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A new member of the NAP/SET gene family, named
MB20, was isolated from a mouse brain cDNA library
by virtue of its CAG trinucleotide repetitive sequence
and a brain-specific gene expression pattern. The com-
plementary DNA sequence predicted an open reading
frame of 545 amino acids, with four copies of an 11-
amino-acid direct repeat. The consensus sequence for
these repeats, PKE-P--K-EE, is present in the largest
subunit of murine neurofilament (NF-H). The MB20
protein sequence is homologous to nucleosome assem-
bly proteins of several species, and its C-terminus is
homologous to SET proteins. Immunoblot analysis re-
vealed that MB20 protein is expressed in the brain.
Transient transfection and immunofluorescence mi-
croscopy demonstrated that MB20 is distributed in the
cytoplasm as well as in the nucleus. Deletion of the
N-terminal end imparts the complete localization of
MB20 protein to the nucleus. The ability of MB20 to
bind histone proteins was analyzed by sucrose gradi-
ent sedimentation and by retention of histone proteins
by immobilized MB20 protein. On the basis of its ex-
pression pattern, predicted sequence, and protein
properties, we propose that MB20 plays a unique role
in modulating nucleosome structure and gene expres-
sion during brain development. © 2001 Academic Press

INTRODUCTION

In eukaryotes, nucleosomal structures undergo dy-
namic changes to adapt to the cellular activities of
DNA replication, mRNA transcription, and cell cycle
progression. The modulation of nucleosome assembly
and disassembly, therefore, is critical to many impor-
tant biological processes. A eukaryotic genome is orga-
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nized in the basic unit of the nucleosome. A nucleosome
core consists of two sets of the four histone proteins,
H2A, H2B, H3, and H4, and approximately 146 bp of
DNA (Kornberg, 1977). Other proteins, such as H1
histone and nonhistone proteins, also contribute to the
high-order structure of a functional chromosome. Al-
though the structure of the nucleosome core has been
extensively studied (Kornberg, 1977; Luger et al.,
1997), the dynamic aspect of the nucleosome has been
elucidated only recently (Widom, 1998; Wolffe and Ku-
rumizaka, 1998).

Several lines of evidence suggest that nucleosome
assembly is coupled to DNA replication (Worcel et al.,
1978; Smith et al., 1984; Kim et al., 1988). On the other
hand, the regulation of gene expression is dependent
on transient alteration of the nucleosome in eukaryotic
cells. Many expressed genes have nucleosome-free re-
gions in their promoters, as identified by hypersensi-
tivity to endonuclease digestion (Elgin, 1988). Bio-
chemical analysis of the nucleosome assembly process
has led to the identification of several histone-binding
proteins, such as nucleoplasmin (Laskey et al., 1978),
N1/N2 (Kleinschmidt and Franke, 1982; Kleinschmidt
et al., 1985), and NAP-1 (Fujii-Nakata et al., 1992).
Collectively, these proteins appear to function as his-
tone transfer vehicles that facilitate deposition of his-
tones to DNA in an ATP-independent manner (Gruss
and Sogo, 1992; Walffe, 1995). In addition to the his-
tone-binding activity, NAP-1 proteins of Xenopus and
yeast have been shown to interact specifically with
B-type cyclins (Kellogg et al., 1995). Genetic analysis
also demonstrated that Clb2 (B-type cyclin of yeast)
could not carry out its full range of functions in a
NAP-1 null background (Kellogg and Murray, 1995).
These observations extend the roles of NAP-1 from
regulating gene expression, through histone transfer,
to propelling cell cycle progression by interacting with
components of the cell cycle regulators.

While it is well accepted that nucleosome modulators
are universal, specific mechanisms exist among differ-
ent tissues in higher animals. The brain, the major
part of the central nervous system, is unique in that its
major cellular constituents, neurons, cease to divide
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during much of adulthood. Despite its low proliferation
potential, the neuron is metabolically and transcrip-
tionally active. How are these genes regulated in neu-
rons? Brain-specific factors and regulatory mecha-
nisms involved in gene expression control should be of
considerable interest.

Considering the large number of reports (Amato et
al., 1993; THDCRC, 1993; Orr et al., 1993; Takiyama et
al., 1993; Koide et al., 1994) relating “CAG” triplet
repeats to neural functions, we set out to isolate “CAG”
trinucleotide repetitive sequences containing genes
that are specifically expressed in the brain. It is rea-
sonable to assume that these brain-specific CAG triplet
sequence-containing genes will be related to specific
mechanisms required for maintaining normal neuro-
nal functions. A 30-mer oligonucleotide with 10 copies
of CA(G/A) was used as a probe to isolate 48 clones
from a mouse fetal brain cDNA library and 326 clones
from a Drosophila early embryo cDNA library. Using
individual mouse CAG-containing clones as a probe, we
screened the Drosophila CAG-containing clone pool to
isolate murine clones that cross-hybridized with spe-
cific Drosophila clones. One of the mouse clones thus
identified, MB20, was found to be specifically ex-
pressed in the brain. In this article, we report the
identification and characterization of MB20. The pre-
dicted amino acid sequence of the MB20 protein is
highly homologous to that of NAP proteins. Further-
more, we identified unique properties of the MB20
protein involved in histone binding and trafficking,
reflecting its role as a chaperon in governing the avail-
ability of histone proteins. On the basis of its structural
features and the previous observation of enhanced ex-
pression during neuronal differentiation (Fan et al.,
1998), we speculate that MB20 plays a role in sustain-
ing neuronal function during brain development.

