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Domain!
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Zep, anovel 49 kDa zinc finger protein, was found in the brain of day-13 mouse embryos and
cloned. Zep contains two C2H2-type zinc finger motifs close to the N-terminal region. The
majority of the molecule is composed of a proline-rich domain showing similarity to
proline-rich domains in transcription factors and a salivary proline-rich protein. In
addition to the proline-rich domain, Zep has an acidic domain and a serine/threonine-rich
domain, all of which are frequently found in many transcription factors. The overall
organization of Zep shows no similarity to any other proteins. There is a nuclear localiza-
tion signal in Zep, and the Zep-GFP (green fluorescent protein) fusion protein is located
predominantly in the nucleus. In the day-13 mouse embryo, Zep is strongly expressed in the
nervous system, i.e. brain, spinal cord, and dorsal root ganglia, with strong to weak
expression observed in other regions. Zep continues to be strongly expressed in the neonatal
brain; however, its expression is weak in the brain and spinal cord of adult mice. In situ
hybridization reveals strong signals for Zep mRNA in the cerebellum and olfactory bulb
with moderate signals detected in the hippocampus and cortex. Strong Zep expression is
observed in adult thymus, lung, spleen, testis, and ovary. Zep may be involved in the
formation and remodeling of various tissues including nervous tissue, probably through
transcriptional regulation.

Key words: embryos, nervous system, nuclear protein, proline-rich domain, zinc finger.

The construction of the central nervous system is a complex
process requiring the cooperation of many bioregulatory
factors. Various approaches have been taken to find novel
bioregulatory factors, i.e. purification based on activity,
¢DNA cloning based on differential expression, and cDNA
cloning based on common motifs. We analyzed heparin
binding proteins in embryonic mouse brain to screen for
new bioregulatory factors involved in the construction of
the embryonic brain, since heparin binding proteins are
often growth factors (1, 2), cell adhesion molecules (3, 4),
or transcription factors (5, 6).

We found a novel protein with Cys,His, (C2H2)-type
zinc finger motifs and a large proline-rich domain. The
C2H2-type zinc finger motif was first described in Xenopus
transcription factor IIIA (7). This motif has since been
found in many transcription factors (8- 10), including those
expressed in the central nervous system in adults or
embryos. For example, Krox 20 is a transcription factor
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with binding sites in the promoter region of the HOX-1.4
gene; it is expressed in a segment-specific manner in the
early stages of construction (11).

Here, we describe the structure and expression of the
novel zinc finger protein Zep.

" MATERIALS AND METHODS

Analysis of Heparin Binding Proteins—Brains from day-
13 mouse embryos (300 brains, about 10 g) were homogen-
ized in 80 ml of buffer A (10 mM Tris HCI buffer pH 7.5,
containing 250 mM sucrose, 50 mM KCl, 5 mM MgCl,, 1
mM PMSF, and protease inhibitors (Boehringer Mann-
heim; Complete™)]. The homogenates were centrifuged at
3,000 rpm for 10 min to remove the nuclear fraction and
the supernatant was again centrifuged at 40,000 rpm for 1
h at 4°C. The supernatant was loaded onto a column of
heparin-Sepharose (1.0x 1.3 cm) equilibrated with 0.2 M
NaCl in 20 mM sodium phosphate buffer, pH 6.8. Proteins
were eluted successively with 5 ml of 0.5M NaCl, 1.0 M
NaCl, and 1.5 M NaCl in 20 mM sodium phosphate buffer,
pH 6.8. The proteins were recovered by ethanol precipita-
tion, and analyzed by two-dimensional gel electrophoresis
performed according to the method of Benjamin et al. (12).
The proteins were transferred electrophoretically from the
gels onto PVDF membranes (Millipore; Immobilon-P35?)
and stained with Coomassie Brilliant blue. The separated
spots were excised, and analyzed using an automated
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protein sequencer (PE Applied Biosystems, model 494A).

Isolation of Zep cDNA—A cDNA in the EST database
(Genbank accession number W98748) whose predicted
protein sequence showed homology to a heparin binding
protein expressed in embryonic brain, was obtained by
RT-PCR with the sense primer 5 -GGCGGTTGGTGTGG-
AGAACT-3’ and the antisense primer 5-AGACGGCGAC-
TTATTGAACAG-3'. Approximately 1x 10’ plaques of a
mouse day-13.5 embryonic brain cDNA library in 1 Zap 11
(Stratagene) were screened using the cDNA fragment as
the hybridization probe. Filters were hybridized overnight
at 42°C in hybridization solution containing 50% form-
amide, 5xXSSC, 50 mM sodium phosphate buffer, 5X
Denhardt’s solution, 1% SDS, and 100 mg/ml heat-de-
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BAS-imaging plate and the radioactivity on the membrane
was determined with a BAS 2000 Radioimage Analyzer
(Fuji Film). As a control, a GAPDH probe was used (14).

In Situ Hybridization—Specimens from C57BL/6J mice
were subjected to Nissl staining or in situ hybridization as
described previously (15). As the Zep probe, an 0.8 kb
EcoRI fragment of the cDNA (nucleotide numbers 1-801 in
Fig. 2) was subcloned into pBluescript I SK(—). Sense and

TABLE I. N-terminal amino sequences of heparin binding
proteins separated by two-dimensional gel electrophoresis and
their identification by DDB.J homology search.

