J. Biochem. 2010;148(6):651-658 doi:10.1093/jb/mvq100

THE JOURNAL OF
BIOCHEMISTRY

Characterization and heterologous expression of a new matrix
attachment region binding protein from the unicellular green

alga Dunaliella salina

Received May 19, 2010; accepted August 24, 2010, published online October 6, 2010

Tianyun Wangf'z, Guiqin Hou?®,
Yafeng Wang' and Lexun Xue'-*

"Laboratory for Cell Biology, The First Affiliated Hospital,
Zhengzhou University, 40 Daxue Road, Henan 450052;
’Department of Biochemistry and Molecular Biology, Xinxiang
Medical University, Henan 453003; and 3School of Pharmaceutical
Sciences, Zhengzhou University, Henan 450001 China

*Lexun Xue. Tel: 486 371 66658332, Fax: +86 371 66997182,
email: xuelx@371.net

Although interactions between the nuclear matrix and
special regions of chromosomal DNA called matrix
attachment regions (MARs) are implicated in various
nuclear functions, the understanding of the regulatory
mechanism of MAR:s is still poor. A few MAR-binding
proteins (MARBP) have been isolated from some
plants and animals, but not from the unicellular
algae. Here, we identify a novel MAR-binding protein,
namely DMBP-1, from the halotolerant alga Dunaliella
salina. The cDNA of DMBP-1 is 2322-bp long and
contains a 1626 bp of an open reading frame encoding
a polypeptide of 542 amino acids (59kDa). The
DMBP-1 expressed in Escherichia coli specifically
binds A/T-rich MAR DNA. The DMBP-1 fused to
green fluorescent protein appears only inside the
nuclei of Chinese hamster ovarian cells transfected
with the pEGFP—MBP, indicating that the protein is
located in the nuclei. The findings mentioned above may
contribute to better understanding of the nuclear
matrix—MAR interactions.

Keywords: Dunaliella salina/matrix attachment
region/MAR binding protein/nuclear matrix.

Abbreviations: ARBP, attachment region binding
protein; DMBP, Dunaliella salina MAR-binding
protein; DSM, Dunaliella salina MAR; HMG, high
mobility group; IPTG, Isopropyl p-D-1-thiogalacto-
pyranoside; MBP, MAR-binding protein; NuMA,
nuclear mitotic apparatus; OD, optical density; PCR,
polymerase chain reaction; pEGFP, enhanced green
fluorescent protein; RT, reverse transcription; SAR,
scaffold attachment region; SATBI, special AT-rich
sequence binding protein 1.

Nuclear matrix is the dynamic fibroranular structure
forming the skeletal framework that surrounds and
penetrates the interphase nucleus. The nuclear matrix
is defined biochemically as the insoluble material that
remains after extraction of the nuclei with high-salt

solutions and treatment with DNases after removal
of chromatin and soluble nuclear proteins (/). It has
been demonstrated that the nuclear matrix is impli-
cated in most nuclear functions including replication,
repair, transcription, RNA processing and RNA trans-
port, etc. (2).

Anchorage of these loops to the nuclear matrix
involves specific stretches of DNA termed matrix at-
tachment regions (MARs) (/). MARs consist of
AT-rich sequences extending over at least a few hun-
dred base pairs and various AT-rich motifs as well as
structural motifs such as base-unpairing regions and
intrinsically curved portions, and are thereby thought
to be organized into topologically constrained loops,
each of which represents a sort of functional or struc-
tural domain (or both) (3, 4). MARSs from a range of
eukaryotic organisms have been isolated and
sequenced, ranging from 0.2 to several kilobases in
length and occurring in non-coding DNA and, gener-
ally, have a >70% A/T-rich bases. Although MARs
have no consensus base sequences, a number of
motifs commonly occur, such as the A-box (AATAA
AYAAA), T-box (TTWTWT TWTT), the unwinding
sequence (AATATATTT) and the Drosophila
topoisomerase 11 consensus  cleavage site
(GTNWAYATTNATNNR). MARs, in addition to
their structural role in defining the anchorage points
of DNA loops, have been proposed to be involved in a
number of genome functions, e.g. preventing the linear
propagation of chromatin structural changes and
shielding genes from cis-elements lying in other loops
(5, 6), enhancing the transgene expressions (7—/7) and
acting as origins of replication and involvement in
chromosome condensation (72).

A variety of proteins that interact with MARs have
been identified in animals including maintenance of the
genome stability-related protein: DNA topoisomerase
IT (13), filament proteins: lamins and NuMA (/4), an
RNA-binding protein: hnRNP-U/SAF1, which is
involved in RNA processing (/5, 16), a methylated
CpG-binding protein: ARBP (/7), a tissue-specific
transcription factor: SATB1 (/8) and architectural
chromatin proteins: histone H1 and HMG-I/Y (79).

One kind of filament-like proteins tomato MFP1
and the MFPl-interacting protein MAFI1 from
tomato and tobacco have been identified at the periph-
eral regions of the plant nuclei. MFP1 protein locates
in both the nuclei and chloroplasts, being consistent
with the findings in onion and the dicot species
(20—22). A novel protein AHM1 was identified in the
inner nuclear matrix of wheat, which has the special
combination of a J domain-homologous region and a
Zinc finger-like motif and an AT hook (23). Two
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MAR-binding proteins, MARBP-1 and MARBP-2,
which have a significant homology to yeast nucleolar
proteins, were found in the nuclear matrix of pea (24).

