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The zinc finger is a protein domain that imparts specific nucleic
acid-binding activity on a wide range of functionally important
proteins. In this paper we report the molecular cloning and
characterization of a novel murine zinc-finger gene, mZ13.
Analysis of mZ1 3 cDNAs revealed that the gene expresses a 794-
amino-acid protein encoded by a 2.7 kb transcript. The protein
has an unusual arrangement of 13 zinc fingers into a 'hand' of 12
tandem fingers and a single isolated finger near the C-terminus.
This structural organization is conserved with the probable

INTRODUCTION

Nucleic acid-binding proteins can be classified on the basis of
protein motifs and/or structures which are required for binding
activity. Members of the C2-H2 zinc-finger family conform to
the consensus sequence Cys-Xaa24-Cys-Xaa3-Phe-Xaa5-Leu-
Xaa2-His-Xaa,5-His [1,2]. Two cysteine and histidine residues
tetrahedrally coordinate a Zn2+ ion, providing a 'miniglobular'
structural unit for individual fingers [3] of an antiparallel ,i
ribbon and an a. helix. Sequence-specific DNA-binding is
generated by insertion of the a. helix into the major groove at the
target site, with residues in the N-terminus of the a helix
contacting the bases [4].
Many proteins contain multiple C2-H2 zinc fingers. The

arrangement of individual fingers within different proteins is
variable although the most common format is a single cluster of
multiple tandem repeats organized as a 'hand' (reviewed in [5]).
Other patterns have been described, including proteins with
individual zinc fingers [6], multiple discrete groups of zinc-finger
clusters organized as separate 'hands' [7], and individual fingers
dispersed throughout the protein [8]. Tandem repeats of C2-H2
zinc fingers are separated by 7-8 amino acids which are termed
the His/Cys link. In proteins that are members of the Kruppel
subclass of zinc-finger proteins these residues are a variant of the
consensus TGEKP(F,Y) [9]. Other subfamilies of C2-H2 zinc-
finger proteins can be defined on the basis ofconserved structural
or sequence motifs outside the finger regions. These include the
N-terminal KRAB [10], FAX [11] and POZ domains [12,13], and
the presence of homeodomains [14]. It is not known whether
zinc-finger subfamilies define functionally related proteins.
The versatility of the C2-H2 zinc finger in sequence and motif

organization, including combination with other functional
motifs, enables it to be involved in a wide range of processes
involving binding to both DNA and RNA. While zinc-finger
proteins have been demonstrated to have functions as diverse as

heterochromatin packaging [8] and nucleocytoplasmic RNA

chicken homologue, cZ13. mZ13 also contained an additional
domain at the N-terminus which has previously been implicated
in the regulation ofzinc-finger transcription factor DNA-binding,
via protein-protein interactions. mZ13 expression was detected
in a wide range of murine embryonic and adult tissues. The
structural organization ofmZ13 and its expression profile suggest
that it may function as a housekeeping DNA-binding protein
that regulates the expression of specific genes.

transport [15], the majority of C2-H2 zinc-finger proteins appear
to be transcription factors. These include housekeeping factors
such as Spl [16] and developmentally regulated factors such as
Kriippel [17], hunchback [18] and Krox-20 [19]. Functional studies
ofvarious zinc-finger transcription factors have revealed versatile
actions including both positive and negative transcriptional
regulation, and complex interactions with other transcription
factors (reviewed in [5]).
As part of a screen for DNA-binding proteins we identified a

novel chicken zinc-finger protein termed Z13 (B. Hopwood and
J. R. E. Wells, unpublished work; Genbank U14555). In this
paper we report the isolation of murine Z13 cDNA and genomic
clones, and preliminary expression analysis of the protein in
embryonic and adult mice.

MATERIALS AND METHODS
Isolation, subcloning and sequencing of mZW3 genomic and cDNA
clones
To generate murine-specific sequence and probes for the isolation
of mZ13 cDNAs, a Balb/C EMBL3 murine genomic library
(Clontech) was screened using standard procedures [20] with the
2.2 kb cZ13 cDNA (B. Hopwood and J. R. E. Wells, unpublished
work; Genbank U14555), oligolabelled with [a-32P]dATP
(Gigaprime kit, Bresatec Ltd). A third-round duplicate positive
plaque was isolated and phage DNA was purified by the liquid
lysate method [20], giving a 13 kb mZ13 genomic clone (AmZ13).
BamHI and SalI/BamHI (Pharmacia) restriction fragments of
AmZ13 that hybridized to cZ13 by Southern blot [20] were
subcloned into pBluescript SK or pBluescript II KS (Stratagene)
for sequencing (T7 sequencing reagent kit, Bresatec Ltd; T7
Sequenase, USB). Murine sequence corresponding to cZ13 was
identified and used to design primers for reverse transcription
and PCR amplification of mZ13 cDNAs from 16 days post
coitum (d.p.c) embryonic kidney RNA from CBA strain mice.