MATERIALS AND METHODS

Isolation of mouse brain cDNA clones containing a [CA(G/A)]
trinucleotide repeat. [CA(G/A)]., oligonucleotides were end-labeled
by T4 polynucleotide kinase (New England Biolabs) with [y-*P]ATP
and used as probes to screen a mouse neonatal brain Agtll cDNA
library (Stratagene). Hybridization was carried out at 55°C in a
solution of 5X SSPE, 5X Denhardt’s, 100 ng/ml salmon sperm DNA,
and 0.5% SDS. Sixty positive clones were isolated from a total of
120,000 clones after two rounds of plaque purification. These [CA(G/
A)] trinucleotide repeats containing phage clones were then sub-
jected to in vivo excision of the pBluescript SK(—) phagemid. The
plasmid DNA of these [CA(G/A)] trinucleotide repeat-containing
clones was prepared by a standard alkaline lysis method and the
clones were named MB1 to MB60 because they were obtained from
mouse brain. Southern blot analysis using [CA(G/A)],, oligonucleo-
tides as probes was then applied to confirm the presence of [CA(G/A)]
trinucleotide repeats in these clones. Among the 60 primary isolates,
48 clones were shown to be positive and were further characterized.

Cross-species hybridization. Three hundred twenty-six Drosoph-
ila embryonic cDNA clones that contain a CA(G/A) repeat were used
as targets for cross-species hybridization. An individual mouse brain
CA(G/A) repeat-containing cDNA clone was used as a probe and
labeled with [a-**P]dCTP (Amersham) with a random primer DNA
labeling kit (Boehringer Mannhein). To block the triple repeats,

CA(G/A)]y, oligonucleotides were added to the cDNA probe, and the
mixture was denatured by being boiled for 5 min. After the denatur-
ing step, the probe and oligonucleotide mixture was cooled to 37°C,
further incubated for 15 min, and then added to a hybridization
solution (0.5 M sodium phosphate, pH 7.2, 7% SDS, 1 mM EDTA, and
0.1 mg/ml yeast tRNA). Hybridization was carried out at 45°C,
followed by washing three times (15 min each) at the same temper-
ature.

Northern blot analysis. The 3’-region of MB20 cDNA without a
[CA(G/A)] trinucleotide repeat was used as a probe in Northern blot
analysis. The DNA fragment was labeled with [«-**P]dCTP (Amer-
sham) with a random primer DNA labeling kit (Boehringer
Mannhein). The poly(A)* RNA filters with multiple newborn mouse
and fetal human tissues (Clontech) were probed to reveal the mRNA
expression pattern of MB20. Hybridization was carried out according
to a standard procedure recommended by the manufacturer. Control
for RNA loading was carried out by probing with either B-actin or
G3PDH probe.

Sequence determination and analysis. Restriction fragments of
cDNA clones were subcloned into the pBluescript SK vector (Strat-
agene). Overlapping cDNA sequences were determined on both
strands by standard dideoxy sequencing. Initially, T7 and T3 prim-
ers were used, and then oligonucleotides were synthesized and used
as sequencing primers on the basis of the finished cDNA sequence.
Sequences were initially analyzed with the computer program
MicroGenie (Beckman), and later searched against current nucleo-
tide and protein databases with the Blast program (Altschul et al.,
1990).

Recombinant protein production and purification. DNA se-
quences encoding the complete form and four different deleted forms
of MB20 protein were subcloned into pET-23a vector (Novagen).
These constructs could generate T7-tag-MB20-His-tag fusion pro-
teins and they were designated pET-23a-MB20.a (full length), pET-
23a-MB20.b, pET-23a-MB20.c, pET-23a-MB20.d, and pET-23a-
MB20.e.

Recombinant fusion proteins were expressed in Escherichia coli
strain BL21(DES3) carrying pLysS (Studier and Moffatt, 1986). Cul-
tures of 500 ml were grown at 37°C to A, = 0.5-1.0. IPTG was then
added to a final concentration of 0.4 mM and further incubated for
3 h. The induced cells were harvested and resuspended in His-Bind
Resin binding buffer (5 mM imidazole, 0.5 M NaCl, and 20 mM
Tris—HCI, pH 7.9). After sonication for 20 min, insoluble debris was
pelleted at 12,000 rpm in an SS34 rotor for 15 min. The full-length
MB20 fusion protein (pET-23a-MB20.a) and three fusion proteins
(PET-23a-MB20.b, pET-23a-MB20.c, and pET-23a-MB20.d) were in-
soluble and formed inclusion bodies. To purify fusion proteins from
inclusion bodies, 6 M urea was added to the His-Bind Resin purifi-
cation solutions. Only pET-23a-MB20.e-expressed protein was solu-
ble. A standard protocol provided by Novagen was used to purify
soluble fusion protein (pET-23a-MB20.e). Purified proteins were rou-
tinely analyzed by SDS—-PAGE to determine the integrity and purity
of recombinant proteins.

Anti-MB20 antibodies. Purified MB20 fusion protein, pET-23a-
MB20.e, and a synthetic peptide, MB20.1, were used as antigens to
immunize rabbits. Peptide MB20.1 corresponds to residues 221-234
(PEEVPEAKVEEEEA) of the MB20 polypeptide. Keyhole limpet
hemocyanin was coupled to MB20.1 using Imject Activated Immuno-
gen Conjugation Kits (Pierce). To enhance specificity, rabbit antisera
were purified using an affinity column packed with purified pET-
23a-MB20.e fusion protein-coupled His-Bind Resin (Novagen).
MB20-specific antibodies were eluted by 0.2 M glycine, pH 2.5, and
immediately neutralized by 1 M Tris—HCI, pH 8.0. The specificity of
anti-MB20 antibodies was demonstrated by peptide blocking exper-
iments.

Tissue extract preparation and Western blot analysis. Adult
mouse brain and liver were homogenized in 1X PBS buffer contain-
ing 0.5% Triton X-100 and a cocktail of protease inhibitors (250 uM
p-amidinophenylmethanesulfonyl fluoride, 5 wpg/ml leupeptin, 5
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wg/ml aprotinin, 5 ug/ml pepstatin A, 1 mM sodium metabisulfite,
and 1 mM benzamidine). Crude extracts were mixed with an equal
volume of loading dye and boiled for 20 min. Boiled samples were
then centrifuged at 14,000 rpm for 15 min before electrophoresis in
10% polyacrylamide gel containing 0.1% sodium dodecyl sulfate.
Gel-resolved proteins were electrophoretically transferred to a nitro-
cellulose filter, and the filter was blocked in TBST buffer (50 mM
Tris—HCI, pH 8.0, 150 mM NacCl, 0.1% Tween 20) containing 5%
nonfat milk powder at room temperature for 1 h. Thereafter, filters
were incubated with different dilutions of anti-MB20 antibodies at
4°C overnight. The membranes were washed with TBST buffer
(three times, 15 min each time) and then incubated in a solution
containing AP-conjugated secondary antibodies (Sigma). After being
washed with TBST, proteins that reacted with the antibodies were
detected with the NBT/BCIP kit (Promega).

