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Abstract

This Fh.D . w ork represents the study of nucleic a d d  interactions 

o f  tw o zinc finger proteins: m am m alian W ilm s' tum or su p p resso r 

(W Tl) and Xenopus transcription factor UIA proteins (TFIIIA).

W Tl is a pu tative  transcriptional regu latory  p ro te in  w h ich  is 

inactiva ted  in  a sub type of W ilm s' tum ours. Using se lec tion  and  

am plification b ind ing  assay (SAAB) we determ ined  that the  h ighest 

affinity b inding  sites for WT1[-KTS] consist of a 12 base pa ir sequence 

GCG-TGG-GCG-(T/G)(G/A/T)(T/G). These sequences have a four-fold 

h igher affinity for the protein  than  the nonselected  sequence GCG- 

T G G -G C G -C C C , as m easured by a quantita tive  nitrocellulose filter 

binding  assay.

The effects of Denys-Drash syndrom e (DOS) point m utations on  

th e  DNA b in d in g  activity of W Tl were determ ined. SAAB assay  

revealed  th a t none of the DOS m utan t p ro te ins give rise to  a new  

sequence specifid ty . One m utation, R394W abolishes specific b ind ing  

o f the pro tein . The rem ain ing  m utations resu lt in red u ced  DNA- 

b ind ing  activity, ranging from 1.4 to 14-fold, w hich suggests th a t even 

sm all changes in  D N A -binding activity m ay p red p ita te  the  clinical 

phenotype of Denys-Drash syndrom e.

C om parative  analysis of the DNA b in d in g  characteristics of 

W ilm s' tum our and  Early grow th  response pro teins was conducted . 

T he stoichiom etry of the D N A -protein com plexes, their s tab ility  to 

d issodation , and  the effects of pH , tem perature and  salt concentration 

o n  the equilib rium  binding  of these proteins to their cognate DNA



n i

sequences have been determ ined. U nder the conditions of 0.1 M sa lt, 

pH  7.5, a n d  22 * C W Tl-ZF has an apparen t dissociation constant (Kd) 

of 1.14± 0.2 X 1 0 ^  M, and  EGR-1 protein has a Kd of 3.55 ± 0.4 x 10"^ M. 

In ad d itio n , w e tested rela tive  contribution of each base pair in  th e  

consensus binding  site to the  high affinity b inding by po in t m utational 

analysis, an d  identified im portan t differences that exist in  the b ind ing  

m odes o f the tw o proteins.

T ran sc rip tio n  factor UIA controls the ex p ress io n  of the  5S 

ribosom al RNA genes d u rin g  developm ent of Xenopus laevis., a n d  

specifically interacts w ith bo th  5S DNA an d  5S rRNA m olecules. T he 

presen t s tu d y  assesses contributions of the central z inc fingers fo u r 

th ro u g h  seven  to specific DNA and RNA b ind ing  activ ities of th e  

protein. The results dem onstrate  that each zinc finger in  the zf 4-7 

reg io n  c o n trib u te s  to b o th  the h ig h  affin ity  D N A  and  R N A  

in teractions: the largest effect on TFlllA-DNA b ind ing  (10-fold) w as 

p roduced  w hen  zinc finger 5 of TFIHA w as replaced w ith  the do n o r 

sequences of either p43 or W Tl. However, while all the zinc fingers 4-7 

contribute to  the high affinity 5S rRNA binding, substitu tion  of an  a -  

helical p o rtio n  of zinc finger 6 w ith the equivalen t sequences from  

W Tl abo lished  RNA -binding activity of TFIILA, suggesting  that z inc  

finger 6 p lays a particularly im portant role in  binding to  RNA.
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CHAPTER 1.0 EARLY GROWTH RESPONSE PROTEIN 1 (EGR-1); A 

PROTOTYPICAL MEMBER OF A C2 H 2  ZINC FINGER FAMILY OF 

TRANSCRIPTION FACTORS

1.1 Introduction

1.1.1 Overview o f the EGR-1 fam ily o f transcription factors

The proliferation and differentiation of eukaryotic cells is influenced by 

a  m u ltitu d e  of stim uli, including  grow th  factors, adhesion  m olecules and  

o th er extracellular ligands. These complex long-term  cellu lar responses are 

m ed iated  by changes in  gene expression, an d  are coupled to  the  initial signal 

tran sd u c tio n  even ts occurring a t the level of the plasm a m em brane. The 

im m ediate-early  genes are the earliest dow nstream  nuclear ta rge ts  for these 

events. The activation of these genes is generally  very rap id , transient, and  

independen t of de novo protein synthesis. A  subclass of these  genes encodes 

tran sc rip tio n  factors, w hich fo rm  the firs t step  in  in itia tio n  o f genetic 

p rogram s that w ould  lead to an  appropriate cellular response.

The best characterized m em bers of this g roup  of im m ediate-early  genes 

in c lu d e  c-jun, c-fos, and  Egr-1. Each of these  genes, in  tu rn , represents a 

p ro to ty p e  for a fam ily of closely related proteins. N um erous stud ies have 

dem onstra ted  th a t EGR-1 induction is universal. Various s tim u li th a t induce 

EGR-1 expression, as well as diverse cell types in  w hich EGR-1 expression has 

b een  described, are  sum m arized in  Figure 1.1. E xtracellu lar stim uli th a t 

induce  EGR-1 can be grouped in to  the follow ing categories: (1) m itogens; (2) 

deve lopm en ta l o r  d ifferentiation  cues; (3) tissue  or ra d ia tio n  injury; (4) 

signals that cause neuronal excitation. In practically every cell type  examined, 

EGR-1 expression is rapidly induced  by such m itogens as ho rm ones, grow th 

fac to rs, and  the  tum or prom oter TP A (phorbol) (Sukhatm e e t  al., 1987; 

Sukhatm e et al., 1988; Lau and N athans, 1987; Lemaire et al., 1988). Various
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stim uli (Cashier & Sukhatme, 1995).



differentiative stim uli such  as retinoic acid, DMSO (dim ethyl sulfoxide), and  

pho rbo l give rise to EGR-1 expression, w hich  can  be co rre la ted  w ith  

differentiative processes of the  kidney, spleen, brain, and  m ost o ther tissues 

(Sukhatme e t al., 1988; Lemaire e t al., 1988; Christy e t al., 1988). In the context 

of tissue injury such as ischem ia or ionizing radiation, EGR-1 has been show n 

to be strikingly induced  (Bonventre e t al., 1991; H allahan e t al., 1991). It is 

likely that EGR-1 is no t induced by the injury itself, bu t rather acts in  response 

to post-injury events, m ediating  subsequent processes of cellular proliferation 

a n d  d ifferen tia tion . N u m ero u s lines of ev idence ex is t in d ica tin g  an  

im portan t role of EGR-1 in  neuronal signaling. For exam ple, EGR-1 levels 

increase dram atically  in  the brain  following seizure activity (Sukhatm e e t al., 

1988). A d ram atic  increase  in  EGR-1 levels is o b se rv ed  fo llow ing  

electroconvulsive shock therapy , dopam ine receptor activation, an d  op iate  

w ithdraw al (Bhat et al., 1992). Finally, the expression of EGR-1 in  developing 

and  adu lt brain  em phasizes the importance of EGR-1 in neurophysiological 

processes (W atson and  M ilbrandt, 1990). Thus, EGR-1 m ediates responses of 

enorm ous com plexity. I t acts in  different cellular contexts and  is able to 

respond to a m ultitude of extracellular signals.

All m em bers of the EGR family share highly sim ilar, C 2H 2 zinc finger 

D N A -binding motifs. A t p resent, the closest m em bers of the EGR fam ily of 

transcriptional regulators are: EGR-2/Krox20 (Chavrier e t al., 1988; Joseph et 

al., 1988), EGR-3 (P a tw ardhan  e t al., 1991), and  EG R -4/N G FI-C /pA T133 

(Patw ardhan  et al., 1991; Crosby et al., 1991; M uller et al., 1991). All of the 

above proteins have zinc finger dom ains that are virtually identical to th a t of 

EGR-1 (Figure 1.2). The EGR-1 zinc-finger dom ain is over 95% identical to 

tha t of EGR-2 (Joseph e t al., 1988) and  91% identical to th a t of EGR-3 a t the 

am ino a d d  level (Patw ardhan et al., 1991). The residues im portan t for specific
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Figure 1.2 Com parison of D N A -binding dom ains of the EGR-1 family of 

proteins. 25nc fingers and adjacent sequences of the EGR-1 fam ily of proteins 

are aligned. Conserved cysteine and  histidine residues are m arked (•); the a~ 

helical region is underlined; conserved residues im portant fo r determ ining 

b inding  speciHdty are enclosed; basic residues are denoted (+) (Cashier & 

Sukhatm e, 1995).



DNA recognition  are conserved, and  m ost of the changes are conservative  

substitu tions (Figure 1.2). The hom ology betw een these proteins ex tends to 

short stre tches of adjacent basic sequences bu t sharp ly  drops o u ts id e  this 

region. This suggests tha t these proteins m ay recognize the same D N A  target 

sequences th ro u g h  th e ir  zinc fingers, b u t tha t in te rac tions w ith  o ther 

transcrip tional regulatory proteins are d istinct for each family m em ber. This 

m ultigene fam ily offers a g reat system  to study the re la tionsh ip  betw een  

signal tran sd u ctio n  and  gene expression  in  both norm al and  tran sfo rm ed  

cells.

The W ilm s' tum or gene p roduct has four zinc fingers, three o f w hich 

possess re la te d  bu t less hom ologous zinc finger D N A -binding  dom ains 

(approxim ately 65% identity  to the EGR-1 zinc finger dom ain) (G essler et al., 

1990; Call e t al., 1990). The m am m alian ubiquitous transcrip tional activator 

S p l has three related zinc fingers (K adonaga e t al., 1987). S p l finger 2 is m ost 

similar to EGR-1 fingers 1 and  3 (Kadonaga e t al., 1987). Another d is tan t 

m em ber of the EGR fam ily of proteins is a yeast p ro te in  M IGl invo lved  in  

responses to  glucose repression  (N ehlin  and  Ronne, 1990). It con ta ins two 

zinc fingers th a t are m ost sim ilar to th e  second and th ird  fingers o f  EGR-1 

protein, w ith  60% identical residues (N ehlin  and Ronne, 1990). O u ts id e  the 

zinc fingers, MIG-1 has no  obvious sim ilarity  to other proteins. This absence 

of sequence conservation outside the zinc finger motifs is a com m on finding 

am ong C 2 H 2 zinc finger proteins. Therefore, a com parison of the  fam ily 

m em bers m u s t rely on  a n  alignm ent o f finger sequences. S tud ies o f the 

im m ediate-early  proteins a n d  dow nstream  prom oter elem ents th ey  targe t 

will con tinue  to  enhance o u r know ledge of protein-D N A  in terac tions and 

general m echanism s of transcriptional activation and repression.



1.1.2 G ene targets o f EGR-1 regulation

C onsisten t w ith  its role in cellu lar p ro liferation  a n d  differentiation, 

EGR-1 b in d s  and  reg u la te s  genes invo lved  in these  functions. Some 

discussion follows o n  the  best docum ented instances th a t involve regulation  

by EGR-1.

Platelet-derived grow th  factor A  (PDGF-A) is a p o ten t mitogen w hich is 

present a t elevated levels in response to grow th factors o r cytokines (W ang 

and D euel, 1992). A n  EGR-1 binding site has been defined  in the prom oter 

region o f the  PDGF-A gene (Wang an d  Deuel, 1992). The DNA fragm ent 

bound  by  EGR-1 has the  follow ing sequence: GAG-GAG-GAG-GAGGA. 

A lthough  th is  site dev ia tes from the consensus EGR-1 b ind ing  sequence, 

w hich  is G C G -G /TG G -G G G , it com petes equally  w ell in  the gel-sh ift 

com petition  experim ents. Similar m otifs have been iden tified  in prom oters 

of other g row th-related  genes, such as the insulin receptor, the tum or grow th 

factor P, the  epiderm al grow th  factor receptor, c-myc an d  c-Ki-ras (W ang and 

Deuel, 1992).

A no ther gene w hose expression is regulated by EGR-1 is thym idine 

kinase (tk), an  im portan t player in DNA biosynthesis. U sing  m onoclonal anti 

- EGR-1 antibodies, it w as shown that EGR-1 was one o f the com ponents of 

the tk p ro m o te r com plex obtained from  serum -stim ulated  nuclear extract 

(M olnar e t  a l., 1994). F u rther tra n s ie n t tran s fe c tio n  e x p erim en ts  

dem onstrated  that EGR-1 activates a reporter driven by a tk  prom oter elem ent 

(Molnar e t al., 1994).

EGR-1 has been show n to be required  for differentiation of m yeloblasts 

along the m acrophage lineage (N guen  e t al., 1993). T he use o f EGR-1 

an tisense  o ligom ers in  the  cell c u ltu re  m ed ium  re su lte d  in  b locked 

m acrophage  d iffe ren tia tio n  in norm al m yeloblasts as w ell as m yelo id



leukem ia cells. Thus, the  authors clearly dem onstrated  that expression  of 

EGR-1  is essential for m acrophage differentiation.

The m yosin heavy chain a  gene (a-M HC) was show n to be expressed in 

concordance w ith EGR-1 in  stim ulated cultures of cardiac m yocytes (G upta et 

al., 1991). Transient transfection assays using a CAT reporter contain ing  a - 

m yosin  heavy chain p rom oter show ed  1 0 -fold induction  of the prom oter 

activity by an  EGR-1 expression vector (Gupta et al., 1991). The reg ion  of the 

ra t a-M H C  prom oter th a t is responsive to EGR-1 has been defined , and 

show n to contain a potential EGR-1 b ind ing  site (Gupta e t al., 1991). The a - 

M HC induction  appears to be tissue-specific since it w as observed  in  the 

myogenic Sol8  cell line, b u t not in NIH3T3 fibroblasts (G upta et al., 1991).

EGR-1 is expressed a t high level in  the rat adrenal g land an d  in  PC12 

cells as dem onstrated by  Elbert et al., (1994). A proposed function for EGR-1 in 

adrenergic d ifferentiation m ay be via regulation of phenylethanolam ine N- 

m ethy ltransferase  (PNM T) (PNMT is an  adrenal enzym e th a t  converts 

norep inephrine  to ep inephrine) (E lbert e t al., 1994). The analysis o f the 

PNMT prom oter revealed that it contains tw o potential EGR-1 b ind ing  sites, 

one of them  differing only by one nucleotide from the EGR-1 consensus DNA 

binding sequence. T ransient transfections show ed tha t EGR-1 can stim ulate a 

PNMT reporter by fourfold (Elbert et al., 1994).

D espite the abundance  of d a ta  on  EGR-1 induction  by  m itogenic 

signals, additional EGR-1 gene targets aw ait elucidation. Finally, in vitro 

studies of the EGR-1 involvem ent in  cellular proliferation and differentiation 

need  to be correlated w ith  the in vivo role of EGR-1.



1.13 Identification o f EGR-1 cDNA, and  characterization of its protein  p roduct

U sing d ifferen tia l screen ing  techniques, several g ro u p s se t o u t to 

iden tify  novel genes which have a low level of expression in  nond iv id ing  

cells b u t which are rapidly up-regulated  in  cells stim ulated by m itogen. The 

follow ing criteria w ere used to isolate such novel genes: (1 ) transcripts should  

be rap id ly  and transiently induced by  serum  stim ulation of quiescent cells; (2 ) 

these genes should be induced w ithou t intervening protein synthesis, i.e. the 

induction  should  no t be affected by inhibitors of protein synthesis, such  as 

cyclohexim ide; (3) expression sh o u ld  be induced  by a w ide  spectrum  of 

m itogens, such as g row th  factors, horm ones, and  o ther ligands; (4) expression 

should  be induced in  a broad array  of cell types; an d  (5) the genes should  be 

highly conserved in  evolution.

The novel im m ediate-early  gene has been  cloned by a num ber of 

research groups. Sukhatm e e t al. (1987, 1988) identified a gene designated Egr- 

1 . The authors used  a differential screening technique to screen a library  

from  BALB/c 3T3 cells s tim u la te d  w ith  se ru m  in the  p resence  of 

cycloheximide. C lones which preferentially hybridized to cDNA from serum  

and  cyclohexim ide-treated fibroblasts were identified  by com paring them  to 

cD N A  from  quiescent cells. A 3.4-kb transcrip t appeared  u p o n  m itogenic 

stim ula tion  of a varie ty  of cell types, and  was designated  Egr-1. U sing a 

s im ila r d ifferen tia l screening s tra tegy , M ilb rand t (1987) in d ep e n d en tly  

iso la te d  a tra n s c r ip t nam ed  N G F  I - A ,  w h ich  was ac tiv a ted  in  r a t  

pheochrom ocytom a PC12 cells by nerve grow th factor, and is a ra t analog of 

the m ouse Egr-1. The same gene has been independently  cloned by o ther 

groups, using a sim ilar approach: zif268 was cloned from serum -stim ulated  

3T3 fibroblasts from  BALB/c m ice (Lau and N athans, 1987); tis8  w as 

iden tified  as a phorbol-inducible gene in  3T3 cells (Lim e t al., 1987); the



chicken hom olog , ce/5, was cloned as a v-src - inducib le gene from  chicken 

em bryo fibroblasts (Simmons et al., 1989); gene 225 w as identified as a T-cell- 

activated transcrip t (W right et al., 1990), and  Krox24 w as isolated from  serum - 

stim ulated  3T3 cells by  hybridization to  a highly conserved  dom ain  o f the 

Drosophila factor K ruppel (Lemaire e t al., 1988).

Sequence analysis of EGR-1  revealed  that the p ro te in  contains three 

tandem ly repeated  zinc finger m otifs of C2 H 2 type th a t govern the  DNA- 

b ind ing  function  o f th is protein (Sukhatm e e t al., 1988; Lau an d  N athans, 

1987; Lem aire e t al., 1988; Christy e t  al., 1988) (F igure 1.3A). The coding 

sequence o f the  p ro te in  is highly conserved  across species, ind ica ting  the 

im portance of the Egr-1 gene product. C om plem entary  DNAs firom hum an  

(Suggs e t al., 1990), ra t (M ilbrandt, 1987), m ouse (Sukhatm e e t al., 1988; 

Lemaire e t al., 1988; C hristy  et al., 1988), chicken (Sim m ons et al., 1989), and 

zebrafish (D rum m ond e t al., 1994) are highly similar. The p roduct o f the Egr- 

1 gene is a pro tein  o f 80-82 kOa (Cao e t al., 1990). Cell firactionation studies 

and im m unocy tochem istry  dem onstra ted  th a t EGR-1 is localized to  the 

nucleus, w hich  is consistent with its pu tative  D N A -binding function (Cao et 

al., 1990; Day e t al., 1990). Further exam ination of the am ino acid sequence of 

the EGR-1 p ro te in  show ed  it to contain  basic residues clustered in  the  zinc 

fingers and  the adjacent sequence (Figure 1.3B). The am ino-term inal am ino 

a d d s  are rich in  proline and  serine-threonine residues, o rganized  in  stretches 

of tree to five consecu tive  am ino acids. There is o ne  series o f seven 

consecutive serine-th reonine residues, w hich  is fo llow ed by  seven g lydnes 

(Figure 1.3B). The carboxyl term inus of the EGR-1 p ro te in  is also rich  in 

proline and  se rin e /th reo n in e  residues. The regions o f the  pro tein  containing 

proline am ino a d d s  are predicted to lack a-helical secondary  structure, 

whereas the h igh  con ten t of serine an d  threonine residues indicates th a t
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Pbe Pro Cla C la  C la  C ly  Asp Lou Scc  Lou C ly  Thr Pro Asp Cla Lus Pro A a  Cla C ^

Lou Clu Asa Arg %bC C la C la  Pro t f^  Lau tb r  pro Lou t e r  Thr t i e  Ly* Ala Pbe Ala

Z2lC Cla Sec C ly  t o r  C la  Asp Lou Lys Ala Low Asa Tbr Tbr Tvr C la t e r  C la  Lau

Lyt Pro t e r  Arc Kac Arc Lys Tyg Pro Asa Arg Pro t e r  L n  XSiL Pro Prof C is Clu Argi

Pro Tyr Ala^ ÿ ^  Pro V al Clu t o r A s p  Arg Arg Pbo te r  Arg to r  Asp Clu Lou

Argi l s )  H e Arg t l a ^ S ^ t b r  C ly  Cla Lys Pro Pbo C l a A r g  t l o 0 y o ) wec Arg Asaj

Pbe te r  Acg t e r  Asp > £s Lau Tbr t h r ^ Z ^ t lo  Arg Tbc(g £ i)Tbr C ly Clu Lys Pro g o

Ala ̂ y s ) Asp I l a 6 ^ ) c l y  Arg Lys Pbo Ala Acg to r  Asp c lu  Arg Lys Arg ^ i ^ Tbr Lys

Lou Arc C la  Lys Asp Lys Lys Ala As p  Lys t e r  V I  v»l Ala te r  Pro Ala ^ a

te r  te r  Lew t o r  t a r  Tyr Pro to r  Pro Pal Ala Tbr t e r  Tyr Pro te r  Pro Ala tb r  tbr

t e r  Pbe Pro t o r  Pro v a l  Pro Tbr ter  Tyr to r  t e r  Pro CLy ter  tec  Tbr Tyr Pro

Pro Ala His ta r  C ly  Pba Pro to r  Pro to r  Val Ala Tbr Tbr fbe Ala te r  v » l pro Pro

Ala Pbe Pro Tbr C la  Val ta r  to r  Pbo Pro to r  Ala C ly Val ter  tor  tor Pbo te r  Tbr
SN

te c  Tbr Cly Lau t a r  Asp Mac Tbr Ala Tbr Pbo to r  Pro Arg Tbr l i e  Clu t l o  Cys
$31

Figure 1.3 Schematic struc tu re  and  amino a d d  sequence of EGR-1  protein.
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F igu re  1.3 (A) A  diagram  of the functional dom ains o f EGR-1 protein: the 

serine-threonine N -term inal dom ain  is show n in  the hatched box on  the left; 

b lack  bars re p re se n t zinc finger m otifs; the  C -term inal p ro line-serine- 

th reonine dom ain  is designated by a hatched box on  the right. (B) Coding 

sequence of m urine EGR-1. The three zinc finger motifs are enclosed in a box; 

zinc-coordinating cysteine and  histidine residues are circled; serine, threonine 

a n d  ty rosine  re s id u es  in  th e  N -term inal p o rtio n  of th e  sequence are  

underlined  (G ashler & Sukhatm e, 1995).
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EGR-1 may be subject to phosphorylation. Indeed, alkaline phosphatase  was 

show n to convert slow  m igrating form  of EGR-1 to  the faster m igrating  form  

as seen  on  SDS-PAGE (Cao et al., 1990; Day et al., 1990).

F u rther stru c tu re -fu n c tio n  analysis of EGR-1 p ro te in  defined  its  

ac tiva tion , rep re ss io n , DNA b in d in g  and nuc lear lo ca liza tio n  dom ains 

(G ashler et al., 1993), sum m arized  in  a d iagram  in  F igure 1.4. Thus, the  

organization of EGR-1 is m odular in  nature, w hich is characteristic of many 

classical transcription factors. A po ten t activational dom ain w as m apped  to 

the  serine- a n d  th reon ine-rich  am ino  term inal dom ain , u s in g  d e le tio n  

analysis of EGR-1 (Gashler e t al., 1993). These EGR-1 ac tiva tion  sequences 

w ere show n to  be independent dom ains by p lacing them  in  the  context of 

o ther proteins. W hen residues 3-281, or 3-138, o r 138-281 w ere  fused  to the 

D N A -binding do m ain  of the yeast factor GAL4, they activated  transcrip tion  

100-fold as GAL4 fusions (Gashler e t al., 1993). These findings w ere  confirm ed 

by studying  NGFI-A protein, the ra t homolog of EGR-1 (Russo e t al., 1993). A 

w eak  transactivation  dom ain was m apped  by several laboratories to the C- 

term inus of EGR-1: am ino acids 420-533 (Russo e t al., 1993; G ash ler et al., 

1993).

A repression  dom ain of EGR-1 was iden tified  w hen  a sm all in ternal 

deletion  5' to the  zinc-finger dom ain (amino acids 284-330) re su lted  in  alm ost 

5-fold increased transactivation in HeLa cells (Gashler et al., 1993). This w as 

an  unexpected finding. Further experim ents have show n th a t th is repression 

dom ain  is also m odular in  nature, since it could be fused to the  D N A -binding 

dom ain  of GAL4, and  represses transcription 7- to 10-fold (G ashler e t al., 1993). 

T his se rin e /  th reo n in e -rich  d o m a in  is h igh ly  co n serv ed  in  e v o lu tio n  

(D rum m ond e t al., 1994), and is d istinct from repression dom ains of other 

transcriptional regulators, such as the alanine- and  g lydne-rich  repression



Il

sQ P 8 C . T 7 C . f f  T l  I I  K X r A . T Q « a * Q

D L K & L 8 T T Y Q f f Q L C
H S  ) 3 t
K p g R 8 R K T 7 8 R P 8 K T P

}fft
r  O  Q K r  r  Q 

Ifft
T  o  K K p  r  ^

4 1 7  *1»
L K Q K D K K K O K f f V V X f f

ff ft  ff O 8

ft  ff O 8

ft  ft  ff O 8 C ft

I  ft  I

T CI

too

Egr*I amino acids 

200 300 S M S3)
 1 1

 ̂ PWT
"T r

Scr/Thr-rich
rZTE

A c t ir a d o a

Repression

DNA blading

N u d esr localization

s tro n g

m

U l 314

331 413

313 33# 331 413

Figure 1.4 Sum m ary of EGR-1 functional dom ains.

(A) Amino a d d  sequence o f EGR-1 repression dom ain an d  zinc fingers. (B) 

Schematic m ap  o f EGR-1 dom ains (Gashler & Sukhatme, 1995).
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dom ain  in  K ruppel (Licht e t  al., 1990), hydrophobic- an d  proline-rich Even- 

sk ip p e d  rep resso r (H an a n d  M anley, 1993), or p ro lin e - and glycine-rich  

rep resso r o f W TI (M adden e t al., 1993). The fact that 7 o u t of 24 am ino a d d  

residues of the EGR-1 repression  dom ain are serine o r threonine suggests that 

the rep ression  function m ay  be regulated by phosphorylation.

C onsisten t w ith  its  transcrip tional regulatory  function, EGR-1 w as 

show n  to  localize to the n u d e u s  (Cao e t al., 1990; Day e t al., 1990). Generally, 

n u d e a r  localization signals are short stretches of 8 -1 0  am ino adds rich in  basic 

an d  p ro line  residues (Silver e t al., 1984). In EGR-1, the  only regions rich  in 

basic residues are the three zinc finger region and the adjacent stretch of basic 

am ino  a d d s , suggesting th a t the n u d e a r localization signal resides in  those 

sequences. U sing a series o f deletion m utants of EGR-1 along w ith subcellular 

fractionation and  W estern b lo t analysis, am ino adds 315 to 429 were show n to 

be im portan t for proper targeting to the nudeus (Day e t al., 1990). H ow ever, 

the zinc finger region a lone (amino a d d s  331 to 419) w as not sufficient for 

n u d e a r  localization of the  protein. The basic sequence 5' to the zinc finger 

dom ain  (am ino a d d s  315 to  330) was also required for nuclear targeting (Day 

e t al., 1990). Thus, EGR-1 has a b ipartate  nuclear localization signal, the 

largest portion  of which coinddes w ith the DNA-binding domain.

1.1.4 D N A -b ind ing  function of EGR-1

The DNA sequence to which EGR-1 binds was initially identified based 

on  th e  assu m p tio n  th a t EGR-1 regulates its ow n expression  a n d  m ight, 

therefore, b ind  to the 5' upstream  flanking sequence of the Egr-1 gene (Christy 

an d  N a th an s , 1989). U sin g  bacterially expressed EGR-1 protein , sp ed fic  

b in d in g  to one prom oter fragm ent was observed in  gel mobility sh ift assays 

(C hristy  and  N athans, 1989). This b inding  site was located w ithin 650 base
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pa irs  5’ to  the transcrip tion  s ta rt site  of Egr-1. D N ase-I fo o tp r in tin g  

experim ents identified the sites of contact in the  Egr-1 prom oter b ind ing  

sequence, as well as a num ber of sites 5' to other genes (Christy and N athans, 

1989). These sequences, taken together, were u sed  to establish a consensus 

high-affinity binding site sequence GCG-G/TGG-GCG. Further m éthylation 

interference experim ents indicated tha t EGR-1 m akes extensive contacts along 

this sequence (Christy and  Nathans, 1989).

EGR-1 is the first C2H 2 zinc finger protein for w hich a high resolution 

structu re  w as obtained. The structure of the complex consisting of the cloned 

three zinc finger pep tide  and the 12-bp DNA con tain ing  the specific 9-bp 

sequence has been so lved  at 2.1-Â resolution (Pavletich  and  Pabo, 1991) 

(Figure 1.5). The structural inform ation obtained in  this study  served  as a 

topological blueprint for other m em bers of the zinc finger family. This EGR-1 

- DN A  complex was recently refined a t 1.6 Â (Elrod-Erickson et al., 1996). The 

new  structure  confirms all the basic features of the 2 .1  Â model, and  reveals 

additional critical details of the complex.

The crystal struc tu res show th a t the three fingers w rap a ro u n d  the 

double helix, describing a C shape (Figure 1.6). The overall alignm ent of the 

fingers on  the DNA is antiparallel (finger 1 binds near the 3' end, and  finger 3 

b inds near the 5’ end of the 5 -GCGTGGGCG-3' consensus binding site). [The 

m ode of TFIUA - DNA interaction is also an tipara lle l, w ith  m ost of the 

contacts involving the guanine-rich strand  of the DNA (Smith e t al., 1984; 

V rana e t al., 1988)]. The a-helices o f the zinc fingers are tipped a t ca.45° 

relative to the plane of the base pairs; therefore, they  are only approxim ately 

a ligned  w ith  the m ajor groove. The N-term inal e n d  of each a-helix  m akes 

specific contacts w ith the base pairs, each helix in teracting prim arily w ith  the 

3-bp subset of the 9-bp consensus binding site.
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Figure 1.5 Sequence of the EGR-1 zinc finger peptide and of the DNA binding 

site used in cocrystallization. (A) Sequences of the three zinc fingers are 

aligned by conserved residues an d  secondary structure elements, a-helices 

are enclosed in boxes, and P-sheets are indicated by arrows. The conserved 

cysteine and histidine residues are  highlighted in  bold. (B) Sequence of the 

duplex oligonucleotide used in cocrystallization (Pavletich & Pabo, 1991).
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F in g er  J COOH

Hnger 1

Figure L 6 The overall arrangem ent of the three zinc fingers o f EGR-1 in the 

m ajor groove of DN A  (Pavletich & Pabo, 1991).
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The N -term inal s trand  of each P-sheet makes no contact w ith  DNA, 

w hile  the  m ore C -term inal s trand  contacts the sugar-phosphate  backbone 

a long  one DNA strand . The am ino acid side chains directly  involved in 

contacts w ith  the DNA bases lie at a-helical positions -1, 2 ,3 , and  6  (num bered 

relative to the first residue in  each a-helix). Base specific contacts identified 

in  the original crystal structure are prim arily hydrogen bonds w ith  the G-rich 

strand  of the DNA (Figure 1.7). The higher resolution structure provides a 

m ore detailed  view  of the EGR-l-DNA interface w ith m ore direct and  water- 

m ed ia ted  contacts. The sum m ary of direct base and  phosphate  contacts is 

sh o w n  in  Figure 1.8. W ater-m ediated and van der W aals contacts to  bases 

and  phosphates are sum m arized in  Figure 1.9.

M any features of this complex were correctly predicted  by sequence 

ana ly ses an d  m u ta tio n a l s tud ies  (N ardelli et al., 1991). S ite-d irected  

m utagenesis experim ents w ith  DN A-binding dom ains of Krox-20 and  Spl 

p ro teins substitu ted  the nonhom ologous amino acids in  the recognition a -  

helices and  resulted  in  interconversion of the specificity of the m u tan t finger 

(N ardelli e t al., 1991). Thus, even prior to the solution of the EGR-1 crystal 

structure, some of the base-contacting positions had already been identified.

Fingers 1 and 3 have identical residues at positions -1, 2, 3 and  6  of the 

a-helix: R, D, E, R, w hereas finger 2 has R, D, H, and  T at the corresponding 

positions. Fingers 1 and  3 m ake two prim ary contacts to the guanines of the 

GCG subsite using the guanidinium  group of the arginines to hydrogen bond 

w ith  the  N 7 and  0 6  of the guanines in  each subsite (Figure l.lO A). The 

in teraction  of arginine w ith  guanine was predicted to p lay  an  im portan t role 

in  sequence-spec ific  reco g n itio n  based  on  its u n iq u e  stereochem ical 

com plem entarity  (Seeman e t al., 1976). Indeed, these contacts are  the m ost 

p rom inen t ones in  the EGR-1 - DNA complex. These arginines also interact
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Ffnaer 3
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Arg 46
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Arg 24

Figure 1.7 Sketch sum m arizing the principal amino add-base contacts as seen 

in the original EGR-1 X-ray structure (Pavletich & Pabo, 1991).
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Finger 3

( ,61 Arg 8 0

His 53

|( ,2 ) Asp 76 N ^ r g  T i

A n g er 2

Arg 42 -— ■
His 2 5 .

S a r4 5  

(+3) His 49

|( * 2 ) A s p ^ - ( - l )A f g

R n g e r l

(♦6) Arg 24

) (|(» 2 )A sp 2 0 -( -l)A /g  1g

(Finger 3)

Figure 1.8 Sum m ary o f direct base a n d  phosphate contacts in EGR-l-DNA 

complex. The num bers in  paren thesis in  front of am ino  acids a re  their 

positions w ith in  a-helices. Boxes ind icate  coupled res idue  pairs. A rrow s 

indicate hydrogen bonds; do tted  a rro w s represent b o n d s w ith m arg inal 

geom etry (derived from  Elrod-Erickson e t  al., 1996).
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Figure 1.9 Sum m ary o f w ater-m ediated an d  vsm der Waals contacts to bases 

and phosphates in EGR-1 - DNA complex. The num bers in parenthesis in 

front of am ino a d d s  a re  their positions w ithin  a -h e lices . Boxes indicate 

coupled residue  pairs. A rrow s indicate w ater-m ediated contacts. Small 

num bers show n over the  arrow s indicate  the num ber of w ater-m ediated  

bonds. Dotted arrow s represen t van der W aals contacts.
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Figure 1.10 D raw ings of am ino add-base pair contacts o f the EGR-1-DNA 

complex: (A) D rawing of the Asp-Arg-guanine interaction that occurs in all 

three zinc fingers; (B) D raw ing of the Arg-guanine interaction that is present 

in fingers 1 and  3; (C) D raw ing of the His-guanine interaction seen in finger 2 

(Pavletich & Pabo, 1991).
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w ith an aspartic  ad d , w hich  is the second residue w ith in  each a-helix . The 

carboxylate oxygens of the aspartic a d d  make hydrogen bond-salt b ridges with 

the Ne and N t] of the guanid in ium  group of the arginines th a t a re  already 

bound to the first G of each subsite, thus stabilizing the interaction of the long 

arginine side chain w ith the base (Figure l.lOB). Finger two uses a n  arginine 

and a histidine to contact the guanines of the m iddle base pair subsite TGG. A 

histidine-guanine interaction that occurs in  finger 2 is show n in  Figure I.IOC.

The new  1.6 Â structu re  helps explain the roles of the aspartic  a d d  

residues at position 2 of the recognition helices. The crystal struc tu re  shows 

that the A rg -1 /A sp2 residue pairs make w ater-m ediated  contacts w ith  the 

cytosine w hich  is base pa ired  to the guanine contacted by Arg -1 (as well as 

w ith the phosphate on the 5' side of this guanine). These contacts are seen in 

all three zinc fingers. In  fingers one and three, these aspartates also make 

w ater-m ediated contacts w ith  the neighboring base 5' of the critical guanine. 

For instance. Asp +2 in  finger 1 makes a w ater-m ediated contact w ith  cytosine 

9, and an analogous contact is made by Asp +2 of finger 3 to the N4 o f cytosine 

3 (Figure 1.9). The crystal structure shows tha t Asp +2 of finger 2 clearly 

contacts cytosine 8 ', and tentatively suggests that Asp +2 residues firom fingers 

1 and 3 form s weak interactions w ith a base positioned outside the  canonical 

triplet on the secondary, C-rich strand of the DNA (Figure 1.8). In the  original 

X-ray structure one of the oxygens of the aspartic a d d  w as show n to  be w ithin 

hydrogen bonding distance to a neighboring base on  the parallel, C-rich strand 

of the DNA. However, since the H -bonding geom etry was no t ideal, these 

contacts w ere presum ed un im portan t for recognition (Pavletich an d  Pabo, 

1991). M ore favorable geom etries w ere observed in  the refined  structure 

(Elrod-Erickson e t al., 1996). For example, w hen A rg -1 of finger 3 contacts G4 , 

this in teraction  is stabilized by Asp +2 of the sam e finger, w h ich  in  tu rn
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contacts As* (the com plem entary base to T5 on  the opposite  strand ) (Figure 

1.8). Such contact was clearly dem onstrated for finger 2 (A sp48 in teracting 

w ith  Cg ). The co rrespond ing  interactions for fingers 1 a n d  3 had  less 

favorable stereochem istry.

There are  several p ieces of evidence suggesting  th a t  th is  con tact 

con tribu tes to  recognition in  o ther zinc finger p ro te ins. In  the  cocrystal 

s truc tu re  of the  Drosophila regulatory  pro tein  Tram track com plexed  w ith  its 

D N A  the hom ologous aspartic acid in the second zinc finger w as show n to 

m ake direct hydrogen  bonds w ith  the secondary DNA s tra n d  (Fairall e t al., 

1993). Replacem ent of the aspartic acid by alanine in the second  zinc finger of 

the  S. cerevisiae ADRl p ro te in  resulted in  significant re d u c tio n  o f p ro te in  

b ind ing  to its cognate site (Thukral e t al., 1991; Thukral et al., 1992).

Several biochemical stud ies also propose the in teraction  of A sp +2 w ith  

the  parallel s tran d  of the DNA. Zinc finger phage d isp lay  selection studies 

p rov ided  original support for this interaction. The technique o f phage display 

m akes use o f the expression  of zinc finger regions th a t  carry  partia lly  

ran d o m ized  recognition helices as part of a phage coat p ro te in . By th en  

allow ing the phage carrying zinc finger peptides on its su rface  to equilibrate 

w ith  a target DNA sequence, i t  is possible to isolate and  am plify  the specific 

zinc finger proteins that recognize desired DNA target sites. In  the study by 

C hoo  and  K lug (1994a) the sequence of the m iddle f in g er of EGR-1 w as 

random ized  to  test new  b ind ing  specificities. Strikingly, in  a lm ost all of the 

selected fingers in  w hich arg in ine interacts w ith  the 3' gu an in e , aspartic  acid 

w as selected a t position +2. W hen position -1 w as not arg in ine, aspartic  a d d  

a t  position  +2 w as practically never selected. This suggests th a t the aspartic 

a d d  residue + 2  plays an im portan t role in  contributing to the  sp e d f id ty  of the 

p ro te in -D N A  com plex. T his resu lt also em phasizes th e  im portance  o f
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a rg in in e  in  conferring D N A -binding ability. In  ou r study  o f  D enys-D rash 

W TI p ro te in  m u tan ts the substitu tion  of a rg in ine  for a try p to p h a n  w as 

de trim en ta l to DNA-binding activity (Borel e t al-, 1996). In a com plem entary 

s tu d y  by  Choo and  Klug (1994b), a bias toward G or T at the 3 rd  position of the 

recognition  subsites w as dem onstrated, and it w as concluded th a t the am ino 

a d d  a t position + 2  w as able to m odulate the sp e d fid ty  of the  am ino a d d  at 

o th e r positions. Thus, it was proposed th a t A sp  +2 m akes a cross-strand 

contact. Sw irnoff and  M ilbrandt (1995) carried o u t  b inding s ite  selections to 

derive  the  high-affinity consensus binding site for EGR-1  fam ily  o f proteins. 

T h e ir find ings su p p o rt the im portance  of a sp artic  ac id  fo r sequence 

recogn ition  by EGR-1 protein fam ily m em bers. The au th o rs  no ted  a very 

s tro n g  selection for thym ine at position 5 and  less frequently  for guanine, 

w h ile  ad en in e  or cytosine w ere  never se lec ted . Both A an d  C, the 

com plem entary  bases to  T or G a t position 5 have hydrogen  bond  donor 

g ro u p s (N 6  and N4) that can interact w ith the carboxylate oxygen of Asp +2. 

T hese resu lts su p p o rt the idea th a t the h y d ro g en  bond p o ten tia l on the 

secondary  DNA stran d  contributes to recognition. A nother im plication of 

these findings is tha t a single zinc finger can actually  specify no t 3 bp, as 

o rig inally  proposed, bu t 4 bp DNA sites, and  these binding sites overlap by 

one base  pair. Recently published w ork by Isalan, e t al. (1997) dem onstrates 

that EGR-1-hke zinc fingers can, in  fact, specify overlapping, 4-bp subsites. In 

this s tu d y , the th ird  zinc finger of EGR-1 protein  w as m odified to rem ove the 

fin g er 's  po ten tia l for DNA interactions. N orm ally , the th ird  zinc finger 

in teracts w ith  the first triplet of the EGR-1 consensus sequence. How ever, as a 

resu lt o f finger three alterations, changes were observed in  th e  5’ position of 

the m id d le  trip let of the DNA b ind ing  site. T hus, deleting th e  contact from 

finger 3 affects the specificity for the  5' base of the  binding site  of finger 2.
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Further selection an d  gel m obility  shift experim ents po in ted  to  the sam e 

conclusion (Isalan e t al., 1997). Thus, the potential of zinc fingers to  specify 

overlapping, 4-bp subsites was dem onstrated, and  the role of aspartic acid at 

helical position 2 w as em phasized. The specificity of each recognition subsite 

is, therefore, m ediated  by tw o adjacent fingers th a t are synergistic in their 

m ode o f binding. This has led the authors to redefine the b ind ing  subsites for 

each zinc finger, and  the new schem atic d iagram  of recognition is show n in 

Figure 1.11.

The roles of the third a-helical residues are also refined in  the 1 .6  Â 

structure (Elrod-Erickson et al., 1996). The role of His49 (the th ird  residue in 

finger 2 a-helix) w as previously discussed in the original EGR-1 crystal 

structure (Pavletich and  Pabo, 1991). This residue w as previously  show n to 

make a direct hydrogen bond to N 7 of guanine 6 . In  the new  structure, this 

histidine m ay be contacting 0 6  of the guanine instead. In addition , His49 also 

m akes a series of van  der W aals interactions w ith  the m ethy l g roup  of 

thym ine  5. The significance o f the h istid ine-thym ine  in te rac tio n  w as 

dem onstrated  by Sw irnoff and M ilbrandt (1995) in  their b inding site selection 

experim ents. Thus, histidine contributes to the  recognition of tw o bases on  

the G -rich DNA strand.

G lutam ic acid residues w hich  occur a t  a -h e lica l p o sitio n  three of 

fingers 1 and  3 were suggested to contribute to specificity because biochemical 

site selection and b ind ing  studies all show a preference for cytosine at the 

center o f triplets recognized by fingers one an d  th ree  (Christy an d  N athans, 

1989; Jam ieson e t al., 1994; Swirnoff & M ilbrandt, 1995). As revealed in the 

refined crystal structure, the carboxylate groups of Glu21 and  Glu77 do not 

make any base-specific contacts. However, the side chains of these glutam ates 

do hydrogen  bond to the backbone amides of the arginines im m ediately
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Figure 1 .1 1  Schematic diagram  of EGR-I zinc fingers in teracting with the 

proposed overlapping, 4-bp DNA subsites (Isalan e t al., 1997).
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p reced ing  the a  helix (ArglS in  finger 1, a n d  Arg74 in  finger 3). Glu21 can 

also  hydrogen  b o n d  to the backbone am ide  of S erl7 , w hile G lu77 m akes a 

co rrespond ing  contact to Ala73. In ad d ition , these glutam ic acid  residues 

m ake  van  der W aals contacts to  the edge o f  the  co rrespond ing  cytosines. 

These contributions, albeit m odest, may p lay  a role in  favoring cytosines over 

o ther bases. A nother good observation w as m ade by  N ardelli e t al. (1992) and 

Sw im off & M ilbrandt (1995): the reason for cytosines and not guanines in the 

m id d le  of trip le t 1 and  3 m ig h t be an  electrostatic  repu lsion  betw een the 

carboxylate oxygens of the glutam ates and  the  0 6  and  N7 g roups of guanines. 

C y tosines do  n o t have e ither of these g ro u p s, an d , therefo re , are better 

to lerated  at these positions.

A  num ber of w ater-m ediated  contacts w ere detected a t the  protein- 

D N A  interface th a t were not seen  in  the o rig inal X-ray structu re . They are 

su m m arized  in  F igure 1.9. A  set of contacts w ith  the su g ar-p h o sp h a te  

backbone of the DNA is also detected in the X-ray structure, an d  m ost of these 

are  m ade to the G -rich strand of the consensus site (Figure 1.8). Each finger 

u ses an  arginine in  the second P-strand  a n d  the  first z in c -co o rd in a tin g  

h is tid in e  to contact phosphodiester oxygens. These contacts include one 

u n u su a l a rrangem en t in w h ich  the im idazo le  r in g  of the f irs t h istid ine, 

in v o lv e d  in  z in c  c o o rd in a tio n  th ro u g h  N £ , m akes co n tac ts  to the 

p hosphod ieste r oxygens th ro u g h  Ny (Figure 1.12). Since zinc coordinating 

h istid ines are conserved in all zinc fingers, it is possible that they  all use these 

types of contacts. The 1.6 Â structure revealed  additional, n u m erous w ater- 

m ed ia ted  phosphate  contacts. They are sum m arized  in  F igure  1.9. Serine 

res id u es  that occur a t position  1 of the a  helices all p ro v id e  phosphate  

contacts: Ser75 (in  finger 3) m akes a h yd rogen  bond  to p h ospha te  7', w hile 

Ser47 (in finger 2) m akes a w ater-m ediated contact w ith  phosphate  9'.
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DNA
H

Figure  1 .1 2  Schematic rep resen tation  of hydrogen  bonding betw een Zn- 

coordinated h istid ine and DNA backbone (O 'Halloran, 1993).
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Sim ilarly, Serl9  (in finger 1) m akes a w ater-m ediated  contact w ith  0 5 ’ of 

thym ine in  position 1 2 ’. Other residues also contribute to the netw ork  of 

w ater-m ediated  phosphate  contacts, nam ely Serl7  m akes a w ater-m ediated 

contact to the 5’ phosphate  of base 9; Arg78 (the fou rth  a-helical residue in  

finger 3) m akes a w ater-m ediated  contact w ith  phosphate  7’; a n d  Thr23 

(residue 5 in  the helix of finger 1) contacts the 0 5 ’ of base 12’. In addition, the 

conserved lysines th a t occur in the linker region betw een the zinc fingers also 

make several w ater-m ediated contacts: Lys33 (located betw een fingers 1 and 2) 

makes a pa ir of water-m ediated contacts to the 5’ phosphate of base 5; Lys61 

(located betw een fingers 2 and 3) m akes an  analogous w ater-m ediated contact 

w ith the 5’ phosphate of base 2. A n analogous phosphate  contact involving 

lysine residue w as described for D N A -binding peptide of I'b lilA  (Chop and 

Klug, 1993). M utation of this residue in  TFIIIA reduces its affinity for DNA by 

about sevenfold.

