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We report the fortuitous isolation of cDNA clones encoding a novel zinc finger DNA-binding protein termed
BZP. The protein encoded is 114 kDa and contains eight zinc finger motifs, seven of which are present in two
clusters at opposite ends of the molecule. Both finger clusters bound to the 9-bp sequence AAAGGTGCA with
apparent Kds of -2.5 nM. Two of the finger motifs within the amino- and carboxy-terminal finger clusters share
63% amino acid identity. BZP inhibited transcription of the herpes simplex virus thymidine kinase promoter
when copies of the 9-bp target motif were linked in cis, suggesting that it functions as a transcriptional
repressor. BZP mRNA and immunoreactivity were detected in several established cell lines but were most
abundant in hamster insulinoma (HIT) cells, the parental source of the cDNAs. In mouse tissues, BZP mRNA
and immunoreactivity were identified in cells of the endocrine pancreas, anterior pituitary, and central nervous
system. Interestingly, in HIT cells proliferating in culture, BZP immunoreactivity was predominately nuclear
in location, whereas it was usually located in the cytoplasm in most neural and neuroendocrine tissues. Serum
deprivation of HIT cells caused BZP immunoreactivity to become predominately cytoplasmic in location and
attenuated its inhibitory effect on transcription, thereby suggesting that the both the subcellular location and
the function of this protein are modulated by factors in serum.

Zinc finger-containing proteins contribute to transcriptional
regulation of a wide variety of gene products (4, 11, 19, 65).
This DNA binding motif was first identified in TFIIIA, a
transcription factor that binds the Xenopus 5S RNA gene (5,
9); several subclasses, the C2C2 (11, 18), CCHC (4, 65), and
C2H2 (50) zinc finger motifs, have subsequently been identi-
fied. Many proteins containing C2H2 zinc finger motifs have
now been cloned from multiple species. Representative exam-
ples include Xfin (48), Kruippel (47), Hunchback (60),
GATA-1 (61), Krox (6), TDF (38), and the GLI family of zinc
finger proteins (27). There is convincing evidence that many
C2H2 finger proteins are essential for normal growth and
development. For instance, mutations in Kruippel lead to
deformities of the anterior abdominal and thoracic regions in
Drosophila melanogaster (42), and targeted mutations of
GATA-1 in chimeric mice block erythroid cell differentiation
(41). Moreover, C2H2 zinc finger proteins have also been
implicated in the pathogenesis of human disease (15, 63).

Modulation of the amount and/or location of transcription
factors is, in general, an important way of regulating their
activity during cellular growth and development. In some
cases, the quantity of protein within the cell is altered by either
transcriptional or posttranscriptional mechanisms. Examples
include the induction by serum of the PRDII-BF1 gene (12),
activation during the GJG1 transition of the Krox-20 gene (7),
and the coregulation with c-fos following growth factor and
mitogenic stimuli of the egr-1/Krox-24 gene (59). In other cases,
the subcellular localization of preexisting protein is modulated.
The glucocorticoid receptor, for instance, is a well-character-
ized example of a zinc finger protein that changes its subcel-
lular location from the cytoplasm to nucleus in response to
hormone binding. Protein phosphorylation is known to play a
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role in altering the subcellular location of certain DNA-
binding proteins (for a review, see reference 21). For instance,
both the nuclear transport and function of SWI5, a C2H2 zinc
finger protein from Saccharomyces cerevisiae (58), are under
cell cycle control (10, 34) and change in response to phosphor-
ylation at three p34cdc2 consensus sites within or near its
nuclear localization sequence (34).

Phosphorylation of the NF-KB/IK-B, dorsal/cactus, and Rel
families of proteins through various signal transduction path-
ways plays a central role in their nuclear entry and function
(17). NF-KB is sequestered in the cytoplasm by an interaction
with IK-B (3, 16). Phosphorylation causes the dissociation of
the NF-KB/IK-B complex, thereby freeing NF-KB to translocate
to the nucleus and affect gene transcription. The Drosophila
homologs of NF-KB and IK-B, dorsal and cactus, possess a

similar molecular regulation (1). A gradient of dorsal nuclear
localization is established early in development in which the
dorsal protein is found predominantly within the nuclei of
ventrally located cells but within the cytoplasm of dorsally
located cells (56, 57). Cactus associates with dorsal, thereby
sequestering the complex in the cytoplasm, analogous to the
interactions of NF-KB with IK-B (14, 26). Phosphorylation of
dorsal by Toll receptor-activated protein kinase A leads to a

nuclear localization of the protein, thereby permitting it to
transactivate target genes (37).

In this report, we describe the fortuitous cloning of a novel
114-kDa C2H2 zinc finger protein termed BZP. Clones for
BZP were obtained in an attempt to clone an unrelated
-50-kDa protein that is expressed in pancreatic ,3 cells and
binds to the upstream promoter elements (UPEs) in the
upstream glucokinase promoter. Analysis of the DNA-binding
specificity of BZP revealed that by multimerizing the double-
stranded DNA probe used for library screening, a 9-bp DNA
element to which BZP binds was created. We have determined
that while BZP is distinct from the sought-after DNA-binding
protein, it is nevertheless found within the nuclei of insulinoma
cells growing in culture and the cytoplasm of the mouse
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endocrine pancreas. Further, the subcellular distribution pat-
tern of BZP varies in different mouse tissues and is altered in
HIT M2.2.2 cells by serum starvation. Thus, while BZP clones
were not those originally sought, various features of this novel
protein prompted us to analyze its DNA binding specificity,
tissue distribution, and subcellular localization.

MATERIALS AND METHODS
General procedures. All DNA manipulations were accom-

plished by using standard procedures (33) unless otherwise
noted. Oligonucleotide primers were synthesized by either
Midland Reagent Co. (Midland, Tex.) or the Vanderbilt DNA
Core Laboratory. RNA was isolated by the AGCP method (8)
and fractionated to poly(A)+ RNA by oligo(dT) chromatog-
raphy. Nucleic acid sequence was obtained by dideoxynucle-
otide chain termination reactions using Sequenase II (U.S.
Biochemicals). Both strands of all four cDNA clones were
sequenced.
cDNA expression libraries and screening. A cDNA library

in XZAPII (Stratagene) was made as instructed by the supplier,
using poly(A)+ RNA isolated from HIT M2.2.2 cells, and
amplified once prior to use. Another HIT M2.2.2 cell cDNA
library in Xgt 1l was the gift of L. Moss (Tufts University, New
England Medical Center). A total of 900,000 plaques from
these libraries were screened by the method of Singh et al.
(54), using a concatemerized oligonucleotide pair that con-
tained upstream glucokinase promoter sequences from -139
to -124. The oligonucleotide pair was synthesized with non-
symmetric 5' overhangs that allowed the annealed DNA to be
unidirectionally ligated. The probe contains UPE-2 (shown in
boldface), which is the binding site for a ,3-cell-specific factor
of -50 kDa (53). The sequence of the probe is as follows:

5'-TGCACCTTTGGCCATCAG
GGAAACCGGTAGTCAGCT-5'

The oligonucleotide pair was annealed by heating to 100°C and
then cooled over 1 h to room temperature. The probe was
radiolabeled and multimerized by the procedure of Vinson et
al. (62).
RNA blot analysis. Ten micrograms of poly(A)+ RNA was

separated on a denaturing agarose gel containing 7% formal-
dehyde. The RNA was capillary blotted to nitrocellulose and
cross-linked, using 1,200 mJ of UV light. The blot was prehy-
bridized for 16 h at 45°C in 50% formamide-5X Denhardt's
solution-lx SSPE (lx SSPE is 0.18 M NaCl, 10 mM
NaH2PO4, and 1 mM EDTA [pH 7.7])-0.5% sodium dodecyl
sulfate (SDS)-10 ,ug of denatured salmon sperm DNA per ml
before hybridization for 16 h at 45°C with 200 ng of a cDNA
probe labeled by random priming with [ox-32P]dATP to a
specific activity of 0.5 x 10 to 1.0 x 109 cpm/,ug of DNA.
Autoradiography was performed after three washes for 10 to
15 min each at 60 to 65°C in 0.2x SSC ( x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate)-0.1% SDS.

