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ABSTRACT

ZF5 is a ubiquitously expressed protein originally
identified by its ability to bind and repress the murine
c-myc promoter. It contains five C-terminal zinc fingers
and a conserved N-terminal ZiN/POZ domain. This
motif, found in a growing number of zinc finger
proteins, can inhibit DNA binding and mediate dimeriz-
ation [Bardwell,V.J. and Treisman,R. (1994) Genes
Dev., 8, 1664-1677]. In the current study, a cyclic
amplification and selection of targets (CAST) protocol
detected preferred ZF5 binding sites which are highly
GC-rich. Binding to these sites by ZF5 depended upon
the zinc fingers and was enhanced when the ZiN/POZ
domain was removed. Using transient cotransfection
assays, ZF5 was shown to activate the HIV-1 LTR and
repress the [B-actin promoter. The ZiN/POZ domain was
shown to mediate ZF5-dependent transcriptional
activation and repression. From these data, we con-
clude that ZF5 can both activate and repress in the
context of different natural promoters and that its
ZiN/POZ domain can affect two functions; DNA binding
and transcriptional modulation.

INTRODUCTION

impaired growth of cell lines which overexpress ectopic ZF5 (8).
Thus, ZF5 is expressed early in development and may be
important for retarding cellular proliferation.

The number of known zinc finger proteins containing ZiN/POZ
domains is growing rapidly; they have been found in species as
diverse aProsophila melanogastamice and humans. ZiN/POZ
proteins usually either activate or repress transcription. Although
the biological roles of mammalian ZiN/POZ proteins are poorly
understood, two human ZiN/POZ proteins, BCL6 and PLZF,
appear to play a role in leukemogenesis (9-14). Iroghils,
approximately 40 ZiN/POZ family members have been detected
(3) and several have been shown to regulate important develop-
mental decision§l5-19).

The ZIN/POZ domain of the human ZID protein inhibits DNA
binding by the ZID zinc fingers and is a dimerization domain with
a high degree of specificity for dimerization partners (1). Consistent
with its function as a dimerization domain, the ZiN/POZ domain of
drosophila bric a brac has an alpha-helical structure with a highly
hydrophobic face rich in leucine resid&8).

The studies reported here were undertaken to characterize the
functional domains of ZF5 and to identify natural promoters
which are subject to ZF5 regulation. Using a truncated form of
ZF5 with enhanced DNA binding ability, a binding site selection
protocol was used to define the preferred ZF5 binding sequence.
This sequence is GC rich and shows similarity to Sp1 binding

ZF5 cDNA was cloned based on the ability of the ZF5 protein tgjtes: Therefore, ZFS was tested for its ability to regulate
bind a regulatory region of the murinemycpromoter (2). In ~ ranscription of the HIV-1 LTR which depends upon three Spl
addition to five zinc finger domains at the C-terminus, zEsites. Interestingly, ZF5 activates this promoter. Activation qf the
contains an N-terminal ZiN (#e finger Nterminus) (2), POz HIV-1 LTR by ZF5 depends on ZFS5 binding to DNA, requires
(1) or BTB (3) domain. This oiif identifies ZF5 as a member of iNtact Spl sites, is synergistic with the viral TAT protein and
a rapidly expanding family of zinc finger proteins which contairféquires the ZF5 ZiN/POZ domain. The ZiN/POZ domain was
conserved ZiN/POZ domains (1,33). also shown to be required for repression by ZF5 on a natural
ZF5 binds to two elements within the —290 to —240 bp region Pfomoter and in a Gal4 fusion assay.
thec-mycpromoter (2). These sites flank a YY1 activator(ditg)
and overlap a Blimp-1 repressor gife7, Lin et al. submitted).
ZF5 also binds to the —50 ‘Sp1’ site of the herpes simplex virus : ; ;
(HSV-1) thymidine kinase (tk) promoter (2). In these contexts an%actenal protein expression
in a Gal4 fusion assay ZF5 is a transcriptional repressor. Additiom#BEX-ZF5, pGEXAZF or pALEX-AZIN bearing Escherichia
target genes for ZF5 have not been identified. coli cultures were grown to an @y of [0.4—-0.6 and induced with
ZF5 is ubiquitously expressed with highest levels found idh mM IPTG for 2 h. The bacteria were centrifuged at 40fa®
brain and ovary tissues and fibroblast cell lines (2). Recently, ZA% min and resuspended in GST binding buffer [50 mM Tris—HCI
was independently cloned using a differential display techniqyeH 8.0, 100 mM NaCl, 10aM ZnCl,, 1 mM DTT, 0.1% Triton
as a gene specifically expressed in slow-growth phenotypé100, 5% glycerol, 6.gg/ml aprotonin, leupeptin, pepstatin and
female preimplantation embryos (James Crane, personal cobenzamidine, 6g/ml Na-p-tosyl+-lysine chloromethyl ketone
munication). This is consistent with a recent report demonstratiffLCK) and N-tosyl+-phenylalanine chloromethyl ketone