MB20 eukaryotic expression plasmids. DNA sequences encoding
the complete form and three deleted forms of MB20 polypeptides
were subcloned into pFLAG-CMV vectors (Kodak) for expression in
cell lines. These recombinant plasmids were named MB20.a,
MB20.ak, MB20.b, and MB20.d (see Fig. 8 for details). Of these, only
MB20.a is a full-length construct. These expression plasmids could
generate FLAG-MB20 fusion proteins, and commercially available
M5 or M2 monoclonal antibodies (Knappik and Pluckthun, 1994) are
able to recognize them through the FLAG epitope.

Transfection and immunofluorescence microscopy. Human fibro-
blast 3T3 cells were maintained at 37°C in DMEM (Dulbecco’s mod-
ified Eagle’s medium) supplemented with 10% calf serum. MB20
expression constructs were transfected into 3T3 cells by a standard
calcium phosphate precipitation procedure (Stenberg et al., 1982).
Forty-eight hours after transfection, cells were washed with 1X PBS
buffer and then fixed and permeabilized with methanol:acetone (1:1)
solution at —20°C for 5 min. The samples were blocked in 1% BSA in
1x PBS buffer at 37°C for 60 min. Rabbit sera against MB20 protein
were diluted in 0.5% BSA in 1X PBS buffer (anti-MB20.1 peptide
was a 1:100 dilution; anti-pET-23a-MB20.e fusion protein was a
1:200 dilution), and samples were incubated with antibody solutions
at 37°C for 60 min. Thereafter, samples were washed with 1X PBS
buffer and followed by a 60-min incubation with FITC-conjugated
secondary antibodies. Finally, samples were mounted with glycerol
and visualized with a fluorescence microscope.

Purification of histone proteins. Histone proteins were isolated
from HeL a cells based on the method of Simon and Felsenfeld (1979).
HelLa cells were maintained in DMEM containing 10% fetal bovine
serum. After trypsinization, cells were collected by centrifugation at
3000 rpm for 5 min. The pellet was washed twice with 1X PBS and
once with hypotonic buffer (10 mM Hepes, pH 7.9, 1.5 mM MgCl,, 10
mM KCI, 0.2 mM PMSF, and 0.5 mM DTT). The cleaned cells were
then resuspended in hypotonic buffer and placed on ice for 60 min.
These cells were homogenized in a douncer and the nuclei were then
precipitated by centrifugation at 5000 rpm for 15 min and subse-
quently resuspended in 1 mM Tris—HCI, pH 8.0, and 0.1 mM Na,
EDTA. DNA was sheared by passing through a homogenizer, and the
final concentration of DNA in the solution was adjusted to 1 mg/ml.

Sheared nuclear extract was later dialyzed in buffer A, which
contained 0.63 N NaCl and 0.1 M potassium phosphate, pH 6.7. A
hydroxyapatite column (BioGel, bed volume is 135 ml) was used to
bind sheared chromatin (24 mg). After being washed with buffer A,
H2A and H2B histone proteins were eluted by a buffer of 0.93 N
NaCl and 0.1 M potassium phosphate, pH 6.7. The column was then
washed with a 0.1 M potassium phosphate buffer (pH 6.7) containing
a 0.93 to 1.2 N NacCl gradient. Finally, H3 and H4 histone proteins
were eluted with 2 N NaCl in 0.1 M potassium phosphate, pH 6.7.
The quality of prepared histones was assessed by SDS—-PAGE.

Sucrose sedimentation analysis. Purified histone proteins (8 ug)
were incubated with an equal amount of MB20 fusion proteins in 100
wl buffer containing 10 mM Tris—HCI, pH 8.0, 1 mM EDTA, 150 mM
NaCl, and 0.1% Triton X-100. The histone binding reaction was
carried out at 4°C overnight, and the mixture was then loaded onto
a linear gradient of sucrose containing the same buffer. Sedimenta-

tion was performed in a tabletop centrifuge at 45,000 rpm for 18 h
(TLA 100.3, Beckman). Aliquots of each fraction were analyzed by
immunoblot analysis. An anti-histone antibody (Boehringer Mann-
heim) and an-T7 tag antibody were used to monitor histone proteins
and MB20 fusion protein, respectively. The anti-histone antibody
preferentially stained H2A/H2B.

Affinity chromatography. The binding reaction of MB20 and his-
tones was carried out at 4°C overnight in a solution (10 mM Tris—
HCI, pH 8.0, 1 mM EDTA, 150 mM NacCl, and 0.1% Triton X-100 )
containing 8 ug each of MB20 fusion protein and purified histone
proteins. His-resin (50 wl) was then added to the reaction. After
being washed 12 times with 1 ml of 1X PBS buffer, proteins captured
by the beads were analyzed by immunoblots using anti-T7-tag and
anti-histone antibodies.

RESULTS

Isolation and Characterization of cDNA Clones
Containing CAG Trinucleotide Repeats

CAG repeat-containing genes were isolated from
Drosophila melanogaster and mouse. Using a 30-mer
oligonucleotide containing 10 copies of a CA(G/A) re-
peat as a probe, we isolated 326 genes from a Drosoph-
ila early embryonic cDNA library (Brown and Kafatos,
1988). Through DNA sequencing and hybridization
analysis, this pool of CA(G/A)-containing genes was
estimated to include more than 150 unique genes (Tsal,
unpublished results).