Abbreviations used: d.p.c., days post coitum; RACE, rapid amplification of CDNA ends; RT, reverse transcriptase; SSC,0.15 M NaCI/0.015 M sodium
citrate.
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The 5' region of mZ13 was amplified by a modification of
rapid amplification of cDNA ends (RACE)-PCR using the 5'-
ampliFINDER RACE kit (Clontech). Poly(A)+ RNA (2,ug) was
reverse transcribed with primer 5'-TCTTGCCACACTCCTCA-
CAC-3' corresponding to nucleotide residues 1279-1298 of the
mZ13 cDNA. The anchor sequence 3'-NH3-GGAGACTTCC-
AAGGTCTTAGCTATCACTTAAGCAC-P-5' was ligated on
to the 3' end of the cDNA. The primers used for PCR were a 3'
primer: 5'-CTTGTGGATGATGGAGCCGT-3' (nucleotides
1092-1111 of the mZ13 cDNA), and a 5' anchor primer:
5'-CTGGTTCGGCCCACCTCTGAAGGTTCCAGAATCG-
ATAG-3' (Clontech) which hybridized to the anchor sequence.
DNA amplification was performed with Pfu DNA polymerase
(Stratagene) according to manufacturer's instructions, in a ca-
pillary thermal cycler (Corbett research) for 35 cycles of
denaturation (94 °C, 5 s), annealing (60 °C, 5 s), and extension
(72 °C, 5 min). After gel electrophoresis, the mZ13 cDNA (5')
fragment was extracted (Geneclean kit, Bio I10) and subjected to
a further 35 cycles of DNA amplification under the same
conditions, except the annealing temperature was 50 °C and the
3' primer was modified to contain a XhoI site: 5'-GGCCCTC-
GAGCTTGTGGATGATGGAGCCGT-3'. The product was
digested with EcoRI/XhoI, gel purified and cloned into
pBluescript II KS. The cDNA insert was restricted with AluI,
HpaII, HaeIII and PvuII, and subcloned into pBluescript II KS
for sequencing.
The 3' region of mZ13 was amplified from poly(A)+ RNA by

reverse transcriptase (RT)-PCR [21] using AMV reverse trans-
criptase (Molecular Genetic Resources) and Pfu DNA poly-
merase. First-strand cDNA synthesis was primed with the
oligonucleotide 5'-CCACAGGCAACATTAGAAAATAATC-
3' (mZl 3 cDNA nucleotides 2689-2701; the unmatched 5' end of
the oligonucleotide corresponded to the sequence of the genomic
clone in this region). PCR amplification was carried out using the
5' primer 5'-ACGGCTCCATCATCCACAAG-3' (mZ13 nucleo-
tides 1092-1111) and the same 3' primer as used for reverse
transcription. DNA amplification was performed as described,
for 35 cycles of denaturation (94 °C, 5 s), annealing (54 °C, 5 s),
and extension (72 °C, 4 min). The mZ13 cDNA 3' fragments
were end-filled with T4 DNA polymerase [20] and cloned into
pBluescript II KS for sequencing.

Exon-containing regions of the mZ13 genomic clone (AmZ13)
were identified by hybridization to mZ13 cDNAs. These regions
were subcloned into pBluescript II KS and sequenced, or
sequenced with mZ13-specific oligonucleotides. Exon X (see
Figure 4a) was not identified by this analysis, and was amplified
by PCR from AmZ13 using the conditions described for RT-
PCR using the 5' primer: 5'-GAAGCAGTTCACCACCTCAG-
3' (mZ13 cDNA position 1529-1649) and the 3' primer 5'-
ACAGGTCCCCCACATTC-3' (mZ13 cDNA position 1977-
1994). The 90 bp BamHI-digested product was cloned into
pBluescript KS and sequenced.

Sequence comparison
The mZ13 nucleotide and conceptually translated open reading
frame sequences were compared with the GenBank, PIR and
Swiss-Prot databases using Hitashi MacDNASIS software.

Isolation of embryonic and adult RNAs
Tissue samples from 10.5, 12.5 and 16.5 d.p.c. embryos and adult
tissues were isolated from CBA strain mice. Total RNA was
isolated from these samples by the method of Chomczynski and
Sacchi [221. Poly(A+) RNA was isolated directly from tissue

Genomic Zooblot analysis
A genomic Southern Zooblot (Clontech) was the kind gift of
Professor Robert B. Saint (Department of Genetics, University
of Adelaide, Australia). The filter was prehybridized in 50%
(v/v) deionized formamide, 1 % SDS (w/v), 10% (w/v) poly-
(ethylene glycol), 1 M NaCl, 50 mM Tris/HCl, pH 7.5, 5 x
Denhardt's, 100 jig/ml sonicated denatured salmon sperm DNA,
at 37 °C for 48 h. A 253 bp KpnI/BamHI probe, containing the
mZl3 exon XIV and the 5' portion of exon XV (position
2231-2405), was isolated from a BamHI subclone of the mZl3
genomic clone. This fragment encoded the 13th zinc finger (see
Figure 4a). The probe was oligolabelled with [a-32P]dATP and
hybridized to the filter at 37 °C for 48 h. The filter was washed at
low stringency in 6 x SSC (1 x SSC: 0.15 M NaCl, 0.0 15 sodium
citrate)/0.1 % SDS at 42 °C for Omin and in 2 x SSC/0.1 %
SDS at 65 °C for 20 min, followed by high stringency washing in
0.5 x SSC/O.1 % SDS at 65 "C for 20 min, and was exposed to
Konica medical grade X-ray film at -80 °C with an intensifying
screen for 7 days.