Spots N-terminal sequence Identification after data base search

A N-terminal block
natured salmon sperm DNA. The filters were washed at B N-terminal block
65°C in 2Xx SSC, 0.1% SDS, and finally in 0.2 x SSC, 0.1% C 22 amino acids Unknown protein
SDS at 65°C. D PKSKELVSSSS Transcriptional coactivator P15
Subcloning and DNA Sequencing—Phage DNA from a7 .
positive clones was digested with EcoRI, and the cDNA ~ E ASASKSAKTATTGPGTT  Neuraxin frogment starting
inserts were subcloned into the EcoRI site of the plasmid (18) . r
vector pUC 119. Nucleotide sequences of the fragments F  N-terminal block
were determined by the dideoxy chain-termination method G N-terminal block
using an automated DNA sequencer (Licar model 4000). H AQVRIGGKGTARRKK- BTF3a fragment starting from
Northern Blot Analysis—Total RNA (5 ug) was prepar- Kv amino acid number 60 (19)
ed from ICR mouse tissues by the acid guanidinium iso- 5 MKETIMNQEK ;"‘mﬂmptmn factor BTF3b (20)
thiocyanate-phenol chloroform method (13). The radioac- = 11115(1(1(1' (QLI dﬂﬂ Uigm -
i hat used to screen the mouse ki e e g
1272 mol e Thi BEiie RS e L VLSGEDKSNIAACG Hemoglobin alpha chain (21)
day-13.5 embryonic cDNA library. The blots were washed M NDKKKGPKVT Mouse peptidyl-prolyl cis-trans
at 65°C in 2XSSC, 0.1% SDS, and finally in 0.2xSSC, isomerase B precursor (22)
0.1% SDS at 65°C. The membranes were exposed to a N VHFTDEEKT Hemoglobin epsilon chain (23)
kDa
974—»
66.2—’ e . 2
- -
A ‘ ‘ -
450 = A
‘ 4 = »
: T L. -
¥
: -
.
310 v ——
215— ,. By L
N Fig. 1. Two-dimensional electro-
K phoresis of total heparin binding
proteing from day-13 mouse embryo
144 =—> s 8 brains. Proteins (1.0 mg) eluted from
— the heparin-Sepharose column by 0.6 M
NaCl in 20 mM sodium phosphate were
PH3 —10 analyzed. Spot J is Zep.
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antisense cRNA probes were prepared by in vitro transcrip-
tion with a DIG RNA labeling kit (Boehringer Mannheim,
Germany).

Expression of the Zep-GFP Fusion Protein in COS7
Cells—PCR was carried out with template cDNA contain-
ing the whole of the Zep protein-coding sequence (nucleo-
tide numbers 111-1491) using synthesized oligonucleotide

TCGCTGITGGCGATTGGTETGGMAACTCTACGAGTCTCTTGGATA'
TTTTCCAGCTTCTTTCCGCCTCTATTCTGCCTGTTCTGTAGGGCGCAGTTATGGATCGCA 120
M G R K 4