To isolate CAG triplet repeat sequences from mouse,
we screened several cDNA libraries of mouse tissues
and concluded that the CAG triplet repeat-containing
genes were most abundant in the brain, consistent
with a previous report (Riggins et al., 1992). Sixty
cDNA clones containing a CAG triplet repeat were
then isolated from a total of 120,000 plaques from a
newborn mouse brain cDNA library. These clones were
subjected to in vivo excision to release the pBluescript
SK(—) phagemid. Forty-eight of the 60 clones were
confirmed positive with the CAG triplet repeat probe
by Southern blot analysis.

Using the two pools of CAG triplet repeat-containing
clones from mouse brain and Drosophila embryos, we
further classified these genes based on evolutionary
conservation. An individual mouse clone in which CAG
triplet repeats were depleted was used as a probe to
screen the Drosophila CAG gene pool for homologous
sequences (Fig. 1). Two mouse clones were found to
cross-hybridize with several Drosophila clones. One of
them was subsequently shown to be specifically ex-
pressed in the brain and was named MB20.

Expression Patterns of MB20 and Its Homologous
Genes

Northern analysis of poly(A)” RNA from multiple
mouse tissues (Clontech) was carried out to determine
the expression pattern of the MB20 gene. As shown in
Fig. 2A, the MB20 transcript was detected in the brain
but not in any other tissues, including heart, placenta,
lung, liver, skeletal muscle, kidney, and pancreas. The
size of the MB20 transcript approximates 3.3 kb. Ad-
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FIG. 1. Cross-hybridization of MB20 with Drosophila cDNA
clones. Mouse clone MB20 was used as a probe to hybridize with
filters containing Drosophila cDNA clones with CAG/CAA triplet
repeats. (A) MB20 probe preannealed with [CA(G/A)l,, and
[C/T(TG)].o oligonucleotides to block the repetitive sequence. (B)
MB20 probe. Arrow indicates enhanced signal with MB20 probe
depleted of CAG/CAA sequences.

ditionally, using MB20 as a probe, we detected a tran-
script of the same size in human brain (data not
shown). This finding indicates that the MB20 gene has
a homologous human gene, which is also expressed
specifically in the brain (Fan et al., 1998).

RT-PCR was used to examine further the expression
pattern of the MB20 gene. Total RNA of adult mouse
cerebrum and cerebellum was isolated and used as
templates for RT-PCR. The MB20 transcripts were
detected in both tissues (data not shown). Moreover,
RNA from fetal (E18) and adult rat tissues was applied
in Northern blot analysis. As shown in Fig. 2B, tran-
scripts of the MB20 homologous gene were detected at
the E18 stage of development and in adult cerebrum
and cerebellum of rat.

MB20 Encodes a Protein Related to the SET/NAP
Family Members

The insert of the MB20 cDNA clone was completely
sequenced on both strands. The sequence of the origi-
nal clone predicted an open reading frame without a
translation start site. We then carried out additional
library screening and isolated six clones that overlap
with the original MB20 clone. The overall length of the
nucleotide sequence of these overlapping clones is 2837
bp, and it predicts a protein of 544 amino acids (Fig. 3).
The CAG triplet repeat sequence is at nucleotide posi-
tion 514 to 621, and it encodes a polyserine stretch in
the N-terminal portion of the predicted polypeptide.
When compared to known sequences in the protein
database, the MB20 protein exhibits a significant ho-
mology to nucleosome assembly proteins (NAPSs)
(Ishimi and Kikuchi, 1991) and a proto-oncogene, SET
(Adachi et al., 1994). Multiple sequence alignment of

MB20, NAPs, and SET proteins is shown in Fig. 4. The
N-terminal portion of the MB20 polypeptide sequence,
from amino acids 106 to 180, is highly homologous to
that of NAP proteins. In this region, they share 53%
identity and 78% similarity with the NAP consensus
sequence. In addition, the C-terminal portions of
MB20, NAP, and SET proteins are similar to one an-
other. From amino acid position 337 to 513 of MB20,
the identity and similarity between MB20 and NAP
are 49 and 64%, respectively. Overall, the identity and
similarity to NAP and SET proteins are 20 and 75%
over the entire MB20 coding region. On the basis of
sequence conservation, MB20 is considered to be a new
member of the SET/NAP gene family. To be consistent
with the nomenclature system of the human NAP gene
family, we suggest that MB20 should be named mouse
nucleosome assembly protein 1-like 3 (Nap1l3).

PEEK Repeat

Matrix analysis of the predicted MB20 amino acid
sequence revealed several direct but incomplete tan-
dem repeats in the middle portion of the amino acid
sequence, which has little homology to NAP or SET
proteins. This 1l-amino-acid repeat unit (designated
PEEK, hereafter) is reiterated four times in the MB20
peptide sequence. We derived a consensus sequence,