Antisense riboprobes and RNase protection analysis
An mZ13-specific riboprobe was generated from the mZl3
genomic clone. Exon XIII (see Figure 4a) was amplified from a

AmZ13 BamHI subclone by PCR using the 5' primer 5'-
GGAGAGGATCCTTATTTGTGTGAC-3' (cDNA nucleotides
2018-2041) and the 3' primer 5'-GTGAGCTCGAGTGACCG-
CTGTCGCTG-3' (cDNA nucleotides 2202-2226). PCR ampli-
fication was performed with Taq DNA polymerase (Bresatec
Ltd) according to the manufacturer's instructions, in a thermal
cycler (MJ research) for 30 cycles of denaturation (94 "C, 1 min),
annealing (54 "C, 30 s), and extension (72 "C, 1 min). The product
was digested with BamHI/XhoI, giving a 194 bp fragment, gel-
purified and cloned into BamHI/XhoI-digested pBluescript II

KS (Stratagene). An mZl3-specific antisense riboprobe of 192 bp
(plus 30 bp of pBluescript II KS polylinker) was generated by
transcription with T3 RNA polymerase (Promega) [23] after
linearization with BamHI in transcription reactions containing
100 /tCi of [a-32P]rUTP (Bresatec Ltd). Unincorporated radio-
active label was removed from the reaction products by
denaturing PAGE [20]. The purified antisense probe was eluted
in 50% (v/v) formamide for 2 h at 37 °C and used in RNase
protection assays as described by Krieg and Melton [23], except
that 120000 c.p.m. of probe was added to each RNA sample.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as a loading control [24]. RNase digestion products were resolved
by denaturing PAGE [20], and visualized by exposure to Konica
medical-grade X-ray film at -80 °C with an intensifying screen

for 14 days.

RESULTS

mZl3 cONA isolation and characterization
A murine Z13 (mZ13) genomic clone was isolated from a Balb/C
EMBL3 genomic library by cross-hybridization with a cZ13
cDNA. mZ13-specific sequence was derived from this clone and
used for the isolation of 5' and 3' regions ofmZ13 from 16 d.p.c.,
CBA strain, embryonic kidney poly(A)+ RNAs by RACE-PCR
and RT-PCR respectively. The compiled sequence of the mZ13
cDNA (Genbank accession U14556) and the deduced amino
acid sequence of the mZ13 protein are presented in Figure 1.
An open reading frame of 794 amino acids extended from

position 218 bp to position 2600 bp. The identity of the initiation
samples with the On Track mRNA isolation kit (Biotecx). codon for this open reading frame in mZ1 3 was confirmed by the
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aagcgctgcccccggccttctcgcggccgtgatgcacctccatctgtggtggggttcgggacatggCaggtgatgagct

ATG GAT TTC CCC CAG CAC AGC CAG CGT GTC TTG GAG CAG CTG AAC CAG CAG CGG CAA CTG 277
D Q * * Q A V L Q L a Q a Q L 20

GGC CTC CTC TGT GAC TGC ACC TTT GTG GTG GAC GGC GTT GAC TTC AAG GCT CAC AAG GCG 337
L L C D C T * V V D 0 V D I A R A 40

GTG CTG GCA GCT TGC AGC GAG TAC TTC AAG ATG CTC TTT GTG GAC CAG AAG GAC GTG GTG 397
V L A A C Y K N L I V D Q D V V 60

CAC CTA GAC ATC AGT AAT GCG GCA GGC CTG GGG CAG GTG CTG GAG TTC ATG TAC ACT GCT 457
L D I a x A A a L a Q v L a * A 80

AAG CTG AGC CTT AGC CCT GAG AAC GTG GAC GAT GTT CTG GCC GTG GCC AGC TTC CTC CAG 517
L L * P V D D V L A V A L 0 100

ATG CAG GAT ATT GTC ACG GCC TGC CAC ACG CTC AAG TCC CTC GCT GAG CCG AGC AGC ACC 577
Q D I V T A C H T L K S L A E P S S T 120

ACT GGG GAG AGC GCA GAC GCC TCA GCT GTG GAA JGA GGA GAC AAG AGA GCC AAA GAC GAG 637
T G E S A D A S A V E G G D K R A K D E 140

AAG GCC GCT GCC ACC ATG TTG AGC AGG CTG GGC CAA GCA AGA GGC AGC TCC TCC ACA GGC 597
K A A A T M L S R L G Q A R G S S S T G 160

CCG GGC AGA GAA CTC MAG GAG GAG CGG GGT GGC CAG GCA GAA AGT GCA TCC AGT JGC GCA 757
P G R E L K E E R G G Q A E S A S S G A 180

GAG CAG ACG GAG AAG GCA GAC GCT CCC CGG GAG CCT CCA CCT GTG GAG CTC AAG CCG GAC 817
E Q T E K A D A P R E P P P V E L K P D 200

CCC ACA AGC AGC ATG GCG GCT GCA GAA GCC GMA GCC TTA TCA GAG AGC TCA GAG CAAMA 877
P T S S M A A A E A E A L S E S S E Q E 220

ATG GAA GTG GAG CCA GCC AGC AAA GGA GAA GAC GGA CAA GA GAA GAG GGT GCA GGG CCT 937
M E V E P A S K G E D G Q E E E G A G P 240

GCC ACA GTC AAA GAA GAG GGG ATG CAT CTG GAT AAC GGG GAG CCT CCT GAG GAG AAT GAA 997
A T V K E E G M H L D N G E P P E E M E 260

GAG TCT GCC GGC ACA GAT TCT GGG CAG GAG CTT GGC ATG GAG GGT CAG AAC CTG CGC TCG 1057
E S A G T D S G Q E L G M E G Q N L R S 280

GGC ACC TAC GGG GAT CGC ACT GAG TCC AAG GCT TAC GGC TCC ATC ATC CAC AAG TGC GAO 111
G T Y G D R T E S K A Y G S I I H K C E 300

GAC TGC GGG AAG GAG TTC ACG CAC ACA GGG AAC TTC AAA CGG CAC ATC CGC ATC CAC ACG 117
D C G K E F T H T G N F K R H I R I H | T 320