However, the understanding of molecular basis of
the nuclear matrix—MAR interactions is still fragmen-
tary, and the investigations on MARs have been car-
ried out mostly in higher plants and in animals. As the
only ecukaryotic Phylum lacking histone and
nucleosome, unicellular Dinoflagellates still have a
residual nuclear matrix similar to that of vertebrates
and higher plants (25,26). Dunaliella salina is one of the
most extremely halotolerant eukaryotes and is able to
survive in a variety of salt concentrations, ranging
from 0.05 to SM sodium chloride (27). The simple
and cheap culture of D. salina means that it has a
great potential in bioengineering for producing valu-
able polypeptides and proteins (/0). In addition, the
bias of codon usage of algae is more similar to
humans than Escherichia coli and yeast (28). The nu-
clear matrices and three MARs from D. salina have
been isolated in our previous experiments (29), yet
we do not understand the mechanism of the nuclear
matrix—MAR interactions in D. salina.

In the present study, through screening nuclear
matrix-localized MAR-binding proteins, we isolated
and characterized a novel type of MAR-binding pro-
tein from the unicellular green alga D. salina, which
may contribute to better understanding of the nuclear
matrix—MAR interactions.

Materials and Methods

Algae strain and culture

Dunaliella salina strain UTEX 1644 TEOD was purchased from the
University of Texas, USA, which was grown in batch cultures in
liquid Ben-Amotz medium at 26°C under continuous illumination
of 4500 Lux, with a 12-h light/day as described by Wang et al. (10).
D. salina cells at the logarithmic phase were transferred to a solid
medium containing 0.8% agar and then cultured for 3 weeks until a
few individual colonies appeared. Subsequently, one single colony
was picked out and transferred to the liquid medium mentioned
above for further culture.

RNA extraction and cloning of the DMBP-1 cDNA fragment
Cells of D. salina from the log phase of growth were harvested by
centrifugation at 4,000g, and then RNA extraction was carried
out using TRIzol Reagent (GIBCO BRL) according to the manu-
facturer’s instruction. The quality and concentration of RNA were
examined by electrophoresis on EB-stained agarose gels and spec-
trophotometer analysis.

First of all, a group of MAR-binding proteins and mRNA se-
quences from pea, tobacco, Arabidopsis, yeast, Homo sapiens and
others were multi-aligned on Vector NTI Suite 6 to find their con-
served amino acid sequences EWYGWHF and KYGLIY, and then
to design two degenerate homologous PCR primers Pl (5-GARTG
GTAYGGNTGGCAYTT-3') and P2 (5-RTADATNARNCCR
TAYTT-3'). A total RNA of ~2.5ug was reverse-transcribed into
c¢cDNA and then PCR was carried out using the two degenerate
primers. After agarose gel electrophoresis, the target DNA band
was purified for sequencing.

3-and 5-RACE of the D. salina DMBP-1 gene

The 3-RACE System for Rapid Amplification of cDNA Ends
(TaKaRa, Dalian, China) was used for 3'-cDNA end amplification
of the DMBP-1 gene. According to the sequencing result of DMBP-1
cDNA fragment cloned above, three primers were designed and
synthesized for 3’-RACE of DMBP-1. RNA was reverse-transcribed
into cDNA. The first PCR was carried out using primers Al (5'-CA
GCTGTTCGACTACCTGA-3') and AP (5-GACTCGA GTCGAC
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ATCG-3'). The second PCR was performed using A2 primer (5-GG
TCC TGGTTGGAGAGC TTGTA-3') and the aforementioned AP
primer. The system and conditions of PCR of the target DNA frag-
ments were accomplished according to the previous methods
described by Wang et al. (10).

The 5-RACE System for Rapid Amplification of cDNA Ends
(TakaRa, Dalian, China) was used for 5-cDNA cloning.
According to sequencing result of the 3-cDNA end, four primers
were designed and synthesized for 5-RACE of DMBP-1. A quantity
of Snug of total RNA extraction from D. salina were reversely tran-
scribed using primer RT [5'-(P) GTCAGGTTTGGT-3'] at 30°C for
10 min, 50°C for 30 min and 80°C for 2 min, and then hybrid RNA
was denatured and circulated according to the Kit protocol. Primers
Al and S1 (Al: - TGGACACGATGGC TGCATCC-3; S1: 5-GG
ACTTGATGAGGATCCGTGA-3') were used for the primary
amplification using Spul of circulated cDNA as a template in a
total volume of 50-ul reaction system under the standard PCR con-
ditions. After being confirmed by agarose gel electrophoresis, the
diluted 50-fold PCR products were used as template for the nested
PCR amplification using primers (A2: 5-CACAATCTTGGTCAT
CTCCG-3 and S2: 5-CAGCTGTTCGACTACCTGA-3'). The
nested PCR products were subjected to electrophoresis, gel extrac-
tion, ligation and transformation into E. coli and sequencing as
mentioned above.