The im portan t role of the linker sequences w as pointed o u t in  the 

study by W ilson e t al. (1992). The authors used a reversion-based analysis of 

D N A -binding dom ains: they constructed a chimeric p ro tein  containing the 

D N A -binding dom ain  of EGR-1 inserted  betw een the LexA D N A -binding 

dom ain and  the GAL4 transcriptional activating dom ain (LAG). This dim eric 

protein w hen expressed in  yeast resulted in  retardation o f their grow th, while 

a dim eric pro tein  containing only the LexA and GAL4 dom ains acted as an 

activator. Some yeast cells harbouring LAG eventually reverted to w ild-type 

g row th  by  inac tiva tion  of LAG. Those rev ertan ts  w ere analy sed  for 

m utations in  LAG, w hich  all m apped to the EGR-1 zinc finger D N A -binding 

dom ain. The m ajority  of the m utations w ere found to  comprise the DNA- 

contacting am ino a d d s  identified in  the crystal structure, while several of the 

m utations lay in  the linker regions o f the zinc fingers. The m utation  of the
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two lysines in the linker regions w as disruptive, a n d  the  au thors proposed 

that the  rem oval o f the  positive  charge im p a rted  by  the ly s in es  may 

destabilize the tertiary structure of the protein. Secondly, it was no ted  that the 

two linker regions w ere  no t equally  sensitive to m utation : the second linker 

was m u ta ted  seventeen tim es w hereas the first w as a ltered  only th ree  times, 

suggesting that the linkers may n o t p lay  identical ro les in  o rienting  the  zinc 

fingers.

Finally, the role o f D N A  conform ation was ad d ressed  in the  recent X- 

ray s tu d y  (E lrod-E rickson et a l., 1996). It is w e ll know n th a t  D N A  

conform ation either before or subsequent to  protein b ind ing  is an  im portan t 

determ inant of sequence-specific recognition (Steitz, 1993). Thus, stretches of 

A /T  residues in the b ind ing  sites of the zinc finger p ro te ins T ram track  and 

M IGl are  required for recognition (Fairall et al., 1993; L undin e t al., 1994). 

While there was no bend ing  detected in  the crystal struc tu res of EGR-1-D N A  

complex, circular d ichroism  studies show  a striking difference occurring  in 

the EGR-1 binding site depending o n  the presence o r absence of the  protein 

(E lrod-Erickson e t al., 1996). T his suggests th a t EGR-1 D N A  changes 

conform ation  upon  com plex form ation . The D N A  also adop ts  a novel 

conform ation, both w ide  and  deep, tha t has been described  as B e n ia r g e d  g r o o v e  

-D N A . The binding sites in  Tram track and  GLI have been  show n to ad o p t the 

same conform ation  (Fairall e t al., 1993; N ekludova & Pabo, 1994). The 

significance of this Beniarged groove"DNA conform ation w as not clear un til the 

m odeling  studies show ed  that the  observed in te rfinger contacts a n d  the 

linker leng th  w ould n o t allow bind ing  to canonical B -D N A  (Elrod-Erickson et 

al., 1996).

T he original crystal struc tu re  of EGR-1 com plex (Pavletich & Pabo, 

1991) gave an initial v iew  of zinc finger-DN A interactions. The new , refined
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EGR-1 - DNA stru c tu re  (Elrod-Erickson et ai., 1996) revealed considerable 

add itiona l com plexity, and changed  the w idely he ld  percep tion  tha t EGR-1 

uses a simple recognition schem e in  its interaction w ith DNA.

1.1.5 Structures o f o th e r zinc finger-D N A  complexes

The elucidation of high resolution structures of less closely related zinc 

finger proteins - the  hum an oncogene GLI (Pavletich & Pabo, 1993) and  the 

D rosophila  reg u la to ry  p ro tein  T ram track (Fairall et al., 1993) p ro v id e  a 

b roader perspective o n  the issue of specificity of zinc finger-DNA interactions. 

The hum an  oncogene protein GLI contains five zinc fingers, a n d  has been  

cocrystallized  w ith  the sequence of DNA d eriv ed  from  in vitro genom ic 

selection studies (since the physiologically relevant GLI-binding sites are no t 

ye t know n) (Figure 1.13). The com parison of GLI-DNA com plex w ith  the 

o r ig in a l EGR-1-DNA s tru c tu re  h ad  revea led  m ore d iffe ren ces  th a n  

sim ilarities. H ow ever, w ith the elucidation of the refined, 1.6Â structu re  of 

the EGR-l-DNA com plex, m ore sim ilarities be tw een  the tw o pro tein-D N A  

com plexes became apparent. The overall structure of the GLI-DNA com plex 

show s tha t fingers 2 to 5 are arranged  similar to the EGR-1 fingers, w rapp ing  

a ro u n d  the DNA w ith  the N -term inal portion of their a -helices fitting  in to  

the  D N A  major groove. The difference betw een the  two com plexes is that, 

surprisingly, finger 1 of GLI does n o t make any contacts w ith the DNA a t all 

(F igure 1.14). F ingers 2 and  3 b ind  a section o f the DNA largely  non- 

specifically, contacting the DNA backbone, w ith finger 2 p rov id ing  the only  

base  contact in  th is region. O n  the other hand , fingers 4 an d  5 do b ind  a 

conserved 9-bp reg ion  of the site in  a sequence-specific m anner. These fingers 

a re  m ost im portan t for recognition. In EGR-1, all fingers m ake generally  

sim ilar contributions to sequence-specific recognition. A lignm ent of the zinc
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Figure 1.13 Sequences of the GLI zinc finger domain and the DNA-binding 
site used  for cocrystallization. (A) The five zinc fingers of GLI are aligned to 
show  the conserved am ino a d d  residues and  secondary structure elements. 
The position of a-helices is underlined, an d  ^-sheets are indicated by zig-zag 
lines. O pen boxes highlight residues that make base contacts in  the crystal 
structure , and open circles indicate residues that make phosphate contacts. 
Sym bols below the GLI sequence indicate the corresponding positions o f side 
chain-base contacts (filled boxes) and side chain-phosphate contacts (filled 
d rd e s )  that were observed in EGR-1 complex. (B) DNA duplex used in 
cocrystallization (Pavletich and Pabo, 1993).
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Figure 1.14 Soetch sum m arizing base and phosphate contacts made by the GLI 
peptide. Solid arrow s indicate base contacts and dotted arrows indicate 
phosphate contacts (Pavletich & Pabo, 1991).
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finger sequences of GLI and  EGR-1 show ed a clear co rre la tion  betw een the 

positions o f the  base contacting residues in  the  two p ro teins. H ow ever, the  

m ode  of dock ing  zinc fingers against D N A  show s d ifferences, w hich  are 

reflected  in  the  d ifferent p a tte rn  of am ino  acid-base in te rac tions a t the  

p ro te in -D N A  interface. D espite the fact th a t GLI a n d  EGR-1 belong  to 

d ifferent subfam ilies, w ith very  little am ino a d d  sim ilarity in  the  zinc finger 

region, a n d  d ifferen t DNA sequences to w hich  they b in d , the  tw o pro teins 

have  the fo llow ing  features of the protein-D N A  com plex in  com m on: (1) 

each  pro tein  contacts prim arily  four bases in  each subsite, an d  these subsites 

can overlap; (2) four amino a d d s  in the a  helix are usually  involved in  these 

contacts; (3) b o th  proteins contact bases on  bo th  DNA stran d s, except that the 

m ajority of EGR-1 contacts involve prim ary, G-rich strand  o f the DNA, w hile 

GLI contacts are more evenly distributed betw een the tw o  strands; (4) in  bo th  

complexes the  DNA assumes a conform ation that is in term ediate  betw een A- 

and  B-form; (5) the DNA-contacting residues of EGR-1 fall a t positions -1, 2, 3, 

a n d  6 of th e  a -h e lix , GLI a lso  uses th e  D N A -co n tac tin g  re s id u e s  

co rresp o n d in g  to  positions -1, 2, 3, and  6. In  GLI, h o w ev er, add itional 

residues of the a-helix  make spedfic  contacts, in d u d in g  positions 1 and  5. 

W hile GLI fingers m ake some use of the p rim ary  contacts identified  in EGR-1, 

several of these interactions are unique in term s of the subsite  position of the 

base contacted, the strand contacted, and the nature of the sidechain-base 

in teraction .

The s truc tu re  of a tw o zinc finger p ro te in  T ram track com plexed w ith  

its recognition DNA sequence shows m any sim ilarities w ith  the EGR-l-DNA 

complex. The contacts betw een Tram track and  its DNA are  sum m arized  in  

Figure 1.15. A com parison o f base-specific contacts fo rm ed  by  EGR-1 and  

Tram track pro teins is diagram m ed in Figure 1.16. The follow ing features of
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F igure  1.15 The sum m ary  of Tramtrack-DNA contacts (Fairall e t ai., 1993). 

The sequence of the DNA used for crystallization is shown in the  top right of 

the figure. The details of the protein-DNA contacts are discussed in the text.
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Figure 1.16 Schematic sum m ary  of the principal protein-D N A  contacts 

observed in the cocrystal structures of the EGR-1 and Tramtrack. Residues are 

num bered  relative to their position in  the a  helix. A rrow s rep resen t 

hydrogen bonds observed in  the respective crystal structure (Choo & Klug, 

1997).
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the  Tram track-DNA structure are similar to those of EGR-1: (1) bo th  fingers of 

T ram track use the N -term inus of their a-helices to contact specific bases in 

the  DNA m ajor groove; (2) the majority of contacts are m ade to one  DNA 

strand ; (3) the b ind ing  sites for the adjoining fingers overlap; (4) a -h e l ic a l  

positions -I , 2 ,3 , and  6  are used to make base-specific contacts, w hich coincide 

w ith  the sam e residue positions in  EGR-1 complex; (5) finger 2 m akes very 

sim ilar base and  phosphate contacts to those of EGR-1 fingers. F inger 2 in 

bo th  proteins uses an  arginine a t position -1 for contacting guanine. The use 

of position  2 in  finger 2 observed in the Tram track cocrystal s tru c tu re  is 

equ iva len t to the contact seen in  finger 2 of EGR-1. In  both p ro te in s, an 

aspartic  acid  residue at this position accepts two hydrogen  bonds from  an 

arginine and  m akes an optim al hydrogen bond to a cytosine on  the opposite 

D N A  strand . The crystal struc tu ra l data  of the T ram track  com plex also 

illustra ted  novel features. Thus, finger 1 o f Tram track has an  add itional 3 

strand , w hich doesn 't make contacts to DNA, bu t is probably required  for the 

overall stability of finger 1. The pattern of amino ac id /b ase  contacts in  finger 

1 differs from  those seen in  finger 2 and in  all three fingers of EGR-1: the 

h istid ine  a t position  -1  does no t make a base-specific contact; in stead , it 

contacts a phosphate; a short serine sidechain a t position 2  contacts a thym ine 

(this is facilitated by the DNA bending), whereas in zinc fingers 1 an d  3 of 

E G R -lanalogous contacts involve aspartates hydrogen bonding  to adenine 

bases on  the opposite strand of the DNA. Curiously, about 50 % of zinc finger 

sequences have a serine residue conserved a t this position (Fairall e t al., 1993). 

Overall, although differing in some of the exact contacts, there is a rem arkable 

concordance betw een the two structures.

Recently, the struc tu re  of a designed zinc finger p ro te in  b o u n d  to 

consensus DNA sequence has been solved (Kim & Berg, 1996). The overall
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m ode of binding resem bles tha t o f EGR-1, w ith  m ost o f the  am ino add-base  

contacts occurring as predicted. Finally, the cocrystal structure  of the four zinc 

finger protein  YYl (Ying-Yang 1) com plexed w ith  a 20-bp adeno-assodated  

v irus P5 initiator has been reported  (Houbaviy e t al., 1996). YYl is a  hum an 

G L I-related  p ro te in  capable o f su p p o rtin g  specific  in itia tio n  o f  m RNA 

p ro d u c tio n  (H oubaviy  et al., 1996). A d iag ra m  sum m ariz ing  YYl-D NA 

interactions is show n in  Figure 1.17. All four fingers o f YYl bind in  th e  major 

groove, w ith fingers 2 to 4 m aking m ultiple contacts w ith  DNA. F inger 1, in 

contrast, contacts only one base. YYl uses sim ilar a-he lical positions w ith in  

the  fingers as those used by EGR-1, GLI, an d  T ram track  for m ak ing  base- 

specific contacts: -1, 2, 3, and 6  (Figure 1.18 A). A  schem atic com parison of the 

DNA contacts m ade by EGR-1, GLI, and YYl is show n  in  Figure 1.18 B. An 

u n u su a l feature of the YYl-DNA complex is the  a b ru p t strand  sw itching, 

w hich  is p roposed  to play an  essential role in  estab lish ing  the p o la rity  of 

transcrip tion  from  the initiator elem ent. The d is trib u tio n  of DNA contacts is 

a lm ost even betw een the two stran d s of DN A (tem plate  and  non-tem plate) 

until the strand sw itch occurs in  the m iddle o f the  b ind ing  site, a t AlO - T31 

an d  T i l  - A30 base pairs (Figure 1.17). F rom  AlO to A17, the rem aining  

interactions are m ade to the tem plate strand w ith  only one contact involving 

the nontem plate s tran d  (Figure 1.17). The m echan ism  of strand  sw itching 

w as observed in  o ther zinc finger - DNA complexes, b u t no t to the sam e 

ex ten t as seen in  YYl protein  - DN A complex. In  co n d u sio n , th is  crystal 

structure reveals EGR-1 - like b ind ing  by fingers 3 and  4, w hile finger 1 mainly 

m akes phosphate contacts, bu t on ly  one contact to a DN A base, an d  finger 2 

uses an  unusual lysine - g u an in e  contact fro m  p o sitio n  3 (F igure 1.17). 

O verall, the YYl illustrates new  versatility o f the  zinc finger D N A  binding  

m otif.
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Figure 1.17 Schem atic represen tation  of the  YYl-DNA interactions. The 

tem plate strand is labeled T .  Protein-DNA contacts are denoted w ith arrow s 

(Houbaviy et al., 1996). The details of the complex are discussed in  the tex t
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Figure 1.18 C om parison of YYl w ith  other zinc finger structures. (A) Amino 

acid sequence of YYl. The zinc fingers are aligned by their zinc-coordinating 

residues. The YYl contacts are indicated as follows: • , backbone contact; +, 

base contact, =, touches both base and  backbone. These contacts are also 

presented w ith  those seen in the structures of EGR-1 (Z1-Z3), GLI (G2-G5), and 

Tram track (T l, T2). (B) Schematic comparisons of the DNA contacts m ade by 

EGR-1, GLI, and  YYl. DNA bases and  backbone are represented by rectangles 

and circles, respectively. Hatched rectangles and solid  circles denote sites of 

protein contact (H oubaviy et al., 1996).
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1.1.6 Studies toward a zinc finger recognition code

The recognition  principals deduced  from the  o rig ina l EGR-1 crystal 

structure  p rom p ted  researchers to apply  the  recognition ru les o f EGR-1 to  

other C2H 2  proteins, such  as S p l transcription factor, the  m am m alian  W ilms' 

tum or p ro te in  (H aber and  Backler, 1992), Xenopus tran scrip tion  factor UIA, 

the yeast M IG l repressor (Nehlin and Ronne, 1990) an d  others. C om parison  

of the sequences of m ore than  100 0  zinc finger m otifs has show n th a t am ino 

ad d s in  positions involved in  direct base pair contacts in  EGR-1 com plex are 

particu larly  variable in  the other zinc fingers (Jacobs, 1992). O bservations 

such as these  seem  to indicate that EGR-1 and a t least its close relatives 

recognize DNA in  a sim ilar m anner. This raised an  e x d tin g  possibility  of 

p red ic ting  DNA b in d in g  sites for p ro te ins w ith  u n k n o w n  sp ed fic ity , or 

creating new  proteins designed to recognize specific DNA sequences. This, in  

turn, cou ld  open new  opportunities for bo th  the study  of gene regu la tion  and 

de novo design  of p ro te ins w ith  preprogram m ed sp e d f id tie s  for therapeu tic  

use.

In d e e d , such  ideas have  been developed  in  m u ta tio n a l s tu d ies  

involv ing  the  con tact residues, some o f w hich re su lte d  in  p ro te in s  w ith  

changed D N A  b ind ing  sped fid ties (N ardelli et al., 1991; Desjarlais an d  Berg, 

1992). Desjarlais an d  Berg designed several po lypep tides o f the S p l DNA- 

binding dom ain  tha t w ere m ade up of fingers of know n sp e d fid ty , an d  every 

po lypep tide  d isp layed  essentially the expected sequence p reference. The 

observed "recognition ru les " were analyzed  and com piled  in to  databases 

(Nardelli e t al., 1991; Desjarlais and Berg, 1992). Subsequent stud ies show ed 

that application of som e of these rules successfully enables zinc fingers to bind 

to predeterm ined  D N A -binding sites, and  that those ru les can be transferred  

from one p ro tein  to ano ther (Desjarlais & Berg, 1993). H offm an e t al. (1993)
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in troduced  am ino a d d  changes a t one of the three critical positions o f the 

yeast transcrip tion factor A D R l, which reduced  DNA b in d in g  affinity w hile 

n o t d isrup ting  the structure of the finger. This suggests th a t the m u ta ted  

am ino a d d s  w ere those involved in  direct contacts w ith DNA.

The w ork  of Kriwaki et al. (1992) and  Kuwahara e t al. (1993) p resen ted  

evidence that fingers 2 and  3 of the transcription factor S p l b ind  w ith  h igher 

affinity than  does finger 1. This finding is also consistent w ith  the u se  of 

EGR-1 contact positions, w here fingers 2 and  3 provide m ore hydrogen  bonds 

th an  finger 1 . Furtherm ore, in  one of the earlier stud ies derivatives o f the 

S p l protein w ere generated, and  bound to a predicted site w ith  an  affinity  o f 2  

nM  (Nardelli e t al., 1991).

A differen t approach to  designing a pro tein  w ith  the p rede term ined  

b ind ing  specificity involves a selection rather than  a rational design strategy . 

This technique is known as phage display, and  is now being  extensively used 

by  different laboratories (review ed in  Choo & Klug, 1995) (a brief descrip tion  

o f the technique can be found  in  Chapter 1). This has p roved  to  be a pow erfu l 

selection m ethod  used in  m any studies of D N A -binding proteins. Som e of 

the exam ples of using phage display to study  zinc fingers include the stud ies 

b y  Rebar and Pabo (1994), Choo and  Klug (1994a, 1994b), an d  Jam ieson e t al. 

(1994; 1996).

Rebar and  Pabo (1994) used  a phage display library expressing EGR-1- 

p hage  coat p ro tein  fusions w hich contained random ized critical am ino a d d s  

in  the  first finger. R ounds of affinity selections u sin g  o ligonucleo tides 

random ized  in  the region recognized by the first finger y ie lded  v a rian ts  of 

EGR-1 carrying different am ino a d d s  in zinc finger 1 , th a t b o u n d  specifically 

to  the new DNA sites.
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C hoo & Klug (1994a) in  a very com prehensive s tu d y  constructed  a 

phage d isp lay  library  containing over 2 m illion variants o f EGR-1 in  w hich  

the  am ino acid  sequence of finger 2 was random ized a t e igh t positions. This 

lib rary  w as th en  screened against different DNA triplets rep resen ting  DNA 

bind ing  subsites. As a result, 16 successful triplets were isolated and m atched 

to  a subpopu la tion  of fingers able to bind them. A strong bias was observed 

tow ards the base contacting positions revealed in  the crystal structure of EGR- 

1 (Choo & K lug, 1994a). O th e r stud ies used  sim ila r stra teg ies, and  

d em onstra ted  th a t the phage d isp lay  system is a pow erful tool for selecting 

zinc fingers w ith  novel DNA b ind ing  specificities, w hich could  be u sed  in  

research or ev en  therapy.

A nother interesting study  reports in znvo repression o f transcrip tion  by 

a C2H 2 zinc finger protein designed to specifically recognize an oncogenic 

sequence (C hoo e t al., 1994c). A  protein containing three zinc fingers w as 

designed  u sing  a rationale based  on  phage d isp lay  selection as well as the 

available s tru c tu ra l data. A nuclear localization signal w as attached to  the 

p ro te in , w hich  d irected  it to the nucleus w here it bound  its chrom osom al 

DN A  targe t sequence, and caused  a specific inhibition of transcrip tion  in 

v iv o .

Several research  groups have m ade a ttem pts to describe a DN A  

recognition code for transcription factors. The group led by M asashi Suzuki is 

one of the m ost determ ined ones, trying to reconcile the available struc tu ra l 

d a ta  to d ed u ce  general rules for protein-D N A  recognition  (Suzuki, 1993; 

Suzuki e t al. 1995). A recent publication by C hoo and Klug (1997) discusses 

the  fram ew ork  of the zinc finger-DNA recognition code. H ow ever, a t the 

p resen t tim e there  isn 't sufficient data  to draw  any far-reaching conclusions. 

The rem ark by  H arrison  and Aggarwal that "the variety of protein-base pair
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contacts is m ore  evident than  their uniform ity" (A ggarw al e t  al. 1988) still 

holds today.

The new  h igh  resolution structures of zinc finger p ro te ins (discussed in  

the  previous sections of th is thesis) reveal very com plex  in teractions a t  

protein-D N A  interfaces, and  em phasize the difficulties in h eren t in  try ing  to  

develop sim ple rules of protein-D N A  recognition. M ore struc tu ra l da ta  is 

necessary for elucidation of a m ore com prehensive set o f ru les w hich cou ld  

be used to p red ic t DNA b ind ing  sites from  the am ino acid  sequence of a 

pro tein .
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CHA PTER 2.0 T H E  W T l W ILM S’ TU M O R  GENE PR O D U CT: A TUMOR 

SUPPRESSOR INVOLVED IN  REGULATION OF KIDNEY DEVELOPMENT.

2 .1  In troduction

2 .1 .1  T he concept of tum or suppressor genes.

The concept of tum or suppressor genes w hich play a role in  negatively 

regu la ting  cell g ro w th  was in troduced in  th e  late 1960s (H arris et al., 1969). 

U ntil then, the concept that DNA and  R N A  tum or viruses in troduced  new 

oncogenes that acted  in  a genetically dom inan t fashion w as the  only accepted 

m echan ism  le a d in g  to  neop lastic  tran sfo rm a tio n . T he  iso la tion  an d  

identification of tum or suppressor genes took m any  years o f exploring using 

various cloning a n d  som atic cell hybrid ization  techniques. These extensive 

s tud ies have y ie lded  a num ber of hum an tum or suppressor genes including 

retinoblastom a (RB) (reviewed by W itm an, 1993; Hamel, 1993), p53 (reviewed 

by  Zam betti an d  Levine, 1993), neuroblastom a (Brodeur, 1990), and  Wilms' 

tu m o r gene (H aber and  H ousm an, 1992). It is w ith o u t d o u b t that the 

d iscovery of m any new  tum or suppressor genes is forthcom ing, and  that the 

understand ing  o f these genes and their p roducts will even tually  lead to the 

developm ent of new  clinical strategies and  preventative therapies.

2.1.2 Biology of W ilm s' tum or and  associated syndrom es.

W ilms' tu m o r is a pediatric  k idney  m alignancy th a t arises through 

a b e rran t d ifferen tia tion  of the k idney  s tem  cells. It rep re sen ts  the m ost 

com m on solid tu m o r of ch ildhood, affecting  app rox im ate ly  1 in  1 0 , 0 0 0  

c h ild re n , an d  acco u n tin g  for 85% o f a ll p e d ia tric  n ep h ro b la s to m as 

(Stanbridge, 1990; H aber and H ousm an, 1992). The average age of children 

affected by W ilms' tum or is 3.5 years old, b u t m any of them  d ie  before the age 

o f 2. In  rare cases, th is tum or m ay develop a t an  older age, typically in the
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m id-20s . The tre a tm e n t of th is  m alignancy  in c lu d es  su rg e ry  and 

chem otherapy, and , in  the case o f advanced disease, radiation therapy. These 

trea tm en ts  usually  resu lt in  good long-term  su rv iv a l (5 years follow-up): 

a b o u t 80% of W ilm s tum or patien ts are successfully cured (Lem erle e t al., 

1983; D'Angio et al., 1989).

W ilm s’ tu m o r can  occur in  either fam ilial o r sporadic fo rm s, w ith 

a lm ost 99% of the tum ors arising sporadically. M ost of the tum ors develop 

unilaterally , and on ly  5-10% of children are affected w ith  the bilateral form of 

th e  d isease, w h ich  is usually  inherited . H isto log ically , W ilm s tum ors 

orig inate  from residual islands of im m ature kidney, and  consist of blastem al 

cells as well as epithelial cells and  muscle cells o f the supporting  strom a. In 

the  m ajority  of the  cases W ilms' tum or is n o t associated w ith  any  other 

system ic disease. H ow ever, it can be part of the follow ing syndrom es: the 

W AGR syndrom e, w hich  accounts for 1-2% of cases of VV îlms’ tu m or, and 

in c lu d e s  A .niridia (m alfo rm ation  o r absence o f the  iris), u ro G e n i ta l  

m alform ations, and  m ental R etardation  (Baird e t al., 1992a); the Denys-Drash 

syndrom e (2% of all W ilm s’ tum ors), which also includes various anomalies 

of th e  genitourinary tract and nephropathy  (Coppes e t al., 1992b; Baird e t al., 

1992b); Beckw ith-W iedem ann syndrom e (BWS) w hich  is characterized  by 

g ro w th  abnorm alities an d  a predisposition  to W ilm s’ tum or (Koufos et al., 

1989; H enry et al., 1989). All these syndrom es have in  com m on the more 

frequen t occurrence of bilateral tum ors which appear a t an earlier age than in 

spo rad ic  cases no t associated w ith  syndrom es. Based on  the sim ilarities of 

tu m o r p resen ta tion  betw een  the  W ilm s’ tu m o r an d  re tinob lastom a (RB) 

(nam ely, an  association betw een fam ilial inheritance an d  bilateral onset of 

tum ors), a "two-hit" hypothesis w as proposed by  K nudson  e t al. (Knudson, 

1971; K nudson a n d  S trong, 1972). A ccording to  th is hypo thesis , two
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in d e p e n d e n t even ts  leading  to inactivation  o f both a lle les o f a tum or 

su p p re sso r gene are requ ired  for the tum or to  develop. W hereas som e 

W ilm s' tum ors (the familial cases in  particular) m ay conform  to the tw o-hit 

hypothesis, the genetics of the  majority of W ilm s' tum ors are likely to be 

m uch  m ore complex. There are several lines of evidence to  suggest a more 

com plex developm ent of W ilm s' tum or. F irst, the incidence of fam ilial 

W ilm s' tum or cases is only 1 -2 %, which is very  low  com pared to the 35-40% 

for re tin o b la s to m a  (B rodeur, 1990; P e lle tie r e t al., 1991c). Second, 

retinoblastom a results from inactivation of a single tum or susceptibility  gene 

located  a t chrom osom e 13ql4 (Hamel et al., 1993). In the case of W ilms' 

tum or, three separate  genetic loci have been linked  to p red isposition  to the 

disease.

The association of W ilms' tum or w ith  W AGR syndrom e has been of 

p a rticu la r im portance in iden tify ing  a W ilm s' tum or su scep tib ility  gene. 

W AGR p a tien ts  carry cy togenetically  v is ib le  ch rom osom al de le tions 

invo lv ing  band  p l3  of the sh o rt arm  of one o f the two chrom osom es 11 

(Riccardi e t al., 1978; Francke e t al., 1979; H astie , 1994). T his observation  

initially  generated  interest in  the chrom osom al region l lp l3 .  A dditionally, 

abou t 20% of sporadic Wilms' tum ors show loss of heterozygosity (LOH) for 

l l p l 3  m arkers, as indicated by  analysis of restric tion  frag m en t - length 

polym orphism s (RFLPs) (Lewis et al., 1988; T on e t al., 1991). The WAGR- 

asso d a ted  deletion was later resolved into tw o separate loci: an  anirid ia  gene 

(A N 2/Pax-6: sm all eye in chrom osom e 2 in  m ouse), and a pu ta tive  Wilms' 

tu m o r supp resso r gene W Tl (Gessler et al. 1990). F u rther physiological 

ev idence  for th e  involvem ent of chrom osom e 11 in W ilm s' tum ors w as 

p ro v id ed  by the observation th a t transfer of a norm al chrom osom e 11  (but



50

n o t chrom osom es 13 or X) in to  cultured  W ilm s' tu m o r cells can suppress 

the ir tum origenic phenotype (W eissman e t al., 1987).

A second locus was m apped  to chrom osom al reg io n  l l p l 5  which has 

b e en  im p lica ted  in  B eckw ith-W iedem ann syndrom e a n d  W ilm s' tu m o r 

(C oppes e t al., 1992; H en ry  e t al., 1989; Koufos e t  a l., 1989). Loss of 

heterozygosity  for chrom osom e l lp l5  m arkers occurs in  abou t 40% of W ilms' 

tum ors (Coppes et al., 1992). This locus contains genes for IGF-n (insulin-like 

g ro w th  factor) and  H19 mRNA. Changes in  im prin ting  of these genes have 

been  linked  to  tum origenesis (Zhang and  Tycko, 1992; O gaw a e t al., 1993; 

Rainier e t al., 1993).

A th ird  locus, a lbeit n o t involved  in  h e red ita ry  p red isposition  to  

W ilm s' tum or, is frequently  lost d u rin g  tum or p ro g ress io n , an d  is thus 

considered  im portan t in W ilm s' tum or developm en t (C oppes et al., 1992; 

M aw  e t al., 1992). Tumor LOH for m arkers a t chrom osom e 16q is found in  

a lm ost 20% of W ilms' tum or, and  is alw ays accom panied by LOH at l l p l 3  

an d  l l p l 5  (Coppes et al., 1992).

2.1.3 Id en tifica tio n  and characterization  o f  the  W T l g e n e  an d  its pro tein  

p ro d u c t

Three independen t g roups have rep o rted  clon ing  of the  W Tl gene. 

Genom ic probe WiT-13 was isolated by Call e t al. from a cosm id library of the 

sh o rt a rm  of chrom osome 11 (Call et al., 1990), which w as dele ted  in  sporadic 

W ilm s' tum or. This deletion w as initially identified by  loss of DNA m arkers 

a t l l p l 3  (Lewis e t al., 1988). The WiT-13 DNA fragm ent w as then  used to 

p ro b e  several cDNA libraries, and  a cD N A  clone d e s ig n a ted  WT33 w as 

isolated. By conducting N orthern  blot analysis, this cD N A  clone w as further 

show n  to hybridize to 3 kb-long mRNA species in  baboon k idney  and  spleen.
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w hile  no detectab le  h y b rid iza tio n  w as observed in  RNA d e riv e d  from  

m uscle, live r, o r  brain  (Call e t al., 1990). Sim ilarly, the  WIT-2 gene  was 

iso lated  by  Bonetta e t al. (1990), using  yeast artificial chrom osom es, and  

show n  to be  identical to the  WT33 sequence. Gessler e t al. (1990) u sed  an 

alternative strategy of chrom osom e jum ping to isolate the  W Tl gene. First, a 

genom ic p ro b e  w as ob ta ined  using rare-cutting  enzym es, w hich p ro d u ced  

sequences ind icating  th e  5 '-end  of a gene. This p ro b e  m ap p ed  w ith in  

c h ro m o so m a l reg io n  l l p l 3  w hich  is d e le ted  in  W AGR p a tie n ts . 

Subsequently , using this p robe, a cDNA clone term ed LK15 was iso lated  from 

a hum an  fetal kidney cDNA library.

A n a ly s is  of th e  W T l gene sequence  re v e a le d  th a t i t  sp a n s  

approx im ate ly  50 kbp of DNA, and contains 10 exons. The W Tl m R N A  is 

abou t 3.5 kilobases long, a n d  encodes a protein  w ith a m olecular w eigh t of 47 

to  49 kOa, depending  on  the presence or absence of tw o alternatively spliced 

exons (H aber e t al., 1991). The W Tl m RNA is expressed in  a lim ited num ber 

of cell types, prim arily k idney  cells and  som e hem atopoetic cells (Gessler et 

al., 1990; C all e t al., 1990). The predicted  protein sequence has functional 

dom ains considered  to  be hallm arks o f transcrip tional regu latory  p ro te in s 

(Figure 2.1). The amino term inus of W T l is rich in p ro line  and g lu tam ine  

residues (Lewis et al., 1988), which has been found in transactivation dom ains 

o f a num ber o f transcription factors, such as EGR-1, SPl, C T F /N F l, an d  others 

(review ed in  Pabo and Sauer, 1992; M itchell and Tijian, 1989). The carboxyl 

term inus o f W T l contains four zinc fingers of C 2H 2 type, w hich rep resen ts a 

pu tative  D N A  binding m o tif characteristic of a fam ily of sequence-specific 

D N A -binding proteins (Pabo and  Sauer, 1992). Fingers 2-4 of W Tl possess a 

significant sim ilarity to the three zinc fingers of the im m ediate-early  g row th  

response genes, EGR.
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Figure 2.1 The am ino a d d  sequence o f W Tl protein: the amino term inus is 

rich in  proline, g lu tam ine  and  g ly d n e  residues, com m only occuring in 

dusters; the DMA-binding zinc finger region is in the carbooxyl terminus; the 

zinc-coordinating cysteines and h istid ines are d rd ed ; serine residues that are 

potential targets for the D N A -activated protein kinase a re  m arked by  an 

asterisk; the 17 am ino a d d , and  th e  three amino a d d  insertions resulting 

from alternative splicing are indicated  above; the arginine and  aspartic a d d  

residues of finger three found m u ta ted  in Denys-Drash patients are boxed 

(Rauscher, 1993).
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Four distinct isoforms of W T l can be generated by differential splicing 

of th e  prim ary  transcrip t, reflecting the presence or absence o f tw o splice 

insertions. The 17 amino a d d  insertion  is located in  the am ino  term inus, 

and  contains a num ber of contiguous serine residues. The th ree am ino a d d  

insertion  (lysine-threonine-serine, o r KTS) occurs betw een fingers 3 and 4 of 

the h igh ly  conserved DNA b ind ing  dom ain (Figure 2.2). The m ost abundan t 

W T l m RNA species is the one containing bo th  insertions, an d  the least 

com m on is the one w ithout both  insertions. The ratio of the fou r alternative 

splice variants is conserved in  h u m an  and m ouse, and  does n o t seem  to be 

developm entally  regulated (H aber e t al., 1991). A m echanism  of alternative 

splicing to generate different b ind ing  specifidties has been docum ented  for a 

num ber o f other zinc finger proteins. The chorion transcrip tion factor CF2 

and  the  Tram track proteins, both  from  Drosophila, use differential splicing to  

alter DN A-binding specifidties (Gogos e t ai., 1992; H su et al., 1992; Read et al., 

1992). A nother pro tein , proto-oncogene Evi-1 also undergoes a lternative 

splicing in  its zinc finger region (Bordereaux et al., 1990). H ow ever, it is n o t 

yet k n o w n  w hat effect this has o n  DNA binding. Further heterogeneity  of 

W Tl isoform s m ay be generated by  a non-AUG translational in itiation  event, 

as recently reported by Bruening a n d  Pelletier (1996).

The presence of serine res id u es, especially in  the 17 am ino a d d  

alternative  splice insertion, suggests potential targets for phosphory lation . 

H ow ever, despite the abundance o f  serine residues, the W Tl p ro te in  appears 

to be poorly phophorylated in COS-1 cells (Morris et al., 1991). M ore recent 

in form ation  suggests that the +KTS splice varian t of W Tl m ay be a better 

candidate for phosphorylation (A nant e t al., 1994). Recently, Ye e t al. (1996) 

dem onstra ted  th a t bo th  +KTS a n d  -KTS isoform s of W Tl a re  subject to  

phosphorylation by both protein kinase A (PKA) and protein kinase C. These
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Figure 2 .2  Schematic diagram  o f the  structure of the WTl m RN A  and 

proteins. Stippled boxes represent nucleotides or am ino adds th a t m ake up 

the alternative splice insertions. H atched boxes represent proline-rich regions 

of the protein. The exons of the m RNA and the zinc fingers of the protein 

are num bered (Reddy & Licht, 1996).
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phosphory la tion  events inhibited the  D N A -binding ability of b o th  proteins, 

as m ea su re d  in  gel m obility  sh ift assays. M oreover, activa tion  o f PKA 

resulted  in  the reversal o f W Tl suppression of a repo rte r construct, as well as 

in a lte ra tion  in nuclear translocation of the p ro teins (a change from  nuclear 

to cy to p lasm ic  re ten tio n ). T hus, p h o sp h o ry la tio n  of W T l can  have 

significant an d  pleiotropic effects on  the function of the  protein.

W T l protein also contains potential sites for N -linked glycosylation in 

the 17 am ino  acid insertion , as w ell as a num ber of potential recognition 

m otifs fo r a D N A -activated pro te in  kinase (Lees-M iller, et al., 1991). The 

functional significance o f these features needs to be investigated further.

C onsisten t w ith  its proposed  function as a transcrip tional regulator, 

W Tl has been  show n to localize to the  nucleus (Pelletier et al., 1991; M orris, 

et al., 1991). Using im m unostaining an d  confocal m icroscopy, it w as recently 

o b served  th a t  WT1[+KTS] isoform  co-localized p red o m in an tly  w ith  the 

sp licing  factors, w hile the WT1[-KTS] varian t p rim arily  a ssoc ia ted  w ith 

transcrip tion  factors (Larsson et al., 1995). It rem ains to be seen  w hether 

WT1[+KTS] or other isoform s of the pro tein  play a role in  mRNA splicing.

W ith  respect to the subnuclear localization o f W T l isoforms, Englert et 

al. (1995) have recently dem onstra ted  that W Tl truncation  m u ta n ts  have 

d is t in c t  s u b n u c le a r  c o m p a r tm e n ta l iz a t io n  p ro p e r t ie s .  U sin g  

im m unofluorescence stud ies it w as dem onstra ted  th a t WT1[-KTS] had  a 

d iffuse p a tte rn  of exp ression  th ro u g h o u t the e n tire  nuc leus, w hereas 

WT1(+KTS] p roduced  a speckled appearance  in  subnuclear s truc tu res . 

S im ila rly , tru n ca tio n  m u tan ts  o f  W T l ex h ib ited  a sp eck led  nuc lear 

d istribu tion . These speckled  s truc tu res are sim ilar to  the in te rch rom atin  

granules w hich  contain spliceosom al com ponents, a n d  are though t to  play a 

role in  sp liceosom al assem bly. M oreover, the  d o m in an t-n eg a tiv e  W Tl
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m utants w ere show n to physically associate w ith  the w ild-type WT1[-KTS] in 

v ivo , a n d  thus a lte r  the nuclear localization  o f the w ild -ty p e  p ro te in , 

changing the d istribu tion  of WT1[-KTS] form  from  a d iffuse  to  a speckled 

pa tte rn  and  its subsequent functional inactivation. It is o f in te rest to po in t 

ou t th a t m any of the  truncation m utations iso lated  occur in  a heterozygous 

state, w ith  the w ild W T l allele still present (H aber et al., 1990; Pelletier et al., 

1991). Pelletier e t al. (1991) proposed that these isoforms, deficient for DNA 

b inding , can act as dom inant negative m utants. Thus, d o m in an t m utations 

of W Tl m ay lead to tumorigenesis w ithout requiring  the loss of the wild type 

allele (H aber et al., 1990). The m echanism  by w hich m u tan t W T l proteins 

can sequester w ild -type  W Tl is analogous to  th a t proposed  for dom inant- 

negative p53 m utan ts (Michalivitz e t al., 1990; M artinez e t al., 1991). The 

difference betw een the two is that m utant p53 m ay associate w ith  the w ild- 

type p ro te in  in the cytoplasm , while W Tl changes its sublocalization in  the  

nucleus. The m olecu lar m echanism  for the  dom in an t-n eg a tiv e  effect 

observed for W Tl truncation  m utants was investigated  by  several groups, 

and  found  to be due  to protein self-association (Moffett e t al., 1995; Reddy e t 

al., 1995). W Tl p ro te in  was found to self-associate in vitro a n d  in  the yeast 

tw o-hybrid  assay (R eddy et al., 1995). It was found , in fact, th a t some W Tl 

trunca tion  m utan ts can oligom erize m ore efficiently  th an  w ild-type W Tl 

(Moffett e t al., 1995), thus antagonizing the function of the w ild-type allele. In 

addition, the dom ain of W Tl necessary for self-association w as m apped to the 

N -term inal 182 am ino a d d s  (Reddy et al., 1995).

2.1.4 D N A -binding  activ ity  of W ilm s' tum or p ro tein .

Once it becam e clear that the W Tl gene encoded a transcrip tion  factor 

containing four zinc fingers of the C2H 2 dass, the search began  to identify the
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DNA sequence the W T l protein recognizes. The first DN A-binding sequence 

was identified by Rauscher et al. (1990). They used  a strategy of selecting a 

D N A -b in d in g  se q u en c e  o u t o f  a pool o f  ra n d o m iz e d  sy n th e tic  

oligonucleotides. The authors u sed  a bacterially  expressed  recom binant 

p ro te in  encoding the four zinc fingers of the WT1[-KTS] isoform . The 

resu lting  selected sequence w as very  GC-rich, a n d  sim ilar (a lthough  not 

identical) to the EGR-1 consensus binding  site 5 -GCGGGGGCG-3' (Gao et al., 

1990). Further analysis of the D N A -binding p roperties of W Tl an d  EGR-1 

proteins, involving com petition an d  binding site m u ta tion  experim ents have 

confirm ed that EGR-1 and  W Tl recognize a com m on DNA core elem ent 

(Rauscher et al., 1990) (Figure 2.3 row  A). This resu lt w as perhaps n o t so 

su rp ris in g  since bo th  proteins sh a re  a m odera te  deg ree  of am ino  acid 

sequence sim ilarity (about 60%) in  the zinc finger region, w ith  6  o u t  of 6  

residues proposed to be im portant for DNA recognition conserved betw een 

the tw o proteins (Pavletich and Pabo, 1991). Subsequently , using transien t 

transfection assays, W Tl protein w as show n to regu la te  transcrip tion  from  

prom oters containing an  EGR-1 consensus binding site (M adden et al., 1991). 

For quite some time the EGR-1 consensus site w as presum ed  to be a canonical 

WT1(-KTS] binding sequence. H ow ever, the results of o ther studies aim ed at 

identification of W Tl DNA binding sites have revealed extended and 

additional DNA binding sequences. These results are sum m arized in  Figure 

2.3.

A novel, TC-rich binding site  for WT1[-KTS] w as iden tified  from  

DNAse footprinting analysis of the PDGF A-chain prom oter by W ang et al. 

(1993a) (Figure 2.3 row  C). This second W Tl binding  m otif functioned equally 

well in  co-transfection experim ents as the EGR-1 consensus sequence (W ang 

et al., 1993). The TCC repeat sequences were found w ith in  a num ber of
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Figure 2.3 DNA sequences which bind W Tl proteins (Reddy & Licht, 1996).
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p rom oters o f o ther g row th-related  genes, such  as Ki-ras, epithelial g row th  

factor receptor, insulin  receptor, c-myc, and  tum or grow th factor p3 (W ang et 

al., 1993). Thus, as ev iden t from  the transient-transfection assays, W Tl can 

function  on a varie ty  of prom oter sequences. How ever, the  relevance of the 

in vitro determ ined  sequences to prom oter regulation  in  the  chrom osom al 

context has no t been  determ ined.

The m o st a b u n d a n t sp lice  varian t, WT1[+KTS], co n ta in in g  the 

trip ep tid e  lysine, threonine and  serine in  the H-C linker reg ion  betw een the 

th ird  and  forth  W T l zinc fingers, does not b in d  to the EGR-1 core sequence 

appreciab ly  (Rauscher e t al., 1990). Since WT1[+KTS] rep resen ts the m ost 

a b u n d an t isoform  of the W T l protein, subsequent attem pts w ere aim ed at 

identification of a b inding  site for the WT1[+KTS].

Bickmore e t al. (1992) used  a whole-genom e PCR approach  to isolate 

genom ic DNA sequences th a t b ind  to either -KTS or +KTS splice variants of 

W T l. The tw o W Tl isoform s w ere show n to have d ifferent DNA b inding  

specificities. Sequences iso la ted  w ith WT1[-KTS] form  h a d  runs o f GT 

nucleotides (Figure 2.3 row  B). In contrast, WT1[+KTS] d id  no t select any GT- 

rich  sequences. Instead, tw o extended sequences (+P2 and +P5) of about 100 bp 

w ere  identified, each of w hich  containing an  EGR-l-Iike consensus b ind ing  

site  (Figure 2.3 row  G). Interestingly, DNAse I footprin ting  or m éthylation 

interference analysis failed to identify the precise nucleotide sequences bound 

b y  the  WT1[+KTS] zinc fingers. In addition, the analysis perform ed in  this 

s tu d y  was only  qualitative, w ithou t quantitative assessm ent of the b ind ing  

affinities.

R upprecht e t al. (1994) h ad  carried o u t footprinting analysis of the W Tl 

p rom oter, and  found  m ultip le  W Tl binding sites, on  w hich  W Tl acted as a 

transcriptional repressor. Two of the WTl b ind ing  sites could b ind  both  -KTS
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and  +KTS isofonns, and  w ere  not related to  any o ther, previously identified 

W T l b in d in g  sequences (F igure 2.3 ro w  I). H o w ev e r, m é th y la tio n  

interference analysis again failed to reveal a  distinct p a tte rn  of protection due 

to  the WT1[+KTS] binding.

D rum m ond et al. (1994) analyzed binding  of -KTS an d  +KTS isoform s 

of W Tl to the fetal IGF-II P3 prom oter, w hich  is an  active hum an k idney 

prom oter (D rum m ond et al., 1992). Footprinting experim ents identified a 12- 

bp  sequence w hich  bound bo th  splice varian ts. T his site  represents an 

extended sequence containing features com m on to the EGR-1 consensus site. 

A study  of PDGF-A prom oter also identified  a GC-rich sequence capable of 

b ind ing  both -KTS and +KTS variants (W ang et al., 1995) (Figure 2.3 row  J). 

This GC-rich sequence represents an extension of the EGR-1 binding motif. 