GGG GAG AAA CCT TTC TCA OTGC AGG GAG TGC AGC AAG GCT TTC TCG GAC CCT GCA GCG TGC 123
G E K P F S C R E C S K A F S D P A A C 340

AAG GCT CAT GAG AAG ACA CACIAGC CCG TTG AAA CCC TAT OGGTGT GGAG GAG TGT GGC AAG 129
K A H E K T H | S P L K P Y G C E E C G K 360

AGC TAC AGG CTC ATC AGC CTO CTG AAC CTG CAT AAG AAG AGG CAC TCC GGG GAG GCG CGC 135'
S Y R L I S L L N L H K K R H S G E A R 380

TAC CGC TGC GGG GAC TGT GGC AAG CTC TTC ACC ACT TCA GGC AAC CTC AAG CGC CAC CAG 141'
Y R C G D C G K L F T T S G N L K R H Q 400

CT GTA CAC|AGT GGC CAG AAA CCC TAC CAGIGC GAC TAC TGT GGC CGC TC C TCT GAC 1477
L V H | S G Q K P Y Q | C D Y C G R S F S D 420

CCC ACC TCT AAG ATG CGC CAC CTG GAG ACT CAC|GAC ACC GAC AAG GAA CAC AAGMTGT CCT 153'
P T S K M R H L E T H D T D K E H K I C P 440

CAC TGC GAC AAA AAG TTC MC CAG CTG GGG AAC CTG AAG GCC CAC TTG AAG ATC CAC ATT 159,
H C D K K F Q V G N L K A L K I H I 460

GCC GAT GGC CCT CTT AAG TGC CGG GAG TGC GGG MG CAG TTC ACC ACC TCA AAC CTC 165'
A D G P L K C R E C G K Q F T T S G L 480

AAG CGG CAC CTG CGG ATC CACIAGT OGG GAG AAG CCG TAC rA| TGC ACC CAC TGT CAG CGG 171'
K R H L R I H I S G E K P Y V C T H C Q R 500

CAG; TTT GCC GAC CCA GGC GCG CTA CAG CGG CAC GTC CGG ATC ACG GGT GAG AAG CCG 177'
Q F A D P G A L Q R H V R I H T G E K P 520

TGC CAG TOT GTG ATA TOT GGT AAG GCC TmT ACC CAA GCC AGC TCC CTC ATC GCC CAT GTA 1837
C Q IC V I C G K A F T Q A S S L I A H V 540

CGC CAA CAC TGACG GAG CCC TAC CCC TOT GM CCC TT GGC AAG AGA TT GTC CAG 189'
R Q H T G E K P Y V C e R C G K R F V Q 560

TCC AGC CAG TTG GCC AAC CAC ATC CGT CAC CAT GAC ATC CGA CCC GAC AAGjTGC AGC 1951
S S Q L A N H I R H H I D K I R P D K I C S 580

GTG TGT AGC AAG GCC TTC GTG AAT GTG GGG GAC CTG TCC AAG CAC ATT ATC ATC CAC ACC 201
V C S K A F V N V G D L S K H I I I Hi|T 600

:GA GAG AAG CCT TAT TTG TOT GAC AAG TGT GGC CGT GGT TTC AAC CGG GTA GAC AAC CTG 207
a E K P Y L TGC D K C G R G F R V D N L 620

CGT TCT GTA MG ACC GTG CAT CAG GGC AAG GCG GGC ATC AAG ATC CTG GAG CCA GAA 213
R S H V K T V H G K A G I K I L E P E 640

GAG GGT GGT GAG GTC AGC GTG GTC ACT GTG GAC GAC ATG GTC ACC CTG GCC ACT GAG GCT 219
E G G E V S V V T V D D M V T L A T E A 660

CTG GCA GCG ACA GCG GTC ACT CAG CTA ACA FG GTA CCA GTG GGG GCC GCA GTG ACA GCT 2251
L A A T A V T Q L T V V P V G A A V T A 680

GAC GAG ACG GAA aTA CTC AAA GCT GAG ATC AGC AAA GCT GTC AAG CAA GTG CAG GAA GAA 231'
D E T E V L K A E I S K A V K Q V Q E E 700

presence of two in-frame TGA stop codons (light underline,
Figure 1) located upstream of the ATG, at positions 89 bp and
212 bp, and a consensus Kozak sequence [25] surrounding the
ATG.

Conceptual translation of the mZ13 open reading frame
revealed the presence of 13 C2-H2-type zinc fingers. Twelve of
these were clustered in repeated fashion, separated by seven

amino acids conforming to the consensus TGEKP(F,Y). This
arrangement, which shared 96% amino acid identity with the
chicken Z13 (Figure 2a, 297 to 628 of mZ13, 205 to 536 of cZ13),
is typical of many clustered fingers and identifies Z13 as a

member of the Kriippel-like subfamily of zinc-finger proteins [17].
A region of lesser but significant sequence similarity downstream
of the 12th zinc finger included the 81-amino-acid spacer region
in mZ13 between the 12th and 13th zinc fingers, and the 13th zinc
finger. The isolated position of the 13th zinc finger within the Z13
open reading frame was conserved between mouse and chicken.
This conservation of sequence and organization within the
putative DNA-binding domain indicates that the cZ13 and
mZ13 proteins are probably sequence homologues and share a

common evolutionary origin.
Sequence similarity between cZ13 and mZ13 upstream of the

7 first zinc finger and downstream of the 13th zinc finger was

7 sporadic. However, using the best alignment of these proteins
(DNASIS) the termination codon for the mZ13 open reading

7 frame corresponded to that of cZl3 (Figure 2a), the poly(A)
17 addition signal was present in the same position (Figure 2b), and
I an AU motif, implicated in mRNA instability [26,27], and
,7 resembling the consensus TTATTTAT [28], was conserved in
j7 sequence and position in the 3' untranslated regions of mZ13 and
I cZ13 (dashed underline in Figure 2b, position 2622-2629 bp).
,7 Thus the gross organization of the Z13 expression unit was

7 common to the murine and chicken genes.