Cloning and analysis of the full-length cDNA of the DMBP-1
By comparing and aligning sequences of the 3'- and 5'-RACE prod-
ucts, the full-length cDNA sequence of the DMBP-1 was deduced
and obtained through RT-PCR using primer P1(5-ATGGTTCT C
GTCTTGTTCGAGAC-3") and P2 (5-CTCAGCGGC CTTCTTCT
TCTT-3"). PCR was carried out as the methods described above.
After agarose gel electrophoresis detection and gel extraction,
DNA of the target bands was ligated to pGEM-T Easy vector
(Promega, USA), and sequenced using T7/SP6 primers (Sangon,
Shanghai, China). Sequence alignments, open reading frame
(ORF) translation and molecular calculation of predicted protein
were carried out using Vector NTI Suite 6. BLAST was conducted
at the NCBI server (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi),
while structural analysis of the predicted DMBP-1 protein was
carried out on the website (http://cn.expasy.org). Phylogenesis was
analysed according to Clustal V method of MegAling program in
DNA STAR package.

Analysis of DMIBP-1 expression using semi-quantitative RT-PCR
A total of RNA isolated from D. salina cells was prepared on Days
1,2, 4,8, 15,20, 24 and 30, respectively, after being cultured under
the 12-h light and dark/day. Semi-quantitative RT-PCR was per-
formed using SYBR RT-PCR Kit (Takara, Dalian, China) accord-
ing to the manufacturer’s instructions. The primers for the DMBP-1
gene were designed as follows: 5-TCGCGATACAAGCTCAAGTT
CAG-3' (sense) and ¥-GTGGATGCTGGCTGCTTGGCCTGG-3
(antisense). The primers for 18S rRNA were 5-TTGGGTAGTCGG
GCTGGTC-3 (sense) and 5~ AGGTCCACTTGCCCAACACTCC
G-3' (antisense). The PCR conditions were as follows: after heating
at 95°C for 10 min, followed by 30 cycles of 50s at 95°C, 30s at 60°C
and 40s at 72°C, and a final extension at 72°C for 5min. As targeted
DNA was amplified, the fluorescence of the end of each cycle of
RT-PCR was monitored by iCycler iQ (Bio-Rad Laboratories Inc.,
Hercules, CA, USA). The targeted DNA amplified specifically was
confirmed by electrophoresis and sequencing. The relative abun-
dance of 18S rRNA was used as an internal standard.

Expression of the recombinant DMBP-1 inE. coli

The DMBP-1 ¢cDNA of D. salina was amplified by PCR using
the primers 5-CGGCATATGATGGTTCTCGTCTTGTTC GA
GAC-3 and 5-CGGGAATTCCTCAGCGGCCTTCTTCT
TCTT-3'. The PCR products cut with enzymes Ndel and EcoRI
were cloned into the prokaryotic expression vector pET28a (+).

A single colony of E. coli BL21 containing the DMBP-1 was
grown in Sml of L-broth medium containing 50 pg/ml kanamycin
for 12h at 37°C at 200g. The 50-pl cultures were inoculated into
50ml L-broth media containing kanamycin and then grown until
the OD 600 value achieved was 0.4—0.6. Subsequently, the cultures
were harvested at 10,000g for 10 min after being induced by 0.2 mM
IPTG at 37°C for another 4 h. Each pellet was resuspended in 500 pl
loading buffer prior to 10% SDS—PAGE.
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Southern—Western Blots

Proteins resolved by 10% SDS—PAGE were transferred onto nitro-
cellulose (0.45pum) by electro blotting in S0 mM Tris, 380 mM gly-
cine, 20% methanol and 0.1% SDS. Binding was performed using a
modified method according to the report by Morisawa et al. (23) and
von Kries et al. (16). In brief, binding was carried out in a
DNA-binding buffer containing 20mM Tris—HCI (pH 7.5),
150mM NaCl, 4pg/ml sheared E. coli DNA and 2ng/ml end-
labelled MAR fragment in the presence or absence of competitors,
unless specified. After incubation at room temperature (RT) for 15h,
the filters were washed three times with the DNA-binding buffer and
then autoradiographed. The probes used included a 0.88-kb frag-
ment of B-globin MAR (30), a 0.44-kb fragment containing the
mouse Igk locus MAR (37) and a 0.50-kb fragment corresponding
to DSM 2 MAR from D. salina (10). The blots were blocked for
30 min (5% skimmed milk powder, 10 mM Tris—HCI pH 7.5, 50 mM
NaCl, 2mM EDTA pH 8.0). The blots were then incubated for 1 h in
binding buffer containing Dig end-labelled probe and the appropri-
ate concentration of competitor DNA. Finally, the protein blots
were rinsed three times for 10min in binding buffer before being
dried and exposed to X-ray film.

Expression and subcellular localization of the DMBP-1

in CHO cells

The D. salina DMBP-1 cDNA amplified by PCR was cloned into the
expression plasmid pEGFP (Clontech) to generate a plasmid
pEGFP-MBP, and then the pEGFP-MBP would be transfected
into CHO cells by Lipofectamine 2000. Western blots were per-
formed to determine the expression of the fusion proteins and
their cellular localization. Briefly, a total of recombinant proteins
expressed as DMBP-1 in CHO cells was run on 12%
SDS—polyacrylamide gel and then transferred to nitro-cellulose
membrane. Blots were hybridized with mouse anti-hexahistidine
monoclonal antibody at 4°C overnight. After being washed, the
blots were incubated with horseradish peroxidase-conjugated sec-
ondary antibody at RT for 5—10min and then visualized using the
Amersham enhanced chemiluminescence detection system.