MATERIALS AND METHODS
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(TPCK), 725uM phenyl methane sulfonyl fluoride (PMSF)]. Cells Transfections
were lysed by sonication, the bacterial debris centrifuged at 600 N , - ,
g for 15 min at 4C. The supernatant was saved for quantificatiorll\'?H 3T3 cells growing n 10 ml Iscove's Modified Dulbecco’s
and analysis. Because of the significant insolubility of bacterially!edium (IMDQQ) +" }O/" nev;/bomh czlf ssrum were split at a 4
expressed ZF5 proteins, the pellets were resolubilized by dialy§gnSity of ¢ 10° cells/10 cm plate the day before transfection an

in GST binding buffer plus 728V PMSF, 500 mM NaCl and 6 the cells were again fed 3 h before transfection. For co-transfection
M urea and sequentially renatured in 4 M, 2 M, 1 M, 500 mM arfg<Periments in NIH 3T3 cells, Ag of each reporter and the

0.0 M urea at 2C. GST—ZF5 and GST\ZIN-ZF5 were purified indicated amount of expression vectors were combined with
by incubation with glutathione (GSH)—agarose beads (Sigmd)Bluescript Il SK(+) carrier DNA (Stratagene) to a total ofig1

washed three times with GST binding buffer and eluted with GSfaSmid. These DNAs were added as a Gairezipitate (25 mM
binding buffer plus 10 mM reduced glutathione but lacking Tritori'EPES; 140 mM NaCl; 75@M NapHPQy; 125 mM CaG) to the

X-100. ZF5AZIN was cleaved from the GSH-agarose beagdnedia of the cells to be transfected. The following day, 3T3

; - ; layers were shocked for 2 min (15% glycerol; 25 mM
GST-AZIN-ZF5 complex by activated factor X (Boehringer MON0:ay /
Mannheim) in GST binding buffer at@ for 8 h. Proteins were HEPES; 140 mM NaCl, 73iM NapHPQy) and incubated another

analyzed by SDS—-PAGE and quantified as desc(@d 3\,‘;2 g‘sggyg‘érggdég?éri%:gs (‘g’f’re harvested and luciferase activity

Cyclic amplification and selection of targets (CAST)

For each round of selection, 1.5 mg crude GST or BAN-ZF5 ) .

extract was incubated with a 50% slurry of GSH—agarose in a fifdlH 3T3 cells were transfected as described with@0f each
volume of 10Qul in GST binding buffer. Binding of protein to the €XPression construct. The cells were harvested by scraping in
beads occurred for 2 h at room temperature followed by twidBS on ice, counted, centrifuged at 2§G 4°C, resuspended
washes in GST binding buffer. The bound beads were thdh Western substrate buffer (WSB) (50 mM Tris-HCI pH 6.8,
equilibrated to ZF5 binding buffer (20 mM Tris—=HCI pH 7.5, 500:2% SDS, 1 mg/ml bromophenol blue, 0.1 M DTT, 10%
mM NaCl, 5% glycerol, 1 mM DTT, 10QM ZnCl,) by two glyceral), an(_j boiled for 5 min. 16 1P cell equivalents (ce)
consecutive washes. Duplex degenerate oligonucleotideglo Were loaded into each lane of a 10% SDS—-PAGE gel, followed by
gift of Riccardo Dalla Favara (AGACGGATCCATTGCAJNCT- electroblot onto nitrocellulose. The blot was fixed for 1 min in
GTAGGAATTCGGA) was added and binding to the immobilizedSOPropanol, rehydrated in water and blocked with 5% dry milk
protein occurred in a 5@ reaction for 20 min at room temperature.in PBS. For monitoring the expression of the Gal4 fusion
The resulting complex was washed four times in ZF5 binding buffé¥oteins, anti-yeast Gal4 DNA binding domain antibody (Upstate
and directly subjected to PCR amplification as described in the tekiotechnology Incorporated) was used at a 1:500 dilution in 2%
Following six rounds of selection and amplification, the resulting”y Milk in PBS; goat anti-rabbit 19G, peroxidase conjugated
sequences were cloned into the pGEM-T vector (Promegoehringer Mannheim), was used at a ddilution in 2% dry

Nucleotide analyses were performed by the Consensus Prograf/PBS. For the detection of FZFSLexA, FZBZFLexA,
offered by the Genetics Computer Gréag). FZFSAZINLexA and FZF5 (Flu tagged), monoclonal anti-influenza

hemaglutinin antibody 12CA5 (Boehringer Mannheim) was used
at a 1x 10* dilution and detected with rabbit anti-mouse IgG,
peroxidase conjugated (Boehringer Mannheim). The bands were
Probes for EMSA were produced by phosphorylation of oligovisualized by ECL Western Detection (Amersham) and exposure
nucleotides with\-32P]JATP, PCR amplification and polyacryl- to X-ray film (Kodak).