The 2701 bp mZ1 3 sequence shown in Figure 1 lacks the
7 poly(A) tail, which was not cloned in this analysis. However, the

close structural relationship between important domains and
sequences in mZ13 and cZ13 indicates that the murine poly(A)
tail would be located immediately downstream of nucleotide
2701. Thus the predicted size of the complete mZ13 transcript is
2701 nucleotides plus the length of the poly(A) tail.
mZ1 3 contained an additional region of sequence similarity at

the N-terminus (amino acids 1-104) to a functional domain
found in other zinc-finger proteins, viral non-zinc-finger proteins
and cellular non-zinc-finger proteins [12,13]. This domain, which
has been termed the POZ domain [13], can modulate zinc-finger
DNA-binding activity through dimerization. The most related
POZ domain to mZ13 was KUP [29], a human zinc-finger gene

with 39.4% amino acid identity to mZ1 3 over the POZ domain
(Figure 3). Within both mZ13 and KUP the POZ domain was

located at the extreme N-terminus of the protein. The N-terminus
of the cZ1 3 protein has not been isolated but alignment of the 12
N-terminal cZl3 amino acids with the POZ domain consensus

sequence (Figure 3) indicated that the POZ domain structure was

O&C CCC AAC ACC CAC ATC CTC TAC GCTIT
D P N T H I L Y AL

:TTC CTG GAT GCC
F L D A

AAT AGC CTA CCC CAG CAT GTT CGG ATC CAC ACA GCC CAG OCA CTG GTC ATG TTC CAG ACG
N S L A Q H V R I H T A Q A L V M F 0 T

GAT GCG GAC TTC TAC CAG CAG TAT GGG CCA GGC AGC ACG TGG CCA CCC GGG CAG ATG CTG
D A D F Y Q Q Y G P G S T W P A G 0 M L

CAG GCT GGA GAG CTC GTC TTC CGT CCT AGG GAT GGG ACT GAO GGC CAA CCC ACA CTG GCA
Q A G E L V F R P R D G T E G Q P T L A

GMA AGT CCA CCC ACA GCT CCT GAT TGC CTA CCA CCT GCC GAG TGA gcaggtggcctcStgactgt
E S P P T A P D C L P P A E

:aatgattattttctaa

2377
720

2437
740

2497
760

2557
780

2621
794

a 2704

Figure 1 Sequence of the mZ13 cDNA

The 794-amino-acid open reading frame spans nucleotide positions 218 to 2600. The in-frame
termination codons (light underline) upstream of the initiation codon are located at nucleotide
positions 89 and 212. The poly(A) addition signal (underlined) is located at position 2681 to
2686 and the conserved AU element (dashed underline) is located at position 2622 to 2629.
The POZ domain is represented in bold type and individual zinc fingers are boxed. The positions
of introns within the genomic clone are indicated by arrows. The silent C (Balb/C)/A (CBA)
polymorphism at nucleotide position 2224 is represented with a dot. The termination codon is
indicated by an asterisk. The sequence was derived from the ampliFINDER RACE-PCR clone
(nucleotides 1 to 1111) and the RT-PCR clone (nucleotides 1092 to 2701).
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(a)

mZ13

mZ13
cZl3

KDvPo38RQL3OIaOORQwwDcYFYvDGvDvKAHKAvL&&c8NYKSl__vQDWV 60

I{LDI__ _QLY_ _9DIVTACHTLKSLAEPSST 120
LK8(VLUZBPVESRELLTELGVEKVIV 28

mZ13 TGESADASAVEGGDKRAKDEKAAATMLSRLGQARGSSSTGPGRELKEERGGQAESASSGA 180

cZl3 EGKTAARVTQGDSDKPKQVPPNQEGKEEAPVATAAQPKEPAEQPDAKEGPAEGQQPGGVD 88

mZ13
cZl3

EQTEKADAPREPPPVELKPDPTSSMAAU
NAAEASPAAVSPSRPQPAESEVGNSSPC

AEAEALSESSEQEMEVEPASKGEDGQEEEGAGP 240

GEKGSDAPSTEARGMELEGKEEEGEAMVEDEEE 148

mZ13 ATVKEEGMHLDNGEPPEENEESAGTDSGQELGMEGQNLRSGTYGDRTESKAYGSIIHK _ 300
I I 11 111111 I 111111 11111111 11 11

cZ13 AKIPKAAQPKSESKENAEDNESGSTDSGQENSGETRLLRSGTYSDRTESKAYAAVTHX 3 208
(l) (2)

mZ13 I=U.l=llTlNPM1K GEKPFr SKAFSOACVHMT LPY EEt 360

cZ13 T EKPF'IMRPllrlKOX IAAKEREK EF PL'KPY 268
(3) (4)

mZ13 SYrRL;ISLLNLHRKR SGEAR RY-T =SGQV-,KPY P5 420
lillllilllll 111111 1111111|1111f11 lII I lfllllll

cZ13 W G E' AK KTFTTaL= vrl;SEKPYC nrrl(RqFql -328o
(5) 16) 11)

mZ 13 PTSKgiRHLEl g DDKH CLeiV^Y C,vLKM K1ADGL RECGQFATGNL 48 0IIIIIIIIIIIMT 1111,lfilllrllll"|le|ll| llifill
cZ13 P'rKM[ .IDDKEIHI apl4nFN()Vr.NT .KAH[T.K TulADGPL RRrr.NP.PTTqNT 388