Results

Amplification of 3- and 5-ends of DMBP-1 cDNA
Agarose gel analysis revealed that amplification with
degenerate primers resulted in an ~500bp of DNA
band. BLAST-n analysis indicated that the DNA frag-
ment of PCR had wide similarities to known
MAR-binding protein genes from pea, tobacco,
Arabidopsis, yeast, Homo sapiens and others.

Electrophoresis analysis of primary PCR product of
5-RACE showed only smear, not specific band.
However, when the nested PCR was carried out
using the PCR product as a template, a specific band
of ~800 bp appeared. There was a similarity between
this sequence and the 3’-cDNA end by BLAST ana-
lysis. Based on the 272-bp overlap between the 5 and
3'-fragments, the full-length DMBP-1 cDNA was
2232 bp in length [poly (dA) not included].

Sequence and characterization of DMBP-1

As anticipated, the specific 2232-bp DNA band was
amplified by PCR using full-length primers P1 and
P2. Sequencing result of this sequence completely coin-
cided with the deduced full-length cDNA sequence
(Fig. 1). The cDNA of DMBP-1 possessed a 1623 bp
of an ORF from 105—1729bp of the sequence,
including a 105bp of 5-UTR and a 473bp of
3’-UTR. The 3’-UTR possessed a typical polyadenyla-
tion signal TGTAA at position 15 upstream of the poly
(A)-tails.