H ow ever, the precise location of binding of WT1[+KTS] to  this sequence is 

no t clear. Recently, EGR-l-like sequences w ere also found  to  be contained in 

the Pax-2 p rom oter (Ryan e t al., 1995) (Figure 2.3 row s F and K). Three 

sequences w ere identified by  footprinting assays; tw o of them  bound WT1[- 

KTS], and the th ird  site could  also b ind  WT1[+KTS] , a lthough  only w ith  a 

low affinity.

Thus, it rem ains unclear w hat constitu tes a WT1[+KTS] binding  site. 

Therefore, a t this point, it w ou ldn 't be p ru d en t to assign  a specific DNA- 

bind ing  function to the WT1[+KTS]. Since it was dem onstra ted  that the tw o 

pro tein  isoform s have distinct nuclear localizations, nam ely, that WT1[-KTS] 

is found associated predom inantly w ith  the transcription factors, w hereas the 

WT1[+KTS] w as found w ith the  splicing factors, it is reasonable to suggest that 

the latter isoform  m ay have a cellular function  other th an  binding  DNA.

Since the three zinc fingers of EGR-1 and fingers 2-4 of W Tl have 

structural sim ilarity  as well as recognize a comm on D N A  sequence, it  w as
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assum ed that W Tl zinc fingers 2-4 will in teract w ith the  EGR-1 binding  site in 

a fundam entally  similar m aim er. N am ely, that the struc tu ra l basis o f DNA 

recognition for W Tl will be the sam e as found in  the  EGR-1 X-ray crystal 

struc tu re , w hich  is discussed in  detail in  C hapter 1 (Figure 2.4). H ow ever, 

W T l p ro te in  has an additional, first finger which suggests that W T l may 

recognize extended DNA sequences.

To date , several g roups, including  ours, have u ndertaken  s tu d ies  to 

identify  h igher affinity b ind ing  sites for the  WT[-KTS] p ro tein  (Figure 2.3). 

D ru m m ond  e t al. (1994) perfo rm ed  foo tp rin ting  an a ly sis  of the IGF-II 

(insulin-like g row th  factor) prom oter, a n d  identified  an  ex tended , 1 2  bp 

sequence containing three additional base pairs im m ediately  dow nstream  of 

the EGR-1 consensus sequence. The au tho rs had show n tha t both WT1[-KTS] 

and  WT1[+KTS] isoforms could  recognize the sam e 12-bp DNA sequence, 

a lbeit w ith  relatively low binding affinities (1.1 X lO'^S to 1.4 X lO'^^ M  for 

WT1[-KTS] and  2 - 7 X 10*06 m  for W T l [+KTS]) (D rum m ond et al., 1994). 

A dditionally , the authors also conducted binding site selection experim ents 

a im ed a t identification of the W Tl finger 1 recognition subsite. They used  a 

p ep tide  contain ing only zinc fingers 1-3 o f W Tl, an d  fo u n d  an add itional, 

three-base pair sequence 5 -GTG-3' im m ediately  dow nstream  of the EGR-1 

consensus sequence.

Recently, a whole-genome PCR w as used  to identify physiological high- 

affinity sites for the WT1[-KTS] (Nakagam a e t al., 1995). The identified 10-bp 

sequence contained an EGR-1 - like site (except for an  aden ine at the eighth 

position) and  an  additional thym ine flanking the 3' end  of the  sequence: GCG 

TGG GAGT (com pare to the EGR-1 consensus sequence GCG GGG GCG) 

(Figure 2.3 row  D). This sequence was show n to bind WT1[-KTS] w ith  a 20 to 

30-fold h igher affinity than the EGR-1 consensus sequence, w hich suggests
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ONA-Protein Contacts Made By WTl and EGR-1

EGR-1

3 - G G A  G C G  G G G  G C G -5 '  
/ \ / I I \
/tSOELTK RSOHITT KSOERM

W Tl NH]

3 ‘-G G A  G C G  G G G  G C G - 5' 
? / \ / I / \

KI5HLQM JISOQUqi RSOHUa KOELVK

Figure 2.4 Protein-DNA contacts m ade by EGR-1 protein, and proposed DNA 

contacts for WTl zinc fingers. The im portant recognition helix am ino ad d s  

are show n. The aste risk s  on finger 3 of the W Tl protein are  residues 

frequently m utated in Denys-Drash patients (Rauscher, 1993).
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th a t W Tl and  EGR-1 p ro te in  share related, b u t n o t iden tical recognition 

sequences.

In parallel w ith these studies, we conducted a binding site selection and 

am plification assay in an  a ttem p t to identify higher-affinity b in d in g  sites for 

WT1[-KTS] (H am ilton e t al., 1995). We determ ined th a t the h ig h es t affinity 

binding sites for WT1[-KTS] consist of a 12-bp sequence, includ ing  an  EGR-1 

consensus an d  a 3-bp subsite  recognized by zinc finger 1 (Figure 2.3 row E). 

These experim ents are described  in  detail in  C hap te r 3. O u r resu lts have 

recently been once again confirm ed in the study by H ew itt e t al. (1996). It was 

show n that zinc finger 1 recognizes an  extended D N A  binding  m otif, where 

guanines constitu te  the d inucleo tide  dow nstream  o f the 9-bp EGR-1 - like 

sequence.

On the basis of the above studies, as well as the EG R-l-D N A  crystal 

structural data , it is possible to propose contacts th a t are form ed in  the W Tl- 

DNA complex (Figure 2.5). H ow ever, more m utagenesis and  structu ra l data 

are necessary to unam biguously  assign specific contacts to ind iv idua l amino 

acids and DNA base pairs.

In conclusion, despite  extensive studies, there  is little ag reem ent as to 

the DN A-binding specificity of WT1[+KTS] protein. The reported  dissociation 

constants (K js) for the WT1[+KTS] - DNA com plexes are typ ically  several 

orders of m agnitude h igher th a t those for the WT1[-KTS]. T he Kqs for the 

WT1[-KTS] also vary from s tu d y  to  study, perhaps reflecting d ifferen t sources 

of proteins, as well as different b inding assays and conditions used  by different 

researchers. Furtherm ore, m any  groups do not perform  quan titative  analysis 

of affinity constants, thus m ak ing  it difficult to m ake d irec t com parisons 

betw een different studies.

Recent studies described a specific RNA binding  activity for W Tl
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Figure 2.5 Proposed W Tl zinc finger-DNA contacts (Reddy & Licht, 1996).



65

pro teins (Caricasoie e t al., 1996; Ye et al., 1996). T hese find ings fu rth e r 

complicate the question o f the biological function of W Tl proteins and , a t the 

sam e tim e, in troduce a new  exciting possibility  that one  o f the im p o rtan t 

roles of W T l proteins m ay  be to bind to RNA. It w as first show n th a t the 

n o rm al n u c le a r  lo ca liz a tio n  of W T l p ro te in s  is n o t  s e n s itiv e  to  

deoxyribonuclease, bu t ra ther to ribonuclease (Caricasoie e t al., 1996). Next, 

the authors repo rt that W T l, bu t not EGR-1 proteins can b ind  to  specific IGF-II 

(insulin-like g row th  factor II) RNA sequences, em ploying zinc fingers for this 

sequence-specific interaction. M utational analysis revealed tha t zinc finger 1 

o f W T l, w hich  has no coun terpart in EGR-1 protein, is m ore im p o rtan t for 

th is  RNA b in d in g  activ ity . Therefore, a p o sttran sc rip tio n a l reg u la to ry  

function for W T l was proposed. A study by Ye et al. (1996) dem onstra ted  tha t 

W T l can  a lso  b ind  a n  an tisense  RNA, d esig n a ted  W IT-1, w h ic h  is 

com plem entary  to W Tl mRNA. Thus, W Tl m ay be ano ther p ro tein  (besides 

TFIIIA) to regu la te  gene expression by b in d in g  to b o th  DNA a n d  RNA. 

Id en tif ic a tio n  of o ther RN A  b ind ing  ta rg e ts  for W T l aw aits  fu r th e r  

investigation .

2.1.5 T ranscriptional regulatory  functions o f WTL

Since iden tifica tion  of the W Tl D N A  b ind ing  site  as a n  E G R l- 

consensus sequence, stud ies in to  transcrip tional functions of W T l began , 

u sin g  tran s ien t transfection assays in  w h ich  W Tl b o u n d  to  EGR-1 sites. 

M adden  e t al. (1991) first dem onstrated  th a t W Tl expressed  from  a vector 

u n d e r contro l o f a cytom egalovirus prom oter functioned as a rep resso r of 

tran sc rip tio n  w hen  b o u n d  to  a CAT rep o rte r  construct con ta in ing  th ree  

contiguous EGR-1 binding sites. It was also show n th a t D N A  b in d in g  w as 

necessary, b u t no t sufficient for transcrip tional repression. U sing a se t of
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tru n c a te d  m u ta n t p ro te in s, the  rep ress io n  d o m ain  w as m a p p e d  to  the 

pro line- and  g lutam ine-rich  N -term inus of W Tl. In  addition , w hen  the  W Tl 

repression  dom ain  w as fused to the  EGR-1 zinc finger dom ain , th is converted 

EGR-1 from  a transcrip tional activator to a repressor (M adden e t al., 1991). 

Thus, a discrete, m odu lar character of the transcrip tional effector dom ain  of 

W Tl w as dem onstra ted , and  a transcrip tional rep ression  function  w as first 

p roposed  for W Tl.

Subsequent studies further defined  the transcrip tional effector dom ain 

(M adden  e t al., 1993; W ang e t a l., 1993b). M a d d e n  e t al. (1993) had 

dem onstra ted  th a t W Tl contains a functionally transferable repressor dom ain 

by fu sin g  am ino  acids 84-180 o f W T l to the GAL4 1-147 D N A -binding  

dom ain . W ang e t  al. (1993b) confirm ed that am ino acid  region 84-189 was 

su ffic ien t to co n fe r rep ression , w h ile  am ino ac id s  180-294 en co d ed  a 

transcriptional activation dom ain th a t activated transcrip tion  from  the PDGF- 

A p rom oter sites (Figure 2.2). T hus, W Tl p ro te in  w as show n to  contain 

active rep ression  an d  activation dom ains. O ther tran scrip tio n  factors that 

have m odu lar transcrip tional effector dom ains are the  Drosophila proteins 

K ruppel, even-skipped, and  engrailed  (reviewed in Levine & M anley, 1989).

C uriously , M adden  et al. (1993) found th a t the  m inim al rep ressor 

dom ain  of W Tl (am ino acids 84-180) functioned in  N IH  3T3 m ouse fibroblast 

cells, b u t not in  h u m an  embryonic k idney  293 cells. To achieve repression  in 

293 cells, a dom ain  consisting of am ino  acids 1-298 w as required. Therefore, 

in  som e c ircum stances the tran scrip tio n a l ac tiv a tio n  do m ain  180-294 is 

needed  to help the  repression function  of the 84-180 repressor dom ain . This 

observation also suggests that the transcriptional rep ression  function  of W Tl 

is co n tex t-d ep en d en t, a n d  p robab ly  involves in te rac tio n s  w ith  cell-type 

specific pro tein  co-factors. A poin t m utation  a t position  201 of the  repressor
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dom ain  had been  described (Park  e t al., 1993). This m utation resu lts in  a 

substitu tion  of aspartic  acid fo r glycine, and  converts the function  of W Tl 

pro tein  from a transcriptional repressor to  an activator.

To date, a variety  of n a tu ra l prom oters regu la ted  by W T l have been 

identified and analyzed. They include the prom oters of the follow ing genes: 

insulin-like g ro w th  factor II (D rum m ond et al., 1992), insulin-like grow th 

factor I receptor (W erner e t a l., 1993; W erner e t al., 1994), p latelet-derived  

g row th  factor-A chain  (W ang e t al., 1992; C ashier e t al., 1992; W ang et al., 

1993b; W ang e t al., 1995), transfo rm ing  grow th fac to r-p i (Dey e t al., 1994), 

colony-stim ulating factor-1 (H arring ton  e t al., 1993), retinoic acid receptor-a 

(Goodyer et al., 1995), PAX-2 (Ryan e t al., 1995), as well as the W T l prom oter 

(R upprecht e t al., 1994). Ail o f  these prom oters contain  W Tl b ind ing  sites, 

a n d  are  rep re ssed  by W T l w h e n  assayed  in  tran s ien t tran sfec tio n  

experim ents.

The find ing  tha t IGF-II and  PDGF-A are overexpressed  in  W ilms' 

tum ors (Reeve e t al., 1985; Scott e t al., 1985; Fraizer e t al., 1987) suggested that 

deregulated  expression of g row th  factor-encoding genes such as IGF-II a t a 

critical time could contribute to  W ilm s’ tum or developm ent. F u rther studies 

of PDGF-A prom oter by W ang e t al. (1993b) had show n  that W Tl can activate 

or suppress transcrip tion , an d  th a t separate  dom ains of the p ro te in  w ere 

required  for either transcriptional activation or suppression. The au thors also 

fo u n d  tha t W T l b ind ing  s ites  b o th  upstream  a n d  dow nstream  of the 

transcrip tional s ta r t site are req u ired  for the suppression  function  of W Tl, 

w hereas activation only requ ires e ither an  upstream  or a dow nstream  site 

(W ang e t al., 1993b).

Prom oters such  as IGF-II and  IGF-I-R (D rum m ond et al., 1992; W em er 

et al., 1994) have also been show n  to require both upstream  and  dow nstream
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b ind ing  sites for rep ression  by W Tl. H ow ever, o th e r p rom oters can be 

rep re ssed  from  e ith er upstream  or dow nstream  sites, com plica ting  the 

m echanism  of transcrip tional regulation by W Tl even  further ( M ad d en  et 

al., 1991; Rackley et al., 1993; Madden e t al., 1993; R upprecht et al., 1994; H ew itt 

et al., 1996). Furtherm ore, Hewitt and  coworkers (1996) propose tha t m ultip le 

W Tl b ind ing  motifs are required for transcriptional repression by W T l, and 

that the  m ultip le  b ind ing  sites can be upstream  of the  transcrip tional start 

site.

F u rther studies o f the W Tl repressor activity h ad  defined the  roles of 

a lternative  splice varian ts of W Tl. The study  by R upprecht e t a l. (1994) 

exam ined the repression abilities of all four W Tl splice isoforms, w h ich  were 

all capable o f repressing  the W Tl prom oter. H ow ever, the splice varian t 

contain ing  b o th  the 17-amino acid and  KTS insertions (the m ost ab u n d an t 

splice variant) was the strongest repressor, capable of 58.8-fold rep ression  of 

W Tl p rom oter, w hereas the isoform carrying the KTS insertion o n ly  could 

confer a w eak, 2.2-fold repression of the W Tl prom oter construct. In  contrast, 

the 17-am ino acid insertion  had no ad d ed  repressor function o n  th e  W Tl 

protein lacking the KTS insertion. It appears that the 17-amino acid insertion  

converts the W Tl into a powerful repressor. This find ing  was confirm ed in 

the s tu d y  of PDGF-A prom oter by W ang et al. (1995). Furtherm ore, it was 

show n th a t the 17 am ino acid insertion could confer repressor activ ity  w hen 

fused to e ither the zinc finger dom ain of W Tl or GAL-4. This rep ress ion  

ability w as abolished w hen  four consecutive serine residues w ere  deleted  

from the 17 am ino acid peptide. This indicates th a t the serine res id u es are 

im portan t for the repressor activity of the isoforms carry ing  the 17 am ino  acid 

insertion . To confer th e  transcrip tional rep ress io n  function , th e  splice 

variants w ith  the 17 am ino acid peptide were bound upstream , dow nstream .
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o r on bo th  sides relative to  the transcriptional start site. In  contrast, the  splice 

variants w ithou t the 17 am ino a d d  insertion  could only repress transcrip tion 

w hen they  w ere b o u n d  to  both 5' a n d  3' sites; b ind ing  o n  either side alone 

resulted in  transcrip tional activation.

The m echanism  of transcriptional repression by  W T l is no t clear. If 

W Tl is b o u n d  upstream  of the transcrip tiona l s ta rt s ite , perhaps it  may 

interfere w ith  recru itm ent a n d /o r  stab ility  of the in itia tio n  com plex. One 

m ight env is ion  th a t b in d in g  of W T l p ro te in  to the  3 ’ sites cou ld  block 

elongation of newly synthesized RN A  molecules. H ow ever, it is no t know n 

w hether W T l represses transcrip tion a t the level of e longation  or initiation. 

O n the o th er hand, the  requ irem ent of sites both 3' a n d  5' relative to  the 

transcriptional start site  could m ean th a t functional in teraction  betw een W Tl 

m olecules bound  on  bo th  sites of the  transcrip tional s ta r t is necessary  for 

repression. A sim ilar m echanism  has been  p roposed  for the Drosophila  

ev en -sk ip p ed  p ro te in , acting  o n  th e  Ultrabithorax p ro m o te r , w h ere  

repression proceeds via a looping m echanism  (TenHarm sel et al., 1993).

Recently, W Tl p ro te in  was found  to  physically asso d a te  w ith  another 

tum or-suppressor protein , p53 (M aherw aran e t al., 1993). This was show n by 

c o im m u n o p re c ip i ta t io n  an d  c h e m ic a l c ro s s - l in k in g  e x p e r im e n ts . 

Transfection assays using  EGR-1 prom oter and  W Tl expression vector, b u t no 

p53, dem onstra ted  th a t W T l acted as a transcrip tional activator. H ow ever, 

cotransfection of a p53 expression vector along w ith  the  W Tl, resu lted  in 

repression o f the sam e prom oter. T hus, the a ssoda tion  of W Tl w ith  other 

proteins such  as p53 can m odulate its  regulatory activity. The first tw o zinc 

fingers of W Tl were recently  show n  to be the site o f in teraction  w ith  p53 

(M ahesw aran et al., 1995).
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It sh o u ld  be kep t in m ind , how ever, th a t p53 is know n to have 

pleio tropic effects o n  transcription, activating or repressing transcription from  

a v arie ty  o f p rom o te rs  in e ither b ind ing  s ite -d ep en d en t o r in d ep en d en t 

fash ion  (Z am betti an d  Levine, 1993). The fact that transgenic  mice w ith  a 

d is ru p te d  p53 gene undergo  norm al developm ent, a lb e it being p rone to 

tu m o r fo rm ation  (D onehow er e t al., 1992; Jacks e t al., 1994), w hile mice 

lacking  the  in tact W T l gene (Kreidberg e t al., 1993) show  prenatal lethality  

an d  o th er developm ental abnorm alities suggests that n o t all developm ental 

functions o f W T l requ ire  the presence of p53. It rem ains to be seen w hat 

p ro te in  factors in  d ifferent cells determ ine w hether W T l w ill activate or 

rep ress transcription.

Recently, severa l groups have p ro v id ed  evidence th a t W Tl p ro te in  

m ay associate w ith  itself (Wang et al., 1995; R eddy et al., 1995; Moffett et al., 

1995). W ang e t al. first suggested that m u tan t W Tl pro teins m ay antagonize 

the  activ ity  of the w ild-type protein. R eddy e t al. h ad  m apped  the self­

association dom ain o f W Tl to the first 182 am ino acids of the protein. W hen 

this dom ain  w as expressed, or w hen tw o o ther proteins deficient for DNA- 

b ind ing  w ere expressed, they resulted  in  inhibition of transcrip tional activity 

o f W T l (R eddy e t al., 1995). U sing an  in vitro biochem ical assay and the in 

vivo yeast tw o-hybrid  assay W Tl w as found  to  self-associate. It w as thus 

p roposed  th a t W Tl m utants act in  a dom inant-negative fashion, contributing 

to  the tum origenic  developm ent. A sim ilar s tu d y  by M offett e t al. (1995) 

confirm ed  the above findings, dem onstra ting  bo th  in vitro  and  in vivo that 

W T l can  self-associate. The authors used  a D enys-Drash syndrom e allele to 

d em o n stra te  th a t it behaves in  a dom inant-negative fash ion , and  therefore 

p ro p o sed  a m echanism  via w hich W Tl m uta tions m ay act in  deregulating 

cellu lar p ro liferation  and  differentiation.
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D esp ite  the  accum ulated w ealth  of stud ies on  the m echan ism s of 

transcrip tional regu la tion  by W Tl proteins, there are  still m any im resolved 

problem s. A  n u m b er of issues need  to be ad d ressed  in  fu tu re  studies, 

including  the  identification of cellular genes that are actual targets for W Tl 

regulation in  bo th  norm al and cancerous cells. It is n o t clear w h a t p ro tein  co­

factors m odu la te  W Tl activity in particular cell types. It will be necessary to 

identify  m o re  prom oters tha t are controlled by W T l proteins in  o rd er to 

understand  the  in vivo gene targets. This is com plicated by the heterogeneity 

of the W T l b ind ing  sites identified in vitro . M oreover, prom oters reported 

to be regu la ted  by W Tl proteins in transient cotransfection assays m ay not be 

re levan t w h e n  an a ly zed  in vivo. C ellular p rom oters tha t req u ire  W Tl 

binding sites for tissue-specific expression in cell cu lture or in transgenic mice 

need to be identified  and  analyzed. Finally, transcriptional regulation by WTl 

proteins sh o u ld  be stud ied  in  the context of native chrom atin struc tu re  to 

gain an  in sigh t into gene regulatory events as they occur w ithin the  nucleus.

The question  rem ains as to the transcriptional effect of W T l: is it a t the 

level of transcrip tional initiation, elongation, or both? Does W T l p lay  a role 

in  p o s ttra n sc r ip tio n a l regu la tion , includ ing  sp lic ing  of n a sc e n t RNA 

m olecules? W hat proteins of the basal transcriptional m achinery does W Tl 

interact w ith?  H ow  is the expression of W Tl itself differentially regulated  to 

account fo r the  tissue-specific and developm ent-specific expression  of the 

W Tl gene?  A ll these  questions need  to be answ ered  to  p ro v id e  an 

u n d e rs ta n d in g  o f the  role of W Tl in  both  n o rm al d ev e lo p m en t and 

neoplastic transform ation .
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CHAPTER 3.0 IDENTIFICATION OF HIGH AFHNITY BINDING SITES FOR 

THE WILMS’ TUMOUR SUPPRESSOR PROTEIN W Tl

3.1 Introduction

D espite the fact that bo th  WT1[-KTS] and EGR-1 can bind to the same 

DNA sequence, it is not clear w hat the preferred ta rg e t sequence for WT1[- 

KTS] is, an d  how  the affinity and  specificity of WT1[-KTS] for such sites w ould 

com pare w ith  com peting factors like EGR-1. Recent crystallographic studies 

of a com plex form ed betw een the zinc finger dom ain of the EGR-1 protein  

and  a consensus DNA recognition sequence (Pavletich & Pabo, 1991; Elrod- 

Erickson e t al., 1996) provided a structural basis for the observations that EGR- 

1 and  WT1[-KTS] recognize the same DNA sequence. These studies identified 

those critical am ino acids w hich  contact specific base pa irs  in  the consensus 

EGR-1 b ind ing  site GCG-TGG-GCG. These contact am ino acids are completely 

conserved in  the WT1[-KTS] protein, thus im plying a sim ilar role in  the 

binding of the last three zinc fingers of WT1[-KTS] to th e  nine base pair EGR-1 

recognition sequence (Figure 3.1 A ) .

The crystallographic data  indicate that each of the  three fingers of EGR- 

1 interact w ith  a specific 4 bp  subsite w ithin the 9 base p a ir  consensus binding 

site (Figure 3.1B). The yeast M IGl repressor pro tein  has tw o zinc fingers 

co rrespond ing  in  sequence to fingers 2 and  3 of EGR-1. This p ro te in  

recognizes a 6  base pair G rich sequence (Nehlin & R onne, 1990). This trend 

predicts th a t WT1[-KTS] w ill recognize a specific 12 base  pa ir sequence, the 

first 9 base pairs of which w ill correspond to the EGR-1 consensus sequence. 

The effects on  W Tl-ZFP b ind ing  of m utated sequences w ith in  and flanking 

an  EGR-1 consensus site suggested that this zinc finger pep tide  derived from 

WT1[-KTS] recognizes a longer sequence (Rauscher et al., 1990; Morris e t al., 

1991).
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Figure 3.1 DNA sequence of the peptide encoding insert in plasm id pET- 

WTZFF, w ith the amino a d d  sequence of the peptide. The region of sequence 

underlined  is deleted  in p lasm id  pET-W TlAFl, the pep tide  product lacking 

the  first zinc finger of the W Tl protein. Am m o ad d s in  fingers 2-4 that are 

boxed correspond to the am ino ad d s of EGR-1 that are involved in specific 

DNA recognition, and  that in W Tl are proposed  to play an  analogous role. 

A m no adds in finger 1 that are endosed w ith dashed boxes occupy positions 

in  the  alpha helix  that co u ld  be invo lved  in  DNA interactions. (B) 

D iagram m atic  rep re sen ta tio n  oof the z inc  finger:3 bp  DNA su b s ite  

interactions in the EGR-l-DNA complex, and  the proposed interaction of the 

four W Tl zinc fingers with DNA.



74

To de term ine  the role of the first zinc finger of WT1[-KTS] in  D N A  

binding, I u sed  an  in vitro b inding  site selection assay (SAAB) (Blackwell & 

W eintraub, 1990). From the crystal s tru c tu re  data availab le  for the EGR- 

1:DNA com plex, it was reasonable to hypothesize that the first finger of WT1[- 

KTS] should  contact the 3-5 base pairs im m ediately dow nstream  of the EGR-1 

consensus s ite  (Figure 3.IB). Therefore, an  o ligonucleotide w ith  flank ing  

prim er sites a n d  including the  target sequence -GCGTGGGCGNNNNN- w as 

synthesized an d  used as a tem plate in the  SAAB assay. A fter four cycles of 

se le c tio n /a m p lif ic a tio n  w ith  e ither W T l-Z F P , a rec o m b in a n t p e p tid e  

c o n ta in in g  th e  four zinc finger m otifs o f W T l, o r  W T IA F I-Z F P , a 

recom binant pep tide  containing fingers 2-4 of W Tl, h igh  affinity b inding sites 

w ere cloned an d  sequenced. The selected h igh  affinity b ind ing  sites for W T l- 

ZFP had the  sequence: GCG -TGG-GCG-(T/G)(A/T/G)(T/G)NN, w hereas the 

W T IA F I-Z F P  d id  not d em o n stra te  an y  sequence p re fe ren ce  a t  th e  

corresponding DNA binding subsite. These results indicate th a t the first zinc 

finger of the  WT1[-KTS] p ro tein  is indeed  required for the  recognition of 

additional specific DNA sequences contiguous w ith an EGR-1 binding site. A  

q u an tita tiv e  b in d in g  assay w as used to  dem onstra te  th a t W T1-2TP has 

app rox im ate ly  a four fold h igher affin ity  for the selec ted  sites versus a 

nonselected sequence. The ability of a consensus high affinity b inding site for 

WT1[-KTS] to  act as a regulatory sequence in  m am m alian cells w as confirm ed 

u sing  a rep o rte r  gene assay. DNA sequences in the feta l prom oter o f the  

insu lin -like  g ro w th  factor U gene th a t confer W Tl responsiveness in  a 

transien t transfection  assay b ind  to the W Tl-ZFP w ith  affin ities tha t v a ry  

according to  the  num ber of consensus bases each sequence possesses in  the  

finger 1 subsite. All the experim ents in th is study  were perfo rm ed  by m yself, 

w ith  the exception  of the oligonucleotide synthesis, w hich  w as accom plished
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by Dr. Paul J. Rom aniuk, and  the transient transfection assays, w hich  were 

carried out by Kathleen C. Barilla.

3.2 M aterials and  M ethods

3.2.1 Bacterial strains and DNA vectors

Plasm ids pET-W TlZFP and pET-WTlAFl contain  the coding sequences 

for the four zinc finger dom ain of W Tl and  the last th ree zinc fingers of the 

dom ain , respectively . The zinc finger cassettes w ere  cloned in to  the 

N del/B am H l restriction sites of the T7 expression vector pET-16b (Studier et 

al., 1990). The selected DNA sequences were c loned  in to  the B am H l and 

EcoRI restriction sites of pUC19. All DNA vectors w ere m aintained in  E.coli 

s tra in  JM109. Protein expression was carried out in  E.coli strain BL21(DE3) (F- 

ompT  rb’mb")-

The m am m alian  expression vector pCB6 + a n d  its derivative pW Tl, 

w h ich  contains a complete cDNA encoding the W T l tum our suppresso r 

p ro te in  lacking either the 17 am ino acid insertion  in  the transcrip tional 

regu la to ry  d o m ain  or the three am ino acid in se rtio n  in  the zinc finger 

dom ain  (W ang e t al., 1993), were generously p ro v id ed  by Dr. T.F. Deuel. 

P la s m id  AMTV-CAT, w hich  encodes a cDNA fo r ch lo ram phen ico l 

acetyltransferase (CAT) under control of a m ouse m am m ary tu m o u r virus 

prom oter (Thompson & Evans, 1989) was a kind gift from  Dr. R. Evans.

3.2.2 O ther M aterials

Bacterial cell culture: yeast extract, tryptone and agar w ere purchased  from 

BDH Inc.

Chem icals: com m only used chemicals w ere purchased  from  Sigma Chemical 

Inc., Fisher Scientific Com pany or BDH Inc.. Urea w as purchased  from  ICN
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Pharm aceutical Inc.. Toluene w as purchased from  VWR Scientific Inc.. 2, 5- 

d iphenyl oxazole (PPO) w as purchased from  Sigma Chemical Inc.

E nzym es: Restriction enzym es and T4 DNA ligase w ere purchased  from  

either New England Biolabs or Pharmacia. Taq DNA polym erase used in  PCR 

reactions was purchased from Promega.

N u c l e o t id e s : NTPs a n d  dN T Ps w ere  p u rch ased  fro m  P harm ac ia . 

O ligonucleotides were syn thesized  by Dr. R om aniuk u sin g  an  A pp lied  

Biosystems Inc. 391 DNA synthesizer.

Iso topes: [a-32p] dATP (specific activity SOOOCi/mmol) w as purchased  from  

N ew  England Nuclear (Du Pont).

O th e r: Agarose and low m elting tem perature agarose w ere purchased  from  

FMC Bioproducts. Gelatin w as purchased  from  Sigma. Poly (dl-dC) w as 

pu rchased  from  Pharm acia. XAR-5 film  w as pu rchased  from  K odak. 

O ligonucleo tide  purification  cartridges w ere  p u rch ased  from  A p p lied  

Biosystems Inc.. Qiagen DNA purification colum ns w ith  pre-packed anion- 

exchange resin  w ere purchased  from  Q iagen Inc.. M erm aid  kit used  for 

recovering DNA from agarose gels was purchased from Bio 101 Inc.. His-Bind 

resin  and colum ns for p ro te in  purification w ere purchased from  N ovagen. 

N itrocellulose filters were purchased from  Millipore.

3.2.3 C onstruction and Purification of R ecom binant W Tl-ZFP and W TIAFI- 

ZFP Proteins.

The synthetic genes encoding the four zinc finger dom ain  (W Tl-ZFP) 

an d  the last th ree  zinc fingers of the dom ain (W TIAFI-ZFP) o f WT1[-KTS] 

w ere created by  PCR, using cDNA prepared  from  hum an fetal k idney tissue 

(Clontech) as a tem plate. For the construction  of W Tl-ZFP, app rop ria te  

p rim ers w ere syn thesized  to  allow  for the  am plification  of a cassette
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incorpora ting  the  WT1[-KTS] coding sequence from  the un ique  Aflin site  to 

the  term ination  codon (Figure 3.1A). PCR products w ere initially cloned by 

b lun t-end  ligation  in to  Sma I site of pUClS (Figure 3.2). The desired clones 

w ere  iden tified  by DNA sequencing using a n  ABI 373A au tom ated  D N A  

sequencer, and  designated pUC-W TlZFP. A PCR cassette encoding only  the 

last three zinc fingers of WT1[-KTS] (WTIAFI-ZFP) w as generated  using  the 

pU C -W TlZFP construct as a tem plate, the original dow nstream  PCR prim er 

a n d  a n  u p s t r e a m  p r i m e r  w i t h  t h e  s e q u e n c e  

GCGCGCGGCCGAATTCATATGGAGAAA CCATACCAGTGT (Figure 3.1 A). 

This PCR p ro d u c t w as cloned into Smal site of pU C lS an d  the correct clone 

identified  by  DNA sequencing using an ABI 373A autom ated  DNA sequencer. 

O nce the sequences w ere verified, the zinc finger cassettes w ere cloned in to  

the N d e l/B am H I restriction sites of the T7 expression vector pET-16b (Studier 

e t al., 1990) (Figure 3.3) to yield the plasmids pET-W TlZFP and  pET-W TlAFl. 

The resulting  synthetic genes encoded zinc finger peptides w ith  a histidine tag 

and  factor Xa cleavage site fused to the amino term inus (Figure 3.1 A).

Recom binant proteins were expressed by inducing log phase E.coli 

(stra in  BL21(DE3)) containing the pET-16b constructs w ith  isopropyl-p-D - 

th iogalac topyranoside  (1 mM). The cells w ere  harvested  3 hours la ter by 

cen trifugation  a t 8630 x g in  a Beckman JA-14 rotor. The cell pellets w ere 

w ashed  w ith  buffer A (10 mM  TrisHCl, pH  7.5 a t 4 °C, 5 m M  M gCli, 250 m M  

N aC l, 10 m M  PMSF, 10% glycerol, 5 mM  DTT, 5 m M  im idazole), th en  

resu sp en d ed  in  the sam e buffer and  lysed by u ltrasonication  (8  X 15 second 

pu lses on  ice w ith  1.5 m inute  intervals betw een  pulses). Cell debris w as 

pelleted  by centrifugation in  15 ml corex tubes at 16,000 rp m  for 15 m inutes in  

a Beckman JA-21 rotor, and  the supernatant w as discarded. The proteins w ere 

extracted from  the inclusion bodies by incubation overnight a t 4 °C in  10 m l
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Figure 3.2 Schematic representation  of the recom binant WTl-ZF plasmid, 

pUC18/Wn-ZF. Restriction enzym e sites are indicated.
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Figure 3.3 Plasmid m ap o f pET-16b expression vector (Novagen technical 

bulletin). Protein coding sequences were cloned into Bam H l/Ndel sites.
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of buffer B (buffer A  containing 5M urea). Recom binant zinc finger peptides 

were purified  to hom ogeneity using a 1 m l nickel-chelate affinity colum n. 

After w ashing  the colum n w ith 2 ml o f buffer B containing 50 mM im idazole, 

the recom binant p ro te in  was eluted w ith  1 ml of buffer B containing 150 mM 

im idazole follow ed by 1 ml of buffer B w ith  250 m M  im idazole. Protein  

concentrations w ere determ ined by the Bradford m ethod , using BSA as the 

standard  (Bradford, 1976), Protein yield averaged 10 m g per litre of bacterial 

culture. O n  SDS-PAGE (15%), the  purified  W Tl-ZFP m igrated  w ith  an 

apparent m olecular m ass of 22 kilodaltons (kDa), and  the W TIAFI-ZFP w ith 

an apparen t m olecular mass of 17 kDa (Figure 3.4).

3.2.4 Selection A m plification and B inding (SAAB) Assay.

The SAAB assay  was used according to the  pub lished  p rocedu re  

(Blackwell & W eintraub, 1990) w ith several m inor m odifications (Figure 3.5). 

A 69 bp oligonucleotide was synthesized that included  the target sequence 

-GCGTGGGCGNNNNN- flanked by Bam H l and EcoRl restriction sites and 

by b ind ing  sites for M13 universal forw ard  and reverse sequencing prim ers 

(Figure 3.6).

P rim er ex tension  was used to  convert the tem pla te  oligonucleotide 

into a m ixture of 1024 double stranded DNA sequences. The labeling reaction 

for the initial round  o f selection had  a final volume of 40 pi, and  consisted of: 

10 pm ol o f SAAB tem plate, 80 pm ol R.U.P. (Reverse U niversal Erim er), NTB 

buffer (50mM Tris-HCl, pH  7.2, 10 m M  MgClz, 1 m M  DTT, 50 m g /m l BSA). 

First, the p rim er w as annealed by incubating the m ix ture  at 65 °C for five 

m inutes, then  slow ly cooling to am bien t tem perature . The reaction  w as 

started by adding  8  nm ol each of dCTP, dGTP, d i  IF , 20 pCi [a-32p]_^jATP and  

10 units of Klenow firagment of E.coli DNA polym erase I. The reaction was
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Figure 3.4 C oom assie b lue-sta ined  15% SD S-polyacrylam ide gel show ing  

p u rifiied  W T l-Z F P  a n d  W TIA FI-ZFP pro teins. Lane d e s ig n a ted  M W  

rep resen ts p ro te in  m olecular w e ig h t m arker; L ane 1: W Tl-ZFP; Lane 2: 

W TIAFI-ZFP.
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Synthesize tem plate w ith  random  sequences in  b inding  site 
Synthesize opposite strand

NNN
5' ---------------------------------------------------------------------------  3'

Incubate labeled double-stranded tem plate w ith  protein

NNN
5" ---------------------------------------------------------------------------  S'
S' ---------------------------------------------------------------------------  5'

N'N'N"
+

I
Separate bound  from free DNA by gel-shift

I
Isolate b ound  DNA and PCR-amplify

Label am plified selected b inding sites and  re-select 
for binding as in  steps 2-4

I
Blunt en d  clone into pUC,

Transform  into E.coli

I
Sequence individual clones 

Figure 3.5 Protocol for the  SAAB (Selection and  Am plification of Binding 

site assay).
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F.U.P.
 ^

5' GTTTTCCCAGTCACGACGAATTCTAATGCGTGGGCG
E coR l

 CCTTAGGATCCGTCATAGCTGTTTCCTG 3'
B am H l ^

R.U.P.

Figure 3.6 The oligonucleotide containing a random ized target sequence for 

SAAB analysis of WT1[-KTS] finger 1 subsite. Arrows represent the fo rw ard  

(R.U.P.) and  reverse (F.U.P.) universal prim ers. Endonuclease restriction sites 

are underlined , the EGR-1 consensus sequence is show n in bold, an d  the 

random ized sequence is outlined.
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allow ed  to  proceed for 45 m inutes, then  the enzym e w as inactiva ted  by 

incubation at 65°C for five minutes. Following second strand synthesis, the 

DNA w as labeled using  [a-32p]-dATF, in the presence o f M13 universal 

p rim ers éind the Klenow fragm ent of DNA polym erase I. The 40 p i labeling 

reaction  consisted o f the following: NTB buffer, 40 pm ol each  of F.U.P. 

( fo rw a rd  U niversal Erim er) and R.U.P., lOpmol DNA tem plate, 40 pCi of [a- 

32p]-dATP, 8 nmol each  of dCTP, dTTP, dGTP, and  10 units K lenow  fragm ent 

of D N A  polym erase I. The reaction was incubated  for 30 m inu tes, and 

stopped  w ith  the add ition  of 8  nm ol dATP. The labeled DNA p roduct was 

purified  o n  a 9% non-denaturing  polyacrylam ide gel (29:1 crosslinking ratio 

of ac ry lam id e  to  b is; 16 x 16 cm  x 0.75 m m ), an d  v isu a lize d  by 

autoradiography. Gel slices containing labeled DN A  were excised, DNA was 

elu ted  overnight in  250 pi elution buffer (0.6 M NH^Ac, 1.0 m M  EDTA, 0.1% 

SDS) (Sam brook et al., 1989). The e lu ted  DNA w as recovered by ethanol 

precipitation, and resuspended in deionized water.

Labeled DNA (10-20,000 cpm, 0.005 pM) w as incubated  w ith  either 

WT1-2IFP o r W TIAFI-ZFP for 20 m inutes at room  tem perature  in  a buffer 

containing 20 mM HEPES, pH  7.5, 70 m M  NH4CI, 7 mM  MgClz, 0.1% NP-40, 

10 pM  ZnCl2 , 2.5 m M  DTT, 100 m g /m l BSA, 30 p g /m l poly dl-dC , 6 % glycerol. 

B rom ophenol blue an d  xylene cyanol w ere ad d ed  and  the reactions were 

loaded im m ediately onto  a non-denaturing 6% polyacrylam ide gel in  a buffer 

c o n ta in in g  89 m M  T ris, 89 m M  b o ra te , 2 m M  EDTA. Follow ing 

e lec trophoresis  a t 200 V for 3 h  a t  4 °C, the gels w ere sub jected  to 

au to rad iography  (Figure 3.7). The band  corresponding to the DN A -protein 

complex w as cut ou t the  gel, and the bound  DNA in  the gel slice w as eluted by 

incubation  overnight in  250 pi of 0.6 M am m onium  acetate, 1 m M  EDTA, 

0.1% SDS a t 37 °C. The DNA was recovered by ethanol precipitation, and
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A) 1 2 3  4 5 6 7  B) 1 2 3 4 5 6 7

I I I  I I I I I I I I I I I

Bound

Loading wells

Figure 3.7 An autoradiogram m  of round 3 of SAAB. (A) W Tl-ZF+DNA 

template; (B) W TIAFI-ZFP+DNA tem plate. Lanes 1-7 represent p ro tein  

concentrations 0; 1.56; 3.1; 6.25; 125; 25 and  50 nM, respectively.
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resuspended  in  40 pi of deionized water. Labeled DNA w as then  p repared  for 

the  nex t selection round  using  the e lu ted  DNA as a tem p la te  in  a  PCR 

reaction  (Blackwell & W eintraub, 1990). A  standard  PCR reaction  h a d  a 

vo lum e of 100 p i, and  contained the following: 10 mM Tris-H C l, p H  8.3 at 

20°C, 1.5 m M  MgCl2 , 25 mM  KCl, 50 p g /m l gelatin, 10 pi selected  tem plate  

DNA, 20 nm ol each of dTTP, dCTP, dGTP, and  dATP, 50 pm ol each F.U.P. and  

R.U.P. p rim ers, and  2.5 un its  Taq DNA polym erase. T he reaction  w as 

overla id  w ith  an equal volume of mineral oil, and  carried o u t  using a Techne 

PCR therm ocycler. The reaction  was carried  ou t th ro u g h  25 ro u n d s  of 

th e rm a l cycling, each  cycle consisting o f 1.5 m inu tes a t  d é n a tu ra tio n  

tem perature  of 94°C, 1.5 m inutes a t an annealing tem perature of 55°C, a n d  1.5 

m inu tes a t an  extension tem perature of 72°C. The am plified  DNA p ro d u c t 

w as pu rified  by phenolzCHClg extraction, an d  ethanol p rec ip ita ted  w ith  the 

add ition  of glycogen as a carrier. The purified DNA was resuspended  in  20 pi 

o f deionized water.

In  the first round  of selection, the p ro te in  concentrations were 25-100 

nM ; in  the next three rounds the concentrations were reduced to  6 , 3, an d  0.75 

nM  respectively. DNA isolated from the last round  was am plified  an d  the 

p ro d u c t d igested  w ith  Bam H l and  EcoRl for cloning in to  pUC19. A fter 

tran sfo rm a tio n  of E. coli JM109, th irty  six to fifty clones w ere  random ly  

se lec ted , an d  p lasm id  DNA prepared . The base sequences of the EcoR 

I/B a m H  I inserts in  these constructs were determ ined u sin g  an  ABI 373A 

au tom ated  DNA sequencer.

3.2.5 C onstruction  of p lasm ids containing sequence e lem en ts o f the  in su lin ­

lik e  g row th  factor II fetal p rom oter, and the  non-selected sequence  w ith  the 

CGC subsite  for finger 1  b inding
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The th ree  W T l recognition sequences identified  in th e  insulin-like 

grow th  factor II (IGF-II)gene (D rum m ond et al., 1992), as well as a non-selected 

sequence, GCG TGG GCG CCC were created de novo by Dr. R om aniuk using 

a n  A pp lied  Biosystem s Inc. 391 DNA synthesizer. The to p  s tra n d s  of 

oligonucleotides containing prom oter elements h ad  the following sequences: 

IGF-A: GAT GCG GTT GCG CGG GGG CGA CG 

IGF-B: GAT GCG GTT GGG GGG GGG GGG GG 

IGF-E: GAT GGA GGA GGG GGG GGG GGG GGG AAG G, 

and  incorporated a BamHL site for cloning into pUG19.

The top  strand  of the oligonucleotide w ith  the non-selected sequence 

had  the sequence: AAT TGT AAT GGG TGG GGG CCC AGG GTT AG, and 

in co rp o ra te d  EcoRI and BamHl restriction  sites for cloning in to  pUG19 

plasm id. The base sequences of the cloned inserts in these constructs were 

determ ined using an  ABI 373A autom ated  DNA sequencer.

3.2.6 Purification o f oligonucleotides

Synthesized oligonucleotides were deprotected by incubation in  1.0 ml 

of concentrated am m onium  hydroxide for two hours at am bient tem perature. 

The supernatan t was separated from  the resin by centrifugation for 30 seconds 

in  a m icrocentrifuge, and  incubated  at 50®G overnight. The nex t day , the 

so lu tion  w as cooled prior to purification, and half of it was pu rified  as per 

protocol p ro v id ed  by A pplied Biosystems Inc. The resulting e lu tan t was 

evaporated  in  a RH40-11 Speed Vac concentrator, and  the pellet resuspended 

in  100 |il deionized  water. O ligonucleotide concentrations w ere  determ ined 

by  abso rbance  a t 260 nm  m ea su re d  using  DU-65 S pec tro p h o to m eter 

(Beckman) (taking into account the  OD^^O of a 10 M oligonucleotide solution).
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3 ^ 7  End-labeling of DNA

A series of DNA sequences containing W Tl b in d in g  sites were released 

from  p lasm id  pUC19 using  EcoRI an d  H indU l a n d  end-labeled  w ith  [a -  

32p]dATP an d  the Klenow fragm ent of E.coli DNA polym erase I (Sambrook et 

al., 1989). The fill-in labeling reaction  had  a final vo lum e of 40 |i l ,  an d  

included the  following: 50mM Tris-HCl, p H  7.2, lOmM  MgS0 4 , 0.1 m M  DTT, 

50 p g /m l  BSA, 0.1 mM  each dA TP, dTTP, dC TP an d  dGTP, 25 pC i [a -  

32P]dATP, an d  2.5 units of Klenow fragm ent of E.coli polym erase I. The 

labeling reaction  w as incubated a t am bient tem p era tu re  for 30 m inu tes; 

inactivated  by incubation at 65® C for five m inutes, th en  loaded  onto  a 9% 

non-denatu ring  polyacrylam ide gel (29:1 crosslinking ratio  o f acrylam ide to 

bis; 16 X 16 cm x 0.75 mm). Labeled DNA p ro d u c t w as v isualized  by 

autoradiography, the gel band excised, and  the DNA w as e lu ted  by incubation 

overnight in  250 pi of 0.6 M am m onium  acetate, 1 m M  EDTA, 0.1% SDS. The 

DNA w as recovered by ethanol precipitation, a n d  resu sp en d ed  in  40 p i of 

deionized w ater.

