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Binding of the Wilms' Tumor Locus Zinc Finger 
Protein to the EGR-I Consensus Sequence 

The Wilms' tumor locus (WTL) at l l p 1 3  contains a gene that encodes a zinc 
finger-containing protein that has characteristics of a DNA-binding protein. Howev- 
er, binding of this protein to DNA in a sequence-specific manner has not been 
demonstrated. A synthetic gene was constructed that contained the zinc finger region, 
and the protein was expressed in Escherichia coli. The recombinant protein was used to 
ident* a specific DNA binding site from a pool of degenerate oligonucleotides. The 
binding sites obtained were similar to the sequence recognized by the early growth 
response-1 (EGR-1) gene product, a zinc finger-ontaining protein that is induced by 
mitogenic stimuli. A mutation in the zinc finger region of the protein originally 
identified in a Wilms' tumor patient abolished its DNA-binding activity. These results 
suggest that the WTL, protein may act at the DNA binding site of a growth factor- 
inducible gene and that loss of BNA-binding activity contributes to the tumorigenic 
process. 

'ILMS' TUMOR (WT) IS A W I G -  

nancy of the kidney that occurs in 
children and is associated with 

aniridia, mental retardation, and urogenital 
malfimctions (the WAGR syndrome) (1-3). 
As with retinoblastoma, both hereditary and 
sporadic forms of WT have been described 
(4). Several cytogenetic studies have linked a 
specific chromosomal abnormality at the 
l lp13  locus to the heritable form of the 
tumor (2, 3). Furthermore, loss of heterozy- 
gosity at polymorphic loci that surround 
l lp13  has been observed in sporadic WT 
(5). Introduction of a normal human chro- 
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mosome 11 into a WT cell line suppresses 
some aspects of the malignant phenotype 
(6 ) ,  further suggesting that a tumor suppres- 
sor gene on chromosome 11 is involved in 
the genesis of WT. 

Candidate complementary DNAs (cDNAs) 
for the WT gene have been isolated (7, 8). 
One was obtained with a long-range restric- 
tion map of the WAGR region, which al- 
lowed localization of the WT gene to a 
345-kilobase region of chromosome 11 (9); 
a cDNA clone was subsequently isolated 
from this region ( 7 ) .  In another approach, 
the presence of CpG islands adjacent to the 
WT locus (WTL) was exploited in conjunc- 
tion with chromosome jumping to isolate a 
similar cDNA (8). The gene is expressed in 
high amounts in embryonic kidney and 
adult spleen (7, 8). 

The predicted protein product of the 
VITL contains a region rich in glutamine 

and proline residues, and four contiguous 
zinc fingers of the Cys2-His, class (7, 8). 
The presence of these two structural motifs 
implies that the WTL protein is a sequence- 
specific nucleic acid-binding protein that 
may function as a transcriptional regulator 
(10) .  In this report, we have initiated a 
biochemical characterization of the WTL 
protein by identifying a DNA target se- 
quence that is recognized by the WTL pro- 
tein. 

Our strategy was to express the zinc finger 
domain of the WTL ~rote in  in E, coli and to 
use this protein as an affinity matrix for 
isolation of a DNA target sequence. The 
zinc finger region (termed WT-ZF) was 
reconstructed from synthetic oligonucleo- 
tides with the use of an overlapping PCR 
strategy for gene synthesis (Fig. 1A) (11). 
Six histidine residues were added to the 
NH,-terminus to facilitate purification of 
the protein with a nickel-chelate affinity 
resin (11, 12). The purified WT-ZF protein 
migrated with an apparent molecular size of 
21,500 kilodaltons (kD) on SDS-polyacryl- 
amide gels (Fig. lB,  lane 2). 

A modification of the method developed 
by Struhl and colleagues (13) was used to 
isolate DNA sequences that were recognized 
specifically by WT-ZF (Fig. 2A). A degen- 
erate oligonucleotide that contained random 
nucleotides at 25 consecutive positions 
flanked by Xho I and Eco RI sites was 
synthesized. By self-annealing this oligonu- 
cleotide and extending with DNA polymer- 
ase in the presence of deoxynucleotide tri- 
phosphates (dNTP's), a completely degen- 
erate library of double-stranded oligonucle- 
otides was obtained. A probe was prepared 
with 32P-labeled dNTP's that allowed veri- 
fication of the presence of potential binding 
sites (Fig. 2A). The probe was then selected 
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n R G S H U W H H H G S V R S R S  A 
R l G  AGR GGR TCG CRT CRC CRT CRC CRT CRC GGR TCC G T T  CGT TCC GCR TCC 