A 1 2 3 45 6 7 8
9.5kb—
7.5kb—
4.4 kb—
o
2.4 kb—
1.35 kb=

FIG. 2. Northern analysis of MB20. (A) Poly(A)" RNA from mul-
tiple mouse tissues was probed by MB20. Lane 1, heart; 2, brain; 3,
spleen; 4, lung; 5, liver; 6, skeletal muscle; 7, kidney; 8, testis. Size
markers are indicated on the left. (B) Expression of a rat homologue
of MB20 in adult and embryonic brains. RNA of the cortex of 18-day
embryos, adult cerebrum, and adult cerebellum was isolated from rat
and applied for Northern analysis. Lane 1, cerebrum; 2, cerebellum;
3 and 4, cortex of 18-day embryos.
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CCCATCCTAACCCAGGAGACGGTTCTGAGTCCGGTACTGCGTCACTGGACTGCAGCAGGTCTCGGCGCAGGTCCATTGCGGCCTGACAAG
CCTCGTAGCTAAGGCTCCAGGCTGCTTCCCCTGCTGCGGTTTCCTGCGCGCCACCTCTGTGACCCCGCCCCCATCGCGCCACTGCCACAG
CTGCTGCAGTCCGTGTTGCCACTGGATCCCGGCCGCCGCCGCTGCAGTCTCCGCCGCCTGACCTTCTCCGGCCTTCGCCCCTGCTGCCAC
CGCCCCCCACCGCCGCCGCCACTGGAGCATCCGTGAGTCCTTTTCTGTCCGTCTCTGGGTGCACGATCTCTGCTGTTGTCACCACCTTAA
ATAGGTGTACGGGGCTAACAGTATGGCAGAAGCGGATCCTAAAATGGTCACAGAACCTGGTGCCCATGGGGTTGCTGAAGAGGCGATGGC
M A E A D P K M V T EP G A H G V A EE A M A
TAGCACAGCTTGTGATTCTGGGGATGAATCTGACAGCAATAGCTCTAGCAGTACCAATAGTTGCAGCAGCAGCGGCAGCAGCAGCAGCGG
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CAGCAGCAGTAGCAGCAGCAGCAGTAGCAGCAGCAGCAGCAGCAGCAGCAGTAGCAGTAGCGGTAGCAGTGGCAGCAGCAGCAATGGCAG
S 8§ 8 § § 8§ 8 8 S 8§ 8 8§ S 8 8 S S 8 8 S G S 8 G & S 8 N G s
TCATTTGAACCGAAAGAAGAGGGTACCTGAGCCTTCCAGAAGGGCCCAGCGACGTCCCTCCGGGAAACTTTTCTTGGATAAGCTGCCCCA
H L N R K K R V P E P 8§ R R A Q R R P S! G K L F L. D K L P Q
AGCCGTAAGAAATCGGGTGCAGGCACTCAGAAATATTCAGAATGAGTGTGACAAGGTAGACACCTTGTTCTTAAGGGCAATTCATGATCT
A V R N R V Q A L R NI Q N E C D K VD TIULF L R A I HDL
TGAAAGAAAGTATGCTGAACTCAATAAGCCTCTATATGATAAGCGTTTTCAGATCATAAATGCAGAATATGAGCCTACAGAGGAAGAATG
E R XK Y A E L N K P L Y D K R F Q I I N A E Y E P T E E E C
TGAATGGAATTCAGAAGAAGAGTTCAGTGGTGATGAAGAAATGCAGGATGACACACCTAATGAAATGCCACCCTTAGAGGGTGAGGAGGA
E W N S E E E F S G D E EM Q D DT P N EMUP P L E G E E E
AGAAGAAAGCTGTAATGAAAAAGCTGAAGTGAAGGAAGAAGGAACACATGTTCCAGAAGAAGTTCCTGAGGCAAAAGTTGAAGAAGAGGA
E E S C N E X A E V K E E G T H V P E E V P E A K V E E E E
GGCTCCCAAAGAAACTCCTGAGGTGAAAACTGAAGAAAAAGACATTCCAAAAGAAGGTGCTGAAGAAAAAGCTGAAGAACAGGAATCCTC
A P K E T P E V K T E E K D I P X E G A E E K A E E Q E 8 8§
TAAAGAAATTCCTGAGGTAAAAGGTGAAGAAAARGCAGACTCTACGGATTGTATAGATATAGCTCCTGAAGAARAAGAAGACGTCAAAGA
K E I P E V K G E E X A p s T D C I DI A P E E XK E D V K E
AGTTACCCAGGCAAATACAGAAAATAAGGATCAACCTACAGAAGAATTTACACCAAGGGCTCCAGCAAGAGAGGCTCAARAAAGGGTCCC
vV T Q A N T E N K D Q P T E E F T P R A P A R E A Q K R V P
TGAGACAAGGCCTGAAGAAGGAGTCAATATTAAAAGGGCTCGAAAGGGAAAACCTAAGAAAGAAGATCCTAAAGGTATTCCTGACTACTG
E T R P E E G V N I K R AlR K G K P K K E D P K Gl I P D Y W
GCTGACTGTTTTAAAGAATGTTGATAAGCTTGGGCCTATGATTCAAAAGTGTGATGAACCCATTTTGAAGTTCTTATCTGATGTGAGCCT
L T V L X N V D K L G P M I Q K ¢C D E P I L K F L 8§ D V S5 L
GAAGTTCTCAAACCCTGGCCAGCCTATTGGTTACACTTTTGAATTTCATTTCCTACCTAACCCATACTTCAGAAATGAGCTCCTGATGAA
K F S N P G Q P I G Y T F E F H F L P N P Y F R N E L L M K
GACATACATAATAAGGTCAAAACCAGATCACTACGACCCGTTCTTCGCGTGGGGATGGGAAATTGAAGAGTGTAAAGGCTGCAAAATAGA
T ¥ I I R S K P D H Y D P F F A W G W E I E E C K G C K I D
CTGGAGACGAGGAAAAGATGTTACGGTGACAACCACCCGGAGTCGCCCTGGTATTACAGGGGAAATTGAAGTCCAGCCAAGAGTGGTTCC
W R R G K DV TV TTTI RS R P G I T GEI E V Q P R V V P

TAATGCATCCTTCTTCAATTTCTTCAGTCCTCCTGAGATTCCTTTGATTGGGAAGCTGGAACCAAGAGAAGATGCTATCCTTGATGAGGA
N A § F F N F F $ P P E I P L I G K L E P R E D A I L D E D
CTTTGAGATTGGTCAAATTTTGCATGATAATGTCATCTTGAAGTCAATCTATTACTTCACAGGAGAAATCAATGATCCCTACTACCATGA
F E I 6 ¢ I L H D N V I L K 8§ I ¥ Y ¥ T G E I N D P Y Y H D
CTTCAGGGATTATGGAAATAGGAAGTACTACAAGTAGAAAGGGCAAGCTGAAAAATCTTTCAAGAATCCTTAAAAGTTAAGCAAGCAGAA
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GTGAAATAAGAGTCATCTAAACTTCTAAAATAGAAAACTTGCCCCATAACCTGAACAGTATTACTCCTTATAGTCTGGTGTTTTCATTTT
TTCCTGGTAATGTCCTAAAAAGTGTCTTAAGCTTCTGTTTATTCTATCTTGCCTGTTGTATTGTAATATTCTTCAAAATATGTAAACTGC
TCTTAATTTCCAAAGCATGTTTTGTTTGGTGCTACAGTGTTGGTTTTGTGAAGTCAGTTTTTGTCATGTTGCTATTAGATTGTACCTGTG
AAAATTGTCAGATTTATTAGAGAAATCCTTGCCTGAATAAGCAACATTTTAAATGCCAATATACGTGTGTTTTCTCTTTCTTTTTTTACA
GCCCAGAAGACTAAAGACTTAAATCTGCTTGCACTAGATGTGCCTTCATTACTTTGCCATAGAAATGTAGTAATAATAACAACTGAAACA
CTCTATTGTGAAATGTAGTTGCTTGAAAAAAAAAGATGAGAATATATTTAMAAATGTCAGGATCAAGTAGATTTTTGTGGGTTTGTTTAT