3.2.8 N itrocellulose Filter B inding Assay

The binding affinities of a series of DNA sequences for the WT1[-KTS] 

zinc finger peptides w ere quantified using a nitrocellulose filter binding assay 

developed  to  study  zinc finger protein-D N A  in terac tions (Rom aniuk, 1985; 

R om aniuk, 1990). The TMK binding reaction buffer contained  20 mM  Tris- 

HCl, 5m M  MgClz, 100 m M  K Q , 100 p g /m l BSA, Im M  DTT, 10 pM  ZnClz, and  

was ad justed  to pH 7.5 20°C. The proteins were serially  d ilu ted  in TMK buffer 

to  give fin a l concentrations ran g in g  from  60 nM  to 0.2 nM. P rio r to 

incubation w ith  DNA, the proteins w ere allowed to  equilibrate  in  the b ind ing  

buffer for 15 minutes. The binding reactions were in itia ted  by the add ition  of
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approxim ately 10,000 cpm  (approxim ately 0.005 pmol) of labeled DNA along 

w ith  the nonspecific com petitor poly (dl-dC) (Pharmacia) a t 30 ng per b inding 

reaction. After incubation for an  appropria te  am ount o f tim e (m inim um  30 

m inutes), a 180 p i a liquot w as rem oved, a n d  vacuum  filte red  th rough  pre­

soaked 0.45 pm  nitrocellulose filters (M illipore). The filters w ere d ried  and  

counted  in toluene-based scintillant using a liquid  scintillation counter (LKB). 

Non-specific retention of labeled DNA on  the filters was typically in the range 

of 10-15 % of in p u t, and  w as taken into account to norm alize m easurem ents 

o f  com plex fo rm atio n . E xperim en ta l d a ta  (at le a s t  3 in d e p e n d e n t 

determ inations per da ta  po in t) w ere fitted  using  a non-linear least squares 

function: m2 x m l  x m O /(l + m l x mO); w here mO = varied  ligand  

concentration; m l  = 1 0^, initially; and m 2  = 1 , initially (K aleidagraph version 

3.0 Synergy Softw are, R ead ing , PA) d esig n ed  for an  A pp le  M acin tosh  

com pu ter. The d isso c ia tio n  constan t (Kp) for a s im p le  b im olecu lar

equilibrium  (single com ponent pseudo first-order reaction) w as determ ined  

as a concentration o f protein  required  to give 50 % saturation.

3.2.9 Transient T ransfection A ssays

The CAT re p o r te r  p la sm id s  w e re  c o n s tru c te d  by c lo n in g  

oligonucleotides containing e ither one or th ree  repeats o f the  indicated W Tl 

b ind ing  motif into the un ique  H indlQ  site upstream  of the transcrip tion start 

o f the CAT gene in  AMTV-CAT. HepG2 cells (ATCC HB8065) were cu ltu red  

in  m inim al essential m edia w ith  Earle's salts, L-glutam ine and  non-essential 

am ino acids (Gibco BRL) w ith  1 mM  sodium  pyruvate a n d  10% fetal bovine 

serum . Cotransfection of H epG 2 w ith  8  p g  of either pW T l o r pCB6 +, 2 pg  of 

CAT reporter p lasm id  and  3 p g  of pSVP-gal (Prom ega) in  60 m m  plates 

u tilized a calcium phosphate protocol (Chen & Okayam a, 1987). Cell extracts
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w ere p repared  in  IX R eporter Lysis Buffer (Promega) 48 h  after transfection, 

p-gaiactosidase activity w as m easured (Sam brook et al-, 1989) and w as then 

used  to norm alize the cell extracts for transfection efficiency before the 

extracts w ere assayed for CAT activity. CAT activity was m easured by a non­

chrom atograph ic  techn ique  u tilizing  so lv en t p a rtitio n in g  of the labeled  

su b stra te  ([^^C]-acetyl coenzym eA ) from  the p roduct ([ l^ C ]-a c e ty la te d  

chloram phenicol) (Sleigh, 1986).

2.3 Results

2.3.1 Isolation o f DNA b in d in g  subsite for finger 1 of W Tl-ZF by  SAAB.

The se lection /am plification  assay (Blackwell & W eintraub, 1990) was 

u sed  to identify  the p refe rred  target sequences for the W Tl-ZFP pep tide , 

w h ich  lacks the KTS in se rtio n  betw een fingers 3 an d  4 in tro d u ced  by 

alternative splicing. Four cycles of SAAB analysis were carried  ou t to  select 

h igh  affinity binding sites from  a low -degeneracy pool containing the target 

sequence -G CG TG G G CG N N N N N - flanked  by PCR p rim e r sites. This 

oligonucleotide was syn thesized  assum ing, based  upon the  crystal structure 

d a ta  available for the EGR-1: DNA com plex (Pavletich & Pabo, 1991), that 

fingers 2-4 o f W Tl w o u ld  in terac t w ith  the EGR consensus sequence 

GCGTGGGCG. By extension of the analogy to the EGR-1  protein, the first 

finger of W Tl should  contact the 3-4 bases im m ediately dow nstream  of the 

EGR consensus site, w h ich  is the reg io n  random ized  in  the tem pla te  

oligonucleotide. The W TIAFI-ZFP p ro tein  w hich lacks th e  first zinc finger 

w as used in  a parallel selection procedure to serve as a negative control. After 

the final round  of selection and  amplification, high affinity b inding  sites from 

the W Tl-ZFP selection, as w ell as sequences firom the W TIAFI-ZFP selection, 

w ere cloned into pUC-19 an d  36 or more clones of each w ere sequenced. The
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1 4 7 10 14 
I I  I  I I

SAAB T e m p la t e :  . .GCGTGGGCGNNNNN. .

o f  b a s e s 1 0 - 1 4  o f
GAGCG TAACA

TAACC
GANCT

TACAC
GCACC TACAT

TACCC
GCTCT

TAGCA
GGGCA TAGGG
GGGCG TAGTA
GGGGT TAGTG
GGGTG
GGGTG TATCT

TATGC
GGTAG TATGT
GGTAT TATNN
GGTGA
GGTGC TCCAA
GGTGG TCCCA
GGTTG

TGACC
GTAAA TGACC
GTACC

TGCTA
GTTGA

TGGAC
TGTAC TGGGA
TGTAC TGGGG
TGTCA TGGGG
TGTCA
TGTCT TTTAC

TTTCC
TTGAC
TTGGA
TTGGC

Figure  3.8 Sequences of bases 10-14 arising from the random  SAAB tem plate 
after four rounds o f selection w ith  W Tl-ZFP. Fifty clones were isolated after 
lig a tio n  into p lasm id  pU C lS  an d  sequenced by s tan d ard  m ethods. The 
sequences have been  so rted  accord ing  to their iden tity  at bases 1 0 -1 2 . 
N ucleo tides sh o w n  as "N" cou ld  no t be determ ined  unam biguously , and  
these  w ere no t used  in  calculating the d istribu tion  frequencies show n  in  
Table 3.1.
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T ab le  3.1 Frequencies of N ucleotides Selected by  W Tl-ZFP an d  W TIAFI-ZFP

W Tl-ZFPa

Position; 1 0 11 12 13 14

A 0 .0  (0 .0 ) 30.0 (13.9) 14.0 (11.1) 24.0 (9.8) 30.0 (43.0)

C 0 .0  (0 .0 ) 8 .0  (0 .0 ) 12.0 (13.9) 38.0 (16.1) 34.0 (21.4)

G 36.0 (55.6) 46.0 (55.6) 34.0 (38.9) 26.0 (41.9) 22.0 (17.9)

T 64.0 (44.4) 16.0 (30.5) 38.0 (36.1) 12.0 (32.2) 14.0 (17.9)

W TlAFl-ZFPb

Position: 1 0 11 12 13 14

A 15.2 24.2 6.5 19.3 32.3

C 27.3 33.3 22.5 25.9 19.4

G 27.3 24.2 38.7 38.7 25.8

T 30.3 18.2 32.2 16.1 2 2 .6

^Com piled from  the sequences of 50 clones chosen random ly  after the final 

selection round . N um bers in  brackets com piled from  the sequences of 36 

clones ob tained  from  the fina l selection ro u n d  of a second , in d ep en d en t 

SAAB experim ent.

^C om piled from  the sequences of 36 clones chosen random ly  after the final 

selection round.
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sequences of 50 clones chosen from  the final pool of DNAs selected by WTL- 

ZFP are  show n  in F igure 3.8. The percentage frequencies of the four bases at 

each o f the  five random ized  positions are show n in Table 3.1 for bo th  W Tl- 

ZFP a n d  W TIAFI-ZFP. A chi-square test o f the base d istribu tion  a t each 

position indicated tha t only  the distributions a t positions 1 0 , 11 and  1 2  in  the 

W Tl-ZTP selection experim ents were non-random  (a<0.025), while all o ther 

d istribu tions can be considered  random  (a>0.05). The h igh  affinity b ind ing  

site for W Tl-ZFP had  th e  sequence: GCG-TGG-GCG-(T/G)(A/G)(T/G)NN. In 

contrast, W TIAFI-ZFP, th a t had  a deletion o f the first zinc finger, show ed  no 

p reference  a t all for D N A  sequences d eriv ed  from the  five d eg en era te  

positions. The reproduciblity  of the SAAB results was tested  by repeating  the 

se lec tion  o f sequences w ith  the  W Tl-ZFP. The resu lts  ob ta ined  w ere 

essen tia lly  the  sam e (Table 3.1), w ith a s ligh t difference in  the preference 

dem onstra ted  for position  11 (G /T  rather than  A /G ). It is interesting to  note 

tha t only  a three base p a ir  sequence was selected for the  W Tl-ZFP finger 1 

b ind ing  subsite , w hile  4 bp  recognition subsites are observed for EGR-1 

pro tein .

3.3.2 Q uan tita tive  B ind ing  of W Tl-ZFP to V arious DNA Sequences

A nitrocellu lose  filter b ind ing  assay (Rom aniuk, 1990) w as u sed  to 

determ ine the affinities of the W Tl-ZFP for several high affinity b ind ing  sites 

selected in  the SAAB assay. A non-selected sequence, GCGTGGGCGCCC, was 

also tested  for b inding to  W Tl-ZFP. Figure 3.9A shows typical b inding curves 

m easured  for W Tl recognition  sequences containing TGT and  CCC finger 1 

subsites, a n d  for an unrela ted  sequence, a thyroid  horm one receptor response 

elem ent (TRE). The values of the apparent association constants (Kg) for the 

b ind ing  o f W Tl-ZFP to  these DNA sequences can be derived  from  the data
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assu m in g  a s im p le  b im olecular in te rac tion . T he resu lts  o f  severa l 

Independen t experim ents indicate that the W Tl elem ent w ith the consensus 

TGT finger 1 subsite binds WTl-ZFP w ith  an  apparen t Ka of 8.40±1.21 X 10® 

w hile the nonconsensus CCC elem ent has an apparen t Ka of 2.10±0.41 X 

10® M"^. In  co m p ariso n , the TRE sequence  b inds W T l-Z F P  w ith  

approxim ately tw o orders of magnitude less affinity (Ka estim ated to  be ca. 3 X 

1 0 ® M'^). Ka values for a num ber of the selected h igh  affinity b in d in g  sites 

were m easured  using  the same assay, and  these sequences have affinities for 

W Tl-ZFP th a t are equal to that of the TGT sequence (Table 3.2). In 

co m p ariso n , the  W T l elem ent con ta in ing  the  CCC finger 1 subsite  

significantly  reduced  the  binding of the W Tl-ZFP, decreasing the affinity 

four-fold com pared  to  the selected, h igh affinity b ind ing  sites. The affinities 

of the TGT elem ent (Ka = 1.67+0.05 X 10® M'^) and  the CCC elem ent (Ka = 

0.92±0.09 X 10® M‘1) for the m utant peptide W TIDFI-ZFP, w hich lacks the 

first zinc finger of W T l, are almost equivalent (Figure 3.9B). It is apparen t 

that the difference in  affinities of selected vs. non-selected sequences for W Tl- 

ZFP is a lm ost com pletely attributable to the interaction of finger 1 w ith  the 

base 10-12 subsite defined by the SAAB experiments (Table 3.2). These data 

give a clear indication of the contribution m ade by finger 1 of the W Tl-ZFP to 

the overall free energy  of DNA binding. These results also indicate th a t the 

SAAB assay easily discrim inates between elements tha t differ in  their binding 

affinity for a specific protein  by as little as four-fold.

W T l binding sites have been identified in a num ber of eukaryotic 

prom oters (D rum m ond e t al., 1990; Gashler et al., 1992; W ang et al., 1992; 

H arrington e t al., 1993; Rupprecht et al., 1994; Dey et al., 1994). To determ ine 

the biological significance of the WTl recognition sequences selected in  the
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Figure 3.9 (A) Results of an  nitrocellulose filter b inding  assay m easuring the 

equilibrium  b ind ing  of WTl-ZFP to the WTl elem ent w ith  a TGT subsite for 

finger 1 (closed circles), the WTl elem ent w ith  a CCC subsite  for finger 1 

(open squares) or a thyroid hormone receptor elem ent (open circles). Curves 

rep resen t the  best fit of the data in  each case to a sim ple  b im olecular 

equilibrium . (B) Results of an  nitrocellulose filter b ind ing  assay m easuring 

the equilib rium  b ind ing  of WTIAFI-ZFF to  the WTl elem en t w ith  a TGT 

subsite for finger 1 (closed circles) and the WTl elem ent w ith  a CCC subsite 

for finger 1 (open squares).
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T able  3.2 Relative Affinities of W T l Binding Sites for W Tl-ZFP and  

W TIAFI-ZFP

D N A  Sequence^ Relative Affinity for 

W Tl-ZFPb

Relative A ffinity for 

W TlA Fl-ZFPb

TGT 1.00 1 .00

CCC 0.22±0.04 0.56±0.07

GGG 0.98±0.26 n.d.

TAG 0.98+0.37 n.d.

GGT 0.81±0.30 n.d.

^Sequence of bases 10-12 (finger 1 subsite) are show n

^Determ ined as th e  ratio of the apparen t Ka m easured for each  b ind ing  site to 

tha t m easured for the TGT binding site in parallel. M ean ± s tan d ard  deviation 

reported  for tw o o r m ore independent determ inations, n.d. = n o t determ ined.
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SAAB assay, w e com pared the b inding affin ity  of W T l-Z FP for three sites 

id e n tif ie d  in  th e  p rom oter o f the in su lin -lik e  g ro w th  factor II g ene  

(D rum m ond e t al., 1992), w ith the affinity of the protein for the high affinity 

TGT target sequence identified by SAAB analysis. As the results in  Figure 3.10 

sh o w , the three W T l sites isolated from  the  IGF-I I p ro m o te r act as h ig h  

affin ity  target sequences for the W Tl-ZFP, w ith  affinities roughly  equal to th a t 

of the  idealized TGT element. In relative term s, the th ree  elem ents have  

affin ities for W Tl-ZFP in the o rder (from h ighest to low est) of IGF-B^GF- 

E>IGF-A (relative affinités being 1.00, 0.77±0.22 and 0.28±0.08 respectively). 

T his correlates w ell w ith  the SAAB results; IGF-B has bases 10 and 11 th a t 

conform  to the SAAB consensus, IGF-E has only  1 consensus base but it is in  

the critical 10 position, and IGF-A has only 1 consensus base b u t it is in  the  

less critical 11 position. In sum m ary, our da ta  dem onstrated  th a t WT1[-KTS] 

b in d s  to  a 12 bp  DNA sequence w ith  h igh  affinity, a n d  th a t the relative 

affin ities of W Tl binding  sites in  genomic DNA can be understood  based  

u p o n  this consensus binding sequence.

3.3.3 A n In v itro  Selected W Tl B inding Site Acts as a S trong  T ranscriptional 

R egulator.

It has been dem onstrated that W Tl can activate, or repress, 

transcrip tion  from  a prom oter depending up o n  the num ber and  location of 

W T l binding sites (M adden et al., 1991; W ang e t al., 1993; W erner e t al., 1993). 

To dem onstrate  tha t a high affinity W Tl b ind ing  site selected in vitro can act 

as a transcriptional regulator in vivo, we tested a series of reporte r constructs 

in  w h ich  the chloramphenicol acetyltransferase (CAT) gene w as fused to the 

m ouse  m am m ary tum or virus LTR prom oter containing a variable num ber 

of th e  TGT sites cloned upstream  of the transcription start site. This reporter
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c o n s e n s u s

r e f e r e n c e  : 
IGF-A s i c e ;  
IGF-B s i c e ;  
IGF-E s i c e ;

GAG
GCG-TGG-GCG-TGT 
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GCG-TGG-GCG-TGT 
GCG-CGG-GGG-cGa 
GCG-GGG-GCG-GGc 
GCG-GGG-GCG-Gcc
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Figure 3.10 (A) Sequences of WTl elem ents identified in  the fetal prom oter 

of the IGF-II  gene. (B) Results of a n  nitrocellu lose filte r b ind ing  assay 

m easuring the  equilibrium  binding of W Tl-ZFP to the  W T l elem ent w ith  a 

TGT subsite for finger 1 (closed cirdes), the IGF-A elem ent (open squares), the 

IGF-B elem ent (closed squares) or the IGF-E elem ent (open  circles). C urves 

rep resen t the  best fit of the data in  each case to a sim p le  b im olecular 

equilibrium .
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gene construct has been used  to dem onstrate the gene regulatory function of 

thyro id  horm one reponsive elements cloned into the unique H ind  HI site 

(T hom pson & Evans, 1989). Similar tests of the regulatory  activ ity  of other 

W T l b in d in g  sites have  utilized an  analogous tk-CA T re p o rte r  system  

(M adden e t al., 1991). The MTV-CAT reporter constructs were co-transfected 

in to  H epG 2 cells w ith a eukaryotic expression vector containing the  hum an 

W T l  cDNA, or the expression vector w ithout an  insert. After 48 hours, cell 

extracts w ere  p repared  an d  after norm alization for transfection efficiency, 

w ere assayed for CAT activity. As the results in Figure 3.11 show , insertion of 

a single TGT site in the MTV prom oter gives rise to a significant stim ulation 

of transcrip tion  by W Tl com pared to basal expression. Insertion  of three 

tandem  TGT sites gives a m uch larger responsiveness to W Tl. This increased 

responsiveness is p rim arily  the result of a sign ifican t decrease  in  basal 

p rom oter activity w ith the insertion of three tandem  sites, com pared  to the 

basal prom oter activity w ith  the insertion of one site.

A num ber of the putative W Tl binding  sites iden tified  in  several 

prom oters do not conform to the consensus site we have identified by  the 

SAAB assay. To confirm that such sites also act as transcriptional regulators 

responsive to W Tl in this system, we cloned either one or three copies of the 

low er affinity CCC site in to  the MTV LTR prom oter. As the results in  Figure 

3.11 show , a single CCC site has approxim ately the sam e effect o n  prom oter 

activity as a single TGT site has. In contrast, three tandem  CCC sites provide 

approxim ately  twice the responsiveness to W Tl than  tha t observed  for three 

tandem  TGT sites. In th is case, the increased responsiveness observed  for 

three vs. one CCC site is directly the result of a decrease in  the basal activity of 

the prom oter: the level of CAT activity expressed as the result of W T l
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Figure 3.11 (A) CAT reporter gene constructs used in  transien t transfection 

assays to  m easure W Tl responsiveness. Boxes represent the num ber o f W Tl 

elem ents w ith  the indicated finger 1 subsite  sequence inserted  into the unique 

H ind  m  site of the DMTV-CAT p lasm id . (B) A ssay of ch loram phenicol 

acetyltransferase activity in  cell extracts p repared  from transient transfections. 

Each transfection of HepG2 cells included the indicated reporter p lasm id , and 

either the  eukaryotic expression p lasm id  pCB6 + which does not express W Tl 

(open bars), or pW Tl (closed bars), a pCB6 + derivative th a t does express W Tl. 

C pm  va lues are reported  as the m ean  ±  standard  deviation  from 5 o r more 

in d ep e n d en t experim ents. Fold activa tion  is reported  as the ra tio  o f cpm 

ob tained  in  transfections w ith  pW T l to the cpm  ob tained  in  transfections 

w ith  pCB6 +.
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activation is the sam e w hether the MTV prom oter contains one or th ree  CCC 

sites.

3.4 D iscussion

The DN A b ind ing  dom ain of WT1[-KTS] consists of four zinc fingers, 

the last th ree  o f w hich  have significant hom ology to the three zinc fingers of 

EGR-1. M olecular details of the interaction of the zinc fingers of EGR-1 w ith a 

consensus b inding site  have been resolved by X-ray crystallography (Pavletich 

& Pabo, 1991; E lrod-Erickson et al., 1996), and are  discussed in  detail in  

C hapter 1 of this thesis. The three hom ologous zinc fingers found  in  WT1 [- 

KTS] re ta in  the specific am ino acids of EGR-1 tha t are  involved in  DNA 

binding. The first, un ique  zinc finger of WT1[-KTS] m ight be expected by 

analogy to  in teract w ith  a subsite contiguous to the  EGR-1 consensus site, 

im plying tha t WT1[-KTS] recognizes a  1 2  (or longer) base pair sequence in 

target prom oters.

In add ition , the  structures of tw o  other zinc fingerzDNA com plexes 

have been solved by X-ray crystallography: the SWIzDNA complex (Fairall et 

al., 1993) an d  the GLIzDNA complex (Pavletich & Pabo, 1993). The results of 

these investigations dem onstra ted  th a t zinc finger interactions w ith  double 

stranded  D N A  are n o t restricted to one specific s tran d , nor to  contiguous 

three base p a ir subsites. Interactions can span bo th  strands of the  DNA, 

subsites can be larger than  3 base pairs and  can be overlapping, and  som e zinc 

fingers m ight not in teract w ith the D N A  at all.

G iven this variability  in the w ays by which zinc fingers can  interact 

w ith DNA, w e designed  an experim ent to determ ine the full b ind ing  site for 

WT1[-KTS] th a t w o u ld  favour the m o st likely hypothesis (m echanism  of 

interaction identical to  EGR-1) w ithou t preventing the identification of other
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m odes of b ind ing . The tem plate for the selection of high affin ity  sites w as 

d esig n ed  to  hav e  a ran d o m  sequence of five base p a irs  im m ed ia te ly  

dow nstream  of the nine base pair EGR-1 consensus site. Based upon the 

antiparallel b in d in g  of EGR-1 to its nine base p a ir  consensus site, the first 

finger of WT1[-KTS] w ould  be expected to interact w ith  a contiguous subsite 

im m ediately  dow nstream . To verify that any sequences selected from this 

tem plate by the  complete WT1[-KTS] zinc finger dom ain  w ere the  result of 

the  specific in teraction  o f finger 1 w ith  the DNA, the selection assay w as 

carried  out in  parallel w ith  a zinc finger peptide containing only fingers 2 to 4 

o f WT1[-KTS].

The re su lts  of this experim ent indicate th a t the first z inc  finger of 

WT1[-KTS], like the three fingers homologous to the EGR-1 p ro tein , binds to 

a three base p a ir subsite w ith in  a 12 base pair consensus binding site for WT1[- 

KTS]. This subsite has the consensus sequence (T o r G),(G or A or T), (G or T). 

If the first zinc finger of WT1[-KTS] interacts specifically w ith the  sam e strand 

o f DNA as the o ther zinc fingers, it w ould appear firom the selected consensus 

sequence that th is finger interacts preferentially w ith  keto substituen ts in the 

m ajor groove of the DNA (Figure 3.12). The absolute d iscrim ination for G o r 

T in  the first position  (base 10) suggests that this nucleotide m ay  form the 

strongest in teraction  w ith an  amino acid side chain  w ith in  the a-helix  of the 

firs t zinc finger. Selection at the o ther two positions was som ew hat less 

stringent (and varied  from  experim ent to experim ent for base 1 1 ), and  so it is 

no t clear exactly w hat role these two positions m igh t play in  p ro te in  binding: 

they  could p rov ide  specific DN A -protein contacts, o r they m ig h t provide a 

D N A  sequence context th a t optim izes the in teraction  of finger 1 w ith the 

D N A .

While this work w as in  progress, a report w as published describing the
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Figure 3.12 The hydrogen-bond donors and acceptors p resen ted  by  W atson- 

Crick base pairs to the major groove and the m inor groove (Steitz, 1990).

Two inverted  triang les represen t hydrogen bo n d  donors; d iam ond-shaped  

sym bols represent hydrogen bond acceptors; a circle - a m ethyl g roup.
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re su lts  of a SAAB experim en t co n d u c ted  w ith  a reco m b in an t p e p tid e  

encom passing  fingers 1-3 of WT1[-KTS] (WT1AF4-ZFP) (D rum m ond  e t al., 

1994). A pparen tly  selection experim ents conducted by  this g ro u p  w ith  the 

fu ll fou r finger d o m ain  d id  not re su lt  in  the se lection  of a n y  specific 

sequences, m ost probably  because of the h igh  protein concentrations (>5 pM) 

u se d  in  the assay. H ow ever, w hen the  experim ent w as repeated  w ith  the 

W T1AF4-ZFP p ro te in , a final selection round  at 10 pM  p ep tid e  y ie ld ed  a 

s tro n g  selection o f a three base pair subsite  w ith a GT(C or T) consensus 

sequence. My d a ta  show s a som ew hat less stringent sequence w as selected  at 

approxim ately  1 0 ,0 0 0 -fold lower concentrations of a full four finger peptide. 

N evertheless, th e  sequence selected w ith  the th ree  finger W T 1A F4-Z FP 

p e p tid e  is a m em ber of the consensus sequence w e identified  w ith  th e  full 

zinc finger dom ain  of WT1[-KTS].

W hile the  SAAB experim ent is useful for iden tify ing  h ig h  affinity  

b in d in g  sites for a DN A binding pro tein , it provides little in sig h t in to  the 

re la tiv e  affin ities th a t consensus sequence  sites have  for the  p ro te in  in 

com parison  to  nonconsensus sequences. We used  a n itrocellu lose  filter 

b in d in g  assay to  quantify  the affinities th a t W Tl-ZFP and  W TIA FI-ZFP had 

for a num ber o f the selected sequences, an d  the non-selected sequence  GCG- 

TGG-GCG-CCC. Four of the selected sequences chosen at random  h a d  equal 

affinities for W Tl-ZFP, while the non-selected CCC elem ent h ad  a four-fold 

w eaker affinity. In  com parison, the consensus TGT sequence a n d  th e  non- 

se lec ted  CCC e lem en t had  roughly equal affinities for the W T IA F I-Z F P . 

T herefore the ta rg e t sites identified by the SAAB experim ent fo r W T l-Z FP 

h av e  4 fold h igher affinities for the p ro te in  than a non-selected site  as the 

resu lt of specific interaction of the first zinc finger w ith  DNA.
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In  a d d itio n  to  p rovid ing  in form ation  o n  the  re la tive  affin ities of 

se lec ted  vs. non-selected  sequences for W Tl-ZFP, the n itrocellu lose  filter 

b in d in g  assay also provides a m easure of the apparen t association constant for 

the  equilibrium  b in d in g  of this pep tide  to DNA. A previous s tu d y  reported 

the  equ ilib rium  constan ts m easured  by a gel m obility sh ift assay  for the 

b in d in g  of a W Tl zinc finger peptide to a 12 base pair W Tl selected sequence 

to be  7.1 X 10^ M ‘i vs. a value of 4.5 X 10^ M"^ for a non-selected sequence 

includ ing  the 9 base  pair EGR-1 consensus site (D rum m ond e t al., 1994). The 

zinc finger pep tide  W Tl-ZFP that w e have constructed b inds to a selected 

D N A  sequence w ith  a Ka value m easured  by a nitrocellulose filter binding 

assay o f 8.40±1.21 X 10^ M'^ vs. 2.10±0.41 X 10* M 'l for a non-selected sequence. 

In the  gel m obility shift assay that w as used as p a rt of the SAAB experim ent, 

w e observed  strong  binding of 0.75 nM  W Tl-ZFP to selected DN A  sequences 

in  ag reem ent w ith  the affinities m easured  by the  filter b ind ing  assay. The 

va lues for equ ilib rium  constants th a t we m easure are about tw o  o rders of 

m ag n itu d e  h ig h er th an  those rep o rted  earlie r, an d  consisten t w ith  the 

rep o rted  equilibrium  binding constant of 1.7 X 10* M‘l for the  in teraction of 

the zinc finger dom ain  of EGR- Iw ith  its consensus DNA sequence (Pavletich 

& Pabo , 1991). T hus the zinc finger dom ain of W T l binds w ith  h ig h  affinity 

to a tw elve base p a ir  consensus sequence.

Putative W T l binding sites have been identified in a num ber of native 

prom oters, and it has been dem onstrated by transien t transfection assays that 

these  p rom oters can  be regulated by WT1[-KTS] (D rum m ond e t al., 1990; 

G ashler et al., 1992; W ang et al., 1992; H arrington et al., 1993; R upprech t et al., 

1994; Dey et al., 1994). However, m any of these putative W T l recognition 

sites d o  not conform  completely to the finger 1 subsite that w e have identified 

by the  in vitro SAAB assay. To determ ine w hether these n a tu ra lly  occuring
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sites b in d  W T l w ith h igh  affinity, w e m easured th e  affinities o f  three W Tl 

sites from  the fetal prom oter of the IGF-II gene fo r W Tl-ZFP. These three 

sites h ad  affinities for W Tl-ZFP th a t were s im ila r to  the affin ity  of the 

consensus TGT selected site. H ow ever, the  th ree  IGF sites  w ere not 

e q u iv a le n t in  the ir affin ities for W Tl-ZFP, b u t  varied  in  affin ity  in  

relationship  to their divergence from  the finger 1 subsite consensus sequence. 

These results link the in vitro SAAB experim ent to biologically re levan t sites 

in  genom ic DNA, and again  dem onstrate  the con tribu tion  of the  first zinc 

finger of W T l to the interaction of the protein w ith  DNA.

W T l acts as a transcriptional regulator in vivo, and  n a tu ra l selection 

will have designed W Tl recognition sites based bo th  o n  DNA b ind ing  affinity 

and th is regulatory  function in a w ay that the in vitro SAAB assay  is unable 

to. T o p robe this relationship, we com pared the  regu la to ry  action  of the 

selected, h igh  affinity TGT site w ith the regulatory action of the non-selected, 

low er affinity CCC site in  the MTV-CAT reporter gene system. In a single 

copy, bo th  sites confer a sim ilar positive regulatory response of the  MTV LTR 

prom oter in  this reporter to W Tl. This result is consistent w ith  reports that 

the W T l p ro tein  acts as a transcriptional activator o n  prom oters th a t contain 

b ind ing  sites located exclusively upstream  or dow nstream  of the transcription 

start site (W ang e t al., 1993). H ow ever, w hen the sites are p resen t in  three 

copies, it becom es apparen t that the low er affinity CCC site confers greater 

responsiveness to W Tl than  does the h igh  affinity TGT site. This resu lt is 

in trigu ing  because it suggests that the strength  of th e  interaction of finger 1 

w ith  D N A  m ay in some w ay m odulate the ability o f the p ro tein  to regulate 

transcription. In  addition, the m ultiple copies of e ither W Tl site significantly 

d am p en  the basal level o f transcrip tion  from the MTV prom oter, another
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effect th a t m ay be active in  natural selection. F u rther investigation w ill be 

requ ired  to completely understand these phenom ena.

In sum m ary, our da ta  have dem onstrated th a t WT1[-KTS] binds to  a 12 

base pair DNA sequence w ith  high affinity, and th a t the relative affinities of 

W T l b ind ing  sites in  genom ic DNA can be u n d ers to o d  based  u p o n  th is 

consensus binding sequence. Investigation of the specific na ture  o f am ino 

ac id -D N A  in terac tions of finger 1 o f W Tl w ill en h an ce  fu r th e r  o u r 

understand ing  of the structure and function of this tum or suppressor protein.
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CHAPTER 4.0 W Tl MUTATIONS A N D  THE DENYS-DRASH SYNDROME

4.1 Introduction

D enys-D rash syndrom e (DDS) is a rare  hum an  disease. Its sym ptom s 

include W ilm s' tum or, genital anom alies an d  n e p h ro p a th y  (D rash e t ai., 

1970). H eterozygous W Tl po in t m utations have been identified  in over 95 % 

of DDS pa tien ts , pointing to  a crucial ro le  W Tl p lays in  the  genesis of the 

D enys-D rash syndrom e (Pelletier et al., 1991). The W T l m utations observed 

in  DDS pa tien ts  can be classified into four categories: (1) m issense m utations 

of D N A -bind ing  amino acids - the m ost com m on g ro u p  of m utations; (2) 

substitu tion  o f zinc binding amino a d d s ; (3) nonsense m utations lead ing  to a 

fram eshift a n d  rem oval of entire zinc fingers, a n d  (4) early  term ination . 

These m utations are sum m arized in Figure 4.1 A.

The m ost common m utations affect the key am ino  a d d s  p roposed  by 

analogy to EGR-1 to contact DNA. A rginine 394 appears to  be a hot spo t of the 

missense m utations reported in  19 of 38 cases (50 %) of DDS patients (Pelletier 

e t al., 1991; C oppes et al., 1992; Bruening e t al., 1992; Baird e t al., 1992; Sakai et 

al., 1993; A kasaka et al., 1993; Baird & Cow ell, 1993; N ordenskjo ld  et al., 1994). 

This m u ta tio n  is located in  exon 9, w hich  encodes zinc finger 3 of the  W Tl 

pro tein  (Figure 4.IB). O ther m utations identified  in  exon  9 involve asparta te  

396 substitu tions (reported in  6  individuals) (Bruening e t al., 1992; Baird e t a., 

1992b; N ordenckjold et al., 1994; Pelletier e t éd., 1991; Little e t al., 1993), as well 

as fram e sh ift (at position 386; Ogawa e t al., 1993), an d  truncation  m utations 

(at position 390; Little et al., 1992; Baird e t al., 1992a; Q uek  e t al., 1993; Varanasi 

e t al., 1994). In  addition, a m utation in terfering  w ith  sp licing  at exon 9 was 

iso lated  (H uff e t al., 1991). M utations m app ing  to exon  8  (zinc finger 2) 

involve arg in ine  366 (Henry e t al., 1989; Bruening e t al., 1992), h istid ine 373 

(Little et al., 1993; Sharma et al., 1994), and  histidine 377 (Pelletier et al., 1991).
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Figure 4.1 (A) W T l m utations associated w ith  D enys-D rash syndrom e. (B) 

P o in t m u ta tions an d  fram eshifts in the z inc  finger reg ion  of W T l. *, 

m utation to stop  codon; f = fram eshift after the  ind icated  am ino acid (Reddy 

et al., 1996).
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C ysteine 330 to tyrosine transition was observed in zinc finger 1 (Huff e t al., 

1991).

Thus, m ost m utations described are single am ino acid substitu tions 

c lu ste red  in the  zinc finger region of W Tl protein. They were therefore 

postu la ted  to interfere w ith  DNA binding of W Tl by e ith er d isrup ting  the 

D N A -binding activity, o r low ering the affinity  of the W T l for DNA. The 

DDS phenotype elicited by the loss of DNA binding can also be explained by 

a ltered  W Tl dosage. G iven th a t the levels of W Tl p ro te in  are very tightly 

reg u la ted  du ring  developm ent, the d isrup tion  of the dosage  of functional 

W T l protein m ay precipitate the observed DDS symptoms.

It is in trigu ing  that the  clinical m anifestations of DDS syndrom e in 

d iffe ren t patien ts do not clearly correlate w ith  any specific type of W Tl 

m u ta tio n  detected. Ind iv idua ls w ith identical m utations in  W Tl pro tein  

exh ib it the entire spectrum  o f clinical sym ptom s. The sim plest explanation 

m ay be that o ther genes influence the phenotypic expression of various W Tl 

m utations. Finally, there is a case reported of an ind iv idual who carries a 

W T l m utation, and  yet is phenotypically norm al (Coppes e t al., 1992). This 

ind iv idual's  son has DDS syndrom e, and carries the sam e m utation  as the 

fa ther: exon 9 arg in ine 394 to  tryp tophan  m issense m u ta tion , the m ost 

com m on  m u ta tio n  found  in  DDS patien ts (Coppes e t al., 1992). This 

observation suggests that even  though m ost DDS patients have constitutional 

W T l m utations, no t all of them  result in the disease. A possible explanation 

for th is observation is tha t perhaps the m u tan t W Tl allele is not expressed 

d u rin g  the crucial stages in development. The genetic background and  other 

ep igenetic  factors of an  in d iv id u a l m ay also  influence the  effects of a 

reduc tion  in W Tl gene dosage. In addition, W Tl was suggested  to play a 

m ore  im portan t role in  m ale gen itourinary  developm ent, since genetic
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females w ith  W T l m utations associated w ith DDS have a significantly low er 

frequency of urogenital abnorm alities than m ales (Coppes e t al., 1993).

The m ajority  of m u ta tions in  DDS pa tien ts  have b een  found  in  a 

heterozygous state, suggesting tha t the DN A-binding - deficient isoforms m ay 

act in a dom inant-negative fashion. This hypothesis w as firs t p roposed  by 

Pelletier et al. (1991). Later, Bradeesy et al. (1994) dem onstrated that a p ro te in  

containing am ino ad d s 1 - 2 2 2  represents a m inim al dom ain required  for the 

do m in an t negative  effect. R eddy e t al. (1995) confirm ed  tha t p ro te in  

containing am ino acids 1 - 182 interferes w ith  transactivation  by w ild -type  

W Tl, acting in  a dom inant-negative fashion. Thus, dom inan t negative W T l 

alleles could inh ib it the W T l transcriptional activation function , even tually  

leading to progressive renal failure. A nother m echanism  by  w hich m u ta n t 

W Tl isoform s m ay alter app rop ria te  gene expression is th ro u g h  conferring 

new  D N A -binding specificity, thus resulting in  a change of gene netw orks 

regulated by W T l protein.

To test th is  hypothesis, we conducted  selection a n d  am plification  

binding assays (SAAB) for the Denys-Drash m u tan t proteins. Five d ifferen t 

m utations w ere in troduced into the zinc finger dom ain of W T l (Figure 4.2). 

Two m issense m utations in  the  second zinc finger substitu te  arginine 366 

w ith  a histidine o r a cysteine. This substitu tion  was p roposed  to d is ru p t an  

a rg in ine-guan ine  in teraction , based  on  analogy  w ith  the  EGR-1 - D N A  

complex (Pavletich and Pabo, 1991). The rem aining three m utations are  in  

finger 3 of W T l, and  substitu te  arginine 394 w ith  a tryp tophan , and aspartic  

acid 396 w ith  e ither an asparagine or a glycine residue. DNA tem plates w ere 

random ized for finger 2 and  3 binding  subsites. DNA binding  affinities of the 

Denys-Drash m u tan t proteins for the selected sequences w ere m easured using  

a nitrocellulose filter b inding assay. This work is a collaborative study  w ith
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F igure 4.2 C om parison  of the  sequences of W T l and EGR-1 zinc fingers. 

R esidues in v o lv e d  in  DNA b in d in g  and  the ir co u n te rp arts  in  W Tl are 

enclosed in  clear boxes. Shaded boxes indicate residues that coordinate to zinc. 

F inger 2 and  3 Denys-Drash m issense m utations are also indicated.
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Frank Borel, K a th leen  Barilla and  M ay Iskandar from  D r. R om aniuk 's 

research group. I perfo rm ed  site-directed m utagenesis and  expression and  

purification  of the W T l-Z F  Denys-Drash pro tein  m utan ts, as well as the  

initial D N A -binding assays with the m utant proteins.

4.2 M aterials and  M ethods

4.2.1 C onstruction an d  expression of D enys-Drash m utan t pro teins

The W Tl-ZFP D enys-D rash m utants (R366H, R366C, R394W, D396G, D396N) 

were constructed  by  site-directed m utagenesis (Nelson & Long, 1989). The 

plasm id pUC W TIZFP w hich contains the zinc finger dom ain of W Tl cloned 

into pUC19 (construction described in  Chapter 3), was used as a 

template and  the follow ing mutagenic primers w ere used. The base 

alteration that in troduces each m utation is underlined:

R366C: AGG TXT TGT IG T  TCA GAG GAG

R366H: AGG IT T  TGT CAT TCA GAG CAG 

R394W: AGG TCC T C C IG G  TCC GAC CAC 

D396G: TCC CGG TCC GQC CAC CTG AAG 

D396N: TCC CGG TCC AAC CAC CTG AAG

DNA sequencing  using  an ABI 373A autom ated  DNA sequencer w as 

used to verify tha t on ly  the desired m utation was in troduced in to  the W Tl- 

ZFP cDNA. M utan t cDNAs were cloned into the Nde I and  Bam H  I sites of 

the T7 expression vector pET16b (Studier & Moffatt, 1986, S tudier e t al., 1990). 

The resulting constructs encode zinc finger peptides w ith  a histidine tag and a 

factor Xa cleavage s ite  fused  to the  am ino term inus and  w ere  used to 

transform  Escherichia coli BL21 (DE3) pLysS. Expression and  purification of 

the zinc finger p ro teins w ere carried o u t as described previously (Chapter 3). 

Protein concentrations w ere determ ined by the Bradford m ethod, using BSA
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as the standard  (Bradford, 1976). SDS-poIyacrylamide gel analysis w as used to 

determ ine pro tein  purity  (Figure 4.3). P rotein yield averaged 10 m g  per litre 

of bacterial culture. Fractional activity of each p ro te in  p rep ara tio n  (75%- 

100%) w as determ ined by a saturation DNA binding assay.

4.2.2 Selection am plification and b ind ing  (SAAB) assay

The SAAB assay w as carried o u t  according to  a  pub lished  m ethod  

(Blackwell & W eintraub, 1990), with m inor modifications (Figure 3.5). The 67 

base pair tem plate oligonucleotides contained a central region includ ing  the 

W Tl consensus sequence random ized in  either the  finger 2 o r  finger 3 

recognition sites (5' TAAT GCG TGG N N N  TGT CCTAA 3' an d  5' TAAT 

GCG N N N  GCG TGT CCTAA 3' respectively) flanked  by Eco RI (5') and  

BamH I (3 ) recognition sequences and  the M13 fo rw ard  universal p rim er 

(F.U.P.) sequence (5') and  a sequence com plem entary to the M13 reverse 

universal prim er (R.U.P., 3’) (Figure 4.4).

The tem plate was labeled for the initial round of selection by  prim er 

extension using  10 pm ol of the oligonucleotide annealed to  80 pm ol R.U.P. in 

IX Klenow buffer (New England Biolabs), and extended in  0.2 mM dGTP, 0.2 

mM dCTP, 0.2 mM dTTP, 20 pCi [a-32p]-dATP and  9 un its K lenow  (New 

England Biolabs) w ith incubation at room  tem perature for 45 m inutes. The 

resulting double-stranded DNA containing a mixture of 64 possible sequences 

in  the ran d o m ize d  reg io n  was p u rif ie d  on a 1 2 % n o n -d e n a tu r in g  

polyacrylam ide gel, and elu ted  overnight a t room tem perature in 250 pi of 0.6 

M am m onium  acetate, 1 m M  EDTA, 0.1% SDS.

Labeled DNA (200,000 cpm) was incubated with the proteins as described 

previously (Chapter 3), except the incubation mixture u sed  Tris ra th e r than  

HEPES to buffer the solution. The reactions were loaded onto  a 5% non-
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Figure 4.3 C oom assie b lue-stained  15% SD S-polyacrylam ide gel show ing  

pu rifiied  W Tl-ZFP D enys-D rash m utants. Lane designated MW represen ts 

protein  m olecular w eigh t m arker; Lane 1: w ild-type W Tl-ZFP; Lane 2: R366H; 

Lane 3: R366C; Lane 4: R394W; Lane 5: D396G; Lane 6 : D396N.
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F.U.P.
 ►

5' GTTTTCCCAGTCACGACeAATTCTAATGCGTGGMM M
Eco RI

TGTCCTTAGGATCCGTCATAGCTGTTTœTG 3' 
B am H l ^

R.U.P.

(A) SAAB tem plate for WTl finger 2

F.U.P

5' GTTTTCCCAGTCACGACGAATTCTAATGCGMINl MGCG
Eco RI

 TGTCCTTAGGATCCGTCATAGCTGTTTCCTG 3'
B am H l ^ ............ "

RU .P

(B) SAAB tem plate for WTl finger 3

F igure 4.4 The SAAB tem plate oligonucleotides contain ing  ran d o m ized  

sequences for the WT1[-KTS] finger 2 (A) or finger 3 (B) recognition.
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d enatu ring  polyacrylam ide gel which had  been p re-e lectrophoresed  for 2 0  

m inutes a t 250 V at 4°C. M igration on the gel was m onitored  by load ing  one 

lane w ith 5 |jJ of 0.1% brom ophenol blue, 0.1% xylene cyanol, 25% glycerol. 

The gel w as ru n  in 0.3 X TBE at 250 V a t 4°C until the brom ophenol b lue had 

m igrated 12 cm. The gel w as then subjected to au to rad iog raphy  fo r 2 to 4 

hours at 4°C, and  the band corresponding to the low est protein  concentration 

a t which a protein-DNA complex was visible was excised and  the DN A  eluted 

as described above. The elu ted  DNA was amplified using  F.U.P. and  R.U.P. as 

prim ers, radioactively labeled, and a new round of selection was begun  using 

low er p ro te in  concentrations.

Four ro u n d s of selection were sufficient to isolate the highest affinity 

binding sites for each protein  from the pool of random  DNA sequences. The 

enrichm ent of high affinity sites for the W Tl proteins w as follow ed by the 

proportion  o f DNA bound to the proteins after each ro u n d  of selection. The 

low est p ro te in  concentrations at w hich a protein-D N A  com plex cou ld  be 

observed in  round  4 were: WTl-ZFP, 0.5 nM; R366H, 1.25 nM; R366C, 7.5 nM; 

R394W, 100 nM; D396N, 12.5 nM; D396G, 12.5 nM. The final PCR products of 

ro u n d  4 w ere  digested w ith  Eco KL/Bam  HI and cloned in to  pUC19. The 

original random ized  oligonucleotides w ere converted to  a doub le-s tranded  

form  w ith  co ld  dNTPs, and  also subject to PCR am plification, restric tion  

endonuclease digestion and  ligation into pUC19. A sam ple of each ligation 

w as used to  transform  E. coli strain JM109. Plasmid DN A  w as isolated from  at 

least 50 colonies of each transform ation  and  sequenced  using e ith e r the 

Sequenase k it (Amersham) o r an  ABI 373A autom ated DNA sequencer and  

dye prim er chem istry (Applied Biosystems).
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4.2.3 N itrocellulose Filter B inding Assay

The b ind ing  affinities of a series of DNA sequences fo r the  W Tl-ZFP 

a n d  the D enys-D rash m utants w ere  quantified using a n itrocellu lose filter 

b in d in g  assay  developed  to s tu d y  zinc finger p ro tein-D N A  in teractions 

(Romaniuk, 1990). The details of the  assay are described in C hap ter 3.

4.3 Results

4.3.1 Selection of DNA binding sites for Denys-Drash m utant p ro te ins.

To determ ine w hether the Denys-Drash m u tan t p ro teins could confer 

new  D N A -binding specificities, fo u r rounds of selection, am plification, and  

b inding  assay (SAAB) were carried ou t for each m utant. A w ild-type W Tl-ZF 

pep tide  served as a negative control. The SAAB tem plates were: 5 -GCG TGG 

N N N  TGT-3' for finger 2 m utants, and  5 -GCG N N N  GCG TGT-3’ for finger 3 

m utants. PCR products of the final rounds of selections w ere  cloned, and  

about 50 random ly picked clones w ere sequenced for each SAAB experim ent. 