amide gel purification. Unless otherwise noted, 20 ng of

bacterially expressed, purified ZF5-derived proteins were usediasmid construction

binding reactions occurred in ZF5 binding buffer at room B ]
temperature for 20 min. Some EMSA experiments included 50 A§ construct pGEX-ZF5, ZF5 cDNA was PCR amplified with a
poly(dA-dT)(Pharmacia) as competitor for non-specific DNASynthetic N-terminaBanHl site engineered into the rimer. A
binding activity. Competitors for specific DNA binding activity BamHI-Fsp fragment was blunt end cloned into BenH site

were preincubated with proteins in the binding reactions for 1¢f PGEX-2T (Pharmacia). pGEXZF resulted from an internal
min before addition of 20 000-40 000 c.p.m. of labeled probe pé¢letion which removed the ZF5 zinc fingers from pGEX-ZF5 by
reaction. Bound and free complexes were separated on a naf#gétial BSEIl digestion, end filling and religation. To construct

5% polyacrylamide gel in 0.85TBE (22 mM Tris, 22 mM  PALEX-AZIN, the samerimer was used to amplify ZF5 cDNA
borate, 50QuM EDTA) at £C. and aHincll-Sad (blunt) fragment was cloned into tSena—Not

(Blunt) sites of pALEX (33). To construct Gal4—ZF5, the
BanmHI-Fsp fragment was cloned into tiBanHI-Ecl1361l sites

of Gal4 1-14734). Gal4—ZF5 and Gal4(.76) were constructed as
End labeled probes were bound to the indicated proteingun 50described (Numotet al). Gal4—ZiN and Gal4—ZiNAc contain
ZF5 binding buffer. DNase | (Worthington) was added at th&F5 amino acids 1-90 and 1-209, respectively. Heads both
indicated concentrations with a final Ca@oncentration of use the synthetBanHl site, the 3ends use synthetRal sites to

2.5 mM for 1 min followed by addition of 1Q0stop buffer [1% clone into théBanHI andSal sites of Gal4 1-147. Gal4 AcX has
SDS, 20 mM EDTA, 200 mM NaCl, 200 ipdy/glycogen syntheticSma andXbd sites bracketing the sequences encoding
(Boehringer Mannheim)]. Samples were phenol/chlorofornamino acids 159-283 and cloned into the same sites in Gal4 1-147.
extracted, ethanol precipitated and resolved on a 7 M urea/TBiELexA was constructed by PCR amplifying the first 85 codons
8% polyacrylamide sequencing gel followed by autoradiographgf LexA from pBTM116 (35yvith primers which introducesima

Western analysis

Electrophoretic mobility shift assay (EMSA)

DNase | footprinting
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andBanHI sites on the '5and 3-ends, respectively. Also, on the data confirm that the CAST procedure successfully enriched for
3-end is an engineered stop codon after codon 85, this fragmestjuences with ZF5 binding specificity and that sequences bound
was cloned into th&ma and BarrHI sites of pGCN(36). To  with both high and low affinity were selected.

construct pFZF5LexA, ZF5 was PCR amplified from Gal4-ZF5 Several controls were performed to confirm the validity of the
with a 8 primer which bound to the Gal4 1-147 multiple cloningCAST experiment. To test if removal of the ZiN/POZ domain
sequence and contained an engineiel site. The 3primer  altered the specificity of DNA binding by ZF5, an EMSA was
bound to the last five codons of ZF5 before the first stop codon apdrformed with full length GST-ZF5 using the same panel and
contained an engineer&ad site. This fragment was cloned into concentration of competitors (Fig. 1C). As with GST—2%N,

the pFLexAXbd andSad sites (a partiabad digestion strategy only the Z11 competitor could efficiently compete for GST-ZF5
was employed). For pFZF5, afbd stop-linker (New England  pinding (lanes 3-5) with no competition from the Z5 competitor
Biolabs #1062) was cloned into tBmassite between the ZF5 and (lanes 6-8) or the A4 pool (lanes 9-11). Since ZF5 proteins with
LexA sequences, ensuring the expression of only a ZF5 protegi}. without the ZiN/POZ domain respond similarly to the same

PFZFSAZFLexA was constructed identically to pFZFSLexA pane of competitors, we conclude that the ZiN/POZ domain of
except the Jorimer bound to codons 274278, just upstream frofB 5 yoes not affect its DNA binding specificity.

the zinc fingers. Construction of pFZBZNLexA was also 14 determine if the GST moiety might have affected the DNA
identical to that of pFZFSLexA except the original Gald fusioringing specificity of GST—ZFBZiN, an EMSA was conducted
construct contained a truncation in th&b5 sequence atthed o - 7E5a7iN protein (Fig. 1A) which was purified by binding

site. LTR-Luc, ~158TR-Luc, -9&LTR-Luc and BactinLuc  551_7F5a7iN to GSH-agarose beads and subsequentl
were as described (23,24). To construct pGL2wtLTR an leaved by Factor X (Fig? 1D). As observed with %ST—y