AGAAGAAGAAGCAGCTCAMCCGTGAGTGCTGGTATTGTAACAGAGATTTTGATGATGAGA 180
KKKQLKPHIE“!C“EB!BB!R'Z‘

AGATCCTTATACAGCACCAAAAAGCAMGCATTTTAAATOCCATATTIGTCATAMGAAAT 240
IILIQIQKAKIPKCBICEKKL|44

TATACACAGGACCTGGTTTAGCAATTCATTACATACAGATCCATAAAGAAACCATAGATG 300
IYTOPOLAIICNQVIIKETIDAﬁ(

CAGTACCAAATGCAATACCTGGGAGAACAGM ATAGAGTTGGAAATATATGGCATGGAMG 360
vV P NA I PGRTTDIELETI Y G MEG 84

GT

TATGGATGAAAGACGGCGACTTCTTOAACAGAAAMCACARGAGA 420
I PEKDMDESRSREIHLEUGEKSOGES 104

GTCAGAAAAAGAAACAACAAGATGATTCTGATGAATATGATGATGATGAATCTGCAGCCT 480
G K ¥ ¥ g QDD S8 DEYDUDUDTES A A 8 124

CAACTTCCTTTCAGCCACAGCCTGTTCAACCTCAGCAAGGTTATATCCCACCAATGGCTC 540
T 8 F Q P Q P V QP Q QG Y I PP H A Q 144

.
AGCCAGGACTGCCTCCAGTTCCAGGGACACCAGGAATGCCTCCAGAGCATACCTCCATTGA 600
P @G L PP V PG AP G HUPUP G I P P L MK 164

TGCCAGGTGTTCCTCCCCTGATGCCAGGCATGCCTCCAGTIATGCCAGGAATGCCACCTG 660
P G V P P L K P G H P P V H P G M P P G 184

GATTGCATCATCAGAGAAAATACACCCAGTCATTTTOCAATGAAAACATAATGATGCCAA 720
L B HQRIKYTOQSBS8 F C GE NI HMHUP M 204

TGGGTGGAATAATGCCACCTGGACCTAGAATACCACCTCTGATGCCAGGTATGCCCCCAC 780
G G M M P P G P G I P P L M P G H P P P 224

CTGTTCCACGTCCTGGAATTCCTCCAATGACTCAAGCACAGGCTGTTTCAGCACCAGGTA 840
V PRPGI P P HTQAOQAUV 8 AP G I 244

TTCTTAATAGACCACCTGCACCAACAGCAGCAGTACCTACTCCACAGCCTCCAGTTACTA 900
L N RPUPAPTAAVPAUPQPUPUV T K 264

AGCCTCTTTTCCCCAGTGCTGGACAGICTCAGGCAGCTGTCCAAGGACCTATTGGTACAG 960
P L F P 8 A G Q A QAAMANMV QG P V G T D 284

ATTTTAAGCCCTTAAATAGTACTCCTGCAGCAACAACTACAGAACCCCCAAAGCCTACAT 1020
F XK P L N S8 T P AATTTEPUZPIRKUP T r 304

TCCCTGCTTATACACAGTCTACAGCGTCAACCACTAGTACAACAAACAGTACTGCAGCAR 1080
P A YT Q 8 T A B TT S8 TTHN B8 T A A K 324

AGCCAGCAGCTTCAATAACAAGTAAGCCTGCTACACTCACAACCACCAGTAGCAACCAGTA 1140
P A A 8 I T 8 K PATULTTTT 8 A T 8 K 344

AGTTGATCCATCCAGATGAGGATATATCACTGGAAGAAMGAAGGGCACAGTTACCTAAAT 1200
L I B PDEDTI S8 LETEU RIU RAQLPEK Y 364

ATCAGAGAAATCTTCCTCGACCAGGACAAACTCCAATTGGTAATCCACCAGTTGGACCAA 1260
Q R N L PRUPGOQTUPTI GWPUPV G P I 384

TTGGGGITATGATGCCACCACAGCCAGGCCTGCCACAGCAGCAGGCAATGCGACCTCCAA 1320
G G M M P P Q P G L P Q Q Q A MR RUP P M 404

TGCCACCTCATGGTCAGTATGGTGGTCATCATCAAGGCATGCCAGGTTATCTTCCTGGCG 1380
P P HG QY GG B UHOQGMKUP G Y L P G A 424

CTATGCCACCATATGGACAGGGACCACCAATGGTGCCCCCTTACCAMGGTGGGCCTCCTC 1440
M P P Y G Q G P PN V P PY Q G G P P R 444

GACCTCCAATGGGAATGAGACCTCCTGTAATATCGCAAGGTGACCGTTACTGATCTTACT 1500
P P H G MRPUPVHGB Q G G R Y * 460

TCATCAAGTCTAATAGGTTTGAAGATTAAACCTTTTCTCAACTTGTGCTATTTATATAGA 1560
CAAGCTTCCGTCATTAAGGCTTCATTOTGACTTTTARCAAACATAATCTTCCCACATACC 1620
AGGMACTATTGGACATTTATTTGACATGGGAGAAATTATTTGGAATAATAARACAGGAAC 1680
TTTTCCTGAAGTTGCAATTTATACTGTATGACTICTTTTTCATGTTTCATCTAGATTTTT 1740
ATACCACCTTAAATAAAGGCAAGTTCTGTAAGATTACATTGCTATTIGTAAAGTTATGCC 1860
TTCGCAGCATTTCCAATGCTGTTGGACTTCATGTCCCCAACCTAGCTTGATUAGGGTTAT 1920
AACTGTTTCCAAGTACTTGTACATTGGAAGTTTGAATGTGTAACAATATTTAATATAATT 1980
AGAGAGAGTTCCTCCTGTTGCAGGATTTAAGAAAACGGGCCCATTCTTTATGGTCATGTG 2040
ACTPTTCTGTAACTGTTAMCTTCATTOTAATAAAATGAGACAAAAAAAAAAAAMAAAAA 2100
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primers. The 5 -primer, 5'-ATATCTCGAGACCACCAT-
GGGTCGCAAGAAG-3’, spanned the Zep start codon (in
italics) and included an Xhol site (bold). The 3'-primer,
5-GTCAGGATCCTCGTAACGGCCACCTTGCGA-3,
also contained a BamH1 site (bold). Following digestion
with Xhol and BamH1, the PCR fragment was inserted into
pEGFP-N1, a Green fluorescent protein (GFP)-fusion
protein expression vector with a CMV immediate-early
promoter (Clontech). In the fusion protein, GFP located in
the C-terminal side. COS7 cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf
serum. For DNA transfection, 2 X 10* cells were plated in
the center of a 22 X 22 mm glass cover slip. Plasmid DNA
was transiently transfected into COS7 cells using Lipofect-
AMINE (Gibco BRL), and the cells were cultured for 24 h
at 37°C following the manufacturer’s instructions. Cells
were fixed in 0.4% paraformaldehyde for 20 min at room
temperature and observed under a fluorescence microscope
(BX60 OLYMPUS) at an excitation wavelength of 490 nm.
To visualize nuclei, the cells were treated with 0.1% Triton
X-100 and soaked in 4’,6-diamidino-2-phenylindole (DAPI)
at 1 ug/ml in phosphate-buffered saline containing 1%
bovine serum albumin.

Heparin Binding Property of FLAG-Tagged Zep—A
¢DNA with the whole Zep protein-coding sequence (nu-
cleotide numbers 111-1491) and the FLAG epitope (Asp-
Tyr-Lys-Asp-Asp-Asp-Asp-Lys) tagged at the C-terminal
end was produced by PCR and subcloned in frame into the
CMYV expression vector, pcDNA3. The ¢cDNA was trans-
fected into COS7 cells (2x10°% using LipofectAMINE,
after which the cells were cultured for 24 h at 37°C and then
lysed with 1 ml of buffer B (20 mM Tris-HC1 pH 7.5, 0.15
M NaCl, 1% Triton X-100, and 1 mM PMSF). The lysates
were centrifuged at 13,000 X g for 10 min, and the super-
natant was mixed with 0.2 ml heparin-Sepharose and
agitated for 1 h at 4°C. The resin was washed with 1 ml of
0.2 M NaCl in buffer B, and the bound proteins were eluted
with 0.5 M NaCl, 1.0 M NaCl, and 2.0 M NaCl in 1 ml of
buffer B. The proteins were recovered from aliquots of each
fraction (100 k1) by ethanol precipitation, subjected to 10%
SDS-PAGE, and electrophoretically transferred to a nitro-
cellulose membrane (16). The membrane was incubated
first in 5% skim milk in Dulbecco’s phosphate buffered
saline (PBS) and then with diluted anti-FLAG M2 antibody
(SIGMA, 10 xg/ml in 5% skim milk) for 2h at room
temperature. After washing with PBS containing 0.1%
Tween 20, the membrane was incubated with affinity-puri-
fied anti-mouse IgG conjugated with horseradish perox-
idase, and the bound antibodies were visualized by ECL
(Amersham).