Protein expression and purification. BZP cDNA 5 was
altered by the site-specific mutagenesis method of Kunkel (30)
to introduce either an XhoI or a BamHI restriction endonu-
clease site (underlined below) to allow ligation of cDNA
subfragments into pETl5b, a procaryotic expression vector
containing an amino-terminal histidine repeat (Novagen). For
expression of full-length BZP, the mutating oligonucleotides
were 5'-GTGGCATGCTCGAGGATGA and 5'-TGAAGCC
TAGGATCCCTTCTAGAAGGA. For pET-1, the mutating
oligonucleotides were 5'-GTGGCATGCTCGAGGATGA
and 5'-AATAAACCCC'l'l'l'AGGATCCGC'lTTCTGTA. For
pET-2, the mutating oligonucleotides were 5'-GGAGTCTC

CACACTCGAGGACCAGAAG and 5'-TGAAGCCTAGGA
TCCCTTCTAGAAGGA. Correct mutagenesis was verified by
DNA sequencing and restriction endonuclease digestion be-
fore expression in Escherichia coli BL21 (DE3). The fusion
protein was expressed by growing the bacteria to an A600 of 0.6
to 0.8 and inducing expression with 1 mM isopropylthiogalac-
topyranoside (IPTG) for 2 to 3 h at 30°C. The cells were
pelleted at 300 x g for 20 min at 4°C and resuspended in
protein resuspension buffer containing 20 mM Tris (pH 7.5),
0.5 M sodium chloride, 5 mM imidazole, 10% glycerol, and 1
mM phenylmethylsulfonyl fluoride. The cells were lysed by
incubation for 10 min at 22°C with protein resuspension buffer
containing 100 mg of chicken egg white lysozyme and 0.1%
Triton X-100 followed by sonication for 1 min at 4°C. Follow-
ing centrifugation at 14,000 x g for 20 min at 4°C, the
supernatant fraction was filtered through a 0.45-pim-pore-size
filter and subjected to nickel affinity chromatography to par-
tially purify the expressed fusion protein. The bacterial super-
natant was loaded onto a 2.5-ml nickel column (Novagen) and
washed with at least 10 column volumes of protein resuspen-
sion buffer. Nonspecific protein-column interactions were re-
duced further by three 10-ml washes of protein resuspen-
sion buffer with 20, 40, and 60 mM imidazole, respectively.
Fusion protein was eluted in protein resuspension buffer
containing 130 mM imidazole, and its purity was assessed by
SDS-polyacrylamide gel electrophoresis (PAGE). A 1:500
dilution of an inhibitor cocktail containing aprotonin (1 mg/
ml), antipain (1 mg/ml), leupeptin (1 mg/ml), chymostatin
(1 mg/ml), pepstatin A (1 mg/ml), trypsin-chymotrypsin inhib-
itor (5 mg/ml), and 50 mM benzamidine was added to frac-
tions, which were dialyzed twice for 45 min each time against
a 500-fold volume excess of a solution containing 20 mM N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES;
pH 7.8), 10 mM potassium chloride, 2 mM dithiothreitol,
100 FLM ZnSO4, and 5% glycerol and used in DNA binding
studies.

Linker-primer PCR was used to generate cDNA fragments
from BZP cDNA 5 that contained BamHI and EcoRI restric-
tion endonuclease sites (underlined below) at the 5' and 3'
ends, respectively, for ligation into pGEX-2T, a procaryotic
expression vector that produces a fusion protein with Schisto-
somajaponicum glutathione S-transferase (GST). For pGST-1,
the primers 5'-CCGGATCCTCAAGACATCGCAGTGT (top)
and 5'-CCGAATTCTGATTTlAACAGTAAG (bottom) were
used. For pGST-2, the primers 5'-CCGGATCCTCCTATCG
CTCTTAAA (top) and 5'-CCGAATTCTGAGTCTGTAACA
CA (bottom) were used. After expression in E. coli, the
recombinant peptides were purified by GST-agarose affinity
chromatography (55).

Gel mobility shift assays and DNase I footprinting. DNA-
protein binding reactions were performed as described previ-
ously (53) except that 100,000 cpm of 32P-labeled DNA probe
was used with 1 ,ug of purified recombinant peptide. The
reaction products of gel mobility shift assays were fractionated
in 4% nondenaturing polyacrylamide gels. To measure the
apparent Kd, an excess of BZP binding peptide was used so
that DNA-protein binding would not affect overall protein
concentration. Hence, each DNA binding reaction mixture
contained either 100 ng of pET-1 peptide or 40 ng of pET-2
peptide and 1 ,ug of bovine serum albumin (BSA) to decrease
nonspecific protein binding. Bound counts were measured
directly by using a Phosphorlmager (Molecular Dynamics) and
plotted against total DNA concentration. In cold competition
assays, a 25-fold excess of unlabeled competitor DNAs was
preincubated with the finger motif peptides for 20 min at 4°C
before the radiolabeled DNA probe was added. For DNase I
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FIG. 1. Restriction map of cDNA clones and structural features of the encoded protein. (A) Restriction endonuclease maps of the four
overlapping cDNAs obtained by using a Southwestern expression screening strategy. The boxed area indicates the open reading frame of the
protein. The endpoints of each clone relative to the total sequence are indicated in parentheses. (B) Locations of the zinc finger motifs (black
boxes) and acidic regions (cross-hatched regions) in BZP. The peptides expressed in E. coli for use as immunogens (white) and for DNA binding
experiments (black) are shown. The endpoints relative to the entire protein of 1,043 amino acids are indicated.

footprinting, CaCl2 was added to a concentration of 1 mM
after the protein binding reactions, and partial DNase I
digestion was performed by incubation with 25 ng of DNase I
(Worthington) in a total volume of 30 [LI for 5 min at 22°C.
Digestion was stopped by adding 10 ,ul of stop solution
containing 1 M sodium chloride, 100 mM Tris (pH 7.5), 15 mM
EDTA, 2% SDS, and 7 ,ug of proteinase K for 15 min at 37°C.
The DNA fragments were precipitated with ethanol, and the
pellet was resuspended in 300 mM sodium acetate, precipi-
tated again with ethanol, washed with 70% ethanol at -20°C,
and then resuspended in 5 ,ul of loading buffer. The resulting
samples and Maxam and Gilbert G+A reaction mixtures were
boiled for 5 min prior to electrophoresis on a 6% denaturing
polyacrylamide gel. After electrophoresis, the gels were dried
and autoradiographed, and the footprinted sequence was
deduced from the G+A cleavage patterns.

Methylation interference assay. A three-copy multimer of
the screening oligonucleotide was cloned into the EcoRV site
of pBlueScript M13+ (Stratagene) by using Klenow fragment
to blunt the ligated oligonucleotides prior to vector ligation.
The plasmid was linearized with either BamHI or XhoI and
filled in with [ox-32P]dATP, using the Klenow fragment ofDNA
polymerase I to label the probe at one or the other end, and
then the plasmid was digested with the complementary enzyme
to release the labeled 114-bp DNA fragment. This fragment
was purified by elution from a 4% nondenaturing polyacryl-
amide gel and partially methylated by incubation with 1 ,ul of
dimethyl sulfate and 50 mM sodium cacodylate for 90 s at
22°C. Methylation was stopped by the addition of sodium
acetate (pH 5.2) and 2-mercaptoethanol to concentrations of
500 and 333 mM, respectively, and the DNA was precipitated

twice with ethanol. Binding reaction mixtures contained 4 x
106 cpm of one end-labeled probe, 3 ,ug of poly(dI-dC), 6 ,ug of
denatured salmon sperm DNA, and either 10 ,ug of pET-1 or
1.5 ,ug of pET-2 partially purified protein. The remaining steps
were performed as described previously (53) except that
fractionation of the DNA following piperidine cleavage was
performed with a 6% denaturing polyacrylamide gel that was
dried before autoradiography.

Transfection assays. Transient transfections of HIT M2.2.2
and NIH 3T3 cells were performed as described by Shelton et
al. (53), and cells were harvested 20 to 36 h after glycerol
shock. Transfection efficiencies were normalized by measuring
activity from either 1 jig of Rous sarcoma virus-3-galactosi-
dase or 2 jig of simian virus 40 (SV40)-,B-galactosidase expres-
sion vector cotransfected with the test plasmids. An overlap-
ping oligonucleotide pair with the sequence

5'-GATCTGGCCAAAGGTGCAG
ACCGGTTTCCACGTCCTAG-5'

that contained a single BZP binding site (in boldface) was
ligated in molar excess to a BamHI site upstream of a minimal
herpes simplex virus thymidine kinase promoter (-32 to +51)
driving a luciferase reporter gene (designated TK-luc), and
clones containing one, three, and five copies of the binding site
were identified. An XbaI fragment of BZP cDNA 5 was ligated
into the XbaI site of pCMV4 (2) to create pCMV-BZP.
Cotransfection assays with the pCMV-BZP expression vector
and target site reporter were performed using 5 jig of the
TK-luc plasmids in addition to 2.5 jig of either pCMV4 or
pCMV-BZP in HIT M2.2.2 cells and 10 jig of the TK-luc

B
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100
GGCGCAATAACGTIACAAATTATAACACTGISGGTAGAAGCAAATTCCGATTC¶GACGATGAAGACAAACTCCACATTGlTGGAAGAAGAAAGCATCGCTGA

200
TGCAGGTGACTGAAGGTGGCATGCCCGAGGATIGAGCTGCCGGCTACCAGACAGTCTTACCAGGAGGCAGTACAGGGAAGGCGGTGCCAAGAACTC

M P E D E L P A D Q T V L P G G S D R E G G A K N C
300

mGCAAGATGACGTAAAAGANATGAGTGTGACTCAGATGCAGAAAANAGCAAAACCATGACCCTAATG'GGAAGAGTwCCmCAACAGCAAGACACCG
W Q D D V K D D E C D S D A E N E Q N H D P N V E E F L Q Q Q D T