9 I 8 27 36 45 

~ K L S H L Q ~ H ~ R K ~ T G E K P V  
TTC RRR CTG TCC CRC CTG CRG R I G  CRC TCC CGT RRR CRC RCC GGT GRR RRR CCG TRC 

117 126 135 1 0  153 I 6 2  

. - - - . - 

CRG TGC GRC TTC RRR GRC TGC GAR CGT CGT TTC TCC C G l  FCC GRC CRG CTG RAR CGT 
174 I 6 1  192 20 1 210 219 

WT-ZF(delF3) 
I 

H Q R R H T G U K P F Q C K T C Q R K  
r n c  CRG CGT CGT c a c  n c c  GGT G T T  RRR CCG TIC CRG IGC RRR RCC TGC CRG CGT RRR 

211 240 249 258 267 276 

F S R S O H L K T H T R T H T G - L K P  
T T C  T C C  CGT r c c  cnc c n c  c r c  nun RCC c a t  RCC CGT RCC CRC RCC GGI GRR RRR CCG 

280 297 306 312 3 2 4 n  333 

:rr :cc WT-ZF(lnsKTS) -- - -  
F S C R U P S C P K K F R R S O L L U  
T I ?  RGC TGC CGT TGG CCG RGC TGC CRG RRR RRR TTC GCR CGT TCC GRC GRR CTG G T l  

345 354 363 372 381 3 9 0  

R H H ~ ~ H O R H ~ T K L Q L R L  
C G l  CRC CRC RRC R f G  CRC CRG CGT RRC RTG RCC RRR CTG CRG CTG GCR CTG TGR 

402 9 I I  4 2 0  429 431 447 

Fig. 1. WT-ZF: A synthetic gcnc that en& the zinc finger region of the protein present at the Wilms' 
tumor locus. (A) The WT-ZF gene was consauacd with synthetic ohgonudcotidcs and an oveclap 
cxtcnsion PCR method (1 1). l'he amino acid sequence was taken from the WT33 gcnc (7). The valine 
at position 13 cormponds to amino acid number 210 of WT33. The six hiddine msidues and the 
initiator mcrhionine were added to facilitate expression and puri6cation frmn E. coli with the use of 
nidrdihdatc a6inity chromatography (12). The cysteine and histidine residues which form the zinc 
hgcrs arc shown in bold I c t m s .  The bracketed region indicates the amino acids that arc deleted in 
WT-ZF(delF3) (21). WT-ZF(InsKTS) indicates the thrrcamino acid insertion that occurs as a n o d  
splicing variant (21). (6) Expression and cation of WT-ZF proteins. The WT-ZF gene and the 
insertion m-ZF(InsKTS)] and deletion KZF(d&3) ]  mutations diagcmmed in (A) [introduced 
into WT-ZJ? by PCR-dated mutagcncsis (22)l wcrc cloned into the pDS56 E. coli expression vector 
(12). Afm DNA sequence analysis, recomb'it proteins wcrc produced and purified. Samples (2.5 
pg) of each protein preparation were resolved on 12% SDS-polyaaylamidc gds and the protein bands 
were stained with Coomassic blue. Protein molecular size standards (fim and last lanes) were: rabbit 
musde phospho'ylase, 97 kD; bovine serum albumin, 66 kD; hen egg white ovalbumin, 45 kD; bovine 
carbonic anhydrasc, 31 kD; soybean trypsin inhibitor, 21 kD; and hen cgg white lysmyme, 14 kD. 