Fig. 2. Nucleotide sequence of Zep cDNA and its predicted
amino acid sequence. Numbering of the bases starts at the first
nucleotide, while amino acid numbering starts at the potential start
site of the open reading frame. » indicates the in frame termination
codon. The poly(A) addition consensus sequence is indicated by the
dotted line. In the amino acid sequence, the zinc finger motifs are
boxed, and the consensus Cys and His residues are indicated in bold.
The nuclear localization signal (NLS) is indicated by the shaded box
at amino acids 93-109. The acidic region is underlined (amino acids
110-120) and the proline-rich region (amino acids 129-452) is
marked by arrows. The serine/threonine-rich region is double
underlined.
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RESULTS

Analysis of Heparin Binding Proteins Expressed in the
Embryonic Brain—Heparin binding proteins from day-13
mouse embryonic brains were analyzed by two-dimensional
gel electrophoresis (Fig. 1). Considering that lower molecu-
lar mass proteins might be easier to analyze and clone, we
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concentrated our efforts on proteins with molecular masses
below 22 kDa. Fourteen spots in this range were either
absent or present in only small amounts on the two-dimen-
sional gel electrophoretogram of heparin binding proteins
from adult brain (data not shown). These spots (A-N) were
cut out from the gel (Fig. 1) and their N-terminal sequences
were determined (Table I). By comparing the sequence
data with known protein sequences using the DDBJ homol-

Zep 11 62

YJLOS6C 767 K{oK » 823

YJF6 767 K{e] CI‘R_F 823

ZNF22 7 g oleCe&_F 63

HZF10 61 E 117

Zep 129 PQPVQPQQGYIPPHAQPGLPPVPGAPGMPPGIPPLHPGVPPI){PGMPPVHPGHPPGLHHQRKYTQSFCGE NIHMPHGGHHPP

PRB1 970 PQGPPPQGG ----- NQPQGPPPP--PGKPQGPPP QGGNKPQGPP PPGKPQGPPPQGDKSQSPRSPPGKPQGPPPQGGNQPQ
GPGIPPLMPGMPPPVPRPGIPPMTQAQAVSAPGILNRPPAPTAAVPAPQPPVTKPLFPSAGQAQAAVQGPVGTDFKPLNSTPA
GPPPPPGKPQGPPP--QGGNKP----QGPPPPGKPQGPPPOGDKSQSPRSPPGKPQGPPP-QGGNQPQGPPPPPGKP-QGPPQ
A‘I"I'I'EPPKPTFPAYTQSTAS'I‘I‘S'I‘I’NSTAAKPAASITSKPATL’I‘I‘I‘SATSRLIHPDEDISLEERRAQLPKYQRNLPRPGQ’I‘PI
QGGNRPQGPPPPGKPQGPPPQGDKSRSPQSPPG ----- KPQGPPPQGGNQPQGPPPPP ----- GKPQGPP ----- PQGGNKPQ
GNPPVG PIGGHHPPQPGLPQQQAHRPPHPPHG-——QYGGBHQGKPGYLP GAHPPYGQGPPHVPPYQGGPPRPPHGMRPP
GPPPPGKPQGP--PAQGGSKSQSARAPPGKPQGPPQQEGNNPQGPPP--PAGGNPQQPQAPPAGQPQ——GPPRPPQGGRPS

GMPPVMPGMP PGIHHQRKYT

Zep 143 AQPGLIZdY P
AP-2 38 PYTSA[gZLSH FPZPYQFIY]ly QSQDPYSHVN DPYSLNPLHA

CTF/NP-1

CGENIMM PMGGMIEPGP 212

PQHPGWP 97

PGPLNG SGQLKJJSSHC 427

400 SLACDP

Zep 213 gIprLMpcMy Beviircily MyoaoavBar [BILNREPAT AAvPAPQPV TRPLFPSAGQ AQAAVEG 279
AP-2
cTe/NP-1 428 LSAQMLAPH] Borffuacfl AfixeariBec Ba-Tfrsfis vsppoTsfjAN RSFVGLGPRD PAGIYEA 453

Zep 342 TSKLIHPDED ERRAQL PKYQRNLP
MTF-1 406 VPPPAGNSAS LVLQSG ISEPPQP AT
BTEB2

Zep 412 GHHQGMPG
MTF-1 476 QFAANHQE
BTEB2 73 SPDR-Q

Fig. 3. Sequence comparison of Zep with other proteins. (A)
Sequence similarities among Zep, YJLO56¢c (PIR S56828), YJF6
(Swiss-prot P47043), ZNF22 (PIR C56409), and HZF10 (PIR
$47072) in their zinc finger domain. The amino acid sequences of Zep,
YJLO56¢, YJF6, ZNF22, and HZF10 are aligned. Portions conserved
among all sequences are boxed. The consensus C2H2 motifs are
indicated by asterisks. (B) Sequence similarities between Zep and

Vol. 124, No. 6, 1998

salivary proline-rich precursor protein PRB1. The homology is 32%.
(C) Sequence similarities among Zep, AP-2 (31), CTF/NF-1 (26),
MTF-1 (10, 27), and BTEB2 (28). The length of each proline-rich
domain and the homology between Zep and each transcription factor
are as follows: AP-2, 60 amino acids, 13%; CTF/NF-1, 100 amino
acids, 17%; MTF-1, 101 amino acids, 17%; BTEB2, 67 amino acids,
22%.
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GAPDH

Fig. 4. Expression of Zep as determined by Northern blot
analysis. The size of the transcript is 2.2 kb. From left to right, the
lanes (5 ug total RNA per lane) correspond to day-13 embryonic
brain, neonatal brain, adult brain, spinal cord, salivary gland,
thymus, lung, heart, stomach, intestine, liver, spleen, kidney, testis,
ovary, and uterus. Size markers represent 28S and 185 RNA.