The results of the finger 2 SAAB experim ents are show n in Table 4.1, w ith the 

frequencies of the selected nucleotides sum m arized in Table 4.2. A pparently, 

the m utation o f the recognition arginine at position -1  of the finger 2  a -helix  

d id  no t resu lt in  a new  specificity for either m utan t, as all the  proteins 

selected the w ild-type guanine w ith  an  almost 100% frequency. Interestingly, 

adenine was selected w ith a h igh  frequency a t position 8  o f  the consensus 

b ind ing  site b y  all finger 2  m utan ts. This is a definite dev ia tio n  from  the 

w ild-type EGR-1 consensus site, an d , perhaps, reflects the real differences that 

exist in  the b ind ing  specificities o f  the two proteins. C uriously, a preference 

for a thym ine w as revealed at position  9 for the R366H m utan t, w hereas the 

w ild-type guanine was predom inantly selected by both the w ild-type W Tl-ZF 

and  the R366C proteins.
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T able 4.1 Finger 2 subsite sequences selected from a random ized tem plate by 

w ild  type W Tl-ZFP and the finger 2 poin t m utants

Subsite Protein

Sequence W Tl-ZFP R366H R366C

CAC - 1 —

GAA — 1 —

GAC - 2 1

GAG 38 13 19
GAT 3 23 3
GCA - 2 7
GCC 1 - 1

GCG 2 1 2

GCT - - 4
GGA - - 2

GGC - 2 —

GGG 3 - 1

GGT - - 1

GTA - - 2

GTG 1 3 5
GTT 1 1 2

TA A - - 1

TAG - 1 —

TCC 1 - —
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hase 7 base K

prtiiL-in none WTl R366H R366C nunc WTl R366H R156C
A II (I 0 25 82 82 17
f IV 0 2 0 25 8 6 28
G 21 Vf! 96 98 19 6 4 8
r U 2 2 2 17 4 8 IX

b a se 9

none W Tl R366H R366C

•\ 17 0 6 24
c 17 4 10 4
c 29 88 36 53
r 37 8 48 20

T able 4.2 Frequencies of each nucleotide selected a t the finger 2  subsite 

positions by W Tl-ZFP and the fînger 2 point m utants

pnxcin:

base 4 base5

none W Tl D396G D396N R394W none W Tl 0396G  0396N R394W

A 19 0 0 0 0 20 6 0  0 22
C 22 0 0 2 0 27 0 0 0 0
c 30 34 46 10 IS 27 92 100 100 76
r 29 66 54 gg 85 26 2 0  0 2

base 6
none W T l  D396C D396N R394W

•\ 1 0 0 0 0
C 18 0 0 0 0
G U (00 (00 100 44
r 40 0 0 0 56

T able 4.3 Frequencies of each nucleotide selected a t the finger 3 subsite 

positions by W Tl-ZFP and the finger 3 point m utants
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The data  for the  finger 3 m utan ts are sh o w n  in Table 4.3, w ith  the 

selection frequencies indicated in  Table 4.4. Even though th ere  w ere three 

finger 3 m utants tested vs. two in finger 2, the num ber of subsites selected for 

finger 3 m utants is alm ost half that selected for finger 2. T his indicates a 

h igher stringency selection, perhaps pointing to a m ore im portan t role played 

by finger 3 in  DNA recognition. C uriously, the aspartic acid substitu tion  

m u tan ts  (D396G and D396N) along w ith  the w ild-type W Tl-ZF selected the 

w ild -type  site (T/G)GG. Apparently, the loss of the bu ttressing  interaction 

betw een this aspartic a d d  residue and an arginine does not resu lt in  alteration 

of b ind ing  selectivity: a guanine base was selected w ith  a 1 0 0 % frequency. 

H ow ever, a substitu tion of an arginine 394 for a  tryp tophan  resu lted  in a 

change of specifidty: a thymine w as preferentially selected over a guanine at 

position  6  of the binding site.

4.3.2 M easuring the b in d in g  affinities of the m u tan t peptides fo r the  selected 

DN A  sequences

The binding affinities of the m utan t proteins for the selected sequences 

w ere m easured  using a nitrocellulose filter b ind ing  assay (Rom aniuk, 1990), 

and  com pared to those of the w ild-type protein. The representative binding 

curves are show n in Figure 4.5. The values of the  d issodation  constants are 

show n  in Tables 4.5 and  4.6. The affinities correlate well w ith the  firequendes 

o f the  selected n u d eo tid es  at the g iven positions. Thus, a n  adenine at 

position  8  w as preferentially selected by the w ild  type and the finger 2  m utant 

proteins. Indeed, the affinity of the w ild-type p ro te in  for the GAG triplet is 

tw o -fo ld  h igher th an  for the GCG sequence d eriv ed  from  the  EGR-1 

consensus site. A thym ine (position 4) in  the finger 3 recognition trip let was 

also preferentially selected over a guanine, w hich is reflected in  the  two-fold
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T able 4.4 Finger 3 subsite sequences selected from a random ized tem plate by 

w ild ty p e  WTl-ZFF and  the finger 3 point m utants

Subsite Proteins

Sequence W Tl-ZFP D396G D396N R394W

CGG - 1 -

GAG - —  — 1

GGG 17 23 5 6

GGT - —  — 1

GTG 1 —  — -

TAG 3 —  — 5

TAT - —  — 6

TGG 32 27 45 12

TGT - —  — 2 2

TTT - —  — 1
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Figure 4.5 The equilibrium  binding of the W Tl elem ent GCG TGG GAG TGT 

to  W Tl-ZFP (open circles), R366H (closed d iam onds) a n d  R366C (open  

squares). Data points rep resen t the m ean of six o r more determ inations and  

erro r bars indicate the s tan d ard  deviations. Curves rep resen t the best fit of 

the data to a sim ple bim olecular equilibrium .
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G C G  TGG CAC TGT

WTl -Zi'T* protein relative affinity*

wild type 0.77 ±  0.07 I
K166K 2.99 ± 0 .1 9 0 2 6
R )66C 10.8 ± 0 .5 7 0.07

GCG -TG G-CAT-TG T

W TI ZFP protein f . ( n M r relative a/Iiniiy* sclecuvity'

wild type 1.93 ±  0.08 1 2.50
R366H 2 62 ± 0 .1 7 0.71 0 8 8
RJ66C 14 1 ± 0 .9 1 0.14 1.30

Table 4.5 Binding affinities of w ild  type  and  finger 2 m utan t W Tl-ZFP for

selected DNA sequences

cRatio of KrifG A G  subsite)/fC<(GAT subsite)

WTl-ZFP proccin
CCG-TGC-GCG-TGT

K t( a M r telative a f lin i^
wild type 1.54 ± 0 .1 2 I
D396G 4.11 ± 0 .2 9 0 J 7
D396N 124  ± 0 .8 0 0.12

CCO-CCG-GCG-TGT
WTl-ZFP protein K tlaM r relative aflituty* selectivity'

wild type 3.56 ± 0 3 4 1 233
D396G 531 ± 0 3 9 0.63 133
0396N 263 ± 2 4 4 0.14 213

Table 4.6 Binding affinities of w ild type and finger 3 m utant WTl-ZFP for 

selected DNA sequences

^Dissociation constants a re  expressed as the m ean with standard deviations of 

a m inim um  of six independen t determ inations 

bRatio of BCd(mutant W T1-ZFP)/Kd(wild type WTl-ZFP) 

cRatio of KdCEQG subsite)/K h(GG G subsite)
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higher affinity for the TGG vs. GGG triplet. In  contrast, a thymine a t position  

6  of the finger 3 recognition triplet was never selected by the  w ild type pro te in  

o r the aspartic  acid m utants (D396G and D396N). Accordingly, these p ro teins 

show ed no detectable b ind ing  affinity for the finger 3 subsite TGT. In  

addition, the R394W m utant show ed no specific DN A-binding affinity fo r any  

of the selected sequences. The fact that this protein selected some sequences 

in  the SAAB experim ent probably reflects nonspecific b ind ing  due to  the  h igh 

pro tein  concentrations (100 nM  or more) used  in the assay. This is the  only 

protein  m u tan t that lacks the  specific DN A-binding activity. The o th e r four 

D enys-D rash m utan ts show ed  varying degrees of red u ced  D N A -binding  

affinities w hich  range from  1.4 - to 14 - fold. It is of in terest to  no te  the 

differences in  severity  o f each  ind iv idual am ino acid  m uta tion . T hus, 

substitu ting  a n  arginine in  zinc finger 2  for a cysteine p roduced  a g rea ter 

reduction in  b ind ing  affinity: 14-fold for the GAG subsite, and  7.2-fold for the 

GAT subsite. Replacement of an arginine w ith  histidine, o n  the o ther hand , 

resulted in  a 3.9-fold and a 1.4-fold reduction in  affinity for the GAG an d  

GAT subsites, respectively.

4.4 D iscussion

A lm ost all (95%) of the Denys-Drash patients have constitu tional W Tl 

m utations (C oppes et al., 1993). These m utations involve key am ino  acids 

w ithin the zinc finger dom ain of W Tl, affecting the D N A -binding function  of 

the  protein . This study w as designed to determ ine th e  effects o f  these 

m uta tions o n  the  D N A -binding ability o f W T l, as w ell as to a d d re ss  a 

question of w hether these m utations confer new  DN A-binding specificities.

The b in d in g  site selection and am plification experim ents w ith  the  5 

zinc finger m u ta n t proteins d id  not resu lt in  a selection of a new , high-
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affinity DNA sequence for any of the m utant proteins. In  fact, the pro tein  

w ith  the m ost com m on m utation found  in DDS patients, R394W, show s no 

detectable D N A  binding . The rem ain ing  four p ro te in  m u tan ts  d isp layed  

a ltered  DNA b ind ing  selectivities. Thus, both finger 2 m u tan ts R366H and  

R366C had reduced  sequence selectivity, w ith the largest effect observed for 

the R366H m u ta n t (Table 4.5). H ow ever, this m u tan t had  a four-fold  lower 

affinity  for the  selected GAG relative to the w ild-type p ro tein , w hereas the 

R366C m utan t resulted  in  a 14-fold reduction in  binding affinity. Presum ably, 

h istid ine substitu tion  at this position is less d isrup tive  for the  W T l DNA- 

b ind ing  function  than  the cysteine substitu tion  due  to the capacity  of the 

histidine to in teract w ith  guanines. This histidine could also form  a num ber 

of van  der W aals interactions w ith the thym ine in  position 9 of the triplet, 

thus explaining w hy bo th  thymine and guanine w ere selected a t th is position. 

A  uniform  selection  of an  adenine residue at position  8  o f  the finger 2 

b ind ing  subsite  by the w ild-type and  the m utan t proteins, as w ell as the 

higher affinity of the w ild  type pro tein  for the adenine-containing sequence 

ind icates th a t  th is aden ine  base is an  im portan t d e te rm in a n t in  W Tl 

sequence specificity . The results of the hum an  genom ic D N A  selection 

stud ies also iden tified  adenine at position 8  (N akagam a e t al., 1995). The 

au thors p roposed  an  interaction betw een a glutam ine (Q369) of the W Tl and  

an  adenine. In  addition , the results of the m utagenesis s tu d y  described in  

C hap ter 5 of th is thesis confirm the im portance of this aden ine  for high- 

affinity binding. Strikingly, when the guanine at position 9 w as replaced by a 

thym ine, the affinity of the wild-type W Tl-ZF protein  was reduced  only by a 

factor of 2.5. Position 9 w as identified as one of the key determ inan ts for 

recognition in  the EGR-1 X-ray study (Pavletich & Pabo, 1991). M utagenesis 

s tu d ies  w ith  EGR-1 an d  W Tl-ZF show  that su b s titu tio n  o f guan ine  a t
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p o sitio n  9 w ith  a cytosine com pletely  abolished  binding  o f b o th  p ro te in s 

(C hapter 5 of th is thesis). It rem ains to be seen  w hy th ym ine  is so w ell 

to lerated  a t this position.

In a recently refined crystal structure of EGR-1 - DNA com plex, aspartic 

acid residues found  a t the second positions of the  a-helices w ere  show n  to 

p lay  an  im p o rtan t role in  recognition by no t on ly  stabilizing the arg in ine- 

guan ine interaction, bu t by establishing direct hydrogen  bond contacts to the 

secondary  strand  o f the DNA (Elrod-Erickson e t al., 1996). T hus, it is n o t 

su rp rising  that m uta tions of this am ino acid wUl have deleterious effects on  

the p ro te in  function. Indeed, bo th  glycine an d  asparagine su b stitu tio n s of 

asparta te  in  finger 3 result in  a three-fold an d  8 -fold reduction  in  b ind ing  

affinity, respectively. In  terms of selectivity, on ly  a glycine m u ta n t had  an  

appreciably  reduced  sequence selectivity. Interestingly, all the pro te ins used 

in  the finger 3 selection experim ents preferred a thym ine over a guanine a t 

position  4 of the b ind ing  sequence, w hile adenine or a cytosine w ere never 

selected. This ag rees well w ith  the  results o f the refined EGR-1 crystal 

struc tu re  (Elrod-Erickson et al., 1996), which show ed that both  thym ine 4 and  

its com plem entary  base on the opposite  strand  of the DNA (aden ine  4’) are 

invo lved  in  contacts w ith  the p ro tein : thym ine 4 is used  by  a finger 2 

h istid ine to  establish  a num ber of v an  der W aals contacts, w hereas adenine 

4' is contacted by an  aspartic a d d  residue of the first finger of EGR-1. Finally, 

rep lacem ent of a guan ine  at position  6  abolished W Tl-ZF b ind ing . This is 

consistent w ith  the role this base p lays in  the EGR-1 - DNA recognition , as 

identified  in  the X-ray structure (Pavletich & Pabo, 1991), as w ell as w ith  a 

n um ber of m utagenesis studies w hich  observed the loss of b in d in g  u p o n  

substitu tion  of the guanine at this position (Rauscher et al., 1990; N akagam a 

e t al., 1995, H am ilton  e t al., 1997). H ow ever, w hile  guanines a t  positions 6
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and  9 play an  equally  im portant role in the binding o f EGR-1, there m u st be a 

functional nonequivalence betw een these positions for the  W Tl b ind ing  as 

thym ine is to lerated  at position 9, but not at position 6 .

In su m m ary , the resu lts  of this s tu d y  p o in t to  several in te res tin g  

conclusions. T he SAAB experim ents d id  not y ie ld  new  DNA sequence  

specificities, th u s  suggesting th a t the Denys-Drash syndrom e likely does not 

arise due to a change in the gene networks regulated by the W Tl protein. The 

m ost com m on DOS m utation , R394W, abolished specific b ind ing  o f the 

protein. O ther m utations resulted  in reduced binding activities, ranging  from

1.4 to 14-fold. This suggests that even sm all changes in  the D N A -binding 

activity  of W T l p ro te in  can contribute to the deve lopm en t of the D enys- 

D rash syndrom e, suggesting th a t the cellular levels o f W Tl m ust be very 

tightly  reg u la ted . It is still no t clear w hether the red u ced  D N A -binding 

affinity of the DDS m utants is directly attributable to  the  phenotype seen  in 

DDS patients, o r w hether the dysfunctional W Tl p ro te in  m ay interfere w ith  

the function o f o ther cellular proteins. This study  also provides insights into 

the roles of som e of the key am ino acids to the W Tl recognition.
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CHAPTER 5.0. COMPARATIVE ANALYSIS OF THE D N A  BINDING  

CHARACTERISTICS OF WILMS' TUMOUR A N D  EARLY GROWTH 

RESPONSE PROTEINS

5.1 Introduction

The dem onstra tion  that the WTL protein  is able to  b in d  to the EGR-1- 

like sequences suggests that there may be a regulatory link betw een these tw o 

proteins: the W T l protein m ay act as an  antagonist of EGR-1 transcription 

factors, or m ay  be a tissue-specific factor th a t is involved in  m aintaining a 

particular differentiated phenotype. The balance in the levels of EGR-1 and  

W Tl proteins m ay be critical: inactivation of W Tl could resu lt in  the onset of 

neoplasia.

The X-ray crystallographic studies of the EGR-1 zinc finger region 

bound to a 9 base pair fragm ent of DNA containing an  EGR-1 consensus site 

have been serv ing  as a topological blueprint to understand  the m echanism  of 

DNA b inding  by  W Tl (Pavletich & Pabo, 1991; Elrod-Erickson, 1996). The 

details of the high-resolution analysis are discussed in detail in Chapter 1. All 

of the residues of the EGR-1 zinc fingers critical for specific b inding  to DNA 

are conserved in  fingers 2-4 of W Tl. H ow ever, despite the  h igh  degree of 

sim ilarity shared  betw een the W Tl and EGR-1 D N A -binding dom ains, there 

are a num ber of structural differences that suggest that the  m olecular details 

of DNA b ind ing  are not identical between the tw o proteins. These structural 

differences include approxim ately 50% dissim ilarity be tw een  the  W Tl and  

EGR-1, as well as an  additional zinc finger present in W Tl protein .

To p rov ide  a clear quantitative picture of the in terac tion  of W Tl and 

EGR-1 p ro te ins w ith  their DNA binding sites, we co n stru c ted  pep tides 

encom passing the zinc finger regions of these proteins (W Tl-ZF and EGRl- 

ZF), and  u se d  a nitrocellu lose filter b ind ing  assay to  m easu re  various
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param eters of a bim olecular equilibrium . The stoichiom etry o f the  DNA- 

p ro te in  com plexes, their stability  to  d issociation, and  the effects of pH , 

tem p era tu re  and  sa lt concentration  on  the equ ilib rium  b in d in g  o f these 

proteins to  their cognate DNA sequences have been  determ ined. In  addition, 

the relative contribution of each base pair in the consensus b ind ing  site to the 

high affin ity  b ind ing  w as determ ined  by po in t m utational analysis. This 

study  is a collaborative effort of several m em bers of Dr. R om aniuk 's lab: 

Cathy Ju rid c  and Kathy Barilla m ade the DNA constructs incorporating single 

m utations encom passing the W Tl and  EGRl consensus binding site; Franck 

Borel assay ed  EG Rl-ZF b ind ing  to  the m u ta n t DNA sequences. The 

rem aining experim ents I perform ed myself.

5.2 M aterials and M ethods

5.2.1 C onstruc tion  an d  purification  o f recom binant W Tl-ZF a n d  EGRl-ZF 

pro teins

The construction of a synthetic gene encoding the zinc finger region of 

EGR-l-ZF protein  w as conducted by analogy w ith  th a t of W T l-Z F  (please, 

refer to  C hap ter 3). The purification  of the recom binan t p ro te in s  was 

perfo rm ed  as described  previously  (C hapter 3). Typical p ro te in  yields 

averaged  10 m g per litre  of bacterial culture. O n  SDS-PAGE (15%), the 

purified EGRl-ZF m igrated with an  apparent m olecular weight o f 17,000 kDa 

(Figure 5.1). The purified protein products were aliquoted and sto red  a t -80'C. 

Protein aliquots were used only once w hen thaw ed.

5.2.2 C onstruction  of m u tan t WTL-ZF and  EGRl-ZF DNA b in d in g  sequences

O ligonucleotides incorporating point m uta tions a t each one of the 1 2  

positions of the W Tl-ZF and  EGRl-ZF consensus b ind ing  sequence w ere
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Figure  5.1 Coom assie b lue-stained  15% SD S-poIyacrylam ide gel show ing 

EG Rl-ZF protein purified  by affinity chrom atography. Lane designated  MW 

rep re sen ts  p ro te in  m olecular w e ig h t m arker; la n e  1 : total co lu m n  pass­

through; lane 2: purified  EGRl-ZF.
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synthesized  by Dr. Paul J. Rom aniuk using a n  A pplied B iosystem s Inc. 391 

DNA synthesizer. The oligonucleotide w ith a m utation at position  1 (1C) had  

the  follow ing sequence: GATCCA C C G  T G G  GCG T G T  AG, w here a 

h ig h lig h ted  sequence  rep resen ts  the co n sen su s b in d in g  site , and  an  

underlined  position denotes a m utated base. Similarly, o th e r m utations w ere 

introduced: 2(T, A, G), 3C, 4(A, C, G), 5C, 6C, 7C, 8 (A, G, T), 9C, IOC, IIC , 12C 

(Table 5.1). The oligonucleotides were cloned in to  BamHI site  of pUC19, and  

their sequences verified  by autom ated DNA sequencing u sin g  an  ABI 373A 

autom ated  DNA sequencer and fluorescent d ye  prim ers.

5.2.3 End-labeling o f DNA

Individual m u tan t DNA sequences w ere released from  plasm id pUC19 

using  EcoRI and  H in d m  restric tion  enzym es, an d  e n d -la b e led  w ith  [a -  

32p]dATP and the Klenow fragm ent of E.coli DNA polym erase I (Sambrook et 

al., 1989). The details of the labeling protocol are provided in  C hap ter 3.

5.2.4 N itrocellulose Filter B inding Assay

The binding affinities of a series of DNA sequences for the W Tl-ZF and 

EGRl-ZF peptides w ere quantified using a nitrocellulose filter b inding  assay 

developed  to study  zinc finger protein-D N A  interactions (Rom aniuk, 1990). 

The details of the assay are described in C hapter 3.

5.3 Results

5.3.1 E quilibrium  b ind ing  constants

We have m ade  a detailed investigation  of the m echan ism s of DNA 

b ind ing  by both W Tl-ZF and EGRl-ZF p ro te ins, using m e th o d s that have 

been applied successfully to the study of the D N A  and RNA b ind ing
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Table 5.1 Sequences of mutant oligonucleotides harbouring 

individual base pair substitutions in  the EGRl-ZF and W Tl- 

ZF consensus DNA binding site

G IC G ATCCAÊCG TGG GCG TGT AG

C2A GATCCA g a g  TGG GCG TGT AG

C2G GATCCA OfiG TGG GCG TGT AG

C2T GATCCA G IG  TGG GCG TGT AG

G3C GATCCA GCG_TGG GCG TGT AG

T4A GATCCA GpG AGG GCG TGT AG

T4C GATCCAGCG GGG GCG TGT AG

T4G GATCCA GCG GGG GCG TGT AG

G5C GATCCAGCG TCG GCG TGT AG

G6 C GATCCAGCG TGÇ  GCG TGT AG

G7C GATCCAGCG TGG gC G  TGT AG

C8A GATCCA GCG TGG GAG TGT AG

C8 G GATCCAGCG TGG GfiG TGT AG

C8T GATCCAGCG TGG G IG  TGT AG
G9C GATCCAGCG TGG GCC.TGT AG

HOC GATCCAGCG TGG GCG f î? T  AG

G llC GATCCAGCG TGG GCG T C I AG

T12C GATCCAGCG TGG GCG TGC AG



134

p ro p erties  of the zinc finger p ro te in  Xenopus  tran scrip tio n  fac to r TFiHA. 

(Rom aniuk, P J. 1985; Rom aniuk, P J . 1990). Purified  recom binant zinc finger 

pep tides of W Tl-ZF and EGRl-ZF w ere used to  determ ine the param eters of 

the  equ ilib rium  b ind ing  of the  pro teins to th e ir p referred  D N A  b ind ing  

sequences. DNA binding w as m easured by titra ting  radiolabeled DNA w ith  

increasing  am ounts of purified  pro tein  and m easu ring  the frac tion  of DNA 

bound  by gel shift and  filter b ind ing  assays (Rom aniuk, 1990). Each data point 

sh o w n  in  F igure 5.2 rep resen ts  the m ean  o f a t least 3 in d e p e n d e n t 

determ inations. The apparent dissociation constant (Kd) m easu red  for W Tl- 

ZF - DN A  complex is 1.14± 0.2 x 1 0 ^  M under conditions of 0.1 M KCl, pH  7.5 

and  incubation a t 22°C. The respective value for the EGRl-ZF - DNA binding 

is 3.55 ± 0.4 X 10*^ M  under the sam e conditions.

To determ ine the nature of the equilibrium , the dissociation constants 

a n d  the  fraction o f active p ro te in , we p e rfo rm ed  a S ca tchard  analysis 

(Scatchard, 1949) of the interaction betw een the D N A  consensus site and both  

W Tl-ZF and EGRl-ZF proteins. In  this analysis the pro tein  concentrations 

w ere held  constant (2 nM for W Tl-ZF, and 5 nM  for EGRl-ZF), an d  the DNA 

concentrations w ere varied from  0.31 to 30 nM. The results o f the  Scatchard 

analysis are show n in  Figure 5.3. The lines indicate the theoretical curves 

ca lcu la ted  for the form ation o f a sim ple b im olecu lar equ ilib rium . The 

dissociation constants m easured from  the slopes of the lines are  9.7 x 10"^  ̂ M 

for W Tl-ZF - DNA complex, an d  2.05 x 1 0 ^  M  for EGRl-ZF - D N A  complex. 

Both values are in close agreem ent w ith those m easured  using  the  standard  

filter b inding assay. The results of the Scatchard analysis also indicate that the 

p ro tein  preparations are 100% active in the DNA binding  assays.

To determ ine the time requ ired  for the tw o system s to  reach  a true 

equilibrium , we conducted a tim e-dependence assay, in  which the
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F igure  5.2 E qu ilib rium  b in d in g  curves of W T l-Z F  (A) and E G R l-Z F  (B) 

p ro te in s  to the ir target D N A  sequence. The affinities of W Tl-ZF a n d  EGRl- 

ZF p ro te ins for their consensus D N A  sequence w ere  m easu red  using a 

n itrocellu lose filter b in d in g  assay. Each line rep resen ts  the best fit for the 

form ation of a simple bim olecular com plex w ith K d values of 1.14 x 10-09 for 

W Tl-ZF (R = 0.994), an d  3.55 x 10-09 for EGRl-ZF (R = 0.997). Each da ta  point 

is th e  m ean  of th ree  o r m ore in d e p e n d e n t d e te rm in a tio n s , w ith  the 

associated standard  deviations indicated w ith  the e rro r bars.
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F igure  5.2 (B) E qu ilib rium  b in d in g  curve of EG R l-ZF to  its  ta rge t D N A  

sequence.
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F igure  5.3 (A) Scatchard analysis of W Tl-ZF. Scatchard analysis of the 

in teraction  betw een W Tl-ZF and  its consensus DN A  binding site. The line 

represents the best fit for the form ation of a sim ple bimolecular complex w ith  

a Kd value of 0.97 x 10*09 M (R=0.997). Each da ta  point is the m ean of tw o 

in d e p e n d e n t d e te rm in a tio n s, w ith  the  a ssoc ia ted  s tan d ard  d ev ia tio n s 

indicated  with the error bars.
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Scatchard  analysis of EGR-1
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Figure 5.3 (B) Scatchard an a ly sis  o f EGRl-ZF. Scatchard analysis of the 

equilibrium  binding  of EGRl-ZF to  its DNA sequence. The line  represents 

the theoretical curve calculated for a sim ple bim olecular equ ilib rium  w ith a 

K d value of 2.05 x 10'°^ M (R=0.999). Each data  point is the  m ean  of tw o 

in d e p e n d e n t de te rm in a tio n s, w ith  the a sso c ia ted  s ta n d a rd  dev ia tions 

indicated with the erro r bars.
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d e p en d e n ce  of th e  a p p a re n t Ka values w ere m easured  as a function  of 

in cu b a tio n  times. F igure 5.4 show s th a t in  a reaction m ixture containing a 

ta rg e t D N A  and a com petitor DNA (poly dl-dC) bo th  pro teins reach the full 

eq u ilib riu m  after 60 m inutes of incubation. The difference in  the shapes of 

the tim e-dependence curves m ay reflect distinct m odes of b ind ing  em ployed 

by each  protein. T he differences in  the binding m odes m ay include different 

k inetic  rates of d issociation  (not determ ined  in this study), as w ell as o ther 

u n id e n tif ie d  co m p o n e n ts  o f the  eq u ilib riu m , su ch  as in fluences of 

co n fo rm atio n a l changes occu rring  u p o n  com plex fo rm ation , sequen tial 

versus sim ultaneous b ind ing  by indiv idual zinc fingers, and  others. Because 

the tim e-dependence experim ents w ere conducted last, incubation times used 

in  the experim ents described in this paper, were 45 m in (w ith the exception of 

the  tem p era tu re -d ep en d en ce  assay w hich  w as allow ed to proceed for 60 

m inutes). Therefore, the apparen t association constants w ere m easured and  

used  in  the com parative analysis.

5.3.2 M onovalent sa lt dependence of the Ka for DNA b ind ing

The affinity constants w ere m easured at potassium  concentrations that 

v a ried  from  0 to  400 mM. The results given in  Figure 5.5 show  that the 

b in d in g  interaction has an  op tim um  betw een 100 m M  and  250 mM for the 

W T l-Z F  protein, w ith  affinity sharply  declining at higher salt concentrations. 

The o p tim u m  b ind ing  for the  EGRl-ZF p ro tein  is betw een 0 an d  100 m M  

p o tass iu m  salt w ith  a decrease in  b ind ing  affinity observed  a t higher sa lt 

concentrations. Both proteins exhibit dram atic dependencies of their b inding 

co n s tan ts  on  the m o n o v a len t sa lt concentra tion . A nalysis o f the sa lt 

dep en d en ce  of the p ro te in  - DNA b ind ing  p rov ides in form ation  about the 

n um ber of cationic g roups on  the pro tein  that interact w ith  DNA phosphates
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Figure 5.4 Time dependence of the b ind ing  of W Tl-ZF (closed circles) and  

EG Rl-ZF (open circles) to DNA consensus sequences. A pparen t Ka s w ere 

determ ined  using the  nitrocellulose filter b inding assay in  TMK buffer. Each 

data  p o in t is the m ean  of 3 or more independen t determ inations, w ith  the 

associated standard  deviations indicated w ith  the error bars.
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in  each com plex. The num ber of ion pa irs  form ed in  a protein-D N A  

interaction can be determ ined using an analysis of the sa lt dependence of Ka 

based u p o n  ion  displacem ent (von H ippel & Schleich, 1969; Record e t  al., 

1976). The num ber of ion pairs can be obtained using the equation: In Kobsd = 

In K° - Z y ln[M+] - Z ln(0.5 (l+ (l+4  KMgobsd [Mg2+])0.5)) w here K° is the 

apparen t Ka a t IM  salt, Z is the number of ion pairs form ed, y is the fractional 

counterion b ound  per phosphate in the DNA (assum ed to be 0.88 for double­

stranded DNA), and  K^Sobsd is the observed binding constant for the Mg2+ - 

DNA interaction. From the results presented in  Figure 5.5 w e calculated that 

there are 7±1 ion pairs form ed in the W Tl-ZF-DNA com plex, and 6±1 ion 

pairs form ed in  the EGRl-ZF-DNA complex. This com parison  indicates that 

W Tl-ZF m akes m ore ionic bonds to DNA than  does EGRl-ZF.

The values of electrostatic and nonelectrostatic contributions to  the 

observed free energy of binding can be determ ined using  an analysis of the 

salt dependence of Ka based upon  ion displacem ent (von H ippel, P.H . and 

Schleich, T. 1969; Record, M.T. e t al. 1976). How ever, the  determ ination  of 

these values w as not possible since both proteins dem onstrate the presence of 

anionic b ind ing  sites.

5.3.3 pH dependence of Ka

The p H  dependence  of the ap p a ren t Ka for D N A  b ind ing  was 

determ ined using  appropriate buffers ranging from p H  5.5 to 9.0. As show n 

in  Figure 5.6, bo th  the W Tl-ZF and EGRl-ZF-DNA interactions have a b road  

p H  op tim um  from  pH  5.5 to 8 . Both p ro teins d em o n stra te  a strik ing  

sim ilarity in  the pH  dependence of the binding affinity. The affinity decreases 

a t pH  values above 8 , which suggests that a t low proton concentrations some 

of the functional groups on either protein (such as e-NHz groups of arginines)
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Figure 5.5. KCl concentration dependence of the b inding  of W Tl-ZF (closed 

circles) a n d  EGRl-ZF (open circles) to consensus sequences. The effect of 

increasing  the KCl concentra tion  in  th e  b ind ing  bu ffer on  the Ka w as 

m easured  using  the nitrocellulose filter b ind ing  assay. Each data  point is the 

m ean of 3 o r m ore independent determ inations, w ith the  associated s tan d ard  

dev ia tions indicated w ith  the error bars. The experim ental da ta  w ere fit to 

equation  5 of Lohm an e t al (1980) by a regression m ethod  w hich varied  the 

num ber o f ion  pairs and the apparent Ka a t IM  salt.



143

9.5

9 -

m
8 .5 -O)

o

8 -

7.5
1 05 96 a7

pH

F ig u re  5.6. pH  dependence of the b inding o f W Tl-ZF (closed circles) and  

EG R l-ZF (open circles) to DNA consensus sequences. The effect of changing 

the  p H  of the binding buffer from 5.5 to 9.0 on  the Ka was m easured  using the 

n itrocellu lose filter b inding  assay. Each data p o in t is the m ean  o f 3 or more 

in d e p e n d e n t  de te rm ina tions, w ith  the a sso c ia ted  s ta n d a rd  dev ia tions 

ind ica ted  w ith  the erro r bars.
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or D N A  get depro tonated . This reduces the  am oun t of ion  release th a t 

accom panies com plex form ation, and  therefore the observed KaS decrease 

w ith  increasing pH.

5.3.4 Effect of d ivalen t metal ion concentration o n  DNA b ind ing

The effect of the divalent m etal ion concentration on  the efficiency of 

b ind ing  was m easured by varying the Mg^+ concentrations over a b road  range: 

from  0 mM  to 20 mM. The data  in  Figure 5.7 illustrates that W Tl-ZF and 

EGRl-ZF binding have an optim um  at 4 to 5 m M  Mg^+, gradually  decreasing 

at e ither lower or higher Mg^+ concentrations.

5.3.5 Tem perature dependence o f the  Ka value

The effects o f tem perature on  the b in d in g  affinities of W Tl-ZF and 

EGRl-ZF proteins have been determ ined using a range of tem peratures from  

4®C to  37 °C. The data  is shown in  Figure 5.8, an d  dem onstrates the opposing 

effects of tem perature on  the W Tl-ZF - DNA a n d  EGRl-ZF - DN A  complex 

form ation . For W Tl-ZF, the affinity of the in te rac tion  is h ighest a t 37°C, 

w hile EGRl-ZF - DNA binding favors the low er values of the tem perature 

range: the binding affinity is highest at 4°C.

A  num ber of therm odynam ic param eters can be calculated from  these 

data: the  free energy of the interactions can be calculated using the equation: 

AG“= - RTlnKa (Lohm an, T.M. & M askotti, D.P. 1992), assum ing that the 

a p p aren t Ka value derived from  the filter b ind ing  experim ents is equivalent 

to th e  association  constant for the W Tl-ZF-D N A  and  EG Rl-ZF-D N A  

equilibrium . The values of AH" can be calculated from  van’t H off analysis, 

and  th e  values of AS* can be derived using the equation: AG’=AH*-TAS".

A t 22"C, the AG" of the W Tl-DNA interaction has a value o f -12.1 kcal
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F igure  5.7. Effect of the m agnesium  ion  concentration on  the b in d in g  of 

W T l-Z F  (closed circles) and  EGRl-ZF (open circles) to DNA consensus 

sequences. The Ka v a lu es  w ere determ ined  using the nitrocellu lose filter 

b ind ing  assay in  TMK buffer supplem ented w ith  Mg2+ concentrations show n. 

Each da ta  poin t is the m ean of 3 or m ore independent determ inations, w ith  

the associated standard  deviations indicated w ith  the error bars.



146

20.5 -

2 0 -c

1 9 .5 -

3.73.63.53.43.2
3 »1/T (xio’ ) "1C

Figure 5.8. Tem perature dependence of the binding of W Tl-ZF (closed circles) 
a n d  EGRl-ZF (open  circles) to  DNA consensus sequences. The Ka v a lu e s  
w ere  de te rm ined  a t tem pera tu res rang ing  from  4°C to  37°C, u s in g  the 
nitrocellulose filter binding assay. The v an 't H off plot w as used to calculate 
the  en thalpy  of these interactions by fitting  each da ta  se t by linear least- 
squares analysis. The two correlation coefficients are g rea ter than 0.99. Each 
d a ta  po in t is the  m ean of 3 o r m ore in d ep en d en t determ inations, w ith  the 
associated s tan d ard  deviations indicated w ith  the error bars. The en tha lpy  
values were determ ined from  the slope of each  line using the equation:

dlnKa -AH° 
d ( l / T ) “  R
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m o l'i; AH* has a value o f +6 .6  kcal mol-^, and  AS" has a va lue  of +63.3 cal 

mol'^ deg-i. This indicates that the W Tl-ZF-DNA com plex form ation is an  

entropy d riv en  process. The corresponding param eters fo r the EGRl-ZF- 

DNA interaction are: AG°= -11.4 kcal m oH ; AH°= -6.9 kcal mol'^; and AS*=

15.3 cal m ol'i deg-i, and indicate that, in this case, the com plex form ation is an  

enthalpy d riven  process. The entropie b inding  process m ay reflect the release 

o f co u n te r ions and  o rd e re d  w ater m olecu les as w e ll as p o ss ib le  

conform ational changes th a t accom pany protein-D N A  com plex form ation. 

The enthalpic contribution to the free energy change indicates the am ount of 

heat transferred in the course of the reaction.

5.3.6 Cation and  anion effects on  binding

We m easured the effects of substitu ting potassium  chloride by various 

anions and  cations in  the  b ind ing  buffers. The varied cations and anions 

w ere kep t a t 0.1 M concentration. R eplacem ent of p o tassiu m  by sod ium , 

lithium , or am m onium  d id n ’t have a significant effect on  th e  m easured KaS 

for either protein. The substitu tion  of chloride by  anions like acetate, n itrate, 

and  iodide resu lted  in  the  decrease of Ka observed  in the  follow ing o rder: 

acetate > chloride > n itra te  > iodide (Table 5.2). While acetate  and n itra te  

produced only  m odest changes in  the KaS, the largest effect w as observed by 

substitu ting  chloride for iod ide  (about 1 0 0  - fold reduction  of KaS for bo th  

proteins). The dependence o f the b ind ing  on  the  id en tity  of the anionic 

species indicates the presence of anionic b ind ing  sites on the proteins.
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T ab le  5.2 Effect of the different m onovalent salts on the b ind ing  of W Tl-ZF 

an d  EGRl-ZF to DNA consensus sequences

W T l-Z F E G R l -ZF

Salt
Relative
affinity Kd {nM)

Relative
affinity

KCl 1.14 ± 0.09 1.00 335 ± 0.02 1.00
NaCl 0.76 ± 0.01 1.5 ± 0.75b 2.76 ± 0.08 1.29 ± 0.06
UCl 0.86 ± 0.16 133 ± 020 2.47 ±0.1 1.44 ± 0.03
NH4CI 0.58 ± 0.14 1.96 ± 035 321 ±0.11 1.11 ± 0.04
NaNOg 1.47 ± 0.03 0.78 ± 0.06 4.99 ±0.13 0.71 ± 0.03
NaCHaCOO 12 ±0.14 0.95 ± 0.04 2.71 ± 0.03 1.31 ± 0.11
Nal 68.50 ± 6.61 0.017 ± 0.002 -c >0.005

=A pparen t dissociation constants determ ined by nitrocellulose filter binding 

assay. The salt concentrations were kept constant at O.IM. Each value reported 

rep resen ts  the m ean of 3 or m ore independen t de te rm ina tions w ith  the 

associated standard  deviations.

t>The errors for relative affinities are given by the expression s = {(si/M i)2 + 

( s 2 / M 2 ) 2 } 1 / 2  X M 1/ M 2, w here  Ml and M2 a re  the respective  d issocia tion  

co n stan ts  for w ild -type a n d  m u tan t DN A  and the s v a lu es  are  the 

corresponding standard deviations for these determ inations.

^Binding affinity too low to be determ ined accurately.
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5.3.7 Identification of relative contributions of each base pair in the consensus 

site to the binding specificities of WTL-ZF and EGR-1 proteins

The relative contribution of each base pair in the W Tl-ZF consensus 

sequence 5' GCG TGG GCG TGT 3' to the b inding  affinity has been tested by 

po in t m utational analysis. The binding affinity of each m u tan t DNA w as 

determ ined using the nitrocellulose filter b inding  assay. A n  identical analysis 

has been carried out for the EGRl-ZF pro tein  interacting w ith  the same 

consensus DNA sequence. These experiments have yielded a detailed picture 

o f the in teraction of each base pair in  the  DNA w ith  the  proteins u n d e r 

investigation. The results are presented in  Table 5.3, and  provide valuable 

inform ation in  assessing the relative im portance of pu tative W Tl and  EGR-1 

binding sites as they are identified in genomic DNA.

Our analysis revealed that the guanine to cytosine substitutions at 

positions 3, 5, 6 , 7, and 9 resulted in a drastically reduced (over 500-fold) 

éiffinity of binding for both W Tl-ZF and EGRl-ZT proteins. This corresponds 

to  the pattern of guanines show n to be contacted in the EGR-1 - DNA co­

crystal structure (Pavletich & Pabo, 1991; Elrod-Erickson et al., 1996). The 

dissociation constants for these substitutions are indicated as "undetectable" 

in  Table 5.3, since we could not accurately m easure the equilibrium  constants 

for those DNA m utants. The first guanine of the consensus binding site has 

also been show n to be contacted in the X-ray structure. H ow ever, this 

position appears to have a less drastic effect on  binding. W hen the guanine is 

substituted by a cytosine, the binding affinity is reduced by approxim ately 1 0 - 

fold for W Tl-ZF, and about 5-fold for EGRl-ZF. Replacement of guanine 

residue w ith cytosine at position 1 removes the hydrogen-bonding potential 

for arginines, since cytosine has no hydrogen-bond-accepting groups in  the 

m ajor groove. This results in  diminished affinity for both  proteins, how ever
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T able 5.3 Dissociation constants for W Tl-ZF and EGRl-ZF b ind ing  to wild- 

type a n d  m utan t DNA consensus sequences

DNA
w ild-type
QIC*
C2A
C2G
C2T
G3C*
T4A
T4C
T4G
G5C*
G6C*
G7C*
C8 A
C8G
C8 T
G9C*
TIOC
G llC
T12C

R elative  
affinity for W Tl-ZF

1.00 

0.09 ± 0.014b 
0.01 ± 0.005 
0.015 ± 0.005 
0.88 ±0.14 

<0.005 

<0.005 

<0.005 

0.64 ± 0.09 

<0.005 
<0.005 
<0.005 

434 ±0.75 
132 ±027  

0.99 ±0.12 

<0.005 

0.88 ±0.14 

0.28 ±0.06 
033 ± 0.01

R ela tive  
affinity for EGRl-ZF

1.00 

0.18 ± 0.03 
0.15 ±0.02 

0.20 ± 0.04 
0.79 ±0.13 

<0.005 

<0.005 

<0.005 

0.69 ±0.10 

<0.005 
<0.005 
<0.005 

0.08 ± 0.01 
0.04 ±0.01 
0.25 ±0.04 

<0.005

^A pparen t dissociation constants determ ined  by nitrocellulose filter b inding  
assay. Each value rep o rted  represents the m ean of 3 o r m ore independen t 
determ inations w ith th e  associated standard  deviations.

^The erro rs for relative affinities are given by the expression s = {(si/M i)2 + 
(s2 / M 2 )2 }1 /2  X M1 / M 2 , w here  Ml and  M2 are the respec tive  d issoc ia tion  
co n stan ts  for w ild -ty p e  a n d  m u ta n t D N A  an d  the  s v a lu es  are  the 
corresponding standard  deviations for these determ inations.

^Binding affinity is too low to be determ ined accurately.

*The positions of contacted residues in  the EG R-1/D N A  co-crytsal (Pavletich 
and Pabo, 1991). In each  case an  arginine (positions 1,3,6,7,9) o r a histidine 
(position 5) interact w ith  guanine residues in  the DNA consensus sequence.
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still p rov id ing  a significant level of binding affinity. W hile nucleotides 3, 6 , 

and  9 are contacted by an  arg in ine residue im m ediately preceding the a -h e lix  

(position -1 ), the first and  seven th  bases in  the binding site are contacted by 

fingers 1 and  3 w hich use arg in ines at a -helical position + 6  as identified  in  

the  EGR-1 - D N A  crystal s truc tu re . The reduction  of the b inding  s tren g th  

observed for thhe m utan t a t  position  one m ay reflect nonequivalence o f the 

contributions to the b ind ing  affinity by the different nucleotides of the first 

trip le t, as w ell as d ifferen t roles played by arginines d ep en d in g  o n  their 

position  in  the recognition a-helix . H ow ever, we observed a m uch g rea ter 

d rop  in  affirüty due to the substitu tion  at position 7 than a t position 1. This is 

ev iden t from  the fact that bo th  guanine at position  7 and  its com plem entary 

m ate  (C7‘) o n  the opposite  DNA strand  are  involved in  hydrogen  b o n d  

contacts from  an  Arg 24 an d  an  Asp 48, respectively, whereas there is only  one 

residue  con tacted  at position  1, as revealed in  the crystal struc tu re . In  

add ition , A rg + 6  (finger 3) in teraction w ith the first guanine is not stabilized 

by a bu ttressing  contact w ith  an  aspartic acid residue as observed in all three 

zinc fingers for the arginines a t position -1. It m ay also be th a t individual zinc 

fingers p rovide nonequivalent contributions to the binding affinity. O verall, 

there is an excellent correspondence with the X-ray structural data in the w ay 

b o th  p ro teins respond  to changes in  positions identified as direct base-pair 

contacts.

Base pairs 2, 4 and 8  are no t involved in  d irect contacts w ith  the EGR-1 

zinc fingers. H ow ever, substitu tions at any one of them dem onstrated  s trong  

preferences a t each of these positions. Thus, substitu tion of a cytosine residue 

a t position 2  w ith  adenine o r  guanine residues results in  approxim ately  1 0 0 - 

fo ld  decrease in  b inding  affin ity  for W Tl-ZF, b u t only a 5-6-fold d ro p  in  

affin ity  for the EGRl-ZF p ro te in , suggesting th a t this in terac tion  is m ore
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critical for the  W Tl-ZF p ro tein  than for the  EGRl-ZF. O n  the  other hand , 

in troduction  of another pyrim idine, thym ine, does not appreciab ly  affect the 

binding s tren g th  of either protein, resulting only in a sligh t (less than  15%) 

decrease in  the binding  affinity. There m ay be several w ays of rationalizing 

the observed effects: the identity  of the base on  the G -rich DN A  strand , the 

stereochem ical nature  of the base, the contacts to the secondary , C-rich DNA 

strand or a com bination of these features contribute to th e  strong  selective 

pressure a t this position. Indeed, w ater-m ediated and van  d e r W aals contacts 

are m ade to  the second cytosine as well as to  the com plem entary guanine a t 

position 2' of the secondary strand  as detected  in  the EGR-1 - DNA crystal 

structure. It is not readily apparent, how ever, why the  m agn itude  of the 

affinity change is different betw een the tw o proteins. It is possible that W T l- 

ZF contacts are m ore stereochem ically constricted that those  of EGRl-ZF. 