A Blndlna site selection wlth dwenerate ollaonucleotldes B - 

4 
Elute bound digos and done into Blue/Whita selection vector 

A\ Xhol EcoRl 
pGEM76+ I 

sites in 
olgo mixlure 

by a5nity chromatography on a WT-ZF 
&ty column (1 4). Oligonudeotides that 
bound to the column were eluted and 
cloned. Appropriate oligonucleotide prim- 
ers and the polymerase chain reaction 
(PCR) were ua'lizcd to amplify a 7&base 
pair (bp) fhgment fbr use in gel retardation 
assays (Fig. 2B) (1 5). Probes amplified from 
the vector alone did not bind to the WT-ZF 
protein. However, probes from dona 1,5, 
10,22, and 24 were bound by recombinant 
WT-ZF in a gel retardation assay. The DNA 
sequence was derived from the PCR prod- 
ucts and subjected to a comparative homol- 
ogy search. The probes that exhibited signif- 
icant DNA-binding activity in the gel shift 
assay were relatively GC-rich and contained 
stretches of 4 to 5 C residues (Fig. 2C). 
These DNA sequences are similar to the 
consensus binding site of EGR-1 (also 
known as Krox 24, zia68, TIS-8, and 
NGF1-A) (16). EGR-1 is a serum-induc- 
ible, nuclear phosphopmein that contains 
three zinc fingers (1 6). The zinc linger do- 
main of WT-ZF exhibits 51% amino acid 
similarity to the EGR-1 zinc finger domain 
(7, 8). 

To detennhe if the WT-ZF protein rec- 
ognized the EGR-1 DNA binding site, a 
synthetic oligonudeotide that contained a 
high-atKnity, EGR-1 binding site (17) was 
used in gel retardation assays (Fig. 3A). 
Specific biding of the WT-ZF pmtein to 
& synthetic oligonudeotide was detected 
with as little as 0.2 ng of protein. The 

Ffg. 2. Selection of cons ling sites for the 
WT-ZF protein. (A) The strategy used for isolation of 
potential binding sites is a modification of (13). A 
svnthetic 41-nucleotide (nt) orobe was desimed with a 

\ 8 ,  

1 CCGCCCCTC 25-nt internal segment that was degenerateYfor each of 
the four bases (A, C, G, or T). The degenerate oligonu- 

1 
" 

5 CCTCCCCAG cleotide was converted to  a double-stranded prod&t bv 
self-annealing and extension with DNA polymerase and 

10 GACCCCCTC cold dNTP's. A radioactive probe mix was used to verifv 
PCR amflfy drewfrom bacterial c d o ~  the presence of potential binding sites in a gel retardation 
l.abel wtth T4 ldnase aid use as a probe 22 TGO.XXTCG ass," ( 1 5 )  with recombinant n T - Z F  (inset). The solid 
in gel retardath assays arrow indicates the free probe; the open arrow indicates 

24 CACCCACTC probe bound to the WT-ZF protein. The probe mixture 
q o l  ' EcpRt was then chromatographed on a MT-ZF Sepharose 

=P 32p E ~ R - l  CGCCCCC~C CL4B column (14). After three cycles of enrichment for 
oligonucleotides that bound to the column, the potential 

bmang srtes were cloned into a plasmid vector. Bacterial colonies that contained plasmids with inserts were used to drectlv amplifv a 70-bp segment with 
PCR primers that flanked the cloning sites in the plasmid polvlinker (1.5). (6) The PCR products that contained potential WT-ZF binding sites were used 
in gel retardation assays with recombinant WT-ZF protein. Bindmg reactions were performed with 32P-labeled probe in the presence (+) or absence (-) 
of \ tT-ZF protein (200 ng). Open arrowr, probe amplified from the vector alone; solid arrow, probes amplified from bacterial lysates that contained potential 
binding sites. (C) Potential sequences recognized by the WT-ZF protein. The probes that showed positive binding activity in gel retardation assays with 
MT-ZF were sequenced. The sequence of the region that contained the 25-nt degeneracy for each probe was subjected to homology alignment with the 
Compare program of ~MacMolly (Soft Gene Berlin). The region of each probe showing maximum similarity is indcated. The core consensus binding site 
for the EGR-1 protein (16) is shown at the bottom of the figure. 
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WT-ZF protein did not bind to the SP1 
consensus sequence (another GC-rich bind- 
ing site recognized by a zinc finger protein), 
the cyclic adenosine monophosphate 
(CAMP)- responsive element (CRE), or the 
myb binding site (MBS) (Fig. 3A) (1 7, 18). 
A-number bf controls werk performed to 
confirm that the WT-ZF protein (and the 
EGR-1 protein) interacted specifically with 
the EGR-1 site: (i) an unlabeled EGR-1 \ ,  

oligonucleotide competed for binding to the 
EGR- 1 site; (ii) the EGR- 1 probe competed 
efficiently for binding with the original tar- 
get sequences isolated from the degenerate 
oligonucleotide library (Fig. 2, B and C); 
(iii) the binding activity of the WT-ZF 
protein was abolished bv the zinc chelator 
ortho-phenanthroline; (iv) binding activity 
was inhibited by an affinity-purified rabbit 
polyclonal antibody to WT-ZF (19); and, 
(v) the EGR-1 protein and the WT-ZF 
protein produced in rabbit reticulocyte ly- 
sate trks~ation systems bound to the 
EGR- 1 binding sequence (20). Thus, 
EGR-1 and WT-ZF proteins both recog- 
nized the EGR- 1 consensus binding site. 
Furthermore, because WT-ZF binding ac- 
u v i ~  was observed with the very s m d  
amounts of protein produced in the in vitro 
translation system, DNA binding did not 
require high concentrations of protein. 