MAR binding protein of D. salina

1 ACCTGACATTACTTTTGGTTTGGTTAATAGGTTGATGCTTTAGTGTCCTTTGCTAGCAAC

61 GACTGCCCTTTGCCAGCAAAGTAGCTTTGCAGTCTGCTGGCAAGCAZEGTTCTCGTCTTG
MV L VL

121 TTCGAGACTGCTGGAGGCTTGGCGTTGTTCAAGGTGCTCCAAGAAGGCAAACTGAAGCAG

FETAGGLALFEKVYLQEGEKTLEKRQ
181 ACAGAGGATGTGAGCGCAGACTTTGGGACGCCCGAGCAGGCGCAMAGATGGTCAAGCTC
TEDVSADFGTPEGQAQEKDMY KL
241 AMGGCGTTCAGCAAGTTCCAGGACACGACGGAGGCGATGGAGGCCGCCACGGCCCTRGTG
KAFSKFQDTTEAMEAATALY
301 GACAGCAAGCTCAGCAAGCCCATGAAGAAGTTCCTGAGGAAGAACGTGGATGGAGAGGAG
DS KLSKPMEKEKEFLREKNVYDGEE
361 CTGGCCATCCTCOATAAGAAGCTGGGCGGCATCETGCAGGAGAAGCTCGGCATTCCTTGT
LATLDEKEKLGGTIVQEEKLGTIFPC
421 GTGTACAGCAACGCGGTGCTGGAGCTCACGCGTGGCATCAGGAACCAGCTGCAGGGCTTG
VYSNAVLELTRGIRNQLGQGL
481 ATTAGTGGCCTGTCTGGTGTGGACCTGAAGCCCACGTCCCTGGGTCTATCTCACAGCTTG
I'SGLSGVDLEKPTSLGLSHS.L
541 TCGCGATACAAGCTCAAGTTCAGCCCAGACAAGGTCGACACCATGATTGTGCGAGCCATT
SRYKLKTFSPDEKVDTMIVRAL
601 GOGCTGCTGGACGGCCTGGACAAGGAGCTGAACACGTATGCCATGCGTGTGCGTRAGTGY
G L L DGLDEKELNTYAMRYRE.JW
661 [TATGGCTGGCACTTICCCGGAGATGACCAAGATTGTGAACGACAACATCGCATACGCCAAG
VG WHFPEMTEKTIVNDNTIAYAEK
721 GTCGTCANGCTGATGGGCACCCGTGACCAGGCCGCCTCCCACGACTTTTCGGGCATCATC
VVEKLMGTRDQAASHDTFSGTII
781 GAGGAGGACACAGAGCAGCACCTAAAGGATGCAGCCATCGTGTCCATGGGCACAGAGATC
EEDTEQHLEKDAATLVSMGTE.!
841 AGCCAAGAGGACTTGATGAGGATCCGTGAGCTAGCAGACCAGGTGATTGACCTGTACGCG
SQEDLMRIRELAD QY I DLYA
901 TACAGAGGCCAGCTGTTCGACTACCTGAAGTCGCGAATGAACGCCATCGCACCAAACCTG
YRGQLFDYLEKSRMNAILIAPNL
961 ACGGTCCTGGTTGGAGAGCTTGTAGGTGCACGCCTCATCTCCCGTGCCGGCTCCCTCATC
TVLVGELVGARLTISRAGSTLI
1021 AACCTGGCCAAGCAGCCAGCATCCACCGTCCAARTCCTAGGAGCAGAGAAGGCCTTGTTC
NLAKQPASTV QI LGAEEKATLEF
1081 AGGGCCTTGAAAACCAAGCACGAGACCCCCRAGTACGGCCTCATCTAGCACGCATCGCTC
RALKTKHETPEKLYGLITYHASL
1141 ATCGGCCAGAGCTCATCCAAATACAAGGGCAAGGTGTCACGTGTGCTGGCCGCCAAGTGT
16QSSSKYKGKVYVSRVILAAMNEKDESC
1201 GCGCTGGCAACGCGCGTGGATGCCCTTAGGGAGOGTGAAGACGCACAGATCGGTATTGAC
ALATRVDALGEGEDAQTIGTID
1261 GCACGTTCCAAGGTGGAGGCGCGCCTGCGCCGECTGRANGGCANGACGCTCATCACTGAT
ARSKVEAMRLRRLEGEKTLTITD
1321 GETGGCAAGGCANAGGGCAAGGAGCAGCCCGCGCCCTACGACANGACCANGCAGCAGAGC
6 6GKAKGEKEQPAPYDEKTEKQ QQS
1381 CCOGCTGCAGGGCTATCCACAGTGCCCAAGGCTTACAACGCGGACGCGOATGTAGCGGTG
PAAGLSTVPEKAYNADADVYAY
1441 CCAGAGAAGAAAAAGAAGAAGAAGGACAAGAGCGGCGAGCAGGCCOGCCCCAGCGANGAG
PEKKKEKEKEKDEKSGEQAGTPSEETE
1501 CAGCCACAGCAGCCCCAGCAGGCGGACGGCCAGCAAGAAGGCGAGCAGCCAMGAAGAAG
QPQQPQQADG QQEGEG QPEKEKEK
1561 AAGAAGGAGAAGAAGGCGGCOGAGGCAGCAGCAGGAGACGCGCAGAATGGTGGTCGTCGC
K KEKKAAEAAAGDAQNG GGG G
1621 GCGGAAGAGGAGGCOCCCAAGAAGAAGAAGAAGAAGGCCGAGGCTAGCGCTACAGATGGC
AEEEAPKKKKEKEKAEAGAADG
1681 GGTGCTGCTGAGGAGGCGCCCAAGAAGAAGAAGAAGAAGGCCGCTGAG ZAAGCTCGTGTC
G AANEEAPKKKEKEKEKAAE
1741 CTTCOOCCTCCTCCTCCTGECTCTCCCTTTCCCTCCATCACCACGGAGTCTGCOANAAC
1801 CCTTCACCTCGAAGATCCCTCCTTCCTCTCTACCTCCTGTGTTGOCCTGTCCCATGETCA
1861 AGGCGCCATGATGGTGGCTGAGAGCACTTGCCAACGGACTTTTTTCCCCCAGTTCTGOCC
1921 TCAATTATTGCTACCCATTTCTTGCGCAACTGTGTCTGCTTGCTCGGACCCTTCCAGCTC
1981 TGCTTTGTTGCGTTCACTGCGGCTTTTGTGCCACTTTTTCGCACCTGCTTTTTTOGCTGG
2041 AGTGGCTGTGCTGTGCTAGCGATCCTGGCGGTTTGTGATATGCTTATTGTTTGAGAAGGG
2101 CTGCTTTCCATTCATTGAGAGAGGCTGCCCTCGOACCGCAGGTATTTGATTTACTGGACT
2161 GTACCAGACTCAATCTTATTTIGTAACTATTAACATGCGCCAAAAAAAAAAARAAAAAA
2221 AMAAAAAAAAAA

Fig. 1 Nucleotide sequences of the gene encoding the DMBP-1 from
D. salina and deduced amino acid sequences (GenBank no:
DQ124215). The nucleotide sequences used as degenerate oligo-
nucleotide primers are boxed. The putative initiation codon (ATG),
the putative polyadenylation signal and the stop codon (TAA) in
italic are underlined.