400
CCATCATTTACCCCGAGGCACCCGAGGAGGACCAGCGGCAGGGCACGCCAGAGGCCAGTGGTCAGGACGAAAACGGAGCAGCAGATGCATIT7wCCCAATT
A I I Y P E A P E E D Q R Q G T P E A S G Q D E N G A A D A F S Q L

500
GC Y,CTCCCATT GTAGAGGCTACAAGCGCTTACCTCTT7GAAAGA CATATACCGCCAMAAAAGAACGAAGACAA'ri AGCs
L T O92P YrO n R a Y K, R F T__T.JL K F _TK_ Y R OE K N E D N F Sw

TICCCmT;CGTTACACCTTTCATACAGAACCCAGCT7MACGCCACATGACATCACATAAGTCAGGAAGAGAGCAAAGACATsTACGCAGTC7GGGG
ST. Y T F A Y R TO L F. R 4 M T S K S G R E Q R H V T Q S G
,%UOF NWOV ~~~~~~~~~~~~~~~~~~~~700

GCAACCGTAAATTCAAG ACAC¶ AG¶I 3G CCTTCAAATATAAACACCACCTAAAAGAGCKTTACGAATIChAGI GAGAGAAGCCATA1GA
G N R K F K ( T) EECO K A F K Y K H H LTK E I IL R T O S G E K P Y E

1%8001 Nuor 1% de Soo~~~~~~~~~80
AT'GCCCAAACT CAAGAAACG"Iww CCATTrCTGGTTCCTATAGCTCACACATAAGCAGTAAGAAGTGTATTAGCTTATsCCTUGTGAAGGGAGGCCT
QP NQK K R F S H s G s Y S sQ T S S K KQI S L M P V N G R P
G~~~~~~~~~~~~~~~~~~~~~~~~~~~900

AGATCAGGACTCAAGACATCGCAGTGTCCCTCACCATCTCTTTCGGCATCACCAGGCAGTCCCACGCGCCCACAGATACGGCAGAAGATAGAGAATAAAC
R S G L K T S Q C P S P S L S A S P G S P T R P Q I R Q K I E N K

1000
CCCTTCAAGAACCGC7rTGTAAACCAAAT'CAAAACTGAACCTGTGGATTATwAGTT,CAAACCCATAG'MGTTGCTTCAGGAATCAAC7GTTICAACCCC
P L Q E P L S V N Q I K T E P V D Y E F K P I V V A S G I N C S T P

1100
TTTACAAAACGGGGTTTTAGCGGTGGTGGCCAATTCAGGCAACCAGTTCTCCTCAGGGTGTGGTGCAAGC rsT'TTCTGCCAACAGTCGGTrmGTA

L Q N G V F S G G G Q L Q A T S S P Q G V V Q A V V L P T V G L V
1200

TCT-CCCATAAGTATCAA7rAAGT,GACATTCAGAATGTACTTAAAGTGGCACTAGACGGTAACGTAATACGGCAAGTIMGGAAAATAATC,AAGCCAGTC
S P I S I N L S D I Q N V L K V A L D G N V I R Q V L E N N Q A S

1300
TTGCATCCAAAGAGCAAGAAGCAGTTAAT,GCTAT,CCATCCAGCAGGG7GTCATTCTGTTATTTCCATcAGTCTTCCTTTAGATCAAGA G
L A S K E Q E A V N A S S I QQG G H S V I S A I S L P L V D Q D G

1400
AACAACCAAAATCATCATCAACTACAGTCTIGAGCAGCCCAGCCAACTTCAGGTTwTTCCTCAGAA¶TTAAAGATAGAAAACCCAGCCCCTACAAATAGC

T T K I I I N Y S L E Q P S Q L Q V V P Q N L K I E N P A P T N S
1500

TGCAAAAGTGAGAAGTTACCAGAAGACCTTACMTTAAATCAGAAAAGGACAAAGGCTTwATGGGGCTiGTGGATGGTAGCACT CTTGAGTG
C K S E K L P E D L T V K S E K D K G F D G A V D G ST

1600
A TCCAGAGACCTCAATGCACTTCCAGAACTAAAAAGCACTAT'GACCCAGAGCACCCTGCCCAGC CTCCACCCCCTGCCCCCGAAGCCGAGAAGCC
n (t) P G D L N A T. P E T. K KQY D P E e P A Q P P P P A P E A E K P

1700
CGAGGCCTCTGCTCATCAGCCAGGGATGGCGA'T¶TCTCCCAGTCAGCCACCTTTAAAGAACCT¶CCTAT CGCTCTTAAAAGCCTACTA1GCTCNAAC

E A S A S S A R D G D L S P S Q P P L K N L L S L L K A Y Y A L N
1800

GCACAGCCAAACTCAGAAGAGCT,CTCAAAGATTGCCGACTCTGTGAACCTACCCCrGGA'MTAGTTAAAAAGTGGTTTGAAMAGATGCAAGC7GGACAGA
A Q P N S E E L S K I A D S V N L P L D V V K K W F E K M Q A G Q

1900
TTCCAGGGCAGTCTCCTGAGCCACCGTCTCCAGAAACGGGCACAGTAAACATCCCTGCAAAGAGCGATGAACAGCCTCAACCTGCAGATGGAAGTGAGCC
I P G Q S P E P P S P E T G T V N I P A K S D E Q P Q P A D G S E P

2000
CCAGGAGACAGCGCAAGTGGACAGAGTCCTCTCAAGA7IGACTAGCTCCCCGGTTTTACCAGTAGGATCAGCCATCAATGGTGGCAGAAGTTGCACATCA
QE D S A S G Q S P L K M T S S P V L P V G S A I N G S R S C T S

2100
CCCCCATCACCTCTAAACCTTTCCTCGGCCAGGAGCCTGCAGGGTTACTTTTGTGTGGCAGACGGTGCCCAGGAGGAGCCCCAAGTAGAACCTCTNATC
P P S P L N L S S A R S L Q G Y F C V A D G A Q E E P Q V E P L D

2200
TCTCACTACCAAAGCAACAGGGAGAGTTACMGAAAGGTCGACTATCAGCAG¶GTTTACCAGAACAGMTGTIATTCTGTCCAGGAAGAACCCTIGAACTT
L S L P K Q Q G E L L E R S T I S S V Y Q N S V Y S V Q E E P L N L

2300
GTCTTAG AAAAGGAGCCACAAGAGGACAGCTGTGTTACAGACTCAGAACCAGT7rTAAATGTAATCCCACCAAGTGCCAACCCCATAAATATTGCT

S C V K K E P Q E D S C V T D S E P V V N V I P P S A N P I N I A
2400

ATTCCTACAGT,CACTGCCCAGTTACCCACCATCGTGGCCATTGCMACCAGAACAGTGTT,CCCTIGCTTACGTGCACTGGCqCCAACAAGCAGACTATTC
I P T V T A Q L P T I V A I A D Q N S V P C L R A L A A N K Q T I

2500
TGATTCCCCAGGrGGCTTATACATACGCTACTACAGTCAGCCCTGCAATGCAGGAACCACCGGTGAAGGTAATCCAGCCAAA¶GAAACCAGGA1GAAAG
L I P Q V A Y T Y A T T V S P A M Q E P P V K V I Q P N G N Q D E R

2600
GCAAGACACTAGCTCAGAAGGAGTCTCCACAG¶IGGAGGACCAGAACGACTCTGACTCTACACCACCC GAMACTCGGAArACAGAGAATGGAATC

QD T S S E G V S T V E D Q N D 9 D * S P P ,: K; K: T: ^:: x ] S
2

N G M
2700

TA ;CAT=GACCTA£ACAAGATATTTCAGAAGAGCAGCTCACTGC AGACIAAGTA7GAACACAGGTAAAAGACCCCAKAGA TCT
Y AODL D K T F O K 555 L. L.RH. K Y E T G K R P H
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2800
CATTTAAACACAAACA7CATTGACMAACATCCAAGATTAACGGAAGCCCTATCAATT1ACAAT GCTCT

KA K H K H H T F H A R T. IS G E K P Y Q cnK ) K RF c

ACAC7CGGGATC7TATTCTCAGCPkATGAATC CCATCTACTGCAAGAGAGAAGCAGAAGAAAGAGATGGCACGGAGCAGGAGCAGGAAGAGGCT
t s: a s: S: 0 rl I R Y S Y C 1C R E A E E R D G T E Q E Q E E A93000

GGGC70GAAGCCCTGATCAA7UAGCATGTGWGrCGCGGGCATCTICCCTCACAGGCTGACTICGGA5vAGAGAGAAAGGrACAAGGGAGGAGGA7GAAG
G L E A L M N E H V G A R A S P S Q A D S D E R E S L T R E E D E

3100
ACAG7rAAAAGGAGGAAGAGGAGGAGGAGGATAAAGAGATGGAAGAATTsCAGGAAGAAAGAAGCGks:rGGAATIGCACAGGCGGAGGAGGAGGAGGAGGA
D S E K E E E E E E D K E M E E L Q E E K E C G N A Q A E E E E E E