In order to determine whether WT-ZF 
recognized exactly the same core consensus 
sequence as EGR-1, mutations were intro- 
duced at various places in the EGR-1 bind- 
ing site (Fig. 3B). Oligonucleotides M2 and 

CRE MBS A EGR-1 SP1 
N O  @400 N O  N O 0  

"g o d R i : : O 6 N N O O N R o o N N  

M3 showed no binding activity with either 
protein, whereas M4 bound to both WT-ZF 
and EGR-1 (Fig. 3C). Mutant M1 showed 
diminished binding to WT-ZF, whereas 
binding to EGR-1 was unaffected. These 
results suggest that the DNA binding spec- 
ificities of WT-ZF and EGR-1 proteins 
overlap, but may not be identical. 

Recently a mutation was identified at the 
WTL of a WT patient (21). This mutation is 
a deletion of 25 bp that includes an exon- 
intron splice junction and results in the 
deletion of  the third zinc finger. This muta- 
tion was introduced (22) into the synthetic 
WT-ZF gene [WT-ZF(deE3)], and the pro- 
tein was purified (Fig. lB, lane 3). The 
WT-ZF(delF3) protein exhibited only low 
DNA-binding activity with the EGR-1 oli- 
gonucleotide (Fig. 4). Thus, a naturally 
occurring mutation in the WTL severely 
reduced DNA-binding activity of the mu- 
tant WTL protein. A normal splicing variant 
has also been described in which three ami- 
no acids (Arg-Thr-Lys) are inserted between 
the third and fourth zinc fingers (Fig. 1A) 
(21). This alteration was introduced into 
WT-ZF to determine its effect on DNA- 
binding activity. The protein encoded by 
this splice variant (Fig. lB, lane 4) exhibited 
impaired binding to the EGR-1 site (Fig. 
4). However, we cannot rule out that the 
DNA binding specificity of the protein 
changed as a result of the three-amino acid 
insertion. 

These studies have identified a DNA 
binding site recognized by the zinc finger 
protein encoded by the WTL. In addition, a 
mutation originally identified in a WT pa- 
tient severely reduced DNA-binding activity 
of the protein. Thus, a mutation in a gene 
that has been identified genetically as a 
tumor suppressor gene (7-9) destroys a spe- 

B 
EGR 

M 1 CGWTCGCCCCCGCGCCGGG 

M2 CGCCCTCGCACCCGCGCCGGG 

Fig. 3. Binding of the WT-ZF protein to the EGR-1 consensus 
sequence. (A) Gel retardation assays were performed with the - 
indicated amounts (ng) of recombinant WT-ZF protein and 32P- k 
labeled oligonucleotide probes that contained an EGR-1 binding C L ? i Z - ? ~ ~  
site IEGR-1). an SPl  bindine site ISP1). a cvclic AMP resoonsive 
elekent bin&g site (CRE). :r a mGb b&hinisite (MBS) (i7). The EGR-1 + 
arrow indicates the ' W T - ~ ~ - ~ r o d e  nucleoirote* complex. (B) 
Sirmlar DNA seauence reouirernents for recormition bv EGR-1 and 
WT-ZF protern:. ~ynthehc ohgonucleotid& that contained the - 
mdicated mutauons (shown underlined, in bold type) were uulized u 
m gel retardauon assays. (C) Gel retardauon assays with EGR-1 L ? r S a f  
protem expressed in reticulocyte lysates (top panel) or recombinant 
WT-ZF protem (bottom panel). The arrows mdcate the spechc 
nucleoproteln complexes. The wdd-type EGR-1 ohgonucleoude 1s \KT-ZF + 
shown at the top of (B) with the core recognition element 

kif 
underhed. 