GTGATTTATTGGTCTGTTAGCAAAAGTATTGTTTACCACTAAGGTGTTAAATATGGTATAGTATTTTAAAATTTTTCTTTGTTGTATATT
GTGTAATTGAAAACTAAAGAAACCGTATTTTCTTTGTAATGTGTTCTACATTGCCTTTTAAAAATTATTTCATCATTTGATACATTATCA
TGTTCTTTTATTGTACCTGGAGTAAATATCAAATAAACTGCCATGCT
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The nucleotide and predicted amino acid sequences of MB20. The nucleotide sequence of the MB20 cDNA is shown, and
the predicted amino acid sequence is given in single-letter code. A nuclear export signal (codons 104 to 112) and a nuclear localization
signal (codons 337 to 348) are indicated by boxes. The CAG triplet repeat encoding polyserine and the 11-amino-acid PEEK repeats are

PKEXPEXKXEE (X is an aliphatic amino acid), and MB20 Protein Is Expressed in the Brain
used it as a query to search the protein database. A

peptide sequence similar to PEEK was found in the
large subunit of murine neurofilament (NF-H) (Fig. 5).

An anti-NAP monoclonal antibody, 4A8, originally
generated against the NAP-1 protein from HelLa cells,
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FIG. 4. Alignment of amino acid sequences of the MB20, NAPs, and SETs from different species. Asterisks beneath the alignment
indicate identical or conserved amino acid residues between MB20 and NAP proteins. Asterisks above the alignment indicate identical or
conserved amino acid residues of MB20 and the SET/NAP family (RATSETA, rat SET A; RATSETB, rat SET B; HUNSET, human SET;
DSET, Drosophila SET; MUS, mouse NAP; HUMN, human NAP; DNAPA, Drosophila NAP A; YESNAP, yeast NAP; ARAB, Arabidopsis

NAP; URCHINNAP, sea urchin NAP).

was used to test the relation of MB20 to other NAP
proteins by the conserved signature epitope. Western
blot analysis (Fig. 6A) revealed that the 4A8 monoclo-
nal antibody reacted with the T7-tag-MBZ20-His-tag
fusion protein produced in E. coli. Noticeably, recom-
binant proteins could form dimers at high concentra-
tions (lanes 2 and 3 of Fig. 6A).

To facilitate a biochemical study of MB20, we raised
antibodies to recombinant proteins expressed in E. coli

and to a synthetic peptide derived from the PEEK
repeat region. Immunoblot analysis indicated that
both polyclonal antibodies detected MB20 fusion pro-
teins at the nanogram sensitivity level (not shown).
A notable feature of the MB20 gene is that it lacks
any intron (Shen and Tsai, unpublished results). It
raises the concern that MB20 might represent a pro-
cessed pseudogene that is transcribed but not trans-
lated. While MB20 transcripts are abundantly ex-
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FIG. 4—Continued

pressed in the brain, the corresponding protein might
not be translated at all. To address this issue, anti-
MB20 polyclonal antisera were initially purified
through an affinity column made by the pET-23a-
MB20 fusion protein and His-resin. Purified antiserum
was then used for immunoblot analysis of mouse brain
and liver tissue extracts. In Fig. 6B, anti-hsp70 de-
tected specific protein bands in both tissues, while anti-
NF-H demonstrated a brain-specific expression pat-
tern. Using purified anti-MB20 antibodies, two
positive bands of approximately 80 kDa were detected

in the brain but not in the liver. The MB20 native
protein bands are significantly larger than the pre-
dicted molecular mass (64.6 kDa) of MB20, but at a
similar position in SDS—-PAGE to the pET-23a-MB20
recombinant protein (80 kDa). The presence of these
two bands could be due to phosphorylation modifica-
tion of MB20 protein, since it has a stretch of polyser-
ine sequence. The nature of the additional band at
around 60 kDa is unknown. To determine whether the
80-kDa doublet could be attributed to phosphorylation
modification, we carried out phosphotase treatment
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FIG. 5. PEEK repeat of MB20 and NF-H. Four copies of a direct
amino acid repeat of MB20, designated the PEEK repeat, are aligned
with one another. A similar amino acid sequence was found in the
largest subunit of neurofilament (NF-H). X denotes aliphatic amino
acids.

experiments. Under conditions where control NF-H
proteins displayed a mobility shift in immunoblots, the
proportion and mobility of the two MB20 bands did not
change (data not shown).

In Vitro Binding of MB20 Protein to Histones

By token of the sequence homology between NAP
proteins and MB20, we speculated that MB20 is a
brain-specific NAP protein, functioning as a histone
chaperon. To test this contention, we carried out in
vitro binding assays of MB20 and histones.