3200
GGAAGAGGAGGAGATGATGGAGCCAAGGA:AGGCAGCAGCCAAGACTGATGGTGCCGTGGAGAATGGGGCTGCTCCGCAGGCAGGCAGCTTAGAGCAG

E E E E M D G A K D E A A A K T D G A V E N G A A P Q A G S L E Q
3300

AAGGCAAGCGAGAGCAGCGAGCACTsTCAGAGGAGACGACAAATGAAGCCTAGGAGCTCTTCrAGAAGGAAATTCTACTGTGAATGAAATTTuCTCTA
K A S E S S E Q L S E E T T N E A *

3400
TATTACCCACGCTrrMAAAACACGGCCCCTGTGCCGTGTTCCTGCTCACTACTATCGAATC7 AAAAATACAAAA ATC

3500
CGGGTGT,GCCAACCTCAGACCTAGTAA TCATGCAGmTTAGAGTTAGGAACACATATGTAACATGAAGCAGAATAGAAAAcTwcAGAGAC7:A

3600
GAAGCAGGrTCTTAGCAGGTTACAGGGAGCTGGA?GGCATCTGCATGGTTATCAGTATTATCACTCTTACGT GTTCATTCTrAAGCTACAATG

3700
GGAGAAATTrTATAATTTTTATTGGTAAACATATCTAAAGCCGCTTCAGTATTTATTATGTlrrTrrAAAAT,GGAGAACTTCTGCACTACAGAATTC

3800
CCTTCACAGAGCAGTAGAAAGCAGTT,CCAACCGTGCTGACTACCTTTACCAAGTrAGTCAGGAGGTAGGACCTCTACGTTAGACGCCATGrTMTCATTT

3900
AACATTATMCTAGCCTTAAGGAAGCAGCCGAGAGAAGAAC$AAGrTTACTCATGTGATTTTAAA7GGAG77:CAAGGTTCGTTAGTTCTGA

4000
CTCAGGGACGAACAGTATTGATGTGGAGGACGACAGAGTCTGCAGAATCAGTGTTcGTGATlsTGTTrScGTACGTcGGTAGCAACTATGAAGGATcT

4100
ATAGGAAGCGTTATGTCTCCTT7GGCCTTAAGCAAGACCSTGTGCTGTAAGTGCCA7TTAGTAmCAAGGCTCTAACICCTTCATwCAGTGTG

4200
GCCTACAATAACTAGCATTT,GTTGATTrsTTATG-MCAAAATCCAAACAAAACTCAAAACCACTGACTCTCGTAGAAGAAGCACT GAC

4300
ATCTCATACCTT( GTTCCTCAGTATTCATTACGTTGATTVACTTCGGAAA7TCTTACAGAAACAAAAGGGAAATTCTCTAAACTACTTAATCCATGT

4400
ACTCGTSTCAGACATGGATAAGCCATTAGTAm ITACAACCATTwCCAAATGTTAGTTATTACGACCCAGTATAxCAACATTAGCTGA7T

4500
TTTACCTATCAGTATTATTTTATT7CTTTTAGTTTATAGATcTGCAACAT7 rmTATTATGTCTwcAGCC7CTAGTATTAATACCw C

4600
TGACACGTACTrTTAGTTTTAGAAAACTTTTATAnrATGTGCTTATI TATATTTCTTTArATACACAGTGTAGTGTATAATACTTAGrT

4700
ATTAATACAATAATATAT TGTATGAAATrrGGAAAGTIATAAG AT!AAAGTAGAGATGCAATTGTTCTCGTGCATrGAGATITI A2AACAG

4800
TGTT,CGTTAACA"rATACTCGCCTGGGCITAGAGCAGAGTTTAAA GGGAATGTAITAGTTTTACAACTACAAT,CAAGTCATrTCCCTTTACCCA

4900
GTTTAATATAAACTCTTCACaTTYAAACTCACTsSmACTCATAGCATGAMCTCTCAGTTCTTTAAGAGTTGCCCAGCCATAACCCATT

5000
CCCTTAGCAAGCCAAATTAGAATTCCTTCOTAAACAGMTqGG AACAATGTTTACAAGTTGTCCAATTTGTTCC7GTATCCANTATGTAAGCTA

5100
CCAATCCGACTCTTCCTTTTAAGTTCCTMTTACACCATGGTCATrITCTAG'IlFACCAGACTCCCCAGCTCACAATAAAAlGCACMAACAAGCCAA

FIG. 2. Nucleic acid and deduced amino acid sequences of BZP. The zinc finger motifs in the protein are underlined, and the cysteine and
histidine residues that may be involved in chelating a zinc ion are circled. Five AUUUA repeats in the 3' untranslated sequence are shown in an
italicized boldface font. A putative nuclear translocation signal is boxed. The protein was also found to contain multiple consensus phosphorylation
sites for protein kinases A and C, casein kinase II, and p34cdc-2 kinase (25).

plasmids in addition to 5 ,ug of either pCMV4 or pCMV-BZP
in NIH 3T3 cells.
Immunoblot analysis. Nuclear and cytoplasmic extracts

from HIT cells that were incubated in medium with or with-
out serum for 24 h were prepared and fractionated on an
SDS-7.5% polyacrylamide gel. The gel was electroblotted onto
an Immobilon-P membrane, briefly hydrated in phosphate-
buffered saline (PBS) (pH 7.4), blocked overnight in PBS
containing 5% instant dry milk (Carnation) and 0.02% NaN3
at 4°C, washed again in PBS, and then incubated overnight at
4°C in PBS containing 2% dry milk and 0.02% NaN3 with
either a 1:4,000 dilution of preimmune serum or anti-BZP
immunoglobulin G (IgG) at a concentration of 0.1 to 1.0
,ug/ml. After three washes for at least 15 min each in PBS, the

samples were allowed to incubate in PBS containing 3% BSA
and 2 to 3 ,ug of biotinylated goat anti-rabbit antibody (Jackson
ImmunoResearch) per ml for 2 h at 22°C. Unbound antibody
was removed by three washes for at least 45 min each with
PBS, and then a 1:100 dilution of streptavidin-peroxidase
(BioGenex) was added for 1 h at 22°C. Following three washes
with PBS for 10 to 15 min each and equilibration in 10 mM
sodium citrate (pH 5.0)-10 mM EDTA, dextran sulfate was
added to a concentration of 1% of 10 min and removed by
three washes buffer alone for 5 min each, and then the blots
were developed for 10 to 15 min in the presence of 3,3',5,5'-
tetramethylbenzidine (Boehringer Mannheim) and hydrogen
peroxide at concentrations of 20 ,ug/ml and 0.05%, respec-
tively.
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Immunocytochemistry. (i) Tissue fixation. Tissues from 8-
to 12-week-old mice or whole neonatal mice were fixed,
processed, and sectioned as described previously (24). Endog-
enous peroxidase activity was blocked prior to immunoperox-
idase experiments as previously described (24), and endoge-
nous avidin and biotin were blocked as recommended by the
manufacturer (Zymed Laboratories).

(ii) Antisera to BZP. The pGST-1- and pGST-2-generated
fusion peptides were used as immunogens in rabbits to pro-
duce four different lots of antisera (Bethyl Laboratories). The
IgG component of each of these antisera was isolated by
recombinant protein G-agarose chromatography (Pierce Im-
munochemical), and the IgG fractions were further adsorbed
against an immobilized E. coli lysate (Pierce Immunochemical)
to minimize potential cross-reactivity. Of the four animals
immunized, antisera from two were discarded because of
presensitization against islet cell antigens and were unsuitable
for immunolocalization studies. Thus, sera from only two
animals, 2433 (anti-peptide 1) and 2397 (anti-peptide 2), were
used.

(iii) Cell line immunostaining. All incubations and washes
were at 22°C unless otherwise noted. HIT M2.2.2 cells were
grown on coverslips in Dulbecco's modified essential medium
supplemented with 15% (vol/vol) horse serum, 2.5% (vol/vol)
fetal calf serum, and 50 jLg each of streptomycin and penicillin
per ml. After incubation in medium with or without serum, the
cells were fixed in PBS containing 4% paraformaldehyde for 20
min, washed three times in PBS for 5 to 10 min each, and then
permeabilized with 0.2% Triton X-100 in PBS for 20 min.
Following a wash in PBS, nonspecific binding was blocked by
incubation first in PBS containing 3% BSA and then in PBS
containing 5% normal donkey serum for 30 min each. The
coverslips were washed in PBS and incubated for 1 h at 37°C
with either a 1:1,000 dilution of preimmune serum or anti-BZP
IgG at 10 ,ug/ml in PBS containing 3% BSA and 0.1% Triton
X-100. After three washes in PBS for 15 min each, the
coverslips were incubated with a biotinylated donkey anti-
rabbit secondary antibody (Jackson ImmunoResearch) at -10
,ug/ml in PBS containing 3% BSA and 0.1% Triton X-100 for
1 h. Following three 15-min washes in PBS, a 1:100 dilution of
streptavidin-linked Texas red (Jackson ImmunoResearch) was
added to the coverslips for 45 min; after being washed in
PBS-0.1% Triton X-100 three times for 15 min each, the cells
were mounted in Aqua-Poly/Mount (Polysciences, Inc.).