PGL2mSpILTR, the wild-type and mutant HIV-1 LTR SEQUENCES s AZiN(Fig. 1B) only the Z11 competitor efficiently com-

];\rIOSrEA[Fng)) :ﬁ' q Vﬁ:ﬁt F;idR cu?illr:ghifﬁg I;%Ecdg\\//_s(i:tfo?nd peted for ZFRAZIN binding (lanes 3-5). The Z5 (lanes 6-8) and
. ; : N2o pool (lanes 9-11) could not compete for complex formation.
pBluescript Il SK+ (Stratagenéﬂmcll/Bam-H fragments \_Nlth the Since GST-ZERZIN and ZE5AZIN show  similar DNA
HIV sequences were coned nto tBerd and sl stes of - S8 0L LRV & KU 2 SLEnee of e s
' ' moiety did not affect binding specificity in the CAST experiment.
We also wished to determine directly how the ZiN/POZ domain
affected the binding affinity of ZF5 to DNA. We used the 7244
probe in an EMSA (Fig. 1E) with equivalent amounts of full
length GST-ZF5 and GST-Z&ZiN proteins, as determined by
Coomassie staining of the proteins on a SDS—-PAGE gel (data not
, . , . , , shown). Full length GST-ZF5 bounB-fold less efficiently than
In order to identify potential ZF5 binding sites in naturalg sT_AZiN-ZF5 (Fig. 1E, lanes 2 and 5). The complexes all
promoters, a CAST protood9) was erployed to determine the o resent specific protein—DNA interactions since excess Z11

consensus binding site for ZFS. Briefly, a pool of syntheti.mhetitor (lanes 3 and 6), but not they Rool (lanes 4 and 7)
oligonucleotides was designed such that 20 bases of degeneigiy pere for binding. Thus, although full-length ZF5 does bind
were flanked by 15 base constant regions. Based on Bardwell !

: ) ; ; A, the ZiN/POZ domain decreases its binding ability.
Treisman’s data (1) showing that the ZiN/POZ domain of ZI ’ L e -
inhibited its DNA binding ability, we used a truncated form OfbiTo demonstrate formally that the zinc fingers constitute the DNA

ZF5 lacking the ZIN/POZ domain in the CAST protocol. nding domain of ZF5, an internal deletion, GST-22%- (Fig.

Bacterially expressed glutathione acetyl transferase (GST) a%é)' was constructed and used in an EMSA with 244 (Fig. 1F). As

GST-AZIN-ZF5 (a GST fusion protein containing the C—terminalcompan:"d to the complex formed with 50 ng of full length protein
portion of ZF5 b(ut lacking thepZFS ZiIN/POZ dgmain, Fig. 1A)(Iane 2), no complex could be detected with 50, 100, 150 or 200 ng

; o - B GST-ZF5AZF (lanes 3-6). This experiment confirmed that the
were immobilized on glutathione (GSH)-agarose beads al%nc fingers are in fact the DNA binding domain of ZPgotein

incubated with the double-stranded oligonucleotide pool. THe ; g
bound complexes were isolated and subjected to 10, 14 or qepcentrations were de_t_ermlned as descfmﬁ . .
cycles of PCR amplification. By 10 cycles, a specific product |© identify the specific sequences which contribute to high
from the GSTAZIN-ZF5 matrix could be detected by agarose gefffinity ZF5 binding, five high affinity sites (21, Z11, 23, Z24
electrophoresis. This product was selected by immobilizeég'd Z44) were analyzed by DNase | protection. A typical
GST-AZIN-ZF5 in a second round of CAST. Six rounds offootprintusing the Z44 probe (Fig. 2A) shows a protection pattern
selection were performed followed by cloning and sequencinghich was dependent on the concentration of XES¢ protein.
Twenty-nine sites were selected by CAST. In prelimina%aseq on the protection patterns of the footprinted sequences, all
EMSAs 17 appeared to be bound by G&ZIN-ZF5 with higher 17 high affinity sites were aligned. The preferred binding
affinity than the remaining 12 (data not shown). Z44, a higedquence consensus for ZF5 (GGGGRCGCGCW) is presented in
affinity site, was then used as a probe in an EMSA with purifiedigure 2B at the bottom of the alignment. However, we note this
GST-AZIN-ZF5 and competitors corresponding to the Z11 sités not a tight consensus. The degree of non-consensus bases in th
(high affinity), the Z5 site (low affinity) and a non-selected poohigh affinity sites varies from only 1/11 bases (Z11 and Z24) to
of degenerate sequences. The Z11 competitor competed efficiexg-much as 5/11 bases (234 and Z42). The consensus sequence f
ly for binding (Fig. 1B, lanes 3-5) while the Z5 competitor wasSp1 (21), which is also GC rich, is similar to the ZF5 sequence,
much less efficient (Fig. 1B, lanes 6-8). The pool of unselectdxing identical at 7 out of 10 bases. Previously identified ZF5
sequences, §, did not function as an efficient competitor for binding sites in the-mycpromoter and the —50 Sp1 site from the
GST-AZIN-ZF5 binding activity (Fig. 1B, lanes 9-11). TheseHSV-1 tk promoter (2) also match the ZF5 consensus.