(8) (9)
mZ 13 KHR SEKPY Tl<:SuAD^ALRHVKl GEXP CKAPQC% 540l lllllll lll 1 1 1 lllllI 1111 ,

(10) (11)
mZ13 IM GEKP EMUUDKMA ~ IRPD CK:M 600

Il iglllllI lllllllloil llult1117 ll I I Illllllllllllll
cZ13 1Q TGE KPPR-_X NIRPHK rvN&kAvNvt DLSKHTTTl rso8

(12)

cZl3 ------------------------ -----_ -__
mZ13 NDFPQBSQRVLE LG F 1-54

KUP NDTASHSLVLL F 1-54
L LR LCDV I VG F AHK VLA S YF LF
I QL FV I L AE I G R I S F ML

CONSENSUS F MF MSCVIN VV C V IY
M F T CD G

cZl3-----------------------SL kSp

mZl13 -----DQKDV ¶pISNAAGa A SLSPEND) VL I

KUP HQ-TSECIKIQPIj-QPDIU IGGPKQIVDHSIEGI LADY L
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Figure 3 A conserved POZ domain in Z13

Sequence alignment of the POZ domains of mZ13 and KUP [29], and the partial cZ13 POZ
domain. Boxed residues correspond to the POZ domain consensus sequence [13]. Residues
conserved in mZl3, KUP and cZl3 are shown in bold. Numbering is with respect to the initiation
codon of mZ13 and KUP and the start of the cZ13 partial sequence.

mZ13 GEKPYL D5UCGRG|§ GKAGIKILEPEEGGEVSV'
cZ 13 GEKP UFNgNL n KS GKAGMKILEPEDGSELNI'

mZ13 EALAATAVTQLTVVPVGAAVTADETEVLKAEISKAVKQVQEEDPNTH:
1111111111111111 111111111 11111 1111f1?1 1111

cZl3 EALAATAVTQLTVVPVAAAVTADETEALKAEITKAVKQVQEADPNTQ:
(13)

mZ13 A?ALVMFQTDADFYQQYGPGS-TWPAGQMLQAGEI
cZl3 TSqTA AQALVMFQADTDFYQQYGAAAATWQTEQVIPATEI

mZ13 TLAESP-PTAPDCLPPAE*
I I I III

cZl3 AAPLAPVPLAGEGQAPAE*

(b)
mZ13 TCAg-caggtgg-cctctg

13 11 I II ofcZl3 TGAcccacccgctcccccl II11111111I I
,tttatttaaagtcagctgc

mZ13 gtgc- -tcctgccccattccctaga-- lata gat--tattttct
II 1 11 IllllIil I 111

cZl3 gtgtatttctggaaggagagagagaaggataa9 tgcaatattttcl

(c)

POZ ZF 1-12
mZ13

cZl3 I
104 194 330

Figure 2 Sequence comparison of mZ13 and cZ13

(a) Alignment of the murine and chicken Zl 3 sequences. Amino acid pc
1) and cZ13 are indicated on the right. The POZ domain is shown in t
zinc fingers are numbered and boxed. Identical residues are indicated by vertical lines.
Termination codons are indicated by asterisks. The chicken sequence is incomplete at the N-
terminus which has not been cloned. (b) Alignment of the 3' untranslated regions of mZl3 and
cZ13. The termination codons are in capital text, and numbering refers to nucleotide position
within the respective cDNAs. The poly(A) addition signal (boxed), and the conserved AU motif
(dashed underline) are indicated. (c) Schematic alignment of mZ13 and cZ13 open reading
frames. The POZ domain is shaded black, zinc fingers 1 to 12 and zinc finger 13 are shaded.
The size of each ORF is indicated to the right. Numbering at the bottom indicates the size of
each domain and the intervening regions in the mZ13 protein.

also likely to be conserved in the chicken Z13 protein. The
existence of this domain within mZ13 has important implications
for the biological function of the protein.

Figure 2(c) indicates that the organization of structural and
functional domains within the Z13 open reading frame was
conserved between the mouse and chicken proteins.

VTV--DDMVTLAT 658
VTVASDDMVTLAT 568 mZ13 genomic structure
L iDfL 718 A Balb/C EMBL3 murine genomic library (Clontech) was
ILY1SG~L 628 lbayI.oLc1

screened with cZ13 cDNA, and a 13 kb mZ13 genomic clone
VFRPRDGTEGQP 777 (AmZ13) was isolated. The detailed genomic organization of the

LLFRPRDSPQEAP 688 mZ13 locus deduced by comparison of the mZ13 cDNA and
794 genomic sequences is shown in Figure 4(a). The genomic clone,
706 derived from Balb/C strain mice, contained a silent base sub-

stitution at position 2224 of the CBA cDNA sequence (Figure 1).
tag actcagaag 2660 The substitution of a C for an A residue at this position did not
aacggtgtaaaaa 2179 alter the predicted protein and is thought to represent a sequence

polymorphism. 213 bp of 5'-untranslated region was not present
tLaa 2704 on the genomic clone. This suggests the existence of an additional
III
taaaaaaaaaaaa 2239 intron larger than 3 kb located 4 bp upstream of the mZ13

initiation codon. The entire mZ13 genomic region is thus
predicted to occupy at least 8.4 kb. The open reading frame was

ZF 13 contained within 14 exons covering 5.4 kb. The 13 introns
1794Z1~ ranged in size from 79 bp to 550 bp and were flanked by splice

- 706 donor and splice acceptor sequences (Figure 4b) which conformed
81 21 64 to defined consensus sequences [30].