The ORF was obtained by ORF Finder on NCBI
(http://www.ncbi.nlm.nih.gov/gorf/ gorf.html) and the
predicted DMBP-1 protein precursor was 541 amino
acids in length, with a 58.55kDa of theoretical
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A D.s VLVLFETAGGLALFKVLQEGKLKQTEDVSADFGTLEQAQKMVKLKAFSKFQDTTEAMEAA
P.s MLVLFETPAGFALFKVLNEGKLSEVQDLSLDFSTADAARKVVKLKAFSKFENTAEALEAA
N.t MLVLFETPAGFALFKVLDEGKLSKVEDLWKEFSTTDSARKVVKLKAFSKFENTSEALSAA
At MLILFETPGGFAIFKVLNEGKLSNVEDLGNEFSTAKLARKMVKLVAFDKEDNTAEALEAV
0.s MLVLFETPAGFALFKVLDEGKLDKVEDLWKEEFTTSDSARKVVELKAFNKFENTSDALSAA
D.s TALVDSKLSKPMKKFLRKNVDGEELATLDKKLGGIVQEKLGIPCVYSNAVLELTRGIRNQ
P.s SCLIDGKTSKGLRKFLRAHCDDEILAVADSKLGNI IKEKLKIDCVHNNAVMELMRGVRYQ
N.t TLLIDSKPSKGLRKFLKAHCDGETLGVADSKLGNATKEKLQIDCVHNNAVMELMRGVRSQ
At AKLLEGTPSKGLRKFLKANCVGETLAVADSKLGNI IKEKLKTVCVHNNAVMELLRGIRSQ
0.s TLIIDSKPTKGLRKFLQKHCEGETLAVADSKLGNATKEKLKIDCLHNSAVMELMRRLRNQ
D.s LQGLISGLSGVDLKPMSLGLSHSLSRYKLKFSPDKVDTMIVQATGLLDDLDKELNTYAMR
P.s LTELTSGLAVQDMAPMSLGLSHSLSRYKLKFSADKVDTMIVQATGLLDDLDKELNTYAMR
Nt LTELITGLGSQDLAPMSLGLSHSLSRYKLKFSPDKVDTMIVQATSLLDDLDKELNTYAMR
At LTELTSGLGDQDLGPMSLGLSHSLARYKLKFSSDKVDTMIIQATGLLDDLDKELNTYAMR
0.s LTELTSGLGAQDLGPMSLGLSHSLSRYKLKFSPEKVDTMITQATGLLDDLDKELNTYAMR
D.s VREWYGWHFPEMTKTVNDNTAYAKVVKLMGTRDQAASHDESGI TEED-TEQHLKDAATVS
P.s VREWYGWHFPELTKI IQDNIQYARSVKLMGDRINAAKLDFSEILTEE-VEAEVKEAAVIS
N.t VREWYGWHFPELAKIVQDNILYAKAVKLMGDRVNAAKLDFSEILPEE-VEAELKEASMIS
At VREWFGWHFPELAKIVQDNILYAKAVKLMGNRINAAKLDFSETLADE-IEAELKEAAVIS
0.s VREWYGWHFPELTKIVADNIQYAKVVKMMGDRTNAESLDFSEILSDDEVEAQLKEAAVIS
D.s MGTETSQEDLMRIRELADQVIDLYAYRGQLFDYLKSRMNATAPNLTVLVGELVGARLISH
P.s MGTEIGELDLSNIRELCDQVLSLSEYRAQLYDYLKSRMNTTAPNLTAMVGELVGARLIAH
N.t MGTEVSDLDLENIKDLCSQVLSFSEYRAQLYDYLKSRMNT IAPNLTALVGELVGARLIAH
At MGTEVSDLDLLHIRELCDQVLSLAEYRAQLYDYLKSRMNT IAPNLTALVGELVGARLISH
0.s MGTEVSELDLLNIRELCDQVLALSEYRAQLFDYLRSRMNT IAPNLTALVGELVGARLIAH
D.s AGSLINLAKQPASTVQILGAEKALFRALKTKHETPKYGLIYHASLIGQSSSKYKGKVSRV
P.s GGSLINLAKQPGSTVQILGAEKALFRALKTKHATPKYGLIYHASLIGQAAPKFKGKISRS
N.t GGSLLNLAKQPGSTVQILGAEKALFRALKTKHATPKYGLIYHASLIGQAAPKHKGKISRS
At GGSLLNLAKQPGSTVQILGAEKALFRALKTKHATPKYGLIFHASVVGQAAPKNKGKISRS
0.s GGSLVNLAKQPGSTIQILGAEKALFRALKTKHATPKYGLIYHASLIGQAAPKHKGKISRS
D.s LAAKCALATRVDALGEGEDAQIGIDARSKVEARLRQLEGKTLITDGGKAKGKEQPAPYDK
P.s LAAKTALAIRCDALGDGQDNTMGLENRAKLEARLRNLEGKELGRFAGSAKGKPKIEAYDK
Nt LAAKTALAIRYDALADSQDNTMGLENRAKLEARLRALEGKELGKSAGSAKGKPKIEVYDK
At LAAKSVLAIRCDALGDSQDNTMGVENRLKLEARLRTLEGKDLGRLSGSAKGKPKIEVYDK
0.s LAAKTALATRYDALGDGEDNSIGLESRVKLETRLRVLEGKELGRSAGSTKGKPKIEVYEK
D.s TKQQSPAAGLSTVPKAYNADADVAV
P.s DKKKG-AGGLITPAKTYNTAADSVI
N.t DRKKG-AGALITPAKVYNPAADSVI
At DKKKG—SGGLITPAKTYNTAAD
0.s DRKKG-AGALITPAKTYNPAADLVL
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Fig. 2 Alignment and CCD search results. (A) The alignment of DMBP-1 protein using DNAMAN software. Multi-alignment was made by
DNAMAN of the deduced DMBP-1 amino acid sequence with the four most homologous MAR/SAR binding proteins from Pisum sativum
(GenBank accession no: AAC16330.1), Nicotiana tabacum (GenBank accession no: BAB41076.1), Arabidopsis thaliana (GenBank accession no:
NP_187157.1), Oryza sativa (GenBank accession no: BAA31260.1). D.s: Dunaliella salina; P.s: Pisum sativum; N.t: Nicotiana tabacum; A.t:
Arabidopsis thaliana; O.s: Oryza sativa. The completely identical amino acids are shaded. (B) The CCD search result of D. salina DMBP-1
protein via NCBI Blast. Analysis of the functional domain by CCD search showed that there was a SIK1 domain.
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molecular weight and a 9.1 of pl value (GenBank ac-
cession no. DQI124215). Multi-alignment of the
DMBP-1 with other organisms was conducted (Fig.
2A). According to NCBI protein—protein BLAST,
the deduced DMBP-1 amino acid sequence had 75%
(344/458) identities and 86% (395/458) positives in
local alignments to nucleolar protein, a component
of C/D snoRNPs from Chlamydomonas reinhardtii,
and 66% (300/454) identities and 78% (355/454) posi-
tives to Pisum sativum SAR DNA-binding protein-1. It
also shared very broad and high local identities and
positives to MAR- binding proteins from species of
broad classes such as Oryza sativa (61% identity and
76% positive), Arabidopsis thaliana (63% identity and
76% positive), Nicotiana tabacum (61% identity and
75% positive), Lotus japonicus (63% identity
and 76% positive), Medicago truncatula (64% identity
and 75% positive) and Beta vulgaris (65% identity and
78% positive).