More m utagenesis and  structural data will be necessary to determ ine w hy the 

presence o f guanine or adenine at position 2 is more d isrup tive  for the W T l- 

DNA interaction.

The thym ine  su b stitu tio n  for e ither an  adenine o r a cytosine a t 

position 4 abolished the b inding  ability of b o th  W Tl-ZF a n d  EGRl-ZF (over 

500-fold red u c tio n  in  affinity), while bo th  pro teins show ed  ju s t a slightly  

reduced (abou t 30 %) preference for a guanine residue in  th is position. As 

identified  from  the X-ray analysis, there are  no d irect hydrogen -b ond ing  

contacts m ad e  a t th is position. The th reon ine  w hich  co u ld  p ro v id e  a 

hydrogen  from  its hydroxyl g roup  to the  m ajor-groove hyd rogen -bond  

acceptors o f thym ine (04) o r guanine (N7 and  06 ) is too far aw ay to m ake 

such a contact (Pavletiich & Pabo, 1991). H ow ever, as described in  C hapter 4, 

His 49 m akes van  der W aals contacts to the  T4 as de tec ted  in  the refined 

structure. A dditionally , Asp +2 of finger 3, w hich  forms a residue  pair w ith
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Arg -1  th ro u g h  a salt bridge, was tentatively suggested to  accept a hydrogen  

bond from  the N 6  am ine group of the adenine A4’ located on  the  opposite  

strand  o f the DNA. In  the X-ray structure , this in terac tion  d id  n o t have a 

perfect geom etry, and  therefore its im portance for DN A binding w as not clear. 

In this s tudy , we show that this contact likely occurs, as it is very  im portan t 

for the overall affinity o f binding of bo th  proteins. This in teraction w ould  

also explain  a preference for a cytosine a t position 4' (com plem entary to the 

guanine o n  the prim ary strand): a cytosine, analogous to an  adenine, also has 

a hydrogen-bond donating  amine group - N4 - available for in teracting w ith 

aspartic  acid . In a recen t study, S w irnoff & M ilb ran d t (1995) also 

dem onstrated a strong selection for a thym ine at position 4, and less strongly - 

for a guanine, whereas adenine or cysteine were never selected. The authors 

also show ed that a m ethyl group of thym ine was im p o rtan t for the optim um  

bind ing  affin ity  by in troducing  a uracil substitu tion  a t position  4, w hich 

reduced b ind ing  strength of EGR-1.

F u rthe r differences in  the b ind ing  preferences for the W T l-Z F  and  

EGRl-ZF pro teins w ere revealed w hen  the cytosine a t position  8  o f the 

consensus site had been substituted by an  adenine. The binding affinity o f the 

EGRl-ZF pro tein  d ropped  by a factor of abou t 12, w hereas the b ind ing  ability 

of the W T l-Z F protein  w as actually im proved by a factor of 4.5. The tw o 

other substitu tions at position 8  - 8G and  8T gave nearly  a w ild-type affinity 

for the W Tl-ZF protein. However, in the  case of EGRl-ZF protein , the 8 G 

and 8 T m utations had  resu lted  in a 25-fold and a 4-fold reduction in  b inding  

affinity, respectively. Cytosines at positions 2 and 8  are sym m etrical in  term s 

of their location in the EGR-1 nonam er b inding site. H ow ever, there  are 

different degrees of tolerance to substitutions at these positions. In the  case of 

EGRl-ZF b ind ing , som e of the observed effects are  im plicit in  th e  crystal
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structure. Thus, cytosine 8  and its com plem entary base guanine 8 ' a re  both 

involved in  w ater-m ediated  and v an  d e r Waals in teractions w ith  a num ber 

o f amino a d d s : Asp -1 of finger 1 m akes a w ater-m ediated contact to  C 8 ; a t the 

sam e tim e, G lu +3 of finger 1 makes van  der Waals contacts to the sam e base; 

while three am ino a d d s  - Ser 47 and Asp +2 of finger 2 and  Arg + 6  o f finger 1 

make a series of w ater-m ediated interactions to G8 '. As m entioned earlier, at 

position 2 there are tw o am ino a d d s  m aking w ater-m ediated bonds to  C2 and 

G2’, and  one am ino a d d  m aking van  der Waals contacts to  C2. C learly , there 

is nonequivalence betw een  positions 2  and  8  w hich is reflected in  vary ing  

degrees o f tolerance to substitutions a t these positions.

In  the  case of W T l-Z F p ro tein , position 8  o f the DNA recogn ition  

sequence d ea rly  plays a different role than  it does in EGRl-ZF binding. Finger 

2 of W Tl-ZF has a glutam ine at a-helical position +3, w hich  EGRl-ZF doesn 't 

have in  its corresponding finger 1. This glutam ine has the po ten tia l to  be 

either a hydrogen  bond donor or acceptor, which w o u ld  help  explain the base 

preferences seen in  ou r d a ta  (A > G > T or C). Therefore, W Tl-ZF pro tein  

uses a d is tinc t mode of DNA b ind ing  from  that of EGRl-ZF. In add ition , 

com parison  of the b in d in g  preferences betw een fingers 4 and  2 o f W Tl 

suggests th a t different fingers of W Tl provide nonequivalent contributions to 

the binding.

The p rev iously  iden tified  positions 10-12 fo r the  W Tl-ZF finger 1 

b inding (D rum m ond e t al., 1994; H am ilton  et al., 1995) h ad  a relatively  high 

tolerance for sequence alteration (Table 5.1). The largest reduction (four-fold) 

in  affinity w as observed w hen  a guan ine  was su b stitu ted  for a cy tosine at 

position 11 of the binding  site. Finger 1 of W Tl has a h istid ine a t position  +3 

of the a -he lix , which cou ld  be invo lved  in  contacting guanine 11. M ore
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stru c tu ra l a n d  m utagenesis d a ta  w ill be requ ired  to unam biguously  assign 

specific am ino add-base interaction to finger 1 o f W Tl.

5.4 D iscussion

The dem onstra tion  th a t W T l pro tein  b inds to  the D N A  sequences 

sim ilar to  a consensus site for the EGR-1 protein , and  can regulate  prom oters 

(M adden  et al., 1991; R auscher e t al., 1990) contain ing  such  sequences, 

su g g e s te d  th a t  W Tl and EGR-1 p ro te in s m ay  act as a n ta g o n is ts  in  

developm ental regulation. W e conducted a de ta iled  quan tita tive  analysis to 

define how  the affinity and sp e d fid ty  of W Tl-ZF for com m on regulatory  sites 

w o u ld  com pare w ith  com peting factors such as EGRl-ZF. W e investigated  

the  m olecular details of the interaction by m easuring the  preferences of W T l- 

ZF and  EGRl-ZF proteins for various buffer com ponents, as well as effects of 

tem perature an d  incubation tim es on  the b inding effidency.

The equilibrium  dissodation  constants w ere  determ ined  to be 1.14 ± 0.2 

X 10“®̂ M  for W Tl-ZF, and 3.55 ±  0.4 x 1 0 ^  M for EGRl-ZF protein , assum ing 

th a t the com plex formation is the result of a sim ple bim olecular equilibrium . 

Scatchard analysis had confirm ed th a t both proteins form  a 1 ; 1 com plex w ith  

DNA. The association constants m easured by the  slope of the Scatchard p lo t 

w ere  in  close agreem ent w ith  those m easu red  using  the s ta n d a rd  filter 

b in d in g  assay . The Scatchard analysis a lso  confirm s th a t the  p ro te in  

preparations w ere 1 0 0% active.

M easuring the m onovalent salt dependence of the K& for DN A binding  

ind icated  tha t W Tl-ZF interaction has an  op tim um  betw een  0 m M  an d  200 

m M  potassium , whereas EGRl-ZF apparently  requires low er m onovalent sa lt 

concentrations (from 0 to 100 mM ) for the op tim um  binding . Both p ro teins 

d e m o n s tra te  a d ram atic  d ecrease  in  b in d in g  a ffin ity  a t  h ig h e r  sa lt
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concentrations. In add ition , we estim ated  the num ber of cationic residues 

and  phosphates that in teract in each complex: W Tl-ZF pro tein  forms ab o u t 7 

such  in teractions, w hereas EGRl-ZF m akes 6 . This num ber of phosphate  

contacts exactly corresponds to the num ber of phosphates found  to be directly 

contacted in  the EGR-1 - DNA co-crystal structure (Pavletich & Pabo, 1991). 

A dditional, w eaker w ater-m ediated phosphate contacts w ere also observed in 

the refined EGR-1 structure (Elrod-Erickson, 1996), w hich were not detected in 

ou r analysis.

D eterm ination of p H  dependence o f the DNA b ind ing  activity show ed 

that bo th  WT1-2T and EGRl-ZF proteins can achieve op tim um  binding a t a 

very  b ro ad  p H  range, declining at h igher pH. The s tu d y  of the effects of 

d ivalen t m etal ion concentration on D N A  binding h ad  show n that W Tl-ZF 

achieves its optim al b ind ing  at 5 mM Mg^+, while EG Rl-ZF prefers a m ore 

m odest concentration of about 1 mM Mg^+ for its op tim um  binding.

A num ber of therm odynam ic param eters were obtained  and com pared 

for the W Tl-ZF - DNA and  EGRl-ZF - D N A  interactions. A t 22’ C, the W T l- 

ZF - DNA complex had  the following therm odynam ic values: AG°= -12.1 kcal 

m o l ' i ;  A H ’= +6 .6  kcal mol*^, and  A S ’= +63.3 cal m ol'^ deg-i. The 

corresponding param eters for EGRl-ZF - DNA interaction are: AG’= -11.4 kcal 

m o l 'i ;  A H ’= -6.9 kcal m ol'^, and AS’= +15.3 cal m ol'^ deg  The large 

positive value of AS’ for the W Tl-ZF - D N A  interaction indicates that it is an  

en tropy d riven  process, w here ordered w ater molecules and  counter ions m ay 

becom e d isp laced  from  the binding interface upon com plex form ation. In 

contrast, the  EGRl-ZF - DNA interaction appears to  be an  enthalpy d riv en  

p ro cess  in  the  te m p e ra tu re  ran g e  s tu d ie d . T hese  d ifferences in  

therm odynam ic  param eters provide us w ith  im p o rtan t insights in to  the 

m echanism s of protein-D N A  complex form ation in  each  case. As no ted  by
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Beaudette & Langerm an (1980), entropy-driven processes are often a reflection 

of h y d ro p h o b ic  in te rac tions tha t occur in  the sy stem , w hereas a large 

enthalpic contribution usually  results from  the form ation  of hydrogen-bond 

and van  d e r Waals contacts. Thus, W Tl-ZF protein contains 7 hydrophobic 

am ino acids in  its recognition a-helices, com pared to  2  hydrophobic am ino 

acids fo u n d  in  the corresponding regions of EGR1-2T, which is consistent 

w ith ou r find ing  of a large entropie contribution to the overall free energy of 

b ind ing  in  the  W Tl-ZF - DNA com plex. Refined EGR-1 structure , o n  the 

other h an d , revealed a n  extensive netw ork  of van  d e r  W aals a n d  w ater- 

m ediated  contacts, w hich  occur to bo th  the DNA bases and the  backbone 

phosphates and  provide additional contributions to the binding energy. This 

is also consisten t w ith the enthalpic driv ing force lead ing  to the EGRl-ZF - 

DNA com plex formation.

W e used  a nitrocellulose filter b inding  assay to determ ine the  affinities 

of the W T l-Z F and EGRl-ZF proteins for a num ber of DNA po in t m utants 

designed to  test the relative contributions of each base pa ir to the h igh  affinity 

binding. The crystallographic data obtained for the EGR-1 - DNA com plex has 

provided a structural fram ew ork for understanding the m olecular basis of the 

interaction. Since the critical amino acids in EGR-l-ZF w hich contact specific 

base pairs in  the EGR-1 consensus site are completely conserved in  the W Tl- 

ZF protein , it was reasonable to predict that the last th ree  zinc fingers of W Tl- 

ZF will p lay  a similar role in their b inding  to the 9 b p  EGR-1 recognition 

sequence. However, this prediction h ad  to be tested considering th a t W Tl-ZF 

p ro tein  con ta ins a n u m b er of s tru c tu ra l differences. These in c lu d e  an 

additional zinc finger (the first zinc finger of W Tl) w hich  does n o t possess 

significant hom ology w ith  any of the three EGRl-ZF zinc fingers a t the am ino 

acid level (Call, K.M. et al. 1990), and  the approxim ately 50 % dissim ilarity  in
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the am ino acid sequences betw een the  EGRl-ZF p ro te in  and fingers 2-4 of the 

W T l-Z F .

In  addition, crystal structural da ta  available for a num ber o f other zinc 

finger proteins, includ ing  Tram track (Fairall e t al., 1993), SWI (Fairall et al., 

1993), and  GLI (Pavletich  & Pabo , 1993) reveal com plex a n d  nonun ifo rm  

recognition  m echanism s taking p lace in  different p ro tein  - D N A  system s. 

The details of these structures are discussed in C hap ter 4. In the view  of this 

d iversity  in the b ind ing  modes observed  for various zinc finger proteins, and  

the  s tru c tu ra l d ifferences ex is tin g  betw een the  W Tl-ZF a n d  EGRl-ZF 

p ro te in s, we m ade  a detailed investigation  into th e  roles of in d iv idua l base 

pairs in  the b ind ing  of W Tl-ZF and  EGRl-ZF proteins.

Overall, o u r  results confirm  the  m ain recognition  them es established 

in  EGR-1 crystal struc tu ra l d a ta , w hile  revealing  add itiona l de ta ils  an d  

p rov id ing  a quan tita tive  view of th e  im portance o f indiv idual bases in  high- 

affin ity  recognition. In agreem ent w ith  the crystal struc tu re , the  critical 

guan ines of the p rim ary  strand (positions 3, 5, 6 , 7, and  9) p ro v id e  the m ost 

im portan t energetic contributions to  the high affinity b inding  for b o th  W Tl- 

ZF an d  EGRl-ZF proteins. Substitutions at any of these positions resulted in  

the loss of b inding  by bo th  proteins. Position 1, a lbe it show n to be involved 

in  co n tac t in  th e  EGR-1 - D N A  co-crystal, p ro v id es  a less im p o rtan t 

contribution to the  overall binding: a guanine to cytosine substitu tion  at this 

position  resulted  in  a 10-fold decrease  in  b inding for W Tl-ZF, a n d  a 5-fold 

decrease for EGRl-ZF. Previous m éthylation  interference studies b y  Lamaire 

et al. (1990) indicated a weaker in teraction  made by  EGR-1 at position  1 . This 

sm aller contribution  from  position  1 to the overall b ind ing  e n erg y  can be 

underscored  by the  fact that there  is only one contact m ade a t th is  position, 

and  th is arginine-guanine contact is no t stabilized by  the aspartic  acid side
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chain. A  sim ilar Arg-G contact made at the  third position  in  the b in d in g  site 

resu lted  in  the loss of b in d in g  by bo th  protein . The ad d itio n a l w ater- 

m ediated  contact formed betw een Asp+2 of finger 3 of EGR-1 (or, by  analogy, 

finger 4 o f  W Tl) com bined w ith  the stab ilized  A rg-A sp-G  co n tac t likely 

contribute to  the higher energetic cost of sequence d isrup tions at th is position. 

Position  2 o f the recognition sequence w as found to be im p o rtan t fo r the 

binding  of bo th  proteins. The sequence preferences w ere observed to  be  in  the 

follow ing order: C > T » A  » G. However, substitution of cytosine w ith  either 

purine  had  a m ore deleterious effect on  W Tl-ZF binding, reducing its  affinity 

by  about 100-fold, whereas the  corresponding drop in  EGRl-ZF affin ity  was 

abou t 5-fold. It is likely th a t the stereochemical na ture  o f the base p lays an 

im portan t role in  recognition. It is not clear, how ever, w hy  the a ffin ity  for 

W Tl-ZF w as reduced to a greater extent than  that for EGRl-ZF. T he ro le  of 

position 2  is discussed in m ore detail in  the results section.

The refined EGR-1 crystal structures dem onstrated  a direct ro le  for the 

aspartic  acid  residue in finger 2. H ow ever, it w as n o t clear w h e th e r  the 

co rrespond ing  aspartic acid  residues in  fingers 1 a n d  3 also co n trib u te  to 

specific recognition, since they did no t have a perfec t geom etry  (E lrod- 

Erickson, 1996). O ur m utagenesis data  supports the  im portance  o f these 

aspartic  acid  residues for sequence-specific recognition o f the fo u r th  and  

seven th  bases of the b ind ing  site, w hich are in  the th ird  and  seco n d  zinc 

finger b ind ing  subsites, respectively. Both W Tl-ZF and  EGRl-ZF p ro te ins lost 

their DNA b ind ing  activity w hen  substitutions were m ade a t these positions. 

H ow ever, w e d id n 't test the  im portance of position 10 for EGRl-ZF binding . 

This w ould  have given us an  insight as to the con tribu tion  of a sp artic  acid 

res id u e  in  finger 1 to E G R l-ZF recognition, and , possib ly , w o u ld  have 

extended the  EGRl-ZF recognition sequence to 10 base pairs. W Tl-ZF show ed



160

ju st a slightly  decreased binding upon  introduction of a cytosine at position 

10. T here is evidence from  the w ork  of others w hich  corroborates our 

findings. Thus, a sim ilar contact was seen in  the TTK /D N A  crystal structure: 

an  aspartic a d d  located at the tip of finger 2  makes a good hydrogen bond  to a 

cytosine o n  the secondary strand  (Fairall e t al., 1993). Replacem ent of the 

hom ologous aspartic  ac id  in  the second  zinc finger o f A D Rl p ro te in  

sign ifican tly  reduced  p ro te in  b ind ing  to its DNA recognition  sequence 

(Thukral e t  al., 1991; T hukral et al., 1992). Binding site selection stud ies 

support the  sam e view: only thym ine o r guanine were selected a t position  4 

and  10 of the  DNA sequence (Swimoff & M ilbrandt, 1995). The latter authors 

also p roposed  that single zinc fingers of EGR-1 as w ell as rela ted  fam ily 

proteins m ay specify overlapping, 4-base pair subsites of DNA. This no tion  is 

supported  in  the refined EGR-1 crystal structure (Elrod-Erickson, 1996), in  the 

study  by Isalan et al. (1997), as well as in  our study. W hile both thym ine and 

guanine a t position 4 could have satisfied a contact from  aspartic acid to the 

secondary D N A  strand (providing am ine groups of A and  C), we observed a 

preference for a thym ine over a guanine for the b inding  of both proteins. 

This preference for a thym ine at position 4 can be explained by the v an  der 

W aals contacts m ade by histidine +3 o f the second finger of EGRl-ZF o r the 

th ird  finger of W Tl-ZF. A sim ilar observation  was m ade by Sw irnoff & 

M ilbrandt (1995), w ho suggested that histidine +3 of EGRl-ZF contributes to 

the recognition of tw o adjacent bases a t positions 4 and 5. More discussion is 

p rovided in  the results section of this chapter.

As d iscussed  earlie r, adenine a t position  8  p ro v id es a sign ifican t 

con tribu tion  to the h igh  affinity b ind ing  of the W Tl-ZF (4.5-fold increase 

com pared to  cytosine at this position). In contrast, this substitu tion  reduced  

the b ind ing  strength of EGRl-ZF by 12-fold. This dem onstrates that the  two
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pro te ins share re la ted , but n o t identical DNA recognition specificities. The 

im portance of a n  adenine a t position  8  o f the DNA site has been previously  

dem onstra ted  for W Tl protein by N akagam a et al. (N akagam a e t al., 1995). 

A n add itional in teraction  p ro v id ed  by  a g lu tam ine residue  (Q352) of the 

W Tl-ZF, which EGRl-ZF does no t possess, was p roposed  by N akagam a et al. 

(1995). The re su lts  of the p rev io u s h igh  affinity  b ind ing  site selection 

experim ents ob ta ined  in our lab identified the sam e phenom ena: the w ild 

type W Tl-ZF p ro te in  selected an  adenine at position 8  w ith  h igh frequency 

(Borel e t al., 1996). In addition, our data dem onstrate  that EGRl-ZF has a 

d istinct preference (1 0 -fold higher affinity) for a cytosine versus an  adenine a t 

position  8 .

In  conclusion , the da ta  p resen ted  in  this s tu d y  p rovides accurate 

m easurem ents of equilibrium  b ind ing  param eters for W Tl-ZF and EGRl-ZF 

proteins. Q uantitative  analysis of the contribution of each base p a ir in  the 

DNA consensus b inding  sequence to the overall b ind ing  affinity w as defined 

using  DNA p o in t m utants. Every base pair in  the  b ind ing  sequence was 

found  to contribute, w ith vary ing  degrees, to the h ig h  affinity b ind ing  for 

bo th  p ro teins. T he analysis dem onstra ted  im p o rtan t d ifferences in  the 

b ind ing  m echanism s that exist betw een the W Tl-ZF an d  EGRl-ZF proteins, 

w ith  respect to b o th  the therm odynam ics, and the sequence preferences. This, 

in tu rn , suggests tha t the W T l and  EGR-1 pro teins m ay act o n  d istinct 

p rom o te r sequences, while be ing  able to com pete fo r com m on regu la to ry  

sites. The inform ation obtained from  these m utagenesis studies ex tends our 

know ledge of the mechanism s o f b inding  by the zinc finger proteins. Further 

stud ies into the physiological roles of these tw o regu la to ry  pro teins should  

prov ide  valuable inform ation in to  the origins of specificity, as w ell as shed
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ligh t o n  the  invo lvem en t of bo th  p ro te in s in  n o rm al d ev e lo p m en t and 

neoplastic processes.
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CHAPTER 6.0 TH IIA  IS  A PROTOTYPE O F THE C2H 2  FAMILY O F ZIN C 
FINGER PROTEINS

6 .1  The C2H 2  zinc finger dom ain

The m ajority  o f b iological processes involve specific in te rac tio n s 

betw een m acrom olecular species. The specific interactions are m ediated  by a 

m u ltitu d e  o f d istinct s tru c tu ra l dom ains th a t m ain ta in  an  a p p ro p ria te  

stereochem ical fold. T ypically , in  o rd e r for the p o ly p ep tid es  to  fo ld  

autonom ously, they need  to be a t least 50 am ino acids long.

A bout a decade ago, a novel class of dom ains consisting on average of 

30 am ino acids was d iscovered . These dom ains are  too sm all to  fo ld  

in d ep en d en tly , bu t fo ld  stab ly  w hen coordinated  zinc ions stab ilize  the 

conform ation. The ability of zinc to be tetrahedrally coordinated w ith in  such 

dom ains, as w ell as th e  lack of redox activ ity  of the zinc ion, led  to  the 

evolution o f a wide range of zinc-stabilized structural dom ains now  know n 

to exist.

Zinc has been know n to be an essential trace elem ent for eukaryotes for 

over a cen tury  (Coleman, 1992). An average adu lt hum an body contains 2.3 g 

of zinc (com pared w ith  4 g of iron) (Colem an, 1992). This m akes zinc the 

second m ost abundant trace m etal in eukaryotes. As new  families o f zinc 

containing proteins continue to emerge, specific functions can be assigned  to 

zinc to justify its abundance.

The first discovery of a zinc m etalloprotein involved in transcrip tion  

was m ade in  1983 by H anas e t al., who dem onstrated that transcription factor 

n iA  from  Xenopus oocytes w as a zinc p ro te in , and th a t zinc coord ination  

correlated w ith  its ability to b ind  DNA (H anas et al., 1983). Of all the C 2H 2 

zinc fingers stud ied  to d a te , this unique polyfinger DNA- and  R N A -binding 

protein is, perhaps, the m ost extensively stud ied  of all.
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From the nucleotide sequence of the gene, K lug and cow orkers (Miller 

e t al., 1985) d ed u ced  tha t the am ino acid sequence of the transla ted  product 

could  be arranged so that a pair of conserved cysteines and a pa ir of conserved 

h istid ines separated  by a 12 - to 13 - residue spacer defined 9 repea t series of 

am ino acid sequences of 28 residues w ithin the IF lllA  protein as follows: - C 

-X 2-5 - C -X12-13 - H  -X3-4 - H - , w here X - any  am ino acid. There was an 

add itional pair o f conserved amino acids found w ith in  the X12-13 spacers: an 

arom atic  am ino acid, F or Y, and a branched aliphatic amino a d d ,  commonly 

L. The pairs o f C  and  H  residues w ere proposed to tetrahedrally  coordinate 

Z n 2 + ions.

The term  " zinc finger" was coined by M iller e t al. (1985) w ho  proposed 

th a t the  12 - 13 -residue loop or "finger" form ed the DNA b in d in g  surface 

(Figure 6.1 A). The m odel of tetrahedral Zn^+ coordination w as confirm ed by 

ex tended  X-ray absorption fine structure (EXAFS) w hich show ed that the zinc 

abso rp tion  edge in  TFULA was fit to  a tetrahedral coordination sphere w ith 

tw o  sulfur and tw o  nitrogen atoms as ligands (D iakun et al., 1986). The zinc is 

bo u n d  to conserved histidine atom s at 2  À distance, and to cysteine SY 

atom s a t 2.3 Â distance, w ith an  affinity varying from  10^^ M  to 10*^2 ^  ̂  

depend ing  on a particular zinc finger sequence (D iakun et al., 1986).

The sto ichiom etry  of zinc m etal calculated for TFULA show ed  it to 

con tain  7 to 11 zinc atom s, which w as more consistent w ith the 9 zinc fingers 

o f TFULA than the  originally reported 2 zinc ions per IFlllA  m olecule (Miller 

e t al., 1985). Proteolysis studies, revealing periodic interm ediates of a limited 

d ig est coupled w ith  the analysis o f cDNA sequence of TFULA (M iller et al.,

1985) supported  the  general idea of a repeated structural unit, each  of which 

b o u n d  a single zinc ion. Model structures for the zinc finger m o tif have been 

p u t forw ard by Berg (1988) and Gibson et al. (1988). The first N M R structure of
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F ig u re  6.1 Schem atic rep resen ta tion  of a C z H z z in c  f in g e r (Evans & 

H ollenberg, 1988).
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a zinc finger w as determ ined  by Parraga et al. (1988) an d  Lee e t al. (1989) and 

resem b led  m ore closely  the  m odel o f Berg. S ince th en  several NM R 

structures for zinc fingers have been published (Klevit e t al., 1990; Om ichinski 

e t al., 1990, 1992; K ochoyan et al., 1991a, b; N euhaus, e t al., 1992). M odel 

bu ild ing , em ploying  a n  insightful u se  of the s tru c tu ra l da ta  bases, two- 

d im ensional nuclear m agnetic resonance analysis and  X-ray crystal structures 

have separately  suggested an  approxim ate structure for these zinc fingers.

T he struc tu re  o f each  of the  zinc finger d o m ain s  consists of two 

an tiparalle l 3 -strands an d  an  a-helix surrounding a centrally  bound zinc ion 

(Figure 6.1 B). Three-dim ensional structures now availab le  for a n um ber of 

zinc fin g er p ro te ins v e ry  nicely accom m odate th e  conserved  sequence 

features. T he cysteine an d  h is tid in e  side chains are  involved  in  zinc 

c o o rd in a tio n , and  the th ree  o ther conserved re s id u e s  pack to  fo rm  a 

h y d ro p h o b ic  core ad jacen t to the m etal coord ination  un it. The use  of 

hy d ro p h o b ic  am ino ac id s by zinc fingers to s tab ilize  local zinc p ro te in  

struc tu re  d iffers from  the  folding stra tegy  of m etallo thioneines w hich  lack 

arom atic side  chains.

As w as p roposed  earlier (Berg, 1988), the a -h e lix  in  a zinc finger is 

directly  invo lved  in  sequence-specific recognition, in te rac ting  in the  m ajor 

groove o f  the  DNA. T hus, the zinc finger p rov ides yet another w ay of 

inserting an  a-helix  - the m ost com m on m ode of D N A  recognition - in to  the 

DNA m ajor groove.

The overall fold of an  ind iv idual zinc finger has been show n to be 

m ain ta ined  entirely by the  zinc coord ination  as w ell as the packing o f the 

hydrophobic firamework residues. M ichael et al. (1992) h ad  used a m inim alist 

finger pep tide  consisting of 26 amino a d d s , 16 of w hich w ere alanine residues.



167

a n d  th u s prov ided  d irect evidence for the im portance of zinc  coordination 

a n d  the central hydrophobic core for m aintaining the tertiary fold.

O nce folded, zinc fingers are very stab le structures, d isp lay ing  little  

in te rn a l m otion (Palm er et al., 1991), and  resistance to p ro tease  d igestion  

(M iller e t al., 1985) o r thermal dénaturation (Frankel et al., 1987). Zinc fingers 

iso la ted  under m etal chelating conditions d isp lay  no sequence specific DN A 

b ind ing  ability (Frankel et al., 1987; Lee e t al., 1991a). Therefore, the tertiary  

structu re  of a protein is inseparable from its function.

Significant variation  exists w ithin  the zinc requiring p ro te in  fam ilies, 

particu larly  w ithin the Cys2H is2 class of zinc finger proteins. The differences 

include such structural features as the natu re  and  positioning of hydrophobic 

core residues, the spacing betw een the coord inating  cysteine an d  h istid ine 

residues, the sequence of the interfinger linker regions, or th e  num ber of 13- 

strands in  the zinc fingers. Two proteins, SWI5 and  Tram track, deviate from  

the classic PPa zinc finger fold. The am ino term inal finger of SWI5 has an  

irregu lar P-sheet consisting of three strands as opposed to the  canonical tw o  

(N akaseko, 1992; N euhaus, 1992). Interestingly, folding of finger 1 appears to 

be dependen t on the presence of the additional strand. A nother example of a 

th ree -s tran d ed  P-sheet was discovered in  the  am ino-term inal finger o f the 

Drosophila transcrip tion  repressor pro tein  T ram track  (Fairall e t al., 1993). 

The th ird  strand, w hile essential for D N A -binding activity, m akes no d irect 

con tac t w ith  DNA in  a co-crystal s tru c tu re , suggesting  it is som ehow  

im p o rtan t for m aintaining finger structure. It rem ains to be seen  why these 

SWI5 and  Tram track fingers differ from other know n C2H 2 fingers.

The extent o f zinc finger occurrence in  eukaryotes is astonishing. It 

w as estim ated that as much as 1% of the D N A  in  hum an cells specifies zinc 

fingers (Rhodes and  Klug, 1993). In chrom osom e 19 the figure  is as h igh  as
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8 % (Rhodes and Klug, 1993). The zinc-finger containing proteins th a t have 

been identified  so far carry  firom as few  as two zinc fingers (M IGl), found in 

yeast, to  as m any as 37 tandem  fingers (Xfin) in Xenopus. Well over 1300 

zinc finger cDNA sequences have now  been reported , suggesting tha t the 

C2H 2 zinc finger dom ains represent the  m ost abundant DNA b ind ing  motif 

in eukaryotic transcription factors.

T hese tran scrip tiona l regu la to rs  are invo lved  in  a m u ltitu d e  of 

functions, such as differential gene expression [MIGl (yeast), MBP-1 (human)], 

developm ental gene regulation  [K ruppel and  T ram track from Drosophila , 

EGR-1, m Kr2, Krox-20 from  m ouse, Xfin, p43 and TFIIIA from  Xenopus, 

tum or su p p re ss io n  [W T l (iden tified  in  hum an  a n d  m ouse)], hum an  

oncogenesis [GLI (hum an)], ubiquitous transcriptional regulation [Spl], to 

name b u t a few.

The term  "zinc finger" is som etim es loosely app lied  to other classes of 

zinc containing proteins, and  has been used to refer to to almost any sequence 

that has a set of cysteines a n d /o r  h istid ines w ith in  a rela tively  short 

polypeptide chain. These other classes of proteins include large fam ilies such 

as the nuclear horm one receptor superfam ily (Evans, 1988), the RING finger 

protein fam ily (Freemont, 1993), w hich includes the breast and ovarian cancer 

susceptibility gene BRCA 1 (Miki et al., 1994) and the retroviral CCHC motifs 

rep resen ted  by  HIV-1 nucleocapsid p ro te in  (Blake a n d  Sum m ers, 1994). 

Recently, an  NMR structure of hum an transcriptional elongation factor iFilS 

has been reported  (Q uian e t al. 1993a). This small dom ain  binds nucleic add  

and consists of a three-stranded P-sheet. The zinc is coordinated tetrahedrally 

by four cysteine residues. This type of structure is novel am ong the  zinc- 

b inding  an d  nudeic  ad d -b in d in g  dom ains and  thus represents a further 

striking exam ple of d iversity  of zinc-containing motifs. A dditionally, other
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proteins have been show n  to contain structural zinc ions, such as th e  tum or 

suppressor p53 (Cho e t al., 1994) and  the hum an g row th  horm one-prolactin  

receptor complex in w hich  the zinc form s a bridge betw een  the horm one and 

the receptor (Somers e t al., 1994).

To give an apprecia tion  for the diversity  of zinc-b ind ing  m otifs, the 

schem atic rep resen ta tion  in  Figure 6.2 show s zinc m odu les from  various 

p ro te in  fam ilies th a t d iffe r in m eta l coord ination  s tra teg y , secondary  

structure, and  m odularity , giving rise to distinctly different global folds. Each 

of these m olecules exhibits nucleic acid recognition strategies that a re  unique 

am ong the zinc m odules.

From  an  evolu tionary  point of view , it could be a rgued  tha t the  C2H 2 

class evolved from  a single prim ordial ancestor, and tha t m ultifinger proteins 

are the resu lt of in ternal gene duplication. This hypothesis is su p p o rted  by 

the  conserva tion  of the  z inc-coord inating , h y d rophob ic  and  H / C  link 

residues, as well as the fact that m ost zinc fingers are encoded by  separate 

exons (six o f nine IF lllA  fingers are localized to separate  exons (Tso e t al., 

1986)).

To rationalize the evolution o f zinc fingers from  the point o f view  of 

added  d iversity , one m ig h t argue th a t the zinc fingers have o rig inally  

evolved as sim ple repeating  motifs th a t could interact w ith  RNA m olecules 

(w hich inhab ited  the  prebio tic  soup  before the D N A ), and  w h ic h  later 

evolved to interact w ith  DNA. Thus, the ability of IF lllA  to in te rac t w ith 

both  DNA and  RNA suggests that perhaps it is an exam ple of a n  original 

nucleic acid binding protein.

The reason for link ing  several zinc finger un its together to  create a 

functional p ro tein  can be underscored by the fact that iso lated  single fingers 

do  not recognize DNA sequences specifically (Parraga et al., 1988). For
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Figure  6 .2  R epresentative structu res from  various zinc finger fam ilies, 

illustrating  structural d iversity  am ong zinc-binding and nucleic acid-binding 

dom ains (Schm eideskam p & Klevit, 1994).
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Figure 6.2 (a) EGR-1 finger 2 of C2H 2 type; (b) the GAL4 Z n2Cô b inuclear 

cluster; (c) the  glucocorticoid receptor D N A -binding dom ain; (d) the am ino- 

term inal retroviral-type CCHC finger of HIV-1 nucleocapsid protein; (e) the 

carboxy-term inal m etal-binding dom ain of GATA-1 .
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exam ple, in  a three-finger protein SWITCH 5 (SWI5) tw o linked  fingers h ad  

to be p resen t for the protein to be able to interact w ith  DNA w ith  a reasonable 

affinity (N akaseko et al., 1992). By then applying NMR to th e  first two zinc 

finger m otifs of SWI5, it was confirmed that adjacent zinc fingers do  not m eld 

w ith  each  o ther, th a t they  are tru ly  independen t "reading  heads" joined 

together by  flexible linkers.

T h is m o d u la r nature  of zinc finger p ro te ins is u n iq u e  am ong the  

classes o f  DNA b ind ing  proteins. From an  evo lu tionary  p o in t of view , 

p roducing  a pro tein  w ith  m ultiple fingers could be advantageous for several 

reasons: such  a protein  could recognize longer stretches of D N A  (im portant 

for an o rgan ism  w ith  a larger genom e size); such  a transcrip tional regulator 

could b in d  DNA w ith  higher specificity, and  thus p ro d u ce  m ore stable 

interaction; finally, the specificities of individual fingers cou ld  be com bined, 

giving rise to new  binding specificities.

W h en  sp e ak in g  of "m odularity" o f z in c  fin g er p ro te in s , the  

independence of each zinc finger structure doesn 't always im ply  that finger- 

finger interactions do not exist. For m ost zinc finger proteins exam ined, there 

are a few  interfinger interactions taking place, and  in general they are no t 

conserved betw een different proteins.

F or exam ple, in  the EGR-1 crystal s tru c tu re  there  a re  conserved 

hydrogen  bonds observed betw een zinc fingers 1 and 2  w here  an  arginine 

located in  the C-term inal portion of an  a-helix o f the first finger hydrogen 

bonds to  the backbone carbonyl of a serine located in  the tu rn  betw een the P~ 

sheet an d  the a-helix  of the next finger. A sim ilar in teraction  is seen for 

fingers 2 and  3, w here arginine hydrogen bonds to the backbone carbonyl of 

an alanine residue (Pavletich & Pabo, 1991). A sim ilar p a tte rn  o f interfinger
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in teractions is observed  in an N M R structure o f MBP-1 p ro te in  (Om ichinski 

e t aL, 1992): the tw o zinc fingers interact through hydrogen b o n d in g  of amino 

acids located in  the same regions of the zinc fingers as se en  in  EGR-1  (C- 

term inal region of an  a-helix of a first zinc finger and the "tip" reg ion  of the 

nex t finger) (Figure 6.3). The GLI - DNA co-crystal structure has revealed that 

b o th  hydrogen bon d  and hydrophobic interactions occur, especially  betw een 

zinc fingers 1 an d  2 (Fairall e t al. ,1993). As m entioned earlie r, an  NMR 

stru c tu re  of SWI5 (Nakaseko e t al., 1992) revealed  no in te rfin g er contacts. 

H ow ever, a possibility  exists th a t the adjacent zinc fingers m ay  com e into 

contact w hen com plexed w ith DNA.

A lthough the focus of th is overview is the structure  a n d  function  of 

zinc dom ains, it should  be kept in  m ind that DNA binding is on ly  the initial 

step  in  gene activation/repression . The m ajority of the p o ly p ep tid e  chain in 

th e  n a tiv e  z in c -co n ta in in g  tran sc rip tio n  fac to rs is ta k e n  u p  by  the 

tran sac tiv a tin g  dom ains w hich  are  involved in  in te rac tio n s w ith  other 

p ro te in s , m ost no tab ly  the com ponen ts o f the  basa l tra n sc rip tio n a l 

m achinery. Figure 6.4 shows the schematic representations o f com plete zinc- 

contain ing  transcrip tion  factors.

6.2 S tructure/function  analysis of TFIIIA

6.2.1 Purification and  characterization of TFIIIA gene product

The fact th a t TFIIIA represen ts one of the  best s tu d ie d  transcrip tion  

fac to rs is, p e rhaps, best exp lained  by its g rea t abundance  in  a natu ra lly  

occurring  system : Xenopus oocytes, which contain approxim ately  0.7-1 x 10^2 

m olecules of TFULA per cell (Shastry et al., 1984). In the cy top lasm , TFULA 

p red o m in an tly  ex ists as a com ponen t of a 7S rib o n u cleo p ro te in  particle, 

w hich  is com posed of one m olecule of TFULA and  one m olecule of 5S rRNA
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n:,

Figure 6.3 Schematic representation  o f the  in terfinger orientations o f (A) 

MBP-1 zinc fingers and (B) EGR-1 fingers 1 and  2 (Omichinski et al., 1992).



175

Spl

TFIIIA

N [

1

Q-rich

344
H i~ tn tn m ïm  c

DNA Binding K-rich 
9 Zinc-fingers

696 
Z] C

DNA Binding 
3 Zinc-fingers

1 421 486 777
1 CGlucocorticoid N I i f

Receptor Modulates Transcription f  Hormone Binding
DNA Binding 

1 53 120
Thyroid Hormone 
Receptor

410
1 C

GAL4

I  Hormone Binding 
DNA Binding

1 62
N

881
H e

t  Transactivating Domain (Negatively charged) 
DNA Binding 
ZnaCe Cluster

Figure 6.4 Diagram s of the functional dom ains of eukaryotic zinc-containing 

transcription factors (Coleman, 1992).



176

(Picard & W egnez, 1979). U sing conventional chrom atography, TFIIIA was 

purified  to homogeneity (Picard & W egnez, 1979). O nly later, w hen  it was 

show n tha t TFIIIA could specifically b ind DNA (Engelke e t al., 1980) was it 

realized tha t one of the roles o f TFIIIA is that o f transcrip tional regulation 

(Engelke et al., 1980; Pelham  & Brown, 1980; H onda & Reeder, 1980). O ther 

m ethods for TFIIIA purification have been developed , and include  density- 

gradient centrifugation followed by  DEAE cellulose chrom atography (Smith 

et al., 1984), ion exchange chrom atography (R om aniuk, 1985), as well as 

expression of recom binant TFIIIA in  E.coli (Del Rio & Setzer, 1991).

The Xenopus laevis TFIIIA is a 344-am ino acid, 38.5 kD a protein , 

con ta in ing  nine C 2 H 2 zinc finger motifs located  a t the am ino term inus 

(Brown e t al., 1985; M iller et al., 1985). TFIIIA p ro te in  is p ro p o sed  to be an 

extended rather than  a globular p ro te in  (Reynolds & Gottesfeld, 1983; Hanas 

et al., 1984) based on  its m ode of DNA binding. First, TFIIIA b in d s a long 

stre tch  of DNA w ith o u t com pacting  it in to  a tigh ter con fo rm ation  or 

significantly changing the DNA linking num ber (Reynolds & G ottesfeld, 1983; 

Hanas e t al., 1984). Second, proteolytic fragments o f TFIIIA reta in  their ability 

to b in d  specific DNA regions, w hich  suggests th a t TFIIIA m u st be in an 

extended conform ation w hen in teracting  w ith DNA, to be able to  cover the 

long internal control region (Ginsberg et al., 1984; M iller et al., 1985).

The amino acid  sequence o f the D N A -binding dom ain  o f TFIIIA is 

show n in  Figure 6.5, and  a schem atic diagram  show ing  TFIIIA alignm ent 

along the ICR is given in  Figure 6 .6 , where the 30 kDa N -term inal DNA- 

b inding dom ain, and  a lOkDa C-term inal transcrip tional activa tion  dom ain 

are indicated (Smith e t al., 1984). Am ino acids 294 to  313 (Vrana e t al., 1988), 

and 284 to 297 (Mao & Darby, 1993) w ithin the C-term inus have been  show n 

to be im portant for the transactivational function o f TFIIIA. This reg ion  is
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Figure  6 .6  Schem atic diagram  illustrating a lignm ent of TFULA. zinc finger 

region along ICR (Miller et al., 1985).
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rich  in  lysine residues w hich are proposed to m ediate interactions w ith  other 

com ponents of the transcriptional m achinery (Smith e t al., 1984). Potential 

N -linked  glycosylation sites were found  in the C -term inal reg ion  of TFluA 

(M iller e t al., 1985). H ow ever, the role of this post-translational m odification 

is no t ye t clearly determ ined. The elucidation of the zinc finger structure of 

the TFIQA D N A -binding dom ain is described in the  previous section of the 

chapter.

6 .2 .2  TFIIIA gene expression

Xenopus laevis contains a single copy of the gene encoding TFIIIA per 

hap lo id  genom e (G insberg e t al., 1984; Taylor et al., 1986, Tso e t al., 1986; 

Scotto e t al., 1989). The TFUIA gene is approxim ately 11 kilobasepairs in 

length  an d  contains n ine exons separated by eight introns (Tso e t  al., 1986). 

The relative position of exons and introns, as well as the fact th a t 6  ou t of 9 

zinc fingers of TFIIIA are encoded by separate exons suggest th a t TFIIIA 

evolved from  a prim ordial ancestor specifying a zinc finger m otif (Tso et al.,

1986). The TFIIIA prom oter was found located 5' to the transcrip tional start 

site, an d  has features characteristic of m any polymerase II transcribed genes 

(Tso e t al., 1986). A  consensus TATA box sequence is a t position  -32, and a 

CAAT box sequence is a t position -96 (Tso et al., 1986). Further regulatory 

sequences include seven  positive an d  four negative  cis-acting elem ents, 

identified  by deletion studies (M atsum oto & Korn, 1988; Hall & Taylor, 1989; 

Scotto e t al., 1989; Pfaff e t al., 1991; Pfaff & Taylor, 1992).

The levels of TFIIIA mRNA and  protein reach  their m ax im um  in the 

early  stages of oogenesis (approxim ately 10^2 m olecules/cell), a n d  drop  to 

about 4x105 m olecules per cell in later stages of a ta ilbud  em bryo (Shastry et 

al., 1984; Andrews & Brown, 1989). Since the expression of TFULA is tightly
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developm entally  regulated (Andrews & Brown, 1987), bo th  housekeeping and 

stage-specific transcrip tion  factors are expected to in te rac t w ith the  TFULA 

prom oter (Pfaff e t al., 1991). A protein  th a t binds to  one of the positive  

regulatory sequences w as identified and show n to recognize the core sequence 

CACGTG located at positions -269 to -264 (Scotto et al., 1989). This p ro te in , 

term ed th e  d istal e lem ent factor (TDEF), is hom ologous to the ad en o v iru s 

major late transcrip tion factor, which belongs to the helix-loop-helix class of 

transcrip tional regulators (Sawadogo & Roeder, 1985; H all & T aylor, 1989; 

Scotto e t al., 1989). The TDEF protein occurs in  both oocyte and som atic cells. 

H ow ever, it  w as show n to  regulate transcrip tion only in  oocytes, suggesting  

that it acts in  a cell-specific fashion (Hall & Taylor, 1989).

A dditional level o f complexity in  TFIIIA gene expression is in troduced  

by the dem onstra tion  th a t the oocyte a n d  som atic form s of TFIIIA  are 

expressed  from  two d ifferen t, overlapp ing  p rom oters, u tiliz ing  d is tin c t 

transcriptional start sites (Kim et al., 1990; M artinez et al., 1994). M oreover, it 

was recently dem onstrated  that both RNA polymerases II and  IE are involved 

in TFIIIA gene expression in somatic cells (Martinez e t al., 1994). H ow ever, 

the significance of the involvem ent of the tw o RNA polym erases is  n o t yet 

u nders tood . Even th o u g h  rem arkable progress has been  m ade to w ard  

understand ing  the regulatory  mechanisms of TFIIIA gene expression, several 

questions still remain, such  as the roles of other transcription factors, the  fine 

details of the differential regulation of som atic versus cxDcyte TFIIIA genes, as 

well as the role of chrom atin  structure.