A : B

\
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ogy search system, we found 7 spots to be known proteins
and 3 (C, J, K) to be novel (Table I). Spot J was investigated
in the present study.

Molecular Cloning and Structure of Zep—The N-ter-
minal sequence of spot J was RKKKKQLKP. We found a
sequence homologous to the predicted nucleotide sequence
in the EST data base. After obtaining the 399 bp EST
sequence by PCR, we screened a day-13.5 embryonic cDNA
library using this cDNA fragment as a probe, and obtained
a cDNA of 2,100 bp. The nucleotide sequence of the cDNA
insert revealed a single open reading frame consisting of
460 amino acids, with a molecular mass of 49 kDa (Fig. 2).
In support of the predicted open reading frame, the se-
quence surrounding the initiation codon (CAGTTATGG)
showed six matches with the eukaryotic initiator consensus
sequence (CCA/GCCATGG) (24), and the upstream region
contained an in-frame stop codon. The protein detected on
two-dimensional gel electrophoresis (20 kDa) is probably a
processed or a proteolytically degraded form. The N-ter-
minal sequence of spot J is the same as amino acids 3-11 of
the predicted protein. A polyadenylation signal sequence
was found 13 nucleotides upstream of the 3’ poly(A) tail.

The predicted protein contains two C2H2-type zinc finger

Fig. 5. Expression of Zep mRNA in
the day-13 embryo as determined by
in situ hybridization. Antisense (A,
C, D) or sense (B) digoxigenin-labeled
RNA probes were used. A and B, sagittal
sections of the day-13 embryo. DRG,
dorsal root ganglion; Sp, spinal cord.
Lung epithelial cells are indicated by the
arrowhead. Bars, 500 gm. C, a higher
) power view of the cerebral cortex. Bar,
. 100 ym. D, a higher power view of the
D DRG. Bar, 100 gm.
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Fig. 6. Expression of Zep mRNA in adult mouse brain as
determined by in situ hybridization. Nissl stained sections are
shown in A, C, E. Antisense (B, D, F) or sense (G) digoxigenin-labeled
RNA probes were used. A and B, olfactory bulb. Gr, granule cell layer;
Mi, mitral cell layer; PG, periglomerular cell layer. C and D, hippo-

Vol. 124, No. 6, 1998

campus. CAl and CA3, CAl and CA3 regions of the hippocampal
pyramidal cell layer; DG, dentate gyrus. E, F, and G, cerebellum. Gr,
granule cell layer; M, molecular layer; Pj, Purkinje cell layer. Bars,

100 zm.

Fig. 7. Localization of the Zep-GFP fusion
protein in COS7 cells. The same cells are viewed
by fluorescence microscopy for the localization of
the Zep-GFP fusion protein (A) and by DAPI
staining for the localization of nuclei (B). Arrows
indicate cells strongly positive for both Zep-GFP
and DAPI staining. Bar, 25 um.
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45.0 -

31.0-

216~

Fig. 8. Heparin binding activity of FLAG-tagged Zep. Extracts
of COS7 cells containing FLAG-tagged Zep were fractionated by
heparin-Sepharose, subjected to 10% SDS-PAGE, and electrophor-
etically transferred to a nitrocellulose membrane. Staining with
anti-FLAG antibody reveals a 50 kDa band in Lane 3. Lane 1, the pass
through fraction; Lane 2, the nonabsorbed fraction removed by
washing with 0.2 M NaCl in 20 mM Tris-HCl, pH 7.5; Lane 3, the
fraction eluted with 0.6 M NaCl in 20 mM Tris-HCI, pH 7.5; Lane 4,
the fraction eluted with 1.0 M NaCl in 20 mM Tris-HCI, pH 7.5; Lane
5, the fraction eluted with 2.0 M NaCl in 20 mM Tris-HCl, pH 7.5.

motifs in the N-terminal region (amino acids 13-34 and 37-
58). Among the various C2H2-type zinc fingers reported to
date, the present one is most homologous to motifs in two
yeast sequences, YJL056¢ and YJF6 (40% homology at the
amino acid level) (Fig. 34).

Most of the rest of the molecule (amino acids 129-452) is
proline-rich, with proline accounting for 26% of the amino
acids in the region examined. Significant homology was
found between this segment and the salivary proline-rich
precursor protein, PRB1 (25) (Fig. 3B). Proline-rich
domains have also been found in many transcription fac-
tors, such as CTF/NF-1 (26), MTF-1 (11, 27), and BTEB2
(28), although the lengths of the proline-rich domains are
shorter. There is also homology between segments of the
proline-rich domain of the present protein and those of
other transcription factors (Fig. 3C). Because of the pres-
ence of the zinc finger motifs and the extended proline-rich
domain, the protein was named Zep (Zinc finger protein
with extended proline-rich domain).

Two other domains frequently found in transcription
factors are also present in the Zep protein, i.e., two serine/
threonine-rich domains (amino acids 310-321 and 328-
343) and an acidic domain (amino acids 111-120). The Zep
protein also has a nuclear localization signal (NLS) that
corresponds to a bipartite motif (29) located at amino acids
93-109 (Fig. 2).

No significant homology in amino acid sequence was
observed between the whole Zep molecule and other known
zinc finger proteins published in the literature.

Expression of Zep mRNA—Northern blot analysis
revealed high levels of Zep transcripts in embryonic and
neonatal brains, but only low levels of Zep mRNA are
expressed in the adult brain (Fig. 4). Therefore, the level of
mRNA expression correlates with the amount of processed
or degraded Zep protein as revealed by two-dimensional gel
electrophoresis. The size of the transcript is 2.2 kb, indicat-
ing that the cDNA obtained in the present study is close to
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complete. Among adult mouse organs examined, Zep is
strongly expressed in the thymus, lung, spleen, testis, and
ovary, and expressed moderately in the liver and uterus
(Fig. 4).