RESULTS

The consensus binding sequence for ZF5 is GC-rich
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Figure 1. Analysis of the ZF5 binding sequences selected by GA$Echematic of the GST-ZF5 fusion proteins used to analyze the selected sequences. The GST
ZiN/PQOZ, acidic (Ac) and zinc finger (ZF) domains are indicated. Domain X is of unknown function and the amino acid numbers ar(BpH8ediemonstrates

that GST-ZF5AZIN binds the Z44 probe specifically. Lane 1, no protein; lanes 2—11, 20 ng purified GST-ZF5. Competitors used were Z11 (high affinity), Z5 (loy
affinity) and Nog (non-specific) as indicated at the top and were used at 10-, 20- and 40-fold molar excess over the Z44 probe fragment. The free probe and sp
protein-DNA complexes are indicatéd) Demonstration that truncation of the ZiN/POZ domain does not affect the DNA binding specificity of ZF5. EMSA is similar
to that in (B) except that 20 ng full length GST-ZF5 was used in lanegR2}-Demonstration that the GST moiety of the fusion proteins does not affect the binding
specificity of the ZF5 moiety. EMSA is similar to (A) and (B) except that the/AZ#S-protein used in lanes 2—-11 was cleaved from the GSH/agarose-immobilized
GST moiety by activated Factor (€) EMSA analysis demonstrates the differential binding activities of GST-ZF5 (lanes 2—4) and GBZiNCffares 5-7). The

Z44 probe was used with equivalent quantities of full length recombinant pt@@@m(@), as determined by Coomassie stained SDS—PAGE analysis (data not shown),
in the binding reactions. The competitors used were Z11 (specifichgfiod-specific) at a 40-fold molar excess over the p(BpEMSA demonstrating that ZF5

binds DNA via its zinc fingers. Lane 1, no protein; lane 2, 50 ng GST-ZF5; lanes 3-6, 50, 100, 150 and 200 ng AZ&FT—-ZF5-
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A g B control, was strongly repressed by co-transfected pFZF5 (Fig. 3D).
;wl'.-.,“ z1 gaaccte A T A AGC G C G C T actg Subsequent computer analysis of the regulatory sequences of the
a ctacaxs A te . .
“E88ss; Booosmsm s stitidiie e Pactin promoter revealed at least two potentially strong ZF5
‘3883z ¥, N fdceactcecrt s  binding sites (data not shown). We have previously reported that
ifEsasa T 717 aamse Tcecaecaenaca ae  ZF5 represses transcription dependent uporcdmycand the
"“‘i-“ £ ons dmin o §ifirtidicn e HSV-1TK promoter§2)and show here that it repressegtaetin
- - cctaca G A . .
4 ¢ % et Siacacocana co  promoter. Since we have shown that ZF5 activates the HIV-1 LTR,
1 33 agtte 6 T 6 T 6 € T & G € T act .
a 6 24 geaacc eTasercrccr s  We conclude that in the context of natural promoters, ZF5 can
—— C 741 attgcag A 6 G A G C 6 T C € A tgta . . . ..
===5- ¢ 242 aatacas G AATGCTCGTT cac function either as a repressor or an activator of transcription.
13- © 215 cattgea G GAGACGC ACT gita In order to locate the ZF5 response elements within the HIV-1
saiiaze T zrs cons. ceGeRrRcaCcGCw LTR, a deletion series was employed as depicted by the cartoons
SLoEaRE o1 cons. seoscscoce in Figure 4A(24). The largest HIV-1 reporter plasmid was
- e 5' c-m G ¢ 6 C . . . .
e ey I R ceccececa activated 13.5-fold and two deletion plasmids, one of which
T tk Spl G 6 CGCGEG T