We identified functional domains of the D. salina
DMBP-1 protein via CCD search of NCBI, and
found that there was a main putative conserved
domain: SIK1 from position 40 to 400 (Fig. 2B). The
SIK1 protein is implicated in ribosomal biogenesis,
Nop56p homologue, which may be involved in trans-
lation, ribosomal structure and biogenesis.

The two-dimensional structure prediction of the
D. salina DMBP-1 protein was conducted. Based on
the Hierarchical Neural Network 23 result, the
DMBP-1 mature peptide was composed of 56.19%
a-helix, 7.95% extended strand and 35.86% random
coil. a-Helices and B-sheet reside penetrating through
all parts of the D. salina DMBP-1 protein.

Expression of the gene encoding DMBP-1 protein
The semi-quantitative RT-PCR was used to analyse
the expression profile of the DMBP-1 gene from
D. salina cells grown under the 12-h light and dark/
day. As shown in Fig. 3, the cell density (x10°) of
D. salina was clevated gradually from Day 3 after
being cultured under the 12-h light and dark/day
(Fig. 3A). The relative proportion of the DMBP-1
mRNA was significantly increased from Days 8 to 15
with the highest level on Day 15 (Fig. 3B), suggesting
that expression of the DMBP-1 protein of D. salina is
cell cycle dependent.

Southern—Western blots

In order to investigate the MAR DNA-binding prop-
erties of the DMBP-1 protein, the coding sequence was
cloned into prokaryotic expression plasmid pET28a
(+) and then expressed in E. coli. The expressed pro-
teins in E. coli were recovered from inclusion bodies
and analysed by SDS—PAGE. An ~75kDa of recom-
binant protein was found, which agrees with the the-
oretical molecular weight of the recombinant
DMBP-1-protein with the N-terminal tag.

The recombinant DMBP-1 protein from E. coli in-
clusion bodies was fractionated by 10% SDS—PAGE
and blotted on nitro-cellulose. Proteins blots were
probed with Dig-labelled MAR DNA and finally
were exposed to X-ray film. The recombinant
DMBP-1 protein bound to MAR fragments from

MAR binding protein of D. salina

>
8

Cell numbers (x10°%)
=

40 b
20 b
ol e I AR S I Sl
12 3 456 7 2 9101112131415 16 17
days
B M 2 3 4 5 6 7 8
500bp— —506bp
250bp — —315bp

Fig. 3 Expression of the DMBP-1 gene in the different growth
periods. (A) Cell density of D. salina cells grown in the different
periods. (B) The relative proportion of the DMBP-1 mRNA was
markedly increased from days 8 to 15 with the highest level of
DMBP-1 mRNA on Day 15. Lanes 1—8 are representative of
Days 1, 2, 4, 8, 15, 20, 24 and 30, respectively.

human (GM), mouse (Igk) and D. salina in the
presence of up to 2,000-fold in excess of non-specific
competitor DNA. As shown in Fig. 4, the E. coli-
expresssd  DMBP-1 protein specifically interacted
with DNA of MARs (Fig. 4A). The interaction of
the recombinant DMBP-1 protein with MAR DNA
probe was sensitive to 25uM distamycin (Fig. 4B)
and to poly[dA-dT]. poly[dA-dT] competitor DNA
(Fig. 4C), but not to poly[dG-dC].poly[dG-dC]
(Fig. 4D). These experiments demonstrate that the
E. coli-expressed DMBP-1 protein specifically interacts
with MAR DNA in vitro.