In situ hybridization analysis at embryonic day-13
revealed strong signals for Zep mRNA uniformly through-
out the brain, with moderate signals in the spinal cord and
dorsal root ganglia (Fig. 5). Moderate levels of the signal
were found in other organs. In the adult brain, the strong
signals are restricted to the cerebellum (Fig. 6F) and the
olfactory bulb (Fig. 6B); granule cells are stained intensely
in both cases. Moderate signals were detected in the
hippocampus and the cortex (Fig. 6D).

Localization of Zep-GFP Fusion Protein in COS7
Cells—We investigated the localization of Zep to know
whether it is present in the nucleus as expected for its
putative role as a transcription factor. For that purpose,
c¢DNA encoding Zep-GFP fusion protein was produced and
transfected into COS7 cells. The fusion protein was pre-
dominantly expressed in the nucleus (Fig. 7). In contrast,
the GFP protein expressed in COS7 cells was found to be
diffusely distributed in both the cytoplasm and nucleus
(data not shown).

Heparin Binding Properties of FLAG-Tagged Zep—
Although the 20 kDa Zep fragment was found in the heparin
binding protein fraction, it was not clear whether 49 kDa
Zep has heparin binding activity. To clarify this point, we
expressed Zep labeled with FLAG-tag at the C-terminus.
The FLAG-tag itself is not expected to have heparin
binding activity. Western blot analysis using an anti-FLAG
antibody revealed that the FLAG-tagged Zep bound to
heparin-Sepharose and was eluted by 0.5 M NaCl (Fig. 8).
Therefore, the heparin binding property of intact Zep is
similar to that of the 20 kDa Zep fragment.

DISCUSSION

We have found a new zinc finger protein in the embryonic
mouse brain. The protein has zinc finger motifs in the
N-terminal region, and a large proline-rich domain. The
sequences of the two zinc finger regions are typical of the
C2H2-type, which has the sequence Cys-X;ori-Cys-X;;-
His-X;_s-His (30). Two cysteine residues, two histidine
residues, and several hydrophobic residues, characteristic
of C2H2-type motifs are all present in both zinc fingers
(Fig. 3A). A distinctive characteristic of the zinc finger
motifs of Zep is the short interval between them (Fig. 3A);
i.e., 2 amino acids in Zep in contrast to 6 amino acids in the
majority of cases. The highest degrees of homology (40% at
the amino acid level) were found to the putative zinc fingers
YJLO56¢ (PIR S56828) and YJF6, a 98.9 kDa yeast zinc
finger protein (Swiss-prot P47043) (Fig. 3A).

The proline-rich domain (26% proline) makes up most of
Zep. Proline-rich domains are found in many DNA-binding
transcription factors such as AP-2 (31), CTF/NF-1 (26),
MTF-1 (10, 27), and BTEB2 (28), and are involved in
transcriptional activation (32). This domain of CTF1
interacts directly to TFIIB and facilitates TFIIB recruit-
ment during the assembly of the preinitiation complex
(33). The proline-rich domain of Zep shows at most 32%
sequence identity to salivary proline-rich precursor protein
PRB1 (Fig. 3B), which is not a transcription factor (25).
Furthermore the size of the domain is the largest among
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transcription factors examined. However, segments of the
proline-rich domain of Zep show homology to segments in
other transcription factors (Fig. 3C).

In addition to the proline-rich domain, two domains
implicated in transactivation, i.e. an acidic domain and a
serine/threonine-rich domain, are detected in Zep. Acidic
domains have been found in C2H2-type zinc finger proteins
such as Zfy-2 (8), rKrl (9), and MTF-1 (10), and are
involved in transcriptional activation by interacting direct-
ly with TFIIB and TATA-binding protein (TBP) (34).

Serine/threonine-rich domains are present in AP-1 (35),
ATBF-1 (36), and Spl which has 3 zinc fingers, 2 gluta-
mine-rich domains, and a serine/threonine-rich domain
(37). The role of the serine/threonine-rich domain has
been clarified in FosB (35), a member of the Fos family.
FosB contains a basic region-leucine zipper (bZIP) motif
and a cluster of serine residues adjacent to the proline-rich
motif in the C-terminus. Phosphorylation of the cluster of
serine residues is required for transcriptional activation
and neoplastic transformation activities (35).

The over-all organization of Zep is distinct from other
transcription factors, even though Zep has two zinc finger
motifs and the three segments implicated in transcriptional
activation (Fig. 9). Furthermore, the short interval be-
tween the two zinc finger motifs and the extended proline-
rich domain make Zep unique among the many zinc finger-
containing proteins. We are aware that not all zinc finger-
containing proteins are transcription factors (38). How-
ever, the presence of the three sequence domains poten-
tially involved in transcriptional activation and the occur-
rence of NLS suggest that Zep is a transcriptional regula-
tor. The localization of the Zep-GFP fusion protein also
suggests that Zep is a nuclear protein. The 20 kDa Zep
fragment was found in cell extracts devoid of the nuclear
fraction. Probably, during the procedure of cell disruption
and extraction, the subcellular distribution of Zep or its
fragment was changed.

The heparin binding property of Zep suggests its DNA
binding activity. Based on the hypothesis that Zep is the
prototype of a novel class of transcriptional regulator
proteins, we are now studying DNA binding capability and
the specificity of Zep. Clarification of the DNA binding
specificity of Zep will enable us to construct test DNAs to
examine whether Zep actually has transcriptional regulator
activity.
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Fig. 9. Schematic diagram showing the
zine finger and putative transcription acti-
vation domains. Zep, MTF-1 (10, 27), and Zic
1 (39). Zf, zinc finger motif; acidic, acidic
domain; P-rich, proline-rich domain; S/T-rich,
serine/threonine-rich domain; A-rich, alanine-
rich domain; H-rich, histidine-rich domain;
673 NLS, nuclear localization signal.