(iv) Tissue section immunostaining. Deparaffinized sections
were permeabilized and blocked (24) and then incubated with
either BZP peptide 1 or peptide 2 antiserum or the corre-
sponding preimmune serum, each diluted 1:3,000 in PBS-1%
BSA-0.1% Triton X-100. Some experiments involved the use
of an IgG fraction of immune serum diluted 1:1,000. All
primary antibody incubations were carried out in a humid
chamber at 4°C for at least 12 h. After unbound primary
antibody was washed away as described above, the sections
were incubated with biotinylated donkey anti-rabbit secondary
antibody (Jackson ImmunoResearch) at -10 ,ug/ml for 1 h at
22°C. Finally, following a similar washing of the unbound
secondary antibody, either -10 jig of Z-avidin-fluorescein
isothiocyanate (Zymed Laboratories) per ml or -5 ,ug of
Z-avidin-horseradish peroxidase (Zymed Laboratories) per ml
was incubated with the sections for 30 to 60 min at 22°C.
Tissue-bound peroxidase was then visualized by using 3-amino-
9-ethylcarbazole (24). BZP and growth hormone (GH) were
colocalized in the pituitary gland by using both rabbit BZP
antisera and an affinity-purified goat anti-GH antibody (Scanti-
bodies Laboratories) diluted 1:100 in 1% BSA-0.1% Triton
X-100 in PBS. Somatotrope-bound antibodies to GH were

A Fingw number:
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6
2
7
3

5

.E P K SHSGSYSS ISSKKCISL
D G SHSGSYSQ RYSYCK
D DK QKSS' L KYE$TGKRP

S SL SY YRTI E TStKSGRE
HE I KK KHKH IE MLiSGEKP

: GK KYKH K LRIaSGEKP
LT P DRGYKRFTS K IKYRHEKNE

CLLYD PGDLNALPE K DPEHPAQP

Kruppd c" sus XCXXCXXXFXXXXXLXXXXHTGEKP

B Fingr number:
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7-8 1iFC; ICYVAF'K11K1IHI IENMRI,ISGEKPYQOMKOKRFSHYSC4.'S3E'YS

FIG. 3. (A) Comparison of the eight zinc finger motifs. Shaded
areas indicate similarities with the Kruppel consensus (47). (B)
Alignment of fingers 3 and 4 with fingers 7 and 8. Putative zinc
ion-coordinating residues are shown in boldface.

visualized with donkey anti-goat-Texas red at a 1:100 dilution
(ML grade; Jackson ImmunoResearch).

(v) Control staining experiments. Specific BZP immuno-
staining was determined by incubation of adjacent sections of
mouse tissues in the cognate preimmune serum and by com-
paring the staining patterns obtained with the two different
BZP peptide antibodies. Controls for staining specificity in
double-labeling experiments included sequential staining for
each antigen with replacement of one primary antibody with
nonimmune serum, reversal of staining order, and comparisons
of single immunostaining experiments on adjacent serial sec-
tions. Results obtained from the combination of pGST-1 and
pGST-2 IgG fractions were confirmed by separate incubations
with the individual IgG fractions.

In situ hybridization. Mouse tissues were either fixed as
described above and then mounted on Probe On-Plus micro-
scope slides (Fisher Scientific) or flash frozen for 2 min in
LN2-cooled isopentane and then stored briefly on dry ice prior
to transfer to the cryostat chamber. After equilibration of the
tissue to cryostat temperatures (--30°C), tissues blocks were
embedded in OCT (Miles Scientific) and sectioned at 6 ,um.
Sections were briefly melted onto autoclaved Probe On-Plus
slides, fixed in ice-cold 4% paraformaldehyde in PBS for 10
min, washed in PBS, quickly dehydrated through an ethanol
series, and then air dried before storage in desiccant until
hybridization.
RNA probe synthesis. 35S-labeled sense and antisense RNA

probes were synthesized from BZP clone 5 linearized with
either KpnI or BamHI for in vitro transcription of sense or
antisense cRNA probes, respectively, using [35S]UTP (800
Ci/mmol; New England Nuclear) and T3 or T7 RNA poly-
merase. Following DNase I digestion, the probe was hydro-
lyzed to -100 to 150 nucleotides (20), neutralized, and ethanol
precipitated with 10 mg of glycogen per ml. The RNA probes
were resuspended in 0.1 M dithiothreitol and stored at -20°C
until used. Prehybridization, hybridization, and posthybridiza-
tion steps were as described previously (23). Some slides were
counterstained with either 0.002% toluidine blue or -5 jig of
bisbenzimide (Hoechst 33342; Polysciences) per ml.

Microscopy and photography. Micrographs were recorded
on Kodak T-Max 100 film, with single exposures of FITC and
Texas red fluorescence taken at ASA settings of 400 and 500,
respectively, and transmitted light-dark-field images taken at
ASA 100 to 160, using a Leitz Laborlux S with integrated
automatic exposure metering and appropriate filter cubes for
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FIG. 4. DNA binding by BZP peptides. (A) Gel mobility shift assay analysis of DNA binding by partially purified pET-1 and pET-2 protein
products. One copy (lanes 1 to 4) or three copies (lanes 5 to 8) of the annealed oligonucleotide pair used to screen the library were end labeled
with 32P and used in mobility shift reaction mixtures containing no protein (0), 30 ,ug of nontransformed E. coli extract (B), 1 ,ug of partially purified
pET-1 product (P1), or 1 ,ug of partially purified pET-2 product (P2). The reaction mixtures were fractionated on a 4% nondenaturing gel, and
the autoradiograph shown was obtained. (B) DNA binding affinity of pET-1 and -2 peptides. Gel mobility shift assays were performed with the
pET-1 and -2 peptides and various concentrations of the three-copy probe. The bound counts were determined and plotted against the total DNA
concentration. Fifty percent maximal binding was taken as the apparent Kd and was -2.5 nM for both pET-1 and pET-2. (C) Autoradiograph of
mobility shifts from which the plots in panel B were obtained. (D) Competition analysis. Both pET-1 (100 ng) and pET-2 (40 ng) were preincubated
alone (lanes 1 and 6) or with a 25-fold molar excess of several unlabeled DNA competitors: an oligonucleotide pair with three copies of the binding
site (lanes 2 and 7), an oligonucleotide pair containing three copies of the 9-bp BZP element (lanes 3 and 8), the concatemerized DNA used in
the original library screen (lanes 4 and 9), and a concatemerized but unrelated oligonucleotide pair (lanes 5 and 10). Protein binding to DNA was
specifically competed for only with DNA fragments containing multiple copies of the 9-bp binding site.

FITC, Texas red, and UV excitation. Bright-field images of the
immunoperoxidase experiments were enhanced with a 550-nm
interference filter. HIT cell immunofluorescence was imaged
with a Zeiss 410 laser scanning confocal microscope and the
543-nm line of a HeNe laser and then formatted in Aldus
Persuasion (version 2.1) on a Macintosh Quadra 700.

Nucleotide sequence accession number. The GenBank ac-
cession number of BZP is L13856.

RESULTS

Cloning and characterization of BZP. Two HIT cell cDNA
expression libraries were screened with a multimerized double-

stranded DNA probe containing upstream glucokinase pro-
moter sequences by the method of Singh et al. (54). The
monomeric probe contained a 6-bp target element, UPE-2,
that binds a -50-kDa pancreatic ,B-cell-specific protein in both
mobility shift and UV cross-linking assays (53). Four indepen-
dent cDNA clones were identified from the libraries whose
fusion gene products bound to the multimerized probe. Anal-
ysis of these DNAs showed they were derived from a single
mRNA of 5,098 bp that encoded a protein of 114 kDa (1,043
amino acids) from an open reading frame of 3,131 bp (Fig. 1).
The putative translation initiation codon at base 123 (CCAG
CATGC) conforms to the Kozak consensus sequence (29). A
polyadenylation signal is located upstream of the poly(A) tail.

A

pET-2

B

6 7 8 9 10

6
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The 3' untranslated region contains five AUUUA elements
which may act to decrease mRNA half-life (52). A search of
GenBank (version 70) indicated that the sequence was novel;
thus, we named the encoded protein BZP.
BZP was larger than the 50-kDa UPE-binding protein

sought and, as shown below, did not bind to the intended target
element in the probe. However, the protein had several
interesting features that led us to study it further. Both the
amino- and carboxy-terminal ends are highly acidic; 28 of the
first 94 residues and 58 of the last 140 residues are negatively
charged at a neutral pH, contributing to an overall acidic pKa
of -4.8 for the entire molecule. Seven of the eight zinc finger
motifs in BZP are grouped in clusters of four and three fingers
that are located near the amino- and carboxy-terminal ends of
the molecule, respectively. A single finger motif is located near
the center of the molecule (Fig. 1 and 2). The finger motifs
generally conform to the Krtippel consensus of CX2CX3FX5
LX2HX3H (Fig. 3A) (50). Every finger contains 12 amino acids
between the amino- and carboxy-terminal zinc-coordinating
residues, and all have either a phenylalanine at position 4 or a

leucine at position 10. The last two finger motifs in each cluster
possess a 63% amino acid identity (34 of 54 residues; Fig. 3B).
BZP also contains multiple potential phosphorylation sites
throughout its sequence (25). Seven consensus sites for protein
kinase C and eight putative sites for cyclic AMP-dependent
protein kinase were identified (not shown), most of which are

located nearby or within zinc finger motifs. Additionally, there
are 30 consensus phosphorylation sites for casein kinase II and
three consensus sites for p34cdc2 kinase (not shown).