Expression and subcellular localization of the
DMBP-1

In order to determine the subcellular localization of the
DMBP-1, an expression vector with the DMBP-1
fused to green fluorescent protein was constructed,
and then transfected into CHO cells via
Lipofectamine 2000. Western blots showed that the
DMBP-1 protein was expressed in CHO cells
(Fig. 5A). Also, the green fluorescence was full of the
cytoplasma of the cells transfected with the control
plasmid pEGFP (Fig. 5 B) under fluorescence micro-
scope, while the green fluorescence appeared only in
the nuclei of CHO cells transfected with the
pEGFP-MBP (Fig. 5C), indicating that the DMBP-1
is located in the nuclei.
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Fig. 4 DNA-binding properties of DMBP-1. The recombinant
protein DMBP-1(0.1 png) from E. coli was fractionated by 10%
SDS—PAGE and blotted onto nitrocellulose. Protein blots were
probed with 3?P-labelled MAR DNA and then autoradiographed.
The probing conditions were varied as follows: (A) 0 (lane 1),
500-fold (lane 2), 1000-fold (lane 3) and 2000-fold (lane 4) in excess
of non-specific competitor DNA (sheared E. coli genomic DNA)
over probe DNA. The length of MARs used and their AT contents
(in parentheses) were as follows: DM, 0.55kb (62.5%); GM, 0.88 kb
(66.0%); lgk, 0.44kb (72%). (B) A 1000-fold in excess of the
unlabelled competitor (lane 1) and in the presence of 25 uM
distamycin (lane 2). (C and D) 0 (lane 1), 500-fold (lane 2) and
1000-fold (lane 3) in excess of the unlabelled, poly[dA-dT].
poly[dA-dT] and poly[dG-dC].poly[dG-dC].

A 94KD —

67KD

M 1 2

Fig. 5 Expression and subcellular localization of the DMBP-1 in
CHO cells. An expression vector pEGFP-MBP, in which the
DMBP-1 was fused to green fluorescent protein, was constructed
and the vector pEGFP was used as a control. Subsequently, the
vectors were transfected, respectively, into CHO cells via
Lipofectamine 2000. (A) Blots were hybridized with mouse
anti-hexahistidine monoclonal antibody. Lanes 1 and 2 represent,
respectively, proteins from CHO cells transfected with the vectors
pEGFP and pEGFP-MBP. (B) In CHO cells transfected with the
control pEGFP, the green fluorescence was full of the entire cells
under fluorescence microscope. (C) The green fluorescence appeared
only in the nuclei of CHO cells transfected with the pEGFP-MBP
under fluorescence microscope.

Discussion

The MAR-binding protein is a type of specific proteins
that interact with and bind to MAR sequences. Some
MAR-binding proteins have been isolated, so far, from
plants and animals (20—24, 32), but not from algae. In
the present study, we isolated and identified a novel
protein DMBP-1 from the unicellular microalga
D. salina. DMBP-1 homologues have been identified
in four plant species including both dicots and mono-
cots. Whereas the N- and C-terminal parts of the
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proteins have little sequence similarity, the central
part is well conserved.

The recombinant DMBP-1 was expressed in E. coli
and could bind to MAR-DNA fragment in the pres-
ence of non-specific and G/C-rich competitor, but this
interaction was competed by A/T-rich DNA and dis-
tamycin. The amino acid sequences of the DMBP-1
with pI of ~9 are like the Nop protein, which belongs
to the MARBP family. The DMBP-1, as other Nop
proteins, is more similar to the primary sequence of
Nop 5 from yeast, which contains many KKX motifs
in the C-terminal region.

A number of amino acid sequences interacting with
MAR DNA have been characterized, including the
SPRK or SPKK motif found in sea urchin sperm his-
tone H1 and H2B, the repeated KRPRGRPKK motif
present in HMG-1/Y, the KRKRGRPKK motif of the
Drosophila D1 protein, the RKRGB motif consensus
of homeodomain proteins and the KRPR motif in
the phage 434 protein (33). However, no amino acid
sequences resembling these motifs are present in
DMBP-1.

The bipartite nuclear localization motif is character-
ized as two basic amino acid separated by a spacer of
any 10 amino acids from a second cluster of basic
amino acids, in which three out of five are basic and
has been shown to be sufficient for nuclear localization
of some proteins (34). In the present study, further-
more, motifs conforming to this definition were identi-
fied in the DMBP-1. KKX motifs repeats toward the
C-terminus of DMBP-1 may contribute to the poten-
tial bipartite nuclear localization sequences. Domains
containing repeats of these KKX motifs also occur in
mammalian microtubule-associated proteins MAPIA
and MAPIB, and in the yeast protein Cbf5p that is
involved in mitotic chromosome segregation and
rRNA biosynthesis (35).The KKX motifs have been
demonstrated to have a microtubule-binding function
in vivo in MAPIB and Cbf5p, and a microtubule-
binding function in vitro in MAP1B (36). Hence, the
KKX motif confers an ability to bind microtubules on
the DMBP-1.

To investigate the location of the DMBP-1 in the
cells, the expression vector with the GFP gene was
transfected into CHO cells. The localization experi-
ments indicated that the DMBP-1 was located in the
nuclei, which is similar to Nop58 (37). Several experi-
ments have demonstrated that some Nop proteins con-
stitute the snoRNP, which is involved in the splicing of
RNA, and Nop 5 protein can bind the rRNA precur-
sor (38). The DMBP-1 shows a homology to yeast
Nop5 family, in which Nop58p and 56p bind MAR
DNA and are involved in ribosome biogenesis (38).
Based on the findings of the present study, it is con-
cluded that the DMBP-1 from D. salina is a novel
MAR-binding protein, which may participate in
RNA processing.

Supplementary Data

Supplementary Data are available at JB online.
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