength [13,14], MbSHP enzymes
are resistant. Interestingly, the activity of full-length MbSHP ini-
tially increased with increases in ionic strength and remained fully
active at 1 M NaCl. This may be physiological relevant considering
that M. brevicollis is a unicellular marine protist.
4. Discussion

By using experimental approaches, we identified the actual cod-
ing sequence of MbSHP. MbSHP resembles the structure of other
SHPs without unusual structure features. Whole genome sequenc-
ing has become a common tool to study biological organism and
systems. Computer-based analyses sever as essential tools to deci-
pher the gene sequences but with limitations. The incorrect predic-
tion of MbSHP coding sequence is largely due to the presence of
two non-consensus RNA splicing within the MbSHP gene. While
nearly 99% of introns have the canonical GT–AG junctions, there
are exemptions with GC-AG junctions being the most common
non-consensus splicing sites [18,19]. In the MbSHP gene, we found
two such sites out of total of 15 introns. It is to be determined if
this non-consensus splicing is more common in M. brevicollis.

Our study indicates that MbSHP is highly homologous to human
SHP-1 and SHP-2. PTPs are highly diverse in their structures, and
each species of animals contains a large number of them. However,
only a handful of PTPs, such as SHP, have orthologs across the ani-
mal kingdom. In fact, SHP is one of the only two PTP orthologs that
are shared by C. elegans, Drosophila, Xenopus, fish, and mammals.
Apparently, SHP is an ancient PTP which is evolutionarily indis-
pensable. Therefore, studying SHP may be particularly informative
for understanding the evolution of protein tyrosine phosphoryla-
tion as a regulatory mechanism. Studies have demonstrated that
SHPs play a crucial role in development. In Drosophila and Xenopus,
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disruption of SHP function caused impairment of embryonic devel-
opment [20,21]. In mice, knockout of the SHP-2 gene caused death
of mouse embryos at mid-gestation [22]. SHP-2 appears to play a
positive role in controlling the MAP kinase signaling pathway
[23–25]. It is to be determined if MbSHP has a similar role in a uni-
cellular protist like M. brevicollis.

Previous studies have demonstrated that the full-length form of
SHP-1 and SHP-2 display very low specific activity in vitro com-
pared with other PTPs due to an internal suppression [13,14]. In
fact, X-ray crystal structures revealed an autoinhibition mecha-
nism due to an interaction of the catalytic PTP domains with the
N-terminal SH2 domain [16,17]. The present study demonstrates
that MbSHP also displays that property. It is generally believed that
SHPs are activated by binding of their SH2 domains to tyrosine-
phosphorylated receptors and other proteins concomitant with
translocation of the enzymes to their targets [5]. While activation
of SHP-1 and SHP-2 is achieved by tyrosine phosphorylated signal-
ing motifs including the so-called immunoreceptor tyrosine-based
inhibition motifs [26], it is to be determined if such motifs exist in
M. brevicollis. Studying the regulation of MbSHP should provide a
better understanding about the origin of tyrosine phosphorylation
signaling system.
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