The positions of the introns within the cDNA sequence are
indicated by arrows in Figure 1. There was little correlation
between the positions of individual functional domains and the

3sitions of mZ13 (Figure positions of introns. Indeed both the N-terminal POZ domain
bold type and individual and individual zinc fingers were interrupted by introns.

Conservation of mZ13 homologues
The distribution of Z13 homologues throughout eukaryotes was
investigated by Southern blot analysis ofEcoRI-digested genomic
DNAs (Zooblot, Clontech) from a variety of eukaryotic species
(Figure 5). Specific hybridization was detected after high strin-
gency washing in rat, mouse, canine, bovine, rabbit and chicken
genomic DNAs. A much fainter signal was detected in the yeast
DNA. This indicated a widespread distribution of Z13 sequence
homologues among eukaryotes.

mZ13 expression in murine tissues
mZ13 expression was investigated by RNase protection analysis
in RNA samples generated from 10.5 d.p.c., 12.5 d.p.c. and 16
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(a)
BB B B X BX

II
1 kb

Total d16.5 Embryo
embryo tissues

P P P PP PPP BB "'P.. BP*50b
P 1_ *i Ii 500 bp

11 ii IV v VI VIIvuII IXXXIXII xlllxlv xv

(b)

EXON INTRON EXON
5'SPLICE 3' SPLICE

I- GAG ......... ... tctggctttctgcag C
II CAG gtacca ... (550) ... tcctgtcctcgacag G m
mII AAG gtgagg ... (541) ... .gtgttctgtctccag G 1V
IV GTG gtgagt ... (264) . .. cccgtccttcctcag G V
V AAG gtgccc ... (440) ... ctcttttctgtgcag A VI
VI GAG gtgcgg... (81) ... ctcgtgcgcctgcag G Vu
VII CAG gtaccc... (86) ... ccttctgacccacag C vm
vm CAG gtgtgc... (256) ... cctgtctgggtgcag G IX
IX CAG gtaggc ... (87) ... gcctttcatccaaag G X
X CGG gtgggt ... (81) . . .gtgcctctgccccag G XI
XI GAG gtagcg ... (134) ... .tttgtgaccttgtag A XuI
Xn CCG gtgagc ... (240) ... .ttgcctccccaccag G xm
xm CAG gtgtgc ... (116) .. .tgactctgcccacag T XIV
XIV AAG gtgaga ... (79) . .. cccccacctccacag A XV

CAG GTAGAGT CONSENSUS (CT)14AG G

Figure 4 The genomic structure of mZ13

(a) Restriction map and intron/exon structure of mZ13. Restriction fragments containing exons
were identified by Southern blot and subcloned, Exon X was isolated by PCR (see Materials
and methods section). Subclones were sequenced as indicated by arrows. mZ13 exons are
represented by boxed regions, exon (striped) consists of the 5' utanslated region and was
not identified on the genomic clone. The open reading frame Initiates at thestart of exon 11 and
the termination codon located in exon XV is indicated by an asterisk. The POZ domain is
encoded within exons 11 and IlIl (black), the 12 clustered zinc fingers (shaded) are encoded
within exons VIl to XIII, and the 13th zinc finger is encoded within exon XV (shaded). The exact
positions of introns on the cDNA are shown in Figure 2. Restriction sites are: B, BamHI; X,
Xhol; P, Ps. (b) Intron/exon boundaries in the mZ13 genomic clone. The 5' donor and 3'
acceptor sites for the 14 mZl 3 introns are listed with consensus donor and acceptor sites [30].
The length of each intron in nucleotides is shown in parentheses. Exons are as indicated in (a).
The intron between exon and 11 is at least 3 kb, The 5' splice donor sequence of this intron
has not been characterized fully.

Ra Mo Ca Bo Rb Ch Ye

Figure 5 Identffication of mZW3 sequences In eukaryote species

A Southern blot of EcoRI-digested eukaryotic genomic DNAs was probed with an mZl3 genomic
fragment, encoding the 13th zinc finger. Ra, rat; Mo, mouse; Ca, canine; Bo, bovine; Rb, rabbit;
Ch, chicken; Ye, yeast.

mZ13

GAPDH

Figure 6 mZ13 expression in embryonic and adult tissues

RNase protections were performed on 20 ,ug of total embryonic RNA from 10.5, 12.5, and 16.5
d.p.c. CBA embryos, tissue-specific RNA from 16.5 d.p.c CBA embryos and tissue-specific RNA
from adult CBA mice. Abbreviations: Li, liver; Ki, kidney; He, heart; Lu, lung; Lm, limbs; In,
intestine; Br, brain; Sk, skin; Mu, muscle; Sp, spleen; PI, placenta. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as a loading control.

d.p.c. murine embryos, and RNA isolated from specific tissues of
16 d.p.c. murine embryos and adult mice (Figure 6). mZ13
transcripts were detected in all the samples assayed, although the
levels of expression were variable. The widespread expression
profile suggests that the mZ13 gene is not developmentally or

temporally regulated and may be a housekeeping gene. Further
analysis is required to determine whether mZ13 expression is
restricted to subsets of cells, is cell cycle regulated, or is
ubiquitous.