Sucrose gradient sedimentation and affinity interac-
tion were used to analyze the MB20/histone complex
formed in in vitro binding reactions. As shown in Fig.
7A, histone alone forms a sediment in the top fractions.
Addition of MB20 proteins shifted the histone proteins
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FIG. 6. Immunoblot analysis of MB20 proteins. (A) Detection of
MB20 recombinant proteins by the anti-NAP-1 monoclonal antibody,
4A8. Lane 1, uninduced crude E. coli lysate; 2, induced crude E. coli
lysate; 3, purified MB20 fusion protein. (B) Expression of MB20
proteins in mouse brain and liver tissues. Immobilized proteins (100
rg) on nitrocellulose filters were detected by the following antibod-
ies: purified anti-MB20 rabbit serum («-MB20), anti-hsp70 rabbit
serum (a-hsp70), anti-NF-H mono-clonal antibodies (a-NF-H). Lane
1, liver extract, 2, brain extract.
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FIG. 7. Histone-binding activity of MB20. (A) Sucrose gradient
sedimentation analysis of MB20/histone complex. Immunoblots were
used to detect the presence of recombinant MB20 and histone pro-
teins in the sucrose gradient fractions by anti-histone antibody (top
left, bottom left) and by anti-T7 tag antibody (top right, bottom
right). (B) Affinity interaction of MB20/histone complex. Immuno-
blots using anti-T7-tag antibody (left) and anti-histone antibody
(right) were applied to detect the protein complex. Lane 1, full-
length MB20 proteins plus histones; lane 2, N-terminally truncated
MB20 proteins plus histones; lane 3, histone only. Arrows indicate
full-length and truncated MB20 proteins. Only H2A/H2B was
stained by the anti-histone antibodies.

to a fraction that is at the bottom in sedimentation.
Anti-MB20 antibody detected the presence of MB20
protein, in mononer and dimer forms, in the same
bottom fraction. A truncated form of MB20 protein also
formed a complex with histones in the bottom fraction
(not shown).

Additionally, we examined the histone-binding activ-
ity by affinity interaction. Histone proteins were incu-
bated with MB20 fusion proteins and then added to the
affinity resin His-resin beads. In this assay system, we
found that histone proteins were retained by the affin-
ity beads (Fig. 7B). Furthermore, deletion of the N-
terminal portion from amino acid 1 to 187 and the
C-terminus from amino acid 364 to 545 did not remove
the histone-binding domain of the MB20 protein (Fig.
7B, lane 2). This finding is consistent with the fact that
the same truncated protein also forms complexes with
histone proteins in the sucrose sedimentation analysis.
These results, together, suggest that the MB20 protein
has histone-binding activity and that the histone-bind-
ing domain is located in the region from amino acid 188
to 363 of the protein. Although we could not formally
reject the possibility that the histone-binding activity
of MB20 is nonspecific in nature, a previous study has
reported histone-binding activity of truncated yeast
NAP proteins (Fujii-Nakata et al., 1992).
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Cellular Distribution of the MB20 Protein

Previous studies of the NAP-1 proteins have re-
ported their distribution in the nuclei of HeLa (human)
cells (Ishimi et al., 1983, 1984) as well as primarily in
the cytoplasm of yeast (Kellogg and Murray, 1995). Ito
et al. (1996) investigated the cellular localization of
dNAP-1 in early Drosophila embryos and found that it
is present in the nucleus during S phase and is pre-
dominantly cytoplasmic during the G, phase. As sug-
gested by its sequence homology to NAP proteins, the
cellular distribution of MB20 protein could reflect its
function. We, therefore, examined its localization in
the cells by transfection and immunofluorescence mi-
croscopy.

We constructed four expression plasmids driven by a
CMV promoter, directing the expression of a full-
length MB20 polypeptide sequence and three different
deletion derivatives. These constructs were named
MB20.a (full length), MB20.ak, MB20.b, and MB20.d
(Fig. 8A). After transient tranfection into 3T3 cells, the
intracellular distributions of full-length and truncated
MB20 proteins were detected by immunofluorescence
microscopy. Control experiments with preimmune sera
or preabsorbed antibodies were included to demon-
strate that the staining patterns are specific to MB20
proteins. Interestingly, we found that MBZ20.a and
MB20.ak polypeptides are mostly cytoplasmic, and
only a small proportion showed nuclear staining (typ-
ically 10%) (Fig. 8B, a; Fig. 8C, a). In contrast, the
distribution of MB20.b and MB20.d polypeptides was
exclusively nuclear (Fig. 8C, ¢ and d).

DISCUSSION

MB20, a Brain-Specific Nucleosome Modulator
Protein?

In this paper, we report the cloning and character-
ization of MB20, a brain-specific member of the SET/
NAP gene family. The SET/NAP gene family has been
identified only recently, and the function of each mem-
ber awaits further clarification through biochemical
and genetic studies. Nevertheless, it is now accepted
that NAP proteins have a high affinity to histones, and
some of them have been shown to have in vitro nucleo-
some assembly activity. Therefore, NAP proteins have
been postulated to be involved in the DNA synthesis
process. On the other hand, in studying mechanisms by
which transcription factors approach nucleosomal
DNA, Walter et al. (1995) indicated that the yeast
NAP-1 protein stimulated transcription factor binding
to nucleosomal DNA and induced core histone displace-
ment. This report extended the possible role of NAP
proteins to regulating gene expression. Activities other
than NAP proteins have been shown to modulate nu-
cleosome structure and transcription factor binding.
These include histone-binding protein nucleoplasmin
(Walter et al., 1995), purified SWI/SNF complexes from

yeast and human (Cote et al., 1994; Kwon et al., 1994),
and ATP-dependent activities in Drosophila embryo
extracts (Tsukiyama et al., 1995; Tsukiyama and Wu,
1995). Together, these findings indicated that there are
multiple factors that are involved in modulating struc-
tural states of chromatin and that thus play a role in
transcriptional regulation. Conceivably, tissue-specific
factor that enhance transcription factor binding to nu-
cleosomal DNA or facilitate the disruption of nucleo-
some structure might be called upon to achieve a de-
finitive regulation of tissue-specific genes. MB20, a
brain-specific member of the NAP protein family, could
fulfill such a role in the regulation of brain-specific
gene activities.