W-ZF  W-ZF(delF3) WT-ZF(nsKTS) -- 
ng 0 o 2 20 200 o 2 20 zoo 

IY 
Fig. 4. Mutations in the WT-ZF protein block 
DNA-b inhg  activity. The insertion [WT- 
(InsKTS)] and deletion [WT-ZF(delF3)l ml 
tions (Fig. 1A) were introduced into WT-ZF 
PCR-mediated rnutagenesis (22).  The purif 
recombinant proteins (Fip 1B) were used 
retardation assays with a P-labeled EGR-1 I 
The arrow indicates the WT-ZF protein- 
complex. 
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Because WT-ZF and EGR-1 can rl 
nize the same DNA sequence, there m 
a link between a tumor suppressor genc -... 
the family of cellular immediate-early genes 
induced by growth factors (23). The EGR-1 
family of genes, like the fos and juh fam- 
ilies, are rapidly induced by mitogenic or 
differentiative stimuli and encode proteins 
that regulate gene transcription (23). The 
protein products of cellular immediate-early 
genes initiate changes in expression of spe- 
cific target genes whose products are re- 
quired for entry into the cell cycle or estab- 
lishment of a differentiated phenotype. 

The product of the WTL might act in an 
antagonistic manner to EGR-1 by binding 
to the same DNA recognition sequence. 
Alternatively, the WTL protein might be a 
tissue-specific regulator of transcription that 
initiates or maintains a particular differenti- 
ated cellular phenotype. A critical balance in 
the nucleus among members of the EGR-1 
family of proteins and the products of the 
WTL might be required to maintain normal 
growth control. An alteration in this bal- 
ance, which occurs when the WT gene is 
deleted or when the DNA binding proper- 
ties of its encoded protein are inactivated, 
could initiate the neoplastic process. 
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Mapping of Herpes Simplex Virus-1 Neurovirulence to 
y134.5, a Gene Nonessential for Growth in Culture 

The gene designated ~ ~ 3 4 . 5  maps in the inverted repeats flanking the long unique 
sequence of herpes simplex virus-1 (HSV-1) DNA, and therefore it is present in two 
copies per genome. This gene is not essential for viral growth in cell culture. Four 
recombinant viruses were genetically engineered to test the function of this gene. These 
were (i) a virus from which both copies of the gene were deleted, (ii) a virus containing 
a stop codon in both copies of the gene, (iii) a virus containing after the first codon an 
insert encoding a 16-amino acid epitope known to react with a specific monoclonal 
antibody, and (iv) a virus in which the deleted sequences were restored. The viruses 
from which the gene was deleted or which carried stop codons were avirulent on 
intracerebral inoculation of mice. The virus with the gene tagged by the sequence 
encoding the epitope was moderately virulent, whereas the restored virus reacquired 
the phenotype of the parent virus. Significant amounts of virus were recovered only 
from brains of animals inoculated with virulent viruses. Inasmuch as the product of the 
~ ~ 3 4 . 5  gene extended the host range of the virus by enabling it to replicate and destroy 
brain cells, it is a viral neurovirulence factor. 

PPROXIMATELY ONE IN 250,000 
adults per year acquires herpes sim- 
.plex virus (HSV) encephalitis: an 

acute, frequently lethal disease with lasting 
sequelae even in irldividuals treated prompt- 
ly with antiviral dnigs (1). The morbidity 
associated with the HSV encephalitis has 
prompted considerable interest in determin- 
ing which of the more than 70 lira1 genes 
impart to the virus the capacity to cause 
central nenrous system (CNS) disease. We 
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report that the protein encoded by the 
HSV-1 gene designated ~ ~ 3 4 . 5  enables 
HSV-1 to cause lethal irlfectiorl of the 
mouse brain. 

The HSV-1 genome, schematically repre- 
sented in Fig. 1, consists of two sets of 
unique sequences each flanked by inverted 
repeats (2). The long unique sequence is 
flanked by 9-kbp inverted repeats designated 
as ab and b'a', respectively (3). The obsenla- 
tion that the terminal 500-bp a sequence 
acts as a late (yl)  HSV promoter led to the 
dscoven of the ~ ~ 3 4 . 5  gene. The coding 
sequences for the ~ ~ 3 4 . 5  gene are located in 
the adjacent b sequences and speci@ a pro- 
tein of 263 asnillo acids with-an app&erlt 
n~olecular weight of 44,000 (4-6). The re- 
markable properties of this gene are that it 
lacks a canonical TATAA box and that its 5' 
lintranscribed domain, the a sequence, is 
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