contains only the Sp1 sites upstream of the TATA B6)5-fold
(Fig. 4A, -9ALTR—Luc).
Since the smallest reporter plasmid activated by ZF5 only
Figure 2. Identification of the ZF5 binding site consens{#) DNase | . . . .
footprinting identifies a site specifically bound by GAZiN-ZF5 on a Z44 contained the Hly'l LTR Sp_l sites and TATA box, it Seem.ed |Ik§|y
probe. Lanes 1-4, no protein and final DNase | concentrations of 1.25, 2, 3.8hat ZF5 POU|d_ bind this region of the promoter. To test this notion,
and 10ug/ml; lanes 5-7, final DNase | concentration pigZml and 250, 500  ZF5 binding sites on the HIV-1 LTR were mapped by DNase |
and 750 ng purified ZFBZIN. The protected region is indicated by the bar, an protection. ZF5 bound at theé Spl site and at a regioh &nd
arrow marks a DNase | hypersensitivity site, and the sequence was determin : ; ' ; : ; ;
by a Maxam and Gilbert G laddé®) Alignment of the high affinity binding Partially O‘r’]e”aﬁp'ng the’ Spl S.'tﬁ. (F'r?' 4B). This sequence is the
sequences. The 17 high affinity sequences were aligned and a ZF5 bindirBeSt match to the consensus within the HIV-1 LTR as O!EIEFmIned by
consensus was derived. For comparison, the Sp1 binding consensus and the@mputer analysis (data not shown). We note that, similar to high
previously defined ZF5 binding sites are provided. The center columnaffinity sequences obtained by CAST, these binding sites vary in
represents the sequences that were used to generate the alignment, bold letigjsir similarity to the consensus sequence in Figure 2B. In addition
from each selected sequence match the consensus. Assignment of specific__ . - ’
nucleotides to any position in the consensus required eight or more os:currencg.[reglon between __157 and 144 was_ prOte(_:ted _by GSMRS'
owever, transfections show that this region is not required for
transactivation of the LTR promoter by ZF5 (Fig. 4A).
. Mutations in the Spl sites of the LTR5) were tilized to
ZF5 activates the HIV-1 LTR determine their requirement for ZF5-dependent transactivation of

Based on the consensus binding sequence for ZF5, we hypotii¢ LTR promoter (Fig. 4C). pGLZmSp1LTR contains site-spe-
sized that ZF5 might regulate transcription from the HIV-1 LTREMNC mutations in all three Sp1 sites anql was compared to the
which contains a very GC-rich region and depends on three SpEIVIty Of the wild-type pGL2WILTR luciferase reporter. The
sites. A co-transfection assay in NIH 3T3 fibroblasts was employ&§tiVity of the mutant promoter was severely reduced, but not
to test this possibility. A ZF5 expression plasmid, pFzF5, wagplated. Co-transfected pFZF5 caused a >7-fold activation of the
engineered so that the influenza hemaglutinin (Flu) epitope tag V\)ggd-type promoter but no S|gn|f|cant_ activation of the mutant
fused in frame to the N-terminus of ZF5 so that protein expressigiemoter. Thus, ZF5-dependent activation of the HIV-1 LTR
could be monitored. A similar construct, pFZ&BFLexA, has a requires the Spl'’sites. Since the mutations do not extend into the
truncation just upstream of the zinc fingers which are replaced pifS ©© ~37 ZF5 binding region and do not affect the —157 to —144
the LexA DNA binding domain. Expression of these fusiorPP Site. the inability of ZF5 to activate the mSpl LTR promoter
proteins in NIH 3T3 cells is shown in Figure 3A. pFLexA, a similachoWs that these ZF5 binding sites alone are unable to mediate
plasmid expressing the LexA DNA binding domain was used ag% >-dependent activation.
vector control in the co-transfection experiment shown in Figure
3B. Unexpectedly, co-transfection of pFZF5 resulted in a 12-folghe ziN/POZ domain is necessary for transcriptional
activation of the pGL2wWtLTR reporter plasmid. This was dependgctivation and transcriptional repression by ZF5
ent upon the ability of ZF5 to bind DNA since the FZAA-LexA
protein could not activate the reporter (Fig. 3B). To determine the regions of ZF5 which are necessary for
The viral TAT protein synergizes with other activators taranscriptional repression, a previously described Gal4 fusion/
increase transcription from the HIV-1 LTR promotg2). We  co-transfection assg) was erployed to execute a deletional
wondered if ZF5 and TAT could cooperate to activate the LTRanalysis. A luciferase reporter driven by the HSV-1 tk promoter
Transient co-transfections were carried out using pFZF5 orveith or without five binding sites for the Gal4 protein was used
vector control; a TAT expression construct (R8)Mor a vector in co-transfections with expression plasmids encoding ZF5 fused
control; and pGL2wtLTR. Figure 3C demonstrates the activitie® the Gal4 DNA binding domain (Gal4 1-147, here abbreviated
of both expression constructs, independently and togethés, G4 1-147). An expression plasmid, G4(.76), which encodes a
relative to vector controls. Using this dual cotransfection systerfusion protein containing an N-terminal fragment of ZF5 lacking
the reporter was activated by ZE&R5-fold and by TATR5-fold.  the zinc fingers, repressed transcription only in the presence of
When these proteins were expressed together, the reporter @4 sites, demonstrating that DNA binding was dependent upon
activated 68-fold (Fig. 3C). Thus, TAT can synergize with ZF5 tthe Gal4 1-147 portion of the fusion protein (2). Since this system
activate the HIV-1 3LTR. eliminated ambiguity which might result from ZF5 binding to the
In contrast, a reporter in which luciferase activity depended upstSV-1 tk promoter, G4(.76) and derivatives of it were used to
the humanp-actin promoter (PactinLuc) (23), inalded as a monitor transcriptional repression by ZF5 fusion proteins.
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Figure 3.ZF5 is an activator of the HIV-1 LTR and repressor of the hytv@mtin promoter(A) Western analysis of NIH 3T3 fibroblasts transiently transfected with
20ug pFZF5 or pFZF®ZFLexA demonstrates equivalent expression of these prd@)rid=5 activates the HIV-1 LTR in NIH 3T3 fibroblasts and requires DNA
binding. Co-transfection oflg of the HIV-1 LTR reporter construct, pGL2wtLTR, witlud of the indicated expression constructs demonstrates a requirement for
the zinc fingers for activation. Triplicate values were averaged and presented as relative ligh) dRisactivates the HIV-1 LTR synergistically with TAT. One