FIG. 5. DNase I footprint and methylation interference analysis.
(A) DNase I footprint analysis of the three-copy probe showing DNA
both free (F) and bound (B) by the pET-2 protein product. (B)
Methylation interference analysis of pET-1 and pET-2 protein binding.
Piperidine cleavage patterns for bound (B) and free (F) DNA obtained
for top and bottom strands are shown. Band interference is depicted by
closed circles to the right of each autoradiograph; band enhancement
is shown by open circles. (C) Sites of binding of the pET-1 and pET-2
peptide products to the DNA probes. Nucleotide contacts for the
expressed BZP finger clusters are shown. Linker regions are under-
lined, and the binding site of the P-cell protein originally sought is
shaded. Protection from DNase I by the pET-2 protein is shown by a
darkened bar. Closed circles indicate band diminishment, and open
circles denote band enhancement.

Expression of BZP peptides. To characterize the DNA
binding specificity of BZP and to generate antibodies against
the protein, four different peptides were expressed in E. coli as
shown in Fig. 1B. The amino- and carboxy-terminal zinc finger
clusters were expressed by using pET15b, a vector that adds a
six-histidine repeat to the amino terminus (pET-1 and pET-2
in Fig. 1B), thereby enabling purification by nickel-agarose
affinity chromatography. Full-length BZP was not efficiently
expressed in E. coli by using pET15b and could be detected
only by immunoblot analysis using antisera generated against
the fusion peptide products of pGST-1 and pGST-2 (Fig. 1B).
However, the observed size of -175 kDa was anomalously
large, consistent with a pattern of lower than expected migra-
tions observed with several other large zinc finger proteins (32,
44, 49, 51).

Analysis of BZP peptide DNA binding. In preliminary
studies using a Southwestern (DNA-protein) blotting method,
both the amino- and carboxy-terminal finger clusters bound to
the multimerized DNA probe, whereas neither bound to a
monomeric probe (not shown). Therefore, to clarify the DNA
binding specificity of the BZP finger clusters, both a single-
copy and a three-copy cloned multimer of the oligonucleotide
pair were tested for DNA binding in a mobility shift assay using
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FIG. 6. Copy-dependent transcriptional repression of a heterologous promoter. The number and orientation of BZP binding sites (A) and their
effects on transcription of a TK-luc fusion gene in HIT M2.2.2 cells (B and C) are shown. Transcriptional activity is shown as a percentage of the
normalized luciferase activity observed for the plasmid (pTK-luc) without any sites. The datum points were fit to a sigmoidal curve.

the purified peptides containing the amino- or carboxy-termi-
nal finger motifs. Neither peptide bound the monomeric
probe, but both bound the multimerized probe (Fig. 4A).
Limiting dilution of the target DNA sequence in the presence
of a fixed amount of protein (Fig. 4B and C) determined an
apparent Kd of 2.5 nM for the interaction between each finger
cluster and the target sequence. Diminished binding of the
BZP peptides to DNA was observed after preincubation with a
25-fold excess of three different cold specific competitor DNA
fragments. However, competition was not observed with two
DNA fragments containing mutated BZP binding sequences
(Fig. 4D), suggesting that DNA recognition by both zinc finger
cluster peptides was sequence specific.
DNase I footprinting and methylation interference analysis

were performed to further characterize DNA binding by the
amino- and carboxy-terminal finger clusters. The carboxy-
terminal finger peptide showed a footprint of 15 and 20 bases
on the bottom and top DNA strands of the multimerized DNA
probe, respectively (Fig. 5A and C). The higher resolution
provided by the methylation interference analysis allowed
comparison of the actual nucleotide contacts made by the two
finger clusters. Both diminution and enhancement of bands
corresponding to multiple adenines and guanines on both
strands within this palindromic region were seen (Fig. 5B and
C). Similar contact sites were observed on both strands of the
probe for both finger clusters. However, the intensity of
interference varied at positions within the contacted region,
possibly reflecting the relative importance of specific bases for
protein binding. While the dual and overlapping 9-bp contact

TABLE 1. Effect of cotransfecting a BZP expression vector
with the TK-luc or 3X-TK-luc gene

Luciferase gene expression

Cell line (n) Expression (normalized relativeCellfine(n)plasmid light units)
TK-luc 3X-TK-luc

HIT M2.2.2 (4) pCMV4 88,157 3,568
pCMV-BZP 69,997 1,701

P >0.01 0.0001
NIH 3T3 (6) pCMV4 299,019 21,768

pCMV-BZP 417,890 5,979
P >0.01 0.000002

sites within the probe precluded an exact determination of
base interactions, base contacts were observed within the
9-base AAAGGTGCAA sequence present on both the top and
bottom strands (Fig. SC). These interactions occurred within
the region of the DNase I footprint (darkened bars). The BZP
binding sites in this probe were distinct from UPE-2 (53).

Transcriptional repression by BZP. Transient transfection
assays were used to determine whether the 9-bp element
identified above was able to affect transcription of a cis-linked
promoter. When one, three, and five copies of the AAAGGT
GCA sequence were inserted upstream of a minimal herpes
simplex virus thymidine kinase promoter, transcription was

A
Cell Line: HIT AtT 3T3

5.2 kb-

.

B

1 2 3
FIG. 7. Northern analysis of BZP mRNA. (A) BZP mRNA. (B)

Actin mRNA control after the BZP probe was washed from the blot.
Each lane contained 10 ,ug of poly(A)+ RNA from HIT M2.2.2
(hamster P-cell origin; lane 1), AtT-20 (mouse corticotrope origin;
lane 2), or NIH 3T3 (mouse fibroblast origin; lane 3) cells. The
membrane was probed with a radiolabeled -1,900-bp PstI-PstI frag-
ment of BZP cDNA clone 5, nucleotides 1 to 1882, and the autora-
diographs obtained are shown.
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inhibited by 37, 93, and 96%, respectively (Fig. 6). Cotransfec-
tion of pCMV-BZP with the TK-luc gene containing three
BZP binding sites (3X-TK-luc) reduced transcription even
further in both HIT M2.2.2 and NIH 3T3 cells (Table 1).
Cotransfection of pCMV-BZP resulted in a greater repression
in NIH 3T3 cells than in HIT cells, 73 versus 52%, possibly
reflecting the greater amount of endogenous BZP in HIT cells,
as was observed by immunoblot analysis (see Fig. 8).
BZP mRNA and immunoreactivity in cell lines. Northern

(RNA) blot analysis identified a BZP mRNA of -5.2 kb in
NIH 3T3, AtT-20, and HIT M2.2.2 cells, with the last cell type
showing a severalfold enrichment (Fig. 7). Immunoblot anal-
ysis of nuclear extracts from these same cell lines by using
immune serum detected a protein of -185 kDa (Fig. 8) that
was not seen when the preimmune serum was used (not
shown). BZP protein also appeared to be enriched severalfold
in HIT M2.2.2 cells compared with NIH 3T3 cells (Fig. 8). The
reason for the - 10-kDa discrepancy in the size of BZP
between the native and E. coli-expressed protein is not known
but may be due to posttranslational modifications that occur in
eucaryotic cells. BZP was also identified by immunohistochem-
istry in HIT M2.2.2, AtT-20, NIH 3T3, OTC-3, oaTC-6, and
H4IIE cells (not shown), in which it was consistently nuclear in
location.
BZP mRNA and protein in the pancreatic islet. Hybridiza-

tion of adult mouse pancreatic sections with antisense 35S-
labeled BZP RNA probes showed silver grains over the islets
that were not seen with the sense-strand probe (Fig. 9A and
B). The signal was distributed uniformly throughout the islet,
suggesting that all endocrine cell types of the islet express BZP
mRNA. A considerably weaker hybridization signal was ob-
served over the epithelium of the pancreatic ducts (not shown).
IgG fractions of both BZP antisera (anti-pGST-1 and -2)
showed specific BZP immunoreactivity in the endocrine pan-
creas of a neonatal mouse (Fig. 9C to H) that was predomi-
nately cytoplasmic in location. The strongest BZP immunore-
activity was seen among the loosely aggregated cells of 1-day-
old neonatal islets (Fig. 9C to F). Moderately intense
cytoplasmic BZP immunoreactivity was also observed in 4-day-
old animals (Fig. 9G and H), with even less signal detected in
adult mice (not shown). In contrast to the pattern of subcel-
lular localization observed in growing cells in culture, BZP
protein was never observed within the nuclei of mouse or rat
islet cells. Double-staining experiments using anti-insulin anti-
bodies confirmed that the cytoplasmic BZP immunoreactivity
was present in both 3 and non-r cells of the islet (not shown).
BZP mRNA and protein in the anterior pituitary and