Zep is strongly expressed in embryonic and neonatal
brain, but only weakly in adult brain. In situ hybridization
analysis showed strong Zep signals in the brains of day-13
embryos. In the adult brain, Zep expression is strong only
in granule cells of the cerebellum and olfactory bulb. This
mode of expression suggests that Zep plays a role in the
development of the nervous system. A number of C2H2-
type zinc finger proteins, such as Zic (39), Krox 20 (11), and
Krox 24 (40), have been found in the developing central
nervous system. Zic is a zinc finger protein expressed in the
dorsal region of the neural tube at a specific embryonic
stage, whereas it is restricted to the cerebellar granule cells
in adults (39). This developmental pattern of Zic expres-
sion is similar to that of Zep. Olfactory nerve axons and
granule cells in the hippocampus show axonal growth even
in adults due to continued cell division (41, 42); the
persistent presence of Zep in the adult brain may be related
to this capability.

The expression of Zep is not restricted to the nervous
system. In day-13 embryos, moderate levels of expression
are observed in other organs (Fig. 5). In adults, strong Zep
expression is detected in the thymus, spleen, testis, and
ovary, all of which contain dividing cells. Therefore it is
possible that Zep plays a general role in dividing cells, and
it remains to be elucidated whether the role of Zep is the
same in various tissues.

REFERENCES

1. Ruoslahti, E. and Yamaguchi, Y. (1991) Proteoglycans as
modulators of growth factor activities. Cell 84, 867-869

2. Iwasaki, W., Nagata, K., Hatanaka, H., Inui, T., Kimura, T.,
Muramatsu, T., Yoshida, K., Tasumi, M., and Inagaki, F. (1997)
Solution structure of midkine, a new heparin-binding growth
factor. EMBO J. 18, 6936-6946

3. Cole, G.J. and Akeson, R. (1989) Identification of a heparin
binding domain of the neural cell adhesion molecule N-CAM
using synthetic peptides. Neuron 2, 1157-1165

4. McCarthy, J.B., Skubitz, A.N., Zhao, Q., Yi, X., Mickelson, D.J.,
Klein, D.J., and Furcht, L.T. (1990) RGD-independent cell
adhesion to the carboxy-terminal heparin-binding fragment of
fibronectin involves heparin-dependent and -independent activ-
ities. J. Cell Biol. 110, 777-787

5. Moncollin, V., Miyamoto, N.G., Zheng, X.M., and Egly, J.M.
(1986) Purification of a factor specific for the upstream element
of the adenovirus-2 major late promoter. EMBO J. 5, 2577-2584

6. Reinberg, D. and Roeder, R.G. (1987) Factors involved in specific

2102 ‘T /0qo100 Uuo [elidsoH UensLyD enybuey) e /Bio'sfeulnolploxosqly/:dny woly papeojumoq


http://jb.oxfordjournals.org/

1228

10.

11.

12.

13.

14.

16.

16.

17.

18.

19.

20.

21.

22.

23.

transcription by mammalian RNA polymerase II. J. Biol. Chem.
262, 3310-3321

. Miller, J., McLachlan, A.D., and Klug, A. (1985) Repetitive

zinc-binding domains in the protein transcription factor ITIA from
Xenopus oocytes. EMBO J. 4, 1609-1614

. Mardon, G. and Page, D.C. (1989) The sex-determining region of

the mouse Y chromosome encodes a protein with a highly acidic
domain and 13 zinc fingers. Cell 86, 765-770

. Pott, U., Colello, R.J., and Schwab, M.E. (1996) A new Cys,/His,

zinc finger gene, rKrl, expressed in oligodendrocytes and neurons.
Mol. Brain Res. 38, 109-121

Radtke, F., Georgiev, O., Miuller, H.P., Brugnera, E., and
Schaffner, W. (1995) Functional domains of the heavy metal-
responsive transcription regulator MTF-1. Nucleic Acids Res. 23,
2277-2286

Chavrier, P., Vesque, C., Galliot, B., Vigneron, M., Dollg, P.,
Duboule, D., and Charnay, P. (1990) The segment-specific gene
Krox-20 encodes & transcription factor with binding sites in the
promoter region of the Hox-1.4 gene. EMBO J. 8, 1209-1218
Benjamin, T., Niu, C.-H., Parmelee, D.C., Huggett, A.C., Yu, B.,
Roller, P.P., and Thorgeirsson, S.S. (1989) Direct N-terminal
sequence analysis of rat liver plasma membrane glycoproteins
separated by two-dimensional polyacrylamide gel electropho-
resis. Electrophoresis 10, 447-455

Chomczynski, P. and Sacchi, N. (1987) Single-step method of
RNA isolation by acid guanidinium thiocyanate-phenol-chloro-
form extraction. Anal. Biochem. 162, 156-159

Tokunaga, K., Nakamura, Y., Sakata, K., Ohkubo, M., Sawada,
K., and Sakiyama, S. (1987) Enhanced expression of a glyceral-
dehyde-3-phosphate dehydrogenase gene in human lung cancers.
Cancer Res. 47, 5616-5619

Fan, Q.-W., Yuasa, S., Kuno, N., Senda, T., Kobayashi, M.,
Muramatsu, T., and Kadomatsu, K. (1998) Expression of besigin,
a member of the immunoglobulin superfamily, in the mouse
central nervous system. Neurosci. Res. 30, 53-63

Towbin, H., Staehelin, T., and Gordon, J. (1979) Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: Procedure and some applications. Proc. Natl. Acad. Sci.
USA 76, 43560-4364

Ge, H. and Roeder, R.G. (1994) Purification, cloning, and charac-
terization of a human coactivator, PC4, that mediates transcrip-
tional activation of class II genes. Cell 78, 513-523