g pFZF5 and/or fig RSMatwere co-transfected withuy pGL2wtLTR. Triplicate values were averaged and presented relative to vector ¢e)tzdts. efficiently
represses the hum@ractin promoter. Co-transfection ofi@ pBactinLuc with Jug pFZF5 repressed reporter activity 87 %. Each data point represents the average
relative light units of triplicate transfections.

Repression activities were monitored by co-transfectipg 1 participate in repression. This is consistent with the location of
G5-TK-Luc with 5ug of each effector plasmid (Fig. 5A). A two repression domains in the BCL6 protein (26).
construct expressing only the ZiN/POZ and acidic domains, G4To test the importance of the ZiN/POZ domain for repression in
ZiNAc, repressed transcription nearly as efficiently as G4(.76)he context of a natural promoter we used a reporter dependent on
G4 ZiN, containing only the ZiN/POZ domain, partially re-the humai-actin promoter. We found that an N-terminal truncated
pressed transcription. However, G4 AcX, which is comparable #F5 protein, FZFRZIN, was not stably expressed in mammalian
G4(.76) except for the deletion of the ZIN/POZ domain, wasells but that a similar form fused to the LexA DNA binding domain
unable to repress transcription (Fig. 5A). Using antibodies to theas. Therefore, FZFAZINLexA was compared to the activity of
Gal4 DNA binding domain, the expression levels of all the fusiotie full length FZF5LexA fusion protein in a co-transfection assay.
proteins were monitored by western blot and found to be roughBrotein expression was monitored by western analysis using
equivalent (Fig. 5B). These data show that the ZF5 ZiN/POdnti-hemaglutinin antibody against the N-terminal epitope tag (Fig.
domain plays an important role in transcriptional repressio®A). To ensure there was no activity associated with the presence of
They also suggest that regions C-terminal to the ZiN/POZ domédtime LexA region, the activity of FZF5LexA was compared to that of
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Figure 4. Identification of the ZF5-response elements in the HIV-1 [ARDeletion analysis of a LTR reporter identifies a functional element(s) within 93 bp upstream

of the TATA box. Fold activation represents the value reported by co-transfectjom@fZF5 with Jug of the indicated reporter construct relative to the vector control,
pFLexA. Each data point was repeated in triplicate, one standard deviation is in@&tidse | footprinting identifies ZF5 binding sites on the HIV-1 LTR. Footprints

are indicated by bars, hypersensitive sites by arrows. Labeling of the (-) strand revealed the —157 to —144 footprint, the (+) strand revealed the —78 to —71 and
—37 footprints. (-) Strand final DNase concentrations: lanes 1 and pigl2lSlanes 2 and 6, 25[@/ml; lanes 3 and 7, 50/@/ml; and lanes 4 and 7, 108/ml.
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GST-ZF5AZIN were used in lanes 3 and(@) Site directed mutation of the HIV-1 LTR Sp1 sites ablates ZF5-mediated activatiqug Ofithe indicated reporter

or effector plasmid was co-transfected into NIH 3T3 fibroblasts. Triplicate values were averaged and normalized to the effector plasmid control pFLexA. The mutat
in the pGL2mSplLTR reporter are indicated by lower case letters. The Spl sites are underlined and the ZF5 binding regions are indicated by bars.

FZF5 and no significant differences were observed (Fig. 6Binc fingers are required for ZF5 to bind DNA and that the
Consistent with the Gal4 studies, repression by the BZif6-  ZiN/POZ domain reduces the affinity of the protein for DNA.
LexA fusion protein was decreased in comparison to the full-lengthsing a sensitive selection technique, a consensus high affinity
protein. These data demonstrate that the ZiN/POZ domain binding site for ZF5 was determined and shown to be GC rich
required for full repression by ZF5. with similarity to Sp1 sites. This led us to examine its role in the
We also wished to determine if the ZIN/POZ domain is requiretianscriptional regulation of the HIV-1 LTR, a Spl-dependent
for transcriptional activation of the HIV-1 LTR by ZF5. Co-transfecpromoter. We have shown that the HIV-1 LTR is transactivated by
tion experiments similar to those described above were performgB5 while the humar-actin promoter is repressed by ZFb5.
on pGL2wtLTR (Fig. 6C). The FZFAZINLexA fusion protein  Finally, we have demonstrated that the ZF5 ZiN/POZ domain
was not able to activate the HIV-1 LTR reporter, demonstrating guarticipates in transcriptional activation as well as repression.
absolute requirement of the ZiN/POZ domain for activation. Thus
we conclude that the ZF5 ZiN/POZ domain is required for botiFs and Sp1 sites

transcriptional activation and transcriptional repression. " Lo ) i . . o
Utilizing a binding site selection technique (CAST), high affinity