CAG Repeat in MB20

MB20 was initially identified through its CAG triplet
repeat. Like other CAG repeat-containing genes, the
CAG triplet repeat is within the translated region of
the MB20 gene. However, it encodes 32 serine residues
interposed with 4 glycine residues. This is in sharp
contrast to glutamine tracts, commonly encoded by the
CAG triplet-containing genes associated with neurode-
generative diseases. In a search for MB20 homologous
proteins, we found that polyserine tracts are present in
other polypeptide sequences that have diverse func-
tions, and they have been isolated from different spe-
cies, for example, human transcription factor E2F4
(Ginsberg et al., 1994); human AF-9 protein, which is
involved in chromosomal translocation in acute leuke-
mia (Nakamura et al., 1993); yeast suppressor protein
SRP40 (Bou et al., 1993); and the Xenopus vitellogenin
A2 precursor in which the serine-rich portion is as-
sumed to be phosphorylated to a level of about 80%
(Walker et al., 1984). Although the significance of the
polyserine sequence in MB20 function remains un-
clear, it is possible that the serine stretch is a domain
that could be subjected to phosphorylation modifica-
tion.

PEEK Repeats of MB20

Several incomplete direct repeats at position 221 to
276 of MB20 were identified. They were named PEEK
repeats, reflecting the inclusion of proline, glutamic
acid, and lysine residues in the repeat unit. The con-
sensus sequence of PEEK repeats was also found in the
largest subunit of neurofilament (NF-H) (Shneidman et
al., 1988). It is possible that this domain could be
related to the unique expression of MB20 protein in the
nervous system and that PEEK repeats might be crit-
ical to the functions of MB20 and NF-H in neuron cells.
This finding is consistent with the notion that the
function of MB20 is brain-specific and multifarious.

Control of MB20 Cellular Distribution

In analyzing the distribution of MB20 proteins in the
cell, we found that MB20 is either cytoplasmic or nu-
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FIG. 8.

Immunofluorescence staining of MB20 proteins. (A) Eukaryotic expression constructs of MB20. The positions of the serine-rich

domain, the PEEK repeat, and the 4A8 epitope are indicated. (B) Immunofluoresence microscopy. The distribution of full-length MB20
protein in transfectant cells was revealed by the anti-MB20 antibody. (a) 100X; (b) 400X; (c) stained with preimmune sera; (d) stained with
MB20-absorbed antisera. (C) Immunofluorescence microscopy. N-terminally truncated MB20 proteins detected by anti-MB20. (a) MB20.ak,

100X; (b) MB20.ak; 400X%; (c) MB20.b; (d) MB20.d.

clear. The wildtype MB20 protein, when overexpressed
in 3T3 cells, is distributed in the cytoplasm and/or the
nucleus. Deletion of its N-terminal region restricted
the MB20 protein to the nucleus. Our data indicated
that some key domains are present in the N-terminus
as well as the C-terminus to regulate the cellular dis-
tribution of MB20 proteins. This led us to examine
further the amino acid sequence of position 91 to 186
that is commonly shared by expression constructs
MB20.a and MB20.ak. These two constructs expressed
proteins that are located in the cytoplasm and the
nucleus. A segment of the MB20 protein at position
104-112, which has three leucine residues (see Fig. 3),
was found to be highly homologous to the nuclear ex-
port signal (Gerace, 1995). On the other hand, the
sequence of amino acid residues at position 334—-343 of
MB20 (see Fig. 3) resembles the nucleus localization
signal (Dingwall and Laskey, 1991).

A recent study of the cellular localization of Drosoph-
ila NAP-1 reported that it occurs in the nucleus during
S-phase and in the cytosol during G,-phase (Ito et al.,
1996). Somewhat unexpectedly, it was also found that
the Saccharomyces cerevisiae and Xenopus NAP-1 bind
either directly or indirectly to B-type cyclins (Kellogg et
al., 1995). Furthermore, on the basis of a genetic anal-
ysis of yeast strains carrying various combinations of
mutations in genes encoding NAP-1 and mitotic cyc-
lins, it has been proposed that NAP-1 affects the func-
tion of cyclin B/p34““ kinase complexes (Kellogg and
Murray, 1995). NAP-1, therefore, might have multiple
functions and participate in different processes at dif-
ferent phases of the cell cycle. Considering the regula-
tory role of the segment at amino acid position 91-186

in determining MB20 localization, it is possible that a
specific trafficking mechanism might be operating to
control the cellular distribution and function of MB20
proteins.

MB20 in Brain Development

In this study we confirmed the existence of a brain-
specific NAP member in several mammalian species,
including humans. We have previously reported the
isolation of a human homologue, named HB20, from a
human fetal brain cDNA library (Fan et al., 1998). The
expression of HB20 in the fetal brain is evidenced by an
unusually high frequency of HB20-positive clones in
the library. HB20 expression is abundant in the adult
brain but is reduced in brain tumor tissues (Fan and
Tsai, unpublished results). Using an in vitro culture
system, we also demonstrated up-regulation of HB20
gene expression upon neuronal differentiation induced
by retinoic acid and cytosine arabinoside treatment. It
is noticeable that NT2 was originally isolated from a
teratocarcinoma, and it represents a committed neuro-
nal precursor that is still capable of cell proliferation
(Pleasure et al., 1992; Pleasure and Lee, 1993). Low-
level HB20 expression was observed in the uninduced
NT2 cells but the HB20 transcripts increased at least
3.5-fold when the cells acquired neuronal phenotypes
and ceased dividing (Fan et al., 1998). On the basis of
in vitro and in vivo expression patterns, we speculated
that HB20, and MB20 also, represents a modular
marker in the transition from proliferating neural pre-
cursors to fully matured neural cells. The fact that
NAP can complex with cyclin B in yeast and Xenopus
agrees with the notion that MB20 could act in a similar
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way in regulating cell cycle progression during matu-
ration of the nervous system. Moreover, by shuffling
histone proteins and by modulating chromatin struc-
ture, MB20 could function during DNA replication or
transcription activation. All these molecular events
could be linked to the cellular regulation processes that
lock the neuronal component into a maturing nervous
system during fetal brain development.
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