6.2.3 Roles o f TFIIIA in  transcrip tion and storage of 5S rRN A

T ranscrip tion  factor HLA has a d u a l role as a positive  tran sc rip tio n  

factor requ ired  for transcription of 5S rRNA genes (Honda & Roeder, 1980), as
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well as a sto rage  pro tein  for 5S rRNA (Engelke e t aL, 1980). A ssociation of 

TFIIIA w ith  the  5S rRNA also serves to transport 5S rR N A  from  the nucleus 

in to  the  cy to p lasm  w here it is stored until it is re q u ire d  for ribosom al 

assem bly in  im m atu re  oocytes (G uddat et al., 1990). The b ind ing  of TFIIIA to 

the  5S rR N A  gene  nucleates an  o rdered  assem bly  o f  a tra n sc rip tio n  

p rein itia tion  com plex (Segall e t al., 1980; Shastry e t al., 1982; Bieker e t  al., 

1985). First, TFUIA binds to the internal control region o f 55 rRNA gene, an d  

form s a m etastab le  complex (Engelke et al., 1980; Bieker & Roeder, 1984). 

N ex t, TFIIIC b in d s  and  stab ilizes this com plex (L assa r e t al., 1983). 

Subsequently, iF lilB  binds (Bieker e t al., 1985; Bieker & R oeder, 1986), a n d  is 

responsib le  fo r m axim al transcrip tion  rates (K assavetis e t al., 1990). The 

p re in itia tion  com plex  is very stable, and persists th ro u g h  m any cycles of 

transcrip tion by  RNA polymerase HI (pol HI) (Bogenhagen e t al., 1982; Setzer 

& Brown, 1985). Transcription of the 55 rRNAs from  Xenopus  has becom e a 

m odel system  for the study of the  m echanisms that con tro l eukaryotic RNA 

synthesis.

In  e u k a ry o tic  cells, RNA polym erase lU is re sp o n s ib le  fo r the  

transcrip tion  o f genes encoding 55 rRNA, tRNA, severa l cytoplasm ic and  

nuclear RNAs (75 K and L, 4.5 5 RNAs) and  som e v irus-associated  RN A s 

(adenovirus-associated  VAI and  VAU, EBERI an d  EBERII) (Ciliberto e t  al., 

1983a). The m ost striking comm on feature shared by the genes transcribed by 

pol m  (w ith several exceptions) is that prom oters are con ta ined  in  the coding  

sequence (5akonju  e t al., 1980; Bogenhagen e t al., 1980). O ther sim ilarities 

include the fact th a t Pol m  genes are quite sho rt co m p ared  to the average 

leng th  of pol I o r pol U genes (Ciliberto e t al., 1983); the  cod ing  sequence is 

defined  at the 3' end  by at least one cluster of T residues, w h ich  are requ ired  

for efficient transcrip tional term ination (Bogenhagen & B row n, 1981).
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The binding of TFIIIA to 5S rRNA forms a 7S ribonucleoprotein  (RNP) 

particle w hich  serves to  stabilize an d  transport the 5S RNA m olecule (G uddat 

et al., 1990). Upon expo rt from the nucleus to the cytoplasm , th e  ribosom al 

p ro tein  L5, which also binds 5S rRNA, displaces TFULA from  its  interaction 

w ith  5S rRNA, and the  complex of L5 and 5S rR N A  is inco rpo ra ted  into a 

ribosom e in  the nucleolus (W orm ington, 1989).

6.2.4 S tructure and function  of 55 rRNA and its gene

The 5S rRNA is an  essential com ponent in  all ribosom es, prokaryotic 

and eukaryotic , except those from m am m alian m itochondria  (Kjem s e t al., 

1984). The first discovery of ribosom al 55 rRNA w as m ade in  1963 (Erdm ann 

et al., 1987). Since then , their s tru c tu re  and function  have b e e n  stud ied  

extensively. The ribosom al RNA com ponents are  am ong the  m o st highly 

conserved m acrom olecules in all liv ing  systems. Sequence com parisons of a 

large num ber of 5S rRN A s isolated from  a wide range of organism s revealed 

a h igh  deg ree  of s tru c tu ra l conservation  th ro u g h o u t ev o lu tio n  (H ori & 

O saw a, 1987; Erdm ann e t al., 1987; W olters & E rdm ann, 1988). D ue to this 

high conservation, the sequences of 5S rRNA genes an d  their transcrip ts were 

used to m easure phylogenetic distances between d istan tly  related organism s.

T here are three classes of 5S rRNA genes: m ajor-oocyte (Xlo), trace- 

oocyte (Xlt), and som atic (Xls) that are transcribed (Fedoroff & Brow n, 1978; 

Peterson e t al., 1980). The haploid Xenopus genom e contains approx im ate ly

2 0 ,0 0 0  copies of the major-oocyte type genes w h ich  are transcribed  only  in 

oocytes , and  about 400 copies of som atic 5S rRNA genes that a re  transcribed 

in b o th  oocyte and som atic cells (Peterson e t a l., 1980). T h ere  are six 

nucleotide differences betw een the som atic and th e  oocyte g en e  sequences 

(Xing & W orcel, 1989). Trace oocyte genes are represen ted  by approxim ately
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2 ,0 0 0  copies per haploid genome, and combine som e features of the  oocyte- 

type genes, as well as som atic type (Brown et al., 1977). In addition, there are 

approxim ately  24,000 copies of 5S rRNA pseudogenes per haploid genom e 

that have  no  know n function since they do  not p roduce a transcript (Fedoroff 

& Brow n, 1978). The organization of the  Xenopus 5S rRNA genes is show n 

in  F igure 6.7. The main components of each gene copy are the GC-rich region 

w hich  includes the gene and  the pseudo-gene sequences, and a variable  AT- 

rich block, called the spacer DNA (Miller e t al., 1978; Fedoroff & Brown, 1978).

Based on  the extensive sequence com parisons, a consensus m odel for a 

5S rR N A  m olecule has been  proposed, an d  is show n in  Figure 6 .8  (Delihas & 

A ndersen , 1982). These molecules are 120 nucleotides long, have a m olecular 

w e ig h t of abou t 40 kDa, and  assum e a Y-shape com posed of five helical 

reg ions (I th ro u g h  V), an d  five loop dom ains (designated  A th ro u g h  E) 

(Delihas & Andersen, 1982; Kiintzel et al., 1983; Delihas et al., 1984).

6.2.5 Role of TFIIIA zinc fingers in RNA recognition

The dua l function of TFIIIA as a positive transcrip tion  factor an d  a 

storage p ro te in  involved in  regulation o f 5S rRNA gene expression requires it 

to b in d  to tw o different nucleic acids - DNA and RN A  (Engelke e t al., 1980; 

Pelham  & Brown, 1980). TFIIIA interacts w ith DNA and  RNA in a m utually  

exclusive m anner (Pelham  & Brown, 1980). Except for the W ilm s' tum or 

p ro te in  (Caricasole et al., 1996), TFIIIA is the only o ther C2H 2 class pro tein  

capable of interacting w ith  both  DNA an d  RNA. In  parallel to the  s tu d y  of 

TFUIA-5S DN A  interaction, the RNA b ind ing  function of the factor has been 

the subject of intense investigations.

TFIIIA - 5S rRNA equilibrium  b ind ing  was characterized by R om aniuk 

(1985). The factor binds 5S rRNA with an  apparent association constant of 1.4
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5S rR N A  complex exhib its a b road  p H  op tim um , a n d  is fav o red  by  both 

en tro p y  and  enthalpy (Romaniuk, 1985).
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X 10^ under the conditions of 0.1 M salt, p H  7.5 and 20®C. The affinity of 

the nonspecific in teraction w ith  tRNA^*^®, on  the other hand , is at least two 

o rd e rs  o f m agn itude  low er th an  for the 5S rRNA. M utagenesis stud ies 

covering  the entire  5S rRNA m olecule com plem ented by nuclease digestion 

and  hydroxyl radical footprinting cum ulatively suggest the following features 

of TFIIIA - 5S rRN A  interaction (A nderson & Delihas, 1986; Baudin et al., 

1989; C hristiansen e t al., 1987; Pieler et al., 1984; Rom aniuk, 1985; Romaniuk 

e t al., 1988; Rom aniuk, 1989; B audin et al., 1989; You & Rom aniuk, 1990; de 

Stevenson et al., 1991; You et al., 1991; McBryant e t al., 1995; Z hang et al., 1995; 

R aw lings et al., 1996): alm ost all of the 55 rRN A  m olecule is involved in  

TFIIIA interaction, especially helices H, IV & V and  loops A  & E; the binding 

of TFIIIA is m ost notably a ltered  by changes in  the h igher o rder structure, 

ra ther than  base-specific contacts. The im portan t role of RN A  conformation 

for TFIIIA recognition is also ev iden t from  the experim ents using 55 rRNAs 

iso la ted  from  d iffe ren t species (H anas e t a l., 1984; P ie le r e t al., 1984b; 

R om aniuk, 1985; A ndersen & Delihas, 1986). TFIIIA has com parable affinities 

for various eukaryotic and bacterial 55 rRNAs, supporting  the notion that the 

o v e ra ll th ree -d im ensiona l fo ld  of 55 rR N A  m olecu les is the m ajor 

de term inan t for specific interactions.

5ince TFIIIA interacts w ith  tw o different nucleic acids, it w asn't clear 

w he ther DNA and  RNA interactions are m ed iated  by d ifferen t zinc fingers, 

and  w h a t features o f ind iv idua l zinc fingers w ere responsib le  for th is 

d ifferen tia l activity. Hence, considerable effo rt w ent in to  defining high- 

affin ity  RN A -binding fingers of TFIIIA. It w as soon found  that while the 

am ino-term inal three zinc fingers p redom inate in  DNA bind ing , the central 

zinc finger trip let - fingers 4 to  7 - p rim arily  m ediate high-affinity RNA 

b ind ing  (Theunissen et al., 1992; Clemens e t al., 1993). In fact, a polypeptide
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consisting  of fingers 4 to 7 has been show n to  have h igher affinity  for 5S 

rRNA than  the full length pro tein  (McBryant e t al., 1995). Sim ilarly, Setzer et 

al. (1996) reported  tha t polypeptide containing zinc fingers 4 to  9 bound  5S 

rR N A  w ith  a tw o-fo ld  higher affinity than  the  fu ll-length  p ro tein . This 

suggests that fingers 4 to 7 con ta in  the necessary  in fo rm ation  for RNA 

recognition, as w ell as that there is a certain degree of interference between 

the zinc fingers. Com bining the available RNA m utagenesis d a ta  (Sands & 

Bogenhagen, 1987; You et al., 1991; Theunissen e t al., 1992) w ith  the results 

using  truncated TFIIIA m utants Clemens et al. (1993) p roposed  a m odel in 

w hich  ind iv idual fingers are assigned  to d istinct structural e lem ents of 5S 

rRN A  (Figure 6.9). A peptide containing zinc fingers 5 to 7 w as show n to 

have a 30-fold low er 5S rRNA affinity than the one w ith zinc fingers 4 to 7, 

ind ica ting  an  im p o rtan t con tribu tion  for finger 4 (Clem ens e t al., 1993). 

M utagenesis of finger 4 resulted in  a four-fold reduction in affinity  relative to 

the w ild-type protein , while m utations in finger 6  show ed a 30-fold drop in 

b ind ing  affinity (Clemens et al., 1993). Perhaps, the m utation  in troduced in 

finger 4 involved a residue (G lnl21) which m akes nonspecific  backbone 

contacts, whereas a threonine (Thrl76) in finger 6  m ay partic ipate  in a base- 

specific contact. This w ould  exp lain  the difference in the  m agn itude  of 

affinity change for the two m utations. It is in teresting  to p o in t ou t that aU 

three  m utations in troduced  in  finger 6  p roduced  significant reduction  in 

b ind ing  affinity. These m utations were made in  the am ino ac id  trip let TWT 

w hich are the surface residues o f finger 6  (Clemens e t al., 1993). This triplet 

sequence is conserved in the sam e position in  finger 6  of an o th er 5S rRNA- 

b ind ing  protein, p43 (Joho, 1990). Like TFIIIA, p43 protein contains nine zinc 

fingers, seven of w hich are the sam e size as their counterparts in  TFIIIA (Joho 

et al., 1990), (Figure 6.10). In addition, unlike TFULA, p43 only b inds to 55
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The sh a d e d  am ino  acids re p re se n t the  z inc-coord inating  cyste ine  and 

h istid ine residues (Joho et al., 1990).
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rRNA, a n d  has no DN A-binding ability. There is, how ever, only a lim ited  

am ino acid  sequence iden tity  (33%) shared by the tw o proteins. This am ino 

acid id en tity  extends to  the consensus zinc ligands (C & H), hydrophob ic  

am ino acids (Miller e t al., 1985; Brown et al., 1985) an d  the TWT m otif in 

finger 6  Qoho et al., 1990). The fact that only structure-determ ining am ino 

acids are conserved betw een the two proteins suggests tha t it is not the overall 

three-dim ensional fold o f a zinc finger that confers specificity for either DNA 

or RNA.

T he im portance o f fingers 4 and 6  for 55 rRN A  binding is fu rth er 

dem onstra ted  by the com plem entary 55 rRN A  m utagenesis data. F ingers 4 

and  6  w ere  show n to  b in d  to loop E an d  loop A regions of 55 rRN A , 

respectively (Clemens e t al., 1993; McBryant et al., 1995). Loop A represen ts 

the cen tra l hinge reg ion  of the 55 rRNA, and  is p ro p o sed  to o rien t the 

adjacent arm s of the m olecule (Westhof e t al., 1989). Likewise, loop E was 

also sh o w n  to provide im portan t secondary and tertiary  features necessary 

for specific  TFIIIA in te rac tio n  (Rom aniuk, 1985; H u b e r & W ool, 1986; 

C hristiansen e t al., 1987; W imberly et al., 1993). Thus, protection and  m issing 

nucleoside experim ents em phasize the role of loop E as a major s tru c tu ra l 

de te rm inan t for TFIIIA - 55 rRNA recognition. 5 im ilarly , substitu tions in  

loop A resu lt in  reduction  of TFIIIA binding affinity (Sands & Bogenhagen, 

1987; R om aniuk , 1989; You et al., 1991). A lthough secondary and  tertia ry  

structure of 55 rRNA has been implicated as the major determ inant of TFIIIA 

bind ing , it  is still no t clear w hether loop A residues prov ide d irec t base- 

specific contacts or serve  to preserve the overall in teg rity  of the 55 rRNA 

m olecule.

In  a recently published  study RNA binding by a zinc finger 4-7 pep tide  

of TFIIIA w as assayed using  alanine substitutions m ade in  the four positions
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predicted  to be a-helical in each of the RNA-binding fingers 4-7, as well as by 

phage display of zinc finger 4 (Friesen & Darby, 1997). Substitutions in  fingers 

4 and  6  resulted in  the m ost significant reduction in  RNA affinity: 77- and  30- 

fo ld , respectively . In  contrast, substitu tions in  fingers 5  o r 7 d id  no t 

appreciab ly  affect the RN A -binding ability. T he effect o f  h istid ine  to 

asparagine substitu tion  in  zinc fingers 4, 5 and 6  stud ied  in the  context of the 

full-length IF lilA  show ed only a m odest reduction in  RNA binding: 2.6 - 4.1- 

fold (Setzer et al., 1996). This effect could probably be explained by supposing 

th a t the rem aining  fingers assum e an alternative  m ode o f b ind ing , and  

com pensate for the m utated  ones. O ther researchers observed  a reduced  

affinity of fingers 5-9 compared to fingers 6-9, and  a 60-fold decrease in  affinity 

fo r a peptide containing fingers 1-6 relative to the 1-7 finger fragm ent (Darby 

& Joho, 1992; Clem ens et al., 1993), suggesting that fingers 5 a n d  7 do  provide 

a n  im portant contribution  to the binding affinity. It is possible that am ino 

acid  determ inants providing RNA specificity in fingers 5 an d  7 are different 

from  those m u ta ted  in  the "alanine substitution" study  (Friesen & Darby, 

1997), and lie elsew here in  the zinc fingers. RNAse protection assays show ed 

a ltera tions visible only for m utan t fingers 4, 5 an d  6  (Setzer e t al., 1996). 

F inger 5 and 6  m u tan ts showed a loss of protection over helices II, IV & V 

(Setzer et al., 1996). In contrast, no  protection cou ld  be de tected  for the 3- 

finger amino term inal fragment, even though it w as show n to b ind  5S rRNA 

w ith  affinity th a t w as only two-fold lower relative to the w ild -type  pro tein  

(Setzer et al., 1996). An explanation offered by the authors is th a t perhaps the 

finger 1-3 fragm ent - 5S RNA complex undergoes a very ra p id  dissociation, 

a n d  the 5S RNA is cleaved by the  CV l RNAse shortly thereafter, w hich 

results in  a lack o f an  RNAse footprint.
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In  an  attem pt to define am ino adds in  zinc finger 4 im portan t for RN A  

b ind ing , a phage-display m ethod was used to  screen a collection of m u ta n t 

finger 4 sequences in  which am ino ad d s at positions -1, +2, +3 and + 6  w ere  

ra n d o m iz e d  to  genera te  the  m u tan ts w ith  every possib le  am ino ac id  

substitu tion  a t these four positions (Friesen & Darby, 1997). These positions 

are u sed  by EGR-1 pro tein  for m aking direct hydrogen bo n d  contacts to  the 

D N A  bases (Pavletich  & Pabo, 1991), an d  w ere, by analogy , p resu m ed  

im portan t for TFIIIA - RNA recognition. Lysine at position -1 w as selected in  

all th e  clones sequenced, and  conserved in the wild-type p ro tein , suggesting  

an im p o rtan t RNA contact or zinc finger structural role for this residue. O ver 

half o f  the  d o n es  selected serine (versus asparagine in the w ild-type) a t + 2  

position . Serine w as found a t the +2 position  in  a num ber of other z inc- 

finger proteins (Pavletich & Pabo, 1991; Pavletich & Pabo, 1993; Kim & Berg, 

1996). O nly five o ther dones revealed identity w ith  the w ild-type: g lutam ine 

at position  +3, and  valine at position +6 . Subsequent b ind ing  assays show ed  

that L y s 'i —> Ala'^ substitu tion  reduced zf 4-7 binding affinity 37-fold, w hile 

a lan ine  substitu tions a t o ther positions resu lted  in a 7-fold low er affinity . 

Thus, som e aspects of zinc finger - RNA interaction appear to be sim ilar to 

DNA recognition, w ith  some of the a-helical positions used for recognition of 

both n u d e ic  adds.

Because different subsets of TFIIIA zinc fingers in teract w ith  d ifferen t 

nucleic acids, a view  em erged th a t TFIIIA is a fusion o f a spedfic  D N A - 

b ind ing  and  an  RNA -binding m odules. H ow ever, this is a n  oversim plified  

view  w hich  does no t acknow ledge the contributions to the b ind ing  m ade by 

the rem ain ing  zinc fingers in each complex (Theunissen e t al., 1992; D arby & 

Joho, 1992; Del Rio e t al., 1993; Setzer et al., 1996). In add ition , in form ation  

o b ta in ed  from  stud ies using  isolated  sets o f zinc fingers o r zinc finger
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m utan ts, w h ile  p rov id ing  usefu l insights, m ay not necessarily  reflect the 

b ind ing  m echanism  of the full-length protein. Setzer e t  al. (1996) quantified 

therm odynam ic contributions of different "broken finger” m u tan ts of TFIIIA 

as well as N - and  C-terminal TFIIIA fragm ents to RNA b ind ing , and  revealed 

tha t, s im ila r to DNA bind ing , there exists a therm odynam ic  interference 

betw een zinc  fingers at opposite ends of the  protein. The sum  of the free- 

energy change (AG°) observed for the N- and  C-term inal fragm ents is greater 

th an  the AG° of the full-length TFIIIA. If the two fragm ents w ere binding 

independen tly , the sum of AG° for the tw o fragm ents shou ld  be less than  or 

equal to the  AG° of the full-length protein.

O nly  tw o  proteins, TFIIIA and W ilm s' tum or p ro te in  have been  

dem onstra ted  to bind both DNA and RNA. A nother Xenopus protein, p43, 

(Joho et al., 1990) is able to b ind  RNA. H ow ever, p43 does no t appear to bind 

DNA. A possibility  exists that, in  addition to these pro te ins, the function of 

o ther C2H 2 type zinc finger proteins may also be th rough  specific interactions 

w ith  RNA. This possibility needs to be fu rther investigated. Furtherm ore, it 

w as recently  reported  that som e zinc finger proteins m ay  function th rough  

sequence-specific recognition of DNA-RNA hybrids (Shi a n d  Berg, 1995). The 

basal tran scrip tion  factor S p l and  a designed  finger p ro te in  ZF-QQR w ere 

show n to recognize DNA-RNA hybrids in  a sequence-dependen t m anner. 

Strikingly, the  binding affinities of these p ro teins for the  DNA-RNA hybrids 

w ere equal to  or even higher than  those for the consensus DNA binding sites. 

This DNA-RNA binding activity may be a general p roperty  com m on to m any 

o ther m em bers of the C2H 2 protein class. A lthough a t p resen t there are no 

know n physiologically  relevan t examples of such in te rac tions, DNA-RNA 

heteroduplexes are formed in  such biological processes as gene transcription, 

DN A  rep lication , and  the reverse transcrip tion  of re trov iru ses. Therefore,
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the po ten tial of zinc finger proteins to specifically interact w ith  DNA-RNA 

heteroduplexes, and , perhaps, m acrom olecules o ther than  nucleic  acids, 

exists, an d  requires further investigation.

6.2.7 Role o f TFIIIA zinc fingers in  DNA recognition

TFIIIA interacts specifically w ith the intragenic control region (ICR) of 

the 5S rRNA gene (Engelke et al., 1980) which overlaps the p rom oter region 

req u ire d  fo r accu ra te  tran sc rip tio n  in itia tio n  (Sakonju e t  a l., 1980; 

B ogenhagen et al., 1980). The stoichiom etry o f the  in terac tion  is 1 : 1 

m easured in  titration experiments (Smith et al., 1984; Bieker & Roeder, 1984; 

Rom aniuk, 1990). From  DNA m utagenesis and  in vitro transcrip tion studies, 

the sequence comprising the ICR w as defined an d  includes a region from  base 

pairs +45 to  +97 (Pieler e t al., 1985a; McConkey & Bogenhagen, 1987). The 

functional dom ains of the Xenopus 55 rRNA gene prom oter consist of three 

elements: box A (bp +50 to +64), box C (bp +80 to  +97), and an  in term ediate 

spacer elem ent (IE) (bp +67 to +72) (Pieler et al., 1985b; Pieler e t al., 1987; You et 

al., 1991; Hayes & Tullius, 1992) (Figure 6.11). The box A com ponent is 

com m on to  all pol IH genes th a t are regu la ted  via in tragen ic  p rom oter 

elem ents (Pieler & Theunissen, 1993). Box C an d  the in term ediate elem ent, 

on the o ther hand, are specific to 5S rRNA genes (Sakonju & Brown, 1982; 

Smith et al., 1984; Pieler et al., 1987). The 5S D N A  ICR appears to  assum e a 

^enlarged groove-DNA conform ation (Fairall e t al., 1989) w hich is found  in a 

num ber of DNA binding sites of other zinc finger proteins (Fairall e t al., 1993; 

N ekludova & Pabo, 1994). Studies using metal p robes which recognize DNA 

on the basis of its shape (Huber et al., 1991) indicate that the structure of the 

ICR is no t uniform throughout the sequence, b u t rather contains distinct 

segm ents o f predom inantly A-like, or B-like conform ation, reflecting the
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ICR

+ 1 +120

box A IE box C
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Figure 6.11 A schematic representation of the Xenopus laevis 5S rRN A  gene 

internal control region.
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periodicity w ith  which TFIIIA interacts w ith  the ICR. In  addition, the  binding 

o f TFIIIA induces b en d in g  of the 5S gene  prom oter (Fairall e t al., 1989; 

Schroth et al., 1989; Bazett-Jones & Brown, 1989).

Extensive studies of the interaction o f TFIIIA w ith  the 5S p rom oter 

DNA sequence indicate th a t three elements o f the ICR provide 

n o n eq u iv a len t co n trib u tio n  to the o v e ra ll b ind ing  affin ity . C hem ical 

m o d ifica tio n  experim en ts revealed  th a t m éthy la tion  o f e ig h t guan ine  

residues clustered  at the 3' end  of the ICR (box C) abolished TFIIIA binding 

(Sakonju & Brown, 1982). The same dram atic  drop in  TFIIIA b inding  affinity 

w as observed upon éthylation of the eight phosphates in  the sam e reg ion  of 

the TFIIIA binding  site (Sakonju & Brown, 1982). The im portance o f the box 

C e lem en t fo r TFIIIA in te rac tion  w as d e m o n s tra te d  in  m u tag en esis  

experim ents (Sakonju e t al., 1981; Pieler e t al., 1985a; Pieler e t al., 1987; You et 

al., 1991) an d  in  m éthylation protection stud ies (Fairall e t al., 1986). The latter 

show ed a g radual increase in TFIIIA protection of the D N A  binding site  in  the 

S' to 3' direction (toward the C box) (Fairall e t al., 1986). In contrast, box A and 

th e  in te rm ed ia te  e lem en t p rov ide  m o d es t con tribu tions to the  overall 

strength  of IF lilA  binding (Sakonju et al., 1981; Pieler e t al., 1985a; McConkey 

& Bogenhagen, 1987; You et al., 1991). S tudies using substitu tion  m utagenesis 

w ith in  the  box C and  IE (Veldhoen e t a l., 1994) have fu rther refined  the 

regions as w ell as ind iv idual base pairs th a t contribute to  the h igh  affinity 

binding. Thus, base pairs 78-79 and 92-96 are not essential for the high-affinity 

interaction. Substitution a t position 70 has a large effect, w hile substitu tion  at 

position  71 has a m odera te  effect, and  positions 67 to 69 have n o  effect. 

Substitu tions a t positions 81, 85, 89 and 91 have a d ram atic  effect, w hereas 

positions 80, 82, 83, 8 6 -8 8 , and  90 h ave  vary ing  deg rees of in fluence.
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Therefore, alm ost every base pair w ithin the  box C region plays an  im portant 

role in  b ind ing  of TFIIIA.

A quantitative  m easurem ent of the  TFII1A-5S D N A  equ ilib rium  has 

been carried ou t by Rom aniuk (1990). IF lilA  binds 5S DN A  with an  apparen t 

association constant of 1.90 x 10^ in 0.1 M salt, pH  7.5, a t 22°C (Rom aniuk, 

1990). A nalysis of the  therm odynam ic param eters ob tained  from m easuring 

tem perature dependence of the binding o f TFULA to 55 DNA indicates that 

TFIIIA - 55 DNA interaction is largely enthalpy  driven a t tem peratures above 

19®C, and  is entropy d riv en  a t lower tem peratures (Rom aniuk, 1990). The 

DNA b ind ing  activity of TFULA has a b road  pH  optim um  betw een 6  and  8  

units of pH . The op tim al d ivalent ion concentration (MgClz) is 5mM. The 

binding is insensitive to  the  identity of the  monovalent cation  in the binding  

buffer. The analysis o f the m onovalent sa lt dependence of the b ind ing  

allowed the determ ination of the num ber of ion pairs th a t form  a t the TFULA 

- 55 DNA interface. There are as many as eight ion pairs form ed (Rom aniuk, 

1990), w h ich  is co n sis ten t w ith  the  p rev ious chem ical m o d ifica tio n  

experim ents which d e te rm ined  that e igh t phosphates a re  essential fo r the 

binding of TFULA (Sakonju & Brown, 1982). The b in d in g  show s dram atic  

dependence  on  the id en tity  o f the an ion ic  species, decreasing  1 0 0 -fold 

following the lyotropic series (Romaniuk, 1990). This indicates the presence 

of several anion-binding sites on TFULA.

N u m e ro u s  s tu d ie s  u s in g  m u ta n t  TFIIIA p ro te in s  p ro v id e  

com plem entary inform ation about TFULA - 55 RNA gene complex form ation. 

The results of footprin ting experim ents using  truncated TFULA dem onstrate  

that the am ino-term inal zinc fingers in teract primarily w ith  the C box o f the 

ICR, w hile the carboxy-term inal fingers interact w ith  th e  A box reg ion  

(Vrana e t al., 1988). DNase I and  hydroxyl radical footprinting studies suggest
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that TFUIA makes contacts p rim arily  along one side  of the doub le  helix 

(Engelke e t al., 1980; C hurchill e t al., 1990; V rana e t al., 1988). The 

arrangem ent of the ind iv idual zinc fingers over the 5S RNA gene prom oter 

has been  dissected using  a series o f recom binant polypeptides. The studies 

revealed  tha t the con tribu tions ftrom the zinc finger dom ains are  no t 

functionally equivalent. The three am ino-term inal zinc fingers (zf 1-3) are 

necessary and  sufficient for high-affinity DNA binding, providing abou t 95% 

of the b ind ing  ftree energy (Christensen et al., 1991; Liao et 1., 1992; Clemens et 

al., 1992; Choo & Klug, 1993; H ansen et al., 1993; Z ang et al., 1995). TFIIIA 

variants w ith  altered fingers 2 or 3 have significantly reduced DNA binding 

affinities (Theunissen e t al., 1992; D arby & Joho, 1992; Del Rio et al., 1993; Zang 

et al., 1995). Finger sw ap and amino a d d  substitution studies conducted in Dr. 

Rom aniuk's laboratory had  identified that TFIIIA zinc fingers 2 and  3 provide 

the m ajority  of free energy  of TFIIIA - DNA com plex, w hereas finger 1 

p ro v id es  energetica lly  less im p o rta n t contacts (Zang e t a l., 1995). 

Furtherm ore, a num ber of amino a d d s  in  the a-helical regions of the  zinc 

fingers w ere identified as the m ost im portan t residues for estab lish ing  high 

affinity interaction. These residues are predicted to occur at positions w ithin 

the a-helix  involved in  DNA base recognition, by analogy w ith  the  EGR-1 - 

DNA com plex (Pavletich & Pabo, 1991). It was recently show n th a t alanine 

substitutions at four critical a-helical positions -1, +2, +3, and + 6  in  any one of 

the first three fingers of zf 1-3 of TFIIIA eliminated D N A  binding (Friesen & 

Darby, 1997). These four a-helical positions were chosen by analogy w ith  the 

contact am ino adds identified in the available crystal structures o f C2H 2 zinc 

finger pro teins. The resu lts of these  studies ind icate  that am in o  acids 

im portan t for TFIIIA DN A -binding affinity may be a t  the same positions of 

the recognition a-helix as those of EGR-1 and other dosely  rela ted  proteins.
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Interestingly, w hereas alanine substitutions in fingers 1 and  2 abolished DN A  

binding, the sam e substitutions in finger 3 produced less dram atic  reduction  

in  DNA binding. This result is different from the "broken finger" m utants of 

Th'illA, w hich d isp layed  a relatively small change in affinity for DNA: 2.5- 

and  7-fold for fingers 1 and  2, respectively (Del Rio et al., 1993). It also differs 

from  the data  ob tained  in  our lab (Zang et al., 1995). The discrepancy m ay be 

a ttribu tab le  to the fact that the "broken finger" m utants w ere created in  the  

context o f the fu ll-length  TFIIIA protein (Del Rio et al., 1993), w hereas the  

a lan in e  su b s titu tio n s  w ere m ade in  the th ree -finger am in o -te rm in a l 

fragm ent (Friesen & Darby, 1997), where other zinc fingers are not p resen t to  

com pensate for the loss of DNA contacts. In addition, different sources of the 

proteins, as well as the m ethods employed could all have contributed to these 

differring sets of data.

T he p ep tid e  contain ing  fingers 1-3 of TFIIIA b inds to the box C 

prom oter elem ent (Liao e t al., 1992), covering the region o f approxim ately  

nucleotide  positions 79 to 92 (Hayes & Tullius, 1992). Judg ing  from  the  

pa tte rn  o f the hydroxyl radical and DNase I footprinting experim ents w ith  

full len g th  TFIIIA, o r truncation  m utants, a change in the  o rien tation  of 

TFIIIA relative to the DNA occurs at positions w here fingers 4 and  6  are  

show n to bind (Clem ens e t al., 1992; Hayes & Clemens, 1992; Fairall & Rodes, 

1992). Therefore, fingers 4 and  6  are proposed to cross the m inor groove. 

Finger 5 binds in  the  major groove of the interm ediate elem ent, and  the  C- 

term inal trip let - fingers 7-9 - interacts w ith the box A sequence (H ayes & 

Tullius, 1992; C lem ens et al., 1994). The model in  which fingers 1-3 and  7-9 

w rap around  the ends of the TFIIIA binding site, while fingers 4-6 span the 

center, crossing the m inor groove twice was originally proposed by Hayes an d  

Tullius based  on  the  results of the missing-nucleoside and  hydroxyl rad ical
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foo tp rin ting  experim ents (Hayes an d  Tullius, 1992) (Figure 6.12A). A very 

sim ilar model was proposed by Clem ens and cow orkers (1994). Interestingly, 

it w as found tha t polypeptide containing zinc fingers 1 to 5 b in d s  the DNA 

w ith  h igher affinity than  the w ild-type TFULA, b u t the ad d itio n  of finger 6  

w eakens the b in d in g  to DNA. These effects m ay  be d u e  to  a n  altered  

conform ation tha t the  peptides adop t, resulting in  the change in  the  strength  

of DN A-binding activity (Clemens et al., 1994). Fingers 7, 8  and  9 w ere show n 

to be dispensable for DNA binding. It should be noted, how ever, that fingers 

8  and  9 are absolutely required for transcriptional activity (Rollins e t al., 1993; 

Del Rio & Setzer, 1993). Thus, it  appears that d ifferen t subsets o f TFULA zinc 

fingers provide energeticaUy d ifferen t contributions to the D N A  interaction, 

contact DNA reg ions of d ifferent size, and b in d  in  both m ajor and  m inor 

grooves of the DNA.

The previous m odels for the  TFULA - 55 D N A  interaction w ere based 

on  the assum ption th a t the nine fingers of TFULA w ould in terac t w ith  DNA 

in essentially  the sam e way as does EGR-1 p ro te in  (Fairall e t al., 1986; 

C hurchül et al., 1990), w ith  all the  zinc fingers p rov id ing  approxim ately  equal 

contributions to the binding (Figure 6.12C). In fact, only the f irs t three zinc 

fingers of TFULA show  the closest similarity w ith  the consensus sequences of 

other zinc finger p ro teins (Gibson e t aL, 1988; K lug & Rhodes,1987; Jacobs, 

1992). The overall TFULA - D N A  interaction ap p ea rs  m uch m ore  complex 

and  asym m etrical th an  originaUy proposed in the early  models. A  num ber of 

recent studies of TFUIA-DNA interaction cum ulatively confirm the  view that 

there is a high deg ree  of non-uniform ity  and functional in te rdependency  

am ong the zinc fingers (Clemens e t al., 1994; Rawlings e t aL, 1996; Rowland & 

Segall, 1996; M cBryant et aL, 1996). Perhaps, p ro te in s w ith rela tive ly  large 

num bers of zinc fingers should be analyzed differently from the smaU and
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F igure 6.12 M odels for TFIUA - 5S DNA complex. (A) After H ayer & Tullius, 

1992. (B) After C lem ens e t al., 1992. (C) After Fairall & Rhodes, 1992.
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com pact ones, like EGR-1. Therefore, sim ple ex trapolation  o f an  EGR-l-like 

m ode of b inding  is no t adequate w hen trying to understand  proteins such as 

TFHIA.

A series o f "broken-finger" TFHIA m u tan ts  w ere created , in  w hich 

h istid ine  residues w ere substitu ted  by asparagines to in troduce  structural 

d isrup tions in  each  zinc finger (Del Rio e t al., 1993). T hese experim ents 

confirm  that zinc fingers 1 and 9 are least im portan t for D N A  binding, while 

the m ost de le terious effect on DNA binding is p roduced  w hen  finger 3 is 

m u ta ted  (Del Rio e t al., 1993). Curiously, w hile d isruption  o f finger 4 did no t 

re su lt in  any a ltera tions of the footprint, it d isp layed  the  second largest 

reduction  of the  b ind ing  affinity (Del Rio et al., 1993). T hese results suggest 

tha t finger 4 p lays an  im portant role of correctly linking the  first zinc finger 

trip le t w ith the m iddle triplet. The finger sw ap experim ents conducted in our 

lab (Zang et al., 1995) also identified fingers 2 ,3 , and  4 as im portan t for IFlilA - 

DN A  interaction, and  agree very well w ith  the  findings from  the  "broken 

finger" experim ents (Del Rio et al., 1993).

The short sequences connecting zinc fingers, called linkers, are highly 

conserved in evo lu tion  (Choo & Klug, 1993). Therefore, it w as proposed that 

they  play an im p o rtan t functional role w hich  until recen tly  w as not well 

understood . A  linker of the sequence TGEKP is conserved betw een m any 

zinc finger p ro te in s, including EGR-1, but on ly  in  the linkers of the three 

am ino-term inal fingers of TFHIA (Gibson et al., 1988; Jacobs e t al., 1992; Choo 

& K lug, 1993). The role of the interfinger linker sequences in the am ino- 

te rm in a l three z inc  fingers has been assessed  in  a n u m b er of stud ies 

invo lv ing  single an d  m ultiple am ino acid substitu tions (Sm ith e t al., 1991; 

C hoo & Klug, 1993; Clemens e t al., 1994). These su b s titu tio n s  result in  

red u c tio n  of D N A -binding betw een 7- and  24-fold (C hoo & Klug, 1993).
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In teresting ly , rep lacem ent of the  first linker o f TFHIA w ith  the linker 

connecting zinc fingers 3 and 4 abolished DNA b ind ing  (Choo & Klug, 1993). 

T his suggests th a t different linkers provide nonequivalent contributions to 

th e  finger-finger re la tionsh ips. Thus, linker sequences a re  im p o rtan t 

determ inants of the overall structural integrity of TFHIA and a re  required for 

high-affinity DNA binding. It rem ains to be established w hether the function 

of the  linker sequences is to correctly position the zinc fingers relative to the 

o ther domains of a protein, provide flexibility/rigidity, or m ake DNA contacts 

(the latter is less likely), or any combinations of the above.

Recently, a solution structure  of the first th ree  zinc fingers of TFHIA 

com plexed to its cognate DNA (base pairs 79 to  93 in the ICR num bering 

schem e) has been reported (W uttke et al., 1997). N uclear m agnetic resonance 

spectroscopy  has been  em ployed to solve the h ig h  reso lu tion  structure. 

F igure 6.13 shows the amino acid sequence of zf 1-3 and  the sequence of the C 

block of the 55 DNA element. The structure reveals that the th ree  zinc finger 

p ep tid e  wraps a round  the DNA m ajor groove, m uch  like the zinc fingers of 

EGR-1. However, there are several new features: each  zinc finger contacts 4 to 

5 base pairs of the DNA, novel am ino acids (such as tryptophan a t  position +2 

of the  finger 1 a-helix and arginine a t position +10 of finger 3) a re  involved in 

m ak ing  direct base contacts, w hile the entire a -he lix  of finger 3 is used for 

m aking  sequence-specific contacts.

In  sum m ary, the protein-DNA recognition by the zf 1-3 fragm ent of TFHIA is 

m ed ia ted  by electrostatic and hydrogen  bond ing  in terac tions, as well as 

struc tu ra l com plem entarity at the  protein-DNA interface. All contacts occur 

in  the  major groove of the DNA o n  both  coding an d  noncoding DNA stands 

(w ith  the m ajority of the contacts m ade to the non-coding strand ). The 

contacts to the sugar-phosphate backbone, while no t providing specificity.
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(a)
Strand 1 Strand 2 Helix
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(b) 79 93
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5 ’-T  T G G A T G G G A G A C C G - 3 *  (noncoding)
3 - A A C C T A C C C T C T G G  C -5 ' (coding)

30 26 21 16

Figure 6.13 (a) Am ino acid sequence of zf 1-3. The construct consists of 

residues 11 to  101 of TFIUA. C onserved  zinc lig an d s  (Cys and  H is) are 

u n d e rlin ed ; the  P-strands are in d ica ted  by a rro w s, an d  the  a-helix  by  a 

cylinder. Boxes indicate residues involved in m ak ing  hydrophilic contacts to 

DNA b ases , an d  circles denote those  involved  in  con tacting  the  D N A  

phosphate  backbone, (b) DNA sequence of the C -block elem ent of th e  5S 

RNA gene. Both structural (nucleotides 1-30) an d  biochem ical (nucleotides 

79-93) num bering  schemes are shown.
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help anchor the zinc fingers to the D N A  as well as p roperly  orient them  in 

the m ajor groove.

In d iv id u a l fingers appear to p rov ide  nonequ ivalen t contributions to 

the overall binding. Thus, finger 3 contributes m ore th an  any other finger to 

the TFIIIA-DNA in teraction . Indeed , unlike any o th e r zinc finger-D N A  

structu res characterized todate, the en tire  length o f finger 3 of TFIUA (i.e. 

positions -1 to +10) are involved in sequence-specific base contacts. Extensive 

m utagenesis data  of finger 3 and corresponding D N A  site also p o in t to the 

critical role of finger 3 in  the  high affinity binding by TFHIA (Zang et al., 1995; 

V eldhoen e t al., 1994; P ieler et al., 1985). An u n u su a l feature of finger 1 

in teraction  is the extensive netw ork o f hydrophobic interactions fo rm ed  by 

Trp28 (position+2 in the a-helix). It contacts four bases o n  both strands of the 

DNA, w h ich  has not been previously docum ented fo r any  other zinc finger 

proteins.

The role of the interfinger linker structures are  o f particular in terest as 

NMR struc tu re  determ ination provides a dynamic v iew  of the interaction. It 

w as show n  previously th a t point m utations in the linker sequences can  be 

deleterious to DNA b ind ing  (Choo & Klug, 1993; C lem ens e t al., 1994). The 

present N M R structure show s that linker sequences a d o p t a highly o rdered  

structure u p o n  the DNA complex form ation thus actively contributing to the 

overall s tab ility  of the  com plex. S im ilarly , p ro te in -p ro te in  in te rac tions 

betw een zinc fingers indirectly  contribute to the h ig h  affinity DNA binding. 

A nother strik ing  feature of the presen t NMR structu re  is th a t a surprising ly  

large  n u m b e r  of D N A -con tacting  side-chains e x h ib it  con fo rm ational 

flexibility w ith in  the protein-D N A  interface w ithout loss of specificity.

In  conclusion , the s tu d y  gives a m olecu lar leve l p rospective  fo r the 

accum ulated m utagenesis and  footprinting data available for TFHIA.
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CHAPTER 7.0 THE STUDY OF THE NUCLEIC ACID INTERACTIONS OF 

ZINC HNGER 4-7 REGION OF THIIA

7.1 Introduction

In  a recently  pub lished  study, Z an g  e t al. (1995) observed th a t the 

substitu tion  o f the TFIUA zinc fingers 4 to  7 by the equivalent zinc fingers of 

an  R N A -binding  protein  p43 produced a  100-fold reduction  in the  DNA 

binding affinity of the resultan t protein construct. This effect can be explained 

by either assum ing  that a num ber of energetically im portant contacts are lost, 

o r tha t th e  im proper a lignm en t of th e  m u tan t p ro te in  over the DN A  

precludes high-affinity interaction. Replacem ent of the finger 7 alone, on  the 

other hand , d id  not result in  a  significant change in the b ind ing  affinity (Zang 

et al., 1995). Therefore, the  rem aining fingers 4, 5, an d  6  m ust possess 

im portant determ inants of the DNA-binding specificity.

W e have approached the problem relating to the functional role of the 

zinc finger 4 to 6  region in high-affinity nucleic a d d  binding by quantitatively 

analyzing the  properties of w ild-type TFIUA and a set of the  m utant form s of 

the pro tein  containing substitutions of an  entire zinc finger, or either halves 

of a g iven finger. The do n o r proteins u sed  w ere p43 an d  W ilm s’ tum or 

proteins. Since these donor proteins belong to the same zinc finger fam ily as 

does TFIUA, the stereochem ical fold of the resu ltan t m u ta n t p ro te ins is 

expected to  be m aintained. Thus, the differences in the m easured  p ro te in - 

nude ic  a d d  b inding  affinities are presum ed to be attributable to the lo st or 

gained contacts. p43 protein w as chosen as a donor since it  does not have a 

D N A -binding activity, and, therefore, w ou ld  not interfere w ith  the analysis of 

the D N A -binding properties of zinc fingers under investigation. Sim ilarly, 

the W ilms' tum our protein does not spedfica lly  interact w ith  either the  55 

rRNA nor its gene, and is thus also well su ited  for the purposes of the study .
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The pro teins were purified  to hom ogeneity, and  assayed for their D N A  and 

RNA b ind ing  abilities using a nitrocellulose filter b ind ing  assay. This is a 

co llabora tive  s tu d y  w ith  Dr. P au l J. R om aniuk, w ho  sy n th esized  the 

o ligonucleo tides fo r the PC R -m ediated s ite -d irec ted  m u tagenesis , and  

Kathleen Barilla, w ho constructed a n d  purified the Tp series of p ro te ins , as 

well as m ade constructs for the expression of the  WTF and TFW series of 

m u tan ts  (see nom encla tu re  in  th e  results sec tio n  of this ch ap ter). I 

constructed  and purified  the TF(4-7)WT m utant, carried  out the expression 

and purification of the WTF and TFW sets of the m u tan t proteins, as well as 

carried o u t all the DNA and RNA binding  experim ents.

7.2 M aterials and M ethods

7.2.1 Construction of TFIIIA finger sw ap  m utants

The TFIUA m utan ts were produced  by site directed m utagenesis, which 

w as e ither PCR-m ediated, or carried  ou t w ith the  use of a transform er kit 

(Clontech Laboratories, Inc.). P lasm id pT7-TF contain ing  the TFIIIA cDNA 

(Ginsberg e t al., 1984) was a k ind g ift from Dr. J Tso. The N d e l/B a m H l  

fragm en t of pT7-TF w as cloned in to  the sam e restric tion  sites  of the 

expression plasm id p E T -llb  (Studier e t al., 1990) to yield pTF4 (Veldhoen, 

Ph.D. thesis). To facilitate mutagenesis, zinc finger 4 to 7 region of TFIUA was 

am plified from  pTF4 using prim ers w hich incorporate restriction sites Bgl n  

and Xhol for insertion back into TFIIIA cDNA (Table 7.1). The am plified zinc 

finger 4-7 fragm ent o f TFHIA was cloned by b lun t-end  ligation into Sm al site 

of pUC19, and  the sequence of the  resu lting  p lasm id  was verified  by 

sequencing. The resu ltan t plasmid w as designated pUC19-zf4-7 (Figure 7.1A). 

To create a TFIUA m utan t in which zinc fingers 4-7 are replaced w ith  the zinc 

fingers 1-4 of W Tl, specific primers w ere designed to am plify zinc finger
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T able 7.1 Sequences of oligonucleotides u sed  in  construction of TFHIA 

substitu tion m u tan ts  (see details in  the text).