DISCUSSION binding sequences for ZF5 were enriched_ and frc_)m these a

consensus sequence was derived. Consistent with previous
The studies reported here provide information about the mechdimdings, this sequence is rich in guanine and cytosine nucleotides
ism of action of the ZF5 protein. We have demonstrated that thad resembles the Sp1 consensus (2). Other zinc finger proteins
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on top. The arrows indicate specific Gal4 fusion proteins.

such as MAZ (27,28) have also beearfd to have overlapping or other post-translational modifications might alter the ability of

binding specificity with Sp1 family proteins. the ZiIN/POZ domain to suppress DNA binding. Alternatively,
Binding studies on the HIV-1 LTR (Fig. 4B) and thymidine association with transcriptional or other regulatory proteins might

kinase(2) promoters show that ZF5 onlinbds a subset of Sp1 stabilize ZiN/POZ proteins bound to DNA as part of a multipro-

sites, consistent with the finding that the ZF5 consensus is slightsin complex or might induce a conformation with higher affinity

different from the Spl consensus (Fig. 2B). However, for thior DNA.

‘Sp1’ sites which are recognized by ZF5, the two proteins may

compete for bindingn vivoand the regulation of some promotersTranscriptional activation and repression by ZF5

previously attributed to Sp1 may in fact involve ZF5. It will be

important in future studies to identify which known ‘Sp1’ sites ardVhen ZF5is tethered to an artificial promoter by the GAL4 DNA
recognized by ZF5, to determine whether ZF5 activates &inding domain, transcrlptlon_al repression is observed.. ZF5 also
represses when bound to these sites and to determine whethE§Rfesses natural promoters including those of the nurme

binds the siteis vivo. In addition, it may be that ZF5 and Sp1 act1SV-1 TK (2) and humaf-actin genes. However, ZF5 strongly
together or synergistically in some contexts such as the HIVifansactivates the HIV-1 LTR promoter. Thus, as with many
LTR. Our data show that ZF5 binds some but not all the Sp1 sif@gtivator/repressor proteins, an important question is what
in this promoter and also binds sites not occupied by Spl (F@etermmes whether ZF5 will activate or repress a promoter.
4B). Our data are consistent with models in which ZF5 and Sp1There are several models which can provide an explanation for
cooperate in binding or transcriptional activation, althouglthe ability of ZF5 to both activate and repress transcription. The

additional studies will be necessary to test these possibilities. Pinding site consensus for ZF5 is not palindromic and its
orientation may affect ZF5 activity. Alternatively, ZF5 may

function differently at high and low affinity binding sites, a
possibility suggested by studies on the drosophila protein GAGA
The ZIN/POZ domain clearly confers on ZF5 a conformatiorf29,30) and by our isdian of both high and low affinity sites by
which decreases binding affinity (Fig. 1E). Suppression of DNAAST. Binding of adjacent proteins may also affect ZF5 activity.
binding by a region which is required for transcriptionallt is interesting that there are multiple ZF5 binding sites
modulation seems paradoxical since transcriptional regulatiomterspersed with Spl sites on the HIV-1 LTR where ZF5
requires DNA binding. However our co-transfection data shofunctions as an activator and, as suggested above, ZF5 and Sp]
that full-length ZF5 is indeed transcriptionally active, eithemay affect one another’s activity. Adjacent proteins may affect
activating or repressing transcription, depending on the gettee ability of ZF5 to associate with co-modulators, TAFs or the
context. In addition, it appears that the ZiN/POZ domains of othéasal transcription machinery. YY1, another zinc finger protein
family members may have similar properties since the ZiN/PO&hich, like ZF5, can either activate or repress transcription, has
region of BCL6 was recently shown to be necessary faecently been shown to require association with a co-repressor to
transcriptional repressid@6). repress transcriptiof31).

To solve this paradox, it seems likely tiratvivo there is a The growing list of ZIN/POZ proteins, their involvement in
mechanism to regulate the ability of ZIN/POZ proteins to binthuman tumors and their roles in drosophila development all
DNA and to modulate transcription. Indeed, Bardwell andinderscore the importance of this class of zinc finger proteins.
Treisman noted that the ZID ZiN/POZ domain can direcThe experiments reported here provide the groundwork for
assembly into subnuclear structures, presumably by dimerizati@udressing many intriguing questions regarding ZF5 and ZiN/
suggesting that ZiN/POZ-containing proteins may be unavailablROZ proteins in general. It will be important to study the paradox
for gene regulation unless they are modified (1). Phosphorylatiaf the ZiN/POZ domain functions and to determine how DNA

The paradox of the ZF5 ZiN/POZ domain activities
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