Rienitz, A., Grenningloh, G., Hermans-Borgmeyer, L., Kirsch, J.,
Littauer, U.Z., Prior, P., Gundelfinger, E.D., Schmitt, B., and
Betz, H. (1989) Neurexin, & novel putative structural protein of
the rat central nervous system that is immunologically related to
microtubule-associated protein 5. EMBO J. 8, 2879-2888
Zheng, X.M., Black, D., Chambon, P., and Egly, J.M. (1990)
Sequencing and expression of complementary DNA for the
general transcription factor BTF3. Nature 344, 556-559
Kanno, M., Chalut, C., and Egly, J.M. (1992) Genomic structure
of the putative BTF3 transcription factor. Gene 117, 219-228
Erhart, M.A., Piller, K., and Weaver, S. (1987) Polymorphism
and gene conversion in mouse alpha-globin haplotypes. Genetics
115, 611-519

Schumacher, A., Schriter, H., Multhaup, G., and Nordheim, A.
(1991) Murine cyclophilin-S1: a variant peptidyl-prolyl isomer-
ase with a putative signal sequence expressed in differentiating
F9 cells. Biochim. Biophys. Acta 1129, 13-22

Porter, C.A., Sampaio, I., Schneider, H., Schneider, M.P.,
Czelusniak, J., and Goodman, M. (1995) Evidence on primate
phylogeny from epsilon-globin gene sequences and flanking
regions. J. Mol. Evol. 40, 30-55

. Kozak, M. (1984) Compilation and analysis of sequences up-

26.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

a7.

38.

39.

40.

41.

42.

E. Taguchi et al.

stream from the translational start site in eukaryotic, mRNAs.
Nucleic Acids Res. 12, 857-872

Azen, E.A., Latreille, P., and Niece, R.L. (1993) PRBI Gene
variants coding for length and null polymorphisms among human
salivary Ps, PmF, PmS, and Pe proline-rich proteins (PRPs). Am.
J. Humn. Genet. 53, 264-278

Mermod, N., O’Neill, E.A,, Kelly, T.J., and Tjian, R. (1989) The
proline-rich transcriptional activator of CTF/NF-1 is distinct
from the replication and DNA binding domain. Cell 58, 741-753
Radtke, F., Heuchel, R., Georgiev, O., Hergersberg, M., Gariglio,
M., Dembic, Z., and Schaffner, W. (1993) Cloned transcription
factor MTF-1 activates the mouse metallothionein I promoter.
EMBO J. 12, 1355-1362

Kojima, S., Kobayashi, A., Gotoh, O., Ohkuma, Y., Fujii-
Kuriyama, Y., and Sogawa, K. (1997) Transcriptional activation
domain of human BTEB2, a GC box-binding factor. J. Biochem.
121, 389-396

Dingwall, C. and Laskey, R.A. (1991) Nuclear targeting se-
quences—a consensus? Trends Biochem. Sci. 16, 478-481

Pabo, C.0. and Sauer, R.T. (1992) Transcription factors: struc-
tural families and principles of DNA recognition. Annu. Rev.
Biochem. 61, 1053-1095

Williams, T. and Tjian, R. (1991) Analysis of the DNA-binding
and activation properties of the human transcription factor AP-2.
Genes Dev. 5, 670-682

Williamson, M.P. (1994) The structure and function of proline-
rich regions in proteins. Biochem. J. 287, 249-260

Kim, T.K. and Roeder, R.G. (1994) Proline-rich activator CTF1
targets the TFIIB assembly step during transcriptional activa-
tion. Proc. Natl. Acad. Sci. USA 91, 4170-4174

Choy, B. and Green, M.R. (1993) Eukaryotic activators function
during multiple steps of preinitiation complex assembly. Nature
368, 531-536

Skinner, M., Qu, S., Moore, C., and Wisdom, R. (1997) Tran-
scriptional activation and transformation by FosB protein require
phosphorylation of the carboxyl-terminal activation domain.
Mol. Cell. Biol. 17, 2372-2380

Miurg, Y., Tam, T., Ido, A., Morinaga, T., Miki, T., Hashimoto,
T., and Tamaoki, T. (1995) Cloning and characterization of an
ATBF1 isoform that expresses in a neuronal differentiation-de-
pendent manner. J. Biol. Chem. 270, 26840-26848

Courey, A. and Tjian, R. (1988) Analysis of Sp1 in vivo reveals
multiple transcriptional domains, including a novel glutamine-
rich activation motif. Cell 55, 887-898

S#inchez-Garcla, I. and Rabbitts, T.H. (1994) The LIM domain: a
new structural motif found in zinc-finger-like proteins. Trends
Genet. 10, 315-320

Aruga, J., Yokota, N., Hashimoto, M., Furuichi, T., Fukuda, M.,
and Mikoshiba, K. (1994) A novel zinc finger protein, Zic, is
involved in neurogenesis, especially in the cell lineage of cerebel-
lar granule cells. J. Neurochem. 63, 1880-1890

Christy, B.A., Lau, L.F., and Nathans, D. (1988) A gene
activated in mouse 3T3 cells by serum growth factors encodes a
protein with “zinc finger” sequences. Proc. Natl. Acad. Sci. USA
85, 7857-7861

Crespo, D., Stanfield, B.B., and Cowan, W.M. (1986) Evidence
that late-generated granule cells do not simply replace earlier
formed neurons in the rat dentate gyrus. Exp. Brain Res. 62,
541-548

Schoenfeld, T.A., McKerracher, L., Obar, R., and Vallee, R.B.
(1989) MAP 1A and MAP 1B are structurally related microtubule
associated proteins with distinct developmental patterns in the
CNS. J. Neurosci. 9, 1712-1730

J. Biochem.

2T0Z ‘T /8003100 Uo [e1idsoH Ue s LyD enybuey) e /6io'seuldnolployxorql//:dny woly pepeojumoq


http://jb.oxfordjournals.org/