Construct name Oligonucleotide sequence Specific Comments

pUCI9-zf4-7 CATATGAAGATCTGCGTCTATGTGT Upstream; Bgl II site 
ACTAGTATCTCGAGGGCAGAGATA Downstream; Xho I  
CA site

PÜCI9-WT1-BX AGATCTGCGTCTATGTGTGTGCT
TACCCAGGCTGCAAT

Upstream; Bgl II site 
Downstream; Xho I

Tp4A CATATGAAGATCTGCCCCTTAAAG
TGCnTGTTCCGGGCTGTAAGAGA
AGCnCAAGAAACACAAT

Replaces first 15 a.a. 
of TFHIA finger 4 
with first 15 a.a. of 
p43 finger 4

Tp4B AACTGTGGCAAAGCTTTCAGGAAA
AAGCGTGCATTAAGGCGTCATCTG
TCCGTTCACAGTAATCAGCTGCCA
TACGAA

Replaces last 15 a.a. 
of TFHIA finger 4 
with last 15 a.a. of 
p43 finger 4

Tp5A AGTCACACACAGGAGCCGCTAT
CCGTATGTGATGTTCCAGGCTG
TrCCTGGAAGTdTCTTTGCCT

Replaces first 15 a.a. 
of TFHIA finger 5 with 
first 15 a.a. of p43 
finger 5

Tp5B AAGCGGTTTTCTTCGGTTGCCAAG
CTTGTAGCTCATCAAAAACGCCAT
CGAGGCTATCCCTGC

Replaces last 15 a.a 
of TFIIIA finger 5 with 
last 15 a.a. of p43 
finger 5

Tp5C TGGAAGTdTCTTCGGTTGCCAAG
CTTGTAGCTCATCAAAAACGCCAT
CGAGGCTATCCCTGC

Swaps TFHIA finger 
5 with p43 finger 5
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Construct name Oligonucleotide sequence Specific Comments

Tp6 A

Tp6 B

WTF4

WTF5

WTF6

TFW4

TFW5

TFW6

GTCCATGCAGGCTATCGCTGCAG
TTATGAAGGTTGCCAAACTGTGA
GTCCGAdTGGACATTATAC

GGAAAGACITGGACAGCACTGCA
GACACACGTGAAAAAACATCCGC
TCCTAGCAGTATGTGAT

AAGAGATATAAAAAGCATAACCAG
CTGAAGGTGCACCAGTTCAGCCAC
ACTCAAGAGAAACCATAC

AGGTTTTCTCTTCCATCCCGGCTTA
AGAGACACGAAAAGGTACATGCAG
GTGTGAAACCA

CGAAAGTTCAAGACGTGGACCCTC
TATCTTAAGCACGTCGCCGAGTGT
CATCAAGATGAAAAGCCCITC

AAAGCATICnTAAACrCAGTCAT
TTACAGATGCATTCGCGCAAGCA
CACAGGGCAGCTGCCA

CGGTnTCTAGATCTGACCAGTTA
AAACGTCATCAAAGACGCCATACA
GGCTATCCC

GTGGGAAAGAGATCTGATCATCTC
AAGACACACACAAGAACCCATACG
GGCCTAGCAGTATGT

Replaces first 15 a.a. 
of TFHIA finger 6 with 
first 15 a.a. of p43 f.6

Replaces last 15 a.a. 
of TFHIA finger 6  with 
last 15 a.a. of p43

Replaces last 15 a.a. 
of W Tl finger 1 with 
last 15 a.a. of finger 4 
of TFHIA

Replaces last 15 a.a. 
of W Tl finger 2 with 
last 15 a.a. of finger 5 
ofTFHHA

Replaces last 15 a.a. 
of W Tl finger 3 with 
last 15 a.a. of finger 6  

of TFHIA

Replaces last 15 a.a. 
of TFHIA finger 4 
with last 15 a.a. of 
finger 1 of WTl

Replaces last 15 a.a. 
of TFHIA finger 5 
with last 15 a.a. of 
finger 2 of WTl

Replaces last 15 a.a. 
of TFHIA finger 6  

with last 15 a.a. of 
finger 3 of WTl
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Bgl II X VO I

1 1 1 1 2 i 3 9 1 1 3'UTR 1
'W ^  -W

TFIU A zinc fingers 
1

C-term inus

1 . PCR amplify 
zf4-7

2. Blunt-end ligate 
into pUC19,

T sequence
pUC19-zf4-7

B

W n  zinc fingers in a plasmid

1- PCR - amplify the 
zinc finger region, 
incorporating Eg\ 
II and Xho I sites 
for cloning into 
full-length TFHIA

2. Clone into pUC19, 
sequence

pUC19-WTl-BX

Figure 7.1 Schematic diagramm illustrating construction of (A) pUC19-zf4-7; 

(B) pUC19-WTl-BX
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reg ion  of W Tl, and  incorporate Bgl II and Xho I restriction sites for 

subsequen t clon ing  into full-length  TFIUA cDNA (Table 7.1). The general 

PCR protocol w as used as described in C hap ter 3 of this thesis. The PCR 

p ro d u ct w as cloned into pUC19, sequenced, an d  designated  pUC19-WTl-BX 

(Figure 7.1B).

M utants Tp5A, Tp5B, TFW4, TFW5, WTF4, WTF5, a n d  W TF6  were 

generated  using  PCR-m ediated site directed m utagenesis p ro ced u re  (Nelson 

& Long, 1989). The nom enclature T p ’ refers to TFIUA m u ta n ts  in  w hich the 

first o r last 15 am ino adds w ith in  a given zinc finger w ere rep laced  w ith  the 

f irs t or last 15 am ino acids o f the co rrespond ing  f in g e r o f p43. The 

nom enclature  'WTF' refers to  constructs in  w hich  TFIUA zinc fingers 4-7 

w ere replaced by fingers 1-4 o f the W Tl protein, and, subsequently , a-helical 

reg ions of TFIUA fingers 4-6 w ere placed back. TFW' refers to  TFIUA 

substitu tion  m utan ts in which a-helical regions of zinc fingers 4, 5, and  6  are 

replaced w ith those of the W Tl zinc fingers 1, 2, and  3.

pUC19-zf4-7 w as used as a tem plate to  create m u tan ts  Tp5A, Tp5B, 

TFW4 and TFW5. pUC19-WTl-BX was used as a tem plate to  create m utants 

WTF4, WTF5, an d  WTF6 . As the first step, the m utagenic sequence (Table 

7.1) and  a unique flanking prim er site (RUMP) w ere in troduced  into the wild 

type tem plate D N A  (Figure 7.2). The 50 pi PCR reaction contained: PCR buffer 

(10 m M  Tris-HCl pH  8.3 at 20°C, 1.5 mM MgClz, 25 mM KCl), 50 p g /m l gelatin,

2.5 nM  each o f dTTP, dGTP, dCTP, and dATP, 10 pmol FUM P and  m utagenic 

p rim er, 1 ng  tem plate  DNA, and  1.25 units T aq DNA po lym erase . The 

reaction was overla id  with 50 p i mineral oil p rio r to therm ocycling. Twenty 

fo u r ro u n d s o f  therm al cycling  were carried  o u t u s in g  the  follow ing 

conditions: d én a tu ra tio n  tem pera tu re  of 94®C (1.5 m inu tes), an  annealing 

tem perature of 55°C (1.5 m inutes), and an extension tem perature  of 72°C (two
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Step 1 : Incorporate m utations into the pro tein  sequence

FUMP

EcoR I

Bgl II

E & 3
m utagenic p rim er

Hind III 
'BamH I

X ho l

Extend the PCR-generated 
m utant tem plate

EcoR I

.XX i-  — -----------— ^

Bgl II

Step 2: Amplify the m utant template

UMP 1

I H ind III 
3amH I 

X hol

■JQL I______

RUP

XX

Figure 7JZ Schematic chart o f the PCR-mediated site-directed 

mutagenesis protocol used to create TFIUA substitution m u tan ts
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m inutes). The second step  reaction (80 pi) contained: 1 ng  tem plate DN A, 

PCR buffer (10 mM Tris-HCl pH 8.3 a t 20=C, 1.5 m M  MgClz, 25 mM KCl), 50 

p g /m l gelatin, 5 nmol each of dTTP, dGTP, dCTP, dA TP, 1-3 pi step 1 PCR, and

2.5 u n its  Taq DNA polym erase. Initially, five ro u n d s of therm ocycling w ere 

carried  ou t under the following conditions: dénatu ration  tem perature of 94°C 

(3 m in u te s ) , an  an n ea lin g  tem p era tu re  of 55°C (1.5 m inutes), an d  an  

extension tem perature o f 72°C (two m inutes). 20 p i reaction buffer containing 

20 p m o l universal m utagenic (UMP) an d  M13 rev e rse  universal p rim ers 

(RUP) w ere added, and  25 additional cycles, identical to step 1, were carried  

out.

The PCR products were pu rified  by phenol: CHCI3 extraction, an d  

ethanol-precipitated . The Tp series m u tan t constructs w ere cloned into EcoR 

I an d  BamH  I sites of pUC19, and TFW & WTF constructs were cloned in to  

EcoR I and  Hind m  sites o f pUC19 for sequence verification. The correct 

sequences w ere subsequently subcloned into Bgl H and  Xho I sites of pTF4 for 

p ro te in  expression.

M utants Tp4A, Tp4B, Tp5C, Tp6 A, Tp6 B, a n d  TFW 6  were created w ith  

the u se  of the transform er site-directed m utagenesis k it (Clontech laboratories 

Inc., 1994) (Figure 7.3). Sequences of m utagenic oligonucleotides are given in  

Table 7.1. Sequences o f selection p rim ers are sh o w n  in  Table 7.2. All the 

procedures w ere perform ed as per protocol (Clontech laboratories Inc., 1994). 

The re su lta n t constructs w ere subcloned into Bgl II and  Xho I sites of pTF4 

p lasm id  for protein expression.

7.2.2 Expression and purification of TFIIIA proteins

Expression and purification of recom binant TFIIIA proteins was carried  

out as described by Del Rio & Setzer (1991). 100 m l LB m edium  supplem ented
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Unique 
restriction 
site: Sca I pUC19-

zf4-7

Cloned gene

I. Denatureds DNA

S tu l

Z  Anneal primers

primer: 4^----
w T I

Selection

Seal

Mutagenic primer

3. Synthesize second strand with 
T4 DNA polymerase and seal 
gaps with T4 DNA ligase; primary 
digestion with selection restriction 
enzym e

Figure 7.3
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4  T r a n s f o r m  / . ' /i 

f i r s t  I r a n s t o r t i M i i .  i n .  

i s o l a t e *  D N A

itu

Parental
plasmid

Sca I

Mutated
plasmid

5- Secondary digestion with 
selection enzyme: Sca I

6 . Transform E.coli 
Second (final) 
transformation

Mutated
plasmid

7. Isolate DNA from 
individual
transformants; sequence to 
confirm presence of desired 
mutation

M utated
plasmid

Figure 73  Schematic diagram show ing the strategy for introducing m utations using 

the Transformer site-directed mutagenesis kit (Clontech Inc., 1994)
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T able 7.2 Sequences o f selection prim ers used  in transform er m utagenesis 

protocol to  construct substitu tion  m utan ts o f TFIIIA

Nam e of p rim er ■Sgquence Specific com m ents

Trans Oligo Sca I/S tu  I GTGACTGGTGAGG T urns w ild type pUC19

CCTCAACCAAGTC Sca I site at 2177 to Stu I

Switch Stu I/S ca  I GTGACTGGTGAGT

ACTCAACCAAGTC

T urns Stu I site in  pUC19 

back to wild type Sca I
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with 100 ^ g /m l  am pid llin  w as inoculated w ith 1 ml of overnight culture of E. 

coli s tra in  BL21(DE3) h arbo ring  expression plasm id o f  in terest (containing 

either w ild  type or m u tan t TFHIA gene). The culture w as grow n at 37°C with 

shaking a t 300 rpm  to an  O.D.goo of 0.5 to 0.7. Protein synthesis was initiated 

by ad d itio n  of ZnS0 4  an d  IPTG to final concentrations o f  50 pM  an d  Im M , 

respectively. After induction  for three to four hours, cells were harvested by 

centrifugation at 3800 x g  for 10 minutes a t 4°C, in a Beckm an JA-20 rotor, and 

w ashed w ith  10 ml of ice-cold TAB buffer (20 mM  HEPES pH  7.4, 5 mM 

M gC lz/ 50 |iM  ZnS0 4 , 5 m M  DTT, 10% glycerol, 250 m M  NaCl). All the 

following procedures w ere  carried out on  ice. The cells were pelleted  once 

more, and  resuspended  in  4 m l of TAB? buffer (TAB buffer + 1 mM  PMSF). 

Cells w ere  sonicated using  a microtip sonicator (Heat System s-Ultrasonics W- 

385) a t se tting  four, 50% du ty  cycle for 6  x 20 second intervals w ith 1 m inute 

cooling be tw een  the pu lses. The sonicated cells w ere  centrifuged for 20 

minutes a t 12000 x g in a Beckman JA-20 rotor. The pellet was resuspended in 

1 ml of TABUP buffer (TAB + 5M urea + PMSF) a n d  m ixed by inversion 

overnight in  a coldroom  (4°C).

The solubilized extract w as spun in a m icrocentrifuge for 20 m inutes at 

14000 X g, and  the su p e rn a ta n t rem oved to a new  tube. A series of 

am m onium  sulphate cuts w as started by addition of 0.666 m l of TABAS (TAB 

saturated  w ith  (NH4 )2S0 4 ) to bring the sam ple to 40% saturation, and  mixed 

by inversion  for one hour. The proteins precipitated by the first ro u n d  of 

salting-out w ere pelleted by  centrifugation a t 1 2 0 0 0  x g  for 2 0  m inutes, and 

discarded. M ore (N H 4 )2S0 4  was added  to the rem ain ing  su perna tan t to 

achieve 80% saturation. The sam ple w as mixed by inversion  for one hour, 

pelleted  b y  cen trifuga tion  a t 1 2 0 0 0  x g  for 2 0  m in u te s , and the  pellet 

resuspended  in  10 ml of TABU-250 (TAB + 5 M urea + 250 mM NaCl). This
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protein  so lu tion  was loaded onto  BioRex 70 colum n (800 |il) pre-equilibrated  

w ith  TABU-250. The colum n w as then w ashed w ith 1 m l o f  loading buffer, 

follow ed by TABU-400 (TAB + 5M urea + 400 mM NaCl). The protein  w as 

e lu ted  from  the column in  800 |il of TABU-600 (TAB + 5M urea + 600 m M  

NaCl). P urified  proteins w ere aliquoted and stored at -70°C. The p u rity  of 

each protein  preparation w as checked on a 10% SDS-PAGE (Figure 7.4 & 7.5). 

P ro te in  concentrations w ere determ ined by the m ethod of Bradford (1976) 

using BSA as a standard.

7J1.3 R adiolabeling of 5S D NA

The 5S rRNA gene w as released from plasm id pXlo (Rom aniuk e t al., 

1987) using  EcoRI and HindUl endonucleases of restriction a n d  end-labeled  

w ith  [a-P32]-dATP and the Klenow fragment of DNA polym erase I (Sambrook 

e t al., 1989). The details of the labeling protocol are the sam e as in C hapter 3 

of this thesis.

7.2.4 Synthesis and R adiolabeling of 55 rRNA

A m ethod  of in vitro run-off transcription was used as described by 

R om aniuk e t al. (1987). The pXlo plasm id containing 5S rR N A  gene w as 

d igested  w ith  D ral which cleaves the DNA a t position +121 relative to  the 

first nucleotide  incorporated in to  RNA. The digested D N A  was ex tracted  

w ith  100 |il of phenol: CHCI3 , and  DNA precipitated w ith ethanol. The DNA 

pellet was d ried  in  Speed Vac concentrator, resuspended in  deionized  w ater, 

and  stored a t -20°C.

Internally labeled 5S rRNA w as made as described by R om aniuk e t al.

(1987). The labeling reaction had  a final volume of 100 pi, an d  contained: 40 

m M  Tris-HCl pH  8.0,15 mM  MgCl2, 5 mM DTT, Im M  sperm idine, 100 p g /m l
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8  MW

Figure 7.4 C oom assie blue-stained 15% SDS-poIyacrylam ide gel show ing 

TFIUA w ild  type a n d  m u tan t proteins. Lane designated  MW  represen ts 

protein m olecular w e igh t m arker; lane 1: w ild-type TFUIA; lanes 2-8; Tp4A, 

Tp4B, Tp5A, TpSB, Tp5C, Tp6A, Tp6B.
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LJ
7 MW

F igu re  7.5 C oom assie b lue-stained 15% SDS-polyacrylam ide gel show ing  

TFUIA w ild  type a n d  m utan t pro teins. Lane designated  M W  rep resen ts 

p ro te in  m olecular w e igh t marker; lane 1: w ild-type TFUIA; lanes 2-4: WTF4, 

WTF5, WTF6 ; lanes 5-7: TFW4, TFW5, TFW6 .
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BSA, 1000 U /m l RNasin, 0.5 mM each ATP, CTP, UTF, 0.0125 mM  GTP, 50 

liCi [a-P32] g T P  (600Ci/m m ol), 1 p.g of tem plate DNA and  0.6 |ig  of T7 RNA 

polym erase. The reaction w as incubated for 3 hours at 37°C, and purified  on  

an  8 M  urea, 12% polyacrylam ide gel. The gel band containing the labeled 

R N A  w as excised, eluted overnight in elution buffer an d  ethanol precip ita ted  

(Sam brook e t al., 1989). The level of radiolabel incorporation was determ ined  

u sin g  an  LKB 1214 Rackbeta Scintillation counter and  toluene to w h ich  0.4% 

PPO  w as added  as a scintillant.

7.2.5 N itrocellulose filter b ind ing  assays

The b ind ing  affinities were quantified  using a n itrocellu lose  filter 

b in d in g  assay as described on  page 8 8  of this thesis, except the  b ind ing  

reactions w ere supplem ented w ith  28 |ig /m l of nonspecific com petitor po ly  A.

7.3 R esults

7.3.1 Effects o f zinc finger substitu tion  m utagenesis o n  the  DNA b in d in g  

activ ity  of TFIIIA

The first p a rt of th is study  was to determ ine the  con tribu tions of 

ind iv idua l zinc fingers 4, 5, and  6  to the high affinity DNA binding o f TFUIA. 

The em ployed strategy was to  replace one half of a zinc finger at a tim e w ith  

the corresponding sequences of the p43 protein (Figure 7.6) to assess w hether 

the second half (a-helical portion) of the zinc finger sequences, p resu m ed  to 

be the  "recognition" helix by analogy w ith the EGR-1 pro tein , w ould p rovide 

a g rea ter contribution to the binding than the first half. A  nitrocellulose filter 

b in d in g  assay w as used to m easure the affinity for each m utan t p ro tein . The 

resu lts of the experiments are given in Table 7.3 in a form  of relative affinities 

to th e  w ild-type TFUIA.
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P43-ZF4
TF0IA-ZF4

P43-ZF5
TFmA-ZF5

P43-ZF6
TFmA-ZF6

a-helix 
 > -

- 1 1 2 3 4 5 6
GEAVPLKCFUPGCKASFRKKAALRRHLSVHSN

NIKICVYVCHFENCGKAFKKHNQLKVHQFSHTQ

E PLSVCDVPGCSWKS S SVAKLVAHQKRHRG 
QLPYECPHEGCDKRFSLPSRLKRHEKVHAG

YRCSYEG CQTVSPTWTALQTHVKK HAG 
Y PCKKDD s e s  FVGKTWTLYLKHVAECHEK

Figure 7.6 Com parison of the amino a d d  sequences of zinc fingers 4-6 of 

the donor p43 w ith  the zinc fingers 4-6 of TFHIA. The structural 

cysteines and histidines are outlined; the conserved 'TWT' triplet in  

firmer 6  is shown in bold.
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T able  7 3  T he effects o f TFIIIA zinc finger substitu tion  m utations on the DNA 

an d  RNA b in d in g  o f the  factor

M u ta n t Relative affinity for 55 Relative affinity for 55

rRNA gene rR N A

Tp4A 0.72 ± 0.14 0.84 ±  0.09

Tp4B 0.59 ± 0.04 0.14 ±  0.02

Tp5A 0.29 ±0.05 0.50 ±  0.06

Tp5B 0.23 ± 0.02 0.82 ± 0 .1 1

Tp5C 0.09 ± 0.002 0.83 ± 0.10

T p 6 A 1.02 + 0.09 0 .8 8  ±  0 .0 2

T p 6 B 1.56 ± 0.09 0.89 ±  0.02

The nom enclature Tp' refers to TFHIA m utants in  w hich the  first or last 15 

am ino acids w ith in  a given zinc finger were replaced w ith  the  first or last 15 

eunino a d d s  of the corresponding finger of p43. Letters A, B, and  C refer to the 

first half, second half, o r the whole zinc finger region replaced.

Relative affinities w ere calculated using the m ean values o f the assodation  

constants determ ined  for the m utant proteins (each value representing the 

m ean  of th ree  independen t determ inations), and  com pared against the value 

o f the w ild-type TFHIA assodation  constant (Ka=1.9 x 1 0^ M 'l for DNA; Ka=l-4 

X 109 M -l for RNA).
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The substitu tions o f either halves of finger 4 resulted in  a less th an  a 

tw o-fold red u c tio n  in DN A  binding , thus im ply ing  that likely no specific 

hydrogen-bond  contacts w ere d isrupted . F inger 5 m utants p roduced  m ore 

substantial decreases in  the  b ind ing  ability: the entire finger 5 sw ap m u tan t 

(Tp5C) show ed a 10-fold d ro p  in  binding, while either half resulted  in about 

four-fold low er affinity. This suggests that som e specific contacts betw een 

finger 5 a n d  5S DNA w ere d isrup ted  by the m utations. Finally, finger 6  

m utan ts sh o w ed  an unchanged  (in the case of the Tp6 A m utan t), an d  an  

actually  im proved  binding  (if only by a factor of 1.5) in  the case of T p6 B 

m utant. It is interesting to note that no single m utan t proved accountable for 

the  d ram atic  reduction  in  b ind ing  seen w h en  fingers 4-7 o f TFIIIA are  

substitu ted  w ith  those of p43. Rather, it appears that the in tegrity  of each 

TFIIIA zinc finger in the 4-6 finger region is required  for the m axim um  

binding . O f all the m u tan ts  tested , finger 5 seem s to p rov ide  the m ost 

significant contribution to the overall binding affinity to DNA, while finger 4 

provides the m ost significant contribution to 5S rRNA binding. The sam ple 

b ind ing  curves are shown in  Figure 7.7.

The nex t tw o sets of m utants were created using Wilms' tum our zinc 

fingers as donors (Figure 7.8). Initially, we substitu ted  the 4 to 7 region of 

TFIIIA w ith zinc fingers 1 to  4 of W Tl. The resu ltan t construct (TF(4-7WT)) 

d id  not have detectable D N A -binding activity, an  effect similar to the one 

observed w ith  the p43 as a donor o f fingers 4-7 (Zang et al., 1995). Again, the 

explanation m ay be that this effect is due to the loss of specific protein-D N A  

contacts, or to  the altered spatial arrangem ent of the zinc fingers in  the 

context of the  full-length protein. In the first set of m utants (WTF4-6), the a -  

helical portions of TFIIIA zinc fingers were reintroduced into the  TF(4-7)WT 

one at a tim e to  determ ine precisely which portions of zinc fingers 4-6 were
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Figure 7.7 Equilibrium  b ind ing  c u r y ^ i ^  TFIUA and Tp5B m u tan t proteins 

in teracting w ith  5S DNA. Each data  po in t is the m ean o f three or m ore 

in d ep e n d en t d e te rm in a tio n s, w ith  the associated  s ta n d a rd  d ev ia tio n s 

indicated w ith  the error bars.
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a-helix 
<  >
- 1 1 2 3 4 5 6

T F I I I A - Z F 4  NIKICVYVCHFENCGECAFKKHNQLKYHQFSHTQ
W T l - Z F l  KRPFMCRYPGCHKRYFKLSHLQMHSRKHTG

T F I I I A - Z F 5  QLPYECPHEGCDKRFSLPSRLKRHEKVHAG
WT1-ZF2 EKPYQCDFKDCERRFSRSDQLKRHQRRHTG

T F I I I A - Z F  YPCKKDDSCSFVGKTWTLYLKHVAECHQD
WT1-ZF3 VKPFQCKT CQRKFSRSDHLKTHTRT HTGKTS

TF 1 1 1 A - Z F 7  LAVCDV CNRKFRHKDYLRDHQKTHEK
WT1-ZF4  EKPFSCRWPS CQKKFARSDEVR HHNMHQR

Figure 7.8 Com parison of the amino a d d  sequences of zinc fingers 1-4 of 

the donor W Tl-ZF with the zinc fingers 4-7 of TFHIA. The structural 

cysteines and histidines are shaded.
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Table 7.4 The effects o f TFIIIA zinc finger substitu tion  m utations on the  D N A  

and RN A  b in d in g  of the  factor

M u ta n t Relative affinity for 5S 

rRNA gene

Relative affinity for 5S 

rR N A

W TF4 0.06 ± 0.01 <0 .0 1

W TF5 0.04 ± 0.06 <0 .0 1

W TF6 <0 .0 1 <0 .0 1

TFW 4 0.34 ± 0.04 0.16 ±  0 .0 2

TFW 5 0.08 ±0.008 0.48 ± 0.07

TFW 6 0.55 ± 0.037 <0 .0 1

The nom enclature 'WTF' refers to constructs in  w hich TFIIIA zinc fingers 4-7 

were replaced  by fingers 1-4 of the W Tl protein, and, subsequently , a -he lical 

reg ions of TFIIIA fingers 4-6 were p laced  back. 'T F W  refers to TFIIIA 

substitu tion  m utants in  w hich  a-helical regions of zinc fingers 4, 5, and  6  are 

replaced w ith  those of the W Tl zinc fingers 1, 2, and 3.

Relative affinities were calculated using  the m ean values o f the association 

constants determ ined for the m utant p ro teins (each value  represen ting  the 

m ean o f three independen t determ inations), and  com pared  against the value 

of the w ild-type TFIIIA association constant (Ka=1.9 x 10^ M'^ for DNA; Ka=l-4 

X 109 M-l for RNA).
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necessary to restore the w ild-type DNA-binding activity of TFIIIA. The results 

o f filter-b inding  assays show n in Table 7.4 reveal th a t no single finger could 

rescue the b ind ing  of TF(4-7)WT to a significant degree. M utan t WTF6 d id  

no t p roduce  any  im provem ent in  binding, suggesting tha t it e ither is the least 

im portan t finger for DNA binding, or that it couldn’t establish any  contacts 

d u e  to  the im posed  struc tu ra l constraints. M utants WTF4 a n d  WTF5 d id  

show  som ew hat im proved  binding: their affinities w ere about 17-fold and 22- 

fo ld  lo w er re la tiv e  to  the w ild -type  TFIIIA, respectively . T his sm all 

im provem ent is no t surprising  since m ore than one TFIIIA finger is replaced 

in  a g iven construct.

In the second set of m utants, the a-helical portions of the  W Tl zinc 

fingers w ere in troduced  into the fingers 4, 5, and 6  o f the fu ll-length  TFIIIA. 

The re su lta n t m u ta n t p ro teins w ere designated TFW4, TFW5, an d  TFW6 . 

A gain, the largest reduction  in  b inding affinity to 5S DNA w as seen  for the 

finger 5 m u tan t (about 13-fold), the next largest - for finger 4 (abou t 3-fold), 

follow ed by  finger 6  (less that 2-fold). These results are consistent w ith the 

effects we observed using other m utants in this study.

7.3.2 Effects o f zinc  finger su b s titu tio n  m utagenesis on  the R N A  b ind ing  

activity  of TFIIIA.

In  para lle l to  determ in ing  the effects of the zinc finger m utants on  

DNA binding , w e also m easured the affinities of these m utan t p ro teins for 5S 

rRNA. The TF(4-7)WT d id  not specifically bind to  5S rRNA, a lthough it 

exhibited  a fairly  h igh  nonspecific b inding for the m olecule (Figure 7.9). The 

resu lts  of the RNA b ind ing  stud ies are sum m arized in  Tables 7.3 and 7.4. 

M ost o f the m utations presented in  Table 7.3 (m utants w hich incorporate p43 

sequences) d id  no t d isru p t RNA binding appreciably, displaying alm ost wild-
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type affinities for RNA. The exception is m utan t Tp>4B, w hich sh o w ed  an 

alm ost 10-fold drop in  binding. The substitu tion of the first 15 am ino acids in  

finger 5 p roduced  a 2-fold reduction in  binding, while sw apping its a -he lica l 

15 am ino acids resulted in  an  almost w ild-type affinity. The two categories of 

m utants in  Table 7.4 (created using W Tl sequences as a donor) reveal the 

follow ing: m u tan ts W TF4, WTF5, an d  WTF6  d id  n o t recover a n y  RNA- 

b inding  activ ity  of the TF(4-7)WT protein . This is no t surprising , since an 

extensive reg ion  of zf 4-7 has been replaced w ith exogenous (W Tl) sequences 

in those constructs. The second category of m utants (TFW4-6) show ed  tha t 

w hile substitu tions o f the  a-helical reg ions in fingers 4 and  5 p ro d u ced  

approxim ately 6 - and 2 -fold reduction in  binding, respectively, replacem ent of 

a-helical reg ion  in finger 6  abolished RNA binding. The reason w h y  th is 

resu lt is so d ram atica lly  d ifferen t from  the one u s in g  a s im ila r p43 

substitu tion  m utan t o f finger 6  is that unlike p43, W T l p ro tein  doesn 't have 

am ino acid homology to  TFEELA. in finger 6  sequence (except for the structural 

am ino acids). Figure 7.6. p43, on the other hand, is equ ipped  w ith am ino  acid 

triplet TWT, located a t the tip of finger 6 . This triplet am ino a d d  sequence is 

conserved betw een IFLLlA and p43 (Joho e t al., 1990; C lem ens et al., 1993). In 

fact, these three amino a d d s  in finger 6  are the only ones, apart from  the zinc- 

coord inating  cysteines an d  histidines an d  the structural arom atic residues 

that are conserved betw een the two proteins. The role of these am ino acids in 

sequence-specific RNA recognition by TFIIIA and p43 needs to be investigated 

further.

7.4 D iscussion

Since the dem onstra tion  that D N A - and R N A -binding activ ities of 

TFIIIA cou ld  be separated  betw een the different zinc finger subsets of the
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protein , TFIIIA began  to be view ed as a fusion betw een  tw o  p ro teins th a t 

specifically evo lved  to interact w ith  the tw o different nucleic acids.

H ow ever, the results of m any recent studies conclusively dem onstrate  

th a t all the zinc fingers are im portan t for contributing  to the  overall DNA- 

and  RN A -binding energy. Just as im portantly, the zinc fingers d o  no t provide 

equal con tribu tions to the b ind ing  to e ither DNA or RNA. A lthough  zinc 

fingers 1 to 3 w ere show n to dom inate in  DNA binding , substitu tion  of zinc 

fingers 4-7 w ith  the ir coun terparts from  p43 p ro te in  resu lt in  a 100-fold 

reduction  in  D N A -binding  affinity (Zang e t al., 1995), w hile  m ain ta in ing  

w ild-type R N A -binding affinity. We undertook this study  to determ ine  the 

contribution o f each zinc finger in  the central zinc finger trip le t o f TFIIIA to 

specific D N A  a n d  RNA bind ing . Several sets o f TFIIIA m u ta n ts  w ere 

generated, in  w hich  specific zinc finger sequences w ere replaced w ith  those of 

p43 or W ilm s' tum our proteins. N itrocellulose filter b inding  assay  was used 

to quantitatively  determ ine affinities of the m utan t proteins for b o th  nucleic 

adds.

A nalysis of the  D N A -binding  d a ta  for the  Tp series o f m u tan ts 

indicated th a t the D N A -binding affinity correlated to  that o f the  w ild-type 

TFIIIA in  the follow ing order: Tp6 B > w t TFIIIA = Tp6 A > Tp4A  > Tp4B > 

Tp5A > Tp5B > Tp5C. The largest reduction in DNA affinity w as observed for 

m u tan t Tp5C (10-fold). Sim ilarly, substitu tion  of the finger 5 a -h e lix  by the 

corresponding sequence of the W Tl p ro tein  (m utant TFW5) resu lted  in a 13- 

fold reduction  o f D N A -binding affinity. These findings are consistent w ith  

the current m odel o f TFIIIA - DNA binding, in  w hich finger 5 in teracts w ith  

the major groove of the interm ediate elem ent (Clemens et al., 1992). In fact, it 

w as show n th a t a zinc finger peptide containing fingers 1-5 b o u n d  DNA w ith  

higher affinity th an  full-length TFIIIA (Clemens e t al., 1994). A dditionally , a
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strong foo tp rin t w as obtained for finger 5 b ind ing  site (C lem ens et al-, 1994). 

'Broken finger’ experiments also identified a significant contribution  of finger

5 to DNA binding  (Del Rio et al., 1993). The structural d isru p tio n  of the finger 

resulted  in  alm ost 7-fold decrease in D N A -binding affin ity  (Del Rio e t al., 

1993). The ten- to thirteen-fold reduction in  DNA b in d in g  th a t we observed 

reflects a d isrup tion  of up to four hydrogen bonds that finger 5 makes in  the 

in term ediate  elem ent of the ICR (assuming tha t an  energetic  cost of a single 

hydrogen bond is reflected in a three-fold d rop  in  b ind ing  affinity, as well as 

that energ ies of ind iv idual bonds are additive). M éthy la tion  interference 

experim ents previously dem onstrated that finger 5 m akes tw o major groove 

contacts w ith  guanines on the non-coding DNA strand (C lem ens et al., 1992), 

w hich also  agrees well w ith  o u r  findings. C om plem entary  da ta  from  the 

DNA m utagenesis experiments conducted in  ou r laboratory  (You et al., 1991; 

Veldhoen e t al., 1994) identified that the IE, and , in particu la r, tw o base pair 

positions w ith in  the IE are im portan t for TFIIIA interaction (GC base pairs 70 

and 71). These data agree well w ith  the findings that finger 5 is im portant in  

prom oter recognition by TFIIIA.

Finger 4 m utants p roduced  a relatively m odest decrease  in the DNA 

binding: betw een 2 - and  3-fold. Clemens et al. (1994) show ed  that addition of 

finger 4 to  the th ree  am ino-term inal zinc fingers d o es  n o t con tribu te  

significantly to DNA binding. M oreover, hydroxy-radical stud ies have show n 

that finger 4 m akes closest contacts with the m inor groove of the DNA (Hayes

6  C lem ens, 1992). In terestingly , structural d is ru p tio n  of finger 4 in  the 

broken finger' experim ents low ered the D N A -binding affin ity  by as m uch as 

9.3-fold (Del Rio e t al., 1993). However, no a lterations in  the  footprinting 

pattern  w ere  observed for the finger 4 TFIIIA m utan t in  the  sam e study. It 

w as thus assum ed  th a t finger 4 does not m ake any specific  contacts w ith
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D N A , bu t ra ther plays a role as a linker w hich positions adjacent fingers over 

the 5S DNA. In a recent study, McBryant e t al. (1996) found  tha t m utations in 

finger 4 DNA binding  sequence resulted  in  a two-fold decrease in  b ind ing  

affinity , w hich is in  concordance w ith ou r data. Interestingly, a b ind ing  site 

selection and amplification assay perform ed by the sam e g roup  (McBryant et 

al., 1996) failed to  recover w ild-type finger 4 binding site sequence, bu t instead 

resu lted  in a selection of purine-rich sequence. This finding suggests tha t the 

overa ll DNA structure, ra ther than its particu lar sequence is the p rim ary  

de term inan t of finger 4 b inding  affinity. M oreover, chem ical m odifications 

in  the major groove of the finger 4 b ind ing  site did not affect high-affinity 

D N A  binding of zf 1-5. These results further support the previously proposed 

m odel in  which finger 4 binds across the DNA m inor groove (Clemens e t al., 

1992; Hayes & Tillius, 1992).

A lthough  both  fingers 4 and 6  w ere proposed to  in teract w ith  the 

m in o r groove o f the DNA, the m u ta tions in  the tw o fingers p ro d u ced  

nonequivalent results: while finger 4 m utan ts had an approxim ately tw o-fold 

reduc tion  in  binding, substitu tions in  finger 6  show ed an  im proved DNA 

b in d in g  (Tp series of m utants). This m ay indicate that the  tw o zinc fingers 

p lay  distinct roles in DNA recognition by TFIIIA. There doesn 't seem to be an 

unan im ous agreem ent in the literature as to the energetic con tribu tion  of 

finger 6  to the overall D N A -binding affinity. Thus, C lem ens et al. (1994) 

repo rted  that addition of finger 6  to the 1-5 zf peptide w eakened its b ind ing  to 

D N A  by about three-fold. However, a loss of the binding affinity was detected 

in  the broken-finger' experim ents (Del Rio et al., 1993), w hich  dem onstrated 

a 3.4-fold drop  for finger 6  m utant (versus a 9.3-fold drop for finger 4). It is of 

in te res t to note that the am ino acid sequence of finger 6  o f TFIIIA deviates 

m ost significantly firom the consensus sequence established for fingers 1-3, as
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w ell as from  certain  sequence elem ents o f fingers 4 to  9 (Jacobs, 1992). 

Perhaps, d u e  to  this uniqueness finger 6  o f TFIIIA adopts a d istinct m ode of 

DNA interaction in the context of the full-length  protein.

W ith respect to the high-affinity RNA binding, m ost o f the TFIIIA - p43 

m utants (Tp4-6) retained the majority of the  RNA-binding affiiüty. It is easily 

explained g iven  that bo th  proteins specialize in  b ind ing  to  the sam e RNA 

target, 5S rRNA. In addition, amino a d d s  TWT located in  the recognition a -  

helix of TFIIIA are conserved a t the sam e position in finger 6  of p43, thus 

retaining the  specific RNA-binding activity . M utants th a t show ed reduced  

R N A -binding activity  include Tp4B m u ta n t, w hich h ad  ab o u t eigh t-fo ld  

low er affinity than  the w ild-type TFIIIA, and  Tp5A m u tan t w ith  a two-fold 

d rop  in affinity. The im portance of finger 4 for RNA b ind ing  was previously 

dem onstrated  by many researchers. Thus, Clem ens et al. (1993) show ed that 

deletion of zinc finger 4 from  the 4-7 zinc finger peptide resu lted  in a 20-fold 

d ro p  in RNA binding. The fact tha t o u r substitu tion  m u tan ts  p ro d u ced  

sm aller effects m ay be attributable to the use of the full-length TFIIIA protein, 

in  which the loss of certain contacts m ay be com pensated fo r by the rest o f the 

protein. D ifferent m ethods of assaying for affinities can also have an effect on 

the m easured affinity values. A recent s tu d y  by Friesen & D arby (1997) using 

a zf 4-7 zinc finger peptide of TFIIIA dem onstra ted  that alan ine substitutions 

in  zinc fingers 4 or 6  of TFIIIA had a 77- and  a 38-fold d ro p  in  affinity for 

RN A , respectively . In con trast, f inger 5 a lan ine su b s titu tio n  m u ta n t 

p roduced only a m odest change in  the RNA binding.

Finally, the  most dram atic  effect o n  RNA binding w as revealed upon  

su b stitu tio n  o f the 15 a -h e lica l am ino acids in  zinc fin g er 6  w ith  the 

co rrespond ing  region of W Tl pro tein  (m u tan t TFW6 ). T his substitu tion  

abolished specific RNA binding, while reta in ing  alm ost w ild -type affinity for
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DNA. This suggests that th e  protein w as active in  our assays. A loss of RNA 

binding  due  to  m utations in  a single zinc finger was not previously observed. 

This m ay be d u e  to the fact tha t other researchers used dono r proteins th a t 

have  extensive am ino acid  sim ilarity  w ith  TFIIIA, th u s  creating m u tan ts  

w hich retain significant levels of binding energy. As m entioned  earlier, the 

three conserved am ino a d d s  a t the tip of finger 6  m ay d irectly  contribute to 

sequence-specific  recogn ition  of 5S rR N A . Thus, a lth o u g h  the th ree - 

d im ensional s tru c tu re  as opposed  to a sp e d fic  sequence of 5S rR N A  is 

p ro p o sed  to  be the  p rim a ry  d e te rm in an t for TFIIIA recognition, som e 

sequence-spedfic  contacts m ay also con tribu te  to the interaction. A good 

candidate  for such  an  in teraction  may be the  loop A reg ion  of 5S rR N A , 

w hich was show n  to provide direct contacts to  the finger 6  (Romaniuk, 1989; 

Baudin et al., 1991; You e t al., 1991; Setzer e t al., 1996). The contacts of specific 

am ino a d d s  in  zinc finger 6  of TFIIIA n eed  to be assigned  to in d iv id u a l 

residues in  5S rRNA.

In conclusion , th is s tu d y  p ro v id es  q u a n tita tiv e  analysis o f  the  

contributions o f the central zinc fingers o f TFIIIA to the  high-affinity D N A  

and  RNA binding . No single zinc finger in  the  central trip le t proved to  be 

responsible for the d ram atic , 100-fold red u c tio n  in D N A  binding  affin ity  

observed w hen  all three zinc fingers w ere replaced. R ather, the central zinc 

fingers provide an  in tegrated  contribution to  the DNA binding . In add ition , 

w e found th a t m utations in  finger 6  a -helix  resu lt in a loss of spedfic RNA 

binding. Thus, finger 6  contains major determ inants to su p p o rt high-affinity 

R N A  b in d in g . The d e ta ils  of th is  p h e n o m e n o n  d eserv e  fu r th e r  

consideration.
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8.0 Conclusions

N ucleic a d d  b ind ing  properties of three zinc finger proteins - W Tl-ZF, 

EGR-l-ZF a n d  TFIIIA w ere  exam ined in the  course of m y Ph.D. w ork  

described in  this thesis. Q uantitative m easurem ents of protein-nucleic a d d  

equilibria w ere  made using  a nitrocellulose filter binding assay.

W ilm s' tum our p ro te in  is a putative transcription factor of the C 2H 2 

zinc finger fam ily, and  has four zinc finger motifs. EGR-1 - a prototypical 

m em ber of the same fam ily - has three zinc fingers for w hich consensus DNA 

binding site has been defined. Despite the fact that both W Tl and EGR-1 can 

bind  to the sam e sequence, it was not dear w hat the preferred target sequence 

for W Tl w as. In order to  identify  high affinity binding sites for W Tl an d  to 

determ ine the  role of the  additional, first zinc finger of W T l, w e conducted a 

binding site selection assay  (SAAB). The DNA target site h ad  the sequence: 

G C G -T G G -G C G -N N N N N . The results of this experim ent reveal th a t the 

h ig h  affinity b ind ing  site  for W Tl-ZF had the sequence: GCG-TGG-GCG- 

(T /G )(A /G )(T/G )N N . A W TIAFI-ZF protein w hich lacks the first zinc finger 

w as used as a control, an d  show ed no sequence preferences at any o f the 

random ized positions. W Tl-ZF protein had a four-fold higher affinity for the 

selected sequence versus the non-selected sequence GCG-TGG-GCG-CCC. The 

responsiveness of p ro m o te rs  containing e ith e r selected o r non-se lec ted  

sequences w as m easured  in  transien t transfection assays using  MTV-CAT 

reporter system . These experim ents revealed that the low er affinity CCC site 

w h e n  p re s e n t  in  th re e  tan d e m ly  rep e a te d  copies con fers g re a te r  

responsiveness to W T l th a n  does the h igh  affinity TGT site. F u rth e r 

experim ents are  necessary to clarify these phenomena.

Five p o in t m utations in  zinc fingers 2 and  3 of W Tl w ere isolated in 

DDS patients. It was therefore suggested that these m utations m ay in terfere
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w ith  the norm al function of W Tl by e ither lowering its affinity for DNA 

ta rg e t sites, o r conferring new  DNA b ind ing  specificities. To test these 

possibilities, SAAB experim ents were conducted for the DDS m utant p ro te ins 

u sing  tw o D N A  templates: one w ith  finger 2 random ized subsite, the o ther- 

w ith  finger 3 random ized subsite. None o f the five DDS m utan t p ro te ins 

selected new , high-affinity DNA binding sequences. This suggests th a t the 

observed  DDS phenotype is likely not due  to a change in  gene ne tw orks 

regu la ted  by W Tl. M utant R394W had no detectable D N A  binding. The 

rem aining m utan ts show ed altered DNA b inding  selectivities. These m u tan t 

p ro teins h ad  reduced DN A  binding  affinities, ranging from  1.4- to 14-fold. 

T hus, even sm all changes in  DNA-binding affinity can resu lt in  a phenotype 

seen  in DDS patients.

A num ber of equilibrium  binding param eters for W Tl-ZF and EG Rl- 

ZF proteins w ere m easured using a quantitative nitrocellulose binding assay. 

The equilibrium  dissociation constants were determ ined to be 1.14 ± 0.2 x 10 

-0^ M for W Tl-ZF, and 3.55 ± 0.4 x IQ'09 M for EGRl-ZF p ro te in  u n d e r the 

fo llow ing  conditions: p H  7.5, O.IM KCl a n d  incubation a t 22°C. P o in t 

m utational anaysis was perform ed to m easure the contribution  of each base 

p a ir  to h ig h  affinity b in d in g  for the tw o  proteins. W hile  ex h ib iting  

sim ilarities, im portan t différencies were revealed in the b ind ing  m echanism s 

o f the tw o proteins, w ith respect to both therm odynam ics a n d  DNA sequence 

preferences. Thus, W Tl-ZF-D N A  in terac tion  appears to  be m ostly  an  

e n tro p y  d r iv e n  process w hile  EG Rl-ZF-D N A  in te rac tio n  is d r iv en  by 

enthalpy. Placing adenine a t position 8  of the consensus b ind ing  site resu lted  

in  4.5-fold increase in W Tl-ZF D N A -binding affinity w hile  the EG R-l-ZF 

affinity d ropped  by a factor of 12  suggesting that the two pro teins may act on  

distinct prom oter sequences.
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Transcription factor n iA  is necessary for the  expression o f the  5S rRNA 

genes an d  the storage of the 5S rRNA molecules. TFIQA has th u s  bo th  DNA 

an d  RN A  binding  activities. The roles of zinc fingers 4 th ro u g h  7 in  DNA 

an d  R N A  binding  w ere determ ined. The substitu tion  of zinc fingers 4-7 of 

TFIIIA w ith  those of W T l resulted in  the loss of D N A  binding. The majority 

of m u ta tio n s in  ind iv idual zinc fingers p roduced  m odest effects o n  either 

D N A  or RNA binding. The largest reduction o f D N A  binding  affinity  was 

observed  w hen  finger 5 of TFIIIA w as m utated (10-fold), w hereas substitution 

of a n  a -h e lica l region o f finger 6  abolished RN A  b ind ing  activ ity . These 

find ings suggest tha t the energetic contributions o f TFIIIA zinc fingers for 

b ind ing  to either DNA or RNA are no t equal. Thus, finger 6  is indispensable 

for h ig h  affinity RNA binding, while no  single finger in  the zf reg ion  4-7 has 

the sam e effect on DNA binding of the factor.
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