DISCUSSION

Sequence and structural analysis ofmZ 13 indicated that it was a

novel murine C2-H2 zinc-finger gene expressed as a transcript of
2.7 kb. Comparison of the mZ13 and cZ13 open reading frames
demonstrated a conserved structure of 12 clustered and one

isolated C2-H2-type zinc fingers. Homology between mZ13 and
cZl 3 within the zinc-finger regions was 96 %, indicating that the
proteins share a common evolutionary origin and may be
homologues. As this generates nearly identical zinc-finger
domains, it is plausible that mZ13 and cZ1 3 have very similar
DNA target sequences. Although DNA-binding is the most
likely function of the C2-H2 zinc-finger domains of mZ13 and
cZl 3, other functions such as RNA binding cannot be eliminated
without experimental analysis.
C2-H2 zinc fingers clustered as 'hands', separated multiple

'hands', individual fingers, or dispersed individual fingers are

common arrangements of this motif within a protein [5]. The
combination in mZl 3 and cZl 3 of a 12 zinc-finger 'hand' and an

additional isolated finger is unusual. A similar unconventional
arrangement in the Saccharomyces cerevisiae TFIIIA [31] and
murine (DAP3 [32] proteins has been previously described.
However, unlike Z13, the yeast TFIIIA spacer region is not a

conserved feature of TFIIIA genes and therefore is not likely to
exhibit functional significance. In 4DAP3 [32], the spacer regions
between 'hand' and individual finger domains appear to contain
vestigial or inactivated fingers in which mutation has caused the
loss of the first of the zinc-coordinating histidines (Figure 7). The
residual spacing and sequence are consistent with the previous
existence of a zinc finger at this position. The spacer region
between zinc-finger domains in mZ 13 and cZ 13 does not appear
to have been generated in this manner, as the sequence of this
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ZF3 C SETFPTAATLEA9RGH 276-297

SPACER IAPRPF7I1C4 PLAYLLKNDQ 298-325

ZF4 VHERRFFCLTKTI. R-V H 326-353

ZF5 SDERPF C PiC GKRTKTK AQ Q4FRI 354-381
ZF6 LEEKPH' CQF1CSRGFRGKGSLV E 382-409

CONSENSUS C. ... ..H .H

Figure 7 The spacer region between zinc-finger domains of sAP3 contains
a vestigial zinc finger

Amino acid residues 276 to 409 of (DAP3 [32] are aligned with the zinc-finger consensus

sequence. The invariant cysteine and histidine residues are boxed, and conserved phenylalanine
and leucine residues shown in bold. Zinc fingers (ZF) 3, 4, 5 and 6 are indicated. The spacer

between ZF3 and ZF4 is of the correct size to represent a zinc finger and contains all the
appropriate conserved residues except the first invariant histidine.

region does not bear any hallmark of C2-H2 zinc fingers and
does not correlate in length with the existence of inactivated
fingers. The conservation of size and sequence of the Z13 spacer

region between mouse and chicken genes indicates that it may
have functional significance, possibly as a structural feature
involved in interaction between the separated finger domains
during DNA binding.
mZ13 contained an N-terminal POZ domain [13], placing it in

this subclass of kriippel-like zinc-finger proteins. The closest
related sequence to the POZ domain ofmZ13 within this subclass
was KUP [29], which shared 39.4% amino acid identity within
this domain. Experiments with truncated, chimeric or intact POZ
domains of other zinc-finger proteins revealed that the presence

of this domain can markedly reduce DNA binding in vitro [13].
This effect was demonstrated to result from homodimerization
between POZ domains, although some POZ domains were able
to form heterodimers. Dimerization and the reduction of DNA
binding was demonstrated to be an effect independent of the
DNA-binding domain. The presence of a POZ domain in the
Z1 3 sequence therefore indicates that Z13 DNA-binding activity
is likely to be modulated by this domain.

Analysis of the genomic structure of mZ1 3 revealed the
presence of numerous introns. While introns positioned directly
between zinc fingers were identified, other introns interrupted
individual fingers and an intron interrupted the N-terminal POZ
domain, thus appearing to contradict the domain hypothesis of
intron/exon organization [33].
mZ13 was expressed in all embryonic and adult tissues

examined, although there was minor variation in expression
levels. It is therefore likely that Z13 is a housekeeping factor in
common with other zinc-finger proteins such as Spl. However,
the possibility of cell cycle regulation, or differential expression
in subsets of cells cannot be excluded by the RNase protection
assay used in this analysis.
The presence of an AU instability sequence in the 3'

untranslated regions of mZ13 and cZ13 indicates the possibility
of post-transcriptional regulation. This motif is responsible for
the specific targeting of certain lymphokine, cytokine and proto-
oncogene mRNAs for degradation. The conserved sequence and
location of the AU motif in mZ13 and cZ13 (Figure 2b) indicates
that it may have functional activity. The C2-H2 zinc-finger
proteins ZFY and ZFX also contain AU repeats in their 3'
untranslated regions [34].
The generalized expression of mZ13 and the presence of

transcription factor DNA-binding and protein-protein inter-
action motifs in mZ13 suggest that mZ13 functions as a house-

keeping DNA-binding protein involved in the regulation of
specific genes. This assignment is supported by the identification
of conserved mZ13 homologues in several eukaryotic genomes,
including rat, canine, bovine, rabbit and chicken, which gives an
indication of the functional importance of the gene. The avail-
ability of full-length cDNA clones and genomic clones will be of
importance for elucidation of the biological role of mZl 3 by
detailed genetic analysis in conjunction with molecular investi-
gation of mZ13 binding sites and target genes.

This work has been supported by an Australian Research Council Grant. This paper
is dedicated to the memory of Julian Wells, an inspirational supervisor and friend who
is sorely missed.
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