central nervous system. BZP mRNA was detected by in situ
hybridization throughout the mouse anterior pituitary (Fig.
1OA and B) and in areas of the mouse central nervous system
(Fig. lOF to H). Hybridization was especially strong in the
hypothalamus, ependymal cells, and the outer granular and
pyramidal layers of the cortex (Fig. lOF to H). Equally intense
BZP hybridization was also seen over the hippocampus and
cingulate gyri (not shown). The pattern of BZP immunoreac-
tivity roughly paralleled mRNA expression in the pituitary and
brain. Double-labeling immunofluorescence assays in the an-
terior pituitary demonstrated colocalization of cytoplasmic
BZP protein and immunoreactive GH among the somatotrope
population (Fig. lOC to E). Although double-labeling experi-
ments with other anterior pituitary cell markers were not
undertaken, BZP immunoreactivity was notably absent in
many cells without GH immunoreactivity. In the neonate
central nervous system, BZP immunoreactivity was widespread
among neutral cells (Fig. lOF, G, and I to L). BZP protein
was found in the proliferative ependymal cell layer of the

Extract: HIT AtT NIH HIT AtT NIH
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FIG. 8. Immunoblot analysis of protein. The IgG fractions of two

different anti-GST-BZP antisera each detect a protein in nuclear
extracts from three cell lines. Thirteen micrograms of nuclear extract
from HIT M2.2.2 (hamster 3-cell origin; lanes 1 and 4), AtT-20 (mouse
corticotrope origin; lanes 2 and 5), or NIH 3T3 (mouse fibroblast
origin; lanes 3 and 6) cells was fractionated by SDS-PAGE (7.5% gel).
Proteins were transferred to Immobilon P and probed with the
indicated IgG. Positions of molecular mass standards (in kilodaltons)
are shown on the left.

neonate brain and in the nuclei of neural cells in the near-
by parenchyma (Fig. 10I and J). Nuclear BZP immunoreactiv-
ity was observed with varying intensities among scattered
cells throughout the brain and spinal cord of the adult, in a
more widely dispersed pattern than in the neonate (Fig. 10K to
M).
BZP mRNA and protein in other locations. Nuclear BZP

immunoreactivity was also observed among mesenchymal cells,
intestinal crypt cells, and smooth muscle cells of the neonate
gut as well as the germinal cells of the dental papilla (not
shown). BZP gene expression in crypt cells of the intestine was
further substantiated by in situ hybridization (not shown).
Neither BZP mRNA nor immunoreactivity was detected in
adult mouse lung, liver, spleen, kidney, skeletal muscle, and
heart tissues or in most other tissues of neonates.
Change in the subcellular localization of BZP by serum

starvation. Because of the difference in the subcellular local-
ization of BZP immunoreactivity between cells growing in
culture and their parent tissues, the effect of serum depriva-
tion on subcellular localization of BZP in HIT M2.2.2 cells
was tested. Overnight serum starvation caused a partial and
reversible shift of BZP immunoreactivity to the cytoplasm,
often appearing as a ring of fluorescence surrounding the
nuclear envelope (Fig. 1lA). Serum replacement for 1, 3, or
6 h was unable to completely reverse the intracellular shift
(not shown); however, BZP immunoreactivity returned to
a predominately nuclear location after 18 h of serum re-
feeding (Fig. 1 1B). In addition to the immunocytochemical
detection of BZP in cultured cells, BZP was also assessed by
immunoblotting of nuclear and cytoplasmic cell extracts ob-
tained after the same treatments. Cytosolic BZP immunoreac-
tivity was detected only after serum deprivation (compare Fig.
1 C and D), whereas nuclear BZP immunoreactivity increased
with serum treatment. Lastly, the effect of serum deprivation
on transcription of the TK-luc fusion gene was assessed.
Transcription of the 3X-TK-luc gene was enhanced by more
than twofold in HIT M2.2.2 cells in the absence of serum
(Table 2).
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FIG. 9. Identification of BZP mRNA and protein in mouse pancreatic islets. (A) Dark-field photomicroscopy following in situ hybridization of
an antisense BZP RNA probe to cryosectioned adult mouse pancreas. Silver grains are observed over islet cells but not exocrine pancreas. (B)
Section similar to that in panel A but with a sense-strand BZP RNA probe. No silver grains are seen over a large islet (arrow). (C to F)
Immunocytochemical localization of BZP in islets of 1-day-old neonates, using nonadjacent sections of the same islet region. (C) Strong
cytoplasmic immunoperoxidase staining obtained with BZP peptide 1 antibody in a developing islet. (D) Comparable field of the same islet
incubated with the preimmune serum for anti-BZP peptide 1. (E) Immunoperoxidase staining of the same islet incubated with anti-BZP peptide
2. A cytoplasmic staining pattern among islet cells similar to that in panel C is seen. (F) Comparable field of the same islet incubated with the
preimmune serum for anti-BZP peptide 2. (G and H) Immunocytochemical localization of BZP in islets of 4-day-old mice. (G) Immunoperoxidase
staining for BZP peptide 1 showing moderate staining of islet cell cytoplasm. (H) Adjacent section of pancreas stained for BZP peptide 2 revealing
a staining pattern similar to that in panel G. Double-immunofluorescence experiments with anti-insulin antibodies were performed to confirm
location of BZP immunoreactivity in islet endocrine cells (not shown). All scale bars are equal to 50 p.m.
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FIG. 10. Localization of BZP mRNA and protein in the mouse anterior pituitary gland and central nervous system. (A) In situ hybridization
of an antisense BZP RNA probe to a section of adult mouse pituitary sagittal sections through the pars distalis. Hybridization signal is observed
over the anterior pituitary but not the posterior lobe (not shown). Scale bar equals 50 p.m. (B) Section adjacent to that in panel A hybridized to
a sense BZP probe showing the lack of a hybridization signal. Scale bar equals 50 p.m. (C to E) Immunofluorescence staining using anti-BZP
peptide 2 and anti-GH antibodies in the anterior pituitary. (C) Cytoplasmic BZP immunoreactivity is observed among many cells of the anterior
pituitary with some cells lacking fluorescence (arrow). (D) Section adjacent to that in panel C incubated with the preimmune serum for the BZP
peptide 2 antibody. (E) Same section as in panel C stained for GH to identify somatotropes. BZP immunoreactivity is observed predominately in
somatotropes, as some minor pituitary cell types lack both BZP and GH immunoreactivity (arrow). Scale bar equals 10 p.m. BZP peptide 1
antiserum was also found to react with a cytoplasmic component of somatotropes (not shown). (F) In situ hybridization of an antisense BZP RNA
probe to the hypothalamic region of an adult mouse showing silver grains over the parenchyma and the ependymal cell layer lining the third
ventricle (arrowhead). (G) Section adjacent to that in panel F incubated with a sense BZP probe showing the lack of hybridization to ependymal
cells (arrowhead). Scale bars represents 50 p.m. (H) Overview of section of cerebral cortex that was hybridized with an antisense BZP RNA probe
revealing a strong hybridization signal over cells in the outer granular and pyramidal layers. A strong hybridization signal was also observed over
cells of the hippocampal and cingulate gyri (not shown). Scale bar equals 200 p.m. (I) Immunoperoxidase staining for BZP in the neonate brain.
Low levels of immunoreactivity among the germinal ependymal layer and moderate levels of immunoreactivity within the nuclei of nearby cells
were seen (arrows). (J) Adjacent section of neonate brain incubated with the corresponding preimmune serum demonstrating the lack of staining.
V, ventricle. Scale bar represents 20 p.m. (K) Nuclear BZP immunoreactivity among scattered cells in the neonate spinal cord. (L) Adjacent section
of neonate spinal cord incubated with the corresponding preimmune serum. Scale bar equals 20 p.m. (M) High-power field of adult mouse brain
stained with BZP antibody showing strong nuclear immunostaining. Scale bar equals 5 pLm.

DISCUSSION

Cloning of a novel zinc finger protein. In an attempt to clone
a factor of -50 kDa that is expressed in pancreatic ,B cells, we
instead obtained cDNAs encoding a novel 114-kDa zinc finger
protein that has been termed BZP. In large part, the cloning of
BZP was due to the inadvertent creation of a binding motif for
this protein by multimerizing the probe. We have shown that
BZP binds with high affinity to sequences that become juxta-
posed only by ligation. cDNA expression cloning strategies are
widely used to clone new DNA-binding proteins. Our experi-
ence illustrates the risk of creating new DNA-protein interac-
tions by the multimerization of monomeric DNA probe se-
quences.

Structural similarity of BZP to other zinc finger proteins.
BZP contains eight zinc finger motifs, seven of which are
divided into two clusters at opposite ends of the molecule.
Other zinc finger proteins that contain dispersed zinc finger
motifs have been cloned; examples include the Drosophila
Hunchback, Teashirt, and Suvar(3)7 gene products and the
vertebrate genes for PRDII-BF1, Evi-1, and Zn-15. Hunch-
back contains six zinc finger motifs arranged into two clusters
of four and two fingers (60). Teashirt (13) and Suvar(3)7 (45)
contain three and five finger motifs, respectively, that are
individually dispersed. Zn-15 is named for its 15 zinc finger
motifs, 12 of which are loosely arranged into two clusters of six
each (32). Of these examples, PRDII-BF1 is structurally the
most similar to BZP. This molecule contains five finger motifs,
four of which are arranged into two structurally related pairs
that lie near opposite ends of the 298-kDa molecule (12). A
single, isolated finger is also located near the center of the
protein.

Function of BZP. The cloning of BZP in the manner
described did not allow its function to be studied in the context
of a natural target gene since none are known. However, when
elements to which BZP binds were linked in cis to the
thymidine kinase promoter, an inhibitory effect was observed.
Thus, at least in the context examined, BZP appears to act as
a transcriptional repressor. Whether BZP has the same effect
on natural target genes remains to be determined. Other zinc
finger proteins have well-documented effects on gene tran-
scription, with most having been found to augment rather than
inhibit transcription. For instance, Zn-15 synergistically acti-
vates transcription of the GH gene in combination with Pit-1
(32), whereas PRDII-BF1 and Evi-1 stimulate transcription in
a serum-dependent manner (12, 35). Whether BZP has a role

in development, as is the case for the Drosophila zinc finger
proteins Hunchback (31) and Teashirt (13), is not yet known.
DNA sequence recognition by BZP. The amino- and car-

boxy-terminal finger clusters of BZP demonstrated similar
DNA binding specificities and affinities, as examined by gel
mobility shift and methylation interference assays. Thus, given
the high degree of primary amino acid sequence identity
between finger motifs 3 and 4 and finger motifs 7 and 8, these
two finger pairs may be the main determinants of DNA
sequence recognition by this protein. A similar degree of
sequence similarity exists for the amino- and carboxy-terminal
zinc finger pairs of PRDII-BF1, which are also able to bind to
the same DNA sequence (12). The multimerized DNA probe
used to screen the HIT cell libraries contained two overlapping
9-bp binding sites for BZP (Fig. 6C). Crystallographic and
mutagenic studies have shown that C2H2 zinc fingers can
interact with one to five bases of DNA, although it appears that
many interact with three bases (36, 39, 40). Binding to a 9-bp
element is, therefore, consistent with base contacts from two or
three zinc fingers, as appears to be the case with BZP, but
whether this is the minimum or optimum sequence for binding
remains to be determined. It is not known if the fourth finger
in the amino-terminal cluster, or the fifth isolated finger near
the middle of BZP, is also involved in DNA binding. Some zinc
fingers do not interact with DNA at all but may instead be
involved in protein-protein contacts (40).
The significance of the distances between the zinc finger

motifs in BZP is not known, but the BZP finger clusters
themselves contain many of the exceptions that are associated
with jumper-linker recognition of DNA (28). Finger motifs
that contain more than three residues between carboxy-termi-
nal zinc-complexing histidine residues, followed by a hydro-
phobic or large interfinger linker region, may contact adjacent
bases on opposite strands of DNA (28). Some other factors
with widely dispersed zinc finger motifs, e.g., PRDII-BF1,
Zn-15, Suvar(3)7, Hunchback, and Teashirt, also contain more
than three residues between their carboxy-terminal zinc-com-
plexing amino acids, suggesting that overall structural similar-
ity may reflect common modes of DNA recognition. The
duplicated finger motifs in BZP also suggest that there may be
a variety of natural target sites for DNA binding by this
protein, perhaps some that contain complex target elements
with intervening bases that are not involved in DNA-protein
contacts. Alternately, it is possible that DNA binding by only
one of the two sets of zinc finger motifs is sufficient for
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FIG. 11. Effect of serum on subcellular localization in HIT M2.2.2 cells. (A and B) HIT M2.2.2 cells after incubation in the absence (A) or
presence (B) of 15% equine serum-2% fetal bovine serum for 18 h. Immunohistochemistry was performed by incubation with an equivolume
mixture of anti-GST-BZP antibodies followed by incubation with a biotinylated donkey anti-rabbit secondary antibody and streptavidin-linked
Texas red and visualized by laser scanning confocal microscopy. Scale bars, 10 p.m. (C) BZP immunoblot obtained by using antibody 2 of HIT
M2.2.2 cell nuclear (Nu) and cytoplasmic (Cy) extracts after 18 h of serum deprivation, as for panels A and B. (D) BZP immunoblot obtained by
using antibody 2 of HIT M2.2.2 cell extracts after 18 h of serum treatment. For panels C and D, only the BZP-immunoreactive band at -185 kDa
is shown. Similar results were obtained with antibody 1 (not shown).

interaction at a target gene. Thus, a variety of models for DNA
binding by BZP remain plausible until several natural target
genes have been identified and characterized.

Variable subcellular distribution of BZP. BZP mRNA and
protein expression was identified in several tissues but was
predominately located in pancreatic islets, anterior pituitary,
and central nervous system. Pancreatic islets and anterior
pituitary appear to be rich sources of BZP, although the
protein is not restricted to neuroendocrine cells. Indeed, the
pattern of BZP immunoreactivity in the neonatal and adult
mouse central nervous system suggests a complex pattern of
expression, both at the cellular level and at the subcellular
level. It is particularly interesting that within different cell
types, the subcellular location of BZP varies. BZP immunore-

TABLE 2. Effect of serum on BZP inhibition
of TK promoter activity'

Luciferase gene expression
Expression (normalized relative light units)
plasmid (n)

TK-luc 3X-TK-luc

-Serum (4) 4,769 + 1,150 974 ± 155
+Serum (4) 5,123 ± 306 444 ± 121
-/+ Ratio 0.93 2.13

a Ten micrograms of a TK-luc or 3X-TK-luc fusion gene was transfected into
HIT M2.2.2 cells, and the cells were incubated for 24 to 36 h in the presence or
absence of serum prior to harvest and measurement of luciferase activity.

activity was found within the nuclei of some mouse cells,
although in the anterior pituitary, endocrine pancreas, and
portions of the central nervous system, the protein was pre-
dominately cytoplasmic. This contrasts with its location in
cultured cells growing in media supplemented with serum, in
which case it is almost invariably located in the nucleus. The
partial shift of BZP immunoreactivity to the cytoplasm after
serum removal suggests that there are factors in serum that
affect the subcellular location of this protein. The change in the
subcellular location of BZP in response to a change in culture
conditions is not unique, as the locations of the proto-onco-
gene c-fos and c-myc products and certain other cell cycle-
dependent proteins such as proliferating cell nuclear antigen
have been found to vary in a similar manner (64).
The means by which BZP is sequestered in the cytoplasm

has not been determined, but functional parallels with other
cytoplasmically sequestered factors suggest that this may be a
phosphorylation-mediated event. For instance, the subcellular
distribution and function of the SV40 large T antigen are
dependent upon phosphorylation of residues near the nuclear
localization signal (22, 43, 46). Phosphorylation ofT antigen by
casein kinase II at a serine residue (number 2 in Fig. 12)
enhances nuclear import (46), while p34cdc2-mediated phos-
phorylation of a threonine residue (number 3 in Fig. 12)
inhibits nuclear localization (22). A sequence similar to the
nuclear localization signal of T antigen is found near the
carboxy-terminal zinc finger cluster of BZP (Fig. 1 and 12).
Rihs et al. have suggested that the nuclear localization of
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1 23
SV40 Large T Antigen: ADSQHSTPPKKK-RKVE

11 1111111 11
BZP: NDS-DSTPPKKKTRKTE

FIG. 12. Similarity between region of BZP and SV40 T-antigen
nuclear localization sequence. Sequences from BZP are aligned with
those of the SV40 T-antigen nuclear localization signal. 1, 2, and 3
indicate the sites of phosphorylation by a double-stranded DNA-
dependent protein kinase, casein kinase II, and p34cdc2-dependent
protein kinase, respectively, as described in the text.

proteins may be dependent upon a casein kinase II site-spacer-
nuclear localization sequence motif (46) in which the casein
kinase II phosphorylation site is located either 13 or 22
residues amino terminal to the nuclear localization signal. The
presence of a potential casein kinase II phosphorylation site 15
residues amino terminal to the putative nuclear localization
signal in BZP is consistent with the use of a similar phosphor-
ylation-dependent nuclear localization mechanism.

Concluding comments. The variable subcellular compart-
mentalization of BZP in different cell types and the modula-
tion of nuclear transport by serum suggest that there are
complex regulatory mechanisms that control the translocation
and function of this protein. However, whether BZP has a role
in cellular growth and/or differentiation remains to be estab-
lished. In any case, further studies to identify natural regula-
tory elements that bind this protein and the mechanisms that
control its location in the cell appear warranted.
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